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Preface 

 
 
Unmanned and micro aerial vehicles (UAV and MAV) have the potential to enable low-

cost and safe operation. Due to their small and lightweight platform the aerial vehicles can 
be used for surveillance, search and rescue, and scientific research missions in unknown, 
dangerous environments and operations where the use of manned air vehicles is not suit-
able or too expensive. However, in order to actually enable safe operation and low operation 
and maintenance cost, many challenges exist in various fields, such as robust autonomous 
control, vehicle dynamics modeling, efficient energy use, robust communication, intuitive 
guidance and navigation, and the ability to carry payload. 

With the current availability of faster computers, sophisticated mathematical tools, 
lighter materials, wireless communication technology, efficient energy sources, and high 
resolution cameras, the abilities offered to face these challenges have captured the interest of 
the scientific and operational community. Thanks to the efforts of many, aerial vehicles have 
become more and more advanced, and today’s aerial vehicles are able to meet requirements 
that would not have been feasible just less than one decade ago. Besides the already quite 
extensive military use, currently also civil users such as police, fire fighters, and life guards 
are starting to recognize the many possibilities that low-cost, safe, and user-friendly aerial 
vehicles may offer to their operations. 

This book contains 35 chapters written by authors who are experts in developing tech-
niques for making aerial vehicles more intelligent, more reliable, more flexible in use, and 
safer in operation. I hope that when you read this book, you will be inspired to further im-
prove the design and application of aerial vehicles. The advanced techniques and research 
described here may also be applicable to other high-tech areas such as robotics, avionics, 
vetronics, and space. 

I would like to thank the authors for their excellent research and contribution to this 
book. 
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>"<"C,$,.,2-& .%& -="$$2(& "/6& >*2"<2(& 62),>2-& (#//,/E& %/& C"..2(,2-& I,.*%#.& .*2& /226& %:&

:(2N#2/.& (2>*"(E,/EF& 0#>*& 62),>2-& ,/>$#62& >%=<#.2(& <2(,<*2("$-+& C,%=26,>"$& =%/,.%(,/E&

"<<$,"/>2-+& -#()2,$$"/>2& #/,.-& "/6&="/D& %.*2(& -2/-,/E& "/6& ">.#".,%/& 62),>2-F& ;%& <(%),62&

>%==#/,>".,%/&>"<"C,$,.,2-&.%&-#>*&62),>2-+&)"(,%#-&$%I&>%-.&-*%(.&("/E2&/2.I%(J-+&J/%I/&

>%$$2>.,)2$D&CD&.*2&.2(=&I,(2$2--&<2(-%/"$&"(2"&/2.I%(J&?[!9\B+&"(2&C2,/E&62)2$%<26F&&

9.&.*2&L^^^+&.*2&."-J&%:&-."/6"(6,H".,%/&%:&[!9\&/2.I%(J-&,-&#/62(&.*2&->%<2&%:&.*2&L^^^&

_`TFaY&E(%#<F&]/2&%:&.*2-2&-."/6"(6-+&.*2&L^^^&_`TFaYFX&?L^^^+&T``ZB&62:,/2-&.*2&<*D-,>"$&"/6&

19'& $"D2(& %:& h,EU22& ?h,EU22+& T``ZB+&I*,>*& ",=-& .%& <(%),62& $%I& <%I2(& "/6& $%I& C,.& (".2&

[!9\-&I,.*& .*2&=",/& <#(<%-2& %:& 2/"C$,/E&I,(2$2--& -2/-%(& /2.I%(J& "<<$,>".,%/-F& 9.& .*2&

<*D-,>"$& $"D2(+& .*2& L^^^& _`TFaYFX& (2$,2-& %/& 6,(2>.& -2N#2/>2& -<(2"6& -<2>.(#=& ?d000B& .%&

2/*"/>2&.*2&(%C#-./2--&"E",/-.&,/.2(:2(2/>2+&"/6&<(%),62-&E(%--&6"."&(".2-&%:&T`cX`&JC<-+&".&

.*2& _Z_ciaY& C"/6+& "/6& TY`& JC<-+& ".& .*2& TFX& eRH& C"/6F& 9-& ,/& _`TFaa& /2.I%(J-+& .*2& C"-,>&

h,EU22& 19'& <(%.%>%$& ,-& "& >%/.2/.,%/& C"-26& '019c'9& =2>*"/,-=F& 9& >%=<$2=2/."(D&

=2>*"/,-=& 62:,/26& ,/& .*2& _`TFaYFX& -."/6"(6+& .*2& E#"("/.226& .,=2& -$%.& ?e;0B+& 2/"C$2-& .*2&

<(%),-,%/&%:&-%=2&S%0&E#"("/.22-&.%&(2"$P.,=2&.("::,>F&

U$#2.%%.*& ?U$#2.%%.*+&T``WB& ,-&"/%.*2(&[!9\&.2>*/%$%EDF& L.&%<2(".2-& ,/& .*2&TFX&eRH&C"/6&

#-,/E&:(2N#2/>D&*%<<,/E&-<(2"6&-<2>.(#=&?3000B&"/6&<(%),62-&"&E(%--&6"."&(".2&%:&a&1C<-F&

U$#2.%%.*&%<2(".2-&#-,/E&"& -."(& .%<%$%ED+& >"$$26&<,>%/2.+& :%(=26&CD&%/2&="-.2(&"/6&#<& .%&

-2)2/&">.,)2&-$")2-F&;("/-=,--,%/-&>"/&">*,2)2&"&("/E2&%:&a`&%(&a``&=+&62<2/6,/E&%:&.*2&>$"--&

%:& .*2&62),>2F&9.& .*2&19'& $"D2(+& .*2&U$#2.%%.*&62),>2-&#-2-&"&<%$$,/E&C"-26&<(%.%>%$& .*".&

<(%),62-&-#<<%(.&:%(&C%.*&(2"$P.,=2&"/6&"-D/>*(%/%#-&.("::,>F&&

U$#2.%%.*&<(%),62-&C2..2(&%)2("$$&>*"(">.2(,-.,>-&.*"/&.*2&%.*2(&/2.I%(J-&6,->#--26&*2(2&:%(&

.*2&62-,(26& "<<$,>".,%/F& L.& 6(",/-&=#>*& $2--& <%I2(& .*"/& _`TFaa& "/6&RL!^f49\cT+& #-2-& "&

19'&<(%.%>%$&.*".&<(%),62-&-#<<%(.&:%(&(2"$P.,=2&.("::,>+&"/6&<(%),62-&"&*,E*2(&E(%--&6"."&

(".2&.*"/&h,EU22F&U$#2.%%.*&-<(2"6&-<2>.(#=&>%)2(-&"&C"/6I,6.*&%:&bi&1RH&I*,$2&h,EU22&

%<2(".2-& ,/& "& C"/6& %:& $2--& .*"/& Y& 1RH+& I*".& ="J2-& .*2& :%(=2(& =%(2& (%C#-.& "E",/-.&

,/.2(:2(2/>2F&1%(2%)2(+&U$#2.%%.*&<(%),62-&"/&"6"<.,)2&:(2N#2/>D&*%<<,/E&=2>*"/,-=&.*".&

")%,6-& :(2N#2/>D& C"/6-& "::2>.26& CD& ,/.2(:2(2/>2F& e,)2/& .*2-2& >*"(">.2(,-.,>-& "/6& .*2&

")",$"C,$,.D& %:& .*2& .2>*/%$%ED& ".& .*2& .,=2& %:& 62)2$%<=2/.+& U$#2.%%.*& I"-& >*%-2/& "-& .*2&

-#<<%(.,/E&I,(2$2--&/2.I%(J&.2>*/%$%ED&:%(&.*2&62)2$%<=2/.&%:&.*2&<(%.%.D<2&%:&.*2&-D-.2=&

62->(,C26&,/&.*2&:%$$%I,/E&-2>.,%/-F&

3. Global Electronics Architecture 

;*2& E$%C"$& ),2I& %:& "(>*,.2>.#("$& =%62$& %:& .*2& %/C%"(6& >%=<#.,/E& "/6& >%==#/,>".,%/&

-D-.2=& %:& .*2& 9LA9& :$DPCDPI,(2$2--& @9A& <$".:%(=& ,-& <(2-2/.26& ,/& 3,E#(2& aF& L.& ,-& "&

=#$.,."-J,/Ec=#$.,<(%>2--%(& C"-26& -D-.2=& >%//2>.26& CD& "/& "-D/>*(%/%#-& $%>"$& C#-& .*".&

"$$%I-&:%(&-<226&"6"<.".,%/&%:&6,::2(2/.&."-J-c<(%>2--%(-F&;*2&-D-.2=&"(>*,.2>.#(2&-#<<%(.-&

%/2&<(%>2--,/E&#/,.&:%(&"&U$#2.%%.*&<,>%/2.&="-.2(&/%62+&%/2&:$,E*.&>%/.(%$$2(&#/,.+&%/2&6"."&

$%EE2(&"/6&2"(.*&$,/J+&"/6&%/2&2=C26626&),-,%/&-D-.2=&?^A0BF&L/&2">*&%:&.*2-2&/%62-&="/D&

>(,.,>"$&<(%>2--2-&"(2&<2(="/2/.$D&(#//,/EF&
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&

EarthLink

Fligh Controller

GPS

IMU

Radio

Altimeter
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Probe

Flap

Ailleron

Motor

Right Wing

Flap
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Motor

Left Wing

Rudder

&

Elevator

&

3,E#(2&aF&e$%C"$&2$2>.(%/,>-&"(>*,.2>.#(2&%:&.*2&9LA9&@9A&<$".:%(=&

;*,-& "(>*,.2>.#(2& "$$%I-& "/& 2"-D& I"D& .%& ,/.(%6#>2& %(& (2=%)2& <(%>2--,/E& #/,.-& :(%=& .*2&

<$".:%(=F&3%(& ,/-."/>2&/2I&-2/-%(-&%(&/2I&),-,%/&#/,.-&>"/&C2& ,/>$#626F& L/& .*2&:,(-.&>"-2&"&

/2I&=%6#$2&=#-.&C2& >%//2>.26& .%& .*2&U$#2.%%.*&<,>%/2.+& "/6& ,/& .*2& -2>%/6&>"-2& .*2&/2I&

=%6#$2&,-&>%//2>.26&.%&.*2&$%>"$&=#$.,P">>2--&C#-F&

4. Onboard Wireless System 

;*2&9LA9&@9A&<$".:%(=&,=<$2=2/.-&"/&%/C%"(6&I,(2$2--&6,-.(,C#.26&6"."&">N#,-,.,%/&"/6&

>%/.(%$& -D-.2=& C"-26& %/& U$#2.%%.*& ?U;B&I,(2$2--& /2.I%(J& .2>*/%$%ED+& (2<(2-2/.26& CD& .*2&

U$#2.%%.*&<,>%/2.&%:&3,E#(2&aF&;*2&E2/2("$& "(>*,.2>.#(2&%:&"&I,(2$2--&/%62& ,-&<(2-2/.26&%/&

3,E#(2& TF& ^">*& /%62& ,-& >%=<%-26& CD& "& >%==2(>,"$& %::P.*2P-*2$:& U$#2.%%.*& =%6#$2& .*".&

>%/.",/-&.*2&("6,%&2$2>.(%/,>-+&"&=,>(%>%/.(%$$2(&.*".&(#/-&.*2&>%62&.*".&>%/.(%$-&.*2&C2*"),%(&

%:&.*2&/%62+&"/6&"&$%>"$&C#-&.*".&<(%),62-&,/.2(:">,/E&C2.I22/&.*2&/%62&>%=<%/2/.-+&"-&I2$$&

"-&-<2>,:,>&-2/-%(-&"/6c%(&">.#".%(-&">>%(6,/E&.%&.*2&<#(<%-2&%:&.*2&/%62F&&

 BT radio CPU

Actuator 

devices

Sensor 

devices

Interface logic & local bus

&

3,E#(2&TF&9(>*,.2>.#(2&%:&"&U$#2.%%.*&I,(2$2--&/%62&

4.1 Physical Architecture 
;*2&<*D-,>"$&<"(.&%:& .*2&<$".:%(=& ,-&C#,$.& "(%#/6&"& $%I&<%I2(&;2G"-& L/-.(#=2/.-&10!XW`&

=,>(%>%/.(%$$2(+& "& A%/P\2#="//& aZ& C,.& fL0'& "(>*,.2>.#(2&I,.*&=,G26& <(%E("=+& 6"."& "/6&
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Lc]& ,/&"&ZXjCD.2-&"66(2--&-<">2F&U2-,62-& ,.-& $%I&<%I2(&<(%:,$2+&I*,>*&#-2-&"C%#.&T_`&k9&

I*2/&%<2(".,/E& ".& a&1RH&l&TFT&A6>+&10!XW`&%::2(-& -%=2& ,/.2(2-.,/E& :2".#(2-+& $,J2& -,/E$2&

>D>$2& (2E,-.2(& %<2(".,%/-+& 6,(2>.& =2=%(DP.%P=2=%(D& .("/-:2(-& "/6& "& '!@& ,/62<2/62/.&

*"(6I"(2& =#$.,<$,>".,%/& #/,.F& 3(%=& .*2& :$2G,C,$,.D& <2(-<2>.,)2+& "& :$2G,C$2& Lc]& -.(#>.#(2&

>"<"C$2& %:& ,/62<2/62/.$D& 62"$,/E& I,.*& 6,::2(2/.& Lc]& C,.-+& ,/& .2(=-& %:& 6"."& 6,(2>.,%/+&

,/.2((#<.& <(%E("==,/E+& "/6& 26E2& .(,EE2(,/E& -2$2>.,%/V& .I%& @09f;-& -#<<%(.,/E& 0!L& %(&

@9f;&<(%.%>%$-V&"/&%/C%"(6&aT&C,.&09f&9d'&I,.*&T``&JRH&(".2V&"/6&![1&>"<"C$2&.,=2(-+&

"(2&"$$&(2$2)"/.&:2".#(2-F&

;*2&U$#2.%%.*&=%6#$2-&>*%-2/&:%(&.*2&,=<$2=2/.".,%/&%:&.*2&I,(2$2--&/%62-&"(2&]^1&-2(,"$&

"6"<.2(& 62),>2-& ="/#:">.#(26& CD& >%//2>.U$#2F& ;*2& ="-.2(& /%62& #-2-& "/& ]^10!9WW,&

=%6#$2&"/6&.*2&-$")2&/%62-&#-2&]^10!9aW,&=%6#$2-&?>%//2>.U$#2+&T``WBF&;*2-2&=%6#$2-&

,/>$#62& ,/.2E(".26& "/.2//"-V& /2)2(.*2$2--+& I2& <$"/& .%& (2<$">2& .*2=& I,.*& =%6#$2-& I,.*&

2G.2(/"$& "/.2//"-& ,/& :#.#(2& )2(-,%/-& %:& .*2& <$".:%(=+& .%& C2& "C$2& .%& -*,2$6& .*2&=%6#$2-& ,/&

%(62(&.%&,/>(2"-2&.*2&(2$,"C,$,.D&%:&.*2&-D-.2=&"E",/-.&2$2>.(%="E/2.,>&,/.2(:2(2/>2F&

[*,$2& .*2& =%6#$2& #-26& %/& .*2& ="-.2(& ?]^10!9WW,B& "$$%I-& #<& .%& -2)2/& -,=#$."/2%#-&

>%//2>.,%/-+& .*2& =%6#$2& #-26& %/& .*2& -$")2-& ?]^10!9aW,B& *"-& "& $,=,.".,%/& %:& %/$D& .*(22&

-,=#$."/2%#-& >%//2>.,%/-F&R%I2)2(+& .*,-& $,=,.".,%/&6%2-&/%.& (2<(2-2/.& "& >%/-.(",/.& .%& .*2&

-D-.2=&C2>"#-2&.*2&-$")2-&%/$D&/226&.%&2-."C$,-*&%/2&>%//2>.,%/&?.%&.*2&="-.2(BF&&&

;*2&>%//2>.U$#2&=%6#$2-&,=<$2=2/.&"&),(.#"$&=">*,/2&?A1B&.*".&2/"C$2-&.*2&<(%),-,%/&%:&"&

-2(,"$&,/.2(:">2&"C-.(">.,%/&.%&.*2&=,>(%>%/.(%$$2(+&-%&U$#2.%%.*&-.">J&62.",$-&>"/&C2&,E/%(26&

"/6& :%>#-& >"/& C2& 6,(2>.26& .%& .*2& "<<$,>".,%/F& ;*2& ="/#:">.#(2(m-& ),(.#"$& =">*,/2&

,=<$2=2/.-&"&I,(2$2--&=#$.,6(%<&">>2--&->*2=2&I*2(2&.*2&="-.2(&(2>2,)2-&"$$&:("=2-&-2/.&CD&

.*2&-$")2-&"/6&"$$&-$")2-&>"/&$,-.2/&.%&.*2&:("=2-&-2/.&CD&.*2&="-.2(+&,/&"&<%,/.P.%P=#$.,<%,/.&

.%<%$%EDF&&

;*2&9LA9&%/C%"(6&I,(2$2--&-D-.2=&,-&>%=<%-26&CD&%/2&U$#2.%%.*&<,>%/2.&>%/.",/,/E&-2)2/&

/%62-M& %/2& ="-.2(& ?11& P& 1"-.2(& 1%6#$2B& "/6& -,G& -$")2-& ?091& P& 02/-,/E& g& 9>.#".,%/&

1%6#$2-BF&;*2&/%62-&"(2&-<(2"6&%)2(&.*2&",(>(":.&-.(#>.#(2+&"-&-*%I/&,/&3,E#(2&WF&;*2&="-.2(&

/%62& ?11B& ,-& <$">26& ".& .*2& :#-2$"E2& C%6D+& "/6& ">.-& "-& .*2& /2.I%(J& "/6& :$,E*.& >%/.(%$$2(+&

%/C%"(6&6"."& $%EE2(+& "/6& >%==#/,>".,%/-& >%/.(%$$2(& :%(& .*2& $,/J&I,.*& .*2&E(%#/6& -.".,%/F&

]/& 2">*& I,/E+& .*2(2& ,-& "& 091& /%62& :%(& "/& 2$2>.(,>"$& <(%<#$-,%/& =%.%(& "/6& :%(& >%/.(%$&

-#(:">2-&?",$2(%/-&"/6&:$"<-BF&;*2-2&I,/E&/%62-&"(2&(2-<%/-,C$2&:%(&=%.%(&-<226&>%/.(%$&"/6&

%<2(".,/E& .2=<2(".#(2& =%/,.%(,/E+& "-& I2$$& "-& >%/.(%$& -#(:">2-& ">.#".,%/& "/6& <%-,.,%/&

:226C">JF&&

L/&.*2&:#-2$"E2&C%6D+&.*2(2&"(2&%.*2(&.I%&091&/%62-+&%/2&:%(&"&e!0&=%6#$2&"/6&%.*2(&:%(&"/&

,/2(.,"$&=2"-#(2=2/.& #/,.& ?L1@B+&I*,>*& <(%),62& ,/:%(=".,%/& "--2--=2/.& :%(& /"),E".,%/"$&

<#(<%-2-F& 9.& .*2& .",$+& .*2(2& ,-& "/%.*2(& 091& /%62& :%(& 2$2)".%(& "/6& (#662(& >%/.(%$+& "/6&

<%-,.,%/& :226C">JF& 3,/"$$D+& ".& .*2& /%-2& .*2(2& ,-& "& 091& /%62& >%//2>.26& .%& "& /%-2& <(%C2&

>%/-,-.,/E& %:& "& <(%<(,2."(D& 62-,E/& C"-26& %/& -,G& ,/62<2/62/.& <(2--#(2& -2/-%(-& .*".& E,)2&

)"$#"C$2&6,E,."$& ,/:%(=".,%/& :%(& :$,E*.&>%/.(%$F&;*,-&/%62&"$-%&>%/.",/-&"/&#$.("-%/,>&<(%C2&

.*".&<(%),62-&,/:%(=".,%/&:%(&-#<<%(.&%:&.*2&"#.%=".,>&."J2P%::&"/6&$"/6,/E&-D-.2=F&3,E#(2&X&

6,-<$"D-&.*2&<*D-,>"$&$"D%#.&%:&.*2&/%-2&/%62F&;*2&U$#2.%%.*&=%6#$2&,-&,/&.*2&$%I2(&>%(/2(+&

.*2&=,>(%>%/.(%$$2(&,-&%/&.*2&$2:.&*"/6&-,62&"/6&.*2&-2/-%(&*"(6I"(2&%/&.*2&(,E*.&*"/6&-,62&

%:&.*2&C%"(6F&
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3,E#(2&WF&\%62&6,-.(,C#.,%/&%/&.*2&",(>(":.&-.(#>.#(2&

&

3,E#(2&XF&!*D-,>"$&$"D%#.&%:&.*2&/%-2&/%62&

4.2 Logical Architecture 
;*2& $%E,>"$& "(>*,.2>.#(2& %:& .*2& 62)2$%<26& -D-.2=& ,-& "& .I%& $"D2(26& -.".2& =">*,/2&

,=<$2=2/.".,%/+& >%=<%-26& CD& "& .("/-<%(.& $"D2(& "/6& "/& "<<$,>".,%/& $"D2(F& ;*2& .("/-<%(.&
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$"D2(& <(%),62-& "& <">J2.& 62$,)2(D& -2(),>2+& #/62(& >%/.(%$& %:& ="-.2(& /%62+& >"<"C$2& %:&

.("/-<"(2/.&62$,)2(D&%:&6"."&<">J2.-&">(%--&.*2&/2.I%(JF&

;*2&.("/-<%(.&$"D2(&,-&"<<$,>".,%/&,/62<2/62/.+&"/6&,/.2(:">2-&I,.*&.*2&.%<&$2)2$&"<<$,>".,%/&

$"D2(&CD&=2"/-&%:&"&6"."& -<">2& :%(&C#::2(,/E&"/6&"& -2.&%:& -,E/"$,/E&>%/.(%$&C,.-& .*".&"$$%I&

.%."$&-D/>*(%/,H".,%/&C2.I22/&.*2&.I%&$"D2(-F&;*2&*,2("(>*D&"/6&-,E/"$,/E&C2.I22/&.*2&.I%&

$"D2(-&,-&(2<(2-2/.26&,/&3,E#(2&YF&

&

3,E#(2&YF&R,2("(>*D&"/6&-,E/"$,/E&".&.*2&$%E,>"$&$2)2$&%:&.*2&<$".:%(=&

;*2&"-D/>*(%/%#-&(2>2<.,%/&<(%>2--&62$,)2(-&>*"(">.2(-& .%&#<<2(&<(%>2--2-F&9/"$DH,/E& .*2&

*,2("(>*D& :(%=& .*2& $%I2(& $2)2$& .%& .*2&#<<2(& $2)2$+&'*"(f2"6D&>%/6,.,%/&E%2-&;f@^&2)2(D&

.,=2& "& /2I& >*"(">.2(& "((,)2-& .%& .*2& ,/.2(:">2F& ;*2& /2G.& <(%>2--& ,/& .*2& *,2("(>*D& ,-&

!">J2.9--2=C$2(+& "& -.".2& =">*,/2& .*".& <2(:%(=-& <">J2.& (2P"--2=C$D+& (2>%/-.(#>.,/E& .*2&

%(,E,/"$&<">J2.& :(%=&"&E(%#<&%:&-2E=2/.-+&"/6&62$,)2(-&<">J2.-& :%(&.*2&/2G.&<(%>2--& ,/&.*2&

*,2("(>*DF& [*2/& 1-Ef>)6& ?=2--"E2& (2>2,)26B& E%2-& ;f@^+& "& /2I& =2--"E2& ,-& (2"6D& :%(&

<(%>2--,/EF&;*#-+& :%(& ,/>%=,/E&6"."+& .*2&=%62$& ".& $"D2(&a& (2>2,)2-&>*"(">.2(-&"/6&62$,)2(-&

(2"6DP.%P<(%>2--&=2--"E2-&.%&.*2&"<<$,>".,%/&$"D2(F&[*2/&.*2&"<<$,>".,%/&$"D2(&#/62(-."/6-&

.*".& .*2& =2--"E2& ,-& (2"6D& .%& <(%>2--+& "& >%=="/6& <(%>2--%(& :%(& ,/>%=,/E& =2--"E2-& ,-&

">.,)".26& ,/& %(62(& .%& 62>%62& .*2& 2=C26626& >%=="/6& "/6& -2="/.,>-& >%/.",/26& ,/& .*2&

=2--"E2+& .%&2)2/.#"$$D&2G2>#.2& -%=2&">.,%/+&"/6& .%&<"--& (2$2)"/.& ,/:%(=".,%/& :%(& .*2& :,/"$&

"<<$,>".,%/F&&

3%(& %#.E%,/E& 6"."+& .*2& (2-,62/.& "<<$,>".,%/& 2)2/.#"$$D& ="J2-& ")",$"C$2& -%=2& 6"."& .%&

.("/-=,.&.%&.*2&="-.2(+&-,E/"$,/E&.*,-&2)2/.&I,.*&"&d"."f2"6D&-,E/"$F&;*,-&>"#-2-&.*2&%#.<#.&

>%=="/6& <(%>2--%(& .%& 2G2>#.2& ,.-& >D>$2+& <(2<"(,/E& %/2& =2--"E2& .%& C2& -2/.F& [*2/& .*2&

=2--"E2&,-&(2"6D+&]#.'%=="/6f2"6D&E%2-&;f@^+&-,E/"$,/E&.%&.*2&$%I2(&$"D2(&.*".&.*2(2&,-&
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"&=2--"E2&.%&-2/6&.%& .*2&/2.I%(JF&9.& .*,-&<*"-2+& :("=2&-2E=2/.".,%/&-."(.-& ?,:&/22626B&CD&

=2"/-& %:& "& -.".2&=">*,/2& :%(& <">J2.& 6,-"--2=C$DF& ;*,-& -.".2&=">*,/2& C(2"J-& .*2& %(,E,/"$&

=2--"E2&,/&-="$$2(&-2E=2/.-&<(2<"(26&.%&C2&-2(,"$,H26F&^">*&.,=2&"&-2E=2/.&,-&(2"6D&.%&C2&

-2/.+& 1-ET02/6& E%2-& ;f@^& "/6& -2(,"$,H".,%/& ,-& .(,EE2(26F& 0%+& :%(& %#.E%,/E& 6"."+& .*2&

.("/-<%(.& $"D2(&(2>2,)2-&=2--"E2-& :(%=&"<<$,>".,%/& $"D2(+&"/6&-2/6-&-2E=2/.-& .%& .*2&("6,%&

=%6#$2&,/&%(62(&.%&C2&-2/.&%)2(&.*2&I,(2$2--&=26,#=F&

4"D2(& T& ,-& "<<$,>".,%/& 62<2/62/.+& "/6& *"-& /%& J/%I$26E2& %:& .*2& $%I2(& $"D2(& ,/.2(/"$&

=2>*"/,-=-+& K#-.& .*2& -2(),>2-& "/6& ,/.2(:">2-& ")",$"C$2& :(%=& ,.F& ;*".&=2"/-& .*".& ,.-& $%E,>"$&

"(>*,.2>.#(2&>"/&C2&#-26&,/&%.*2(&"<<$,>".,%/-F&3%(&.*2&:$DPCDPI,(2$2--&"<<$,>".,%/+& ,.-&=",/&

E%"$& ,-& .%& (2<$,>".2& "& -D-.2=& ."C$2& "=%/E& "$$& /2.I%(J& /%62-+& ".& .*2& ="G,=#=& <%--,C$2&

:(2N#2/>DF& ;*,-& -D-.2=& ."C$2& =",/.",/-& "$$& >(,.,>"$& -D-.2=& )"$#2-+& 62->(,C,/E& .*2& -2)2("$&

-2/-%(-& "/6& ">.#".%(-+& -.".#-& <"("=2.2(-+& "/6& $%%<& :226C">J& ,/:%(=".,%/F& ^">*& /2.I%(J&

/%62&,-&="<<26&.%&"&."C$2m-&-2>.,%/+&I*2(2&"$$&(2$".26&)"(,"C$2-&:(%=&-2/-,/E+&">.#".%(-&"/6&

=2.2(,/E& "(2& $%>".26F& ;*,-& $"D2(& ,-& (2-<%/-,C$2& :%(& >D>$,>& (2:(2-*,/E& .*2& (2-<2>.,)2& ."C$2&

>%/.2/.-+&C"-26&%/&$%>"$&-.".#-+&"/6&"$-%&:%(&>D>$,>&">.#".,%/&">>%(6,/E&.%&6"."&-2/.&:(%=&.*2&

="-.2(&/%62& ?:$,E*.&>%/.(%$$2(&%(62(-BF&;*,-&I"D+& .*2&I*%$2&-D-.2=&,-&),2I26&"-&"& (2-,62/.&

.I%P6,=2/-,%/"$& "(("D& $%>".26& ".& ="-.2(+& I,.*& 6,::2(2/.& <"(.,"$& >%<,2-& 6,-.(,C#.26& "/6&

-D/>*(%/,H26&"=%/E&.*2&-$")2&/%62-F&

4.3 Other Design Issues 
9$$& .*2& U$#2.%%.*&=%6#$2-& ,/& .*2& 62)2$%<26& <$".:%(=& "(2& >%/:,E#(26& ,/& /%/& 6,->%)2("C$2&

=%62+& I*,>*& >%/.(,C#.2-& .%& .*2& -2>#(,.D& %:& .*2& -D-.2=F& ;*2& /%62& 6,->%)2(D& <(%>2--& %:&

U$#2.%%.*&,-&"&-$%I&<(%>2--+& ,/&.*2&%(62(&%:& -2>%/6-+&*%I2)2(& ,.& ,-&/%.&"&<(%C$2=&-,/>2&.*2&

="-.2(&-.%(2-&.*2&"66(2--2-&%:&"$$&-$")2&/%62-&.*".&-*%#$6&<"(.,>,<".2&,/&.*2&<,>%/2.+&-%&.*,-&

<(%>2--& ,-& ")%,626F& ;*2& <,>%/2.& :%(=".,%/& ,-& <2(:%(=26& %/& .*2& E(%#/6& C2:%(2& .*2& ."J2%::&

<(%>26#(2+&-%&.*2&"--%>,".26&62$"D&6%2-&/%.&>%/-.,.#.2&"&<(%C$2=&"-&I2$$F&

;*2&#-2&%:&U$#2.%%.*&.2>*/%$%ED&$,=,.-&.*2&<,>%/2.&%<2(".,%/&.%&"&="G,=#=&%:&-2)2/&">.,)2&

-$")2-V&*%I2)2(+&.*,-&$,=,.".,%/&,-&/%.&%:&="K%(&>%/>2(/&%/&.*2&62)2$%<26&-D-.2=+&-,/>2&%/$D&

-,G&-$")2-&"(2&#-26+&"/6&>%#$6&%/$D&,=<%-2&-%=2&(2-.(",/-&,:&/%62&/#=C2(&-*%#$6&C2&(",-26F&

;*2& /#=C2(& %:& -$")2-& ,/& .*2& /2.I%(J& >%#$6& C2& ,/>(2"-26& CD& ,/.2(>%//2>.,/E& "& /#=C2(& %:&

<,>%/2.-& .%& :%(=&"&->"..2(/2.F&;*".&I"D+&"&62),>2&<"(.,>,<".,/E& ,/& .I%&<,>%/2.-&>%#$6&(2$"D&

.("::,>&C2.I22/&C%.*&<,>%/2.-F&R%I2)2(+& .*,-& "(>*,.2>.#(2&I%#$6&<(%C"C$D&*")2&"&/2E".,)2&

,=<">.& ,/& .*2& <2(:%(="/>2& %:& .*2& /2.I%(J+& ="J,/E& ,.& =%(2& 6,::,>#$.& .%& <(%),62& S%0&

E#"("/.22-& .%& .*2& "<<$,>".,%/F& 1%(2%)2(+& >#((2/.$D& .*2(2& "(2& )2(D& :2I& ">.#"$&

,=<$2=2/.".,%/-&%:&->"..2(/2.-&")",$"C$2F&

e,)2/&.*".&:(22&-<">2&<(%<"E".,%/&$%--&,-&<(%<%(.,%/"$&.%&.*2&-N#"(2&%:&.*2&6,-."/>2+&,.&,-&/%.&

2G<2>.26&.*".&.*2&%/C%"(6&I,(2$2--&/2.I%(J&I,$$&2,.*2(&-#::2(&%(&,/6#>2&,/.2(:2(2/>2&%/&%.*2(&

/2.I%(J-& %<2(".,/E& ,/& .*2& -"=2& :(2N#2/>D& C"/6+& -#>*& "-& .*2& I,62$D& 62<$%D26& [,3,&

/2.I%(J-+& -,/>2& .*2& :%(=2(& %<2(".2-& ,/& .*2& -JD&=%-.& %:& .,=2+&I*,$2& .*2& $".2(& "(2&/%(="$$D&

C"-26&%/&.*2&E(%#/6F&

5. Experimental Results 

;*2& <2(:%(="/>2& %:& .*2& 62)2$%<26& I,(2$2--& -D-.2=& I"-& 2)"$#".26& ,/& $"C%(".%(DF& ;*2&

2G<2(,=2/."$& -2.#<&#-26& .%&">*,2)2& .*2& (2-#$.-&<(2-2/.26& ,/& .*,-& -2>.,%/& ,-& >%=<%-26&CD&Z&

-$")2-& -2/6,/E& 6"."& <2(,%6,>"$$D& .%& .*2& ="-.2(& ?#<$,/J& 6,(2>.,%/B& ".& .*2& -"=2& <(262:,/26&
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-"=<$,/E& (".2F& & ^">*& -"=<$,/E& <">J2.& *"-& "& $2/E.*& %:& aY& %>.2.-+& I*,>*& ,-& .*2& ="G,=#=&

<">J2.& $2/E.*&-#<<%(.26&CD& .*2& .("/-<%(.& $"D2(&6#2& .%&"& $,=,.".,%/& ,=<%-26&CD& .*2&),(.#"$&

=">*,/2&#-26&CD&.*2&U$#2.%%.*&=%6#$2F&&

3,E#(2& Z& <(2-2/.-& .*2& "EE(2E".26& #<$,/J& .*(%#E*<#.& .*".& (2">*2-& .*2& ="-.2(& /%62& "-& "&

:#/>.,%/&%:& .*2& -"=<$,/E& (".2&#-26&CD& .*2& Z& -$")2-F& 0,/>2&U$#2.%%.*&#-2-& "& >%/.2/.,%/P:(22&

19'& <(%.%>%$+& .*2& #<$,/J& .("/-=,--,%/-& "(2& /%.& "::2>.26& CD& >%$$,-,%/-+& -%& .*2& /2.I%(J&

.*(%#E*<#.& ,/>(2"-2-& $,/2"($D& I,.*& .*2& %::2(26& $%"6& #/.,$& .*2& <%,/.& ,.& (2">*2-& -".#(".,%/+&

I*,>*& ,/& .*,-& ->2/"(,%& >%((2-<%/6-& .%& .*2& -,.#".,%/& I*2(2& .*2& -$")2-& .("/-=,.& 6"."& ".&

-"=<$,/E& (".2-& *,E*2(& .*"/& T``& RHF& 9-& .*,-& :,E#(2& -*%I-+& .*2& ="G,=#=& .*(%#E*<#.&

")",$"C$2& .%& .*2& "<<$,>".,%/& ,-& "C%#.& aZ`&JC<-+&I*,>*& ,-& -,E/,:,>"/.$D& $%I2(& .*"/& .*2& E(%--&

6"."&(".2&<(%),626&CD&U$#2.%%.*&?a&1C<-BF&;*,-&6,::2(2/>2&>"/&C2&2G<$",/26&CD&.*2&%)2(*2"6&

,/.(%6#>26&CD& .*2&U$#2.%%.*&<(%.%>%$&"/6& .*2&),(.#"$&=">*,/2+& ,/>$#6,/E& .*2&E"<&C2.I22/&

.*2& <">J2.-+& .*2& 3^'& ?3%(I"(6& ^((%(& '%((2>.,%/B& "/6& 9fS& ?9#.%=".,>& f2<2".& (2S#2-.B&

=2>*"/,-=-+&.*2&<">J2.&*2"62(-+&"-&I2$$&"-&.*2&%)2(*2"6&,/.(%6#>26&CD&>%/.(%$&<">J2.-&-#>*&

"-&.*2&!]44&<">J2.+&.*".&,-&-2/.&CD&.*2&="-.2(&.%&E("/.&<2(=,--,%/&.%&-$")2-&.%&.("/-=,.F&&
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-"=<$,/E&(".2F&9-&.*2&:,E#(2&-*%I-+&.*2&!4f&,-&$,=,.26&.%&$2--&.*"/&`FY&n&,/&.*2&(2E,%/&I*2(2&

.*2& /2.I%(J& ,-& /%.& >%/E2-.26+& C#.& ,/>(2"-2-& ("<,6$D& ":.2(& .*2& -".#(".,%/& <%,/.F& ;*2& :$,E*.&

>%/.(%$& "<<$,>".,%/& -*%#$6&C2&"C$2& .%& .%$2(".2& -#>*&-="$$& $%--2-V&%.*2(I,-2&"&>*"/E2& ,/& .*2&

-#<<%(.,/E& I,(2$2--& .2>*/%$%ED& -*%#$6& C2& ="62& ,/& .*2& "..2=<.& .%& %C.",/& *,E*2(& $,/J&

(2$,"C,$,.DF&
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'%/>2(/,/E& .%& .*2& 62$"D& 2G<2(,2/>26& CD& .*2& <">J2.-& "-& .*2D& .(")2$& :(%=& .*2& -$")2-& .%& .*2&

="-.2(+&(2-#$.-&-*%I26&.*".&.*2&62$"D&,-&/%.&"6)2(-2$D&"::2>.26&CD&.*2&(,-2&,/&.*2&%::2(26&$%"6+&

"-&$%/E&"-&.*2&/2.I%(J&%<2(".2-&C2$%I&.*2&-".#(".,%/&<%,/.F&3%(&-"=<$,/E&(".2-&#<&.%&T``&RH+&

.*2&(2E,-.2(26&")2("E2&62$"D&I"-&Tb&=-&"/6&.*2&-."/6"(6&62),".,%/&I"-&aZ&=-F&

3,E#(2& _& <(2-2/.-& .*2& >%=<$2=2/."(D& >#=#$".,)2& 6,-.(,C#.,%/& ?!opqGrB& :%(& .*2& ("/6%=&

)"(,"C$2&p+&I*,>*&(2<(2-2/.-&.*2&62$"D&:%(&"$$&.*2&-"=<$2-&>%$$2>.26&#-,/E&-"=<$,/E&(".2-&,/&

.*2&("/E2&:(%=&`&.%&T``&RHF&[,.*&.*,-&>*"(.+&,.&,-&<%--,C$2&.%&-22&.*2&<(%C"C,$,.D&.*".&.*2&62$"D&

2G>226-&"&E,)2/&62$"D&C%#/6+&I*,>*&,-&"/&,=<%(."/.&=2.(,>&:%(&(2"$P.,=2&"<<$,>".,%/-&-#>*&"-&

.*2&%/2&>%/-,62(26&,/&.*,-&>*"<.2(F&;*2&>*"(.&-*%I-+&:%(& ,/-."/>2+& .*".& $2--&.*"/&a&n&%:& .*2&

-"=<$2&<">J2.-&-#::2(&"&62$"D&*,E*2(&.*"/&i`&=-+&I*,$2&$2--&.*"/&`Fa&n&%:&.*2&<">J2.-&-#::2(&"&

62$"D&*,E*2(&.*"/&aT`&=-F&

^G<2(,=2/."$&.2-.-&I2(2&"$-%&="62&I,.*&"&)"(D,/E&/#=C2(&%:&-$")2-&,/&.*2&<,>%/2.&?:(%=&a&.%&

ZB+&C%.*&,/&.*2&#<$,/J&"/6&6%I/$,/J&6,(2>.,%/F&;*2&")2("E2&62$"D&=2"-#(26&,/&.*2&6%I/$,/J&

6,(2>.,%/&?:(%=&.*2&="-.2(&.%&.*2&-$")2-B&I"-&-$,E*.$D&*,E*2(&.*"/&.*2&%/2&(2E,-.2(26&,/&.*2&

#<$,/J& 6,(2>.,%/+& C#.& C2$%I& X`& =-+& :%(& .*2& =2"-#(2=2/.-& ="62& I,.*& #<& .%& X& -$")2-F&

R%I2)2(+& .*2&")2("E2&="-.2(P.%P-$")2&62$"D&I,.*&Y& -$")2-& ,/& .*2&/2.I%(J&"->2/626& .%&Z``&

=-+&I*,$2&I,.*&Z&-$")2-&.*2&<2(:%(="/>2&I"-&2)2/&I%(-2+&I,.*&.*2&")2("E2&62$"D&(2">*,/E&

a```&=-F&&

6. Conclusion 

;*,-&>*"<.2(&<(2-2/.26&.*2&62-,E/&"/6&62)2$%<=2/.&%:&"&:$DPCDPI,(2$2--&@9A&<$".:%(=&C#,$.&

%/& .%<& %:& U$#2.%%.*& I,(2$2--& .2>*/%$%EDF& ;*2& 62)2$%<26& %/C%"(6& I,(2$2--& -D-.2=& ,-&

>%=<%-26&CD&%/2&="-.2(&/%62+&>%//2>.26&.%&.*2&:$,E*.&>%/.(%$$2(&"/6&-,G&-$")2&/%62-&-<(2"6&

"$%/E&.*2&",(>(":.&-.(#>.#(2&"/6&>%//2>.26&.%&-2)2("$&-2/-%(-&"/6&">.#".%(-F&&

L/&%(62(& .%&"--2--& .*2& -#,."C,$,.D&%:& .*2&62)2$%<26&-D-.2=+&-2)2("$&<2(:%(="/>2&2)"$#".,%/&

.2-.-& I2(2& >"((,26& %#.F& ;*2& 2G<2(,=2/."$& (2-#$.-& -*%I26& .*".+& :%(& .*2& -$")2P.%P="-.2(&

6,(2>.,%/+&.*2&-D-.2=&<(%.%.D<2&,-&"C$2&.%&-#<<%(.&"&-"=<$,/E&(".2&%:&#<&.%&T``&RH&:%(&2">*&%:&

.*2& Z& -$")2-& -,=#$."/2%#-$D& I,.*%#.& -,E/,:,>"/.& <2(:%(="/>2& 62E("6".,%/& ,/& .2(=-& %:&

.*(%#E*<#.+&$%--&%(&62$"DF&]/&.*2&%.*2(&*"/6+&"$.*%#E*&.*2&="-.2(P.%P-$")2&62$"D&I,.*&a&.%&X&

-$")2-& ,/&.*2&/2.I%(J&,-& $%I+& ,.-&)"$#2&,/>(2"-2-&-,E/,:,>"/.$D&I,.*&Y&"/6&Z&-$")2-+&I*,>*&,-&

#/">>2<."C$2& E,)2/& .*2& (2"$P.,=2& (2N#,(2=2/.-& %:& .*2&62-,(26& "<<$,>".,%/F&;*,-&<(%C$2=& ,-&

>"#-26& CD& ,=<$2=2/.".,%/& ,--#2-& (2$".26& .%& .*2& <(%<(,2."(D& 2=C26626& ),(.#"$& =">*,/2&

<(%),626&CD&.*2&="/#:">.#(2(&%:&.*2&U$#2.%%.*&=%6#$2&.*".&,-&#-26&,/&.*2&="-.2(&/%62&%:&.*2&

<(%.%.D<2F&&

;*2&"<<(%">*&%:&(2$D,/E&%/&.*2&),(.#"$&=">*,/2&<(%),626&CD&.*2&="/#:">.#(2(+&I*,>*&*,62-&

.*2&U$#2.%%.*&<(%.%>%$&-.">J&:#/>.,%/"$,.D+&"$$%I26&.*2&62)2$%<=2/.&:%>#-&.%&C2&6,(2>.26&.%&

.*2&"<<$,>".,%/+&(26#>,/E&.*2&62)2$%<=2/.&>%-.-F&;*2&6,-"6)"/."E2+&*%I2)2(+&,-&.*2&$">J&%:&

>%/.(%$& %:& .*2& C2*"),%(& %:& .*2& -D-.2=& ".& .*2& U$#2.%%.*& -.">J& $2)2$+& I*,>*& ,=<262-& .*2&

%<.,=,H".,%/&%:&.*2&<2(:%(="/>2&%:&.*2&-D-.2=&".&.*,-& $2)2$&"/6&.*2&>%((2>.,%/&%:&<(%C$2=-&

-#>*&"-&.*2&)2(,:,26&I,.*&.*2&="-.2(P.%P-$")2&62$"DF&;*2&-%$#.,%/&.%&.*2&62.2>.26&<(%C$2=&>"/&

<"--& 2,.*2(& CD& .*2& (2<$">2=2/.& %:& .*2& U$#2.%%.*& =%6#$2& CD& "& /2I2(& )2(-,%/& ?"$(2"6D&

")",$"C$2B&:(%=&.*2&-"=2&="/#:">.#(2(&%(&CD&.*2&6,(2>.&,/.2(">.,%/&I,.*&.*2&U$#2.%%.*&-.">J+&

I,.*&.*2&CD<"--&%:&.*2&),(.#"$&=">*,/2F&&

d2-<,.2& .*2& $,=,.".,%/-& %:& .*2& >#((2/.& <(%.%.D<2+& .*2& %)2("$$& (2-#$.-& <(%),626& CD& .*2&

2G<2(,=2/."$& .2-.-& "(2& -".,-:">.%(DF& \2)2(.*2$2--+& :#(.*2(& .2-.-& "(2& /22626& ,/& %(62(& .%&
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2)"$#".2&.*2&C2*"),%(&%:&.*2&-D-.2=&#/62(&=%(2&*"(-*&,/.2(:2(2/>2&>%/6,.,%/-+&"-&I2$$&"-&,/&"&

(2"$&->2/"(,%&%/C%"(6&.*2&",(>(":.F&

7. References 

9:%/-%+&7F&9F&g&\2)2-+&7F&^F&?T``YB+&3"-.&f2.("/-=,--,%/&%:&f2"$P;,=2&;("::,>&,/&RL!^f49\cT&

0D-.2=-+& /&+4%%5#"1'* +,* 65$2"4%5* 7"50'(&#23* 8+",%&%"4%* +"* 9%3%4+::0"#42(#+"'*
;6789<==>?+& <<F& WXPW_+& L0U\& `PbZiYPTW__Pi+& 4,-C%/+& !%(.#E"$+& 7#$D& T``Y+& L^^^&
'%=<#.2(&0%>,2.DF&

U$#2.%%.*& 0Le& ?T``WB+& 0<2>,:,>".,%/& %:& .*2& U$#2.%%.*& -D-.2=F& 9)",$"C$2& ".&

*..<MccIIIFC$#2.%%.*F%(EcF&

>%//2>.U$#2& ?T``WB+& 02(,"$& !%(.& 96"<.2(& s& T/6& e2/2(".,%/+& !'%&* -2"023F& 9)",$"C$2& ".&
*..<MccIIIF>%//2>.C$#2F>%=cF&

^;0L& ;f& a`a& Z_W& AaFaFa& ?T```B+& U(%"6C"/6& f"6,%&9>>2--&\2.I%(J-& ?Uf9\BtRL!^f49\&

;D<2&Ttd"."&4,/J&'%/.(%$&?d4'B&4"D2(t!"(.&aM&U"-,>&d"."&;("/-<%(.&3#/>.,%/-F&

L^^^& 0.6& _`TFaa& ?T``bB+& L^^^& 0."/6"(6& :%(& L/:%(=".,%/& ;2>*/%$%EDt;2$2>%==#/,>".,%/-&

"/6& ,/:%(=".,%/& 2G>*"/E2& C2.I22/& -D-.2=-t4%>"$& "/6& =2.(%<%$,."/& "(2"&

/2.I%(J-t0<2>,:,>& (2N#,(2=2/.-t!"(.aaM&[,(2$2--&49\&126,#=&9>>2--&'%/.(%$&

?19'B&"/6&!*D-,>"$&4"D2(&?!RuB&0<2>,:,>".,%/-F&

L^^^&0.6&_`TFaYFX&?T``ZB+&L^^^&0."/6"(6&:%(&L/:%(=".,%/&;2>*/%$%EDt;2$2>%==#/,>".,%/-&

"/6& ,/:%(=".,%/& 2G>*"/E2& C2.I22/& -D-.2=-t4%>"$& "/6& =2.(%<%$,."/& "(2"&

/2.I%(J-t0<2>,:,>& (2N#,(2=2/.-t!"(.& aYFXM& [,(2$2--& 126,#=& 9>>2--& '%/.(%$&

?19'B& "/6& !*D-,>"$& 4"D2(& ?!RuB& 0<2>,:,>".,%/-& :%(& 4%IPf".2&[,(2$2--& !2(-%/"$&

9(2"&\2.I%(J-&?[!9\-BF&

h,EU22& 0."/6"(6-& ](E"/,H".,%/& ?T``ZB+& h,EU22& 0<2>,:,>".,%/F& 9)",$"C$2& ".&

*..<MccIIIFH,EC22F%(EcF&
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Combining Occupancy Grids with a Polygonal 
Obstacle World Model for Autonomous Flights 

!"#$%&'$()"*&#$(&+,-#.&/00"1#$$&

!"#$%$&$'()*(+,%-.$(/0#$'1#2(3"14""'5(6%7874*$2(9'714"(6'7)#:48'(;'"$'7(<=>?@(
9'714"0(

1. Introduction 

1.1 Overview 
234.& 53#6*)"& 6").)$*.& #& 1#664$7& 6"05)..& *3#*& 5#$& 8)& #6694)(& *0& #,*0$010,.& .:.*)1.& ;0"&

08.*#59)& #<04(#$5)& #$(& *"#=)5*0":& 69#$$4$7>& ?*& 4.& #$& 416"0<)1)$*& 0<)"& 50110$9:& #6694)(&

08.*#59)&1#664$7&*)53$4@,).A&.,53&#.&055,6#$5:&7"4(.>&B"089)1.&)$50,$*)")(&4$&9#"7)&0,*(00"&

.5)$#"40.&#")&*#5-9)(&#$(&#&5016")..)(&1#6&*3#*&5#$&8)&.)$*&0$&90CD8#$(C4(*3&$)*C0"-.&4.&

6"0(,5)(>& 23)& #66"0#53& 4.& ")#9D*41)& 5#6#89)& #$(& C0"-.& 4$& ;,99& EDF& )$<4"0$1)$*.>& 23)&

);;454)$5:&0;&*3)&6"060.)(&#66"0#53&4.&()10$.*"#*)(&,$()"&")#9&06)"#*40$#9&50$(4*40$.&0$&#$&

,$1#$$)(&#)"4#9&<)3459)&,.4$7&.*)")0&<4.40$&;0"&(4.*#$5)&1)#.,")1)$*>&

1.2 The Problem of Mapping and Obstacle Representation 
20&8)&#,*0$010,.A&<)3459).&1,.*&-$0C&*3)&)$<4"0$1)$*& 4$&C3453& *3):&#")& *0&10<)>&+4-)&

3,1#$.&0"&#$41#9.A&*3):&3#<)&*0&.)$.)A&,$()".*#$(&#$(&")1)18)"&#*&9)#.*&*30.)&6#"*.&0;&*3)&

)$<4"0$1)$*&*3#*&#")&4$&*3)&<454$4*:>&G$9:&*3)$&5#$&*3)&<)3459).&06)"#*)&4$&*3)4"&)$<4"0$1)$*&

H&C4*30,*&1#$,#9& ")10*)& 50$*"09>& I,55)..;,9& ").,9*.&0;& #,*0$010,.& ;9473*.& 4$&,"8#$&#")#.&

C4*3& ,$1#$$)(& #4"5"#;*& 3#<)& 8))$& 6").)$*)(& 4$& *3)& 6#.*& JK"#8#"& )*& #9>A& LMMNO& P,;;)"):&Q&

!90")#$0A&LMMNO&/"4;;4*3.&)*&#9>A&LMMRO&I53)")"&)*&#9>A&LMMRS>&T).4()&*3#*A&*3)&1#=0"4*:&0;&08.*#59)&

()*)5*40$A&1#664$7A&#$(&#<04(#$5)&").)#"53&#")&5#""4)(&0,*&C4*3&7"0,$(&<)3459).&#$(&1#$:&

#66"0#53).&,.)(& 4$& ;9473*& #66945#*40$.& #")&8#.)(&0$&6"#5*45).&()"4<)(& ;"01& *3#*&C)#9*3&0;&

-$0C9)(7)>&

'&1#4$&")@,4")1)$*&;0"&#,*0$010,.&<)3459).&4.&*0&()*)5*&08.*#59).&#$(&*0&7)$)"#*)&)$<4"0$D

1)$*#9&1#6.&;"01&.)$.0"&(#*#&#$(&#&9#"7)&$,18)"&0;&#66"0#53).&3#<)&8))$&()<)906)(&0<)"&

*3)&:)#".&J23",$A&LMMLS>&G$)&#66"0#53&*0&")6").)$*&*3)&)$<4"0$1)$*&4.&*3)&,.)&0;&7"4(D8#.)(&

1#6.& JU0"#<)5& Q& V9;).A& WXYNO& Z0$0947)A& WXXRS>& 23):& #990C& #$& )#.:& ;,.40$& 0;& (#*#& ;"01&

(4;;)")$*& .)$.0".O& 4$59,(4$7& $04.)& ")(,5*40$& #$(& .41,9*#$)0,.& 60.)& ).*41#*40$A& 8,*& *3):&

3#<)& 9#"7)&1)10":& ")@,4")1)$*.>& !,"*3)"A& *3):& (0& $0*& .)6#"#*)& .4$79)& 08=)5*.>& '& .)50$(&

#66"0#53A&5#99)(&;)#*,")D8#.)(&1#6.A&;05,.).&0$&4$(4<4(,#9&08=)5*.>&'$&)#"9:&C0"-&J[3#*49#&

Q&+#,10$(A&WXYNS&,.).&94$).&*0&")6").)$*&*3)&C0"9(&4$&LDF>&+#*)"&#66"0#53).&,.)&69#$#"&J)>7>&

K\3$)9&)*&#9>A&LMMES&0"&")5*#$7,9#"&JU#"*4$&Q&23",$A&LMMLS&.,";#5).&;0"&EDF&10()94$7&H&8,*&

10.*9:&*0&")8,49(&*3)&C0"9(&C4*3&()*#49.&#$(&60..489)&*)]*,")&1#664$7>&'&.,4*#89)&10()9&;0"&

#,*0$010,.&8)3#<40"&4.&*3)&<)9054*:&08.*#59)&6#"#(471&J!40"4$4&Q&I3499)"A&WXXYS&*3#*&5#$&8)&

#(()(&C4*3&*3)&4$*"0(,5)(&.6)54;45#*40$.&0$&30C&*0&1)#.,")&*3)&08.*#59).>&
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23).)& 1#6& *:6).A& #$(& 0*3)".& $0*& (4.5,..)(& 3)")A& 3#<)& *3)4"& ").6)5*4<)& #(<#$*#7).& #$(&

(4.#(<#$*#7).>&'.&#&").,9*A&*3)")&4.&#&$))(&*0&3#<)&(4;;)")$*&1#6&*:6).&;0"&(4;;)")$*&"080*&*#.-.&

JZ,46)".A& LMMMS>& ?$&1#$:&5#.).A& 4*& 4.& #(<#$*#7)0,.& *0&,.)&7"4(D8#.)(&1#6.& ;0"& .)$.0"& ;,.40$&

#$(&;)#*,")D8#.)(&609:70$#9&1)*"45&1#6.& ;0"& 905#9&69#$$4$7A&)>7>& 4$&0"()"& *0&#<04(&08.*#59).&

J!,97)$%4&)*&#9>A&LMMRS>&'((4*40$#99:A&$0$D1)*"45&*06090745#9&1#6.&#")&10.*&.,4*#89)&;0"&7908#9&

.)#"53& *#.-.& 94-)& "0,*)& 69#$$4$7>& ?$& #& 50169)]& .5)$#"40A& #& "080*&1,.*&()#9&C4*3& #99& 0;& *3).)&

(4;;)")$*&1#6.&#$(&-))6&*3)1&,6(#*)(>&23).)&*#.-.&$))(&*3)&,.,#9&4$;0"1#*40$&)]53#$7)>&

20& 7)$)"#*)&1#6.& ;"01& .)$.0"& (#*#& *3#*& #")& #66945#89)& *0& #,*0$010,.& #66945#*40$.A& 4*& 4.& #&

.*"#473*;0"C#"(& 6"05)(,")& *0& 7)$)"#*)& #& 7"4(& 1#6& ;"01& .)$.0"& (#*#& #$(& )]*"#5*& 0,*& *3)&

;)#*,").>&G,*(00"&.5)$#"40.A&30C)<)"A&5#$&8)&*00&9#"7)&*0&.*0")&*3)&C309)&.5)$)&4$&#&(#*#&#""#:&

C4*3& ")#.0$#89:& #55,"#*)& ").09,*40$>& '((4*40$#99:A& *3)& #")#& 80,$(#"4).& 1#:& 8)& ,$-$0C$&

8);0")&1#664$7>&

23)&#66"0#53&6").)$*)(&3)")& 50184$).&7"4(&1#6.&#$(&609:70$#9&08.*#59)& ")6").)$*#*40$.&

#$(& *#5-9).& *3)&6"089)1&0;& 9#"7)& )$<4"0$1)$*.& 8:&,.4$7& .1#99& 7"4(&1#6.& *3#*& 50<)"& 0$9:&

)..)$*4#9&6#"*.&0;&*3)&)$<4"0$1)$*&;0"&.)$.0"&;,.40$>&[3#"#5*)"4.*45&;)#*,").&#")&")507$4%)(A&

*3)4"&.3#6).&#")&5#95,9#*)(A&#$(&4$.)"*)(&*0&#&7908#9&1#6&*3#*&*#-).&9)..&1)10":&#$(&4.&)#.49:&

)]6#$(#89)>& 234.& 1#6& 4.& $0*& ").*"45*)(& *0& *3)& .)$.0"& )$<4"0$1)$*& #$(& 4.& ,.)(& ;0"& 6#*3&

69#$$4$7&#$(&0*3)"&#66945#*40$.>&

2. Flight Testbed 

2.1 ARTIS – A Flying Robot 
23)& 6").)$*)(& 1#664$7& #$(& C0"9(& 10()94$7& #66"0#53& 4.& ()<)906)(& C4*34$& *3)& '^2?I&

J',*0$010,.& ^0*0"5"#;*& 2).*8)(& ;0"& ?$*)9947)$*& I:.*)1.S& ").)#"53& 6"0=)5*& *3#*& ()#9.& C4*3&

14(D.4%)(&,$1#$$)(&3)94506*)".& JF4**"453&)*& #9>A& LMMES>&G$)&0;& *3)&3)94506*)".& 4.& .30C$& 4$&

;47,")&W>&?*&3#.&#&1#4$&"0*0"&(4#1)*)"&0;&E&1)*)".&#$(&#&*0*#9&C)473*&0;&,6&*0&LN&-7>&!9473*.&0;&

10")&*3#$&EM&14$,*).&#")&60..489)>!

&

!47,")&W>&23)&,$1#$$)(&3)94506*)"&'^2?I&

23)&N&-_&*,"84$)&)$74$)&3#.&)$0,73&60C)"&*0&5#"":&10")&*3#$&.4]&-4907"#1.&0;&)]6)"41)$*#9&

6#:90#(& 4$&#((4*40$& *0& *3)&#<40$45.& .:.*)1&#$(&60C)"&.,669:>&23)&#5*,#9& 50$;47,"#*40$& 4.&#&

()(45#*)(& 41#7)& 6"05)..4$7& 5016,*)"& #$(& #& .*)")0& 5#1)"#& .:.*)1& C)4734$7& L& -7& .0& *3#*&

#((4*40$#9&.)$.0".&94-)&1,9*469)&5#1)"#.&0"&9#.)"&.5#$$)".&5#$&8)&,.)(&4$&;,*,")&#66945#*40$.>&

2.2 Sense and Avoid Setup 
!0"& #66945#*40$.& *3#*& $))(& )$<4"0$1)$*#9& .)$.4$7& 5#6#8494*4).A& #& <4.40$& .:.*)1& .)6#"#*)(&

;"01& *3)& ;9473*& 50$*"099)"& 4.& 4$.*#99)(& #*& *3)& 3)94506*)">& 23)& #5*,#9& 50$;47,"#*40$&,.).& 0$9:&
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5#1)"#.& 8)5#,.)& *3):& #")& 9473*C)473*A& 6#..4<)A& #$(& 3#<)& 90C& 60C)"& 50$.,16*40$>& '&

()(45#*)(&5016,*)"& 4.&,.)(& *0&6"05)..& 41#7)& 4$;0"1#*40$>&234.& ").,9*.& 4$& 416"0<)(&.6))(&

#$(&$0& 4$;9,)$5)& 0$& *3)& ")#9D*41)& 8)3#<40"& 0;& *3)& ;9473*& 50$*"09& 5016,*)">& !0"& 4$*)"#5*40$&

8)*C))$& 41#7)D8#.)(& ").,9*.& #$(& ;9473*& 50$*"09A& (#*#& )]53#$7)& 4.& 6"0<4()(& <4#& #& 905#9&

$)*C0"->&'&14..40$&69#$$4$7&#$(&#,*01#*45&50$*"09&.:.*)1&4.&4$.*#99)(&0$&*3)&;9473*&50$*"09&

5016,*)"&JF4**"453&)*&#9>A&LMMYS>&?*&5#95,9#*).&*"#=)5*0"4).&#"0,$(&08.*#59).A&50$.4()".&53#$7).&

(,)&*0&#5*,#9&41#7)D8#.)(&1#6&,6(#*).A&#$(&4$.*",5*.&*3)&3)94506*)"&*0&;9:&*3).)&6#*3.>&23)&

#,*06490*&)$.,").&.*#8494%)(&30<)"&.0&*3#*&*3)&<)3459)&5#$&50169)*)9:&;9:&#,*0$010,.9:>&

Images

Navigation Data

Image 
Processing
Computer

Flight Control
Computer

Image-
based 
Data

Sensors Actuators

FPGA

&

!47,")&L>&G<)"<4)C&0;&*3)&0$80#"(&3#"(C#")&;0"&<4.40$&#66945#*40$.&

!47,")& L& 499,.*"#*).& *3)& 50$$)5*40$& 8)*C))$& <4.40$& 3#"(C#")& #$(& ;9473*& 50$*"099)">& I4$5)&

08.*#59)&1#664$7&#$(&0*3)"&41#7)D8#.)(&#970"4*31.&")@,4")&;9473*&4$;0"1#*40$A&#&$#<47#*40$&

.09,*40$&6"0<4().&*3)&7908#9&60.4*40$&#$(&#**4*,()&0;&*3)&3)94506*)">&

'&.*)")0&5#1)"#&J`4()")&F).47$&I2G[A&;47>&ES&C4*3&#&8#.)94$)&0;&EM&51&#$(&#&;4)9(&0;&<4)C&0;&

#66"0]41#*)9:&NWa&]&bMa& 4.&,.)(>&?*&5")#*).& 41#7).&C4*3&cbM&]&bYM&64])9.&#$(&3#.&#$&4$8,49*&

!B/'&6"05)..0"&*3#*&5#95,9#*).&#&()6*3&41#7)&0,*&0;&*3)&*C0&4$6,*&41#7).&4$&")#9D*41)&C4*3&

EM&K%>&234.&41#7)&4.&#&").,9*&0;&#&50169)]&6"05)..4$7&.*)6&C3)")&")740$.&0;&*3)&*C0&5#1)"#&

41#7).& #")&1#*53)(& J)>7>& I53#".*)4$&Q&I%)94.-4A& LMMLSA& #$(& 4*& #5*.& #.& #&()6*3& .)$.0"& 4$& *3)&

1#664$7&6"05)..>&T#.45&6")D6"05)..4$7&*0&)$3#$5)&*3)&()6*3&41#7)&@,#94*:&4.&#9")#(:&(0$)&

8:& *3)&5#1)"#>& ?$& *3)&()6*3& 41#7).&.30C$& 4$& *3)& ;47,").&0;& *34.&#"*459)A&$)#"&(4.*#$5).&#")&

")6").)$*)(&8:&9473*&5090".&#$(&;#"*3)"&(4.*#$5).&8:&(#"-)"&5090".>&_34*)&.6#5)&4$(45#*).&*3#*&

()6*3&<#9,).&#")&14..4$7&0"&3#<)&8))$&;49*)")(&(,)&*0&8#(&41#7)&@,#94*:A&)>7>&90C&*)]*,"4$7>&&

& & &

!47,")&E>&I*)")0&5#1)"#&10,$*)(&#*&*3)&3)94506*)"&J9);*SA&9);*&0$80#"(&5#1)"#&41#7)&J5)$*)"SA&

()6*3&41#7)&J"473*S&

23)& 3)94506*)"d.& 60.4*40$& #$(& #**4*,()& 4.& 6"0<4()(& 4$& .4]& ()7")).& 0;& ;"))(01&8:& *3)& ;9473*&

50$*"09& 5016,*)"& ,.4$7& #& (4;;)")$*4#9& /BI& .)$.0"A& #& 1#7$)*01)*)"& #$(& #$& 4$)"*4#9&

1)#.,")1)$*& ,$4*>& 23)& "#C&(#*#& 0;& *3).)& .)$.0".& #")& 4$*)7"#*)(& 8:& #$& V]*)$()(&Z#91#$&

;49*)"&JZ053&)*&#9>A&LMMcS&*0&6"0<4()&#$&#55,"#*)&.09,*40$&4$&#99&.4]&()7")).&0;&;"))(01>&!49*)")(&

$#<47#*40$&(#*#&4.&.)$*&C4*3&#&"#*)&0;&WMM&K%&*0&*3)&<4.40$&5016,*)">&'99&5016,*)"&5905-.&#")&
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.:$53"0$4%)(& .0& *3#*& #& ;4**4$7& ")50"(4$7&60.)& 0;& #$& 41#7)&C4*3& #& 74<)$& *41).*#16& 5#$&8)&

08*#4$)(>&

3. Model Overview 

3.1 Grid Maps 
23)&8#.45&1)*30(&*0&4$*)"6")*&(#*#&;"01&()6*3&41#7)&.)@,)$5).&;0990C.&59#..45#9&#66"0#53).&

C4*3&055,6#$5:&7"4(.&JU0"#<)5&Q&V9;).A&WXYNO&^#.53-)&Q&T0")$.*)4$A&WXXMS>&23).)&7"4(.&3#<)&

*,"$)(& 0,*& *0& 8)& <)":& ,.);,9& ;0"& 08.*#59)& 1#664$7& .4$5)& *3):& #990C& )#.:& .)$.0"& ;,.40$A&

")(,5)&.)$.0"&$04.)A&#$(&#")&#9.0&#66945#89)&*0&1,9*469)&<)3459).>&K)")A&#&C0"9(D5)$*"45&EDF&

7"4(&")6").)$*.& *3)&1#6>&V#53&5)99&50$.4.*.&0;&#&<#9,)&().5"484$7&*3)&6").)$5)&0;&08.*#59).e&

*3)&907&0((&0;&*3)&055,6#$5:&6"08#8494*:>&K473)"&<#9,).&");)"&*0&#&3473)"&6"08#8494*:&0;&*3)&

5)99&8)4$7&055,64)(>&23)&1#6& 4.&5")#*)(& 4$5")1)$*#99:&8:&.*#"*4$7&C4*3&#$&)16*:&7"4(&#$(&

C"4*4$7&*3)&#5*,#9&.)$.0"&4$;0"1#*40$&C4*3&)#53&$)C&()6*3&41#7)>!

3.2 Feature Maps 
'.&#9")#(:&()$0*)(A&055,6#$5:&7"4(&1#6.&#")&#(<#$*#7)0,.& ;0"&.)$.0"& ;,.40$&#$(&C499&8)&

,.)(& *0& 4$*)"6")*& (#*#& ;"01&()6*3& 41#7)& .)@,)$5).>& ?$& #((4*40$& *0& *3#*A& ;)#*,")&1#6.& #")&

8,49*&0,*&0;&*3).)&055,6#$5:&7"4(.&*0&.*0")&7908#9&08.*#59)&4$;0"1#*40$&4$&#&5016")..)(&C#:&

#$(&*0&8)&#$&4$6,*&;0"&#66945#*40$.&*3#*&,.)&*3)&1#6>& 
!0"&*34.&")#.0$A& 4*& 4.&#&6"41#":&")@,4")1)$*& *0&()*)"14$)&*3)&")@,4")(& 9)<)9&0;&()*#494$7&*0&

")6").)$*& 08=)5*.& 4$& #& ;)#*,")& 1#6>& !0"& 08.*#59)& #<04(#$5)& #66945#*40$.A& *3)& 4160"*#$*&

5"4*)"4#&#")e&

W> I1#99&()*#49.&#")&$0*&$))()(A&

L> #$&4()$*4;45#*40$&0;&69#$).&;0"&*)]*,")&6"0=)5*40$&4.&$0*&$))()(A&#$(&

E> ")#9D*41)&5#6#8494*4).&#")&10")&4160"*#$*&*3#$&5)$*41)*)"&#55,"#5:>&

23).)&5"4*)"4#&4169:&*3#*&4*&4.&.,;;454)$*&*0&1#"-&#&80]&#"0,$(&#$&08=)5*&#$(&.4169:&#<04(&*34.&

#")#>&

23)&.4169).*&C#:&0;&10()94$7&60*)$*4#99:&(#$7)"&#")#.& 4.& *3)&,.#7)&0;&5,804(#9&80,$(4$7&

80]).&*3#*&#")&#947$)(&C4*3&*3)&500"(4$#*)&#]).>&f$;0"*,$#*)9:A&*3):&#")&*00&"0,73&;0"&08=)5*&

10()94$7A& )>7>& #& .)*& 0;& 08=)5*.& 94-)&30,.).&C4*3& #& ")5*#$7,9#"& 8#.)& .3#6)& #$(& #$& #"84*"#":&

#$79)& *0& *3)& 500"(4$#*)& #]).>&'947$)(&80,$(4$7& 80]).&C499& 8)& 9#"7)"& *3#$& *3)& 30,.).& #$(&

$#""0C&6#*3.&8)*C))$&*3)1&C499&$0*&8)&;0,$(&8)5#,.)&*3):&)]4.*&4$.4()&*3)&#")#&1#"-)(&8:&

*3)&055,64)(&80]>&

?$&#&")#9&.5)$#"40&94-)&#&54*:A&08=)5*.&5#$&3#<)&#$:&7"0,$(&.3#6)&;"01&*3)&*06&<4)CA&8,*&4*&4.&

94-)9:&*3#*&*3):&3#<)&<)"*45#9&C#99.>&234.&#..,16*40$&4.&1#()&4$&#&90*&0;&1#664$7&#66"0#53).&

J)>7>&?05534&)*&#9>A&LMMMS>&!0"&*34.&")#.0$A&6"4.1&.3#6).&#")&,.)(&3)")>&23):&(0&$0*&")@,4")&#$&

#]4.&#947$1)$*&94-)&*3)&80,$(4$7&80]).>&'((4*40$#99:A&*3):&5#$&()#9&C4*3&#$:&7"0,$(&.3#6)&

C4*30,*& ("#1#*45#99:& 4$5")#.4$7& *3)& 50169)]4*:>& ?;& C#99.& #")& $0*& <)"*45#9& 94-)& "00;.A& *3)&

6"4.1d.&<09,1)&C499&8)&1,53&9#"7)"&*3#$&*3)&")#9&08=)5*>&20&416"0<)&*3)&10()94$7&0;&08=)5*.A&

*3):&5#$&8)&.,8(4<4()(&<)"*45#99:&#$(&")6").)$*)(&8:&1,9*469)&6"4.1.>&?$&0*3)"&C0"(.A& *3)&

C0"9(& 4.& .694*& 4$*0& 9#:)".& 4$& (4;;)")$*& 3)473*.A& #$(& )#53& 9#:)"& 3#.& 4*.& 0C$& 609:70$#9& LDF&

08.*#59)& 1#6>& 234.& 4.& .,;;454)$*& ;0"& #& 90*& 0;& #66945#*40$.& 94-)& ;9473*& *"#=)5*0":& 69#$$4$7& 4$&

,"8#$&.5)$#"40.&JF4**"453&)*&#9>A&LMMRS>&

g)<)"*3)9)..A&*3)&6"4.1&10()9&5#$&0$9:&3#$(9)&50169)]&.3#6).&4$&LDF&#.&.))$&;"01&*3)&*06&

<4)C>&'&7#89)(&"00;&0"&#&*,$$)9&C4*3&#$&,6D&0"&(0C$3499&"0#(&1,.*&8)&10()9)(&8:&1,9*469)&
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08.*#59)&6"4.1.>&23).)&.5)$#"40.&#")&10")&50169)]& *3#$&#&.41694;4)(&,"8#$&5#$:0$&C4*3&#&

30"4%0$*#9& 7"0,$(& 69#$)& #$(& 08.*#59).& C4*3& <)"*45#9& C#99.>& '<04(4$7& "00;.& *3#*& #")&

")6").)$*)(&8:&80,$(4$7&6"4.1.&C499&8)&0$9:&#&.1#99&").*"45*40$&#$(&#&*,$$)9A&30C)<)"A&C499&

8)&#$&,$,.,#9&5#.)A&#*&9)#.*&C4*3&").6)5*&;0"&;9:4$7&"080*.>&&

3.3 The Modeling Process 
'.&#9")#(:&1)$*40$)(A&#(<#$*#7).&0;&80*3&7"4(&#$(&;)#*,")&1#6.&#")&50184$)(A&.))&;47,")&b>&

23)&1#664$7&6"05)..&C0"-.&#.&;0990C.e&

W> [")#*)&#$&055,6#$5:&7"4(&#"0,$(&*3)&<)3459)d.&60.4*40$&4;&$0*&)]4.*4$7&4$&*3)&1#6>&

L> ?;& #& $)C& 7"4(& 4.& #9905#*)(& 0"& *3)& 7"4(& 4.& )]*)$()(A& 53)5-& C3)*3)"& 6")<40,.9:& .*0")(&

;)#*,").&5#$&8)&4$.)"*)(>&

E> ?$.)"*&*3)&#5*,#9&.)$.0"&(#*#&4$;0"1#*40$&*0&*3)&7"4(>&

b> !4$(&59,.*)".&0;&055,64)(&7"4(&5)99.&#$(&1#"-&*3)1&#.&.4$79)&08.*#59)&;)#*,").>&

N> !4$(&0,*&C3453&08.*#59)& ;)#*,").& #")&$)C&#$(&C3453&#")&,6(#*).&0;& 08=)5*.& *3#*&3#<)&

#9")#(:& 8))$& 4()$*4;4)(& 4$& *3)& 6")<40,.& 9006& 5:59)>& B"))]4.*4$7& 08=)5*.& 1#:& #9.0& 8)&

")10<)(>&

c> [#95,9#*)&*3)&.3#6)&0;&)#53&$)C&0"&,6(#*)(&;)#*,")>&

R> 20&4$.)"*&*3)&$)]*&.)$.0"&(#*#A&70&8#5-&*0&.*)6&W>&

&

Layer 0: Partitioned Grid
    Occupancy Grid Cells

Layer 1: Partitioned Feature Map
    Zone-Limited Objects

Layer 2: Feature Map
    Linked + Tracked Objects

Sensor Data

Cluster Identification

Object Merging

Polygon Extraction

Layer 3: Polygone Map
    Shape Prisms of Linked Obj.

Output

Comparison to
prev. Merged 
Feature Map

Stored
Features

&

!47,")&b>&23)&7)$)"#9&1#664$7&6"05)..&C4*3&(4;;)")$*&1#6&9#:)".&

234.&#66"0#53&,.).&(4;;)")$*&1#6&*:6).&#.& 499,.*"#*)(>&23)&055,6#$5:&7"4(&1#6&;0"&.)$.0"&

4$6,*.&J9#:)"&MS&4.&6#"*4*40$)(&4$*0&%0$).&#$(&)#53&%0$)&4.&.)#"53)(&;0"&08.*#59).&.)6#"#*)9:&

J9#:)"& WS>& 234.& 1)*30(& 4.& ().5"48)(& 4$& *3)& ;0990C4$7& .)5*40$>& g)]*A& #& 1#6& C4*3& .)6#"#*)&

08.*#59).A&8,*&C4*30,*&%0$)&.)6#"#*40$&4.&7)$)"#*)(&J9#:)"&LSA&#$(&;4$#99:A&*3)&6"4.1&.3#6).&

#")&)]*"#5*)(&0,*&0;&*3)1&J9#:)"&ES>&/"4(&").09,*40$&#$(&%0$)&.4%).&#")&,.)"D();4$)(&8,*&1#:&

$0*&53#$7)&0<)"&*41)&C3)$&6"05)..4$7&41#7)&.)"4).>&

4. Occupancy Grid Mapping 

4.1 Sensor Interpretation and Local Mapping 
20&5")#*)&#$&055,6#$5:&7"4(&4$5")1)$*#99:&0,*&0;&()6*3&41#7)&(#*#&.)@,)$5).A&#&905#9&7"4(&

1#6&4.&8,49*>&234.&905#9&1#6&4.&C0"9(D5)$*"45&94-)&*3)&7908#9&0,*6,*&1#6.&8,*&4$59,().&0$9:&
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*3)&055,6#$5:&(#*#&0;&#&.4$79)&()6*3& 41#7)& *#-)$& ;"01&4*.&50"").60$(4$7&5#1)"#&60.4*40$&

#$(&#**4*,()>&

23)& 905#9& 1#6& 4.& *3)& 4$*)"6")*#*40$& 0;& #& .4$79)& ()6*3& 41#7)& #.& ;0990C.e& f.4$7& 6"0=)5*4<)&

7)01)*":& #$(& *3)& 64$309)& 5#1)"#&10()9A& )#53& 64])9& ");)".& *0& #$& 08=)5*& 500"(4$#*)& 4$& *3)&

C0"9(>&T:&#..,14$7&$0&*"#$.6#")$*&08=)5*.&4$&;"0$*&0;&*3)&08=)5*A&*3)")&4.&;"))&.6#5)&#90$7&#&

"#:&8)*C))$& *3)& 5#1)"#& 5)$*)"& #$(& *3)& 08=)5*& 500"(4$#*)>& T)34$(& *3)& 06#@,)&08.*#59)A& $0&

4$;0"1#*40$&4.&#<#49#89)>&?;&*3)&(4.*#$5)&)$50()(&8:&#&64])9&)]5))(.&#&*3").309(A&*34.&41#7)&

604$*&9)#(.&*0&;"))&.6#5)>&'&94$)&4.&("#C$&;0"&)#53&64])9A&499,.*"#*)(&8:&;47,")&N&*3#*&.30C.&*3)&

4$*)"6")*#*40$&0;&#$&4()#9&.)$.0"&J9);*S&0"&50$.4()".&1)#.,")1)$*&$04.)A&").6)5*4<)9:&J"473*S>&

23)& ,$5)"*#4$*:& 0;& .*)")0D8#.)(& ()6*3& 1)#.,")1)$*& 4$5")#.).& @,#("#*45#99:& C4*3& 3473)"&

(4.*#$5)&<#9,).>&_4*3& *34.& 4$;0"1#*40$A& *3)&<4)C#89)&#")#& 4.&.6#$$)(&#$(& *3)&08.*#59).&#")&

("#C$>&

dist.

free space unknown occupied

fr
e

e
o

c
c
u
p

ie
d

fr
e

e
o

c
c
u
p

ie
d

measurement dist.measurement

&

!47,")&N>&?$*)"6")*#*40$&0;&#$&4()#9&()6*3&41#7)&64])9&J9);*S&#$(&#&10")&")#94.*45&10()9&*3#*&

50$.4()".&()6*3&,$5)"*#4$*:&J"473*S&

23)&").,9*&0;&6"05)..4$7&#99&"#:.&0;&#&.4$79)&41#7)&4.&499,.*"#*)(&4$&;47,")&c>&G8.*#59).&#$(&;"))&

#")#.&0;& *3)& 41#7)&#")&#9.0&<4.489)& 4$& *3)&50"").60$(4$7&1#6>&23)& *345-$)..&0;&#$&08.*#59)&

5#$$0*& 8)& ()"4<)(& ;"01& #& .4$79)& 41#7)& .0& 4*& ()6)$(.& 0$& *3)& ()6*3& ,$5)"*#4$*:& ;4".*>&

?$;0"1#*40$&#80,*&*3)&*",)&.4%)&#$(&*3)&#")#&8)34$(&08.*#59).&#")&4$59,()(&C3)$&*3)&<)3459)&

10<).&*3)")>&

23)& .4%)& 0;& *3)& 905#9& 7"4(& 4.& ()*)"14$)(&8:& 50$.4()"4$7& *3#*& *3)&(#*#& ;,.40$& 0;& *3)& )16*:&

905#9&1#6&C4*3& 0$)& 41#7)& C499& 0$9:& #;;)5*& 7"4(& 5)99.& 4$.4()& *3)& .)$.0"& "#$7)A& 4>)>& #& .1#99&

)$<4"0$1)$*&0;&*3)&#5*,#9&60.4*40$>&23)")&4.&$0&$))(&*0&,6(#*)&5)99&<#9,).&0,*.4()&*34.&#")#>&

K)$5)A&4*&4.&.#*4.;#5*0":&*0&3#<)&0$9:&#$&055,6#$5:&7"4(&")6").)$*#*40$&0;&*3)&1#6&4$.4()&*3)&

.)$.0"& "#$7)>& !,"*3)"A& *3)& 905#9& 1#6& ();4$4*40$& 4.& 4$()6)$()$*& *0& *3)& 0,*)"& 5#1)"#&

0"4)$*#*40$&#$79).&*0&7)*&#&;#.*&4169)1)$*#*40$>&_4*3&*3#*A&*3)&5#1)"#&4.&.)*&*0&*3)&5)$*)"&0;&

*3)& 905#9&1#6A&C4*3&1#]41#9& 3#9;& #& 7"4(& 5)99& ()<4#*40$& *0& -))6& *3)& 7"4(& 5)99.& #947$)(& *0& #&

7908#9&"#.*)"4%#*40$>&20&74<)&#$&)]#169)A&#&.)$.0"&"#$7)&0;&EM1&41694).&%0$).&C4*3&#&.4%)&0;&

)#53& cM&]&cM&]&cM1& *0& 50<)"& #99& #**4*,()& #$79).& C4*30,*& *",$5#*4$7& ;#"& (4.*#$5).>& ?$&

#66945#*40$.& C3)")& 900-4$7& #$(& 10<4$7& .*"#473*& ,6C#"(.& 0"& (0C$C#"(.& 4.& ").*"45*)(A&



Combining Occupancy Grids with a Polygonal Obstacle World Model for Autonomous Flights 

&

19 

.1#99)"&%0$).&C4*3&#&3)473*&0;&)>7>&WN1&#")&.#*4.;#5*0":>&?;&*3)&7"4(&").09,*40$&4.&.)*&*0&M>N1A&

7"4(&#""#:.&C4*3&WLM&]&WLM&]&EM&5)99.&#")&5")#*)(&*0&")6").)$*&#&905#9&1#6>&

18m

(a) (b) &

!47,")&c>&F)6*3&41#7)&)]#169)&J#S&#$(&#&LDF&<4)C&0;&*3)&905#9&1#6&*3#*&C#.&8,49*&0,*&0;&4*&

J8S&

4.2 Creating Global Maps 
23)&(#*#&;,.40$&8)*C))$&.,55))(4$7&41#7)&;"#1).&4.&(0$)&8:&4$*)7"#*4$7&*3)&905#9&7"4(&C4*3&

#& 7908#9& 1#6& 8:& #((4$7& *3)& <#9,).& 0;& 5)99.& #*& *3)& .#1)& 7908#9& 60.4*40$>& I4149#"& *0& 0*3)"&

#66"0#53).A&;"))&0"&055,64)(&5)99.&8)501)&10")&.47$4;45#$*&4;&1)#.,")(&.)<)"#9&*41).>&g04.)&

4.& ;49*)")(& C3)$& 055,6#$5:& 4$;0"1#*40$& ;"01& 0$)& 41#7)& 4.& (4.6"0<)(& 8:& ;"))& .6#5)&

4$;0"1#*40$& ;"01& #$0*3)"& 41#7)>& _4*3& *3#*A& ).6)54#99:& .*#*45& 08=)5*.& 5#$& 8)& )#.49:&

()*)"14$)(>& ?$&6"#5*45)A& *3)&1#6&<#9,).&#")& *",$5#*)(&*0&#&.6)54;4)(&"#$7)&.0&*3#*& 4$*)7)".&

5#$&8)&,.)(&;0"&*3)&5)99&#""#:>&23)&"#$7)&1,.*&8)&9#"7)&)$0,73&*0&)$.,")&*3)&"08,.*$)..&*0&

;#49,").>&

(a) (b)

(c) (d) &

!47,")&R>&LDF&<4)C&0;&*3)&7908#9&1#6&*3#*&4.&(4<4()(&4$*0&%0$).>&!0"&%0$).&#"0,$(&*3)&#5*,#9&

5#1)"#&60.4*40$A&#$&055,6#$5:&7"4(&")6").)$*#*40$&)]4.*.&
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I4$5)& 7"4(.& #")& ,.,#99:& .*0")(& #.& 50$*4$,0,.& (#*#& 8905-.& 4$& *3)& 5016,*)"& 1)10":A& *3)&

80,$(#"4).& 0;& *3)& 1#6& 1,.*& 8)& -$0C$& #& 6"40"4>& ?;& *3)& <)3459)& 10<).& 0,*.4()A& )]*)$.4<)&

")#9905#*40$&0"&.34;*4$7&1)*30(.&1,.*&8)&#6694)(&8)5#,.)&*3)&1#6&80,$(#"4).&53#$7)>&

20&#<04(&.34;*4$7&#&9#"7)&$,18)"&0;&1#6&5)99.&C3)$&10<4$7A&*3)&4169)1)$*#*40$&(4<4().&*3)&

7908#9&1#6&4$*0&5,804(#9&%0$).>&23)4"&60.4*40$&4.&;4])(>&23)&.4%)&0;&)#53&%0$)&4.&)@,#9&*0&*3)&

905#9&1#6& .0& )#53& %0$)& 0<)"9#6.& #&1#]41,1& 0;& )473*& %0$).& 4$& *3)& 7908#9& EDF&1#6>& 23)&

)$<4"0$1)$*#9&5,804(&10<).&*3"0,73&*3)&7908#9&1#6&C4*3&*3)&10<)1)$*&0;&*3)&5#1)"#A&4>)>&

C4*3&*3)&3)94506*)">&G$9:&*30.)&7908#9&%0$).&0<)"9#664$7&C4*3&*3)&905#9&7"4(&#")&")6").)$*)(&

8:&#$&055,6#$5:&7"4(&#""#:>&&

!47,")& R& 499,.*"#*).& 30C& *3)& %0$)& 6#"*4*40$4$7& C0"-.>& 23)& #5*,#9& 5#1)"#& #$(& 905#9& 1#6&

60.4*40$&4.&.30C$&4$&;47,")&R#A&*3)&0*3)"&7"#6345.&.30C&60..489)&);;)5*.&0$&*3)&1#6A&5#,.)(&

8:&*3)&$)]*&1)#.,")1)$*>&G;*)$A&"0*#*40$.&JR8S&0"&10<)1)$*.&JR5S&C499&$0*&3#<)&#$&);;)5*&0$&

*3)&%0$)&80,$(#"4).>&T,*&4;&*3)&10<)1)$*&4.&9#"7)"&.0&*3#*&80,$(#"4).&#")&5"0..)(&JR(SA&$)C&

1)10":&4.&#9905#*)(&;0"&*3).)&%0$).>&/"4(&4$;0"1#*40$&4.&(4.5#"()(&;0"&%0$).&*3#*&;#99&0,*.4()&

*3)&411)(4#*)&<454$4*:>&

5. Extracting Objects from the Grid Map 

5.1 Determining Separate Objects and Bounding Boxes 
G8=)5*& ;)#*,").& #")& ()*)5*)(& 8:& .)71)$*4$7& *3)& 7908#9& 1#6& 4$*0& 055,64)(& #$(& ;"))& #")#.&

#669:4$7&#&*3").309(>&'&.4$79)&08=)5*&4.&#&59,.*)"&0;&50$$)5*)(&055,64)(&5)99.&0;&*3)&EDF&#""#:>&

23).)&08=)5*.&#")&")507$4%)(&C4*3&#&;900(&;499&#970"4*31>&T:&.#<4$7&*3)&14$41#9&#$(&1#]41#9&

<#9,).&0;&*3)&500"(4$#*).&0;&5)99.&8)90$74$7&*0&*3)&08=)5*A&*3)&80,$(4$7&80]&4.&5#95,9#*)(&#$(&

6,*& 4$*0& *3)&7908#9& ;)#*,")&1#6&#.& 4*& 4.& 499,.*"#*)(& 4$& ;47,")& Y>&f$94-)& *3)& 5)99& #""#:A& *3).)&

80]).&$))(&1,53&9)..&1)10":&#$(&4*&4.&)#.:&*0&1#-)&*3)1&#<#49#89)&*0&;,"*3)"&#66945#*40$.A&

4$()6)$()$*& 0;& *3)& )]4.*)$5)& 0;& #& 7"4(>& !0"& )#53& 08=)5*A& *3)& 84$#":& 5)99& .3#6)& 4.& .*0")(& 4$&

#((4*40$&*0&*3)&80,$(4$7&80]&.0&*3#*&*34.&.3#6)&5#$&8)&")D4$.)"*)(>&[016")..40$&C4*3&#$&05*D

*"))&.*",5*,")&4.&#66945#89)&3)")>&23)&609:70$#9&.3#6)&4.&5#95,9#*)(&9#*)">&

&

(a) (b) (c) &

!47,")&Y>&V]*"#5*4$7&;)#*,").&;"01&#$&055,6#$5:&7"4(&J#S&C4*3&*3").309(4$7&J8S&#$(&80,$(4$7&

80]&5#95,9#*40$&J5S>&T0,$(4$7&80]).&5#$&0<)"9#6&

5.2 Integration Between Features and Grid 
f$94-)& *3)& 055,6#$5:& 7"4(A& *3)& ;)#*,")&1#6& 4.& $0*& 9414*)(& *0& #$& )$<4"0$1)$*& #"0,$(& *3)&

#5*,#9&<)3459)&60.4*40$>&G8=)5*.&#")&.*0")(&4$()6)$()$*9:&;"01&*3)&6").)$5)&0;&#&7"4(>&?;&.01)&

7"4(&(#*#&4.&")10<)(A&*3)&50"").60$(4$7&;)#*,").&C499&")1#4$&J;47>&XS>&`45)&<)".#A&08=)5*.&5#$&

8)&4$.)"*)(&4$*0&*3)&7"4(&J;47>&WMS>&?*&4.&60..489)&*0&4$59,()&#D6"40"4&-$0C9)(7)&#80,*&08.*#59).&

3)")>&
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(b)(a) &

!47,")&X>&`)3459)&10<)1)$*&;"01&J#S&*0&J8S>&!)#*,").&#")&.*0")(&C3)$&*3)&7"4(&(#*#&4.&

(4.5#"()(&(,)&*0&3)94506*)"&10<)1)$*&

(b)(a) &

!47,")&WM>&`)3459)&10<)1)$*&;"01&J#S&*0&J8S>&?$.)"*4$7&;)#*,").&*0&*3)&7"4(&4;&*3)")&#")&08=)5*.&

4$.4()&#&$)C&%0$)&

5.3 Merging and Tracking Obstacles 
I4$79)&08=)5*.& ;0,$(& 4$& *3)& *)160"#":&7"4(&%0$).&#")& 9414*)(& *0& *3)&%0$)&80,$(#"4).&.4$5)&

)#53&%0$)& 4.&6"05)..)(&.)6#"#*)9:>&20&8,49(&#$&0,*6,*&1#6&;0"& *3)&#66945#*40$&*3#*&3#.&$0&

%0$)& 6#"*4*40$4$7A& *3)& ;)#*,").& 0;& (4;;)")$*& %0$).& #")& 1)"7)(& 4;& #& 50$$)5*40$& )]4.*.& #.&

499,.*"#*)(&4$&;47,")&WW>&!4".*A&4*&4.&53)5-)(&C3)*3)"&*3)&80,$(4$7&80]&0;&#$&08=)5*&4.&905#*)(&

#*&#&%0$)&80,$(#":>&?;&#$0*3)"&08=)5*&80]&4.&905#*)(&#*&*3)&.#1)&80,$(#":&;"01&#&(4;;)")$*&

%0$)A&*3)&5)99&.3#6).&0;&80*3&08=)5*.&#")&*).*)(&;0"&50$$)5*40$>&[0$$)5*)(&08=)5*.&#")&94$-)(&

*07)*3)"A&#$(&*3)&94$-#7)&4.&$0*&9414*)(&*0&0$9:&*C0&08=)5*.>&

(b)(a) &

!47,")&WW>&U)"74$7&*#$7)$*&08=)5*.&4$&*3)&6#"*4*40$)(&1#6&J#S&*0&94$-)(&08=)5*.&J8S&*3#*&#")&

$0*&6#"*4*40$)(&4$*0&%0$).>&I41694;4)(&LDF&<4)C&

';*)"&#$&,6(#*)&.*)6&C3)")&.)$.0"&(#*#&4.&4$.)"*)(A&*3)&%0$).&#")&53)5-)(&;0"&08.*#59).&#7#4$&

C4*30,*&");)")$5)&*0&*3)&6")<40,.&.*#*)>&I4$5)&4*&4.&,.);,9&*0&-$0C&C3453&.6)54;45&08=)5*&3#.&

8))$&,6(#*)(&C4*3&*3)&#5*,#9&.)$.0"&4$;0"1#*40$A&*3)&94$-)(&08=)5*.&#")&*"#5-)(>&234.&4.&(0$)&

#.&;0990C.e&
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W> [#95,9#*)&*3)&5)$*)"&0;&1#..&0;&)#53&94$-)(&08=)5*>&&

L> !0"&)#53&94$-)(&08=)5*A&*":&*0&;4$(&#&1#*534$7&08=)5*&4$&*3)&1#6&C4*3&94$-)(&08=)5*.&0;&*3)&

6")<40,.& .*#*)>& 234.& 4.& *3)& 08=)5*& C4*3& *3)& $)#").*& 5)$*)"& 0;& 1#..& ()*)"14$)(& 8:& *3)&

V,594()#$&(4.*#$5)&JB"#..9)"&)*&#9>A&LMMMS>&20&#<04(&*3)&1#*534$7&0;&08=)5*.&*3#*&#")&*00&

;#"&#C#:A&(4.*#$5).&#80<)&#&*3").309(&C499&$0*&").,9*&4$&#&1#*53>&

E> ?;&$0&1#*53&)]4.*.&;0"&#$&08=)5*&0;&*3)&#5*,#9&.*#*)A&74<)&4*&#&$)C&,$4@,)&?F>&G*3)"C4.)A&

506:&*3)&?F&;"01&*3)&1#*53)(&08=)5*>&

_4*3& 08=)5*& *"#5-4$7A& )#53& 94$-)(& 08.*#59)& 4$& *3)& C0"9(& 7)*.& #& ,$4@,)& ?F& *3#*& ")1#4$.&

50$.*#$*& 0<)"& *41)A& 4;& *3)& *"#5-4$7& 4.& .,55)..;,9>& 23)& 1)"74$7& #$(& *"#5-4$7& .*)6& 5#$& 8)&

.-466)(&;0"&94$-)(&08=)5*.&C30.)&500"(4$#*).&#")&50169)*)9:&0,*.4()&*3)&%0$).&C3)")&#&7"4(&

)]4.*.&.4$5)&*3)")&C499&8)&$0&,6(#*)>&

F,)&*0&.)$.0"&,6(#*).& 4*& 4.&60..489)& *3#*&#& 94$-)(&08=)5*&8)501).&.694*>&f.,#99:A&0$)&0;& *3)&

$)C&08=)5*.&7)*.& *3)&09(& ?FA& *3)&0*3)".& ")5)4<)& *3)&$)C& ?F.>& ?;&1,9*469)& 94$-)(&08=)5*.& #")&

1)"7)(&*07)*3)"&0<)"&*41)A&0$)&?F&4.&-)6*&#$(&*3)&0*3)".&")10<)(>&

5.4 Horizontal Shape Slicing 
23)&#66"0#53&6").)$*)(&4$&*34.&6#6)"&10()9.&*3)&.3#6)&0;&)#53&94$-)(&08=)5*&C4*3&#&6"4.1&

J.))&.)5*40$&N>NS&C4*3&30"4%0$*#9&8#.).>&I4$5)&#&80,$(4$7&6"4.1&0;&50169)]&.3#6).&1#:&8)&

*00&"0,73A&*3)&5)99D8#.)(&.3#6)&#<A2(02(B@&4.&6#"*4*40$)(&4$*0&30"4%0$*#9&.945).&C4*3&*3)&3)473*&
0;& 0$)& 5)99>& I4149#"& .945).& #")&1)"7)(& #$(& #& 609:70$#9& .3#6)& 6"4.1& 4.& 5#95,9#*)(& ;0"& )#53&

1,9*4D.945)>&

'& .4$79)& .945)& 4$& 3)473*& B& 4.& ()$0*)(& #.& #B<A2( 0@& C4*3& #B<A2( 0@( C( #<A2( 02( B@>& _4*30,*& 90..& 0;&
7)$)"#94*:A&B&4.&<#94(&;"01&W&*0&">&I4149#"&50$.)5,*4<)&.945).&#")&6,*&*07)*3)"&*0&1,9*4D.945).&/&
,.4$7&*3)&;0990C4$7&#970"4*31e&

W> I)*&%&h&WA&.)*&B&h&W>&

L> [")#*)&#&1,9*4D.945)&/%e&/%(C(D#%E>&

E> ?;&B(C("A&8")#->&

b> ?;&*3)&.945).&#B&#$(&#BFG&#")&.4149#"&74<)$&8:&*3)&)@,#*40$&
&
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&&&&&&.)*&/%(C(/%&∪&D#BFGEA&
&&&&&&.)*&B(C(B(F(W&#$(&70&*0&.*)6&E>&
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23)& ").,9*& 4.& #& .)*& 0;&1,9*4D.945).& D/G2(K2( /1E>& 23)& 6#"#1)*)"& $& 0;& )@,#*40$& W& 50$*"09.& *3)&
()7"))&0;&.4149#"4*:&50$.)5,*4<)&.4$79)&.945).&1,.*&3#<)&4$&0"()"&*0&8)&,$4;4)(>&23)&)]*")1)&

5#.)&$(C(M&6,*.&)<)":&.4$79)&.945)&4$*0&#&.)6#"#*)&1,9*4D.945)&#$(&$(C&!&1)"7).&#99&.4$79)&.945).&
*07)*3)">&'.&499,.*"#*)(&4$&;47,")&WLA&7"4(D8#.)(&08=)5*&.3#6).&#")&.694**)(&4$*0&6#"*.&*3#*&3#<)&

#66"0]41#*4<)9:&<)"*45#9&C#99.>&23):&5#$&8)&#66"0]41#*)(&8:&*3)4"&LDF&.3#6)&;"01&*06&<4)C&

#$(&)#.49:&10()9)(&8:&6"4.1.&C4*30,*&;0";)4*4$7&9#"7)&4"")7,9#"4*4).&4$&*3)&.3#6)>&
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&

!47,")&WL>&/"4(&.3#6)&#$(&80,$(4$7&80]&0;&94$-)(&;)#*,")&J#SA&.4$79)&.945).&J8S&#$(&1)"7)(&

1,9*4D.945).&J5S>&I4()&<4)C&0;&#&*"))&#.&#$&)]#169)&

?$&*3)&$)]*&.*)6A&*3)&LDF&.3#6)&4.&5#95,9#*)(&;0"&)#53&1,9*4D.945)&/%&JW&"&%&"&1S>&G55,64)(&5)99.&
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B
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5.5 Extraction and Approximation of the Polygonal Shape 
g0CA& #970"4*31.& ()<)906)(& ;0"& 84$#":& 41#7).& 5#$& 8)& #6694)(& *0& #&1,9*4D.945)&/%& .4$5)& 4*.&
.3#6)&4.&")6").)$*)(&8:&#&84$#":&LDF&#""#:>&!47,")&WE&499,.*"#*).&*3)&6"05)..>&23)&609:70$#9&

)]*"#5*40$&4.&(0$)&4$&*C0&.*)6.>&!4".*A&*3)&50$*0,"&4.&5#95,9#*)(&C4*3&#&*"#54$7&#970"4*31&J^)$&

)*&#9>A&LMMLS>&23)&1#4$&4()#&4.&*0&.*#"*&#*&0$)&)(7)&64])9&#$(&.)#"53&4$5")1)$*#99:&;0"&*3)&$)]*&

)(7)& 64])9& ,$*49& *3)& C309)& 50$*0,"& 4.& 50<)")(>& ?*.& 0,*6,*& 4.& #& 94.*& 0;& 64])9.& .0"*)(&

50,$*)"5905-C4.)& ;0"& 0,*)"& 50$*0,".& #$(& 5905-C4.)& ;0"& 4$$)"& 50$*0,".>& U,9*469)& 94.*.& #")&

60..489)>& V#53& 50$*0,"& 64])9& 5#$& 8)& 4$*)"6")*)(& #.& #& 609:70$& <)"*)]& 8:& ,.4$7& *3)&

50"").60$(4$7&7"4(&5)99&5)$*)"&500"(4$#*)>&

(b)(a)

(d)(c) &

!47,")&WE>&I3#6)&V]*"#5*40$A&*06&<4)C>&[)99D8#.)(&.3#6).&J#SA&50$*0,".&J8SA&#66"0]41#*)(&

609:70$.&C4*3&4*.&<)"*45).&J5S&#$(&;4$#9&7"0,$(&.3#6).&J(S&
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23)&.)50$(&.*)6&4.&;0"&(#*#&5016")..40$&#$(&*0&#55)9)"#*)&9#*)"&#66945#*40$.>&'&609:70$&C4*3&

#& 90C)"&$,18)"&0;&<)"*45).& 4.&5#95,9#*)(&3)")&C4*3&*3)&#66"0]41#*40$&#970"4*31&6").)$*)(&

8:&^#1)"&JWXRLS>&?*&4.&6#"#1)*)"4%)(&8:&#&1#]41#9&(4.*#$5)&<#9,)&*3#*&.6)54;4).&*3)&#55,"#5:&

0;& *3)& #970"4*31>&V<)":&604$*& 0;& *3)& 0"474$#9& .3#6)&3#.& *34.&1#]41#9&(4.*#$5)& *0& *3)& 94$).&

();4$4$7&*3)&#66"0]41#*)(&.3#6)>&

234.&LDF&609:70$&#5*.&#.&*3)&7"0,$(&.3#6)&0;&*3)&"473*&6"4.1&*3#*&4.&5#95,9#*)(&;0"&)#53&/%>&

23)&6"4.1d.&3)473*&#$(&<)"*45#9&60.4*40$&4.&()*)"14$)(&8:&*3)&.6#$&0;&.4$79)&.945).&#B(∈(/%>&'.&
.))$& 4$& ;47,")& WEA& *3)& 6"4.1& .3#6).& 5#$& 8)& .1#99)"& *3#$& *3)& 7"4(D8#.)(& .3#6).& .4$5)& *3)&

5)$*)"&500"(4$#*).&0;&*3)&7"4(&5)99.&#")&,.)(&;0"&*3)&.3#6)&<)"*45).&#$(&#$&#66"0]41#*40$&4.&

6)";0"1)(>& ?$&08.*#59)& #<04(#$5)&#66945#*40$.A& #& .#;)*:&(4.*#$5)& *0& *3)&08=)5*.& 4.& #(()(O& 4*&

1,.*&8)&9#"7)"&*3#$&3#9;&#&5)99&.4%)&69,.&*3)&#66"0]41#*40$&#55,"#5:&*0&)$.,")&*3#*&*3)&7"4(&

5)99.&0;&)#53&08=)5*&#")&50169)*)9:&50<)")(&8:&*3)&609:70$&3,99>&

6. Estimating Ground Planes 

6.1 The Height Histogram 
?$&#((4*40$&*0&*3)&6"4.1D8#.)(&.3#6)&()*)5*40$&0;&08.*#59).A&*3)&;900"&69#$)&4.&)]*"#5*)(&0,*&

0;&*3)&.)$.0"&(#*#>&234.&.41694;4).&*3)&").,9*4$7&C0"9(&10()9>&23)&;900"&C499&$0*&8)&#&.3#6)&

6"4.1& *3#*& 3#.& *0& 8)& *"#5-)(>& !,"*3)"10")A& 08.*#59).& #$(& *3)& ;900"& #")& $0*&1)"7)(&C3453&

3)96.&*0&4()$*4;:&08=)5*.&*3#*&34*&*3)&7"0,$(>&

23)& ;900"& 69#$)& ()*)5*40$& 4.& .4149#"& *0& 59#..45#9&K0,73& 2"#$.;0"1& 8#.)(& #66"0#53).& J)>7>&

G-#(#&)*&#9>A&LMMWS&C4*3&*3)&9414*#*40$&*3#*&0$9:&*3)&30"4%0$*#9&69#$).&#")&.)#"53)(>&

23)&#5*,#9&.)$.0"&(#*#&9)#(.&*0&#&590,(&0;&604$*.&JAA&0A&BS&4$&7908#9&500"(4$#*).>&23)&<)3459)d.&
60.4*40$&1,.*&8)&-$0C$&#$(&#&5#948"#*)(&64*53&#$(&"099&#$79)&1)#.,")1)$*& 4.&#..,1)(&*0&

)$.,")& *3#*& #& 30"4%0$*#9& 7"0,$(& C499& 9)#(& *0& #& 30"4%0$*#9& 69#$)& 4$& 1#6& 500"(4$#*).>& '&

.#169)(&34.*07"#1&"<B@&0;&#99&BD<#9,).&0;&*3).)&604$*.&4.&8,49*>&23)&.#1694$7&.30,9(&8)&10")&
6")54.)&*3#$&*3)&055,6#$5:&7"4(>&B04$*.&#")&4$.)"*)(&C4*3&89,""4$7&50$.4()"4$7&*3)4"&()6*3D

()6)$()$*&,$5)"*#4$*:>&

I4$5)&#99&1)#.,")1)$*.&0;&#&30"4%0$*#9&69#$)&3#<)&#66"0]41#*)9:&*3)&.#1)&BD<#9,)A&69#$).&
9)#(&*0&.47$4;45#$*&6)#-.&4$&*3)&34.*07"#1&#$(&5#$&8)&()*)5*)(&*3)")>&?;&10")&*3#$&0$)&69#$)&

4.&;0,$(A&*3)&;900"&4.&*3)&0$)&C4*3&*3)&90C).*&3)473*A&4>)>&C4*3&*3)&9#"7).*&BD<#9,)>&23)")&C499&
8)&$0&7"0,$(&69#$)&4;&$0&6)#-&C4*3&#&3473&50$;4()$5)&4.&;0,$(>&

?*& 5#$& 8)& ,.);,9& *0& 4$5")#.)& *3)& ;900"& 69#$)& 3)473*A& )>7>& *0& ;0"5)& #&14$41#9& (4.*#$5)& *0& *3)&

7"0,$(& 4$& ,"8#$& ;9473*& .5)$#"40.>& !4".*A& *3)& 6)#-& 1#]41,1& "1#]& h& "<B1#]@& 4.& $0*& *#-)$>&
^#*3)"A&B&4.&()5")#.)(&C349)&"<B@&i&$j&"1#]A&.*#"*4$7&#*&B&h&B1#]>&23)&").,9*&4.&()$0*)(&#.&B7"0,$(>&
?$&*3)&)]6)"41)$*.A&$&4.&.)*&*0&M>N>&I)50$(A&#$&0;;.)*&B0;;.)*&k&M&5#$&8)&#(()(&*0&*34.&3)473*>&

& & &

!47,")&Wb>&F)6*3&41#7)&J9);*SA&()6*3&41#7)&C4*3&1#"-)(&;900"&64])9.&J5)$*)"S&#$(&0"474$#9&

5#1)"#&41#7)&C4*3&;900"&64])9.&;0"&5016#"4.0$&J"473*S&
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!47,")&Wb&.30C.&#$&)]#169)&0;&*3)&7"0,$(&).*41#*40$>&B4])9.&*3#*&9)#(&*0&#&9#"7)"&BD<#9,)&#")&
1#"-)(&4$&*3)&()6*3&41#7)&#$(&;0"&5016#"4.0$&4$&*3)&0"474$#9&5#1)"#&41#7)>&'.&.))$&4$&*3)&

"473*&.,8;47,")A&*3)&;900"&4.&1#"-)(&50$*"#":&*0&*3)&30,.)&#*&*3)&"473*&.4()>&?*&4.&$0*&$)5)..#":&

*0&4$.)"*&*3)&1#"-)(&1)#.,")1)$*.&4$*0&*3)&08.*#59)&1#6>&

6.2 A Floor for each Zone 
20&50184$)&*3)&(#*#&0;&1,9*469)&41#7).A&*3)&7"0,$(&69#$)&).*41#*40$&4.&(0$)&.)6#"#*)9:&;0"&

1#6&%0$).>&23)&1#6&6#"*4*40$4$7&#.&().5"48)(&4$&.)5*40$&b>L&4.&,.)(&8,*&C4*30,*&*3)&<)"*45#9&

.)6#"#*40$>&234.&9)#(.&*0&")5*#$7,9#"&LDF&%0$).&;"01&*3)&*06&<4)C&#$(&)#53&%0$)&5#$&3#<)&#&

;900"& 69#$)& 3)473*>&'& 3)473*& 34.*07"#1& 4.& 5#95,9#*)(& ;0"& )#53& %0$)& 8:& #55,1,9#*4$7& *3).)&

.)$.0"& (#*#& )9)1)$*.& *3#*& 9)#(& *0& 08=)5*& 604$*.& 4$& *3#*& %0$)>& 23)& 34.*07"#1& 4.& 8,49*&

4$5")1)$*#99:& 0<)"& *41)& .0& *3#*&1,9*469)& .)$.0"& ,6(#*).& 5#$& 8)& .*0")(& 4$& 0$)& %0$)& 4;& *3)&

<)3459)&.*#:.&*3)")>&23)&").,9*&4.&#&-4$(&0;&#$&)9)<#*40$&1#6&C4*3&#$&).*41#*)(&3)473*&<#9,)&

;0"&)#53&%0$)>&

7. Tests and Results 
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Field Programmable Gate Array (FPGA) for 
Bio-inspired visuo-motor control systems 

applied to Micro-Air Vehicles 

!"#$%&'()*#+,"$-.(/*0%'1(2'$$'3.()1-4%1'(5%006.(!$"1&7(8*99%'$(
("1:(;%&40"3(!$"1&'3&<%1%(

!"#$%$&$'()*(+),'-'"$(./%'"/'01(2"%,'3#%$4()*($5'(+'6%$'337"'7"(7"6(89:.((
;37"/'(

1. Introduction  

;"-*$'(,$4=%:'3(*3(>%-<(?"16('@"?,0'3(49(%1A'1%4*3(3'134$3("1:(363-'?3("-(-<'(3'$=%&'(49(
"1%?"0(#'<"=%4$.(><%&<(&"1(#'(-$"139'$$':(%1-4(%114="-%='(363-'?3(94$(-<'(&41-$40(49(B%&$4C
)%$(D'<%&0'3( EB)D3FG(H%1A':(%13'&-3(:'?413-$"-'(:"*1-%1A(#'<"=%4$3( %1(3,%-'(49( -<'(,44$(
$'340*-%41(49(-<'%$(=%3*"0(363-'?G(!4$(?4$'(-<"1(IJJ(?%00%41(6'"$3.(-<'6(<"='(#''1(1"=%A"-%1A(
%1(*19"?%0%"$(K5('1=%$41?'1-3(#6($'06%1A(41()<$%/(*=)>(EL!F(&*'3G(M4(3'13'("1:($'"&-(-4(-<'(
904>%1A( %?"A'( 49( -<'( '1=%$41?'1-.( %13'&-3( "$'( 'N*%,,':( >%-<( 3?"$-( 3'134$3( &"00':(
O0'?'1-"$6( B4-%41( 5'-'&-4$3( EOB53F( -<"-( &"1( "&-( "3( 4,-%&( 904>( 3'134$3( E9%A*$'( IFG( M<'(
,$%1&%,0'( 49( 4*$( #%4C%13,%$':( 4,-%&( 904>( 3'134$3( %3( #"3':( 41( 9%1:%1A3( 4#-"%1':( "-( 4*$(
0"#4$"-4$6(41(-<'(&4??41(<4*3'906P3(OB53.(#6(,'$94$?%1A('0'&-$4,<63%404A%&"0($'&4$:%1A3(
41( 3%1A0'( 1'*$41( ><%0'( ",,06%1A( 4,-%&"0( ?%&$43-%?*0%( -4( ->4( 3%1A0'( ,<4-4$'&',-4$3( &'003(
>%-<%1("(3%1A0'(4??"-%:%*?(E!$"1&'3&<%1%.(IQRS.(!$"1&'3&<%1%('-("0G(IQRQFG(
M<'( L!C9%'0:( A%='3( -<'( 7"?&=73( ,'=)/%$4( E%1( $":T3F( "-( ><%&<( "16( &41-$"3-%1A( 4#U'&-( %1( -<'(
'1=%$41?'1-( %3(?4=%1A( ,"3-( -<'( '6'( EV4'1:'$%17.( IQRWFG(L1'( 0'3341(>'( <"='( 0'"$1':( 9$4?(
%13'&-3(%3(-<"-(-<'6("$'("#0'(-4(1"=%A"-'(3>%9-06(-<$4*A<(-<'(?43-(*1,$':%&-"#0'('1=%$41?'1-3(
>%-<4*-(*3%1A("16(='04&%?'-'$3(4$($"1A'9%1:'$3G(X13'&-3($'06(41(4,-%&(904>(-4("=4%:(&400%3%413(
EY400'--.( IQRJZ(H"A1'$.( IQR[Z(M"??'$4( "1:(5%&7%1341.( [JJ[F.( -4( 94004>("( &4$$%:4$( EV%$&<1'$(
"1:(2$%1%="3"1.(IQRQZ(\"%$:('-("0G([JJSZ(8*99%'$('-("0G.([JJ]Z(2'$$'3('-("0G.([JJ]Z(2'$$'3('-("0G([JJRF.(
-4(94004>(-<'(-'$$"%1(EH%00%"?.(IQWSZ(2$6A0'6("1:(L0%='%$".([JJIF.(-4(906("A"%13-(>%1:(EV'11':6(
IQKQ.(V'11':6(IQSIF.("1:(-4(&$*%3'("1:(0"1:(E2$%1%="3"1('-("0G.(IQQWF.(94$('@"?,0'G(
X1-'$'3-%1A06.( %13'&-3( 3''?( -4( ?"%1-"%1( "( &413-"1-( 4,-%&( 904>( >%-<( $'3,'&-( -4( -<'%$(
3*$$4*1:%1A( '1=%$41?'1-( ><%0'( &$*%3%1A( "1:( 0"1:%1A( EV'11':6.( IQSIZ( 5"=%:.( IQ]R.(
2$%1%="3"1('-("0G(IQQW.([JJJFG(2'='$"0(B)D("*-4,%04-3(>'$'(#*%0-(%1($'&'1-(6'"$3(><%&<(3<4>(
<4>(%13'&-3(&4*0:("&<%'='(-<%3(9'"-(#6(*3%1A("(9'':#"&7(&41-$40(363-'?(&"00':(-<'(4,-%&(904>(
$'A*0"-4$( E8*99%'$( "1:( !$"1&'3&<%1%.( [JJK.( [JJS.( 2'$$'3( '-( "0G( [JJRFG( !*-*$'( B)D3P( =%3*"0(
A*%:"1&'(363-'?3(?"6(<"='(-4(%1&4$,4$"-'(4,-%&(904>(3'134$3(&4='$%1A(="$%4*3(,"$-3(49(-<'(
=%3*"0(9%'0:.(0%7'(%13'&-3(:4(E!%A*$'([FG(
M<'(#%4$4#4-%&(",,$4"&<(:'='04,':("-(4*$( 0"#4$"-4$6(4='$( -<'(,"3-([J(6'"$3('1"#0':(*3( -4(
&413-$*&-( 3'='$"0( -'$$'3-$%"0( "1:( "'$%"0( $4#4-3( #"3':( 41( L!( 3'13%1A( E^%&<41( '-( "0G.( IQRQ.(
!$"1&'3&<%1%('-("0G.(IQQ[.(IQQ]Z(B*$"("1:(!$"1&'3&<%1%.(IQQWZ(;'--'$("1:(!$"1&'3&<%1%G.([JJ[.(



Aerial Vehicles 

(

30 

8*99%'$( '-( "0G.( [JJ_FG( M<'( $4#4-( !06( E`0'( $4#4-C?4*&<'`F( 3-"$-':( 499( "3( "( 3?"00.( &4?,0'-'06(
"*-414?4*3(E-'$$'3-$%"0F($4#4-('N*%,,':(>%-<(II_(4,-%&(904>(3'134$3G(M<%3($4#4-(>"3("#0'(-4(
3-''$( %-3(>"6( -4( "( -"$A'-( -<$4*A<("1(*1714>1( 9%'0:(49(4#3-"&0'3( "-( "( $'0"-%='06(<%A<( 3,'':(
ESJ&?T3F(E!$"1&'3&<%1%('-("0G(IQQ[.(IQQ]FG(L='$(-<'(0"3-(IJ(6'"$3.(>'(:'='04,':(3?"00(E?"33(
a(I7AF(4,-%&( 904>(#"3':("'$%"0(:'?413-$"-4$3(>%-<( 0%?%-':(:'A$''3(49( 9$'':4?(ED%400'-("1:(
!$"1&'3&<%1%.( IQQQ.( [JJI( Z( ;'--'$( "1:( !$"1&'3&<%1%.( [JJ[Z( 8*99%'$( "1:( !$"1&'3&<%1%.( [JJK.(
[JJSZ(V'$<*'0('-("0G.([JJ]Z(2'$$'3('-("0G.([JJR.F(&"00':(!);X).(L2Y)8.(LYM)DO.("1:(bL8).(
$'3,'&-%='06G((

(

!%A*$'(IG(^$%1&%,0'(49("1(4,-%&(904>($'A*0"-4$G(M<'(9'':#"&7(&41-$40(044,("%?3("-(?"%1-"%1%1A(
-<'(L!(?'"3*$':(&413-"1-("1:('N*"0(-4("1(4,-%&(904>(3'-(,4%1-(

(

!%A*$'([G(2'='$"0(4,-%&(904>(3'134$3(&4='$%1A(="$%4*3.(3-$"-'A%&(9%'0:3(49(=%'>(94$("1(%13'&-C
0%7'(=%3*"0(A*%:"1&'(49(B%&$4C)%$(D'<%&0'3(EB)DF(

X1( "::%-%41( -4( =%3*4C?4-4$( &41-$40( 044,3.( %11'$( &41-$40( 044,3( "$'( 1'&'33"$6( E%F( -4( 04&7( -<'(
?%&$4C"%$&$"9-(%1(&'$-"%1(:'3%$':("--%-*:'3.("1:(E%%F(-4(%?,$4='(-<'(&41-$40(,'$94$?"1&'3("1:(
$4#*3-1'33G(
E%F()--%-*:'( &41-$40( 363-'?3( 0"%:( 4*-( %1( ,"$"00'0(>%-<( -<'(,%#&)@-)$)3( /)"$3)=( =))<#(?"6(*3'(
%1'$-%"0("1:T4$(?"A1'-%&("1A*0"$(3'134$3(E8*99%'$('-("0G.([JJSZ(D%400'-('-("0G.([JJIZ(2'$$'3('-("0G.(
[JJRF(
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E%%F( Y41-$40( 3,'':( "1:( "&&*$"&6( &"1( #'( %?,$4=':( >%-<( ":="1&':( "&-*"-4$3( "1:( ?4$'(
&0"33%&"0(&41-$40(044,3(#"3':(41(,$4,$%4&',-%='(3'134$3G(((
B)D3(3*99'$.(<4>'='$.(9$4?(3-$%1A'1-(&413-$"%1-3(41("=%41%&(,"604":.(><%&<($'N*%$'3(<%A<06(
?%1%"-*$%c':(3'134$3.("&-*"-4$3("1:(&41-$40(363-'?3( ED%400'-('-("0G.( [JJR.()<?":("1:(M"%#.(
[JJK.(D"1(;%'*>3-":-("1:(B4$$%3.(IQQSFG(
24?'(49( -<'( "'$%"0( $4#4-3(>'(:'='04,':( -<*3( 9"$( E!);X)("1:(bL8)F('?#'::':(4106( -<'(
4,-%&(904>(3'134$3.(-<'('0'&-$4?'&<"1%&"0("&-*"-4$3.("1:(34?'(%1-'$1"0(3-"#%0%c%1A(044,3G(M<'(
,%#&)@-)$)3( /)"$3)=(363-'?( -<'$'94$'(4,'$"-':(499C#4"$:.(6'-( $'"0( -%?'('@,'$%?'1-"-%41(>"3(
?":'(,433%#0'(#6(-<'(U4%1-(*3'(49(.%-&=%"A(EM<'(B"-<>4$73F("1:(B#<7/'(E53,"&'F(349->"$'3G(
M<%3( ,'$?"1'1-( '@&<"1A'( #'->''1( 3%?*0"-%41( E9$4?( -<'( <%A<( 0'='0( ?4:'03F( "1:(
'@,'$%?'1-"0(-'3-3(E9$4?(-<'($4#4-F(%3(",,'"0%1A(#'&"*3'(%-(,'$?%-3(N*%&7(%?,0'?'1-"-%41(49(
"16( 1'>( =%3*4C?4-4$( &41-$40( 363-'?3( 41-4( "( ,<63%&"0( :'?413-$"-4$.( %1( "::%-%41( -4( '"36(
?41%-4$%1A.( "1:(="0%:"-%41( "1:( -*1%1A(,$4&':*$'3G( X1( -<%3( ",,$4"&<.( -<'( $4#4-P3( #'<"=%4$(
?"6(#'(0%?%-':(#6(-<'(>%$'(*?#%0%&"0.(<4>'='$.(*10'33("(>%$'0'33(0%17(%3('3-"#0%3<':(#'->''1(
-<'($4#4-("1:(-<'($'"0C-%?'(#4"$:G((
X1(4*$(N*'3-(-4("&<%'='($4#4-P3(&4?,0'-'(C(&4?,*-"-%41"0("1:('1'$A'-%&(d("*-414?6.(>'(14>(
:'3%A1':( "( &4?,0'-'( :%A%-"0( 363-'?( -<"-( %1-'A$"-'3( #4-<( 4,-%&( 904>( 3'134$3( "1:( $4#4-P3(
&41-$40(363-'?3(>%-<%1(-<'(3"?'(-"$A'-e("(JGS(A$"?(!%'0:(^$4A$"??"#0'(f"-'()$$"6(E!^f)FG(
)1(!^f)(499'$3(3%A1%9%&"1-06(?4$'(&4?,*-"-%41"0(&","#%0%-%'3C,'$CA$"?(-<"1("1('?#'::':(
?%&$4,$4&'334$( 4$(5%A%-"0C2%A1"0(^$4&'334$( E52^F( #'&"*3'( %-( 3*,,4$-3( &*3-4?.( ",,0%&"-%41C
3,'&%9%&(04A%&(9*1&-%413(-<"-(?"6("&&'0'$"-'(,$4&'33%1AG(
X1( -<'(1'@-(3'&-%413.(>'(:'3&$%#'(4*$("*-4,%04-(,$4U'&-(#"3':(41("1(!^f)(-<"-(?''-3( -<$''(
&413-$"%1-3e(E%F(-<'(&4?,0'-'("*-414?6($'N*%$'?'1-3.(E%%F(-<'(&4?,*-"-%41"0($'N*%$'?'1-(94$(
$'"0C-%?'(,$4&'33%1A.("1:(E%%%F(-<'($'N*%$'?'1-(94$(0%A<-(>'%A<-(%?,43':(#6(-<'(='$6(0%?%-':(
"=%41%&(,"604":(EY<"0%?#"*:("1:(\'$$6.([JJ]FG(
L*$(,$4U'&-(&413%3-3(%1(-<'(!^f)(%?,0'?'1-"-%41(49("(,%#&)@-)$)3(/)"$3)=(#4#$'-1(&"00':(bL8)(
EbL8)(3-"1:3(94$(C7$'37=(D<$%/( *=)>(:'?&=7$%)"(E&$)<%=)$F.( -<"-(>"3(:'='04,':(94$("(?%1%"-*$'(
<4='$&$"9-( E3'&-%41( KFG( M<'( !^f)( %1-'A$"-%41(>4$7(>"3(,'$94$?':( 9$4?("( -4,C:4>1(:'3%A1(
?'-<4:404A6(*3%1A( X1-'00'&-*"0(^$4,'$-6( EX^F( &4$'3( "1:(Dg5b(:'3&$%,-%413( %?,4$-':( %1( -<'(
.%-&=%"A(<%A<C0'='0(A$",<%&"0('1=%$41?'1-(EM<'(B"-<>4$73F("1:(-<'(.4#$'-(F'"'37$)3(349->"$'(
%1-'$9"&'(Eh%0%1@F(E3'&-%41([FG(M<'(<%A<C0'='0(.%-&=%"A(#04&73(49(-<'(:'3%A1':("*-4,%04-("$'(-<'1(
3*#3-%-*-':( 94$( :%A%-"0( h%0%1@( #04&73G( 5%A%-"0( 3,'&%9%&"-%413( 49( 3'='$"0( 9*1&-%413.( 3*&<( "3(
3"?,0%1A( -%?'.( 9%@':C,4%1-( #%1"$6( 94$?"-3( E3'&-%41( _F( "1:( "$&<%-'&-*$'3( E3'&-%41( SF.( >'$'(
:'9%1':( 9$4?(#'<"=%4$"0( 3-*:%'3G(L106(?4:'03( #*%0-( 9$4?(h%0%1@(#04&73(>'$'( -$"130"-':( %1-4(
<"$:>"$'(04A%&(:'=%&'3(*3%1A(.4#$'-(F'"'37$)3G(!%1"006.(-<'(4='$"00(#'<"=%4$(49(-<'(%1-'A$"-':(
363-'?3( >"3( "1"06c':( *3%1A( "( <"$:>"$'T349->"$'( 3%?*0"-%41( #"3':( 41( #4-<( -<'( .%-&=%"A(
'1=%$41?'1-(E41("(^YF("1:(-<'(!^f)(E=%"("(/M)f(,$4-4&40FG(M<%3(&4C3%?*0"-%41("004>':(*3(-4(
"1"06c'(-<'(<4='$&$"9-P3(#'<"=%4$(%1(="$%4*3(=%3*"0('1=%$41?'1-3(E3'&-%41(WFG(

2. Design methodology for FPGA 

2.1 FPGA general description!
)( 9%'0:( ,$4A$"??"#0'( A"-'( "$$"6( E!^f)F( %3( "( A'1'$"0C,*$,43'( %1-'A$"-':( &%$&*%-( -<"-( %3(
,$4A$"??':(#6( -<'(:'3%A1'$( $"-<'$( -<"1( -<'(:'=%&'(?"1*9"&-*$'$G(i10%7'( "1(",,0%&"-%41C
3,'&%9%&( %1-'A$"-':(&%$&*%-( E)2XYF.(><%&<(&"1(,'$94$?("(3%?%0"$( 9*1&-%41("3( %1("1('0'&-$41%&(
363-'?.( "( !^f)( &"1( #'( $',$4A$"??':.( '='1( "9-'$( %-( <"3( #''1( :',046':( %1-4( "( 363-'?G()(
!^f)(%3(,$4A$"??':(#6(:4>104":%1A("(&419%A*$"-%41(,$4A$"?(&"00':("(G%$#$3'7-(%1-4(3-"-%&(
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41C&<%,($"1:4?C"&&'33(?'?4$6(E8)BFG(B*&<(0%7'(-<'(4#U'&-(&4:'(94$("(?%&$4,$4&'334$.(-<%3(
G%$#$3'7-( %3( -<'( ,$4:*&-( 49( &4?,%0"-%41( -4403( -<"-( -$"130"-'( -<'( <%A<C0'='0( "#3-$"&-%413(
,$4:*&':(#6("(:'3%A1'$(%1("1('N*%="0'1-(04A%&(A"-'(0'='0G(
)(,0"-94$?(!^f)(%3(:'='04,':(9$4?(04>C:'13%-6(-4(<%A<C:'13%-6(:'3%A13(-<"-("$'(#"3':(41(
X^( &4$'3("1:(&*3-4?%c':(?4:*0'3G(M<'3'(:'=%&'3("$'(*3'$C,$4A$"??"#0'(A"-'("$$"63(>%-<(
="$%4*3( &419%A*$"#0'( '0'?'1-3G( M<'(,$4A$"??"#0'(:'=%&'( %3( &4?,$%3':(49( XTL(#04&73( "1:(
%1-'$1"0(&419%A*$"#0'(04A%&(#04&73G(^$4A$"??"#0'(XTL(#04&73(,$4=%:'(-<'(%1-'$9"&'(#'->''1(
,"&7"A'(,%13("1:(-<'(%13%:'(/)"*%?&37G='(=)?%/G((
M<'(%1-'$1"0(&419%A*$"#0'(04A%&(%1&0*:'3('0'?'1-3(4$A"1%c':(%1("($'A*0"$("$$"6e(/)"*%?&37G='(=)?%/(
G=)/A#( EYb\F(,$4=%:'(9*1&-%41"0('0'?'1-3(94$(&4?#%1"-4$%"0("1:(361&<$414*3(04A%&.( %1&0*:%1A(
#"3%&( 3-4$"A'( '0'?'1-3Z(?'?4$6(?4:*0'3( ,$4=%:'( 0"$A'( 3-4$"A'( '0'?'1-3( 49( 3%1A0'( 4$( :*"0C
,4$-Z( B*0-%,0%'$( #04&73( %1-'A$"-%1A( "::'$( "1:( "&&*?*0"-4$( EB)YFZ( :%A%-"0( &04&7( ?"1"A'$3(
,$4=%:'(3'09C&"0%#$"-%1A.(9*006(:%A%-"0(340*-%413(94$(&04&7(:%3-$%#*-%41(:'0"6(&4?,'13"-%41.(&04&7(
?*0-%,0%&"-%41("1:(:%=%3%41.(&4"$3'C("1:(9%1'CA$"%1':(&04&7(,<"3'(3<%9-%1AG(
2'='$"0(!^f)3("034( 3*,,4$-( -<'( '?#'::':(363-'?( 9*1&-%41"0%-6( 3*&<("3(<%A<C3,'':( 3'$%"0(
-$"13&'%='$3.(41'(4$(34?'(<"$:('?#'::':(,$4&'334$3.(O-<'$1'-(?':%"C"&&'33(&41-$40(&4$'3(4$(
4-<'$3(%1-'A$"-':(<%A<C9*1&-%41"0%-6(#04&73G(
)(A'1'$"0( $4*-%1A(?"-$%@(,$4=%:'3("1("$$"6(49( $4*-%1A(3>%-&<'3(#'->''1('"&<(&4?,41'1-G(
O"&<(,$4A$"??"#0'('0'?'1-(%3(-%':(-4("(3>%-&<(?"-$%@.("004>%1A(?*0-%,0'(&411'&-%413(-4(-<'(
A'1'$"0($4*-%1A(?"-$%@G((
)00(,$4A$"??"#0'('0'?'1-3.(%1&0*:%1A(-<'($4*-%1A($'34*$&'3.("$'(&41-$400':(#6(="0*'3(3-4$':(
%1(?'?4$6(&'003G(M<'3'(="0*'3("$'(04":':(%1(-<'(?'?4$6(&'003(:*$%1A(&419%A*$"-%41("1:(&"1(
#'($'04":':(-4(&<"1A'(-<'(9*1&-%413(49(-<'(,$4A$"??"#0'('0'?'1-3G(
!^f)3( '3,'&%"006( 9%1:( ",,0%&"-%413( %1( "16( "$'"( 4$( "0A4$%-<?( -<"-( &"1( *3'( -<'( ?"33%='(
,"$"00'0%3?(499'$':(#6(-<'%$("$&<%-'&-*$'G(M<'6(#'A%1(-4(-"7'(4='$(0"$A'$("1:(0"$A'$(9*1&-%413(
-4(-<'(3-"-'(><'$'(34?'("$'(14>(?"$7'-':("3(9*00(363-'?3(41(&<%,3(E2LYFG(X1(-<%3(3'13'.(-<'6(
&"1(3"-%396(-<'(&4?,*-"-%41"0(1'':3(49($'"0C-%?'(,$4&'33%1A(41#4"$:("*-414?4*3(B)D3G(

2.2 FPGA design process ! 
M<'$'("$'(?"16(:'3%A1('1-$6(-4403(*3':(94$(!^f)(:'3%A1G(M<'('"3%'3-("1:(?43-(%1-*%-%='(%3(
-<'(3&<'?"-%&('1-$6G( X1( -<%3(&"3'.( -<'($'N*%$':( 9*1&-%41"0%-6( %3(:$">1(*3%1A("(3'-(49( 0%#$"$6(
&4?,41'1-3G(M<'3'(41'(%1&0*:'(-<'(&4?,41'1-3(,$%?%-%='3("="%0"#0'(41(-<'(!^f)("3(>'00("3(
34?'(<%A<'$(0'='0(9*1&-%413G(X1-'00'&-*"0(^$4,'$-6(&4$'3(EX^F(&"1(#'(&419%A*$':("1:(,0"&':(%1(
-<'(3&<'?"-%&("3("(#0"&7(#4@G((
)(-$'1:(%1(-<'(:%A%-"0(<"$:>"$'(:'3%A1(>4$0:(%3(-<'(?%A$"-%41(9$4?(A$",<%&"0(:'3%A1('1-$%'3(
-4(g"$:>"$'(5'3&$%,-%41(b"1A*"A'3(Eg5b3FG(M<'6("004>(3,'&%96%1A(-<'(9*1&-%41(49("(&%$&*%-(
*3%1A("(3,'&%9%&(0"1A*"A'(3*&<("3(Dg5b(4$(D'$%04AG(M<'3'(0"1A*"A'3("$'(3,'&%"006(?":'(-4(
:'3&$%#'(-<'(%1<'$'1-06(,"$"00'0(1"-*$'(49(:%A%-"0(&%$&*%-3(E#'<"=%4*$"0("1:(:"-"(904>(?4:'03F(
"1:(-4(>%$'(:%99'$'1-(&4?,41'1-3(-4A'-<'$(E3-$*&-*$"0(?4:'03FG( X1("::%-%41.(g5b3("$'(>'00(
":",-':(94$(:'3%A13(>%-<(361&<$414*3(!%1%-'(2-"-'(B"&<%1'(E!2BF(Ef40341.(IQQ_.(Y<"?#'$3.(
IQQ]FG(2-"-'(?"&<%1'3(%?,43'("(3-$%&-(4$:'$("1:(-%?%1A(94$(4,'$"-%413(?"7%1A(-<'?(3%?%0"$(
-4(,$4A$"?3(94$(Y^i3G(
g4>'='$.(g5b( :'3&$%,-%413( "$'( :%99%&*0-( -4( :'3%A1( %1( -<'( &"3'( 49( &4?,0'@( 363-'?3( *3%1A(
:%A%-"0( 3%A1"0( ,$4&'33%1A( 9*1&-%413( 4$( &41-$40( ",,0%&"-%413G( X1:'':.( -<'( <%A<( 0'='0(
?"-<'?"-%&"0( ?4:'00%1A( -4403( "$'( 49-'1( *3':( -4( ="0%:"-'( "( 363-'?(?4:'0( "1:( -4( ?"7'( "(
904"-%1A( 4$( 9%@':( ,4%1-( ?4:'0G( 5'='04,?'1-3( %1( -<'( 3%?*0"-%41( &","#%0%-%'3( 49( <%A<C0'='0(
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?"-<'?"-%&"0(?4:'0%1A( -4403( <"='( 4,'1':( 1'>( :'3%A1( 904>( ,433%#%0%-%'3G( M<'3'( -4403( "$'(
%1&0*:'3( %1(?'-<4:404A%'3( -<"-( <'0,( -4( <"1:( &4?,0'@( :'3%A1( '99%&%'1-06.(?%1%?%c'( :'3%A1(
-%?'.( '0%?%1"-'( ?"16( 34*$&'3( 49( '$$4$3.( $':*&'( -<'( ?"1,4>'$( $'N*%$':( -4( &4?,0'-'( -<'(
:'3%A1( "1:( -4( ,$4:*&'( 4,-%?"0( 340*-%413G( ;4>":"63.( >'( &"1( %1-'A$"-'( &4?,0'@( 363-'?(
*3%1A( X^( &4$'3( "1:(g5b( :'3&$%,-%413( %?,4$-':( %1( "( <%A<C0'='0( A$",<%&"0( '1=%$41?'1-G( )(
349->"$'( %1-'$9"&'( &41='$-3( "( 9%@':(,4%1-(?4:'0( %1-4( <"$:>"$'(*3%1A( -$":%-%41"0( 04>( 0'='0(
:'3%A1(%?,0'?'1-"-%41(-4403G(L*$(:'3%A1(",,$4"&<(%3(#"3':(41(-<%3(0"--'$(?'-<4:G(
X1(4*$(,$4U'&-(-<'(<%A<C0'='0('1=%$41?'1-(%3(+7$=7GH.%-&=%"A(EM<'(B"-<>4$73F.("1:(-<'(*3':(
%1-'$9"&'( -440( %3(.4#$'-(F'"'37$)3( *)3(B.I( Eh%0%1@FG(+7$=7G( %3( %1-'$"&-%='( 349->"$'( 94$( :4%1A(
1*?'$%&"0( &4?,*-"-%413( -<"-( 3%?,0%9%'3( -<'( %?,0'?'1-"-%41( 49( 0%1'"$( "0A'#$"( $4*-%1'3G(
^4>'$9*0(4,'$"-%413(&"1(#'(,'$94$?':(#6(*-%0%c%1A(-<'(,$4=%:':(+7$=7G(&4??"1:3G(.%-&=%"A(
%3( "1("::%-%41"0( -440#4@(49( -<'(+7$=7G( 349->"$'( -<"-(,$4=%:'3( "(A$",<%&"0( '1=%$41?'1-( 94$(
?4:'0%1A.(3%?*0"-%1A("1:("1"06c%1A(:61"?%&(363-'?3G(.4#$'-(F'"'37$)3(*)3(B.I(-440#4@(>"3(
3,'&%9%&"006(:'3%A1':(-4("004>(-<'(9"3-(:'='04,?'1-(49(&4?,0'@(363-'?($'N*%$%1A(,4>'$9*0(
:%A%-"0( 3%A1"0( 4,'$"-%413G( X-( %3( ,$'3'1-':( %1( -<'( 94$?( 49( "( `-440#4@`( "::':( -4( -<'(.%-&=%"A(
A$",<%&( '1=%$41?'1-.( ><%&<( "004>3( -<'( %1-'$9"&%1A( 49( &'$-"%1( 9*1&-%413( 9*09%00':( >%-<( -<'(
4-<'$3(`-440#4@`(:':%&"-':(-4(.%-&=%"A(EM*$1'6.(IQQQ.(L>1#6.([JJKFG(

(

!%A*$'(KG(M4,C:4>1(:'3%A1(?'-<4:404A6(>%-<("(=%'>(-4(:'3%A1%1A.(3%?*0"-%1A("1:(
%?,0'?'1-%1A(j=%3*4C?4-4$(&41-$40(044,3P(%1(!^f)(E9$4?()*#+,"$-("1:(!$"1&'3&<%1%.([JJ]F(
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M<'(:'3%A1(904>(%3(,$'3'1-':(%1(!%A*$'(KG(M<%3(?'-<4:404A6($'N*%$'3(:'3%A1(="$%4*3(3-"A'3(
"3( >'00( "3( -<'( 0%17%1A( 9$"?'>4$7G( M<%3( -4,C:4>1(?'-<4:404A6( 3%?,0%9%'3( -<'( %1-'A$"-%41(
,$4#0'?3( #6( *3%1A( :'-"%0':( :'3&$%,-%413( E\$4>16( '-( "0G.( IQQ]Z( )*#+,"$-( k( !$"1&'3&<%1%.(
[JJS.([JJ].(B*$-<6('-("0G.([JJRFG((
!%$3-06.(>'( 3-"$-( -4( &$'"-'( "( j#4#$'-(-)6'=P( "3(>'00( "3( 41'( 4$(?4$'( 3%?*0"-':( '1=%$41?'1-(
&419%A*$"-%413( 94$( ="0%:"-%1A( %-3( ,$%1&%,0'G( X1( -<%3( 3-"-'.( "( 9*1&-%41"0( ",,$4"&<( %1=40='3(
:%=%:%1A(-<'(363-'?(%1-4('0'?'1-"$6(9*1&-%41(#04&73G(M<'('0'?'1-3(*3':(%1(&413-$*&-%1A(-<'(
j#4#$'-(-)6'=P("$'("00(&","#0'(49(4,'$"-%1A(41($'"0(E:4*#0'(,$'&%3%41.(904"-%1A(,4%1-F(4$(%1-'A'$(
EN*"1-%c':.( 9%@':( ,4%1-( #%1"$6F( :"-"( -6,'3G(H<'1( -<'(?4:'0( %3( 9%$3-( '1-'$':.( 3%?*0"-%41( %3(
-6,%&"006(,'$94$?':(*3%1A(904"-%1A(:"-"(-6,'3(-4(='$%96(-<"-(%-3(-<'4$'-%&"0(,'$94$?"1&'(%3("3(
:'3%$':G(
2'&41:06.( >'( :'9%1'( -<'( j5%?5@=','=( G'57,%)37=( -)6'=P( ><%&<( :'3&$%#'3( -<'( &4?,*-"-%41(
3'N*'1&'3( "1:( -%?%1A( :"-"( E3"?,0%1A( 9$'N*'1&6.( :'0"63.( '-&GFG( !4$( '@"?,0'.(?"-<'?"-%&"0(
4,'$"-4$3( -<"-( 4&&*$( >%-<%1( "1( "0A'#$"%&( 9'':#"&7( 044,(?"6( <"='( "1( "334&%"-':( :'0"6( -4(
"=4%:(-<'(363-'?(%13-"#%0%-6G(M<'(9%@':(-%?'(3-',.(%13'$-(:'0"63("1:T4$($"-'(&<"1A'3(1'':(-4(
#'("034(&413%:'$':(-4('13*$'("(3-"#%0%-6(49("(363-'?(#"3':(41("(9'':#"&7(044,G(
M<%$:06.("1( j7=?)3%$5-( %-<='-'"$7$%)"(-)6'=P(?*3-(#'(:'9%1':( 94$('"&<( 9*1&-%41( -4( %1-'A$"-'G(
M<%3( ?4:'0( %:'1-%9%'3( -<'( :"-"( -6,'( "1:( -<'( ,$4&':*$'3( *3':( %1( '"&<( 9*1&-%41G( X-( -"7'3(
"&&4*1-(34?'(9"&-4$3.(3*&<("3(-<'(#%1"$6(94$?"-.(%1(4$:'$(-4(4,-%?%c'(-<'(:%A%-"0(&"0&*0"-%413G(
M<'(%1-'$1"0(:"-"(-6,'3("$'(-<'1(&41='$-':(-4(-<'(#%-(-$*'($',$'3'1-"-%413(-<"-(>%00(#'(*3':(%1(
-<'(<"$:>"$'(%?,0'?'1-"-%41.("1:(-<'(?4:'0(%3($'C3%?*0"-':(-4(='$%96(%-3(,'$94$?"1&'(>%-<(
N*"1-%c':( &4'99%&%'1-( ="0*'3( "1:( 0%?%-':( :"-"( #%-( >%:-<3.( ><%&<( &"1( 0'":( -4( 4='$904>.(
3"-*$"-%41("1:(3&"0%1A(,$4#0'?3G(
!4*$-<06.( -<'(<"$:>"$'(&413-$"%1-3("$'(3-*:6(%1( -<'( j73/5%$'/$&37=(-)6'=P( -<"-(:'9%1'3(41'(4$(
3'='$"0(%?,0'?'1-"-%41("$&<%-'&-*$'3(94$('"&<(9*1&-%41(-4(%1-'A$"-'G(M<'6("$'($',0"&':(#6(X^(
#04&73( "="%0"#0'( %1( -<'(.4#$'-(F'"'37$)3( -440#4@G(H'( &"1( "034( :'9%1'( #0"&7( #4@'3.( 3*&<( "3(
Dg5b(:'3&$%,-%413.(><%&<(&"1(#'(%1&4$,4$"-':(%1-4(-<'(?4:'0("1:(-<'('0"#4$"-%41(,$4&'33G(
M<'(%?,4$-"-%41(49(Dg5b(:'3&$%,-%413(>%00(#'(0%?%-':(-4(&4?,0'@(361&<$414*3(:'3&$%,-%413.(
3*&<("3(!%1%-'(2-"-'(B"&<%1'3G(
!%9-<06.(-<'(9%1"0(='$%9%&"-%41(>%00(#'(&4?,0'-':(#6(%?,0'?'1-%1A(-<'(<"$:>"$'(&4C3%?*0"-%41(
49(-<'(.4#$'-(F'"'37$)3( j73/5%$'/$&37=(-)6'=#PG(M<'(&4C3%?*0"-%41(,$4&'33(*3'3(J%=%"K(!.L("1:(
/)3'(?'"'37$)3( -4(361-<'3%c'("1:(A'1'$"-'("1:(!^f)(,$4A$"??%1A(#%-( 9%0'G()(1'>(.%-&=%"A(
0%#$"$6(>"3(&$'"-':(&41-"%1%1A(-<'(<"$:>"$'(&4C3%?*0"-%41(#04&73G(M<'3'(#04&73(>'$'(&4,%':(
%1-4(-<'(.%-&=%"A(,$4U'&-(9%0'(94$($',0"&%1A("00(-<'(.4#$'-(F'"'37$)3( j73/5%$'/$&37=(-)6'=#PG(M<'(
,4$-(1"?'3.(-6,'3("1:($"-'3("$'(?"-&<%1A(-<'(4$%A%1"0(:'3%A1G(M<'(<"$:>"$'(%?,0'?'1-"-%41(
%3(-<'1('@'&*-':(#6(&411'&-%1A(-<'(!^f)(#4"$:(-4(-<'(&4?,*-'$("1:(*3%1A("(3-"1:"$:(/M)f(
&411'&-%41G(H<'1( -<'( 3%?*0"-%41( %3( $*1.( 3-%?*0%( "$'( 3'1:( -4(!^f)("1:(4*-,*-( 3%A1"03( "$'(
$'&'%='(#6(+7$=7GH.%-&=%"A('1=%$41?'1-.(&043%1A(-<'(044,G(((
!%1"006.(-<'(:'3%A1'$(&"1(%1=47'(-<'("'$=%#$'3("1:(-'3-C#'1&<(A'1'$"-4$("="%0"#0'(9$4?(.4#$'-(
F'"'37$)3G(M<'("'$=%#$'3('@-$"&-3("(<%'$"$&<%&"0(Dg5b($',$'3'1-"-%41(49(-<'(?4:'0P3(3-$*&-*$'(
"114-"-':(>%-<("00('0'?'1-(,"$"?'-'$3("1:(3%A1"0(:"-"(-6,'3(-<"-(>%00( %1-'A$"-'(%1-4(!^f)(
9$4?(-$":%-%41"0(04>(0'='0(-4403(%1&0*:'(%1(J%=%"K(!.Le(04A%&(361-<'3%c'.(?",,%1A.(,0"&'?'1-(
"1:($4*-%1A.(A'1'$"-'(,$4A$"??%1A(9%0'G(
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3. LORA III autopilot 

X1( -<%3(,"$-.(>'(,$'3'1-( -<'( j363-'?(?4:'0P("1:( -<'( %?,0'?'1-"-%41(49("( 9*00( &41-$40( 363-'?(
*3%1A( .4#$'-( F'"'37$)3( -440#4@G( M<%3( 3-*:6( %1-'A$"-'( "( &4?,0'-'( ,%#&)@-)$)3( /)"$3)=( #4#$'-.(
&"00':(bL8)(XXX( EbL8)(3-"1:3( 94$(b"-'$"0(L,-%&(904>(8'A*0"-%41()*-4,%04-.(B"$7(KF.(><%&<(
>"3(:'3%A1':(94$("(,"$-%&*0"$(7%1:(49("'$%"0(='<%&0'e("(9*006("&-*"-':(?%1%"-*$'(<4='$&$"9-(-<"-(
%3("#0'( -4( l906l("-("( 9'>(?%00%?'-$'3("#4='( -<'(A$4*1:("1:( -4( &41-$40(#4-<( %-3( 3,'':("1:( %-3(
:%3-"1&'(9$4?(-<'(>"003(d(>%-<4*-("16(?'"3*$'?'1-3(49(3,'':("1:(:%3-"1&'(E2'$$'3('-("0G.([JJRFG(

3.1 Robot position in travel environment 
M<'( <4='$&$"9-( %3( 3%?*0"-':( -4( -$"='0( -<$4*A<( "1( *1714>1( -'@-*$':( &4$$%:4$( "-( "( A$4*1:(

3,'':(='&-4$( D
!
(4='$("(90"-(3*$9"&'.(!%A*$'(_G(M<'(>"003("$'(0%1':(>%-<(='$-%&"0(3-$%,'3(>%-<(

$"1:4?(3,"-%"0(9$'N*'1&6("1:(&41-$"3-(-<"-(?%?%&("($%&<06(-'@-*$':('1=%$41?'1-(EX%:".([JJI.(
8*99%'$(k(!$"1&'3&<%1%.([JJSFG(M<'(&4$$%:4$3("$'(49(->4(-6,'3e($%A<-(4$(-",'$%1AG((

( (((((( (

!%A*$'(_G(B%1%"-*$'(<4='$&$"9-(?4=%1A(-<$4*A<("1(*1714>1(-'@-*$':(&4$$%:4$e(-<'(

A$4*1:3,'':(='&-4$( D
!
%3(,$4U'&-':(41-4(-<'(&4$$%:4$C9%@':(&44$:%1"-'(9$"?'G((!4*$(-<$*3-'$3(

E->4($'"$(-<$*3-'$3("1:(->4(0"-'$"0(-<$*3-'$3F("004>(-<'(<4='$&$"9-(-4(#'(9*006("&-*"-':(%1(-<'(
,0"1'G(E):",-':(9$4?(2'$$'3('-("0G.([JJRF(

M<'( $4#4-P3( ,43%-%41( E@.( 6F( %3( &4?,*-':( %1( %1&0*:%1A( 3%:'( 94$>"$:( 3,'':( D@( "1:( -<'( 3%:'(
3,'':(D6G(M<'(<4='$&$"9-( %3( 9*006("&-*"-':(#'&"*3'( %1("::%-%41( -4( -<'(,"%$(49( $'"$( -<$*3-'$3(
,$4=%:%1A( 94$>"$:( ?4-%41( E3*$A'( "@%3F( "1:( <'":%1A( &41-$40( E6">( "@%3F.( -<'( ='<%&0'( %3(
'N*%,,':(>%-<( "(,"%$( 49( 0"-'$"0( -<$*3-'$3( A'1'$"-%1A( %1:','1:'1-( 3%:'C30%,(?4-%41( E3>"6FG(

M<'("1A0'(ψ(:'9%1'3( -<'(<4='$&$"9-P3(6">("1A0'(>%-<( $'3,'&-( -4( -<'(&4$$%:4$("@%3.(><%&<( %3(
7',-("-("( $'9'$'1&'(="0*'('N*"0( -4(c'$4( Eψ(m(JFG( X1( -<%3(3-*:6.( -<'(<4='$&$"9-`3(<'":%1A(ψ( %3(
"33*?':(-4(#'(3-"#%0%c':("041A(-<'(hC"@%3(49(-<'(&4$$%:4$G(
M<'( <4='$&$"9-`3( ?4-%41( %3( :'9%1':( #6( :61"?%&( 'N*"-%413( %1=40=%1A( -<'( 94$>"$:( -<$*3-(
E!!>:(m(!8MI(n(!8M[F(,$4:*&':(#6(-<'($'"$(-<$*3-'$3(E0'9-e(8MI.($%A<-e(8M[F("1:(-<'(0"-'$"0(-<$*3-(
E!2%:'(m(!bM[(C(!bMIF(,$4:*&':(#6(-<'(0"-'$"0(-<$*3-'$3(E0'9-e(bMI.($%A<-e(bM[FG(X1(-<'(3%?*0"-%413.(
-<'(?"@%?*?(94$>"$:(3,'':(%3([?T3("1:(-<'(?"@%?*?(3%:'(3,'':(%3(JGS?T3G()-(3*&<(04>(
3,'':3.(-<'(:$"AC='$3*3C3,'':(9*1&-%41(&"1(#'(0%1'"$%c':G(M<'(94004>%1A('N*"-%413($'9'$$':(
-4(-<'(&'1-'$(49(A$"=%-6(f(:'9%1'(-<'(:61"?%&3(49(-<'(3%?*0"-':(<4='$&$"9-(E!%A*$'(SFe(

(

( )

( )IbM[bMMIbM[bM66
6

[8MI8MM[8MI8M@@
@

iiGV!!DG
:-

:D
G?

iiGV!!DG
:-

:D
G?

−=−=ξ+

+=+=ξ+
( EIF(
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H<'$'(-(m(J.]K(7A(%3(-<'(-4-"0(?"33(49(-<'(<4='$&$"9-.("1:(ξ@("1:(ξ6("$'(-$"130"-%41"0(=%3&4*3(
9$%&-%41(&4'99%&%'1-3("041A(-<'(hC"@%3("1:(oC"@%3.($'3,'&-%='06G(VM(EJGIJ(;TDF(%3("(3%?,0'(A"%1(
-<"-($'0"-'3(-<'(-<$*3-(-4(-<'(",,0%':(=40-"A'e(i8MI("1:(i8M[("$'(-<'(94$>"$:(&41-$40(3%A1"03(
$'&'%=':( #6( -<'( $'"$( -<$*3-'$3.( ibM[( "1:(ibMI( "$'( -<'( 3%:'( &41-$40( 3%A1"03( $'&'%=':( #6( -<'(
0"-'$"0(-<$*3-'$3G(

3.2 Dual optic-flow regulator!
M<'(363-'?("::$'33'3(#4-<(%33*'3(49("*-4?"-%&(3,'':(&41-$40("1:(3%:'(>"00("=4%:"1&'(49(-<'(
?%1%"-*$'(<4='$&$"9-( 3%?*0-"1'4*306G(bL8)( %3( "(:*"0(4,-%&( 904>( $'A*0"-4$( -<"-( &413%3-3(49(
->4(%1-'$:','1:'1-(&41-$40(044,3e("(94$>"$:(&41-$40(044,("1:("(3%:'(&41-$40(044,G(!%A*$'(S(
3<4>3(-<'(#04&7(:%"A$"?(%1=40=%1A(?*0-%,0'(,$4&'33%1A(3-"A'3G(M<%3(3&<'?'(%3(&4?,43':(49(
->4( ,"$-3G( X1( 9%$3-.( "00( 9*1&-%413( -<"-(>'(>4*0:( %1-'A$"-'( %1-4( !^f)( E#0*'.( A$''1( "1:( $':(
9*1&-%413FG( 2'&41:06.( <4='$&$"9-( :61"?%&3.( 0'13T,<4-4$'&',-4$3( 363-'?( "1:( =%3*"0(
'1=%$41?'1-3( 3%?*0"-'( -<'( -$"U'&-4$%'3( $'3*0-%1A( 9$4?( -<'( bL8)( :*"0( $'A*0"-4$( 3&<'?'(
EY6"1("1:(&6"1(<"-&<':(9*1&-%413FG(M<'3'( j5%?5( =','=(G'57,%)&37=(-)6'=#P(>%00(#'(*3':(><'1(
:%A%-"0.(-%?%1A("1:("$&<%-'&-*$'(3,'&%9%&"-%413(>%00(#'(:'9%1':(94$(-<'(9*1&-%413(-4(%1-'A$"-'G((

(

!%A*$'(SG(bL8)(XXX(9*1&-%41"0(#04&7(:%"A$"?G(bL8)(XXX("*-4,%04-(%3(#"3':(41(->4(
%1-'$:','1:'1-(=%3*"0(9'':#"&7(044,3(>4$7%1A(%1(,"$"00'0(>%-<(-<'%$(4>1(4,-%&(904>(3'-C
,4%1-(E-<'(*)3>736(/)"$3)=(#4#$'-(%#($5'(&<<'3()"'1(7"6($5'(#%6'(/)"$3)=(363-'?(%3(-<'(#4--4?(41'FG(
D<$%/(*=)>(#'"#)3#(-'7#&3'($5'(3%?5$(7"6(='*$(4,-%&(904>3(%1("&&4$:"1&'(>%-<(-<'(<4='$&$"9-P3(
3,'':("1:(,43%-%41(%1(-<'('1=%$41?'1-(E":",-':(9$4?(2'$$'3('-("0G.([JJR"F(

X1(2'$$'3('-("0G(E[JJRF.(-<'(9*00(&41-$40(363-'?(%3(:'3&$%#':(%1(:'-"%0G(H'(3*??"$%c'(<'$'(-<'(
,$%1&%,"0("3,'&-3(49(-<'?G(M<"-(-<'(<4='$&$"9-(%3(9*006("&-*"-':(?'"13(-<"-('"&<(A$4*1:3,'':(
&4?,41'1-(D@("1:(D6(&"1(#'(&41-$400':( %1:','1:'1-06G(bL8)(XXX($'A*0"-'3( E%G'G.(?"%1-"%13(
&413-"1-F(-<'(0"-'$"0(L!(#6(3%:'("1:(94$>"$:(&41-$403.("&&4$:%1A(-4(-<'(94004>%1A(,$%1&%,0'3e(



Field Programmable Gate Array (FPGA)  
for Bio-inspired visuo-motor control systems applied to Micro-Air Vehicles 

(

37 

E%F(M<'(9%$3-(=7$'37=(D;(3'?&=7$)3(":U*3-3(-<'("%$(='<%&0'P3(0"-'$"0(-<$*3-(E><%&<(:'-'$?%1'3(-<'(
0"-'$"0(3,'':(D6.(%G'G.(-<'(3>"6(3,'':F(34("3(-4(7'',(-<'(0"-'$"0(4,-%&(904>('N*"0(-4(-<'(#%6'>74#(
D;( #'$@<)%"$G( M<'( 4*-&4?'( %3( -<"-( -<'( :%3-"1&'( -4( -<'( >"00( #'&4?'3( ,$4,4$-%41"0( -4( -<'(
='<%&0'P3( 94$>"$:( 3,'':( D@(><%&<( %3( :'9%1':( %1( E%%Fe( -<'( 9"3-'$( -<'( "%$( ='<%&0'( -$"='03.( -<'(
9*$-<'$(">"6(9$4?(-<'(>"003(%-(>%00(#'G(M<'(&0'"$"1&'(9$4?(-<'(>"003(>%00(:','1:(:%$'&-06(41(
-<'(#%6'>74#(D;(#'$@<)%"$G(
E%%F(M<'(3'&41:(=7$'37=(D;(3'?&=7$)3(":U*3-3(-<'("%$(='<%&0'P3(94$>"$:(-<$*3-(E><%&<(:'-'$?%1'3(
-<'(94$>"$:(3,'':(D@.(%G'G.(-<'(3*$A'(3,'':F(34("3(-4(?"%1-"%1(-<'(3*?(49(-<'(->4(E$%A<-("1:(
0'9-F(4,-%&(904>3('N*"0(-4(-<'(*)3>736(D;(#'$@<)%"$G(M<'(4*-&4?'(%3(-<"-(-<'("%$C='<%&0'(-$"='03(
"00(-<'(9"3-'$("3(-<'('1=%$41?'1-(%3(0'33(&0*--'$':G(M<'(94$>"$:(3,'':("--"%1':(#6(-<'(='<%&0'(
>%00(:','1:(:%$'&-06(41(-<'(*)3>736(D;(#'$@<)%"$(7"6(>%==(G'/)-'(<3)<)3$%)"7=($)($5'(=)/7=(>%6$5()*(
$5'(/)33%6)3G(
M<'(9%$3-(0"-'$"0(4,-%&(904>($'A*0"-4$(%3(#"3':(41("(9'':#"&7(3%A1"0(-<"-(-"7'3(%1-4("&&4*1-(-<'(
0'9-(4$($%A<-(4,-%&(904>(?'"3*$':G(M<'(9'':#"&7(%3(3%?,06(-<'(0"$A'$(49( -<'(->4(4,-%&(904>3(

?'"3*$':(E0'9-(4$($%A<-Fe(?"@Eωb?'"3.(ω8?'"3Fe(%-(&4$$'3,41:3(-4(-<'(1'"$'3-(>"00e(?%1E5b.(58FG(
M<%3(4,-%&(904>($'A*0"-4$(>"3(:'3%A1':(-4(7'',(-<'(0"-'$"0(4,-%&(904>(&413-"1-06('N*"0(-4(-<'(

3%:'( 4,-%&( 904>( 3'-C,4%1-(ω2'-2%:'G( M<'(<4='$&$"9-( -<'1( $'"&-3( -4( "16(:'=%"-%41( %1( -<'( 0"-'$"0(
4,-%&( 904>( E0'9-( 4$( $%A<-F( 9$4?(ω2'-2%:'( #6( ":U*3-%1A( %-3( 0"-'$"0( -<$*3-.(><%&<(:'-'$?%1'3( -<'(
<4='$&$"9-P3(3%:'(3,'':(D6e(-<%3('='1-*"006(0'":3(-4("(&<"1A'(%1(-<'(:%3-"1&'(-4(-<'(0'9-(E5bF(4$(
$%A<-( E58F( >"00G( )( 3%A1( 9*1&-%41( "*-4?"-%&"006( 3'0'&-3( -<'( >"00( -4( #'( 94004>':.( "1:( "(

?"@%?*?(&$%-'$%41( %3(*3':( -4( 3'0'&-( -<'(<%A<'$(4,-%&( 904>(="0*'(?'"3*$':(#'->''1(ω8?'"3(
"1:(ωb?'"3G(M<%3(="0*'(%3(-<'1(&4?,"$':(>%-<(-<'(3%:'>"63(4,-%&(904>(3'-C,4%1-(ω2'-2%:'G(M<'(
'$$4$(3%A1"0(ε3%:'(9'':%1A(-<'(3%:'(&41-$400'$(%3(-<'$'94$'(&"0&*0"-':("3(94004>3e(

( ( ) ( )( )8?'"3b?'"32'-2%:'8?'"3b?'"33%:' .?"@3%A1 ωω−ω×ω−ω=ε ( E[F(

M<'(%:'1-%9%':(-$"139'$(9*1&-%41(49(-<'(3%:'(:61"?%&3(f6E3F($'0"-%1A(-<'(<4='$&$"9-`3(4$:%1"-'(
4(-4(-<'(&41-$40(3%A1"0(",,$4@%?"-'3("(9%$3-C4$:'$(04>C,"33(9%0-'$(E>%-<("(-%?'(&413-"1-(49(JGS3F(
%1(3'$%'3(>%-<("1(%1-'A$"-4$e((

( ( ) ( )
( )( ) 3SGJI

IGJ

3

I

3
?

I

V

3

I

3ii

3o
3f

6

6

M

[bMIbM
6 +

×=

ξ
+

ξ
×=

−
= ( EKF(

)(0'":(&41-$400'$(Y6E3F(>"3(%1-$4:*&':(%1-4(-<%3(9'':#"&7(044,(-4(%1&$'"3'(-<'(:"?,%1A.(-<*3(
%?,$4=%1A( -<'( 3-"#%0%-6( "1:( '1<"1&%1A( -<'( $'3,413'( :61"?%&3G( M<'( 0'":( &41-$400'$( Y6E3F(
EONGKF(%3(-*1':(-4($'"&<("(,<"3'(?"$A%1(49(_Sp("1:("(&$4334='$(9$'N*'1&6(49(_$":T3(EJGW_gcFe(

( ( ) ( )( )
( ) 3SGJI

3SGII
IJ

3

3ii
3Y

3%:'

[bMIbM
6 +

+×=
ε

−= ( E_F(

M<'(3'&41:(4,-%&(904>($'A*0"-4$(%3(-<'(94$>"$:(&41-$40(363-'?G(X-(%3(%1-'1:':(-4(7'',(-<'(3*?(

49(-<'(->4(0"-'$"0(4,-%&(904>3(?'"3*$':(Eω8?'"3nωb?'"3F(&413-"1-("1:('N*"0(-4("(*)3>736()<$%/(
*=)>(#'$@<)%"$(ω.'$;>6(#6(":U*3-%1A(-<'(94$>"$:(-<$*3-.(><%&<(>%00(:'-'$?%1'(-<'(<4='$&$"9-P3(



Aerial Vehicles 

(

38 

94$>"$:(3,'':(D@G()-("(A%='1(&4$$%:4$(>%:-<.("16(%1&$'"3'(%1(-<'(3*?(49(-<'(->4(0"-'$"0(4,-%&(
904>3(%3("33*?':(<'$'(-4($'3*0-(9$4?(-<'(<4='$&$"9-P3("&&'0'$"-%41G(M<%3(&41-$40(3&<'?'(-<*3(
"*-4?"-%&"006('13*$'3("( j3"9'( 94$>"$:(3,'':P( -<"-( %3(&4??'13*$"-'(>%-<( -<'( 04&"0( &4$$%:4$(
>%:-<G(M<'( 3*?(49( -<'( ->4(4,-%&( 904>3(?'"3*$':( %3( &4?,"$':(>%-<("( *)3>736(D;( #'$@<)%"$(

ω.'$;>6.("1:(-<'('$$4$(3%A1"0(ε;>6(E-<'(%1,*-(-4(-<'(94$>"$:(&41-$400'$F(%3(&"0&*0"-':("3(94004>3e(

( ( )b?'"38?'"32'-!>:!>: ω+ω−ω=ε ( ESF(

M<'(?4:'0(fD@E3F(94$(-<'(:61"?%&3(49(4*$(<4='$&$"9-( %3(:'3&$%#':(#6("(9%$3-(4$:'$(04>C,"33(
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3.3 Bio-inspired visual system 
M<'( =%3*"0( 363-'?( 49( -<'( <4='$&$"9-( &413%3-3( 49( ->4( 4,-%&( 904>( 3'134$3G( O"&<( 4,-%&( 904>(
3'134$( %3( :'3%A1':( #6( "( 0'13T,<4-4$'&',-4$( "33'?#06( E-<'( '6'F( %1&0*:%1A( "-( 0'"3-( ->4(
,<4-4$'&',-4$3(E%G'G(->4(,%@'03F(:$%=%1A("1(O0'?'1-"$6(B4-%41(5'-'&-4$(EOB5F(&%$&*%-G(
O"&<('6'(&413%3-3(49( ->4(,<4-4$'&',-4$3(?4*1-':(30%A<-06(:'94&*3':(#'<%1:("( 0'13.(><%&<(
&$'"-'3( "( #'00C3<",':()1A*0"$( 2'13%-%=%-6( !*1&-%41( E)2!F( 94$( '"&<( 49( -<'?( Eg"$:%'.( IQRSFG(
M<'( )2!.( ><%&<( %3( 49-'1( ?4:'00':( %1( -<'( 94$?( 49( "( -$*1&"-':( f"*33%"1( &*$='( E;'--'$( k(

!$"1&'3&<%1%.([JJ[F("1:(&<"$"&-'$%c':(#6(-<'(j"&&',-"1&'("1A0'P(∆ρ=4° (%G'. -<'("1A*0"$(>%:-<(
"-(<"09(<'%A<-FG(M<'()2!(,0"63("1( %?,4$-"1-( $40'( %1( -<'(=%3*"0(,$4&'33%1A(&<"%1.(#'&"*3'( %-(
3'$='3("3("1('99'&-%='( 04>(,"33("1-%C"0%"3%1A(3,"-%"0( 9%0-'$G(M<'(=%3*"0("@'3(49('"&<(,%@'0("$'(

3',"$"-':(#6("1(%1-'$C$'&',-4$("1A0'(∆ϕ m(_pG(
M<'(OB5(,$%1&%,0'(>"3(4$%A%1"006(#"3':(41(-<'($'3*0-3(49('@,'$%?'1-3(%1(><%&<("(&4?#%1':(
'0'&-$4,<63%404A%&"0( "1:( ?%&$4C4,-%&"0( ",,$4"&<( >"3( *3':G( M<'( "&-%=%-6( 49( "( 0"$A'( 9%'0:(
?4-%41( :'-'&-%1A( 1'*$41( %1( -<'( <4*3'906P3( '6'(>"3( $'&4$:':(>%-<( "(?%&$4'0'&-$4:'(><%0'(
",,06%1A(4,-%&"0(?%&$43-%?*0%(-4("(3%1A0'(,"%$(49(,<4-4$'&',-4$(&'003(04&"-':(#'<%1:("(3%1A0'(
9"&'-(E!$"1&'3&<%1%.(IQRS.(!$"1&'3&<%1%('-("0G.(IQRQFG(\"3':(41(-<'($'3*0-3(49(-<'3'('@,'$%?'1-3.(
"(,$%1&%,0'(>"3(:$">1(*,(94$(:'3%A1%1A("1("$-%9%&%"0(OB5(&","#0'(49(?'"3*$%1A(-<'("1A*0"$(

3,'':(ω(49("(&41-$"3-%1A(4#U'&-(E!$"1&'3&<%1%('-("0G.(IQRW.(\0"1'3.(IQRWFG(
M<*3.( %1( '"&<( 49( OB53.( -<'( 0'13T,<4-4$'&',-4$( &4?#%1"-%41( -$"1394$?3( -<'( ?4-%41( 49( "(

&41-$"3-%1A(4#U'&-(%1-4(->4(3*&&'33%='(,<4-4$'&',-4$(3%A1"03(3',"$"-':(#6("(:'0"6(∆-e(
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L*$( 4$%A%1"0( OB5( 9*1&-%41"0( 3&<'?'( E!$"1&'3&<%1%( '-( "0G.( IQRW.( \0"1'3( IQRW.( )*#+,"$-( k(

!$"1&'3&<%1%.([JJ]F(&413%3-3(49(9%='(,$4&'33%1A(3-',3(A%=%1A(ωOB5(E!%A*$'(WFe(
IG )( 9%$3-C4$:'$( <%A<C,"33( -'?,4$"0( 9%0-'$( E9&(m([JgcF( ,$4:*&'3( "( -$"13%'1-( $'3,413'(

><'1'='$( "( &41-$"3-%1A( #4$:'$( &$433'3( -<'( ,<4-4$'&',-4$3P( =%3*"0( 9%'0:G( M<%3( 9%0-'$(
'1<"1&'3( -<'( &41-$"3-( %194$?"-%41( ><%0'( '0%?%1"-%1A( -<'( 5Y( &4?,41'1-3( 49( -<'(
,<4-4$'&',-4$(3%A1"03G((

[G )(<%A<'$(4$:'$(04>C,"33(-'?,4$"0(9%0-'$(E9&(m(KJgcF("--'1*"-'3("16(<%A<(9$'N*'1&6(14%3'.(
"3(>'00("3("16(%1-'$9'$'1&'3(#$4*A<-("#4*-(#6(-<'("$-%9%&%"0(%1:44$(0%A<-%1A(EIJJgcF(*3':G(

KG )(-<$'3<40:%1A(:'=%&'T3-',(14$?"0%c'3(-<'(3%A1"03(%1('"&<(&<"11'0G(
_G )( -%?'( :'0"6( &%$&*%-( %3( -$%AA'$':( #6( 41'( &<"11'0( "1:( 3-4,,':( #6( -<'( 1'%A<#4$%1A(

&<"11'0G( M<%3( 9*1&-%41( ?'"3*$'3( -<'( -%?'( ∆-( '0",3%1A( #'->''1( 3%?%0"$( -$"13%-%413(
4&&*$$%1A(%1(->4(":U"&'1-(,<4-4$'&',-4$3G(

SG )( &41='$-'$( -$"130"-'3( -<'( :'0"6( ∆-( ?'"3*$':( %1-4( "( ?414-41%&( 9*1&-%41( -<"-( >%00(
",,$4@%?"-'(-<'("1A*0"$(3,'':(ωOB5G()(3%?,0'(%1='$3'('@,41'1-%"0(9*1&-%41(?"7'3(94$("(
$'0"-%='06(0"$A'(:61"?%&($"1A'(E'NG(QFG(

 

(

!%A*$'(WG(^$%1&%,0'(3&<'?'(49(O0'?'1-"$6(B4-%41(5'-'&-4$(EOB5FG(E)*#+,"$-(k(
!$"1&'3&<%1%.([JJ]F(

4. Implementation of visual feedback loops 

4.1 Sampling time consideration!
X1( "'$%"0( $4#4-%&( ",,0%&"-%413.( -<'( 3"?,0%1A( -%?'( ?*3-( &4?,06( >%-<( -<'( $'N*%$'?'1-3(
%?,43':(#6(-<'(:%A%-"0(&41-$40(363-'?(34(-<"-(-<'(B)D(&"1(#'(&41-$400':(-<$4*A<4*-(%-3(3"9'(
90%A<-( '1='04,'G( M<'(?"@%?*?( 3"?,0%1A( -%?'( M2B)h(>%00( :','1:( 41( -<'(?%1%?*?(:'0"6(

∆-?%1( '1&4*1-'$':(#6( -<'( $4#4-P3(OB53(:*$%1A( -<'( 9"3-'3-(?"14'*=$'3( %1( -<'(?43-( &$%-%&"0(
",,0%&"-%413G(X1:'':.(%1("1('@-$'?'(&"3'(-<'(3?"00'3-(:'0"6(∆-?%1(><%&<(&4*0:(#'(:'-'$?%1':(
#6(-<'(OB5(>%00(#'(-<"-(&4$$'3,41:%1A(-4(41'(4106(&4*1-'$(&04&7(,'$%4:.(><43'(&04&7(3%A1"0(
&4$$'3,41:3(-4(-<'(3"?,0%1A(-%?'G((
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30%,3("-("1("1A*0"$(3,'':(ω -<"-(:','1:3(41(#4-<(D@("1:(5e(
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X9( >'( -"7'( "1( '@-$'?'( &"3'( ><'$'( -<'( <4='$&$"9-( %3( "004>':( -4( 94004>( -<'( >"00( "-( -<'(
?%1%?*?(:%3-"1&'(5(m(JGJS?("-( -<'(?"@%?*?(3,'':(D@(m([?T3.( 'N*"-%413(R( "1:(IJ( 3<4>(

-<"-(-<'(QJp(4$%'1-':(OB5(41#4"$:(-<'(<4='$&$"9-.(>%-<(%-3(%1-'$C$'&',-4$("1A0'(∆ϕ(m(_p.(>%00(
#'(3*#U'&-(-4("(?%1%?*?(:'0"6(∆-?%1(≈(IGR?3G()&&4$:%1A06.(-<'(3"?,0%1A(9$'N*'1&6(92?%1(>%00(
<"='(-4(#'(3'-("-(="0*'3(49("-(0'"3-(SJJgcG(H<'1(&413%:'$%1A("(B)D(906%1A(4='$("1(*1714>1(
-'$$"%1.( >'( 3'0'&-':( "( ?%1%?*?( 3"?,0%1A( 9$'N*'1&6( 49( I7gc( E)*#+,"$-( k( !$"1&'3&<%1%.(
[JJ]FG(
M<'(?"@%?*?(3"?,0%1A(9$'N*'1&6(92B)h(%3(0'33(&413-$"%1%1A(-4(&<443'G(X-(?*3-(#'(%1(7'',%1A(
>%-<( -<'( -%?%1A( 3,'&%9%&"-%413( -4( ><%&<( -<'( 0'13T,<4-4$'&',-4$3( :'=%&'3( "$'( 3*#U'&-.(
'3,'&%"006(%1(-<'(&"3'(,<4-4$'&',-4$3(*3%1A(-<'(&*$$'1-C%1-'A$"-4$(?4:'(EV$"?'$('-("0G.(IQQ]FG(
L1(-<'(4-<'$(<"1:.(-<'(?"@%?*?(3"?,0%1A(9$'N*'1&6(92B)h.(%3(0%?%-':(#6(-<'(04>'$('1:(49(
-<'( %00*?%1"1&'( $"1A'( 4='$( ><%&<( -<'( 3'134$( %3( %1-'1:':( -4( 4,'$"-'.( #'&"*3'( "-( 04>(
%00*?%1"1&'( 0'='03.( -<'( %1-'A$"-%41(49( -<'(,<4-4$'&',-4$( 3%A1"0( -"7'3( "( $'0"-%='06( 041A( -%?'(
"1:(-<'(3"?,0%1A(,$4&':*$'(>%00(<"='(-4(>"%-(94$(-<%3( %1-'A$"-%41(,$4&'33(-4(#'(&4?,0'-':(
E)*#+,"$-( k( !$"1&'3&<%1%.( [JJ]FG( M"7%1A( -<'( $"1A'( qIJJb*@d[JJJb*@r( -4( #'( "( $'"341"#0'(
>4$7%1A( %00*?%1"1&'( $"1A'( 94$( -<'( <4='$&$"9-.( -<%3( A%='3( 92(m([GS7gc.( ><%&<( >'( &"00( -<'(
`14?%1"0( 3"?,0%1A( 9$'N*'1&6`( E)*#+,"$-( k( !$"1&'3&<%1%.( [JJSFG( )-( ->%&'( -<%3( 3"?,0%1A(
9$'N*'1&6( ES7gcF.( -<'( <4='$&$"9-(>4*0:( 3-%00( 4,'$"-'( '99%&%'1-06( %1( -<'( q[JJb*@(d([JJJb*@r(
$"1A'.( #*-( %-( >4*0:( -<'1( #'( :%99%&*0-( 94$( %-( -4( :'-'&-( 04>( &41-$"3-3( *1:'$( "$-%9%&%"0( %1:44$(
0%A<-%1A(&41:%-%413G(X1("::%-%41.(>'("=4%:':(YBL2(&"?'$"3('N*%,,':(>%-<(:%A%-"0(4*-,*-3.(
><%&<(<"='(14-(<%A<(9$"?'($"-'3.(><%&<(3-%00(1'':(-4(3&"1('='$6(,%@'0(%1-'$1"006(Eo"?":"('-(
"0G.([JJK.(s*99'$'6('-("0G.([JJKFG(
)3( $'A"$:3( -<'( 94$>"$:( "1:( 3%:'( &41-$400'$3( 4$( 4-<'$3( 9*1&-%413( E`3%A1`.( `"::`( "1:( `?"@`(
9*1&-%413F(,$'3'1-(%1(-<'(=%3*"0(9'':#"&7(044,3.(-<'(3"?,0%1A(-%?'(3<4*0:(#'(":",-':(-4(-<'(
?"@%?*?(9$'N*'1&6(49(-<'(,$4&'33':(3%A1"03G(f'1'$"006.(-<'(<%A<'3-(9$'N*'1&6(&4$$'3,41:3(
-4( -<'( 3?"00'3-( -%?'C&413-"1-( 49( &41-$40( 044,3G( X1( 4*$( 044,3.( %-( %3( 'N*"0( -4( JGSC3'&41:( -<"-(
&4$$'3,41:3( -4( "( &*-C499( ,*03"-%41( 49( [$":T3G( X1( :%3&$'-'( -%?'( >'( ?"6( &413%:'$( -<"-( "(
3"?,0%1A(9$'N*'1&6(IJJ(-%?'3(<%A<'$(-<"1(-<'(363-'?(&*-C499(9$'N*'1&6(>4*0:(A%='($'3*0-3(
3%?%0"$( -4( &41-%1*4*3( -%?'G( )1( 'N*%="0'1-( 3"?,0%1A( 9$'N*'1&6( 49( "#4*-( K[( gc( &4*0:( #'(
3*99%&%'1-G(2%1&'(-<%3(="0*'(%3(%1(-<'(04>'$(,"$-(49(-<'(?%1%?"0(="0*'(1'&'33"$6(-4(OB53.(>'(
&<43'([GS7gc("3(-<'(14?%1"0(3"?,0%1AG(

4.2 Digital specifications!
X1(9'':#"&7(&41-$40(044,3.(-<'(:%A%-"0(3,'&%9%&"-%413(>'$'(?"%106(:'9%1':(94$(OB53(:'3%A1(E%F(
"1:(&41-$400'$3(:'3%A1(E%%FG(M<'(3'&41:"$6(9*1&-%413.(3*&<("3(`3%A1`.(`"::`("1:(`?"@`(9*1&-%413.(
"$'( '"3%06( ":",-':( -4( -<'( :%A%-"0( &<4%&'3( E#%1"$6( 94$?"-.( %?,0'?'1-"-%41.( '-&GF( >%-<4*-(
?4:%96%1A(-<'(&41-$40(044,3(4,'$"-%41G(
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$'N*%$'(9"$(9'>'$(&4'99%&%'1-3(-<"1(!%1%-'(X?,*03'(8'3,413'(E!X8F(9%0-'$3.(A%='1(-<'(04>(&*-C
499(9$'N*'1&%'3("1:(3<4$-(3"?,0%1A(-%?'3(%1=40=':e(

( ( ) ( ) ( ) ( ) ( )''
−

==
⋅−⋅=

I1

I%

1

I%

%6%"%@%#16 ( EIIF(

)(-$"13,43':(5%$'&-C!4$?(XX(3-$*&-*$'(>"3(*3':(#'&"*3'(-<%3(3-$*&-*$'($':*&'3(-<'(1*?#'$(
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$'3,413'(>'$'(,$'='1-':(#6(*3%1A("(_-<C4$:'$(\*--'$>4$-<(!%0-'$.( -<'(,<"3'(49(><%&<(>"3(
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-BG(M<'(0"$A'(-B(#%-(1*?#'$(%3(:*'(-4(-<'(04>(="0*'($'N*%$':(-4(?"7'(-<'(&4'99%&%'1-3(%1(-<'(
04>C,"33( 9%0-'$( 3'&-%41( &4?,06( >%-<( "( \4:'( -'?,0"-'( &<"$"&-'$%c':( #6( "( 04>( &*-C499(
9$'N*'1&6("-(<%A<(3"?,0%1A(9$'N*'1&%'3G(
L-<'$(:%A%-"0(3,'&%9%&"-%413(>'$'(:'9%1':(%1(OB53("3($'A"$:3(-<'(#%-(1*?#'$(49(-<'(&4*1-'$(

4*-,*-( A%=%1A( -<'( :'0"6( -%?'(∆-.( "1:( -<'( %1='$3'( '@,41'1-%"0( 9*1&-%41( A%=%1A( -<'( "1A*0"$(
3,'':(ωOB5G(
M<'( :'0"6( -%?'(∆-( %3(?'"3*$':( %1( -'$?3( 49( "( &4*1-( 1*?#'$( "-( "( A%='1( &04&7( ,'$%4:G( M<'(
?%1%?*?( :'0"6( -4( #'( ?'"3*$':( :'-'$?%1'3( -<'( ?%1%?*?( &04&7( ,'$%4:( E_JJt3( 94$(
92(m([GS7gcFG( M<'( ?"@%?*?( :'0"6( -4( #'( ?'"3*$':( %3( -"7'1( -4( #'( uIJJ?3.( ><%&<( %3(
&4?,"-%#0'(>%-<(-<'(>%:'($"1A'(49("1A*0"$(3,'':(="0*'3('1&4*1-'$':(#6(-<'(<4='$&$"9-('6'3(

E'NG_Fe(ω u_JpT3( -4( uIJJJJpT3.( 94$(∆ϕ(m(_pG( i3%1A( "1( RC#%-( &4*1-'$( "-( 92(m([GS7gc( A%='3( "1(
:'0"6(49(IJ[G_?3G(

M<'(?'"3*$':("1A*0"$(3,'':(ω(%3("(<6,'$#40%&(9*1&-%41(49(∆-(E'NG(RF.(#*-(>'(*3':("(9*1&-%41(
-<"-(:'&$'"3'3(?4$'(304>06e("1(%1='$3'('@,41'1-%"0(9*1&-%41(>%-<("(-%?'(&413-"1-(τ(m(KJ?3G(
)( b447Ci,( M"#0'( EbiMF( >"3( *3':( -4( &41='$-( -<'( :'0"6(∆-( %1-4( "1( 4*-,*-( -<"-( :'&$'"3'3(
?414-41%&"006( E'@,41'1-%"006F( >%-<( -<'( :'0"6( "1:( -<'$'94$'( ",,$4@%?"-'06( $'90'&-3( -<'(

"1A*0"$( 3,'':( ωOB5  E'NG( QFG( M<'( b447Ci,( M"#0'( 9'"-*$'3( "1( RC#%-( %1,*-( $'340*-%41( E"-(
92(m([GS7gcF("1:("(I[C#%-(4*-,*-($'340*-%41(94$(?'?4$%c%1A(-<'($'3*0-3(49(-<'(&41='$3%41G(
M<'( :%A%-"0( &4$$'&-4$3( :'3%A1( E%%F( %3( '"36( %1( *3%1A( `&[:`( B"-0"#( 9*1&-%41( E:%3&$'-%c'(
&41-%1*4*3C-%?'( 363-'?FG( M<'( &4$$'&-4$3P( &41-%1*4*3C-%?'(?4:'03( <"='( #''1( &41='$-':( -4(
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:%3&$'-'C-%?'( ?4:'03( >%-<( 3"?,0%1A( -%?'( M2G( M<'( :%3&$'-%c"-%41( ?'-<4:( *3':( >"3( -<'(
#%0%1'"$( M*3-%1( ",,$4@%?"-%41G( M"#0'(I( ,$'3'1-3( -<'( :%3&$'-%c':( ,40614?%"0( -$"139'$(
9*1&-%413G((

8)33'/$)3#( 8)"$%")&#@$%-'( B%#/3'$'@$%-'(

3%:'(

3SGJI

3SGII
IJF3EY6 +

+×= (
QQQ[GJc

QRG[QcQQG[Q
FcEY6 −

−= (

94$>"$:(

3

3SGJI
IJF3EYD@

+×= (
Ic

QQRG_cJJ[GS
FcEYD@ −

+= (

M"#0'(IG((Y4$$'&-4$3`(:%3&$'-%c"-%41(*3%1A(M*3-%1(#%0%1'"$(",,$4@%?"-%41(>%-<(92(m([GS7gc(

)3(:*$%1A(OB5(:'3%A1.( "( 3,'&%9%&(#%1"$6( 94$?"-(>"3(:'9%1':( -4( "=4%:(4993'-( "1:(3-"#%0%-6(
,$4#0'?3G(L1&'("A"%1.(>'(*3':(-<'(`;%=$'3(B'#%?"(7"6(E"7=4#%#N(-440("3(>'00("3(-<'(`;%K'6@<)%"$(
M=)/A#'$`(-440G()(9%$3-(",,$4@%?"-%41(A"='(->4(3%A1':(9%@':C,4%1-(#%1"$6(94$?"-3e(Q(#%-("1:(R(
#%-( 94$( -<'( %1-'A'$(,"$-(-!(49( -<'( 94$>"$:( "1:( 3%:'( &4$$'&-4$3.( $'3,'&-%='06.( IJ( #%-( 94$( -<'%$(
:'&%?"0( ,"$-3(-BG(g4>'='$.( 3%?*0"-%413( 49( -<'( 9*00( 9'':#"&7( &41-$40( 363-'?( 3<4>':( -<"-(
"&&*$"&6(>"3(-44(04>G(M<'(:'&%?"0(,"$-3(-B(>'$'(-<'1(%1&$'"3':(-4(IK(#%-(94$(#'3-("&&*$"&6(
%1(&4?,*-"-%41G(

5. Architecture 

5.1 Optic flow sensor!
!%A*$'(](3<4>3(-<'(lOB5(73/5%$'/$&3'lG(M<%3("$&<%-'&-*$'(<"3(3'='$"0(%?,4$-"1-(9'"-*$'3.(3*&<(
"3( -<'( 4,-%?%c"-%41( 49( -<'( :%A%-"0( 9%0-'$3.( -<'( 3%?,0%&%-6( 49( :'3%A1( 4>%1A( -4( -<'( *3'( 49(
X1-'00'&-*"0(^$4,'$-6( EX^F(&4$'3.("1:( -<'("::':(90'@%#%0%-6( %1( -<'(&%$&*%-(:'3%A1G(2,'&%"0(&"$'(
>"3( -"7'1( -4( $'3-$%&-( -<'( 3,"&'( -"7'1( #6( -<'( :%A%-"0( 9%0-'$( %?,0'?'1-"-%41G( X13-'":( 49(
%?,0'?'1-%1A('%A<-(XX8(:%A%-"0(9%0-'$3(%1(,"$"00'0(C(><%&<(>4*0:('"&<($'N*%$'("(<%A<(1*?#'$(
49(?"-<'?"-%&"0(4,'$"-4$3(E"::'$3.(3*#-$"&-'$3("1:(?*0-%,0%'$3F(C("(3%1A0'(3-$*&-*$'(&"00':(-<'(
v;%=$'3(8)-<&$'(2"%$w(>"3(:'='04,':.(>%-<(><%&<(<%A<(3,'':(3'N*'1-%"0(,$4&'33%1A(&"1(#'(
,'$94$?':.("3( 3<4>1( %1( 9%A*$'(RG(M<%3(*1%-( &413%3-3(49(4106(41'(?*0-%,0%'$.(41'("::'$.(41'(
8'":(L106(B'?4$6( E8LBF.(41'(8"1:4?()&&'33(B'?4$6( E8)BF.( ->4(?*0-%,0'@'$3.( -<$''(
$'A%3-'$3( "1:( ->4( #%1"$6( -$"1394$?"-%41( 9*1&-%413G( M<'( 8LB( &41-"%13( -<'( I]( 9%0-'$(
&4'99%&%'1-3( 4#-"%1':( "-( "( 3"?,0%1A( 9$'N*'1&6( 92(m([GS7gcG( M<'( 8)B( %3( *3':( -4( 3-4$'( -<'(
%1-'$?':%"-'(="0*'3(&4?,*-':G(M<'(?*0-%,0'@'$3(?%1%?%c'(-<'(1*?#'$(49(4,'$"-4$3G(
X1( -<%3(*1%-.( '"&<(,<4-4$'&',-4$( 3%A1"0( %3(,$4&'33':(:*$%1A( -<'( 3"?,0%1A( -%?'(M2G()(!%1%-'(
2-"-'( B"&<%1'( E!2BF( >"3( >$%--'1( %1( Dg5b( 0"1A*"A'( "1:( %?,4$-':( %1-4( -<'( .%-&=%"A(
'1=%$41?'1-G(M<'(!2B(3,'&%9%'3(-<'(9%0-'$%1A(3'N*'1&'(94$('"&<(,<4-4$'&',-4$(&<"11'0G(O='1(
-<4*A<( -<%3( 340*-%41( 34?'<4>( &4?,0%&"-'3( -<'( :'3%A1( E:*'( -4( -<'( ?%@%1A( 49( Dg5b(
:'3&$%,-%41("1:(263-'?(f'1'$"-4$(X^(#04&73F.(%-(<"3(-<'(":="1-"A'(-4(?%1%?%c'(-<'(1*?#'$(
49(04A%&"0(A"-'3(1'&'33"$6(94$(%1-'A$"-%41(%1(-<'(!^f)G(

L1&'( -<'( 9%0-'$%1A( ,$4&'33( %3( &4?,0'-':.( -<'( :'0"6( ∆-( #'->''1( -<'( '@&%-"-%413( 49( ->4(
1'%A<#4$%1A(,<4-4$'&',-4$3(3-"$-3(#'%1A(?'"3*$':G()(&4?,"$"-4$(:'-'$?%1'3(-<'(%13-"1-("-(
><%&<(-<'(#"1:C,"33(9%0-'$':(3%A1"0(9$4?('"&<(,<4-4$'&',-4$(&<"11'0($'"&<'3(-<'(-<$'3<40:(

="0*'G( M<'( $'3*0-%1A( 04A%&"0( 3%A1"0( %3( *3':( -4( -$%AA'$( -<'( ?'"3*$'?'1-( 49( -<'( :'0"6( ∆-(
&4$$'3,41:%1A( -4( '"&<( 49( -<'( ->4( '6'3( E"1( '6'( &413%3-3( 49( "( 0'13( "1:( 4106( ->4(
,<4-4$'&',-4$3FG(2,'&%9%&"006.(-<'(04A%&"0(3%A1"0(:'0%='$':(#6("(,<4-4$'&',-4$(3-"$-3("(&4*1-'$(
-<"-(>%00(#'(3-4,,':(#6(-<'(04A%&"0(3%A1"0(:'0%='$':(#6(-<'(1'%A<#4$%1A(,<4-4$'&',-4$0(
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(

!%A*$'(]G(O0'?'1-"$6(B4-%41(5'-'&-4$()$&<%-'&-*$'(

(

!%A*$'(RG(l!%0-'$(Y4?,*-'(i1%-l("$&<%-'&-*$'G(M<'(!%0-'$3P(%1,*-(%3("-(,4$-(;#(IG(L-<'$3(%1,*-3(
E9$4?([(-4(IIF("$'(&41-$40(3%A1"03(9$4?("(!%1%-'(2-"-'(B"&<%1'(-<"-(3,'&%9%'3(-<'(3'N*'1&'(49((
-<'(9%0-'$%1A(,$4&'33(94$('"&<(,<4-4$'&',-4$(&<"11'0(

M<'( 9%1"0(,%'&'(49( -<'("$&<%-'&-*$'( %3( -<'( %1='$3'('@,41'1-%"0( 9*1&-%41(>%-<("( -%?'(&413-"1-(

τ(m(KJ?3.(><%&<("004>3(94$("(>%:'($"1A'(49(:'0"63($"1A%1A(*,(-4(IJ[G_?3G(M<%3(&4?,41'1-(
>"3(%?,0'?'1-':(%1(-<'(94$?(49(b447Ci,(M"#0'3(E8LBF(-4(9"&%0%-"-'(-<'(&41='$3%41(49('"&<(

:'0"6(:"-"(%1-4("1('3-%?"-':("1A*0"$(3,'': ωOB5(E%G'G.(-<'(4,-%&(904>FG(

5.2 Forward and Side correctors!
M<'( 94$>"$:( "1:( 3%:'( &41-$400'$3( E3''( !%A*$'( SF( <"='( :%3&$'-%c':( ,40614?%"0( -$"139'$(
9*1&-%413( -<"-( &"1(#'(:'3%A1':("3( 9%$3-C4$:'$( XX8( 9%0-'$3G(!4$( -<'%$( $'"0%c"-%41.(>'(&<43'( -<'(
-$"13,43':C5%$'&-( !4$?CXX( "$&<%-'&-*$'G( .4#$'-( ?'"'37$)3( X^( #04&73( "004>( 94$( A$",<%&"0(
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%1-'A$"-%41(49(XX8(9%0-'$3(#'&"*3'(-<'6(*3'(4106(?*0-%,0%'$3.($'A%3-'$3("1:("::'$3G(i3%1A(-<'(
h%0%1@(B*0-%,0%'$( \04&7( &"00':( lB*0-l( E%13-'":( 49( -<'( lYB*0-( h%0%1@( Y413-"1-( B*0-%,0%'$lF(
"004>':(-<%3(4,'$"-%41(-4(#'(%1-'A$"-':(=%"(-<'(?*0-%,0%'$3('?#'::':(%1(-<'(!^f)G(((

(

!%A*$'(QG(M$"13,43':C5%$'&-C!4$?CXX(%?,0'?'1-"-%41(94$(-<'(*)3>736(/)"$3)=='3(E%1,*-(-4(-<'(
0'9-.(4*-,*-3(-4(-<'($%A<-F(

!%A*$'(Q( 3<4>3( -<'( 94$>"$:( &41-$400'$.( %1( ><%&<( 4106( ->4( ?*0-%,0%'$3( "$'( %?,0'?'1-':(
#'&"*3'(-<'(:'14?%1"-4$(&4'99%&%'1-3("$'('N*"0(-4(41'(E3''(M"#0'(IFG(()(h%0%1@(lBY4:'l(#04&7(
"004>3(-<'(->4(94$>"$:(&41-$40(3%A1"03(Ei8MI(n(i8M[F( -4(#'(:'-'$?%1':.(94$(:$%=%1A(-<'(->4(
$'"$( -<$*3-'$3(8MI("1:(8M[G(M<'(h%0%1@(lBY4:'l(#04&7( %3("(&41-"%1'$( -<"-('@'&*-'3("(*3'$C
3*,,0%':(B)Mb)\(9*1&-%41(>%-<%1(.%-&=%"AG()(,"$"?'-'$(49(-<%3(#04&7(3,'&%9%'3(-<'(BC&4:'(
9*1&-%41(1"?'G(M<'(#04&7('@'&*-'3(-<'(BC&4:'("1:(&"0&*0"-'3(-<'(#04&7(4*-,*-3(:*$%1A(-<'(
.%-&=%"A( 3%?*0"-%41G( H<'1( <"$:>"$'( %3( A'1'$"-':.( -<'( 3"?'( &4:'( %3( -$"130"-':( %1-4(
'N*%="0'1-(#'<"=%4$"0(Dg5b(%1("(3-$"%A<-94$>"$:(?"11'$G(

(

!%A*$'(IJG(M$"13,43':C5%$'&-C!4$?CXX(%?,0'?'1-"-%41(94$(-<'(#%6'(/)"$3)=='3(E%1,*-(-4(-<'(0'9-.(
4*-,*-3(-4(-<'($%A<-F(



Field Programmable Gate Array (FPGA)  
for Bio-inspired visuo-motor control systems applied to Micro-Air Vehicles 

(

45 

M<'( #%6'( /)"$3)=='3(>"3( :'3%A1':( %1( -<'( 3"?'( >"6( "3( -<'( *)3>736( /)"$3)=='3.( 9%A*$'(IJG( )1(
"::%-%41"0(?*0-%,0%'$(>"3(1'':':( -4(,'$94$?(&"0&*0"-%41(>%-<( -<'(:'14?%1"-4$( &4'99%&%'1-(
#[G(M<'( ->4(3%:'( &41-$40( 3%A1"03( EibMI(C(ibM[F( &41-$400%1A( -<'( ->4( 0"-'$"0( -<$*3-'$3(bMI("1:(
bM[(>'$'( "A"%1( 4#-"%1':( #6( "( h%0%1@( lBY4:'l( #04&7( %1( ><%&<( -<'( 3%A1( 49( -<'( :%99'$'1&'(
#'->''1(-<'($%A<-("1:(0'9-(0"-'$"0(4,-%&(904>3(?'"3*$':(>"3(*3':G(

5.3 Complete visuo-motor control system!
M<'( &4?,0'-'( &41-$40( 363-'?( #"3':( 41( .4#$'-( F'"'37$)3( %3( ,$'3'1-':( %1( !%A*$'( IIG( M<'(
3'&41:"$6( 9*1&-%413( 3*&<( "3( -<'( :'-'$?%1"-%41( 49( -<'( 0"$A'$( ="0*'( EL!( ?"@F( "1:( 3%A1(
#'->''1($%A<-("1:(0'9-(4,-%&(904>3(?'"3*$':("$'('"3%06($'"0%c':(>%-<(h%0%1@(lBY4:'l(#04&73G(
)1("::'$("1:(->4(3*#-$"&-'$3("$'(,*-(%1(-4(&043'(-<'(044,3G(h%0%1@(lf"-'>"6(L*-l(#04&73("1:(
lf"-'>"6( X1l( #04&73( 0%?%-( -<'( XTL( 9$4?( -<'( h%0%1@( ,4$-%41( 49( -<'( *3'$P3(.%-&=%"A( :'3%A1G(
lf"-'>"6( L*-l( #04&73( &41='$-( -<'( .4#$'-( F'"'37$)3( 9%@':( ,4%1-( :"-"( -6,'( %1-4( .%-&=%"A(
:4*#0'(94$?"-(><%0'(lf"-'>"6(X1l(#04&73(&41='$-(.%-&=%"A( %1-'A'$.(:4*#0'("1:(9%@':(,4%1-(
:"-"(-6,'3(%1-4(-<'(.4#$'-(F'"'37$)3(9%@':(,4%1-(-6,'G(O"&<(#04&7(>%00(:'9%1'("(-4,C0'='0(XTL(
,4$-(%1(-<'(g5b(:'3%A1(A'1'$"-':(#6(.4#$'-(F'"'37$)3G(
!4$>"$:(:61"?%&3.(3%:'(:61"?%&3("1:(l$4#4-(,43%-%41(&4?,*-'l("$'(:'9%1':(#6(<%A<( 0'='0(
.%-&=%"A( ?4:'03( 0%17':( -4( B"-0"#( 9%0'3( -<"-( 3'-( 3'='$"0( &413-"1-3( #'94$'( 3%?*0"-%41G(
lb'13T,<4-4$'&',-4$3( ?4:'0l( %3( :'3%A1':( >%-<( 2C9*1&-%413G( )1( 2C9*1&-%41( %3( "( &4?,*-'$(
0"1A*"A'( :'3&$%,-%41( 49( "( .%-&=%"A( #04&7( "1:( %3( *3':( -4( "::( 4*$( 4>1( #04&73( -4(.%-&=%"A(
?4:'03G(f'1'$"006.(3*&<(9*1&-%413(?"7'(%-(,433%#0'(-4("&&'0'$"-'(3%?*0"-%413G(

(

!%A*$'(IIG(Y4?,0'-'(&41-$40(363-'?(#"3':(41(.4#$'-(F'"'37$)3G(h%0%1@(lf"-'>"6(L*-l(#04&73(
"1:(lf"-'>"6(X1l(#04&73(0%?%-(-<'(XTL(9$4?(-<'(h%0%1@(,4$-%41(49(-<'(*3'$P3(.%-&=%"A(:'3%A1(

M<'(.4#$'-(F'"'37$)3(#04&7(,$4=%:'3(94$(&41-$40(49(363-'?("1:(3%?*0"-%41(,"$"?'-'$3.("1:(%3(
*3':(-4('@'&*-'(-<'(&4:'(A'1'$"-4$G(O='$6(.%-&=%"A(?4:'0(&41-"%1%1A("16('0'?'1-(9$4?(-<'(
h%0%1@( \04&73'-(?*3-( &41-"%1( "-( 0'"3-( 41'(.4#$'-(F'"'37$)3( #04&7G(L1&'( "(.4#$'-(F'"'37$)3(
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#04&7( %3( "::':( -4( "(?4:'0.( %-( %3( ,433%#0'( -4( 3,'&%96( <4>( &4:'( A'1'$"-%41( "1:( 3%?*0"-%41(
3<4*0:(#'(<"1:0':G(

6. Hardware co-simulation 

M<'( 9%1"0( -'3-3( >'$'( "&<%'=':( #6( ?"7%1A( "( <"$:>"$'( &4C3%?*0"-%41( 49( -<'( 363-'?G( M<'(
="$%4*3( 9*1&-%413( E-<'( OB53( "1:( -<'( ->4( &4?,0'-'( =%3*4C?4-4$( &41-$40( 044,3F( >'$'(
%?,0'?'1-':(41("(3?"00(D%$-'@C_(!^f)(E-6,'(hY_!hI[.(3%c'(I]??(h(I]??.(?"33(JGSA$"?F(
><43'(:%A%-"0(,$4&'33%1A(&","&%-%'3("$'(0"$A'06(3*99%&%'1-G(H'(:'3%A1':("(3,'&%9%&('0'&-$41%&(
#4"$:.(9%A*$'(I[.('?#'::%1A(-<'(!^f)(-4(="0%:"-'(-<'(="$%4*3(:%A%-"0(,$4,'$-%'3(49(-<'(><40'(
363-'?( %1( &4C3%?*0"-%41G( M<%3( #4"$:( >"3( $'"0%c':( >%-<( "1( "%?( -4( %13-"00( %-( 41C#4"$:( -<'(
?%1%"-*$'(<4='$&$"9-("1:(-<'$'94$'("034(%1&0*:':(-<'($'N*%$':(%1-'$9"&'(&4?,41'1-3(E)5Y.(
5)Y.('-&GFG(M<'(&4?,0'-'(#4"$:(>'%A<3(4106(I]GKA$"?3("1:(?'"3*$'3(QJ??(@(SJ??("1:(%-(
%3(>'00(3*%-':(-4("1('?#'::':(-'&<1404A%&"0(340*-%41G(

(

!%A*$'(I[G(2,'&%9%&('0'&-$41%&(#4"$:(#"3':(41("(3?"00(!^f)(D%$-'@C_e(E%F($%A<-(<"1:(3%:'e(
&4?,41'1-3(94$(-<'(,4>'$(3*,,06Z(E%%F(?%::0'(,"$-e(!^f)(hY_!hI[(E-4,F("1:(-<'(!0"3<C
?'?4$6(-4(&419%A*$'(%-(E#4--4?FZ(E%%%F(0'9-(<"1:(3%:'e('0'&-$41%&(9$41-C'1:($'0"-':(-4(-<'(
,<4-43'134$3("1:(3'='$"0()1"04AC5%A%-"0("1:(5%A%-"0C)1"04A(Y41='$-'$3(

M<'(!^f)(,4>'$(&413*?,-%41(>"3('="0*"-':(*3%1A(h%0%1@(lh^4>'$l(-440G(M<'(&413*?,-%41(
%3('3-%?"-':("-(I_Q?H(94$("([GS(7gc(3"?,0%1A(9$'N*'1&6(49( -<'(=%3*4C?4-4$(&41-$40( 044,3(
"1:(94$(-<'(!^f)($*11%1A("-("(&04&7(9$'N*'1&6(49(_BgcG(M<'(-4-"0(,4>'$(&413*?,-%41(49(
-<'('0'&-$41%&(#4"$:.(9%A*$'(I[.(%3('3-%?"-':("-(uSJJ?H(

6.2 Hardware co-simulation results !
)(.%-&=%"A( 0%#$"$6(>"3(&$'"-':( 9$4?(.4#$'-(F'"'37$)3( "1:(&4,%':( %1-4( -<'(.%-&=%"A(,$4U'&-(
9%0'( $',0"&%1A( "00( -<'( h%0%1@( 263-'?( f'1'$"-4$( #04&73( E%G'G( #'->''1( lf"-'>"6( X1l( "1:(
lf"-'>"6(L*-l( #04&73.( 9%A*$'( IIFG( M<'( 3%?*0"-':( $4#4-( %3( 'N*%,,':(>%-<( ->4( 0"-'$"0( '6'3(

4$%'1-':("-(xQJp(-4(-<'(>"003(E-<'(%1-'$C$'&',-4$("1A0'( %3(∆ϕm_p("1:(-<'("&&',-"1&'("1A0'( %3(
∆ρm_pFG()-([GS7gc(3"?,0%1A( 9$'N*'1&6.( -<'(&4?,*-%1A( -'?,4$"0(3-',( %3(δ-(m(_JJt3("1:(-<'(
3%?*0"-%41(3,"-%"0("&&*$"&6(%3(δθ(m(JGJJSpG(M<'(->4(L!(3'-C,4%1-3(>'$'(&<43'1("&&4$:%1A(-4(
-<'($'3*0-3(49(#'<"=%4*$"0(3-*:%'3(41(<41'6#''3(-<"-(>'$'(=%:'4C9%0?':(><'1(906%1A(-<$4*A<(
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"(3-$"%A<-(&4$$%:4$(E2'$$'3('-("0G.([JJR#FG(M<'(94$>"$:(L!(3'-C,4%1-(>"3(3'-(-4(ω3'-!>:(m(KI_pT3(
"1:(-<'(3%:'(L!(3'-C,4%1-(>"3(3'-(-4(ω3'-2%:'(m([KRpT3G(

6.2.1 Automatic speed control and lateral positioning in a straight corridor 
M<'( 3%?*0"-':( =%3*"0( '1=%$41?'1-( %3( "( KC?'-'$( 041A.( IC?'-'$(>%:'( 3-$"%A<-( &4$$%:4$(>%-<(
-'@-*$':(>"003G( M<'( $%A<-( "1:( 0'9-(>"003( "$'( 0%1':(>%-<( "( $"1:4?( ,"--'$1( 49( ="$%4*3( A$'6(
='$-%&"0( 3-$%,'3( &4='$%1A( "( IC:'&":'( &41-$"3-( $"1A'( E9$4?( _y( -4( KRyF( "1:( "( IGIC:'&":'(
"1A*0"$(9$'N*'1&6($"1A'(E9$4?(JGJWR(&Tp(-4(JGR](&Tp($'":%1A(9$4?(-<'(&4$$%:4$(?%:0%1'FG(
X1(9%A*$'(IK.(-<'(<4='$&$"9-(&"1(#'(3''1(-4(94004>('%-<'$(-<'($%A<-(E$':(4$(#0"&7(-$"U'&-4$6F(4$(

-<'( 0'9-(>"00( E#0*'( -$"U'&-4$6F.( :','1:%1A( 41( -<'( 3%A1( 49( -<'( '$$4$( 3%A1"0(ε3%:'.( EONG( IFG( M<'(
$4#4-(&"1(#'(3''1(-4(A'1'$"-'("(3-'":6(3-"-'(&0'"$"1&'(49(JG[_?(9$4?('%-<'$(>"00(E9%A*$'(IK"F.(
><%0'($'"&<%1A("(3-'":6(3-"-'(94$>"$:(3,'':(49(D@(m(I?T3(E9%A*$'(IK#FG(M<*3.(-<'(<4='$&$"9-(
":4,-3( "( >"00C94004>%1A( #'<"=%4$( %1( ?*&<( -<'( 3"?'( >"6( "3( <41'6#''3( :4( %1( "( 3%?%0"$(
3%-*"-%41(E2'$$'3('-("0G.([JJR"FG(

(

!%A*$'(IKG(g4='$&$"9-("*-4?"-%&(>"00C94004>%1A(#'<"=%4$e(E"F(2%?*0"-':(-$"U'&-4$%'3(3-"$-%1A(
9$4?(-<$''(:%99'$'1-(%1%-%"0(,43%-%413(6J(E$':e(6J(m(JGIS?Z(#0"&7e(6J(m(JG_J?Z(#0*'e(6J(m(JGRJ?FG(
E#F(!4$>"$:(3,'':(,$49%0'3G(X1(-<'(3-'":6(3-"-'.(-<'(94$>"$:(3,'':(&"1(#'(3''1(-4(<"='(

$'"&<':(D@(m(I?T3(%1(-<'(-<$''(&"3'3G(E&F(2*?(49(-<'(->4(0"-'$"0(4,-%&(904>3(Eω8(n(ωbFG(E:F(
b"$A'$(="0*'(49(-<'(->4(0"-'$"0(4,-%&(904>3.($%A<-("1:(0'9-(
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6.2.2 Automatic response in a tapered corridor 
!4$( -<'( :*"0(L!( $'A*0"-4$.( "( -",'$':( &4$$%:4$( "&-3( 0%7'( "(")"@/)"#$7"$(D;( 6%#$&3G7"/'G( M<'(
94$>"$:(&41-$40(363-'?(":U*3-3(-<'(94$>"$:(3,'':(,$4,4$-%41"006(-4(-<'(04&"0(&4$$%:4$(>%:-<(
E-<'(>%:-<(="$%'3( 9$4?(IG[_?(-4(JGSJ?FG(M<'(0"-'$"0(&41-$40(363-'?(&41-$403( -<'(:%3-"1&'(-4(
-<'( $%A<-(>"00( %1(,$4,4$-%41( -4( -<'( 94$>"$:(3,'':("-("00( -%?'3G(M<%3(3%?*0"-%41('@,'$%?'1-(
3<4>3( -<"-( -<'(:*"0(L!( $'A*0"-4$( %3( "#0'( -4( &4,'(>%-<( -<'(?"U4$(:%3-*$#"1&'( &"*3':(#6( "(
-",'$':(&4$$%:4$.(#6(?"7%1A(-<'($4#4-(:'&'0'$"-'(4$("&&'0'$"-'(",,$4,$%"-'06.(9%A*$'(I_G(
M<'( <"$:>"$'( &4C3%?*0"-%41( $'3*0-3( ,$'3'1-':( <'$'( &043'06( ?"-&<( -<'( .%-&=%"A( $'3*0-3(
,$'3'1-':(#6(2'$$'3('-("0G(E[JJR"FG(

(

!%A*$'(I_G()*-4?"-%&($'3,413'(%1("($7<'3'6(&4$$%:4$e(E"F(2%?*0"-':(-$"U'&-4$6(49(-<'(<4='$&$"9-(
?4=%1A(-4(-<'($%A<-(%1("(-",'$':(&4$$%:4$(3-"$-%1A("-(-<'(%1%-%"0(,43%-%41(6J(m(JG[_?G(M<%3(
-$"U'&-4$6(3<4>3(-<"-(-<'(<4='$&$"9-("*-4?"-%&"006(304>3(:4>1(><'1(-<'(04&"0(&4$$%:4$(
>%:-<(:'&$'"3'3("1:("&&'0'$"-'3("A"%1(><'1(%-(>%:'13("A"%1("9-'$(-<'(&413-$%&-%41G((
E#F(Y4$$'3,41:%1A(94$>"$:(3,'':(,$49%0'(D@G(M<'(94$>"$:(3,'':(-*$13(4*-(-4(#'("(N*"3%(
0%1'"$(9*1&-%41(49(-<'(:%3-"1&'(-$"='00':(@.("1:(<'1&'(49(-<'(04&"0(&4$$%:4$(>%:-<G(E&F(2*?(49(

-<'(->4(4,-%&(904>(Eω8(n(ωbFG(M<'(3,'':(&41-$40(363-'?(3*&&'':3(-4(7'',(-<'(3*?(49(-<'(4,-%&(
904>3(?'"3*$':(=%$-*"006(&413-"1-G(E:F(b"$A'$(="0*'(El?"@lF(#'->''1(-<'(->4(4,-%&(904>3(
?'"3*$':G(M<'(3%:'(&41-$40(363-'?(3*&&'':3(-4(7'',(-<'(0"$A'$(="0*'(49(-<'(->4(4,-%&(904>3(
?'"3*$':(=%$-*"006(&413-"1-(
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6.3 Hardware integration 
X1( 4$:'$( -4( ?"7'( -<'( %1-'$9"&'( #'->''1( -<'( ,'$%,<'$"0( &4?,41'1-3( "1:( -<'( !^f)C(
%1-'A$"-':( 363-'?.( 3'='$"0( ,%04-3( <"='( #'%1A(:'='04,':( "1:( -'3-':e( :$%='$()5YIJR2IJ[.(
:$%='$( )5YIJI2IJI.( :$%='$( 5)YIIJI2IJI.( ^HB( A'1'$"-4$G( M<'3'( :$%='$3( 0%17( -<'(
&4?,41'1-3( 4$( -<'( &4$$'3,41:%1A( #4"$:3( -4( -<'( %1-'A$"-':( ,%#&)@-)$)3( /)"$3)=( =))<#(
EA'1'$"-':(#6(.4#$'-(F'"'37$)3FG(M<'6("$'(%1-'A$"-':(%1(-<'(D%$-'@C_(!^f)("1:(:'3%A1':(%1(
Dg5b( #'&"*3'( -<%3( 0"1A*"A'( %3( ?4$'( ":",-':( -4( -<'( $'"0%c"-%41( 49( #4-<( -<'( ^HB(
A'1'$"-4$( "1:( -<'( &4??*1%&"-%413( ,$4-4&403.( 3*&<( "3( -<'( 2^X( ,$4-4&40( E.$7"6736(
I'3%<5'3%/7=( !"$'3*7/'F( -<"-( %3(*3':(#6()5Y("1:(5)YG(!4$('@"?,0'.( %-( %3('"3%'$( -4(?"1"A'(
-<'(-%?%1A("3,'&-3(49(-<'3'(04>(0'='0(<"$:>"$'(9*1&-%413(#6("(Dg5b(!%1%-'(2-"-'(B"&<%1'(
361&<$41%c':(#6(-<'(!^f)(&04&7G((
M<'( &4?,0'-'( :'3&$%,-%41( &"1( #'( ,'$94$?':( %1( ->4( :%99'$'1-( >"63e( E%F( X1( .%-&=%"A.( -<'(
,%#&)@-)$)3(/)"$3)=(#4#$'-( %3("334&%"-':(-4(%?,4$-(34?'(:$%='$3`(:'3&$%,-%413(E*3%1A(h%0%1@(
#0"&7( #4@( %1( -<'( .4#$'-( F'"'37$)3( 0%#$"$6FZ( E%%F( %1( h%0%1@( X2O( '1=%$41?'1-.( -<'( Dg5b(
A'1'$"-':(:'3&$%,-%41(49(-<'(,%#&)@-)$)3(/)"$3)=(#4#$'-(%3(&411'&-':(-4(:$%='$3(:'3&$%,-%413(
E*3%1A( X2O( 3&<'?"-%&( :'3&$%,-%41FG( ( M<'( 9%$3-( 340*-%41( E%F( %3( :%99%&*0-( -4( ",,06( #'&"*3'( %-(
$'N*%$'3( -<'( "::%-%41( 49( ,'$%,<'$"0( &4?,41'1-3( 4$( 9*1&-%413( <%A<( 0'='0( ?4:'03G( M<%3(
340*-%41(%3(14-( 0%7'06(-4( %?,$4='(-<'(:%A%-"0( %1-'A$"-%41(49(&41-$40( 044,3(E="0%:"-':(%1(&4C
3%?*0"-%41F(4$(:$%='$3( E="0%:"-':( %1( 04>( 0'='0( 3%?*0"-%413("1:T4$( -'3-':(>%-<(,'$%,<'$"0(
&4?,41'1-3FG( M<'( 3'&41:( 340*-%41( :4'3( 14-( "004>( "16( 3%?*0"-%413( 49( -<'( &043':( 044,(
363-'?.(#*-(9"&%0%-"-'3(-<'(%1-'A$"-%41(3-"A'3(E361-<'3%3.(?",,%1A.(,0"&'?'1-("1:($4*-%1AF(
"1:(-<'(A'1'$"-%41(49(!^f)(&419%A*$"-%41(#%1"$6(9%0'G(
M"#0'( [( 3<4>3( -<'( >4$7%1A( &<"$"&-'$%3-%&3( 49( -<'( D%$-'@C_( !^f)( 4#-"%1':( "9-'$( -<'(
%1-'A$"-%41(49(-<'(bL8)(XXX("*-4,%04-("1:(:$%='$3G(

52^_R( IS(4*-(49(K[( _[y(

20%&'3( [SWQ(4*-(49(S_][( _]y(

\04&7(8)B(IR7#( Q(4*-(49(KW( [Sy(

M"#0'([G(H4$7%1A(&<"$"&-'$%3-%&3(49(-<'(hY_!hI[(D%$-'@C_(!^f)(

M<'(52^_R(%3("(52^C4$%'1-':(&4?,41'1-G(M<'(52^_R(%3(#"3%&"006("(?*0-%,0%'$(94004>':(#6(
"1( "::'$( >%-<( 3'='$"0( 4,-%41"0( $'A%3-'$3( 41( -<'( ,4$-3( "1:( #'->''1( -<'( ?*0-%,0%'$( "1:(
"::'$G(M<'(?*0-%,0%'$(-"7'3(->4(IRC#%-(3%A1':(3%A1"03("1:(?*0-%,0%'3(-<'?.(A%=%1A("(KWC#%-(
$'3*0-G( M<%3( %3( -<'1( 3%A1( '@-'1:':( -4( _R( #%-3( "1:( &"1( #'( 9':( %1-4( -<'( "::'$( 4$( $4*-':(
:%$'&-06( -4( -<'( 4*-,*-3( 49( -<'( 52^_RG( M<'( "::'$.( ><%&<( &"1( #'( &419%A*$':( '%-<'$( "3( "1(
"::'$( 4$( "( 3*#-$"&-4$.( &"1( "&&',-( -<'( 3%A1C'@-'1:':( 4*-,*-( 49( -<'(?*0-%,0%'$( "1:( _RC#%-(
%1,*-( -4( -<'(52^_RG( X1("::%-%41.( -<'("::'$( &"1("034("&&',-( %-3'09( "3( "1( %1,*-.( -4( 94$?("1(
"&&*?*0"-4$G(
)(30%&'(%3("(#"3%&('0'?'1-(49(Y419%A*$"#0'(b4A%&(\04&7(EYb\FG()(Yb\('0'?'1-(&41-"%13(94*$(
%1-'$&411'&-':( 30%&'3G( M<'3'( 30%&'3( "$'( A$4*,':( %1( ,"%$3G( M<'( '0'?'1-3( &4??41( -4( #4-<(
30%&'( ,"%$3( "$'( ->4( 04A%&C9*1&-%41( A'1'$"-4$3( E4$( 0447C*,( -"#0'3F.( ->4( 3-4$"A'( '0'?'1-3.(
>%:'C9*1&-%41( ?*0-%,0'@'$3.( &"$$6( 04A%&.( "1:( "$%-<?'-%&( A"-'3G( M<'( 30%&'3( "$'( *3':( -4(
,$4=%:'(04A%&.("$%-<?'-%&.("1:(8LB(9*1&-%413G(D%$-'@C_(:'=%&'(9'"-*$'3("(0"$A'(1*?#'$(49(
IR( V#( #04&7( 8)B(?'?4$%'3G( M$*'(5*"0C^4$-( 8)B( 499'$3( 9"3-( #04&73( 49(?'?4$6( %1( -<'(



Aerial Vehicles 

(

50 

:'=%&'G(\04&7(8)B3("$'(,0"&':(%1(&40*?13.("1:(-<'(IR(V#(#04&73("$'(&"3&":"#0'(-4('1"#0'(
"(:'','$("1:(>%:'$(?'?4$6(%?,0'?'1-"-%41.(>%-<("(?%1%?"0(-%?%1A(,'1"0-6G(

7. Conclusion and future work 

H'(<"='(:'='04,':("(:%A%-"0(%1-'A$"-%41(49("1("*-4,%04-(&"00':(bL8)(XXX(E2'$$'3('-("0G([JJR"F(
41-4( "( D%$-'@C_( !^f)G( M<'( "*-4,%04-( &413%3-3( 49( ->4( %1-'$:','1:'1-( =%3*4C?4-4$( &41-$40(
044,3(-<"-("$'(?'"1-(-4(&41-$40(-<'(=%3*"0(A*%:"1&'(49("(?%1%"-*$'(<4='$&$"9-( %1("(&4$$%:4$(
>%-<4*-("16(?'"3*$'?'1-3(49(3,'':("1:(:%3-"1&'(9$4?(-<'(>"003G(
)(-4,C:4>1(?'-<4:404A6(>"3(*3':(-4(:'3%A1("1:(3%?*0"-'(-<'(4='$"00(=%3*4C?4-4$(&41-$40(
363-'?G(M<'(0"--'$(>"3(3-*:%':(*3%1A(#4-<("(<%A<C0'='0(A$",<%&"0('1=%$41?'1-e(.%-&=%"A(*3)-(
+7$5>)3A#1( "1:( .4#$'-( F'"'37$)3( *)3( B.I( -440#4@.( 9$4?( h%0%1@G( M<'( $'?"$7"#0'( "1"063%3(
&","#%0%-6( %3(:*'( -4( -<'( 9"&-( -<"-(.4#$'-(F'"'37$)3("004>3(-<'(:'3%A1':(#'"#)34@-)$)3(/)"$3)=(
=))<( -4( #'( %?,0'?'1-':( 9$4?( >%-<%1( -<'( .%-&=%"A( '1=%$41?'1-G( M<'( :'3%A1( 904>( <"3(
3%?,0%9%':(-<'(%1-'A$"-%41(,$4#0'?3(%1(*3%1A(3'='$"0(0'='03(49("#3-$"&-%41(-<"-(>'$'(="0%:"-':(
"-( '"&<( 3-"A'( 49( :'='04,?'1-G( )&&4$:%1A( -4( -<%3( ?'-<4:404A6.( :%A%-"0( 3,'&%9%&"-%413( "1:(
"$&<%-'&-*$'3( 49( '"&<( &41-$40( 044,(>'$'( 4,-%?%c':( 94$( -<'( bL8)( XXX( "*-4,%04-G(B4$'4='$.(
9%1"0( -'3-3( >'$'( ,'$94$?':( #6( '@,04%-%1A( -<'(<"$:>"$'( &4C3%?*0"-%41G(H'( >'$'( -<'$'94$'(
"#0'( -4( -'3-( 9%1"0( :'3&$%,-%413( %1( !^f)( 9$4?(+7$=7GH.%-&=%"A( '1=%$41?'1-( >%-<( "( /M)f(
&411'&-%41G( X1( -<%3( >"6.( %1-'A$"-':( "$&<%-'&-*$'3( >'$'( ="0%:"-':( #6( &413%:'$%1A( -<'(
<4='$&$"9-(l906%1Al(%1(3-$"%A<-(4$(-",'$':(&4$$%:4$3G((
X1-'A$"-%1A( -<'(,%#&)@-)$)3( /)"$3)=( =))<#( "034( $'N*%$':(:'3%A1%1A("(3,'&%9%&( '0'&-$41%&(#4"$:(
#"3':( 41( "( D%$-'@C_( !^f)( E!%A*$'( I[FG( b%17%1A( -<'( &41-$40( 363-'?( -4( -<'( '@-'$1"0(
&4?,41'1-3(E)5Y.(5)Y.(?4-4$3(&41-$40F("034($'N*%$':(:'3%A1%1A(3'='$"0(:$%='$3(-<"-(>'$'(
'?#'::':(%1-4(-<'(3"?'(JGS(A$"?(!^f)G(
(!*-*$'(>4$7(>%00(&413%3-(%1(%13-"00%1A(-<'(!^f)(#"3':(3'134$6C?4-4$(&41-$40(#4"$:(%1-4(-<'(
?%1%"-*$'(<4='$&$"9-(94$(><%&<(%-(>"3(#*%0-G(M'3-3(3%?%0"$(-4(-<43'(?":'(%1(&4C3%?*0"-%41(>%00(
-<'1(#'(&"$$%':(4*-G()::%-%41"0(%?,$4='?'1-3("$'("034(,0"11':(-4(%1&$'"3'(-<'($4#*3-1'33(49((
bL8)( XXX( &41-$40( 363-'?( "1:( ?"7'( -<'( $4#4-( 1'A4-%"-'( ?4$'( &<"00'1A%1A( &4$$%:4$3G( M<'(
,"33%='( L!( 3'134$3( "1:( -<'( 3%?,0'( ,$4&'33%1A( 363-'?( :'3&$%#':( <'$'( "$'( ,"$-%&*0"$06(
3*%-"#0'(94$(*3'(>%-<(B%&$4C)%$(D'<%&0'3(EB)D3F.( %1(><%&<(<%A<06(3-$%1A'1-(&413-$"%1-3("$'(
%?,43':(%1(-'$?3(49(-<'(,'$?%33%#0'("=%41%&(,"604":("1:(41#4"$:('1'$A6($'34*$&'3G(!^f)(
%?,0'?'1-"-%41(<"3($'&'1-06(#''1('1=%3%41':(14-(4106(94$(-<'(=%3*4C?4-4$(&41-$40(49(?%&$4C
"%$( ='<%&0'3( #*-( "034( 94$( -<'( "*-4?"-%&( =%3*"0( A*%:"1&'( "1:( $'-$4$4&7'-( &41-$40( 49( 9*-*$'(
,0"1'-"$6(0"1:'$3G(

8. References 

)<?":.(sG(k(M"%#.(BG;G(E[JJKFG()(3-*:6(41(-<'(:&(?4-4$(3,'':(&41-$40(#6(*3%1A(#"&7C'?9(
=40-"A'.(I3)/''6%"?()*(!LLL(E#%7"(/)"*'3'"/'()"(.'"#)3#(OE#%7.'"#'P.(,,G(KSQCKW_(

)*#+,"$-.(!G(k(!$"1&'3&<%1%.(;G(E[JJSFG(L,-%&(904>(3'134$3(94$($4#4-3e(O0'?'1-"$6(B4-%41(
5'-'&-4$3( #"3':( 41( !^f).( I3)/''6%"?#( )*( !LLL( !"$'3"7$%)"7=( Q)3A#5)<( )"( .%?"7=(
I3)/'##%"?(.4#$'-#.(,,GIR[CIR].()-<'13.(f$''&'.([C_(;4='?#'$.([JJS(

)*#+,"$-.( !G(k(!$"1&'3&<%1%.(;G( E[JJ]FG( \%4C%13,%$':(4,-%&( 904>(3'134$3( #"3':(41(!^f)e(
),,0%&"-%41( -4( B%&$4C)%$CD'<%&0'3G( R)&3"7=( )*( +%/3)<3)/'##)3#( 7"6( +%/3)#4#$'-#.(
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Advanced UAV Trajectory Generation: Planning 

and Guidance 

!"#$"%$&'())%*"#$+,&-*.)$&/0#%1))*2&(".&304%5"&6$4$)(.$&&
!"#$%&'#()(*+,-#./0"#0)*(%*1)(&#(*2*34,5,.#0'*)"(*675%&"%.#0'*8&,9:;**

<:)#"*

1. Introduction   

!+&#*78"$4$9:&(".&4*9%+4(#%$"&;$<*&=$)>().&?3!!&@&A0)$7$"#)$4,&BCCDE&)*;$#*4:&7$"#)$44*.,&
+*;%F(0#$"$;$0+&$)&(0#$"$;$0+&G";(""*.&!*)%(4&H:+#*;+& ?G!HE&>%44&I4(:&(&+%9"%=%7("#&
)$4*& %"& I)$<%.%"9& +*)<%7*+& (".& *"8("7%"9& +(=*#:& (".& +*70)%#:& $=& #8*&;%4%#():& (".& 7%<%4%("&
7$;;0"%#:&(#& 4()9*&?*J9J&+0)<*%44("7*&(".&;$"%#$)%"9E&?6$%=;("&*#&(4J,&BCCDEJ&K8*&I$#*"#%(4&
;()L*#& =$)&G!M+& %+,&8$>*<*),&;078&N%99*)& #8("& O0+#&+0)<*%44("7*J&G!M+&()*& %.*(4& =$)& )%+L&
(++*++;*"#&(".&"*0#)(4%2(#%$"&%"&.("9*)$0+&()*(+&+078&(+&>()&2$"*+&(".&)*9%$"+&+#)%7L*"&N:&
.%+(+#*),& %"740.%"9& <$47("%7& *)0I#%$"+,& >%4.=%)*+,& =4$$.+,& (".& *<*"& #*))$)%+#& (7#+J& !+& #8*:&
N*7$;*&;$)*&(0#$"$;$0+,&G!M+&>%44&#(L*&$"&(..%#%$"(4&)$4*+,&+078&(+&(%)F#$F(%)&7$;N(#&(".&
*<*"&I4("*#():&+7%*"7*&*PI4$)(#%$"&?Q*4.&*#&(4J,&BCCREJ&&
!+& #8*& $I*)(#%$"(4& 7(I(N%4%#%*+& $=& G!M+& ()*& .*<*4$I*.& #8*)*& %+& (& I*)7*%<*.& "**.& =$)& (&
+%9"%=%7("#&%"7)*(+*&%"&#8*%)&4*<*4&$=&(0#$"$;:,&I*)=$);("7*,&)*4%(N%4%#:&(".&%"#*9)(#%$"&>%#8&
(& 7$"#)$44*.& (%)+I(7*& =044& $=& ;(""*.& <*8%74*+& ?;%4%#():& (".& 7%<%4%("EJ& !+& (& 7$"+*S0*"7*&
)*+*()78*)+&>$)L%"9&>%#8&(.<("7*.&G!M+&8(<*&;$<*.& #8*%)& =$70+& =)$;&+:+#*;&;$.*4%"9&
(".&4$>F4*<*4&7$"#)$4&#$&;%++%$"&I4(""%"9,&+0I*)<%+%$"&(".&7$44%+%$"&(<$%.("7*,&9$%"9&=)$;&
$%=#0-%& 7$"+#)(%"#+& #$& >#''#,"& 7$"+#)(%"#+& ?'())%*"#$+& *#& (4J,& BCCTEJ& K8%+& ;%++%$"FN(+*.&
(II)$(78& %+& ;$+#& 0+*=04& =$)& 7$;;*)7%(4& (II4%7(#%$"+& >8*)*& #8*& <*8%74*& ;0+#& (77$;I4%+8&
#(+L+&>%#8&(&8%98&4*<*4&$=&I*)=$);("7*&(".&;("*0<*)(N%4%#:J&K8*+*&#(+L+&)*S0%)*&=4*P%N4*&(".&
I$>*)=04& #)(O*7#$):F9*"*)(#%$"& (".& 90%.("7*& 7(I(N%4%#%*+,& =*(#0)*+& 4(7L%"9& %"&;(":& $=& #8*&
70))*"#& 7$;;*)7%(4& G!HJ& U$)& #8%+& )*(+$",& #8*& I0)I$+*& $=& #8%+& >$)L& %+& #$& *P#*".& #8*&
7(I(N%4%#%*+&$=&7$;;*)7%(44:&(<(%4(N4*&(0#$I%4$#+&=$)&G!M+J&6%<%4&+:+#*;+&#:I%7(44:&0+*&N(+%7&
#)(O*7#$):F9*"*)(#%$"&(49$)%#8;+,&7(I(N4*&$"4:&$=&4%"*()&>(:I$%"#&"(<%9(#%$"&?V:+.:L,&BCCWE,&
>%#8& (& ;%"%;0;& $)& "$"F*P%+#*"#& 7$"#)$4& $<*)& #8*& #)(O*7#$):J& K8*+*& +:+#*;+& ()*& 8%984:&
7$"+#)(%"*.&>8*"&;("*0<*)(N%4%#:& %+& (&;%++%$"& )*S0%)*;*"#J&X"& #8*& $#8*)& 8(".,&;%4%#():&
)*+*()78*)+&8(<*&.*<*4$I*.&(49$)%#8;+&=$)&8%98FI*)=$);("7*&WY&I(#8&I4(""%"9&(".&$N+#(74*&
(<$%.("7*& ?-)%7*,& BCCTE,& N0#& #8*+*& ()*& 8%984:& I)$I)%*#():& #*78"$4$9%*+& #8(#& $I*)(#*& >%#8&
.%==*)*"#&;%++%$"&7$"+#)(%"#+&?#()9*#&(7S0%+%#%$",&#8)*(#&(<$%.("7*&(".&+%#0(#%$"(4&(>()*"*++E&
+$&#8*:&7(""$#&N*&0+*.&%"&7%<%4&+7*"()%$+J&&
K8%+& 78(I#*)& I)*+*"#+& (& )$N0+#& K)(O*7#$):& /*"*)(#%$"& (".& /0%.("7*& Z$.04*& ?K/BZE,& (&
+$=#>()*&#$$4&7(I(N4*&$=&9*"*)(#%"9&7$;I4*P&+%PF.*9)**+F$=F=)**.$;&#)(O*7#$)%*+&%"&WY&+I(7*&
>%#8& <*4$7%#:,& (77*4*)(#%$",& $)%*"#(#%$"& (".& #%;*& 7$"+#)(%"#+J& K8*& K/BZ& %+& ("& *P#*"+%$"&
;$.04*& #$& #8*& !*)%(4& M*8%74*& 6$"#)$4& [("90(9*& ?!M6[E,& (& +$=#>()*& ()78%#*7#0)*& (".&
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%"#*)I)*#*.& 4("90(9*& +I*7%=%7(#%$"& #8(#& (..)*++& #8*& %++0*+& $=& ;%++%$"& .*=%"%#%$",& #*+#%"9,&
<(4%.(#%$"& (".& +0I*)<%+%$"& =$)& G!M+& ?'())%*"#$+& *#& (4J,& BCCTEJ& K8*& !M6[& I4(#=$);&
%"7$)I$)(#*+&(&WY&<%+0(4&+%;04(#$)&*"<%)$";*"#&#8(#&0+*+&(&/*$9)(I8%7&\"=$);(#%$"&H:+#*;&
?/\HE&(+&#8*&>$)4.]+&.(#(&;$.*4J&K8*&/\H&N(7L*".&;*("+&(44&$NO*7#+&()*&9*$F)*=*)*"7*.&(".&
#8(#& +*<*)(4& $==%7%(4& (".& 7$;;*)7%(4& .(#(N(+*+&;(:& N*& 0+*.& =$)&;%++%$"& I4(""%"9& ?)$(.+,&
(%)I$)#+,& I$>*)& 4%"*+,& 7)$I& =%*4.+,& *#7JEJ& K8*& 4("90(9*& +I*7%=%7(#%$"& 7$"#(%"+& (&>%.*& +*#& $=&
%"+#)07#%$"+&#8(#&(44$>&#8*&$==^$"F4%"*&+0I*)<%+%$"&(".&#8*&7)*(#%$"&$=&<*8%74*F%".*I*".*"#&
;%++%$"+J&&
K8*&K/BZ&%+&.*+%9"*.&#$&;$.*4&WY&7()#*+%("&I(#8+&>%#8&I()(;*#)%7&7$"+#)(%"#+J&K8*&+:+#*;&
0+*+& #>$& #:I*+& $=& ;(#8*;(#%7(4& .*+7)%I#$)+& =$)& #)(O*7#$)%*+_& ("(4:#%7(4& =0"7#%$"+& (".&
I$4:"$;%(4& %"#*)I$4(#%$"J& K8*& #>$& ;(%"& 7$"#)%N0#%$"+& $=& #8*& ;$.04*& ()*& %#+& 9*$;*#)%7(4&
)*I)*+*"#(#%$"&$=& #8*& #)(O*7#$):& (".& %#+&I()(;*#)%7&.*=%"%#%$"J& H%;I4*&;("*0<*)+& 4%L*& 4%"*+&
(".&7%)70;=*)*"7*&()7+&()*&7)*(#*.&>%#8&("(4:#%7(4&=0"7#%$"+&#8(#&7$"+#)(%"&#8*&9*$;*#):&$=&
#8*&.*+%)*.&I(#8`&#8*"&#8*&I()(;*#)%7&7$"+#)(%"#+&()*&)::-#%(J&K8*+*&7$"+#)(%"#+&()*&#:I%7(44:&
L%"*;(#%7_& 7$"+#("#&<*4$7%#:&(".&(77*4*)(#%$",& #)(I*2$%.(4& 70)<*+& #$& (77*4*)(#*&$)& +#$I,& *#7J&
Z$)*& 7$;I4*P& ;("*0<*)+& ()*& .*+7)%N*.& >%#8& I$4:"$;%(4& %"#*)I$4(#%$"& (".& =%##*.& #$& #8*&
7)%#%7(4& 7$"#)$4&I(#8&I$%"#+,&;**#%"9&.*+%)*.&I$+%#%$",& #%;*& (".&<*4$7%#:& 7$"+#)(%"#+J& K8*+*&
I$4:"$;%(4& =0"7#%$"+& ()*& N(+*.& $"& #8%).& (".& =$0)#8& $).*)& +I4%"*+& >%#8& =%P*.& N$0".():&
7$".%#%$"+& ?=$)& *P(;I4*& %"%#%(4& (".& =%"(4& <*4$7%#%*+E,& >8%78& O$%"& (44& 7$"#)$4& I$%"#+& >%#8& (&
7$"#%"0$0+&(".&+;$$#8&I(#8&?3()(;%44$F'$#*)$&*#&(4J,&BCCDEJ&
K8*& +*7#%$"& B& $=& #8%+& 78(I#*)& I)*+*"#+& +$;*& $=& #8*& 70))*"#& #*78"%S0*+& *P#)(7#*.& =)$;& #8*&
;%4%#():& (*)%(4& +0)<*:& (II4%7(#%$"+,& +8$>%"9& 0,>:-%?& ;%++%$"FI4(""%"9& #$$4+& 7(I(N4*& $=&
(..)*++%"9& #8*&;%++%$"F+I*7%=%7&7$"+#)(%"#+& )*S0%)*.J&a%#8%"& #8$+*&(II)$(78*+,& #8%+&+*7#%$"&
(4+$& %"#)$.07*+& (& N)%*=& .*+7)%I#%$"& $=& #8*& !M6[& ()78%#*7#0)*,& .*+7)%N%"9& %#+& 7$;I$"*"#+,&
;$.04*+,& (".& #8*& ;(%"& =*(#0)*+& I)$<%+%$"*.,& (..)*++%"9& (& "$<*4& >(:& $=& 80;("F;%++%$"&
I4(""%"9& .*=%"%#%$"& (".& #*+#%"9J& K8*& +*7#%$"& W& %"#)$.07*+& #8*& !M6[& N0%4#F%"& K/BZ&
=)(;*>$)L,& .*+7)%N%"9& #8*& .%==*)*"#& #*78"%S0*+& 0+*.& =$)& #8*& #)(O*7#$):& I4(""%"9& (".&
90%.("7*& $=& G!M+,& (+& >*44& (+& #8*& ;(#8*;(#%7(4& #)*(#;*"#& $=& #8*+*& ;*#8$.+& ?("(4:#%7(4&
=0"7#%$"+& (".&I$4:"$;%(4& %"#*)I$4(#%$"EJ&X"& #8*&$#8*)&8(".,& +%;04(#%$"FN(+*.& )*+04#+& ?+**&
+*7#%$"& DE& 0+%"9& (& ;%"%F8*4%7$I#*)& +%;04(#$)& *;N*..*.& %"#$& #8*& !M6[& *"<%)$";*"#& >%44&
+8$>&#8*&7(I(N%4%#%*+&$=&#8*&K/BZ&>8%4*&=4:%"9&(99)*++%<*&(".&+%;I4*&;("*0<*)+J&[(+#&N0#&
"$#& 4*(+#,&b=%"(4&$N+*)<(#%$"+c& %"&+*7#%$"&R& %"740.*+&7$;;*"#+&(N$0#& #8*&K/BZ&=)(;*>$)L&
(".&#8*&0I7$;%"9&(..%#%$"+&#$&#8*&K/BZ&0".*)&70))*"#&.*<*4$I;*"#J&&&

2. Motion-planning Methodologies!

!&I4(""%"9&(49$)%#8;&+8$04.&I)$<%.*&=*(+%N4*&(".&!:(N4*&$I#%;(4&#)(O*7#$)%*+&#8(#&7$""*7#&
+#()#%"9&>%#8& #()9*#& I$%"#+,&>8%78& +8$04.& N*& 7$;I()*.& (".& <(40*.&0+%"9& +I*7%"7& 7)%#*)%(J&
K8*+*&7)%#*)%(&()*&9*"*)(44:&7$""*7#*.&#$&#8*&=$44$>%"9&;(O$)&7$"7*)"+,&>8%78&()%+*&.0)%"9&(&
I4("& 9*"*)(#%$"& I)$7*.0)*_& =*(+%N%4%#:& (".& $I#%;(4%#:J& K8*& ")+#& 7$"7*)"& (+L+& =$)& #8*&
I)$.07#%$"& $=& (& I4("& #$& +(=*4:& b;$<*c& #8*& G!M& #$& %#+& #()9*#& +#(#*,& >%#8$0#& #(L%"9& %"#$&
(77$0"#& #8*& S0(4%#:& $=& #8*& I)$.07*.&I4("J& K8*& +*7$".& 7$"7*)"& (+L+& =$)& #8*& I)$.07#%$"& $=&
$I#%;(4,& :*#& =*(+%N4*,& I(#8+,& >%#8& $I#%;(4%#:& .*""*.& %"& <()%$0+& >(:+& (77$).%"9& #$& #8*&
I)$N4*;& 0".*)& 7$"+%.*)(#%$"& ?[(M(44*,& BCCTEJ& A<*"& %"& +%;I4*& I)$N4*;+& +*()78%"9& =$)&
$I#%;(4%#:&%+&"$#&(&#)%<%(4&#(+L&(".&%"&;$+#&7(+*+&)*+04#+&%"&*P7*++%<*&7$;I0#(#%$"&#%;*,&"$#&
(4>(:+& (<(%4(N4*& %"& )*(4F>$)4.& (II4%7(#%$"+J& K8*)*=$)*,& %"& ;$+#& 7(+*+& >*& +*()78& =$)&
+0N$I#%;(4&$)& O0+#&=*(+%N4*&+$40#%$"+J&K8*&+%;I4*+#&>(:&#$&;$.*4&("&G!M&I(#8&%+&N:&0+%"9&
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+#)(%98#F4%"*&+*9;*"#+&#8(#&7$""*7#&(&"0;N*)&$=&>(:I$%"#+,&*%#8*)&%"&BY&$)&WY&+I(7*&?Z$%#)(&
*#&(4J,&BCCW,&d8*"9&*#&(4J,&BCCREJ&K8%+&(II)$(78&#(L*+&%"#$&(77$0"#&#8*&=(7#&#8(#&%"&#:I%7(4&G!M&
;%++%$"+& #8*& +8$)#*+#& I(#8+& #*".& #$& )*+*;N4*& +#)(%98#& 4%"*+& #8(#& 7$""*7#& >(:I$%"#+& >%#8&
+#()#%"9&(".&#()9*#&I$%"#+&(".&#8*&<*)#%7*+&$=&$N+#(74*&I$4:9$"+J&!4#8$098&>(:I$%"#+&7("&N*&
*!7%*"#4:& 0+*.& =$)& "(<%9(#%"9& (& !:%"9& <*8%74*,& +#)(%98#F4%"*& +*9;*"#+& 7$""*7#%"9& #8*&
7$))*+I$".%"9&>(:I$%"#+&7(""$#&*!7%*"#4:&)*I)*+*"#&#8*&)*(4&I(#8&#8(#&>%44&N*&=$44$>*.&N:&
#8*&<*8%74*&.0*&#$&#8*&$>"&L%"*;(#%7+&$=&#8*&#)(7*.&I(#8J&!+&(&)*+04#,&#8*+*&+%;I4%"*.&I(#8+&
7(""$#&N*&0+*.&=$)&("&(770)(#*&+%;04(#%$"&$=&#8*&;$<*;*"#&$=&#8*&G!M&%"&("&$I#%;%2(#%$"&
I)$7*.0)*,& 0"4*++& (& 4()9*& "0;N*)& $=& >(:I$%"#+& %+& (.$I#*.J& \"& #8(#& 7(+*& #8*& "0;N*)& $=&
.*+%9"&<()%(N4*+&%"&#8*&$I#%;%2(#%$"&I)$7*.0)*&*PI4$.*+,&(4$"9&>%#8&#8*&7$;I0#(#%$"&#%;*J&
K8%+& %+& >8:& #8%+& +*7#%$"& I)*+*"#+& +$;*& N(7L9)$0".& N(+*.& $"& #8*& +#(#*F$=F#8*F()#&
;%++%$"^I(#8&I4(""%"9&=$)&G!M+J&K8*&I0)I$+*&?(I()#&=)$;&#8*&+#(#*F$=F#8*F()#&+0)<*:E&%+&#$&
7$;I()*&#$&#8*&!M6[&()78%#*7#0)*&%"&$).*)&#$&$N+*)<*&8$>&%#+&K/BZ&*;N*..*.&=)(;*>$)L&
?+**& +*7#%$"& W& =$)& .*#(%4+E& %+& (& 7$;I4*;*"#& $=& +$;*& 4(7L%"9& (II)$(78*+& =$0".& %"& #8%+&
+I*7%(4%2*.&4%#*)(#0)*J&&

2.1 Background 

V*+*()78*)+&(#& #$I& )*+*()78&7*"#*)+&(".&0"%<*)+%#%*+& ?*J9J& 3-[&(#&6(4#*78,&6()"*9%*&Z*44$",&
e!H!,&AH!,&(;$"9&$#8*)+E&()*&.*(4%"9&>%#8&#8*&.*<*4$I;*"#&$=&"*>&+#)(#*9%*+&#8(#&(44$>&
8%98F4*<*4&;%++%$"& G!M& I4(""%"9&>%#8%"& #8*& .*+%)*.& =4%98#& I*)=$);("7*J& !+& *P(;I4*+& $=&
#8*+*& (II)$(78*+& >*& I)*+*"#& #8*& e!H!& !;*+& V*+*()78& 6*"#*),& #8*& /*$)9%(& \"+#%#0#*& $=&
K*78"$4$9:,&(".&#8*&G"%<*)+%#:&$=&\44%"$%+J&&
U$)& #8*& I(+#& .*7(.*& e!H!& 8(+& =$70+*.& $"& .*<*4$I%"9& ("& *==%7%*"#& (".& )$N0+#& +$40#%$"& #$&
XN+#(74*&U%*4.&e(<%9(#%$"&?XUeE,&(44$>%"9&(&=(+#&I4(""%"9&$=&+;$$#8&(".&=4:(N4*&I(#8+&()$0".&
N$#8&L"$>"&(".&0"L"$>"&$N+#(74*+&?Q*)>%#2,&BCCfEJ&A<$40#%$"():&(49$)%#8;+&8(<*&N**"&0+*.&
(+&(&<%(N4*&7(".%.(#*&#$&+$4<*&I(#8FI4(""%"9&I)$N4*;+&*"*7#%<*4:,&I)$<%.%"9&=*(+%N4*&+$40#%$"+&
>%#8%"&(& +8$)#& #%;*J&/%<*"&(&"0;N*)&$=&G!M+& #8(#&()*& 4(0"78*.& =)$;&.%"*)*"#&(".&L"$>"&
%"%#%(4&4$7(#%$"+,&#8*&(49$)%#8;&;0+#&7)*(#*&BFY&#)(O*7#$)%*+&>%#8&(&+;$$#8&<*4$7%#:&.%+#)%N0#%$"&
(4$"9& *(78& #)(O*7#$):& (".&>%#8& #8*& 9$(4& $=& )*(78%"9& (& I)*.*#*);%"*.& #()9*#& 4$7(#%$",&>8%4*&
*"+0)%"9& 7$44%+%$"& (<$%.("7*& (".& +(#%+=:%"9& +I*7%"7& )$0#*& (".& 7$$).%"(#%$"& 7$"+#)(%"#+& (".&
$NO*7#%<*+J& 'FHI4%"*+& 70)<*+& ()*& 0+*.& %"& $).*)& #$& ;$.*4& N$#8& #8*& BFY& #)(O*7#$)%*+& (".& #8*&
<*4$7%#:& .%+#)%N0#%$"& (4$"9& *(78& !%98#& I(#8J& !& =4:%"9& 4(N$)(#$):& =$)& (0#$"$;$0+& +:+#*;+,&
N(+*.&$"& #8*&g(;(8(&VZ!h&8*4%7$I#*)& %+& N*%"9&.*<*4$I*.,&>8%78& %#& %"7$)I$)(#*+& #8*&XUe&
I4(""*)&(".&$"*&(44F.%9%#(4&7(;*)(&+:+#*;&>%#8&(&+#(#*F$=F#8*F()#&#)(7L%"9&(".&I(++%<*&)("9%"9&
7(I(N%4%#%*+J& Z(78%"*& +#*)*$F<%+%$"& %+& N*%"9& 0+*.& #$& .*#*);%"*& +(=*& 4(".%"9& ()*(+& (".&
;$"$704()& <%+%$"& %+& 0+*.& #$& #)(7L& #8*& 4(".%"9& 4$7(#%$"& >%#8$0#& (77*++& #$& /-HJ& !& /)$0".&
6$"#)$4&H#(#%$"& ?/6HE& %+&N*%"9& %"#*9)(#*.& %"#$&#8*&+%;04(#%$"&*"<%)$";*"#& #$& %"<*+#%9(#*& #8*&
%++0*+&)*4(#*.&#$&8%98&(4#%#0.*&(".&4$"9&*".0)("7*&=4%98#+J&&
!+&("&(4#*)"(#%<*&(II)$(78&$#8*)&)*+*()78*)+&.$&"$#&=$70+&$"&9*"*)(#%"9&7$;I4*P&#)(O*7#$)%*+&
I)$=%4*+`& #8*%)& (%;& %+& #$& .*<*4$I& )$N0+#& ;%++%$"& ;("(9*;*"#,& 7(I(N4*& $=& +077*++=044:&
%"#*9)(#%"9&#8*&(<(%4(N4*&$"N$().&8().>()*&?*J9J&7(;*)(+,&+*"+$)+,&*#7EJ&K8*&/*$)9%(&K*78]+&
G!M&[(N&.*<*4$I*.&#8*&/KZ(P&()78%#*7#0)*&?!4%+$"&*#&(4J,&BCCWE&N(+*.&$"&(&g(;(8(&VFZ(P&
;%"%F8*4%7$I#*),&%+&("&*P(;I4*&$=&#8%+&(4#*)"(#%<*&(II)$(78J&K8*&/KZ(P&+:+#*;&%+&7(I(N4*&$=&
=044:& (0#$"$;$0+& =4%98#& >%#8& .*7*"#)(4%2*.& +$=#>()*& ;$.04*+& =$)& #)(O*7#$):& 9*"*)(#%$",&
$==4%"*&+%;04(#%$",&+0I*)<%+%$",&90%.("7*&(".&7$"#)$4J&K8*&#)(O*7#$):&;$.04*&9*"*)(#*+&4%"*(4&
>(:I$%"#+& N*#>**"& #()9*#+&>%#8& %"%#%(4& (".& =%"(4& <*4$7%#:& I()(;*#*)%2(#%$"J&6$;;(".+& #$&
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#8*&8*4%7$I#*)& #(L*& #8*& =$);&$=&.%"*)*"#& #:I*+&$=&>(:I$%"#+J&!44& #)(O*7#$)%*+&9*"*)(#*.&()*&
(++0;*.& #$& N*& I8:+%7(44:& =*(+%N4*& N:& #8*& 8*4%7$I#*),& #8*& L%"*;(#%7& ;$.*4& 0+*.& =$)& #8*&
#)(O*7#$):& 9*"*)(#%$"& 0+*+& +I*7%"(N4*& 4%;%#+& $"& #8*& ;(P%;0;& +I**.& (".& (77*4*)(#%$"& #8*&
(%)7)(=#&;(:&8(<*&.0)%"9&(&;("*0<*)J&U)$;&(&8%98F4*<*4&;%++%$"&;("(9*;*"#&I*)+I*7#%<*&
#8*&/KZ(P&()78%#*7#0)*&(44$>+&#8*&G!M&#$&(0#$"$;$0+4:&4$7(#*&#()9*#+&>%#8&("&%.*"#%=:%"9&
+:;N$4&>%#8%"& (& .*+%9"(#*.& +*()78& ()*(J&X"7*& #8*& 7$))*7#& #()9*#& %+& %.*"#%"*.& #8*&;%++%$"&
7$$).%"(#%$"&(".&!%98#&I(#8&9*"*)(#%$"&%+&.$"*&(#&(&7*"#)(4%2*.&4$7(#%$"&$"&#8*&9)$0".,&(".&
#8*& 7$;;(".+& ()*& #)("+;%##*.& #$& #8*& G!M& <%(& (& >%)*4*++& .(#(4%"LJ& K8*& /KZ(P& /6H&
%"#*)=(7*+&>%#8& #8*&I)%;():&!%98#& 7$;I0#*)& (".&.%+I4(:+&<*8%74*& +#(#0+,& #8*&$NO*7#& #)(7L*)&
%"=$);(#%$"&(".&#8*&!%98#&I4("+&9*"*)(#*.&N:&#8*&;%++%$"&I4(""*)J&K8*&M%+%$"&Z$"%#$)%"9&
H#(#%$"& )*7*%<*+& +#)*(;%"9&<%.*$& =)$;& #8*& 7(;*)(& (".& #8*& $0#I0#& $=& #8*& %;(9*&I)$7*++$)J&
K8%+&(44$>+&#8*&$I*)(#$)&#$&;$"%#$)&#8*&*!7%*"7:&$=&#8*&%;(9*&I)$7*++%"9&(+&>*44&(+&<%+0(44:&
.$70;*"#&#8*&)*+04#+&$=&#8*&+*()78&%"&#8*&""(4&I8(+*&$=&#8*&;%++%$"J&&
U$)& $#8*)& I)$O*7#+& #8*& ;(%"& 9$(4& %+& #8*& 0"%=%7(#%$"& $=& 8%98F4*<*4& ;%++%$"& 7$;;(".+& (".&
.*<*4$I;*"#& $=& 9*"*)%7& 4("90(9*+& #8(#& +0II$)#& $"4%"*& G!M& ;%++%$"& I4(""%"9& >%#8$0#&
7$"+#)(%"%"9&#8*&+:+#*;&#$&(&+%"94*&<*8%74*J&K8*&G"%<*)+%#:&$=&\44%"$%+&(#&G)N("(F68(;I(%9"&
?U)(22$4%,&BCCBE&I)*+*"#+&(&"*>&=)(;*>$)L&=$)&G!M&;$#%$"&I4(""%"9&(".&7$$).%"(#%$"J&K8%+&
=)(;*>$)L&%+&N(+*.&$"&#8*&.*""%#%$"&$=&(&;$.*44%"9&4("90(9*&=$)&G!M&#)(O*7#$)%*+,&N(+*.&$"&
#8*&%"#*)7$""*7#%$"&$=&(&""%#*&"0;N*)&$=&+0%#(N4:&.*""*.&;$#%$"&I)%;%#%<*+,&$)&;("*0<*)+J&
X"7*& #8*& 4("90(9*& %+& .*""*.,& (49$)%#8;+& =$)& #8*& *!7%*"#& 7$;I0#(#%$"& $=& =*(+%N4*& (".&
$I#%;(4&;$#%$"&I4("+&()*&*+#(N4%+8*.,&(44$>%"9&#8*&G!M&#$&=04=%44&#8*&.*+%)*.&I(#8J&
\=&>*&("(4:2*&#8*&G!H&.*+7)%N*.&(N$<*,&(4;$+#&(44&$=&#8*;&+8()*&$"*&%;I$)#("#&4%;%#(#%$"_&
#8*%)&+$=#>()*&()78%#*7#0)*& %+& #%98#4:&7$0I4*.&#$&$"*&<*8%74*&(".&#8*&7(I(N%4%#%*+&$=& %#+& 4$>F
4*<*4& 7$"#)$44*)J& 6%<%4& (II4%7(#%$"+& )*S0%)*& $I*"& (".& *P#*".(N4*& +$=#>()*& ()78%#*7#0)*+&
7(I(N4*& $=& .)-@#"A& #$& <*8%74*+& =)$;& .%==*)*"#& +0II4%*)+J& K8*& !M6[& (..)*++*+& #8$+*&
4%;%#(#%$"+,& (44$>%"9& #$&;$.*4& .%==*)*"#& <*8%74*+& %"#$& (& +%"94*& 7$;;$"& 4("90(9*& ?<*8%74*F
%".*I*".*"#&;%++%$"+EJ& \"& #8*&+(;*&=(+8%$"&#8*&.*+7)%N*.&<*8%74*+&+8$>&#8(#&7$;I4*P&(".&
+%;I4*&;("*0<*)+&7$04.&N*&(&+0%#(N4*&+$40#%$"&.*I*".%"9&$"&#8*&L%".&$=&;%++%$"&#$&=04=%44J&
U$)& #8%+& )*(+$"& #8*& !M6[& %+& *P#*".*.&>%#8& #8*& K/BZ& =)(;*>$)L,& 7(I(N4*& $=& 9*"*)(#%"9&
+%;I4*& (".& 7$;I4*P& WY&I(#8+&>%#8& #8*&"*7*++():&<*8%74*& 7$"+#)(%"+J&K8*&"*P#& +0NF+*7#%$"&
%"#)$.07*+&#8*&!M6[&()78%#*7#0)*&(".&+$;*&$=&#8*&=*(#0)*+&I)$<%+%$"*.J&

2.2 The Aerial Vehicle Control Language - AVCL 

K8*&!M6[&%+&"$#& O0+#&(& 4("90(9*&7(I(N4*&$=&.*+7)%N%"9& #8*&;%++%$"+&(".&7(I(N%4%#%*+&$=&("&
8*#*)$9*"*$0+& 9)$0I& $=& <*8%74*+,& %#& %+& I()#& $=& (& N%99*)& =)(;*>$)L& #8(#& %"740.*+& %#+&
%"#*)I)*#*),&(&.*=%"%#%$"&$=&(&N(+*F<*8%74*,&(".&(&Z%++%$"&-4(""*)&#8(#&0+*+&/\H&(+&#8*&.(#(F
;$.*4& =$)& #8*& >$)4.& ?'())%*"#$+& *#& (4J,& BCCTEJ& K8*&Z%++%$"& -4(""*)& ?Z-E& %+& "$#& #%*.& #$& (&
I()#%704()&+*#&$=&<*8%74*+,&+*"+$)+&$)&7$;;(".+J&!#&(":&9%<*"&#%;*&"*>&=0"7#%$"(4%#:&7("&N*&
4$(.*.&(".&.%+I4(:*.& #$& #8*&80;("&$I*)(#$)& (+&"*>&$I#%$"+& (".& 7$;;(".+J&K8%+&;*("+&
#8(#& #8*& Z-& #$$4& %+& #$& N*& *P#*".*.& #8)$098& M*8%74*& (".& 6$;;(".& [%N)()%*+& >%#8$0#&
)*7$;I%4%"9,&(".&#8$+*&"*>&7(I(N%4%#%*+&(".&N*##*)&<*8%74*+&7("&N*&(..*.&*(+%4:J&K8*&Z%++%$"&
-4(""*)& %+&(&9)*(#& #$$4& =$)&+%;04(#%$"&(".&.%)*7#&7$;I()%+$"&$=&<()%$0+& #)(O*7#$):& #)(7L*)+,&
G!M&;$.*4+&(".&7$"#)$44*)+,&N*7(0+*&%#&7("&.%+I4(:&B&;%++%$"+&(#&#8*&+(;*&#%;*J&
a8*"&7$"+%.*)*.& O0+#&(+&(& 4("90(9*&#8*&!M6[&7$"7*I#& %+& #8*&(N+#)(7#%$"& 4(:*)& #8(#&(44$>+&
#8*& 80;("& +0I*)<%+$)& #$& 7)*(#*& ;%++%$"+& #8(#& ()*& <*8%74*& (".& I(:4$(.& %".*I*".*"#,&
I)$;$#%"9&7$.*&)*0+*J&!#&#8*&+(;*&#%;*&#8*&!M6[&+#(#*;*"#+&(".&7$;;(".+&8%.*&.*<%7*&
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+I*7%=%7&+$=#>()*^8().>()*,&(".&+*)<*&(+&;%++%$"&.*=%"%#%$"&(".&+#$)(9*J&!+&("&*P(;I4*&$=&
#8*&7$.*&0+*.&#$&.*=%"*&$I*)(#%$"+&>%#8%"&(&;%++%$"_&

0(<JH*"+$)+?CE&i&I()+*)J4$(.XNO*7#&?j7(;*)(J4%N]E&&
0(<JH*"+$)+?CEJ[$$L!#&?IkE&&
0(<JH*"+$)+?kE&i&I()+*)J4$(.XNO*7#&?j4(+*)J4%N]E&&
0(<JH*"+$)+?kEJK0)"X"?E&
0(<J.$[%"*&?>(:lI$%"#+&i&mIk,&IB,&IW,&IDn,&<*4&i&CJo&;l+E&

6$;I()*.&#$&I)*<%$0+&<*8%74*&:&,A&)>>#"A&4("90(9*+&#8*&!M6[&(".&%#+&%"#*)I)*#*)&I)$<%.*&
+*<*)(4& (.<("#(9*+_& %"#0%#%<*& 8(".4%"9& $=& .%==*)*"#& +:+#*;+& $=& 0"%#+`& %#+& 0+*& $=& #8*& $NO*7#F
$)%*"#*.FI)$9)(;;%"9& I()(.%9;`& =(7%4%#%*+& =$)& %"#*)F<*8%74*& 7$;;0"%7(#%$"+`& )0"F#%;*&
.*=%"%#%$"&$=& )*4(#%$"+&N*#>**"&<*8%74*+,& +*"+$)+&(".&$#8*)&*S0%I;*"#`& %#&;(:&N*&*P#*".*.&
*(+%4:& #8)$098&6,&6pp&$)&6q& 7$.*`& #8*& %"#*)I)*#*)& %+& (& 4%98#F>*%98#& (II4%7(#%$"&>)%##*"& %"&
6pp,&#8*)*=$)*&%#&;(:&N*&.*I4$:*.&%"&;(":&Ha^Qa&()78%#*7#0)*+J&'*=$)*&#8*&.*<*4$I;*"#&
$=&#8*&K/BZ&;$.04*&#8*&!M6[&=)(;*>$)L&)*4%*.&$"&(&+%;I4*)&90%.("7*&;$.04*&#$&7$""*7#&
>(:I$%"#+& >%#8& +#)(%98#F4%"*& +*9;*"#+,& (".& >8%4*& #8*& 4("90(9*& 7$04.& .*+7)%N*& 7$;I4*P&
;("*0<*)+& (".& ;%++%$"& 7$"+#)(%"#+& #8*& =)(;*>$)L& 4(7L*.& #8*& 7(I(7%#:& #$& C-7& (& <*8%74*&
#8)$098&7$;I4*P&I(#8+J&

&

U%90)*&kJ&&K8*&!M6[&+%;I4%=%*.&.%(9)(;&=$)&;%++%$"&I4(""%"9&

3. Trajectory Generation and Guidance Module - TG
2
M 

K8*&K/BZ&%+&.*+%9"*.&#$&;$.*4&WY&7()#*+%("&I(#8+&>%#8&I()(;*#)%7&7$"+#)(%"#+J&K8*&+:+#*;&
0+*+& #>$& #:I*+& $=&;(#8*;(#%7(4& .*+7)%I#$)+& =$)& #)(O*7#$)%*+_& I$4:"$;%(4& %"#*)I$4(#%$"& (".&
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("(4:#%7(4& =0"7#%$"+J& 6$;I4*P& ;("*0<*)+& ()*& .*+7)%N*.& >%#8& I$4:"$;%(4& %"#*)I$4(#%$"&
N(+*.&$"&#8%).&(".&=$0)#8&$).*)&+I4%"*+&>%#8&=%P*.&N$0".():&7$".%#%$"+&?*J9J&%"%#%(4&(".&=%"(4&
<*4$7%#%*+&0+*)&.*=%"%#%$"E,&>8%78&O$%"&(44&7$"#)$4&I$%"#+&>%#8&(&7$"#%"0$0+&(".&+;$$#8&I(#8J&
[%L*>%+*,& +%;I4*& ;("*0<*)+& 4%L*& 4%"*+& (".& 7%)70;=*)*"7*& ()*& 7)*(#*.& >%#8& ("(4:#%7(4&
=0"7#%$"+& #8(#& 7$"+#)(%"& #8*& 9*$;*#):& $=& #8*& .*+%)*.& I(#8J& K8*+*& 7$"+#)(%"#+& ()*& #:I%7(44:&
L%"*;(#%7_&7$"+#("#&<*4$7%#:&(".&(77*4*)(#%$",&#)(I*2$%.(4&70)<*+&#$&(77*4*)(#*&$)&+#$I,&*#7J&&

&

U%90)*&BJ&&K8*&K/BZ&=)(;*>$)L&

!+& +8$>"& %"& U%9J& B,& #>$& ;(%"& ;$.04*+& 7$;I$+*& #8*& K/BZ& =)(;*>$)L_& #8*& 9*$;*#)%7(4&
#)(O*7#$):& 9*"*)(#%$"& (".& #8*& $"4%"*& 74$+*.F4$$I& 90%.("7*J& !44& #8*& I()(;*#*)+& (".&
=0".(;*"#(4&.(#(& ?*J9J& #8*&.*+%)*.&;(P%;0;&+I**.,& *#7E&()*&I)$<%.*.&N:& #8*&0+*)&<%(& #8*&
!M6[&%"#*)I)*#*)J&&

3.1 Polynomial interpolation using splines 

K8*&=0".(;*"#(4& %.*(&N*8%".&#8*&+I4%"*&%"#*)I$4(#%$"&%+&N(+*.&$"&#8*&.*=%"%#%$"&$=&+;$$#8&
70)<*+&#8)$098&(&"0;N*)&$=&I$%"#+J&K8*+*&70)<*+&()*&)*I)*+*"#*.&N:&(&I$4:"$;%(4&=0"7#%$"&
?"$);(44:& $=& #8%).F9)(.*E& .*=%"*.& N:& +$;*& 7$*==%7%*"#+& #8(#& .*#*);%"*& #8*& +I4%"*& 0+*.& #$&
%"#*)I$4(#*& #8*& "0;*)%7(4& .(#(& I$%"#+J& K8*+*& 7$*==%7%*"#+& 5%"(& #8*& 4%"*& +$& #8(#& %#& I(++*+&
#8)$098&*(78&$=& #8*&.(#(&I$%"#+&>%#8$0#& (":&*))(#%7&N*8(<%$)&$)&N)*(L+& %"& 7$"#%"0%#:J&K8*&

*++*"#%(4&%.*(&%+&#$&.*=%"*&(&#8%).F.*9)**&I$4:"$;%(4&=0"7#%$"&
*
< .()&$=&#8*&=$);_&

&
&*
< .()= )#.

W +5#.
B +0#. +(# & ?kE&

K8%+& #8%).F.*9)**& I$4:"$;%(4& "**.+& #$& 7$"=$);& #$& #8*& =$44$>%"9& 7$".%#%$"+& %"& $).*)& #$&
%"#*)I$4(#*&#8*&.*+%)*.&L"$#FI$%"#+&(+&.*I%7#*.&%"&U%9J&W_&
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&

U%90)*&WJ&&r"$#FI$%"#+&#$&%"#*)I$4(#*&0+%"9&WY&+I4%"*+&?>%#8&=)**&N$0".():&7$".%#%$"+E&

• **
< .(),** ′ <* .()&(".& * ′ ′ <* .()&>%44&N*&7$"#%"0$0+&$"&#8*&%"#*)<(4& &*.C , ."[ ]J&

• H%"7*&#8*&70)<*&
*
< .()&;0+#&N*&7$"#%"0$0+&(7)$++&%#+&*"#%)*& %"#*)<(4,& %#&7("&N*&7$"740.*.&

#8(#&*(78&+0NF=0"7#%$"&;0+#&O$%"#&(#&#8*&.(#(&I$%"#+,&+$_&
&*
' # .#( )= '#−k .#( )J&

K(L%"9& %"#$& (77$0"#& #8*& +*#& $=& 7$".%#%$"+& I)*<%$0+4:& .*+7)%N*.,& =$)& *(78& &*# = k, BJJJJJ"− k,&

&&**
.# ∈ .# ,.#+k[ ], &< .#( )= '# .#( ),&(".&4*##%"9&

&*
=# = .#+k − .#

#=k

"−k

' ,&ASJ&?kE&%+&)*F>)%#%"9&(+_&

& &*
'# .#( )= )#=#

W
+5#=#

B
+0#=# +(# & ?BE&

!4+$,&#$&;(L*&#8*&70)<*&+;$$#8&(7)$++&#8*&%"#*)<(4,&#8*&=%)+#&.*)%<(#%<*&$=&#8*&
**
< .()

&
=0"7#%$"&

;0+#&N*&*S0(4&#$&#8*&.*)%<(#%<*&$=&#8*&I$+%#%$"&)*=*)*"7*&I$%"#+`&#8%+&:%*4.+_&

&

&*

' #
′ .#( )= W)#=#

B + B5#=# + 0#

' #
′ .#( )= ′ '*#−k .#( )
'#

′ .#( )= 0# = W)#−k=#
B + B5#−k=# + 0#−k

& ?WE&

!II4:%"9&#8*&+(;*&(II)$(78&=$)&#8*&+*7$".&.*)%<(#%<*_&

&

&*

'#
′′ .#( )= T)#=# + B5#

'#
′′ .#( )= '#+k

′′ .#( )
'#

′′ .#( )= B5#+k = T)#=# + B5#

& ?DE&

U$)&#8*&+$40#%$"&$=&#8*&I$4:"$;%(4&7$*==%7%*"#+&%"&ASJ&?kE,&#8*&+:+#*;&%"&ASJ&?RE&;0+#&N*&+$4<*.&
(+_&&

& *D ⋅E = C & ?RE&

>8*)*&#8*&;(#)%P& *D∈ℜ"?" &?"&%+&#8*&"0;N*)&$=&L"$#FI$%"#+&#$&%"#*)I$4(#*E&7$))*+I$".+&#$_&
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&

( )
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& ?TE&

K8*& #*);& &&**=∈ℜ"−k& %"&ASJ& ?TE& %+& #8*& #%;*&<*7#$)&.*=%"*.& =$)& *(78&I$%"#&
&*
+C ,+k , JJJJ+"( )J& K8*& **5# &

7$*==%7%*"#+&%"&ASJ&?kE&()*&+#(7L*.&%"& &*E ∈ℜ"?W,&>8%78&:%*4.+&#8*&#*); &*C ∈ℜ"?W&(+_&

&

( ) ( )

( ) ( )

2 1 1 0
1 0

1 1 2
1 2

0
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0
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* +
* +
, -

# & ?fE&

U)$;&ASJ&?BE&(".&?WE,&#8*& ai &(".&ci&7$*==%7%*"#+&()*&)*+I*7#%<*4:&$N#(%"*.&(+_&

&

&*

) # = 5#+k − 5#
W=#

0# = k

=#
(#+k − (#( )− =#

W
B5# − 5#+k( )

(# = < .#( )
& ?sE&

&

!"#$%&'()*(<#>:-%*!DF*.&)G%0.,&7*:-)""#"A*9'#"A*HI*':-#"%'*J#.=*C#?%(*5,9"()&7*0,"(#.#,"K*

L%.M'* (%C#"%* .=&%%* @",.N:,#".'* )'O*
&*
+C = C,C,C[ ], &&+k = R,kC,kC[ ], &&+B = C,kC, BC[ ]* J#.=* .=%* C,--,J#"A*

.#>%* 0,"(#.#,"* C,&* %)0=* :,#".O*
&*
. = C,kC, BC[ ]3",.%* .=).* .=%* .#>%* $%0.,&* 0,>:,"%".'* )&%* A#$%"* #"*

'%0,"(';K*6)-09-).%*)*HI*':-#"%*0,"'#(%&#"A*P%&,*#"#.#)-*)"(*C#")-*$%-,0#.#%'K*
K8*& "(#0)(4& WY& +I4%"*+& >%#8& =)**& N$0".():& 7$".%#%$"+& ;(:& 9*"*)(#*& +;$$#8& I(#8+& N0#&
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tC,&kCu&#$&tkC,&BCuJ&U%90)*&D&+8$>+&#8*&)*+04#+J&&

&
U%90)*&DJ&&&WY&+I4%"*&>%#8&=%P*.&N$0".():&7$".%#%$"&

Q=%*%"(*,C*R?)>:-%*SO*<#>:-%*!DF*.&)G%0.,&7*:-)""#"A*9'#"A*HI*':-#"%'**



Aerial Vehicles 

&

64 
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+;$$#8&70)<*&(7)$++&#8*&L"$#FI$%"#+J&e*<*)#8*4*++,& #>$&N(+%7&I)$N4*;+&;0+#&N*&#(L*"&%"#$&
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#8*& >8$4*& #)(O*7#$):,& 4%;%#%"9& #8*& 0+*)& #$& 8(<*& #$#(4& 7$"#)$4& $<*)& #8*& $#8*)& I$%"#+J& & K8*&
+*7$".& I)$N4*;& %+& #8*& +;$$#8"*++& $=& #8*& (77*4*)(#%$"& 70)<*+& ?4%"*()EJ& K$& +$4<*& #8*+*&
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#8*& ;%++%$"& )*S0%)*+& (& +#)$"9& 7$"#)$4& $=& #8*& <*8%74*& (77*4*)(#%$"& (".& <*4$7%#%*+& (#& *(78&
.*=%"*.&L"$#FI$%"#J&&

&
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3.2 Simple Maneuvers with Analytical Functions 

U$)& +%;I4*&;("*0<*)+& #8*& K/BZ& =)(;*>$)L& (4+$& +0II$)#+& #8*& .*=%"%#%$"& $=& +#)(%98#F4%"*+&
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3.3 UAV Guidance 
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4 ∈ℜW? WJ& 6$;I0#%"9& #8*&

I)*<%$0+& ;*#8$.$4$9:,& >*& 0+*& WY& +I4%"*+& >%#8& =%P*.& N$0".():& 7$".%#%$"+& %"& $).*)& #$&
9*"*)(#*& (& 7$;I4%7(#*.& I(#8& (+& +8$>"& %"& U%9J& kkJ& H*<*"& L"$#FI$%"#+& 8(<*& N**"& 0+*.&
?.%+#("7*&()*& %"&;*#*)+E_&-itC&C&C`&R&k&B`&kC&R&R`&kR&kC&kC`&kC&kR&kR`&R&kC&BC`&C&s&BC`&R&C&BCuJ&&&&&&&&
ASJ&?WWE&8(+&N**"&0+*.&#$&$N#(%"&#8*&G!M&$)%*"#(#%$"&>%#8&)*+I*7#&#$&#8*&\"*)#%(4&U)(;*&(+_&

&

&

U%90)*&kDJ&V$44,&-%#78&(".&g(>&("94*&)*=*)*"7*+&=$)&G!M&90%.("7*&

U$)&7$;I4*P&;("*0<*)+&#8*&U)*"*#&#8*$):&(44$>*.&#$&.*=%"*&+;$$#8&7)J*)*=*)*"7*+&(+&>*44&
(+&&,--&(".&:#.0=&("94*+&%=& %#& %+&)*S0%)*.J&e*<*)#8*4*++,&#8*&7$;I0#(#%$"(4&7$+#&$=&7(4704(#%"9&
#8$+*&*S0(#%$"+&7$04.&.*7)*(+*&#8*&+:+#*;&I*)=$);("7*&%=&#8*&"0;N*)&$=&L"$#FI$%"#+&$=&#8*&
I(#8& %+& 4()9*J& U$)& #8%+& )*(+$",& "$);(4& ;("*0<*)+& +078& (+& +#)(%98#F4%"*+& 0+*& +%;I4*&
#)%9$"$;*#)%7&#8*$):&#$&$N#(%"&#8*&G!M&$)%*"#(#%$"J&X"&#8*&$#8*)&8(".,&#8*&*".F0+*)&%+&(N4*&
#$&.*=%"*&#8*&L%".&$=&$)%*"#(#%$"&$=&#8*&<*8%74*,&#8%+&;*("+&#8(#&#8*&<*8%74*&%+&"$#&7$"+#)(%"*.&
#$&N*&$)%*"#*.&O0+#&N:&#8*&#)(O*7#$):&.%)*7#%$",&8*"7*,&%#&>%44&N*&(N4*&#$&#)(7*&$0#&#8*&#)(O*7#$):&
$)%*"#*.&#$>().+&#$&(":&=%P*.&I$%"#&.*=%"*.J&
K8*&7)J&("94*&.*=%"*.&N:&#8*&#*);&ψ &%+&9%<*"&N:_&

&

&*

ψ = #("−k 7(#CC

?(#CC

& 

% 
$ 

# 

" 
! & ?WDE&



Aerial Vehicles 

&

76 

a8*)*&
&&**
?(#CC ,7(#CC &7$))*+I$".&#$&#8*&.%==*)*"7*&N*#>**"&#8*&#()9*#&=%P*.&I$%"#&(".&#8*&70))*"#&
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U%90)*&kR&+8$>+&(&7%)70;=*)*"7*F()7&9*"*)(#*.&0+%"9&ASJ&?BDE&(+&>*44&(+&#8*&7)J**<$40#%$"&$=&
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5. Final Observations  

U$)&;$.*4%"9&7$"#%"0$0+&7()#*+%("& #)(O*7#$)%*+& %"& #8*&!M6[,& +*<*)(4& ("(4:#%7(4& =0"7#%$"+&
(".& I$4:"$;%(4& %"#*)I$4(#%$"& ;*#8$.+& ()*& (<(%4(N4*`& (44& $=& >8%78& 7("& N*& 0+*.& %"& (":&
7$;N%"(#%$"J&K8*&K/BZ&;$.04*&8(".4*+& #8*&.*=%"%#%$"&$=& #)(O*7#$)%*+&0+%"9&L"$#&7$"#)$4&
I$%"#+&(+&>*44& (+& #8*& %"7$)I$)(#%$"&$=&I(#8& 7$"+#)(%"#+J& \#&(4+$&+0II$)#+& #8*&.*=%"%#%$"&$=&
7$;I4*P&#(+L+&#8(#&)*S0%)*&#8*&7$"+#)07#%$"&$=&#)(O*7#$)%*+&;(.*&0I&$=&.%==*)*"#&I)%;%#%<*&
I(#8+& %"& (":& 7$;N%"(#%$"& $=& ("(4:#%7(4& (".& %"#*)I$4(#*.& =0"7#%$"+J& K8*& 0+*)F.*+%9"*.&
+I(#%(4& #)(O*7#$)%*+& 7("& N*& <%+0(4%2*.& %"& #8)**& .%;*"+%$"+& $"& #8*& .%+I4(:& >%".$>& $)&
I4$##*.&<*)+0+&#%;*&0+%"9&#8*&*;N*..*.&I4$##%"9&4%N)():J&
H%;04(#%$"& )*+04#+&8(<*&+8$>"& #8(#& #8*&K/BZ&;$.04*&>$)L+&I*)=*7#4:& =$)& #8*&.*=%"%#%$"&
(".&#*+#%"9&$=&>%.*&L%".&$=&+;$$#8&#)(O*7#$)%*+,&(44$>%"9&#8*&0+*)&(&8%98F4*<*4&7$"#)$4&$=&
#8*&;%++%$"&.0*& #$& #8*&!M6[& %"#*)I)*#*)J& K8*& #8)**&.%==*)*"#& +7*"()%$+&0+*.& =$)& #*+#%"9,&
(44$>*.&<*)%=:%"9&#8(#&#8*&;(#8*;(#%7(4&=)(;*>$)L&0+*.&=$)&#8*&#)(O*7#$):&9*"*)(#%$"&(".&
90%.("7*& >(+& )*(44:& >$)L%"9& .0)%"9& +%;04(#%$"& =4%98#J& -*)7*"#(9*& *))$)+& .0)%"9&
;("*0<*)& *P*70#%$"&>*)*&;%"%;(4,& ;(%"#(%"%"9& #8*&G!M& (#& #8*& .*+%)*.& <*4$7%#:& 4%;%#+&
(".&>%#8%"&#8*&*+#(N4%+8*.&I(#8J&a*&(4+$&%"7$)I$)(#*.&<*4$7%#:&*))$)&=%P%"9&.0)%"9&=4%98#J&
U$)& 8%98& (4#%#0.*& #*+#+,& #8*& <*4$7%#:& $=& #8*& >%".& I4(:+& (& ;(".(#$):& )$4*& (+& (& ;(%"&
.%+#0)N("7*&*P#*)"(4&=$)7*J&K8*&K/BZ&;$.04*&%"740.*+&>%".&I*)#0)N(#%$"&7$;I*"+(#%$"J&
K8*& /0%.("7*& ;$.04*& =%P*+& #8*& <*4$7%#:& 7$;;(".+& %"& )*(4F#%;*& =4%98#& ;("*0<*),&
.*7)*(+%"9&#8*&*))$)&I$+%#%$"&#)(7L%"9J&U$)&#8*&#8)**&+7*"()%$+&#*+#+,&#8*&!M6[&+%;04(#%$"&
*"<%)$";*"#&%"740.*+&"$);(4&>%".&7$".%#%$"+&.0)%"9&+%;04(#%$"&=4%98#,&%"#)$.07%"9&+;(44&
I*)#0)N(#%$"+&%"#$&#8*&G!M&*S0(#%$"+&$=&;$#%$"J&!+&+8$>"&%"&#8*&$N#(%"*.&)*+04#+,&#8$+*&
I*)#0)N(#%$"+& >*)*& 7$;I*"+(#*.,& (44$>%"9& #8*& G!M& #$& =$44$>& #8*& .*+%)*.& #)(O*7#$):&
>%#8%"&#8*&4*++&*))$)&(+&I$++%N4*J&&
K8*& U)*"*#FH*))*#& =$);04(+& %"740.*.& =$)& #8*& G!M& $)%*"#(#%$"& (4+$& I)*+*"#*.& (& 9$$.&
(II)$(78& %"& $).*)& #$& $N#(%"& +;$$#8&G!M& )$#(#%$"& )(#*& .0)%"9& =4%98#J& K8*&0+*& $=& +%;I4*&
#)%9$"$;*#)%7& #8*$):& #$&$N#(%"&(".&.*=%"*& #8*&G!M&$)%*"#(#%$"&I)$=%4*& ?E)J*)"A-%E& %+&"$#&
7$"<*"%*"#& =$)& 7$;I4*P&;("*0<*)+J& HI4%"*+& +$;*#%;*+& )*S0%)*& (& 4$#& $=& L"$>FI$%"#+& =$)&
=*(+%N4*& #)(O*7#$):& 90%.("7*,& 8*"7*,& 0+%"9& #8*+*& I$4:"$;%(4& *S0(#%$"+,& #8*& U)*"*#&
(II)$(78& (44$>*.& +;$$#8& ("94*& 78("9*+& N*#>**"& L"$#FI$%"#+,& >8%78& %#& 8(.& "$#& N**"&
$N#(%"*.&>%#8&#8*&+%;I4*&#)%9$"$;*#)%7&("94*&7(4704(#%$"J&&

6. References 
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D_DD*89#()"0%,&& e(<%9(#%$"& (".& 6$"#)$4& 6$"=*)*"7*& (".& AP8%N%#J& Y*"<*),&
AAGG,&BCCTJ&&&
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Modelling and Control Prototyping of 
Unmanned Helicopters 

!"#$%&'%()*%++,-&./0,/#,&1"++#%/0,2&"/'&.(%3"/'%+&4"+05/%6&&
!"#$%&'#()(*+,-#./0"#0)*(%*1)(&#(*2*3,4,.#0'*)"(*564%&"%.#0'*7&,89**

:9)#"*

1. Introduction      

78%& #'%"& ,9& :2#/;&<.=>2& ?</$"//%'&.%+#"(&=%8#@(%2A& #/& @#B#(#"/& "CC(#@"0#,/2& 8"2& @+%"0%'&
/%D& ,CC,+0:/#0#%2& 9,+& @,$C"/#%2& '%'#@"0%'& 0,& #/2C%@0#,/2-& 2:+B%#(("/@%& ,+& "%+#"(&
C8,0,;+"C8E& "$,/;20& ,08%+2F& G%B%+08%(%22-& 08%& $"#/& '+"DH"@I& 9,+& :2#/;& 08#2& I#/'& ,9&
B%8#@(%2&#/&@#B#(#"/&"CC(#@"0#,/2&#2&08%&%/,+$,:2&@,20-&("@I&,9&2"9%0E&"/'&%$%+;#/;&(%;#2("0#,/F&
78%&+%':@0#,/&#/&08%&@,20&,9&2%/2,+2&2:@8&"2&J(,H"(&K,2#0#,/#/;&LE20%$&+%@%#B%+2&?JKLA&,+&/,/)
20+"0%;#@&M/%+0#"(&4%"2:+%$%/0&</#02&?M4<A-&08%&(,D&@,20&,9&@,$C:0%+&2E20%$2&"/'&08%&%3#20%/@%&
,9&#/%3C%/2#B%&+"'#,&@,/0+,((%'&8%(#@,C0%+2&8"B%&@,/0+#H:0%'&0,&@+%"0#/;&"&$"+I%0&,9&2$"((&"%+#"(&
B%8#@(%2&D#08#/&"/&"@@%C0"H(%&+"/;%&9,+&"&D#'%&+"/;%&,9&"CC(#@"0#,/2F&N/&08%&,08%+&8"/'-&08%&("@I&
,9&2"9%0E&#2&$"#/(E&@":2%'&HE&0D,&$"#/&C,#/02O&4%@8"/#@"(&"/'&@,/0+,(&+,H:20/%22F&&
78%&9#+20&,/%&#2&':%&0,&08%&C("09,+$&H%#/;&:2%'&#/&H:#('#/;&08%&<.=&#/&,+'%+&0,&+%':@%&08%&
@,20&,9& 08%&2E20%$-&D8#@8& #2&:2:"((E&"& +"'#,& @,/0+,((%'&8%(#@,C0%+& 08"0& +%P:#+%2&$%0#@:(,:2&
$"#/0%/"/@%&HE&%3C%+02F&
78%& 2%@,/'& #2& ':%& 0,& 08%& @,$C(%3#0E& ,9& 08%& 8%(#@,C0%+& 'E/"$#@2& 2#/@%& #0& #2& "99%@0%'& HE&
B"+#"0#,/2&#/&9(E#/;&"(0#0:'%-&D%"08%+&@,/'#0#,/2&"/'&@8"/;%2&#/&B%8#@(%>2&@,/9#;:+"0#,/&?9,+&
%3"$C(%O&D%#;80-&C"E(,"'&,+& 9:%(&P:"/0#0EAF&78%2%& 2@%/"+#,2&'#2+:C0& 08%&$,'%(#/;&C+,@%22&
"/'-& @,/2%P:%/0(E-& "99%@0& 08%& 2E20%$"0#@& '%B%(,C$%/0& ,9& @,/0+,(& 2E20%$2-& +%2:(0#/;& 0,&
0%'#,:2&"/'&@+#0#@"(&8%:+#20#@&"'Q:20$%/0&C+,@%':+%2F&&
R%2%"+@8%+2& "+,:/'& 08%& S,+('& C+,C,2%& 2%B%+"(& $,'%(#/;& 0%@8/#P:%2& ,+& 20+"0%;#%2& 9,+&
'E/"$#@&$,'%(#/;&,9&8%(#@,C0%+2F&L,$%&D,+I2&,/&8%(#@,C0%+&$,'%(#/;&2:@8&"2&?J,'H,(%&%0&
"(&,+&&4"8,/E&%0&"(-TUUUA-&?J"B+#(%02&%0&"(-&TUUVA-&?4%0(%+&%0&"(&"/'&W"&*#B#0"&%0&"(-&TUUTA-&"/'&
?*"20#((,&%0&"(-&TUUXA&28,D&H+,"'&"CC+,"@8%2&08"0&8"B%&H%%/&',/%&#/&08#2&9#%('&,9&%/;#/%%+#/;F&
78%&("@I&,9&"/&#'%/0#9#@"0#,/&C+,@%':+%&#/&2,$%&@"2%2&"/'&08%&+%':@%'&9#%('&,9&"CC(#@"0#,/&#/&
,08%+2-&$"I%&2,$%0#$%2&'#99#@:(0&0,&:2%&08%$F&
M/&08#2&@8"C0%+-&/,0&,/(E&"&$,'%(#/;&#2&'%2@+#H%'-&H:0&"(2,&08%&#'%/0#9#@"0#,/&C+,@%':+%&08"0&
8"2& H%%/& 2:@@%229:((E& 0%20%'F& 78%& C+,C,2%'& $,'%(& 8"2& H%%/& '%9#/%'& HE& :2#/;& "& 8EH+#'&
?"/"(E0#@"(& "/'& 8%:+#20#@A& "(;,+#08$& H"2%'& ,/& 08%& I/,D(%';%& ,9& 9(#;80& 'E/"$#@& "/'& HE&
+%2,(B#/;& 2,$%& @+#0#@"(& "2C%@02& HE& $%"/2& ,9& 8%:+#20#@& %P:"0#,/2& 08"0& "((,D& +%"(& 0#$%&
2#$:("0#,/2&0,&H%&C%+9,+$%'&D#08,:0&@,/B%+;%/@%&C+,H(%$2F&YB,(:0#,/"+E&"(;,+#08$2&8"B%&
H%%/&:2%'& 9,+& #'%/0#9#@"0#,/&,9&C"+"$%0%+2F&78%&C+,C,2%'&$,'%(&8"2&H%%/&B"(#'"0%'& #/& 08%&
'#99%+%/0& C8"2%2& ,9& 08%& "#+@+"90& 9(#;80O& 8,B%+#/;-& ("0%+"(-& (,/;#0:'#/"(& ,+& B%+0#@"(& :2#/;& "&
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1%/6#/&7+"#/%+&HE&="+#,&D8#@8& +%(#%2&,/&"&VFZ&$&,9&$"#/& +,0,+&'#"$%0%+&"/'&"&C"E(,"'&,9&
"H,:0&9#B%&I#(,;+"$2F&

&

[#;:+%&VF&1%/6#/&0+"#/%+&HE&="+#,&D#08&JG*&?J:#'"/@%&G"B#;"0#,/&\&*,/0+,(A&2E20%$&
,/H,"+'&

.&9:((&20+:@0:+%&,9&@,/0+,(&8"2&H%%/&'%B%(,C%'&"/'&0%20%'&HE&:2#/;&"&C+,C,2%'&9"20&'%2#;/&
$%08,'&H"2%'&,/&4"0("H)L#$:(#/I& 9,+&2#$:("0#,/&"/'&"'Q:20$%/0& #/&,+'%+& 0,&'%$,/20+"0%&
08%&:2%9:(/%22&,9&08%&'%B%(,C%'&0,,(F&78%&C+,C,2%'&"+@8#0%@0:+%&'%2@+#H%2&(,D&(%B%(&@,/0+,(&
?2%+B,& "@0:"0,+2& (%B%(A-& "00#0:'%& @,/0+,(-& C,2#0#,/-& B%(,@#0E& "/'&$"/%:B%+2F& 78:2& 08%+%& "+%&
@,$$"/'2& 2:@8&"2& 20+"#;80& 9(E#/;&HE&$"#/0"#/#/;&"& @,/20"/0& 2C%%'&,+&$"/%:B%+2& 2:@8&"2&
9(E#/;&#/&@#+@(%2&#F%F&
78%& +%2:(02& 8"B%& @,/9#+$%'& 08"0& 8EH+#'& $,'%(& D#08& %B,(:0#,/"+E& "(;,+#08$2& 9,+&
#'%/0#9#@"0#,/& C+,B#'%2& ,:020"/'#/;& +%2:(02& :C,/& $,'%(#/;& "& 8%(#@,C0%+F& R%"(& 0#$%&
2#$:("0#,/& "((,D2& :2#/;& 9"20& C+,0,0EC#/;& $%08,'& HE& ,H0"#/#/;& '#+%@0& @,'%& 9,+& ,/H,"+'&
@,/0+,((%+2&"/'&@,/2%P:%/0(E-&+%':@#/;&08%&+#2I&,9&H:;2&#/&#02&C+,;+"$$#/;F&

2. Helicopters flight principles 

78%&+%P:#+%'& 08+:20& 9,+& 9(E#/;&8%(#@,C0%+2& ?%(%B"0#,/&"/'&"'B"/@%A& #2&,/(E&C+,B#'%'&HE& 08%&
$"#/&+,0,+F&M/&,+'%+&0,&,H0"#/&"&@,$C+%8%/2#B%&I/,D(%';%&"H,:0&08%&9,+@%2&#/B,(B%'&#/&08%&
$"#/&+,0,+-&"/&%38":20#B%&%3C("/"0#,/&D,:('&H%&+%P:#+%'F&78%&9,+@%2&#/B,(B%'&#/&08%&$"#/&
+,0,+&;%/%+"0%&0D#20#/;&"/'&H%/'#/;&#/&08%&H("'%2-&"2&D%((&"2&%(%B"0#,/&9,+@%2&"/'&'#99%+%/0&
I#/'2&,9&"%+,'E/"$#@&+%2#20"/@%F&

&
&
&
&
&
&
&
&
[#;:+%&TF&1"2#@&]%(#@,C0%+&78+:20&"/"(E2#2&

FR

T FA
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M/& "& 9#+20& "CC+,"@8-& ,/(E& "& 2:20%/0"0#,/& "/'& "& +%2#20"/@%& 9,+@%& #2,("0%'& 9+,$& "/E& ,08%+&
#/9(:%/@%&@,:('&H%&0"I%/&#/0,&"@@,:/0F&78%&08+:20&?7A&;%/%+"0%'&HE&08%&"#+&C+%22:+%&";"#/20&
08%&H("'%&8"2&"/& #/@(#/"0#,/& #/& +%("0#,/& 0,& 08%& +,0"0#,/&C("/%F&78#2& 9,+@%& @"/&H%&'#B#'%'& #/&
B%+0#@"(&9,+@%&?[.A&"/'&+%2#20"/@%&?[RA&08"0&#2&"CC(#%'&#/&08%&8,+#6,/0"(&C("/%&";"#/20&+,0"0#,/&
'#+%@0#,/&?[#;:+%&TAF&
]%(#@,C0%+2&+%(E&,/&$%@8"/#2$2&0,&$,'#9E&08%&"00"@I&"/;(%&,9&08%&H("'%&#/&08%&$"#/&+,0,+F&M0&
"((,D2& @,/0+,((#/;& 08%& $,B%$%/0& ,9& 08%& 9:2%(";%& 08+,:;8& 08%& #/@(#/"0#,/& ,9& 08%& +,0"0#,/&
C("/%F&78%&9"@0&#2&08"0&08%&"00"@I&"/;(%&,9&08%&H("'%&#2&/,0&@,/20"/0&/%#08%+&#/&0#$%&/,+&2C"@%F&
M0& @,/0#/:,:2(E& @8"/;%2&D8#(%& 08%& H("'%& #2& +,0"0#/;& "2& "6#$:08& "/;(%& #/'#@"0%2F& M0& @"/& H%&
"22:$%'& 08"0& 08%& "00"@I& "/;(%& #2& 08%& "''#0#,/& ,9& 0D,& @,$C,/%/02O& 78%& 9#+20& #2& "/& "B%+";%&
"00"@I&"/;(%&':+#/;&,/%&@,$C(%0%&+,0"0#,/&,9&08%&H("'%-&@"((%'&@,((%@0#B%&"/;(%F&78%&2%@,/'&
@,$C,/%/0&'%C%/'2&,/&08%&"6#$:08&"/;(%F&S8%/&08%&"6#$:08&"/;(%&#2&U^&,+&V_U^-&08%&H("'%&
8"2&08%&+,((&@E@(#@&"/;(%F&S8%/&`U&^&,+&TXU&^-&08%&H("'%&8"2&08%&C#0@8&@E@(#@&"/;(%&?[#;:+%&aAF&

&
[#;:+%&aF&.00"@I&"/;(%&':+#/;&"&H("'%&+%B,(:0#,/&

<2#/;&08%2%&08+%%&2#;/"(2&?@,((%@0#B%-&+,((&"/'&C#0@8&@E@(#@A-&"&C#(,0&#2&"H(%&0,&@,/0+,(&08%&$"#/&
+,0,+F&M/&"''#0#,/&0,&08%2%&2#;/"(2-&08%&C#(,0&"(2,&@,/0+,(2&08%&"00"@I&"/;(%&,9&0"#(&+,0,+&H("'%2&
"/'&08%&%/;#/%&08+,00(%F&
7EC#@"((E-& +"'#,)@,/0+,((%'&8%(#@,C0%+2& +%(E&:C,/&"& @,$$%+@#"(& @,/0+,(& 2E20%$& 0,&$"#/0"#/&
08%& 2C%%'& ,9& 08%& $"#/& +,0,+& @,/20"/0F& 78%& B%+0#@"(& @,/0+,(& ,9& 08%& 8%(#@,C0%+& #2& ',/%& HE&
@8"/;#/;&08%&@,((%@0#B%&"00"@I&"/;(%&#/&08%&$"#/&+,0,+F&
N/& ,08%+& 8"/'-& 08%&$#22#,/& ,9& 08%& 0"#(& +,0,+& #2& 0,& @,$C%/2"0%& 08%& 0,+P:%& 08"0&$"#/& +,0,+&
@+%"0%2&,/&08%&8%(#@,C0%+&9:2%(";%F&78%&@,$C%/2"0#,/&0,+P:%&@"/&H%&"'Q:20%'&HE&@8"/;#/;&08%&
"00"@I&"/;(%&,9&#02&H("'%2F&&78%&0"#(&+,0,+&0EC#@"((E&+%P:#+%2&B"(:%2&H%0D%%/&Z&0,&aU&C%+&@%/0&,9&
08%&0,0"(&C,D%+&,9&08%&8%(#@,C0%+F&
.& (,0& ,9& C8E2#@"(& C+#/@#C(%2& 2:@8& "2& ;+,:/'& %99%@0-& ',D/D"28-& 9("CC#/;& ,+& "0$,2C8%+#@&
%99%@02&8"B%&0,&H%&@,/2#'%+%'&#/&"/&#/)'%C08&20:'E&,9&8%(#@,C0%+&9(#;80&'E/"$#@2F&7"I#/;&#/0,&
"@@,:/0&08%&"CC(#@"0#,/&2@,C%&9,+&08%&C+,C,2%'&$,'%(-&D8#@8&#2&"&2$"((&8%(#@,C0%+&D#08&2$"((&
@"C"H#(#0#%2-&/,& @8"/;%&,9& "#+&'%/2#0E& #2& @,/2#'%+%'F&4,+%,B%+-& 08%&H("'%2&,9& 08%&C+,C,2%'&
$,'%(&"+%&"(2,&@,/2#'%+%'&"2&2,(#'&H,'#%2F&

[(#;80&b#+%@0#,/&

b#+%@0#,/&,9&R,0"0#,/T

c

V a

V&\&a&4"3&K#0@8&*E@(#@&"/'&G:((&R,((&*E@(#@&
T&\&c&4"3&R,((&*E@(#@&"/'&G:((&K#0@8&*E@(#@&
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3. Model Description 

4"08%$"0#@"(&$,'%(2& ,9& 8%(#@,C0%+&'E/"$#@2& @"/&H%& %#08%+& H"2%'&,/& "/"(E0#@& ,+& %$C#+#@"(&
%P:"0#,/2F&78%&9,+$%+&"CC(#%2& 0,& 08%&C8E2#@"(& ("D2&,9&"%+,'E/"$#@2-&"/'&08%& ("00%+& 0+#%2& 0,&
'%9#/%&08%&,H2%+B%'&H%8"B#,+&D#08&2#$C(%+&$"08%$"0#@"(&%3C+%22#,/2F&
78%&C+,C,2%'&$,'%(&#2&"&8EH+#'&"/"(E0#@)%$C#+#@"(&$,'%(&08"0&8"+/%22%2&08%&"'B"/0";%2&,9&
H,08O& 8#;8)B%(,@#0E& "/'& 2#$C(#@#0E& ,9& 08%& %$C#+#@"(& $%08,'-& "2& D%((& "2& 9#'%(#0E& "/'& 08%&
C8E2#@"(&$%"/#/;&,9&08%&"/"(E0#@&%P:"0#,/2F&

3.1 Inputs and outputs 
78%&C+,C,2%'&$,'%(& 0+#%2& 0,& +%C(#@"0%& 08%& H%8"B#,+& ,9& "& 2$"((& +"'#,& @,/0+,((%'&8%(#@,C0%+-&
08%+%9,+%&08%&#/C:02&"/'&,:0C:02&8"B%&H%%/&2%(%@0%'&"2&08%&@,/0+,(2&08"0&08%&C#(,0&+%(#%2&D8%/&
:2#/;& "& @,$$%+@#"(& %$#00%+F& *E@(#@& ?R,((& "/'& K#0@8A& "/'& @,((%@0#B%& @,/0+,(2& 8"B%& H%%/&
@,/2#'%+%'&"2&#/C:02F&

!"#$%&#'(&$#! )*+! ,-%.$/! 0#&(1!

*,((%@0#B%& M/C:0 #@,( b%;+%%2 

R,((&*E@(#@& M/C:0 #R,(( b%;+%%2 

K#0@8&*E@(#@ M/C:0 #K#0@8 b%;+%%2 

R,0"0#,/"(&2C%%'&,B%+&"&$"#/&+,0,+&28"90F& M/C:0 h
zω  b%;+%%2d2 

.@@%(%+"0#,/&?]%(#@,C0%+&+%9%+%/@%&9+"$%A N:0C:0 a  $d2T 

=%(,@#0E&?]%(#@,C0%+&+%9%+%/@%&9+"$%A N:0C:0 v &?:"-B"-D"A $d2 

7"H(%&VF&4,'%(&#/C:02&"/'&,:0C:02&

R"'#,&@,/0+,((%'&8%(#@,C0%+2&:2:"((E&+%(E&,/&%(%@0+,/#@&2E20%$2&H"2%'&,/&;E+,2@,C%2&0,&0"#(&
20"H#(#6"0#,/F& 1"2%'& ,/& 08#2& 9"@0-& 08%& E"D& "/;(%& #2& @,/0+,((%'& HE& ;#B#/;& +,0"0#,/"(& 2C%%'&
@,$$"/'2F&78:2-&08%&E"D&+"0%&8"2&H%%/&@,/2#'%+%'&"2&,/%&,9&08%&#/C:02&0,&08%&$,'%(F&
&M0&#2&"(2,&@,$$,/&08"0&8%(#@,C0%+2&+%(E&,/&"&$"#/&+,0,+&2C%%'&8"+'D"+%&@,/0+,((%+F&M/&2:@8&
$"//%+-& 08%& +,0,+& $"#/0"#/2& 08%& 2C%%'& "/'& @,/2%P:%/0(E-& 08%& B%+0#@"(& @,/0+,(& #2& 08%/&
C%+9,+$%'&HE&08%&@8"/;#/;&,9&08%&@,((%@0#B%&"/;(%F&78%&"22:$C0#,/&#/&@,/2#'%+#/;&@,/20"/0&
2C%%'&+%':@%2&08%&@,$C(%3#0E&,9&08%&$,'%(&"/'&$"#/0"#/2&#02&P:"(#0EF&[:+08%+$,+%-&08%&:2%&
,9& 08#2& 8"+'D"+%& @,/0+,((%+& '%@+%"2%2& 08%& /:$H%+& ,9& #/C:02& 2#/@%& /,& 08+,00(%& @,$$"/'& #2&
+%P:#+%'F&
.@@%(%+"0#,/2&"/'&+,0"0#,/"(&2C%%'2&"+%& 08%&,:0C:02&,9& 08%&$,'%(F&7"H(%&V& 2:$$"+#6%2& 08%&
#/C:02&"/'&,:0C:02&,9&08%&$,'%(F&&

3.2 Model block diagram 
.&H(,@I&'#";+"$&,9&08%&C+,C,2%'&$,'%(&#2&'%2@+#H%'&#/&[#;:+%&ZF&.&H+#%9&'%9#/#0#,/&,9&%B%+E&
C"+0&#2&"(2,&28,D/&#/&08%&9,((,D#/;&2%@0#,/2F&

3.2.1 Main rotor 
M0& #2& $,'%(%'& D#08& "/"(E0#@& %P:"0#,/2-& '%+#B%'& 9,+$& +%2%"+@8& ,/& 9:(()2@"(%& 8%(#@,C0%+2&
e]%99(%E&TUUUf-&D8#@8&@"/&H%&:2%'&0,&$,'%(&2$"((&8%(#@,C0%+2&D#08,:0&9(E)H"+2F&78%&#0%+"0#B%&
"(;,+#08$&@,$C:0%2&08+:20&"/'&#/':@%'&D#/'&2C%%'&D8#(%&0"I#/;&#/0,&"@@,:/0&;%,$%0+#@"(&
C"+"$%0%+2-&2C%%'&,9&08%&H("'%2-&@,$$"/'%'&@,((%@0#B%-&+,((&"/'&C#0@8&@E@(#@F&&
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N/%& ,9& 08%&$,20& #$C,+0"/0& @,/@%C02& 0,& H%& I/,D/& #2& 08%& +%("0#,/28#C& "$,/;& 08%& 7,+P:%-&
K,D%+&"/'&LC%%'F&L:@8&+%2C,/2%&"+#2%2&9+,$&08%&#/':@%'&B%(,@#0E&,9&08%&"#+&C"22#/;&08+,:;8&
08%&'#2I&,9&08%&+,0,+F&
&
&

&
[#;:+%&cF&N:0C:02&,9&08%&$,'%( 

78%&"#+9(,D&;,%2&',D/D"+'-&"/'&':%&0,&08%&"@0#,/)+%"@0#,/&C+#/@#C(%-&#0&;%/%+"0%2&"&B%+0#@"(&
9,+@%&08"0&8,('2&08%&8%(#@,C0%+&#/&08%&"#+F&78%&%/;#/%&C+,B#'%2&08%&0,+P:%&0,&$"I%&08%&H("'%2&
+,0"0%&"/'&@+%"0%&08%&"#+9(,DF&
.(08,:;8&08%+%&"+%&$"/E&9"@0,+2&08"0&$"I%&'#99#@:(0&0,&%3"@0(E&'%0%+$#/"0#,/&,9&08%&+%("0#B%&
2C%%'&H%0D%%/&08%&8%(#@,C0%+&"/'&08%&"#+9(,D&08+,:;8&08%&'#2I&08"0&08%&+,0,+&@+%"0%2&D8%/&
+,0"0#/;-&#0&#2&C,22#H(%&0,&D,+I&D#08&"&9#+20&,+'%+&"CC+,"@8F&M/&08#2&D"E-&#0&#2&C,22#H(%&0,&$,'%(&
:2#/;&08%&$,$%/0:$&@("22#@&08%,+E&"/'&%20#$"0#/;&08%&9,+@%&"/'&#/':@%'&B%(,@#0E&:2#/;&"/&
9%%'H"@I& "%+,'E/"$#@& H(,@IF& G%B%+08%(%22-& @"(@:(:2& 0:+/2& 0,& H%& '#99#@:(0& H%@":2%& 08%&
9%%'H"@I&#2&8#;8(E&/,/)(#/%"+F&
./,08%+& "2C%@0& +%;"+'#/;& 08%& #/':@%'& 2C%%'& #2& #02& #/9(:%/@%& ,/& 08%& 2:++,:/'#/;& 2:+9"@%2-&
08:2&#0&@"/&H%&"99%@0%'&HE&08%&"#(%+,/2&"/'&,08%+2&9:2%(";%&C"+02&"/'&#0&@8"/;%2&'%C%/'#/;&,/&
08%& 2C%%'& "/'&'#+%@0#,/&,9& 08%& 9(#;80F& M/& 08#2&$,'%(-& 0,+P:%& "/'& #/':@%'& 2C%%'&8"B%&H%%/&
$,'%(%'&"22:$#/;&"&:/#9,+$&'#20+#H:0#,/&,9&08%&"#+&C"22#/;&08+,:;8&08%&+,0,+&'#2IF&

!"

R,((&
(!) 

6&-&D"

g"D&?$A&

3&-&:"
R,((&
(!) 

E&-&B"

K#0@8?#A&
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&
[#;:+%&ZF&4,'%(&1(,@I&b#";+"$&

78%&@,$C:0"0#,/&,9&08%&0,+P:%&"/'&#/':@%'&2C%%'&#2&H"2%'&,/&08%&@("22#@&$,$%/0:$&08%,+E&
H:0&:2#/;&"&+%@:+2#B%&2@8%$%&08"0&"((,D2&0,&+%"@8&"&9"20&@,/B%+;%/@%F&78%&%P:"0#,/2&:2%'&0,&
$,'%(&08%&$"#/&+,0,+&8"B%&0D,&;+,:C2&,9&#/C:02-&"2&[#;:+%&h&28,D/F&&

78%&@,((%@0#B%&20%C& ?θ*,(A&"/'& 08%&H("'%& 0,+2#,/& ?θ7D#20A-& @,$C,2%& 08%& 9#+20&H+"/@8F&78%& +,0,+&
"3#2&#/@(#/"0#,/&?M2A&"/'&08%&@E@(#@&+,((&"/'&C#0@8&08%&2%@,/'&,/%F&
78%&"00"@I&"/;(%2&"V&"/'&HV&"+%&'%+#B%'&9+,$&08%&@E@(#@&+,((&"/'&C#0@8&+%9%+%/@%2F&78%&D#/'&
2C%%'&+%("0#B%&0,&08%&8%(#@,C0%+&#2&C+%2%/0&08+,:;8&#02&08+%%&@,$C,/%/02O&:"-&B"-&"/'&D"F&

&

colθ 2· ·
3
R Ω
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rw

bw 2· · · · ·
4

a b c Rρ Ω
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aux auxV VT
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& # & #− −$ ! $ !
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F
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&
[#;:+%&hF&4"#/&+,0,+&H(,@I&'#";+"$&

   
h
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78%&%P:"0#,/2&@,++%2C,/'#/;&0,&08#2&C"+0&"+%O&

& "V"2V"+ BHA:M?"DD ⋅−++= & ?VA&

& w
⋅ ⋅= + +

! " #$% &'()*

+ ! , -
' ./" " 0

- 1
& ?TA&

78%&,:0C:0&,9&08%&H(,@I&#2&08%&+,0,+>2&08+:20&?[AF&R&"/'&%&+%C+%2%/0&08%&+"'#:2&,9&08%&+,0,+&"/'&
#02& "/;:("+& 2C%%'& +%2C%@0#B%(Ei&&& #2& 08%& "#+& '%/2#0E-& "/'& "-& H& "/'& @& "+%& ;%,$%0+#@"(& H("'%&
9"@0,+2F& 78%& +%("0#,/28#C& H%0D%%/& 08+:20& "/'& "/;:("+& +"0%2& 8"2& H%%/& '%+#B%'& 9+,$&
,H2%+B"0#,/i&08%+%9,+%&08%&$,'%(&#2&"(2,&%$C#+#@"(F&

& ATB?DDB:= #++
T
"

T
"

T
":3 −++= & ?aA&

&
c

R@H"R%&
A?D7 H

⋅⋅⋅⋅⋅⋅−= iv & ?cA&

&
T

=
A

R'&T

7
?A

T

=
?B

T
":3T

T
T

T
":3T

# −
⋅⋅⋅

−= & ?ZA&

S8%/&08%&8%(#@,C0%+&9(#%2&@(,2%&0,&08%&;+,:/'&?'#20"/@%2&(%22&08"/&VFTZ&0#$%2&08%&'#"$%0%+&,9&
08%&+,0,+A&08%&;+,:/'&%99%@0&0:+/2&0,&H%&B%+E&#$C,+0"/0F&78#2&%99%@0&8"2&H%%/&$,'%(%'&:2#/;&
08%&C"+"$%0%+&η '%9#/%'&#/&?hA&D8%+%&8&#2&08%&'#20"/@%&9+,$&08%&8%(#@,C0%+&0,&08%&;+,:/'F&

&
2R
h=η & ?hA&

M/& 08%2%& @"2%2-& 08%& 08+:20& #2& $,'#9#%'& :2#/;& ?XA& D8%+%& 78>& #2& 08%& +%2:(0#/;& 08+:20& "90%+&
@,++%@0#/;&78F&="(:%2&,9&7,-&7V&"/'&7T&8"B%&H%%/&@"(@:("0%'&9,+&/,&@+%"0#/;&"&'#2@,/0#/:#0E&
D8%/&8&#2&VFTZ&0#$%2&08%&'#"$%0%+&,9&08%&+,0,+F&

& ( )2
210 ηη TTTTT hh ++=′ & ?XA&

1E&,08%+&8"/'-&08%&@,$$"/'%'&R,((&"/'&K#0@8&@E@(#@&8"B%&H%%/&@,/2#'%+%'&"2&+%9%+%/@%&9,+&
+,0"0#,/2& #/& 3& "/'&E& "3%2& @,/2#'%+#/;& 08%&8%(#@,C0%+& 9+"$%F& M/& "''#0#,/& 0,& 08#2-& "& @,:C(#/;&
%99%@0&8"2&H%%/&@,/2#'%+%'&9,+&2#$:("0#/;&+%"(&@,:C(#/;&#/&08%&8%(#@,C0%+F&

PK

RK

PRK

RPK

1
1 ·rT s+

1
1 ·pT s+

h
xω

h
yω

Rollθ

Pitchθ

&

[#;:+%&XF&R,((&"/'&K#0@8&'E/"$#@&
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.2&#0&D"2&$%/0#,/%'&#/&08%&("20&2%@0#,/-&R*&8%(#@,C0%+2&:2:"((E&+%(E&:C,/&@,$$%+@#"(&2C%%'&
@,/0+,((%+2& #/& 08%& $"#/& +,0,+F& 78%2%& '%B#@%2& 8"B%& H%%/&$,'%(%'& :2#/;& "/& #'%"(& 'E/"$#@&
+%2C,/2%F&N/& 08%&,08%+&8"/'-& %/;#/%&8"2&H%%/&$,'%(%'&"2&"& 9#+20&,+'%+& 2E20%$F&78%+%9,+%-&
B"+#"0#,/2& #/& 08%& 2C%%'& ,9& 08%& +,0,+& 8"B%& H%%/& @,/2#'%+%'& ,/(E& ':%& 0,& @8"/;%2& #/& 08%&
@,((%@0#B%&"/;(%&"2&&
[#;:+%&_&28,D2F&&

refRPM RPMregK

s

colθ

nK

1
1 ·mrK s+

&

[#;:+%&_F&Y/;#/%&$,'%(&

3.2.2 Tail rotor 
78%&"(;,+#08$&9,+&%20#$"0#/;&08%&08+:20&C+,B#'%'&HE&0"#(&+,0,+&#2&2#$#("+&0,&08%&$"#/&,/%&H:0&
,/(E&08%&C#0@8&"/;(%&,9&08%&H("'%2&8"2&H%%/&@,/2#'%+"0%'&"2&#/C:0F&78#2&2#;/"(&#2&C+,B#'%'&HE&
08%&8"+'D"+%&@,/0+,((%+&08"0&#2&#/&@8"+;%&,9&20"H#(#6"0#,/&,9&08%&0"#(F&.&KM&@("22#@"(&@,/0+,((%+&
8"2&H%%/&:2%'&0,&$,'%(&08%&@,/0+,((%+&"/'&08%&2%/2,+&8"2&H%%/&@,/2#'%+%'&"2&/,&'E/"$#@&"2&
[#;:+%&`&28,D2F2

h
zωh

zω Tcolθ

&

[#;:+%&`F&7"#(&+,0,+&$,'%(&

3.2.3 Fuselage 
M/& "& 9#+20& 20%C-& "((& 08%& 9,+@%2& ?$"#/& "/'& 0"#(& +,0,+-& ;+"B#0E-& 9+#@0#,/& "/'& "%+,'E/"$#@&
+%2#20"/@%2A&8"B%&0,&H%&0"I#/;&#/0,&"@@,:/0&9,+&@,$C:0#/;&08%&$,B%$%/0&,9&08%&9:2%(";%&,9&
08%&8%(#@,C0%+F&.90%+&08"0-&"@@%(%+"0#,/2&"/'&B%(,@#0#%2&@"/&H%&%20#$"0%'F&&
[,+@%2& ':%& 0,& 08%& "%+,'E/"$#@& 9+#@0#,/2& "+%& %20#$"0%'& :2#/;& 08%& +%("0#B%& B%(,@#0E& ,9& 08%&
8%(#@,C0%+&D#08&+%2C%@0&0,&08%&D#/'&"CC(E#/;&?_A-&D8%+%&.+&#2&08%&%P:#B"(%/0&"+%"&"/'&BD&#2&
08%&D#/'&B%(,@#0EF&
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@,$C,/%/02F&
N/@%&9,+@%2&"/'&0,+P:%2&8"B%&H%%/&@"(@:("0%'-&"@@%(%+"0#,/2&@"/&H%&,H0"#/%'&"/'&08%+%9,+%&
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3.3 Identification of the parameters 
N/@%& 08%& $"08%$"0#@& %P:"0#,/2& 8"B%& H%%/& ,H0"#/%'-& "& C+,@%':+%& 0,& ;#B%& B"(:%2& 0,& 08%&
C"+"$%0%+2& 08"0& "CC%"+& #/0,& 08%&$,'%(& #2& +%P:#+%'F& L,$%& ,9& 08%& C"+"$%0%+2& @"/& H%& %"2#(E&
,H0"#/%'&HE&2#$C(%&$%"2:+%$%/02&,+&D%#;82&H:0&2,$%&,9& 08%$&0:+/&0,&H%&B%+E&'#99#@:(0& 0,&
,H0"#/&,+&%20#$"0%F&&
7"H(%&T&'%2@+#H%2&08%&C"+"$%0%+&(#20&0,&H%&#'%/0#9#%'F&
L,$%& $%08,'2& 8"B%& H%%/& 20:'#%'& 9,+& C%+9,+$#/;& 08%& C"+"$%0%+2& #'%/0#9#@"0#,/-& 2:@8& "2&
$:(0#)B"+#"H(%&2E20%$2&C+,@%':+%2&?=.R4.jA-&H:0&08%E&"+%&'#99#@:(0&0,&"CC(E&H%@":2%&08%+%&
#2& "/& #0%+"0#B%&C+,@%22& #/0,& 08%&$,'%(F&b:%& 0,& 08#2-& 08%& 2%(%@0%'&$%08,'&D"2& %B,(:0#,/"+E&
"(;,+#08$2-&"90%+&0+E#/;&:/2:@@%229:((E&20,@8"20#@&$%08,'2F&
J%/%0#@&"(;,+#08$2&$"E&H%&@,/2#'%+%'&"2&08%&2%"+@8&9,+&"&2:H),C0#$"(&2,(:0#,/&,9&"&2C%@#9#@&@,20)
H"2%'& C+,H(%$F& 78%& C"+"$%0%+2& "+%& @,'#9#%'& "2& @8+,$,2,$%2& 08"0& "+%& +"/I%'&D#08& "& 9#0/%22&
9:/@0#,/-&"/'&08%&H%20&9#02&"+%&+%C+,':@%'&08+,:;8&;%/%0#@&,C%+"0,+2O&@+,22,B%+&"/'&$:0"0#,/F&
78#2&C+,@%22&@,/0#/:%2&:/0#(&08%&9#0/%22&,9&08%&H%20&@8+,$,2,$%&+%"@8%2&"&C+%2%0&08+%28,('F&
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32 4'%"2 5"'#&#62

V& 7D204+& 4"#/&+,0,+&H("'%&0D#20F&

T& 7D207+& 7"#(&+,0,+&H("'%&0D#20F&

a& k*,(& *,((%@0#B%&20%C&;"#/F&

c& Ml& 4,$%/0&,9&#/%+0#"&"+,:/'&08%&6&"3#2F&

Z& ]7+& =%+0#@"(&'#20"/@%&9+,$&0"#(&+,0,+&0,&@%/0+%&,9&$"22&,9&08%&8%(#@,C0%+F&

h& SW=0& =%+0#@"(&C,2#0#,/&,9&08%&"%+,'E/"$#@&@%/0+%&,9&08%&0"#(F&

X& j::[:2& [+,/0"(&%99%@0#B%&"+%"&,9&08%&8%(#@,C0%+F&

_& gBB[:2& W"0%+"(&%99%@0#B%&"+%"&,9&08%&8%(#@,C0%+F&

`& lDD[:2& Y99%@0#B%&"+%"&,9&08%&8%(#@,C0%+&

VU& g::=0& [+,/0"(&"+%"&,9&08%&0"#(F&

VV& g:B=0& W"0%+"(&"+%"&,9&08%&0"#(F&

VT& *,++V& *,++%@0#,/&C"+"$%0%+&9,+&R,((F&

Va& *,++T& *,++%@0#,/&C"+"$%0%+&9,+&K#0@8F&

Vc& 7C+,((& 7#$%&@,/20"/0&9,+&R,((&+%2C,/2%F&

VZ& 7CC#0@8& 7#$%&@,/20"/0&9,+&K#0@8&+%2C,/2%F&

Vh& k+,((& J"#/&9,+&R,((&#/C:0F&

VX& kC#0@8& J"#/&9,+&K#0@8&#/C:0F&

V_& kE"D& J"#/&9,+&g"D&#/C:0F&

V`& b7+&
],+#6,/0"(&'#20"/@%& 9+,$& @%/0+%& ,9& 08%& 0"#(& +,0,+& 0,&$"22& @%/0+%& ,9&
08%&8%(#@,C0%+F&

TU& b=0&
],+#6,/0"(& '#20"/@%& 9+,$& 08%& "%+,'E/"$#@& @%/0+%& ,9& 08%& 0"#(& "/'&
$"22&@%/0+%&,9&08%&8%(#@,C0%+F&

TV& g4"3=0& L"0:+"0#,/&C"+"$%0%+&?/,&C8E2#@"(&$%"/#/;AF&

TT& kJE+,& K"+"$%0%+&,9&@,$$%+@#"(&;E+,&@,/0+,((%+F&?;"#/A&

Ta& k'JE+,& K"+"$%0%+&,9&@,$$%+@#"(&;E+,&@,/0+,((%+F&?'%+#B"0#B%A&

Tc& k+C& *+,22&;"#/&9,+&R,((&"/'&K#0@8&@,:C(#/;F&

TZ& kC+& *+,22&;"#/&9,+&K#0@8&"/'&R,((&@,:C(#/;F&

Th& N992%0R,((& N992%0&,9&R,((&#/C:0&?0+#$$%+&#/&+"'#,&0+"/2$#00%+AF&

TX& N992%0K#0@8& N992%0&,9&K#0@8&#/C:0&?0+#$$%+&#/&+"'#,&0+"/2$#00%+AF&

T_& N992%0*,(& N992%0&,9&*,((%@0#B%&#/C:0&?0+#$$%+&#/&+"'#,&0+"/2$#00%+AF&

7"H(%&TF&K"+"$%0%+&0,&#'%/0#9E&(#20&

78%&$"#/&20%C2&,9&08%&C+,@%22&9,+&#'%/0#9#@"0#,/&:2#/;&J.>2&8"B%&H%%/O&

3.3.1 Parameters codification 
78%& C"+"$%0%+2& "+%& @,'#9#%'&D#08& +%"(& /:$H%+2-& "2& #0& #2&$,+%& #/0:#0#B%& 9,+$"0& 08"/& ("+;%&
H#/"+E&@8"#/2F&b#99%+%/0&@+,22,B%+&,C%+"0#,/2&8"B%&H%%/&20:'#%'O&

• 78%&/%D&@8+,$,2,$%&#2&"&+"/',$&@,$H#/"0#,/&,9&0D,&@8"#/2F&

.2@V& U& V& T& a& c& Z& h& X& _& `&

.2@T& VU& VV& VT& Va& Vc& VZ& Vh& VX& V_& V`&

b%2@& U& VV& VT& a& Vc& Z& h& VX& V_& `&
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• 78%& /%D& @8+,$,2,$%& #2& "& +"/',$& @,$H#/"0#,/& ,9& +"/',$& ;%/%2&D#08& B"(:%2& #/& 08%&
+"/;%&'%9#/%'&HE&08%&"2@%/'"/0&;%/%2F&

.2@V& U& V& T& a& c& Z& h& X& _& `&

.2@T& VU& VV& VT& Va& Vc& VZ& Vh& VX& V_& V`&

b%2@& hFZ& XFh& T& Va& c& VZ& `FT& _FZ& _& V`&

78%& 9#+20& ,C%+"0,+& 0+"/2$#02& 08%&C,2#0#B%& @8"+"@0%+#20#@2& ,9& #02& "2@%/'"/02&D8#(%& 08%& 2%@,/'&
,/%&;%/%+"0%2&'#B%+2#0E&#/&08%&C,C:("0#,/&"2&/%D&B"(:%2&"CC%"+F&M/&"''#0#,/&0,&08%&@+,22,B%+&
,C%+"0,+&08%+%&#2&"&$:0"0#,/&"(;,+#08$F&78%&C+,H"H#(#0E&,9&$:0"0#,/&9,+&08%&@8+,$,2,$%2&#2&
UFUV-&"/'&08%&$:0"0#,/&#2&'%9#/%'&"2&08%&$:(0#C(#@"0#,/&,9&+"/',$&;%/%2&HE&"&9"@0,+&H%0D%%/&
UFZ&"/'&VFZF&
S8%/&08%&;%/%0#@&"(;,+#08$2&9"((2&#/0,&"&(,@"(&$#/#$:$-&?#0&#2&'%0%@0%'&H%@":2%&08%+%&#2&/,&"&
2:H20"/0#"(& #$C+,B%$%/0& ,9& 08%& 9#0/%22& #/& 08%& H%20& @8+,$,2,$%&':+#/;& "& ("+;%& /:$H%+& ,9&
#0%+"0#,/2A-& 08%&C+,H"H#(#0E&,9&$:0"0#,/&8"B%&0,&H%& #/@+%"2%'&0,&UFVF&78#2& #$C+,B%2&$:0"0%'&
C,C:("0#,/2&D#08&#/@+%"2%'&C+,H"H#(#0E&,9&%2@"C#/;&9+,$&08%&(,@"(&$#/#$:$F&

3.3.2 Initial population 
78%&#/#0#"(&C,C:("0#,/&#2&@+%"0%'&+"/',$(E&D#08&"/&#/#0#"(&2%0&,9&C"+"$%0%+2&,9&"&20"H(%&$,'%(&
$:(0#C(#%'& HE& +"/',$& /:$H%+2& 2%(%@0%'& HE& "& 4,/0%)*"+(,& "(;,+#08$& D#08& "& /,+$"(&
'#20+#H:0#,/&D#08&6%+,&$%"/&"/'&20"/'"+'&'%B#"0#,/&,9&VF&
78%&;%/%0#@&"(;,+#08$&8"2&H%%/& 0%20%'&D#08&'#99%+%/0&C,C:("0#,/& 2#6%2-&H%0D%%/& 08#+0E&"/'&
2#30E&%(%$%/02F&7%20&+%2:(02&28,D%'&08"0&08%&H#;;%+&C,C:("0#,/&'#'&/,0&(%"'&0,&2#;/#9#@"/0(E&
H%00%+& +%2:(02-& H:0& #/@+%"2%'& 08%& @,$C:0"0#,/& 0#$%F&<2#/;& TU& 2%@,/'2& ,9& 9(#;80& '"0"& "/'& "&
C,C:("0#,/& ,9& aU& @8+,$,2,$%2-& #0& 0,,I& ,/%& 8,:+& 0,& C+,@%22& TZU& #0%+"0#,/2& ,9& 08%& ;%/%0#@&
"(;,+#08$&,/&"&K%/0#:$&M=&C+,@%22,+F&Y$C#+#@"(&'"0"&2:;;%202&08"0&VUU&#0%+"0#,/2&"+%&%/,:;8&
0,&9#/'&"&2:H),C0#$"(&2%0&,9&C"+"$%0%+2F&

3.3.3 Fitness function 
78%& 9#0/%22& 9:/@0#,/& 0"I%2& #/0,& @,/2#'%+"0#,/& 08%& 9,((,D#/;& 20"0%&B"+#"H(%2O& +,((-&C#0@8-&E"D&
"/'&2C%%'F&Y"@8&;+,:C&,9&C"+"$%0%+2&?@8+,$,2,$%A&+%C+%2%/02&"&$,'%(-&D8#@8&@"/&H%&:2%'&
0,& @,$C:0%& 2#$:("0%'& 9(#;80& '"0"& 9+,$& 08%& +%@,+'%'& #/C:0& @,$$"/'2F& 78%& '#99%+%/@%&
H%0D%%/&2#$:("0%'&"/'&+%"(&'"0"&#2&'%0%+$#/%'&D#08&"&D%#;80%'&(%"20)2P:"+%2&$%08,'&"/'&
:2%'&"2&08%&9#0/%22&9:/@0#,/&,9&08%&;%/%0#@&"(;,+#08$F2
M/&,+'%+& 0,& +%':@%& 08%&%99%@0&,9& 08%&%++,+&C+,C";"0#,/& 0,& 08%&B%(,@#0E&':%& 0,& 08%&%20#$"0%'&
C"+"$%0%+2&08"0&8"B%&#/9(:%/@%&#/&"00#0:'%-&08%&;(,H"(&C+,@%22&8"2&H%%/&'%@,$C,2%'&#/&0D,&
20%C2O&.00#0:'%&"/'&B%(,@#0E&C"+"$%0%+2&#'%/0#9#@"0#,/F&
78%& 9#+20& ,/(E& #'%/0#9#%2& 08%& 'E/"$#@& +%2C,/2%& ,9& 08%& 8%(#@,C0%+& "00#0:'%-& "/'& 08%& ;%/%0#@&
"(;,+#08$&$,'#9#%2& ,/(E& 08%& C"+"$%0%+2& +%("0%'& 0,& 08%& "00#0:'%F& N/@%& 08%& "00#0:'%)+%("0%'&
C"+"$%0%+2& 8"B%& H%%/& 2%0-& 08%& 2%@,/'& C+,@%22& #2& %3%@:0%'-& "/'& ,/(E& 08%& B%(,@#0E)+%("0%'&
C"+"$%0%+2&"+%&@8"/;%'F&78#2&"(;,+#08$&:2%2&08%&+%"(&"00#0:'%&'"0"&#/20%"'&,9&08%&$,'%(&'"0"&
2,& "2& /,0& 0,& "@@:$:("0%& 2#$:("0#,/& %++,+2F&<2#/;& 0D,& 2%C"+"0%& C+,@%22%2& 9,+& "00#0:'%& "/'&
B%(,@#0E&E#%('2&2#;/#9#@"/0(E&H%00%+&+%2:(02&08"/&:2#/;&,/%&C+,@%22&0,&#'%/0#9E&"((&C"+"$%0%+2&
"0&08%&2"$%&0#$%F&
78%&C"+"$%0%+2&+%("0%'& 0,& 08%&"00#0:'%&C+,@%22&"+%O&7D207+-& Ml-&]7+-&g::=0-&g:B=0-&*,++V-&
*,++T-&7C+,((-&7CC#0@8-&k+,((-&kC#0@8-&kE"D-&b7+-&b=0-&g4"3=0-&kJE+,-&k'JE+,-&k+C-&kC+-&



Aerial Vehicles 

&

94 

N992%0R,((-& N992%0K#0@8& "/'& N992%0g"DF& 78%& C"+"$%0%+2& +%("0%'& 0,& 08%& B%8#@(%>2& 2C%%'& "+%&
7D204+-&k*,(-&j::[:2-&gBB[:2-&lDD[:2&"/'&N992%0*,(F&
78%& 9#0/%22& 9:/@0#,/2& "+%& H"2%'& ,/& "&D%#;80%'&$%"/& 2P:"+%& %++,+& %P:"0#,/-& @"(@:("0%'& HE&
@,$C"+#/;& 08%& +%"(& "/'& 2#$:("0%'& +%2C,/2%2& 9,+& 08%&'#99%+%/0& B"+#"H(%2& ?C,2#0#,/-& B%(,@#0E-&
Y:(%+&"/;(%2&"/'&"/;:("+&+"0%2A&"CC(E#/;&"&D%#;80#/;&9"@0,+F&
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[#;:+%&VUF&K+,H"H#(#0E&9:/@0#,/&9,+&2%(%@0#,/&,9&%(%$%/02&

78%&;%/%+"(&C+,@%22&#2&'%2@+#H%'&H%((,DO&

• 7,&@+%"0%&"/&#/#0#"(&C,C:("0#,/&,9&aU&%(%$%/02F&

• 7,&C%+9,+$&2#$:("0#,/2&&9,+&%B%+E&@8+,$,2,$%i&

• *,$C:0"0#,/&,9&08%&9#0/%22&9:/@0#,/F&

• *("22#9#@"0#,/& 08%& C,C:("0#,/& :2#/;& 08%& 9#0/%22& 9:/@0#,/& "2& 08%& #/'%3F& 78%& 0%/& H%20&
%(%$%/02&"+%&C+%2%+B%'F&.&4,/0%)*"+(,&"(;,+#08$&D#08&08%&'%/2#0E&9:/@0#,/&28,D/&#/&&

[#;:+%& VUF& K+,H"H#(#0E& 9:/@0#,/& 9,+& 2%(%@0#,/& ,9& %(%$%/02& #2& :2%'& 0,&'%0%+$#/%&D8#@8&C"#+2&
D#((&H%&@,$H#/%'&0,&;%/%+"0%&TU&$,+%&@8+,$,2,$%2F&78%&VU&mH%00%+>&%(%$%/02&"+%&$,+%&(#I%(E&
?`XnA&0,&H%&@,$H#/%'&D#08&08%&@+,22,B%+&,C%+"0,+2F&

• 7,&+%C%"0&9+,$&20%C&T&9,+&"&C+%2%0&/:$H%+&,9& #0%+"0#,/2-&,+&:/0#(&"&C+%2%0&B"(:%&9,+&08%&
9#0/%22&9:/@0#,/&,9&08%&H%20&%(%$%/0&#2&+%"@8%'F&

3.3.4 Data acquisition 
78%&'"0"&"@P:#2#0#,/&C+,@%':+%&#2&28,D/&#/&[#;:+%&VVF&]%(#@,C0%+&#2&$"/:"((E&C#(,0%'&:2#/;&
08%&@,/B%/0#,/"(&R*&%$#00%+F&78%&C#(,0&#2&#/&@8"+;%&0,&$"I%&08%&8%(#@,C0%+&C%+9,+$2&'#99%+%/0&
$"/%:B%+2& 0+E#/;& 0,& %3@#0%& "((& 08%& C"+"$%0%+2& ,9& 08%& $,'%(F& [,+& #'%/0#9#@"0#,/& '"0"& #2&
%22%/0#"(&0,&8"B%&0+"/2("0#,/"(&9(#;802&?(,/;#0:'#/"(&"/'&("0%+"(A&"/'&B%+0#@"(&'#2C("@%$%/02F&
.((&08%&@,$$"/'2&C+,B#'%'&HE&08%&C#(,0&"+%&;"08%+%'&HE&"&@,$C:0%+&0+,:;8&0,&"&<L1&C,+0&
HE&:2#/;& "& 8"+'D"+%& 2#;/"(& @,/B%+0%+&D8#(%& ,/H,"+'& @,$C:0%+& #2& C%+9,+$#/;&'"0"& 9:2#,/&
9+,$&2%/2,+2&"/'&2%/'#/;&08%&"00#0:'%&"/'&B%(,@#0E&%20#$"0#,/&0,&08%&;+,:/'&@,$C:0%+&:2#/;&
"&SM[M&(#/IF&
M/&08#2&$"//%+&#/C:02&"/'&,:0C:02&,9&08%&$,'%(&"+%&20,+%'&#/&9#(%2&0,&C%+9,+$&08%&C"+"$%0%+2&
#'%/0#9#@"0#,/F&
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2
&

[#;:+%&VVF&b"0"&"@P:#2#0#,/&"+@8#0%@0:+%&

4. Identification Results 

78%&#'%/0#9#@"0#,/&"(;,+#08$&D"2&%3%@:0%'&2%B%+"(&0#$%2&D#08&'#99%+%/0&#/#0#"(&C,C:("0#,/2&"/'-&"2&
%3C%@0%'-&08%&2:H),C0#$"(&C"+"$%0%+2&'#99%+F&L,$%&,9&08%2%&'#99%+%/@%2&@"/&H%&%3C("#/%'&HE&08%&
%99%@0& ,9& (,@"(&$#/#$:$F&.(08,:;8& 08%&$:0"0#,/& "(;,+#08$& +%':@%2& 08%& C+,H"H#(#0E& ,9& 20"E#/;&
#/2#'%&"&(,@"(&$#/#$:$-&2,$%0#$%2&08%&$:0"0#,/&9"@0,+&#2&/,0&H#;&%/,:;8&0,&%2@"C%&9+,$&#0F&
78%&%B,(:0#,/&,9&08%&%++,+& #/'%3&,H0"#/%'&D#08&"& (%"20)2P:"+%2&$%08,'&#/&'#99%+%/0&@"2%2& #2&
28,D/& #/& [#;:+%& VTF& 78%& (%90& ;+"C8& 28,D2& 08%& P:#@I& @,/B%+;%/@%& ,9& 08%& "(;,+#08$& #/& ZU&
#0%+"0#,/2F& N/& 08%& ,08%+& 8"/'& 08%& +#;80& ;+"C8& 28,D2& "/& "(;,+#08$& 08"0& 9%((& #/& "& (,@"(&
$#/#$:$&"/'&8"'&"/&,B%+"((& (,D%+& @,/B%+;%/@%& 2C%%'F&.+,:/'& 08%&ZU08& 20%C&"&$:0"0#,/&
D"2&"H(%&0,&%2@"C%&08%&(,@"(&$#/#$:$-&"/'&08%&2"$%&H%8"B#,+&#2&,H2%+B%'&#/&08%&VhU08&20%CF&&
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78%&+%2:(0&$"E&H%&:2%'&"2&08%&#/#0#"(&C,C:("0#,/&9,+&"&2%@,/'&%3%@:0#,/&,9&H,08&C+,@%22%2F&M/&
9"@0-&08#2&8"2&H%%/&',/%&08+%%&0#$%2&0,&,H0"#/&08%&H%20&2,(:0#,/F&
78%&"/"(E2#2&,9&@"2%2&D8%+%&$:0"0#,/&D"2&/,0&"H(%&0,&$"I%&08%&"(;,+#08$&%2@"C%'&9+,$&(,@"(&
$#/#$:$-&(%'&0,&08%&@8"/;%&,9&08%&$:0"0#,/&C+,H"H#(#0E&9+,$&UFV&0,&V&D8%/&'%0%@0%'F&
N/& 08%& ,08%+& 8"/'-& /,0& "((& 08%& C"+"$%0%+2&D%+%& #'%/0#9#%'& "0& 08%& 2"$%& 0#$%-& "@0:"((E& 0D,&
#0%+"0#B%&C+,@%22%2&D%+%&:2%'&0,&#'%/0#9E&"((&C"+"$%0%+2F&78%&9#+20&C+,@%22&:2%'&VUU&20%C2&0,&
#'%/0#9E&08%&C"+"$%0%+2&+%("0%'&0,&08%&$,'%(#/;&,9&08%&8%(#@,C0%+>2&"00#0:'%-&H%;#//#/;&D#08&"&
+"/',$&B"+#"0#,/&,9&"&B"(#'&2,(:0#,/F&78%&2%@,/'&C+,@%22&C+%2%+B%'&08%&H%20&%(%$%/0&,9&08%&
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C+%B#,:2& C+,@%22>& C,C:("0#,/-& "/'& +"/',$(E& $:0"0%'& 08%& +%20F& .90%+& VUU& 20%C2& 08%&
C"+"$%0%+2&+%("0%'&0,&08%&8%(#@,C0%+>2&2C%%'&D%+%&#'%/0#9#%'F&&
78%&2#$:("0%'&"00#0:'%&'"0"&C(,00%'&"2&"&H(:%&(#/%&";"#/20&+%"(&9(#;80&'"0"&#/&+%'-&#2&28,D/&9,+&
+,((-&C#0@8-&E"D&"/;(%2&#/&[#;:+%&VaF&78%E&;#B%&E,:&"/&#'%"&"H,:0&8,D&2#$:("0#,/2&9,((,D&+%"(&
0%/'%/@#%2&%B%/&9,+&2$"((&"00#0:'%&B"+#"0#,/2F&
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78%& 2#$:("0%'& +,((& "/'& E"D& 9#0& "@@:+"0%(E& 08%& +%;#20%+%'& 8%(#@,C0%+& +%2C,/2%& 0,& #/C:0&
@,$$"/'2F&78%&2#$:("0%'&C#0@8&C+%2%/02&2,$%&C+,H(%$2&':%&0,&08%&9"@0&08"0&08%&9(#;80&'"0"&
'#'&/,0& 8"B%& "& H#;&'E/"$#@& +"/;%& 9,+& 08#2& 2#;/"(F&G%B%+08%(%22& 08%& %++,+& #2& "(D"E2& H%(,D&
08+%%&'%;+%%2F&
[,+&08%&2#$:("0#,/&,9&08%&B%8#@(%>2&B%(,@#0E&;,,'&C%+9,+$"/@%&D"2&,H0"#/%'&9,+&H,08&9+,/0"(&
"/'&("0%+"(&$,B%$%/0F&78%&:/2:@@%229:(&$,'%(#/;&,9&B%+0#@"(&B%(,@#0E&@"/&H%& (#/I%'&0,& 08%&
2%/2,+2& "B"#("H(%& ,/H,"+'& 08%& 8%(#@,C0%+F& =%+0#@"(& B%(,@#0E& #2& +%;#20%+%'& ,/(E& HE& 08%&
'#99%+%/0#"(&JKL-&"/'&20"0#20#@"(&20:'#%2&,9&08%&/,#2%&9,+&08#2&2%/2,+&28,D&"&20"/'"+'&'%B#"0#,/&
,9&UFV_&$%0%+2&C%+&2%@,/'F&M/&,08%+&D,+'2-&08%&+%;#20%+%'&2#;/"(&@"//,0&H%&'#20#/;:#28%'&9+,$&
08%& /,#2%& H%@":2%& 08%& +%;#20%+%'& 9(#;80& '#'& /,0& 8"B%& "&$"/%:B%+&D#08& 2#;/#9#@"/0& B%+0#@"(&
2C%%'i&08%+%9,+%&$,'%(#/;&08#2&B"+#"H(%&#2&/,0&C,22#H(%F&
M0& #2& #$C,+0"/0& 0,& "/"(E6%& 08%& B"(:%2& ,9& 08%& ,H0"#/%'&C"+"$%0%+2& 2#/@%& 08%&C"+"$%0%+2& "+%&
#'%/0#9#%'&:2#/;&"&;%/%0#@&"(;,+#08$F&78%&'#2C%+2#,/&,9&08%&B"(:%&,9&08%&C"+"$%0%+2&9,+&9#B%&
'#99%+%/0& ,C0#$#6"0#,/& C+,@%22%2& D"2& "/"(E6%'F& 4,20& ,9& 08%& C"+"$%0%+2& @,/B%+;%& 0,& "&
'%9#/%'& B"(:%-&D8#@8& #2& @,8%+%/0&D#08& 08%& C"+"$%0%+>2& C8E2#@"(&$%"/#/;-& H:0& 2,$%0#$%2-&
2,$%&C"+"$%0%+2&D%+%&/,0& @,/B%+;%'& 0,& 2C%@#9#@& B"(:%2-&:2:"((E&D8%/&/,& @,$C(%0%& 2%0& ,9&
9(#;802& D"2& :2%'F& 78:2-& #9& /,& B%+0#@"(& 9(#;802& D%+%& C%+9,+$%'-& 08%& C"+"$%0%+2& +%;"+'#/;&
B%+0#@"(&$,B%$%/02&0:+/%'&0,&H%&D#08&"&;+%"0&'#2C%+2#,/&#/&08%&,H0"#/%'&B"(:%2F&
78#2&@,/@(:2#,/&@"/&H%&%30%/'%'&0,&'#99%+%/0&,C0#$#6"0#,/&C+,@%22%2&9,+&'#99%+%/0&;+,:C2&,9&
9(#;80&'"0"F&M/&,08%+&D,+'2-&2%B%+"(&9(#;802&28,:('&H%&+%@,+'%'-&%"@8&D#08&"/&%$C8"2#2&,/&08%&
H%8"B#,+2& "22,@#"0%'& 0,& "& ;+,:C& ,9& C"+"$%0%+2F& S#08& %/,:;8& 9(#;80& '"0"& #0& #2& 0+#B#"(& 0,&
#'%/0#9E&"((&08%&C"+"$%0%+2&,9&08%&8%(#@,C0%+&$,'%(F&

5. Control Prototyping 

&

[#;:+%&VZF&*,/0+,(&b%B%(,C#/;&0%$C("0%&

M/&,+'%+&0,&'%B%(,C&"/'&0%20&@,/0+,(&"(;,+#08$2&#/&"&9%"2#H(%&D"E-&08%&C+,C,2%'&$,'%(&8"2&
H%%/&%/@"C2:("0%'&#/0,&"&4"0("H)L#$:(#/I&&L)[:/@0#,/-&"2&"&C"+0&,9&"&C+,0,0EC#/;&0%$C("0%&"2&
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"& 2%/2,+&$,'%(& ,9&JG*& 2E20%$2& 8"2& "(2,& H%%/& @+%"0%'F&.:3#(#"+E&$,':(%2& 9,+& ":0,$"0#@)&
$"/:"(&2D#0@8#/;&8"B%&H%%/&+%P:#+%'&9,+&0%20#/;&C:+C,2%2F&
78%&C+,C,2%'&@,/0+,(&"+@8#0%@0:+%&#2&H"2%'&,/&"&8#%+"+@8#@&2@8%$%&D#08&9#B%&@,/0+,(&(%B%(2&"2&
[#;:+%&Vh&28,D2F&78%& (,D%+& (%B%(& #2&@,$C,2%'&HE&8"+'D"+%&@,/0+,((%+2O&2C%%'&,9& 08%&+,0,+&
"/'& E"D& +"0%F& 78%& :CC%+& (%B%(& #2& 08%& "00#0:'%& @,/0+,(F& 78#2& #2& 08%& $,20& @+#0#@"(& (%B%(& 9,+&
+%"@8#/;&08%&20"H#(#0E&,9&08%&8%(#@,C0%+&':+#/;&08%&9(#;80F&L%B%+"(&0%@8/#P:%2&8"B%&H%%/&0%20%'&
,/& #0& ?@("22#@"(&KM&,+& 9:66E&@,/0+,((%+2AF&78%&/%30&,/%& #2& 08%&B%(,@#0E&"/'&"(0#0:'%& (%B%(F&78%&
9,:+08& #2& 08%&$"/%:B%+& (%B%(-&D8#@8& #2& +%2C,/2#H(%& 9,+&C%+9,+$#/;&"&2%0&,9&C+%)&%20"H(#28%'&
2#$C(%&$"/%:B%+2-&"/'&08%&8#;8%20&(%B%(&#2&08%&$#22#,/&@,/0+,(F&
[,((,D#/;&2%@0#,/2&D#((&H+#%9(E&'%2@+#H%& 08%2%&@,/0+,(& (%B%(2& 9+,$&08%&8#;8%20& 0,& 08%& (,D%20&
,/%F&

&

[#;:+%&VhF&*,/0+,(&.+@8#0%@0:+% 

5.1 Mission control 
M/& 08#2& (%B%(-& 08%& ,C%+"0,+& '%2#;/2& 08%& $#22#,/& ,9& 08%& 8%(#@,C0%+& :2#/;& JML& ?J%,;+"C8#@&
M/9,+$"0#,/& LE20%$A& 2,90D"+%F& 78%2%& 0,,(2& "((,D&B#2:"(#6"0#/;& 08%& ab&$"C& ,9& 08%& "+%"& HE&
:2#/;& b#;#0"(& 7%++"#/& 4,'%(& 9#(%2& "/'& '%2@+#H#/;& "& $#22#,/& :2#/;& "& 2C%@#9#@& ("/;:";%F&
?J:0#p++%6&%0&"(&)UhAF&78%&,:0C:0&,9&08#2&(%B%(&#2&"&(#20&,9&$"/%,:B%+2&?C"+"$%0+#@&@,$$"/'2A&
0,&H%&C%+9,+$%'&HE&08%&8%(#@,C0%+F&

5.2 Maneuver Control 
78#2& @,/0+,(& (%B%(& #2& #/& @8"+;%& ,9& C%+9,+$#/;& C"+"$%0+#@& $"/,%:B+%2& 2:@8& "2& 9(#;80&
$"#/0"#/#/;&"&2C%@#9#@&B%(,@#0E&':+#/;&"&C%+#,'&,9&0#$%-&8,B%+#/;&D#08&"&9#3&,9&@8"/;#/;&E"D-&
9,+D"+'-&H"@ID"+'&,+&2#'%D"+'&9(#;802&"/'&@#+@(%2&"$,/;&,08%+2F&78%&,:0C:0&,9&08#2&(%B%(&"+%&
B%(,@#0E&@,$$"/'2F&
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M/0%+/"((E-& 08#2& (%B%(& C%+9,+$2& "& C+%'#@0#,/& ,9& 08%& C,2#0#,/& ,9& 08%& 8%(#@,C0%+-& "CC(E#/;&
"@@%(%+"0#,/&C+,9#(%2&?[#;:+%&VXAF&&
=%(,@#0E& "/'& 8%"'#/;& +%9%+%/@%2& "+%& @,$C:0%'& HE& :2#/;& 08#2& 08%,+%0#@"(& C,2#0#,/& "/'& 08%&
'%2#+%'&B%(,@#0E&#/&"''#0#,/&0,&08%&+%"(&C,2#0#,/&"/'&B%(,@#0E&,H0"#/%'&9+,$&2%/2,+2F&
&
&

&

[#;:+%&VXF&&4"/%:B%+2&*,/0+,(&L@8%$%&

.&B%+0#@"(&@,/0+,(&;%/%+"0%2&+%9%+%/@%2&9,+&"(0#0:'%&@,/0+,(&"/'&g"D&@,/0+,(F&
M/&$"/,%:B+%2& 08"0&/,&8#;8&C+%@#2#,/&,9& 08%&C,2#0#,/& #2& +%P:#+%'-& #F%F& 9,+D"+%'& 9(#;802-& 08%&
C,2#0#,/&%++,+&#2&/,0&0"I%/&#/0,&"@@,:/0-&H%@":2%&08%&+%"(&,HQ%@0#B%&,9&08%&@,/0+,(&#2&$"#/0"#/&
08%&2C%%'F&78#2&2E20%$&"((,D&$"/";%&"&D%#;80#/;&@+#0%+#"&9,+&'%9#/#/;&#9&08%&$"#/&,HQ%0#B%&#2&
08%&0+"Q%@0,+E&,+&08%&2C%%'&C+,9#(%F&78%&$"/,%:B+%2&08"0&8%(#@,C0%+&#2&"H(%&0,&C%+9,+$&"+%&"/&
:C;+"'%"H(%&(#20F&&

5.3 Velocity Control 
78%& B%(,@#0E& @,/0+,(& #2& #/& @8"+;%& ,9& $"I#/;& 08%& 8%(#@,C0%+& $"#/0"#/2& 08%& B%(,@#0E& 08"0&
$"/%,:B%+2&@,/0+,(&(%B%(&@,$C:0%2F&
78%&B%(,@#0E&@"/&H%&+%9%++%'&0,&"&YG<&?Y"20)G,+08)<CA&9+"$%&,+&'%9#/%'&"2&"&$,':(%&"/'&"&
'#+%@0#,/F& 78%+%9,+%-& & "& @,,+'#/"0%& 0+"/29,+$"0#,/& #2& +%P:#+%'& 0,& ,H0"#/& ("0%+"(& "/'& 9+,/0"(&
B%(,@#0#%2&?B(-&B9A&&08"0&"+%&:2%'&0,&C+,B#'%&R,((&"/'&K#0@8&+%9%+%/@%2F&78#2&0+"/29,+$"0#,/&#2&
B%+E&2%/2#0#B%&0,&08%&E"D&"/;(%&%20#$"0#,/F&
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&
[#;:+%&V_F&=%(,@#0E&@,/0+,(&20+:@0:+%&

*,/0+,(& $"/%:B%+& 8"2& "(2,& 0,& C+,B#'%& D#08& 08%& E"D& +%9%+%/@%& ':%& 0,& 08%& @"C"H#(#0E& ,9&
8%(#@,C0%+2&9,+&9(E#/;&D#08&'%+#B%&?'#99%+%/0&H%"+#/;&"/'&8%"'#/;AF&
=%+0#@"(& B%(,@#0E& #2& #2,("0%'& 9+,$& 08%& 8,+#6,/0"(& H%@":2%& #0& #2& @,/0+,((%'& HE& :2#/;& 08%&
@,((%@0#B%&@,$$"/'F&&

&
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C+,H(%$2&8"B%&H%%/&'%0%@0%'&"/'&2,(B%'O&&
78%&9#+20&,/%&#2&H"2%'&,/&08%&9"@0&08"0&08%&2C%%'&#2&B%+E&2%/2#0#B%&0,&08%&D#/'&"/'&C"E(,"'F&
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6. Control Results 
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7. Final Observations and Future Work 
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Stabilization of Scale Model Vertical Take-Off 
and Landing Vehicles without Velocity 

Measurements 
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1. Introduction     
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@%>3A$"KK-&G( E!=<%@'%++%8( N( )-"GH%#$/( 4OOPF/( EQ#%LL=+-( "$( %+I/( 4OOOF/( E;%8=&*( N( 0%1"+/(
4OORF/(&=&+-&"%#(1='"+(K#"'->$-,"(>=&$#=+(ES-1("$(%+I/(4OO4F/(E!"#$#%&'("$(%+I/(4OOT%F(=#(A+-'-&G(
1='"A( E!=<%@'%++%8( N( )-"GH%#$/( 4OOPF( 8%,"( @""&( A<>>"AA?<++*( %KK+-"'( $=( A$%@-+-L%$-=&( =#(
$#%U">$=#*($#%>3-&G(=?(BCD(1='"+AI(V","#$8"+"AA(1=A$(=?($8"1(#"W<-#"(?<++(A$%$"(3&=H+"'G"(
?=#(?""'@%>3(>=&$#=+('"A-G&I((
Q=#( #=@=$->( A*A$"1A( -$(1%*( @"( <A"?<+/( ?=#( >=A$( =#( K%*+=%'( #"%A=&A/( $=( +-1-$( $8"( &<1@"#( =?(
"1@"''"'(A"&A=#AI(Q=#(%(1-&-%$<#"(BCD/($8"(&%$<#"(=?($8"(1-AA-=&(-$A"+?(1%*(%+A=('-#">$+*(
-1K%>$($8"(>8=->"(=?($8"(A"&A=#A($8%$(H-++(@"(<A"'/(%&'($8"#"?=#"($8"($*K"(=?(1"%A<#"1"&$A(
$8%$(H-++(@"(%,%-+%@+"(?=#($8"(,"8->+"(>=&$#=+I(
X&(>=&A$#%-&"'("&,-#=&1"&$A/(?=#("Y%1K+"/($8"(<A"(=?(%(,-A-=&(@%A"'(A"&A=#(1%*(@"(K#"?"##"'(
$=(%(Z5)($=("A$-1%$"($8"(#"+%$-,"(K=A-$-=&(=?( $8"(,"8->+"(H-$8(#"AK">$($=(-$A("&,-#=&1"&$I(X&(
$8%$(>%A"/(+-&"%#(,"+=>-$*(1"%A<#"1"&$A(1%*(&=$(@"(%,%-+%@+"I(C&=$8"#("Y%1K+"(-A($8"(>%A"(=?(
%( $"A$( @"&>8( '"A-G&/( H8"#"( %( [#"%'*6$=6<A"\( #%'-=( >=&$#=++"'( ,"8->+"( -A( <A"'( %+=&G( H-$8(
"Y$"#&%+( A"&A=#A( $8%$( '=( &=$( #"W<-#"( A$#<>$<#%+(1='-?->%$-=&A( =?( $8"( ,"8->+"I( )<>8( "Y$"#&%+(
A"&A=#A(%#"(?=#("Y%1K+"(1=$-=&(>%K$<#"(A*A$"1A(ES=&'%3("$(%+I/(4OOTF/( ES<&'%3(N(;"$$+"#/(
4OOTF/(ED%+"&$-("$(%+I/(4OO]F/(=#(1%G&"$->(?-"+'(@%A"'(A"&A=#A(E^%A$-++=("$(%+I/(4OORFI(_-$8(A<>8(
"W<-K1"&$A/( =&+*( $8"( K=A-$-=&( %&'( $8"( %$$-$<'"( %&G+"A( =?( $8"( ,"8->+"( >%&( @"( '-#">$+*(
1"%A<#"'I((
V","#$8"+"AA/( 3&=H+"'G"( =?( $8"( ,"8->+"( A$%$"( >=1K=&"&$A( EK=A-$-=&A/( +-&"%#( ,"+=>-$-"A/(
%$$-$<'"(%&G+"A(%&'(%&G<+%#(,"+=>-$-"AF(-A(#"W<-#"'(?=#(>=&$#=+I((
C( K#%>$->%+( %KK#=%>8( 1%*( >=&A-A$( -&( >=1K<$-&G( $8"( ,"+=>-$-"A( ?#=1( $8"( K=A-$-=&(
1"%A<#"1"&$A( @*( ?-&-$"( '-??"#"&$-%$-=&AI( 28-A( 1"$8='( -A( <A"'( -&( ES=&'%3( "$( %+I/( 4OOTF( $=(
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>=1K<$"($8"(+-&"%#(,"+=>-$*(=?(#=$=#>#%?$6@%A"'(1-&-%$<#"(BCDA/(%&'(-&(E^%A$-++=("$(%+I/(4OORF(
$=(>=1K<$"(@=$8(+-&"%#(%&'(%&G<+%#(,"+=>-$-"A($=(>=&$#=+(%(?=<#6#=$=#A(,"8->+"I(0=H","#/(&=(
$8"=#"$->%+(A$%@-+-$*(G<%#%&$""(-A(K#=,-'"'I((
J&"(H%*($=($8"=#"$->%++*('"%+(H-$8(K%#$-%+(A$%$"(1"%A<#"1"&$(-A($=('"?-&"(%&(=@A"#,"#I(X&(EM=(
"$( %+I/( 4OO`F( $8"(K#=@+"1(=?( $#%U">$=#*( $#%>3-&G( ?=#(%(K+%&%#(D"#$->%+(2%3"6J??(%&'(7%&'-&G(
ED2J7F(%-#>#%?$(H-$8(=&+*(K=A-$-=&(%&'(%$$-$<'"(%&G+"(1"%A<#"1"&$A(-A(A=+,"'(@*('"A-G&-&G(
%(?<++6=#'"#(=@A"#,"#I(^8%&G"A(=?(>==#'-&%$"A(%#"($8"&(<A"'($=(K<$($8"(A*A$"1(-&(%($#-%&G<+%#(
?=#1( A=( $8%$( %( @%>3A$"KK-&G( $">8&-W<"( >%&( @"( <A"'( $=( '","+=K( %( ,"+=>-$*6-&'"K"&'"&$(
A$%@-+-L-&G(>=&$#=++"#I((
0=H","#/( $8"( <A"( =?( %&( =@A"#,"#(1%*( -&$#='<>"( %''-$-=&%+( >=1K<$%$-=&%+( @<#'"&( -&( $8"(
>=&$#=+( +==KI( X$( -A( %+A=( &">"AA%#*( $=( K#=,"( ?-#A$+*( -$A( =H&( >=&,"#G"&>"I( ( X&( %''-$-=&/(
>=1K%$-@-+-$*( @"$H""&( $8"( ?#"W<"&>*( =?( $8"( =@A"#,"#( %&'( $8"( ?#"W<"&>*( =?( $8"( >=&$#=++"#(
1<A$( @"( >8">3"'( $=( "&A<#"( $8"( >+=A"'( +==K( A$%@-+-$*( =?( $8"( >=1K+"$"( =@A"#,"#6@%A"'(
>=&$#=++"'(A*A$"1I((
C&=$8"#(%KK#=%>8($8%$(>%&(@"(<A"'($=(%,=-'(>=1K<$%$-=&%+(@<#'"&(=#(>=1K+"Y-$*('<"($=($8"(
-&$#='<>$-=&(=?(%&(=@A"#,"#(-A(K%#$-%+(A$%$"(?""'@%>3a($8"(>=&$#=++"#(-A('"A-G&"'('-#">$+*(?#=1(
$8"(%,%-+%@+"(1"%A<#"1"&$AI((
b%#+*( H=#3( =&( K%#$-%+( A$%$"( ?""'@%>3( 8%A( @""&( '=&"( -&( $8"( >=&$"Y$( =?( #-G-'6+-&3( #=@=$(
1%&-K<+%$=#A(H8"&(&=(,"+=>-$*(1"%A<#"1"&$(-A(%,%-+%@+"I(X&(E!<#G("$(%+I/(.cc]F(%&'(E!<#G("$(
%+I/(.ccTF( $8"(,"+=>-$*(1"%A<#"1"&$( -A( #"K+%>"'(@*(%(,"+=>-$*6#"+%$"'(A-G&%+(G"&"#%$"'(@*(%(
+-&"%#( ?-+$"#( @%A"'(=&+*( =&( +-&3(K=A-$-=&(1"%A<#"1"&$I(C&( "Y$"&A-=&(=?( $8-A(H=#3/(<A-&G( %(
&=&+-&"%#(?-+$"#/(>%&(@"(?=<&'(-&(EM-Y=&("$(%+I/(4OOOFI(28"(A%1"(1"$8='(8%A(@""&(%KK+-"'($=(
A=+,"($8"(K#=@+"1(=?(%$$-$<'"($#%>3-&G(=?(#-G-'(@='-"AI(C(,"+=>-$*6#"+%$"'(A-G&%+(G"&"#%$"'(@*(
%( +-&"%#( ?-+$"#( -A( -&'""'("1K+=*"'(-&(E_=&G("$(%+I/(4OOOF/(H8"#"(%(3-&"1%$->(#"K#"A"&$%$-=&(
<A-&G( 1='-?-"'( d='#-G<"A( K%#%1"$"#A( 8%A( @""&( >8=A"&I( X&( E^=A$->( "$( %+I/( 4OOOF/( %( <&-$6
W<%$"#&-=&6@%A"'( #"K#"A"&$%$-=&( -A( %'=K$"'( %&'( %( &=&+-&"%#( ?-+$"#( G"&"#%$"A( %( A-G&%+(
#"K+%>-&G($8"(%&G<+%#(,"+=>-$*(1"%A<#"1"&$(-&($8"(?""'@%>3(>=&$#=++"#I((
Q-#A$6=#'"#('*&%1->(%$$-$<'"(?""'@%>3(>=&$#=++"#A(8%,"(@""&(K#=K=A"'(-&(EC#3"++%/(4OO.F(%&'(
ECA$=+?-(N(7=,"#%/(4OO4F($=(#"AK">$-,"+*(A=+,"($8"(%$$-$<'"($#%>3-&G(K#=@+"1(?=#(#-G-'(@='-"A(
%&'( AK%>">#%?$A(H-$8(1%G&"$->( %>$<%$=#AI( ( 28"( 3-&"1%$->( #"K#"A"&$%$-=&A( $8%$( %#"( <A"'( -&(
$8"A"($H=(H=#3A(%#"(#"AK">$-,"+*(@%A"'(=&(1='-?-"'(d='#-G<"A(K%#%1"$"#A(%&'(W<%$"#&-=&AI(
C(<&-$6W<%$"#&-=&(#"K#"A"&$%$-=&(-A(%+A=(<A"'(-&(E2%*"@-/(4OOTF(H8"#"(%(?""'@%>3(>=&$#=++"#(
'"K"&'-&G( =&( %&( "A$-1%$-=&( "##=#( W<%$"#&-=&( -A( '"A-G&"'( $=( A=+,"( $8"( K#=@+"1(=?( %( #-G-'(
AK%>">#%?$(%$$-$<'"($#%>3-&GI((
C$$-$<'"(>=&$#=+(=?(#-G-'(@='-"A(H-$8=<$(%&G<+%#(,"+=>-$*(1"%A<#"1"&$(-A(%+A=(%''#"AA"'(-&(
E7-L%##%+'"(N(_"&/(.cc]F(%&'(E2A-=$#%A/(.cceF(H8"#"(%(K%AA-,-$*6+-3"(K#=K"#$*(=?($8"(A*A$"1(
-A(<A"'( $=('"A-G&( ?""'@%>3( >=&$#=++"#A( ?=#(3-&"1%$->( #"K#"A"&$%$-=&A( #"AK">$-,"+*(@%A"'(=&(
<&-$6W<%$"#&-=&A(%&'(d='#-G<"A(K%#%1"$"#AI(!=$8(=?($8"1(<A"(%(?-+$"#-&G($">8&-W<"($=(%,=-'(
$8"(<A"(=?(,"+=>-$*(1"%A<#"1"&$I((
X&( $8-A( >8%K$"#/( H"( '"%+( H-$8( $8"( K#=@+"1( =?( K=A-$-=&( %&'( %$$-$<'"( A$%@-+-L%$-=&( =?( %( A-Y(
'"G#""A(=?(?#""'=1(D2J7(BCD(1='"+(H8"&(&=(1"%A<#"1"&$(=?($8"(+-&"%#(,"+=>-$*(&=#(=?(
$8"( %&G<+%#( ,"+=>-$*( -A( %,%-+%@+"I( ^=&$#%#*( $=( $8"( K#",-=<A( H=#3A/( $8"( 3-&"1%$->(

#"K#"A"&$%$-=&(H"(<A"("YK+=-$A($8"( (3)SO (G#=<K(%&'(-$A(1%&-?=+'I(28"(1"$8='(H"(K#"A"&$(-A(

@%A"'( =&( $8"( -&$#='<>$-=&( =?( ,-#$<%+( A$%$"A( -&( $8"( A*A$"1('*&%1->Af( &=(=@A"#,"#('"A-G&( -A(
#"W<-#"'I(
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28"(#"A$(=?( $8"(>8%K$"#( -A(=#G%&-L"'(%A( ?=++=HAI()">$-=&(4( -&$#='<>"A( $8"(&=$%$-=&A(%&'( $8"(
1%$8"1%$->%+(-'"&$-$-"A($8%$(H-++(@"(<A"'(-&($8"(>8%K$"#I()">$-=&(`(K#"A"&$A($8"(D2J7(BCD(
1='"+( '*&%1->A( %&'( $8"( >%A>%'"'( A$#<>$<#"( =?( $8"( >=&$#=++"#I( 28"( '"A-G&( =?( $8"( K=A-$-=&(
>=&$#=++"#(-A('"$%-+"'(-&()">$-=&(R(H8"#"%A($8"(%$$-$<'"(>=&$#=++"#(-A(K#"A"&$"'(-&()">$-=&(PI(X&(
)">$-=&( ]/( $8"( >+=A"'( +==K( A$%@-+-$*( =?( $8"( A*A$"1( -A( %&%+*L"'/( %&'( A-1<+%$-=&A( #"A<+$A( %#"(
K#=,-'"'(-&()">$-=&(TI(^=&>+<'-&G(#"1%#3A(%#"(?-&%++*(G-,"&(-&($8"(+%A$(K%#$(=?($8-A(>8%K$"#I(

2. Notations and Mathematical Background 

7"$( (3)SO ( '"&=$"( $8"( AK">-%+( =#$8=G=&%+( G#=<K( =?(
3 3×
! ( %&'( (3)!" ( $8"( G#=<K( =?(

%&$-A*11"$#->(1%$#->"A(=?(
3 3×
! I(_"('"?-&"(@*( (.)× ($8"(=K"#%$=#(?#=1(

3
(3)→ !"! (A<>8($8%$(

(

0 3 2
3
, = 03 1

02 1

b b
b b b b

b b

( )−
* +∀ ∈ −* +×
* +−, -

! ( E.F(

H8"#"( bi ('"&=$"A($8"(
thi (>=1K=&"&$(=?($8"(,">$=#( b I((

7"$( (.)V (@"($8"(-&,"#A"(=K"#%$=#(=?( (.)× /('"?-&"'(?#=1(
3

(3) →!" ! /(A<>8($8%$(

(
3
, ( ) = (3), ( ) =b V b b B V B B∀ ∈ ∀ ∈× ×!"! ( E4F(

Q=#( %( G-,"&( ,">$=#(
3b ∈ ! ( %&'( %( G-,"&( 1%$#-Y( 3 3M ×∈! /( +"$( <A( >=&A-'"#( $8"( ?=++=H-&G(

&=$%$-=&A(%&'(-'"&$-$-"Aa(

( ( )= ( )=
2 2

T TM M M M
P M P Ma s

− +
( E`F(

( tr( ( ) ( )) = 0P M P Ma s ( ERF(

(
1
tr( )= ( ( ))

2
Tb M b V P Ma−× ( EPF(

28"(?=++=H-&G(-'"&$-$*(H-++(%+A=(@"(<A"'a((

(
12

( , ) (3) , tr( ) = ( ) ( )
2

T TA B A B V A V Ba a a a a a∀ ∈ !" ( E]F(

M"&=$"(@*( ( , )nR Rγ ($8"(%&G<+%#6%Y-A(>==#'-&%$"A(=?(%(G-,"&(1%$#-Y( (3)R SO∈ /(%&'(@*( Id ($8"(

-'"&$-$*(1%$#-Y(=?( 3 3×
! I(J&"(8%Aa((

( (3), tr( ) = 2(1 cos( ))R SO I Rd Rγ∀ ∈ − − ( ETF(
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3. UAV Model and Control Strategy 

3.1 VTOL UAV Model 
28"( D2J7( BCD( -A( #"K#"A"&$"'( @*( %( #-G-'( @='*( =?( 1%AA( m ( %&'( =?( $"&A=#( =?( -&"#$-%(
= ( , , )1 2 3I diag I I I (H-$8( 1I /( 2I (%&'( 3I (A$#->$+*(K=A-$-,"I(2=('"A>#-@"($8"(1=$-=&(=?($8"(BCD/(

$H=( #"?"#"&>"( ?#%1"A( %#"( -&$#='<>"'a( %&( -&"#$-%+( #"?"#"&>"( ?#%1"( ( )! ( %AA=>-%$"'(H-$8( $8"(

,">$=#(@%A-A( ( , , )1 2 3e e e (%&'(%(@='*(?#%1"( ( )" (%$$%>8"'($=($8"(BCD(%&'(%AA=>-%$"'(H-$8($8"(

,">$=#(@%A-A( ( , , )1 2 3
b b be e e (EA""(Q-G<#"(.FI((

(

Q-G<#"(.I(d"?"#"&>"(?#%1"A(

28"( K=A-$-=&( %&'( $8"( +-&"%#( ,"+=>-$*( =?( $8"( BCD( -&( ( )! ( %#"( #"AK">$-,"+*( '"&=$"'(

=
T

x y zχ χ χ χ( )
, - ( %&'( =

T
v v v vx y z( )
, - I( 28"( =#-"&$%$-=&( =?( $8"( BCD( -A( G-,"&( @*( $8"(

=#-"&$%$-=&( 1%$#-Y( (3)R SO∈ ( ?#=1( ( )! ( $=( ( )" /( <A<%++*( K%#%1"$"#-L"'( @*( b<+"#gA( KA"<'=(

%&G+"A(ψ /(θ /(φ (E*%H/(K-$>8/(#=++Fa((

( =

c c s s c c s c s c s s

R c s s s s c c c s s s c

s s c c c

θ ψ φ θ ψ φ ψ φ θ ψ φ ψ
θ ψ φ θ ψ φ ψ φ θ ψ φ ψ

θ φ θ φ θ

( )− +
* +

+ −* +
* +

−* +, -

( EeF(

H-$8($8"($#-G=&=1"$#->(A8=#$8%&'(&=$%$-=&A( =cos( )c αα (%&'( =sin( )s αα /( α∀ ∈ ! I((

7"$( =
T

p q rω ω ω( )Ω , - (@"($8"(%&G<+%#(,"+=>-$*(=?($8"(BCD('"?-&"'(-&( ( )" I((

28"('*&%1->A(=?(%(#-G-'(@='*(>%&(@"('"A>#-@"'(%Aa((

( =

=

=

=

v
mv F
R R

I I

χ.
0
0
1 Ω×0
0 Ω −Ω× Ω+Γ3

"

"

"

"

( EcF(

H8"#"($8"(-&K<$A(%#"(%($#%&A+%$-=&%+(?=#>"(
3

F ∈ ! (%&'(%(>=&$#=+($=#W<"(
3Γ ∈ ! I(
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Q=#( $8"( D2J7( BCD/( $8"( $#%&A+%$-=&%+( ?=#>"( F ( >=1@-&"A( $8#<A$/( +-?$/( '#%G( %&'( G#%,-$*(
>=1K=&"&$AI( X&( W<%A-6A$%$-=&%#*( ?+-G8$( H"( >%&( #"%A=&%@+*( %AA<1"( $8%$( $8"( %"#='*&%1->(

?=#>"A( %#"( %+H%*A( -&( '-#">$-=&( ( )3 3
be Re= /( A-&>"( $8"( +-?$( ?=#>"( K#"'=1-&%$"A( $8"( =$8"#(

>=1K=&"&$A(E0%1"+(N(;%8=&*/(4OORFI((

!*( A"K%#%$-&G( $8"( G#%,-$*( >=1K=&"&$( 3mge ( ?#=1( $8"( >=1@-&"'( %"#='*&%1->( ?=#>"A/( $8"(

'*&%1->A(=?($8"(D2J7(BCD(%#"(#"H#-$$"&(%Aa(

(

=

= 3 3
=

=

v
mv Re mge
R R

I I

χ.
0 − +0
1 Ω×0
0 Ω −Ω× Ω+Γ3

"

"

"

"

#
( E.OF(

H8"#"( $8"( -&K<$A( %#"( $8"( A>%+%#( ∈# ! ( #"K#"A"&$-&G( $8"( 1%G&-$<'"( =?( $8"( "Y$"#&%+( ?=#>"A(

%KK+-"'(-&('-#">$-=&( 3
be /(%&'($8"(>=&$#=+($=#W<"( [ ]= 1 2 3

TΓ Γ Γ Γ ('"?-&"'(-&( ( )" I(

3.2 Control Strategy 

X&( $8-A( >8%K$"#/( H"( >=&A-'"#( $8"( K#=@+"1( =?( $8"( ,"8->+"( A$%@-+-L%$-=&( %#=<&'( %( '"A-#"'(

K=A-$-=&(
dχ %AA<1"'($=(@"(>=&A$%&$( ( )0dχ =" I(

Q=#(>=&$#=+('"A-G&/(+"$(<A('"?-&"($8"(K=A-$-=&("##=#( ( )dξ χ χ= − I(28"(A*A$"1(E.OF(@">=1"Aa((

(

=

= 3 3
=

=

v
mv Re mge
R R

I I

ξ.
0
0 − +
1

Ω0 ×
0 Ω −Ω× Ω+Γ3

"

"

"

"

#
( E..F(

M"A-G&-&G( %( >=&$#=++"#( ?=#( $8"( 1='"+( E..F( >%&( @"( #"%+-L"'( @*( %( >+%AA->%+( @%>3A$"KK-&G(

%KK#=%>8(%KK+-"'($=($8"(H8=+"('*&%1->%+(A*A$"1I(X&($8%$(>%A"/($8"(-&K<$(,">$=#( ( / ) 3m Re− # (

1<A$(@"('*&%1->%++*("Y$"&'"'(EQ#%LL=+-("$(%+I/(4OOOF/(E;%8=&*("$(%+I/(.cccFI(2=(%,=-'(A<>8(%(
'*&%1->%+( "Y$"&A-=&/( $8"( A-&G<+%#( K"#$<#@%$-=&( $8"=#*( >%&( @"( <A"'( $=( AK+-$( $8"( A*A$"1(
'*&%1->A( -&$=( $H=( #"'<>"'(=#'"#( A<@A*A$"1A( ES8%+-+/( 4OO4F/( E^%+-A"/( .cT]FI( 28-A( %KK#=%>8(
+"%'A( $=( %( $-1"6A>%+"( A"K%#%$-=&( @"$H""&( $8"( $#%&A+%$-=&%+( '*&%1->A( EA+=H( $-1"6A>%+"F( %&'(
$8"( =#-"&$%$-=&( '*&%1->A( E?%A$( $-1"6A>%+"FI( d"'<>"'( =#'"#( >=&$#=++"#A( >%&( $8"#"?=#"( @"(
'"A-G&"'($=(A$%@-+-L"($8"(A*A$"1('*&%1->A(EVU%3%("$(%+I/(.ccRFI((

_"(-&$#='<>"($8"(A>%+-&G(K%#%1"$"#( (0,1]ε ∈ (A<>8($8%$a((

(
=

= 3 3

v

v Re ge
m

ξ.
0
1

− +0
3

"

"
# ( E.4F(

(
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6. Stability Analysis 
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7. Simulation Results 
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K+=$$"'(-&(Q-G<#"(RI(

28"( ",=+<$-=&( =?( $8"( %&G<+%#( '",-%$-=&( $"#1A( = dφ φ φ−$ /( = dθ θ θ−$ ( %&'( = dψ ψ ψ−$ ( %#"(
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8. Conclusion 

X&( $8-A( >8%K$"#/(H"(8%,"(K#"A"&$"'(%(1"$8='( $=('"A-G&(G<-'%&>"(%&'( >=&$#=+( +%HA( ?=#( $8"(
A$%@-+-L%$-=&(=?(%(A>%+"61='"+(D2J7(BCD(H8"&(&=(1"%A<#"1"&$A(=?($8"(+-&"%#(,"+=>-$*(&=#(
=?($8"(%&G<+%#(,"+=>-$*(%#"(%,%-+%@+"I((
;=$-,%$"'(@*($8"(>%A>%'"(A$#<>$<#"(=?($8"(1='"+(%&'(@*($8"(A-&G<+%#(K"#$<#@%$-=&(%KK#=%>8/(
$8"( >=&$#=++"#( -A( '"A-G&"'( -&( $H=( A$"KA( @*( >=&A-'"#-&G( %( $-1"6A>%+"( A"K%#%$-=&( @"$H""&(
$#%&A+%$-=&%+(%&'(=#-"&$%$-=&('*&%1->AI(28"(K=A-$-=&(>=&$#=++"#(>=1K<$"A($8"(1%G&-$<'"(=?(
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45:"'@>=B4><=5/(D=+I(`/(KKI(444c644`P/(V"H(J#+"%&A/(B)C/(4OOR(

0%1"+/( 2If( ;%8=&*/( df( 7=L%&=/( dI( N( JA$#=HA3-/( kI( E4OO4FI( M*&%1->( ;='"++-&G( %&'(
^=&?-G<#%$-=&( )$%@-+-L%$-=&( ?=#( %&( mR6Q+*"#/( *3=677:<5C;" =A" >97" !U>9" .2'1" \=3E:"
1=5C37;;/(D=+I(.P/(!%#>"+=&%/()K%-&/(4OO4(

S8%+-+/(0I(SI(E4OO4FI($=5E<5743"+I;>7B;/(5#"&$->"(0%++/(X)!Va(O.`O]T`ecT/(V"H(k"#A"*/(B)C(
S-1/(0I(kIf()8-1/(MI(0I(N()%A$#*/()I(E4OO4FI(V=&+-&"%#(;='"+(5#"'->$-,"(2#%>3-&G(^=&$#=+(?=#(

d=$=#>#%?$6!%A"'( B&1%&&"'( C"#-%+( D"8->+"A/( *3=677:<5C;" =A" >97" 'B73<645" 1=5>3=E"
1=5A737567/(D=+I(P/(KKI(`PT]6`Pe./(C&>8=#%G"/(B)C/(4OO4(

S=&'%3/( SIf( !"#&%#'/(;If(;"*"#/( VI( N(0=11"+/( ZI( E4OOTFI( C<$=&=1=<A+*( Q+*-&G( D2J76
d=@=$Aa(;='"+-&G(%&'(^=&$#=+/(*3=677:<5C;"=A">97"-MMW".%%%".5>7354><=54E"1=5A737567"
=5"&=?=><6;"45:"'@>=B4><=5/(KKI(T`]6TR./(d=1%/(X$%+*/(4OOT(

S<&'%3/( VI( N( ;"$$+"#/( !I( E4OOTFI( bYK"#-1"&$%+( Q#%1"H=#3( ?=#( b,%+<%$-&G( C<$=&=1=<A(
Z<-'%&>"( %&'( ^=&$#=+( C+G=#-$81A( ?=#( CG-+"( C"#-%+( D"8->+"A/( *3=677:<5C;" =A" >97"
%@3=H745"1=5>3=E"1=5A737567"-MMW/(KKI(4c`6`OO/(S=A/(Z#"">"/(4OOT(

7-L%##%+'"/(QI(N(_"&/(kI(2I(E.cc]FI(C$$-$<'"(^=&$#=+(H-$8=<$(C&G<+%#(D"+=>-$*(;"%A<#"1"&$a(
C( 5%AA-,-$*( CKK#=%>8I( ( .%%%" 8345;46><=5;" =5" '@>=B4><6" 1=5>3=E/( D=+I( R./( V=I( `/(
KKI(R]e6RT4/(.cc](

;%8=&*/(dI(N(0%1"+/(2I(E4OORFI(d=@<A$(2#%U">$=#*(2#%>3-&G(?=#(%()>%+"(;='"+(C<$=&=1=<A(
0"+->=K$"#I( ( .5>7354><=54E" ]=@354E" =A"&=?@;>" 45:"$=5E<5743"1=5>3=E/(D=+I(.R/(KKI(.O`P6
.OPc/(4OOR(

;%8=&*/( dIf( 0%1"+/( 2I( N( ML<+/( CI( E.cccFI( 0=,"#( ^=&$#=+( ,-%( CKK#=Y-1%$"( 7*%K<&=,(
^=&$#=+( ?=#(%(;='"+(0"+->=K$"#/(*3=677:<5C;"=A" >97"/K>9" .%%%"1=5A737567"=5")76<;<=5"
45:"1=5>3=E/(D=+I(R/(KKI(`RcO6`RcP/(58="&-Y/(B)C/(.ccc(

VU%3%/( ^I( bIf( ;"&=&/( 5I( SI( N( ^8"&G/( DI( 0I( 7I( E.ccRFI( 2=H%#'A( %&( C',%&>"'( V=&+-&"%#(
d=$=#>#%?$( Q+-G8$(^=&$#=+( )*A$"1(M"A-G&/(!/>9"'.''^.%%%")<C<>4E"'D<=5<6;"+I;>7B;"
1=5A737567/(58="&-Y/(B)C/(.ccR(
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2%*"@-/( CI( E4OOTFI( C( D"+=>-$*6?#""( C$$-$<'"( 2#%>3-&G( ^=&$#=++"#( ?=#( d-G-'( )K%>">#%?$/(
*3=677:<5C;"=A" >97"S_>9" .%%%"1=5A737567"=5")76<;<=5"45:"1=5>3=E/(KKI(]R`O6]R`R/(V"H(
J#+"%&A/(B)C/(4OOT((

2A-=$#%A/( 5I( E.cceFI( Q<#$8"#( 5%AA-,-$*( d"A<+$A( ?=#( $8"( C$$-$<'"( ^=&$#=+( 5#=@+"1I( .%%%"
8345;46><=5;"=5"'@>=B4><6"1=5>3=E/(D=+I(R`/(V=I(../(KKI(.PcT6.]OO/(.cce(

D%+"&$-/(;If(!"$83"/(!If(Q-=#"/(ZIf(0=H/(kI(5I(N(Q"#=&/(bI(E4OO]FI(X&'==#(;<+$-6D"8->+"(Q+-G8$(
2"A$@"'( ?=#( Q%<+$( M"$">$-=&/( XA=+%$-=&/( %&'( d">=,"#*/('.''" `@<:4567," $4D<C4><=5,"
45:"1=5>3=E"1=5A737567"45:"%P9<?<>/(S"*A$=&"/(B)C/(4OO](

_=&G/( 0If( '"( j<"-#=L/( ;I( )I( N( S%K-+%/( DI( E4OOOFI( C'%K$-,"( 2#%>3-&G( ^=&$#=+( BA-&G(
)*&$8"A-L"'( D"+=>-$*( ?#=1( C$$-$<'"( ;"%A<#"1"&$A/( *3=677:<5C;" =A" >97" 'B73<645"
1=5>3=E"1=5A737567/(D=+I(`/(KKI(.PT46.PT]/(^8->%G=/(B)C/(4OOO(

(
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Flight Control System Design Optimisation via 

Genetic Programming 

!""#$%&'()*+,(&-#$#".$/0(102$34#",+*+$
!"#$%&'(%)"*+,(&-,./0/*/(&"1&2(34,"%"5#&

6*./+$%0$&

1. Introduction  

54*+$64#7,0($7(0+0",+$#$)0,4&.&8&12$94*64$*+$.0-08&70.$,&$.0+*1"$#$6&",(&880($,4#,$+#,*+:*0+$
,40$ &;<06,*-0+$ &:$ +4*7;&#(.$ (06&-0(2$ &:$ #$ :*=0.>9*"1$ ?!@A$ 540$ )0,4&.&8&12$ *,+08:$ *+$
6&)7(040"+*-0$ #".$ +4&'8.$;0$ (0#.*82$ #778*6#;80$ :&($.*::0(0",$ ,270+$ &:$?!@+$ #".$-#(*&'+$
,#+B$ &;<06,*-0+A$ C*,4$ #77(&7(*#,0$ )&.*:*6#,*&"$ &:$ 6&",(&8$ 8#9$ (07(0+0",#,*&"D$ ,40$
)0,4&.&8&12$ 6#"$ ;0$ #778*0.$ ,&$ #$ ;(&#.$ (#"10$ &:$ 6&",(&8$ 7(&;80)+A$ E0-08&7)0",$ &:$ ,40$
(06&-0(2$6&",(&880($:&($,40$?!@$!(*08&*+$#$.0+*1"$0=#)780$,&$+'77&(,$,40$)0,4&.&8&12A$
54*+$64#7,0($:&6'+0+$&"$#.#7,#,*&"$&:$F-&8',*&"#(2$!81&(*,4)+$:&($#*(6(#:,$6&",(&8$7(&;80)+A$
G,$ +,#(,+$ :(&)$ #"#82+*+$ &:$ ,27*6#8$ 6&",(&8$ 8#9+$ #".$ 6&",(&8$ .0+*1"$ ,064"*H'0+A$ 540"D$ ,40$
+,('6,'(0$ &:$ ,40$ ?!@$ 6&",(&880($ #".$ ,40$ (07(0+0",#,*&"$ &:$ ,40$ 6&",(&8$ 8#9+$ +'*,#;80$ :&($
0-&8',*&"#(2$ .0+*1"$ #(0$ .0-08&70.A$ 54*+$ *+$ :&88&90.$ ;2$ ,40$ .0-08&7)0",$ &:$ ,40$ 10"0(#8$
0-&8',*&"#(2$.0+*1"$#81&(*,4)D$94*64$*+$,40"$#778*0.$,&$,40$?!@$(06&-0(2$7(&;80)A$I*"#882$
,40$7(0+0",0.$(0+'8,+$.0)&"+,(#,0$(&;'+,$7(&70(,*0+$&:$,40$.0-08&70.$6&",(&8$+2+,0)A$$

2. Aircraft flight control 

2.1 Overview of types of feedback control 
J&,$'"8*B0$ ,40$ 10"0(*6$ 6&",(&8$ #77(&#64D$ #*(6(#:,$ :8*14,$ 6&",(&8$ *+$ ;'*8,$ #(&'".$ #$ :00.;#6B$
6&"607,A$G,+$;#+*6$+640)0$*+$+4&9"$*"$I*1A$KA$540$6&",(&880($*+$:0.$;2$,40$.*::0(0"60$;0,900"$
,40$6&))#".0.$(0:0(0"60$+*1"#8$+&#".$,40$+2+,0)$&',7',$#A$G,$10"0(#,0+$,40$+2+,0)$6&",(&8$
*"7',+$*&#66&(.*"1$,&$&"0$&($#"&,40($#81&(*,4)A$$

$

I*1'(0$KA$I00.;#6B$+2+,0)$L&"0$.01(00$&:$:(00.&)M$

N"0$ &:$ ,40$ )#*"$ ,#+B+$ &:$ :8*14,$ 6&",(&8$ #+$ #"$ 0"1*"00(*"1$ .*+6*78*"0$ *+$ .0+*1"$ &:$ ,40$
6&",(&880(+$94*64$0"#;80$#$1*-0"$#*(6(#:,$,&$6&)780,0$#$.0:*"0.$)*++*&"$*"$,40$)&+,$&7,*)#8$
)#""0(D$ 940(0$ &7,*)#8*,2$ *+$ ;#+0.$ &"$ )*++*&"$ &;<06,*-0A$ !$ "');0($ &:$ ,064"*H'0+$ &:$
7(&.'6*"1$#$(0H'*(0.$6&",(&880($4#-0$;00"$.0-08&70.$&-0($,40$8#+,$4'".(0.$20#(+$+*"60$,40$
:*(+,$#8,*,'.0$4&8.$#',&7*8&,$9#+$*",(&.'60.$;2$/70((2$O2(&+6&70$P&)7#"2$*"$KQKRA$S&+,$&:$
,40$,064"*H'0+$)#B0$60(,#*"$#++')7,*&"+$#;&',$,40$6&",(&880.$+2+,0)$L*A0A$,40$#*(6(#:,MD$)&+,$
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"&,#;82$ 8*"0#(*,2$ &:$ *,+$ .2"#)*6+$ #".$ (*1*.*,2$ &:$ ,40$ #*(:(#)0D$ ,&$ +*)78*:2$ +2",40+*+$ &:$ ,40$
6&",(&880(A$!$;(*0:$&-0(-*09$&:$,270+$&:$:00.;#6B$6&",(&8$*+$7(0+0",0.$;08&9A$

2.1.1 On-Off control 
540$+*)780+,$:00.;#6B$6&",(&8$*+$,40$",7"11&3",/+"%D$#8+&$(0:0((0.$,&$#)&"1$0"1*"00(+$#+$)$,57
)$,5&3",/+"%A$54*+$6&",(&8$8#9$6#"$;0$0=7(0++0.$#+$:&88&9+T$

$
3
1
.

>
<

+=
$8

$89
**

DU

D
U $ LKM$

940(0$ *U$ #".$ 9& #(0$ #(;*,(#(2$ &::+0,$ #".$ 1#*"$ +'*,#;80$ :&($ ,40$ 1*-0"$ +2+,0)D$ #".$ $& *+$ ,40$
,4(0+4&8.$L+0,$7&*",MA$G,$6#"$;0$0=,0".0.$,&$#$)'8,*780$64&*60$+*,'#,*&"A$
54*+$ 8#9$ *+$ "&,$ 7#(,*6'8#(82$ +'*,#;80$ :&($ .*(06,$ :8*14,$ 6&",(&8$ *"$ "&()#8$ +*,'#,*&"+A$ G".00.D$
9*,4$ &"82$ ,9&$ L&($ +0-0(#8M$ .*+6(0,0$ 6&",(&8$ *"7',$ 80-08+D$ ,40$ +2+,0)$ &',7',$ 9*88$ ,0".$ ,&$
&+6*88#,0$#;&',$,40$+0,$7&*",D$"&$)#,,0($4&9$9088$.#)70.$,40$+2+,0)$*+D$;06#'+0$,40$6&",(&8$
+*1"#8$9*88$"&,$+9*,64$'",*8$,40$+0,$7&*",$*+$#8(0#.2$7#++0.A$S&(0&-0(D$*:$,40$.2"#)*6+$&:$,40$
+2+,0)$*+$:#+,$&($#$+*1"*:*6#",$#)&'",$&:$"&*+0$*"$,40$+2+,0)$&',7',$*+$7(0+0",D$,40$6&",(&880($
9*88$ ;0$ +9*,64*"1$ #8+&$ :#+,$ LV4'",*"1WMD$ 7&++*;82$ 6#'+*"1$ 0=,0"+*-0$ 90#($ ,&$ ,40$ 6&",(&8$
#6,'#,&(+A$
5&$7(0-0",$+'64$;04#-*&'(D$#$+706*#8$V.0#.$X&"0W$L&($V.0#.;#".WM$*+$0+,#;8*+40.$#(&'".$,40$
+0,$ 7&*",$ 940(0$ "&$ +9*,64*"1$ &66'(+A$ N;-*&'+82D$ ,4*+$ (0.'60+$ ,40$ #66'(#62$ &:$ 6&",(&8A$
Y&90-0(D$ ,40$ &">&::$ 6&",(&8$ 6&)0+$ *",&$ 78#2$940"$ 0-0",$ 4#".8*"1$ *+$ (0H'*(0.A$ !$ 68#++*6$
0=#)780$ &:$ #778*6#,*&"$ &:$ +'64$ 6&",(&8$ :&($ #*(6(#:,$ *+$ +,#88$ (06&-0(2A$C40"$ #"180$ &:$ #,,#6B$
0=600.+$#$+706*:*0.$-#8'0D$#$"&+0>.&9"$080-#,&($6&))#".$*+$*++'0.A$!$+*)*8#($8&1*6$6#"$;0$
*)780)0",0.$:&($&-0(8&#.$7(&,06,*&"$&($1(&'".$6&88*+*&"$#-&*.#"60A$
!"&,40($*)7&(,#",$#(0#$*"$,40$#0(&+7#60$:*08.$940(0$&">&::$('80+$6#"$;0$+'660++:'882$#778*0.$
*+$ *",0("#8$ +9*,64*"1$ ;0,900"$ ,40$ 6&",(&880(+$ L&($ 6&",(&880($ 7#(#)0,0(+MA$ 54*+$ #77(&#64$ *+$
B"&9"$#+$O#*"$+640.'8*"1$LZ'14D$RUUUMA$540$,064"*H'0$,#B0+$#.-#",#10$&:$#$+0,$&:$(08#,*-082$
+*)780$6&",(&880(+$&7,*)*+0.$:&($.*::0(0",$7&*",+$&:$,40$:8*14,$0"-08&70$L&($&,40($6&".*,*&"+MA$
Y&90-0(D$ *,$9#+$ :&'".$ ,4#,$ (#7*.$ +9*,64*"1$)#2$6#'+0$ +,#;*8*,2$#".$ (&;'+,"0++$7(&;80)+$
L/4#))#$[$!,4#"+D$KQQRMA$N"0$&:$,40$7&7'8#($+*)780$+&8',*&"+$*+$,&$V;80".W$L*",0(7&8#,0M$,40$
&',7',$ &:$ ,9&$ &($)&(0$ 6&",(&880(+D$94*64$ 0::06,*-082$ ,'("+$ +*)780$ &">&::$ +9*,64*"1$ *",&$ #$
6&)78*6#,0.$6&",(&8$)0,4&.A$

2.1.2 PID control 
540$7(&7&(,*&"#8>*",01(#8>.0(*-#,*-0$L\GEM$6&",(&8$*+$7(&;#;82$,40$)&+,$9*.082$'+0.$,270$&:$
6&",(&8D$ ,4#"B+$ ,&$ ,40$ +*)78*6*,2$ &:$ *,+$ :&()'8#,*&"$ #".$ *"$ )&+,$ 6#+0+D$ 7(0.*6,#;80$
64#(#6,0(*+,*6+A$G"$#$68&+0.>8&&7$+2+,0)$8*B0$,4#,$*"$I*1A$KD$*,+$6&",(&8$8#9$*+$

$ 5 ++= εεε "
:-; <=/<<* $ LRM$

940(0$,40$7#(#)0,0(+$<\D$<G$#".$<E$#(0$6&0::*6*0",+$:&($7(&7&(,*&"#8D$*",01(#8$#".$.0(*-#,*-0$
6&)7&"0",+$&:$,40$*"7',$0((&($+*1"#8$$(0+706,*-082A$%2$#.<'+,*"1$,40+0$,4(00$7#(#)0,0(+D$,40$
.0+*(0.$68&+0.>8&&7$.2"#)*6+$6#"$;0$&;,#*"0.A$
\(&;#;82$ ,40$)&+,$ 7(&;80)#,*6$ *++'0$9*,4$ ,40$ \GE$ 6&",(&8$ *+$ .'0$ ,&$ ,40$ .*::0(0",*#8$ ,0()A$
C4*80$ ;0*"1$ *)7&(,#",$ :&($ 1&&.$ (0+7&"+0$ ,*)0$ #".$ 4*14>+700.$ .2"#)*6+D$ ,40$ .*::0(0",*#8$
6&)7&"0",$B00"82$+'::0(+$:(&)$;&,4$*"+,(')0",#8$"&*+0$#".$6#86'8#,*&"$0((&(+A$G".00.D$0-0"$
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#$+)#88$#)&'",$&:$"&*+0$6#"$1(0#,82$#::06,$ ,40$+8&70$&:$ ,40$ *"7',$+*1"#8A$!,$ ,40$+#)0$,*)0D$
"')0(*6#8$6#86'8#,*&"$&:$ ,40$.0(*-#,*-0$L:&($#$.*1*,#8$6&",(&880($ *"$7#(,*6'8#(M$)'+,$;0$.&"0$
9*,4$ #$ :#*(82$ +)#88$ ,*)0$ +,07$ ,&$ &;,#*"$ 6&((06,$ +8&70$ #,$ #$ 1*-0"$ 7&*",A$ !8,4&'14$ 8&97#++$
:*8,0(*"1$ #778*0.$ ,&$ ,40$ *"7',$ +*1"#8$ +)&&,40"+$ ,40$ +*1"#8D$ *,$ +0-0(082$ 6&)7(&)*+0+$ ,40$
'+0:'8"0++$ &:$ ,40$ .0(*-#,*-0$ ,0()$ ;06#'+0$ ,40$ 8&9>7#++$ :*8,0($ #".$ .0(*-#,*-0$ 6&",(&8$
0::06,*-082$6#"608$0#64$&,40($&',A$
G"$6&",(#+,D$,40$*",01(#8$,0()$#-0(#10+$*,+$*"7',D$94*64$,0".+$,&$08*)*"#,0$"&*+0A$Y&90-0(D$#$
6&))&"$7(&;80)$#++&6*#,0.$9*,4$,40$*",01(#8$6&",(&8$&90+$0=#6,82$,&$*,+$V)0)&(2WA$C40"$#$
8#(10$*"7',$-#8'0$70(+*+,+$&-0($#$+*1"*:*6#",$#)&'",$&:$,*)0D$,40$*",01(#8$,0()$;06&)0+$#8+&$
8#(10$#".$(0)#*"+$8#(10$0-0"$#:,0($,40$*"7',$.*)*"*+40+A$54*+$6#'+0+$#$+*1"*:*6#",$&-0(+4&&,$
,&$,40$&77&+*,0$-#8'0+$#".$,40$7(&60++$6&",*"'0+A$
G"$10"0(#8D$*",01(#8$6&",(&8$4#+$#$"01#,*-0$*)7#6,$&"$+,#;*8*,2$#".$6#(0$)'+,$;0$,#B0"$940"$
#.<'+,*"1$ ,40$ *",01(#8$ 6&0::*6*0",A$ ]*)*,*"1$ ,40$ *",01(#,&($ +,#,0$ *+$ #$ 6&))&"$ #*.$ :&($ ,4*+$
7(&;80)A$ !$ )&(0$ 0801#",$ #77(&#64$ *"-&8-0+$ V9#+4*"1$ &',W$ ,40$ *",01(#,&($ +,#,0$ ;2$
*"6&(7&(#,*"1$#$+*)780$1#*"$:00.;#6BD$0::06,*-082$*)780)0",*"1$#$8&9>7#++$:*8,0($,&$,40$*"7',$
+*1"#8A$ \GE$ 6&",(&8$ :&'".$9*.0$ #778*6#,*&"$ *"$ ,40$ #0(&+7#60$ :*08.D$ 0+706*#882$940(0$ "0#(>
8*"0#($;04#-*&'($ ,#B0+$78#60D$ :&($0=#)780D$ *"$-#(*&'+$4&8.$#".$ ,(#6B*"1$#',&7*8&,+$ +'64$#+$
#,,*,'.0$ 4&8.$ #".$ :8*14,$ 7#,4$ :&88&9*"1A$ 540$ ,064"*H'0+$ &:$ +0806,*"1$ ,40$ &7,*)#8$ \GE$
6&0::*6*0",+$ #(0$ 9088$ 0+,#;8*+40.$ #".$ 9*.082$ #6607,0.A$ 527*6#882D$ ,402$ '+0$ ,40$ :(0H'0"62$
.&)#*"$ #+$ #$ .0+*1"$ (01*&"$ #".$ ',*8*+0$ 74#+0$ )#(1*"+$ #".$ 1#*"$ )#(1*"+& ,&$ *88'+,(#,0$
(&;'+,"0++A$Y&90-0(D$.0+*1"$&:$#$\GE$6&",(&880($ :&($"&"8*"0#($&($)'8,*>*"7',$)'8,*>&',7',$
LSGSNM$ +2+,0)+$ 940(0$ +*1"*:*6#",$ 6&'78*"1$ ;0,900"$ ,40$ .*::0(0",$ +2+,0)$ *"7',+$ #".$
&',7',+$ 0=*+,+$ *+$ 6&)78*6#,0.A$ !+$ ,40$ #*(6(#:,$ 6&",(&8$ &;<06,*-0+$ 0-&8-0.D$ "09$ .0+*1"$ #".$
6&",(&8$ ,064"*H'0+$ 90(0$ .0-08&7*"1A$ !8,4&'14$ )#"2$ &:$ ,40)$ 0++0",*#882$ (07(0+0",$ #"$
08#;&(#,0.$-0(+*&"$&:$\GE$6&",(&8D$,402$#(0$&',8*"0.$*"$,40$:&88&9*"1$+06,*&"+A$

2.1.3 Linear optimal control 
540$ 6&"607,$ &:$ &7,*)#8*,2$ *"$ )#,40)#,*6+$ (0:0(+$ ,&$ )*"*)*+#,*&"$ &:$ #$ 60(,#*"$ 7(&;80)$
.070".0",$6&+,$:'"6,*&"#8T$

$ ( ) ( )( )5 +=
2

2>4=/*>/5?
U

DD $ L^M$

940(0$2&*+$,40$:*"#8$,*)0D$*&*+$,40$6&",(&8$*"7',+$#".$>&*+$,40$+,#,0$&:$,40$6&",(&880.$+2+,0)A$
540$ 8#+,$ ,0()$(07(0+0",+$ ,40$:*"#8$6&+,$ ,4#,$.070".+$&"$,40$+,#,0$ *"$94*64$,40$+2+,0)$0".+$
'7A$N7,*)#8$6&",(&8$*+D$,40(0:&(0D$:*".*"1$,40$6&",(&8$8#9$*L/M$,4#,$)*"*)*+0+$?A$G"$10"0(#8D$:&($
#"$#(;*,(#(2$+2+,0)$#".$6&+,$:'"6,*&"#8D$&"82$"')0(*6#8$+0#(64$6#"$:*".$,40$&7,*)#8$L&($"0#($
&7,*)#8M$+&8',*&"A$$
540(0$*+$#$"');0($&:$,270+$&:$8*"0#($&7,*)#8$6&",(&8D$+'64$#+$,40$@0,($+&A*$=+$/03&!(5*%$/"+&
B@A!CD$,40&@0,($+&A*$=+$/03&E$*..0$,&F0/4&@""G&2+$,.1(+&!(3"H(+#&B@AEI@2!C$#".$,40$0=,0".0.$
3#8)#"$ :*8,0($ LF3IMA$ 540$ ,40&(2$ #".$ #778*6#,*&"$ &:$ ,40+0$ 6&",(&8$ ,064"*H'0+$ #".$ 3#8)#"$
:*8,0(*"1$ *+$.0,#*80.$ *"$)#"2$ 6&))&"$6&",(&8$ #".$+*1"#8$7(&60++*"1$ ,0=,;&&B+D$ +'64$#+$ :&($
0=#)780$L%(&9"$[$Y9#"1D$KQQR_$%(2+&"$[$Y&D$KQ`a_$3#8)#"D$KQbU_$S#6*0<&9+B*D$KQcQMA$$
540$ 3#8)#"$ :*8,0($ (08*0+$ &"$ ,40$ )&.08$ &:$ ,40$ +2+,0)$ L*"$ *,+$ 7(0.*6,*"1$ 7#(,MD$ #".$ ,40$
1'#(#",00.$ 70(:&()#"60$ &:$ ,40$ 6&",(&880($ 6#"$ 0#+*82$ ;0$ 8&+,$940"$ '")&.0880.$ .2"#)*6+D$
.*+,'(;#"60+$ #".$)0#+'(0)0",$ "&*+0$ #(0$ *",(&.'60.A$ G".00.D$ (&;'+,"0++$ *+$ #$ 64#880"1*"1$
*++'0$ &:$)&.0("$ 6&",(&8$ .0+*1"+A$!8+&D$ ,40$9088$ B"&9"$ *"$ 68#++*6$ 8*"0#($.0+*1"$74#+0$ #".$



Aerial Vehicles 

$

130 

1#*"$)#(1*"$ 6&"607,+$ 6#""&,$ ;0$ 0#+*82$ #778*0.$ ,&$ ,40$)'8,*-#(*#;80$ +2+,0)+$ ,4#,$)&.0("$
6&",(&8$ *+$ +&$ +'*,0.$ :&(A$ 540+0$ 7(&;80)+$ 80.$ ,&$ ,40$ *",(&.'6,*&"$ &:$ (&;'+,$)&.0("$ 6&",(&8$
,40&(2A$

2.1.4 Robust modern control 
?"8*B0$,(#.*,*&"#8$&7,*)#8$6&",(&8D$(&;'+,$&7,*)#8$6&",(&8$)*"*)*+0+$,40$*":8'0"60$&:$-#(*&'+$
,270+$ &:$ '"60(,#*",*0+$ *"$ #..*,*&"$ ,&$ L&($ 0-0"$ *"+,0#.$ &:M$ 70(:&()#"60$ #".$ 6&",(&8$ 0"0(12$
&7,*)*+#,*&"A$O0"0(#882D$,4*+$*)78*0+$.0+*1"$&:$#$7&++*;82$8&9$1#*"&6&",(&880($9*,4$(0.'60.$
+0"+*,*-*,2$ ,&$ *"7',$ 64#"10+A$ !+$ #$ 6&"+0H'0"60D$ (&;'+,$ 6&",(&880(+$ &:,0"$ ,0".$ ,&$ ;0$
6&"+0(-#,*-0$#".$+8&9A$N"$,40$&,40($4#".D$,402$)#2$;0$,4&'14,$#+$,40$+,#;*8*+*"1$6&",(&880(+$
:&($ ,40$94&80$ +0,$ &:$ 78#",+$ L94*64$ *"68'.0$ #$ (#"10$ &:$ '"60(,#*",*0+M$ #".$ "&,$ &"82$ :&($ ,40$
)&.0880.$+2+,0)D$94*64$*+$#$)&(0$.0)#".*"1$,#+BA$
540$)#<&(*,2$ &:$)&.0("$ (&;'+,$ 6&",(&8$ ,064"*H'0+$ 4#-0$ &(*1*"+$ *"$ ,40$ 68#++*6#8$ :(0H'0"62$
.&)#*"$)0,4&.+A$540$B02$)&.*:*6#,*&"$&:$,40$68#++*6$)0,4&.+$*+$+4*:,*"1$:(&)$0*10"-#8'0+$
,&$ +*"1'8#($ -#8'0+$ L&:$ ,40$ ,(#"+:0($ :'"6,*&"$ ,4#,$ .0+6(*;0+$ ,40$ +2+,0)MD$ ,40$ +*"1'8#($ -#8'0$
%&.0$78&,$;0*"1$,40$)#<&($*".*6#,&($&:$)'8,*-#(*#;80$:00.;#6B$+2+,0)$70(:&()#"60$LE&280$[$
/,0*"D$KQcKMA$
\(&;#;82$ ,40$ )&+,$ 7&7'8#($ )&.0("$ (&;'+,$ 6&",(&8$ .0+*1"$ ,064"*H'0+$ L7#(,*6'8#(82$ *"$ ,40$
#0(&+7#60$ :*08.M$ #(0$ JR$ #".$ J!$ 6&",(&8D$ #8+&$ B"&9"$ #+$ ,40$ :(0H'0"62>90*14,0.$ ]dO$
+2",40+*+$ #".$ ,40$ +)#88$ 1#*"$ 7(&;80)$ (0+706,*-082A$ 540+0$ ,064"*H'0+$ #".$ ,40$ '".0(82*"1$
,40&(*0+$#(0$,4&(&'1482$.0+6(*;0.$*"$+0-0(#8$9&(B+D$"&,#;82$LE&280$#,$#8AD$KQcQ_$39#B0("##BD$
KQQ^_$e4&'$[$E&280D$KQQcMA$$
540$J!$ 6&",(&8$.0+*1"$ :&'".$0=,0"+*-0$'+0$ :&($#*(6(#:,$ :8*14,$ 6&",(&8A$N"0$&:$ ,40$ :*(+,$ +'64$
#778*6#,*&"+$9#+$ ,40$ .0-08&7)0",$ &:$ 6&",(&880(+$ :&($ ,40$ 8&"1*,'.*"#8$ 6&",(&8$ &:$ #$Y#((*0($
<')7$<0,$LY2.0D$KQQKMA$54*+$9&(B$4#+$;00"$+';+0H'0",82$0=,0".0.$*"$L\&+,80,49#*,0$[$%#,0+D$
KQQQM$ ,&$ :'882$ *",01(#,0.$ 8&"1*,'.*"#8D$ 8#,0(#8$#".$7(&7'8+*-0$ 6&",(&8A$N,40($9&(B+$ *"68'.0$
L3#)*"0($ 0,$ #8AD$ KQQUMD$940(0$ #$ 8#,0(#8$ #',&7*8&,$ :&($ #$ 8#(10$ 6*-*8$ #*(6(#:,$ *+$ .0+*1"0.D$ #".$
L34#))#+4$[$e&'D$KQQQMD$940(0$#$(&;'+,$8&"1*,'.*"#8$6&",(&880($+';<06,$,&$#*(6(#:,$90*14,$
#".$6A1A$'"60(,#*",2$*+$.0)&"+,(#,0.A$
!$)*=0.$JR$ f$J!$ #77(&#64$ *+$ #778*0.$ *"$ L/4'0$ [$!1#(9#8D$ KQQQM$ ,&$ .0+*1"$ #"$ #',&8#".$
6&",(&880($ :&($ #$ 8#(10$ 6&))0(6*#8$ #*(6(#:,A$ 540$ )0,4&.$ 0)78&20.$ 40(0$ ',*8*+0+$ ,40$ JR$
6&",(&880($:&($+8&9$,(#<06,&(2$,(#6B*"1$#".$,40$J!$6&",(&880($:&($:#+,$.2"#)*6$(&;'+,"0++$#".$
.*+,'(;#"60$(0<06,*&"A$
/0-0(#8$ J!$ 6&",(&880(+$ 4#-0$ ;00"$ ,(*0.$ ,&$ #66&)78*+4$ ,40$ ?!@$ +4*7;&#(.$ 8#'"64$ ,#+B$
LP(')7D$ RUURMA$ G,$ 4#+$ ;00"$ :&'".$ ,4#,$ ,40+0$ 6&",(&880(+$ 70(:&()$ H'*,0$ 9088$ *"$ "&)*"#8$
+*,'#,*&"+A$ Y&90-0(D$ *"$ ,40$ 7(0+0"60$ &:$ 8#(10$ .*+,'(;#"60+$ 94*64$ 78#60$ ,40$ #*(6(#:,$ 9088$
;02&".$ *,+$ 8*"0#($ .0+*1"$ &70(#,*"1$ 7&*",D$ ,40$ 6&",(&880(+$ 70(:&()0.$ 7&&(82$ L+&)0,*)0+$
0=,(0)082MA$!,$ ,40$+#)0$,*)0D$ *"#;*8*,2$ ,&$ *"68'.0$0-0"$+*)780$+,#,*6$"&"8*"0#(*,*0+$+'64$#+$
,*)0$.08#2+$#".$+#,'(#,*&"+$)#.0$*,$.*::*6'8,$,&$+2",40+*+0$#$7(#6,*6#8$6&",(&880($:&($,4*+$,#+B$
9*,4*"$ 8*"0#($ #77(&#64A$ !"&,40($ .0:*6*0"62$ :&'".$ *+$ 6&))&"$ ,&$ #88$ :(0H'0"62$ .&)#*"$
,064"*H'0+T$ ,40$ :(0H'0"62$ .&)#*"$ 70(:&()#"60$ +706*:*6#,*&"+$ 6#""&,$ ;0$ (*1*.82$ ,(#"+8#,0.$
*",&$ ,*)0$ #".$ +7#,*#8$ .&)#*"$ +706*:*6#,*&"+A$ S0#"94*80D$ ,*)0$ #".$ 0+706*#882$ +7#,*#8$
L,(#<06,&(2M$6&"+,(#*"+$#(0$6('6*#8$:&($;&,4$8#'"64$#".$(06&-0(2$,#+B+A$
540$ ,*)0$.&)#*"$70(:&()#"60$ 6#"$;0$ #66&'",0.$ :&($.*(06,82$ *"$ ,40$ ,*)0$.&)#*"$ %K$.0+*1"$
L%8#"64*"*$[$/X"#*0(D$KQQg_$E#4804$[$\0#(+&"D$KQc`MA$$
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G,$ *+$&:,0"$0=,0".0.$,&$*"68'.0$,40$:(0H'0"62$.&)#*"$&;<06,*-0+D$(0+'8,*"1$*"$#$)*=0.$"&()$
#77(&#64A$Y&90-0(D$%K$.0+*1"$*+$78#1'0.$;2$,40$0=60++*-0$&(.0($&:$,40$10"0(#,0.$6&",(&880(+A$
54*+$ *+$ '+'#882$ +&8-0.$ ;2$ (0.'6*"1$ ,40$ 7(&;80)$ ,&$ +';&7,*)#8$ 6&",(&8D$ *)7&+*"1$ +0-0(#8$
(0+,(*6,*&"+$ &"$ ,40$ +2+,0)$ #".$ 70(:&()#"60$ +706*:*6#,*&"+$ L/X"#*0($ [$Y&8)0+D$ KQQbMA$ 540$
#778*6#,*&"$&:$ %K$#77(&#64$,&$:8*14,$6&",(&8$*+$.*+6'++0.$*"$L/B&10+,#.$[$\&+,809#*,0D$KQQ`MD$
9*,4$,40$6&"68'+*&"$,4#,$6&",(&880(+$9*,4$0=60++*-0$&(.0($9*88$10"0(#882$;0$7(&.'60.$940"$
'+*"1$7(#6,*6#8$6&"+,(#*",+A$
540(0$4#-0$;00"$#,,0)7,+$,&$+&8-0$,40$J!$&7,*)#8$6&",(&8$7(&;80)+$:&($"&"8*"0#($+2+,0)+A$
Y&90-0(D$ ,40+0$ )0,4&.+$ '+'#882$ (082$ &"$ -0(2$ 8*)*,*"1$ #++')7,*&"+$ #;&',$ ,40$ )&.08D$
'"60(,#*",*0+$ #".$ .*+,'(;#"60$ +,('6,'(0A$ 540$ )#,40)#,*6#8$ .0-08&7)0",$ &:$ "&"8*"0#($J!$
6&",(&8$6#"$;0$:&'".$*"$LE#8+#)&$[$F108#".D$KQQaMA$!"$0=#)780$&:$"&"8*"0#($6&",(&8$&:$#"$
#1*80$)*++*80$*+$1*-0"$*"$LC*+0D$KQQbMA$
E0+7*,0$#$-0(2$6&)78*6#,0.$+&8',*&"$#81&(*,4)D$,4*+$9&(B$*+$8*)*,0.$;2$#$8*"0#($#++')7,*&"$
&"$,40$-04*680$#0(&.2"#)*6+D$(0.'6*"1$,40$;0"0:*,+$1#*"0.$:(&)$,40$'+0$&:$"&"8*"0#($6&",(&8A$$

2.1.5 Nonlinear control 
]*"0#($6&",(&8$.0+*1"$,064"*H'0+$4#-0$;00"$'+0.$:&($:8*14,$6&",(&8$7(&;80)+$:&($)#"2$20#(+A$
N"0$&:$,40$(0#+&"+$942$#*(6(#:,$6#"$;0$6&",(&880.$H'*,0$9088$;2$8*"0#($6&",(&880(+$*+$,4#,$,402$
;04#-0$#8)&+,$8*"0#(82$,4(&'14$)&+,$&:$,40*($:8*14,$0"-08&70A$Y&90-0(D$940"$,40$#*(6(#:,$*+$
(0H'*(0.$ ,&$ 7#++$ ,4(&'14$ #$ 4*1482$ "&"8*"0#($ .2"#)*6$ (01*&"$ &($ 940"$ &,40($ 6&)78*6#,0.$
6&",(&8$&;<06,*-0+$#(0$+0,D$*,$4#+$;00"$:&'".$;2$+0-0(#8$(0+0#(640(+$,4#,$*,$*+$.*::*6'8,$,&$&;,#*"$
7(#6,*6#8$ 6&",(&880(+$ ;#+0.$ &"$ 8*"0#($ .0+*1"$ ,064"*H'0+A$ 540$ ?!@$ +4*7;&#(.$ 8#'"64$ #".$
(06&-0(2$ ,#+B+$ #(0$ +';+,#",*#882$ "&"8*"0#($ 7(&;80)+A$ 540$ +&'(60+$ &:$ "&"8*"0#(*,*0+$ #(0$ ,40$
#0(&.2"#)*6$:&(60+$10"0(#,0.$#,$ 8&9$#*(+700.+$#".$4*14$#"180+$&:$#,,#6B$L0+706*#882$940"$
9*".$.*+,'(;#"60+$#(0$7(0+0",M_$,(#<06,&(2$6&"+,(#*",+$*)7&+0.$.'0$,&$7(&=*)*,2$&:$1(&'".$
L9#,0(M$ #".$ +4*7$ *"+,#88#,*&"+_$ B*"0)#,*6$ "&"8*"0#(*,*0+$ 940"$ #6,*-0$ )#"&0'-(*"1$ *+$
(0H'*(0._$#6,'#,&($+#,'(#,*&"+$#".$+&)0$)&(0A$
G"$6&",(#+,$,&$,40$8*"0#($+2+,0)+D$,40$64#(#6,0(*+,*6+$&:$,40$"&"8*"0#($+2+,0)+$#(0$"&,$+*)782$
68#++*:*0.$#".$,40(0$#(0$"&$10"0(#8$)0,4&.+$6&)7#(#;80$*"$7&90($,&$,4&+0$&:$8*"0#($#"#82+*+A$
J&"8*"0#($ ,064"*H'0+$ #(0$ H'*,0$ &:,0"$ .0+*1"0.$ :&($ *".*-*.'#8$ 6#+0+D$ (01'8#(82$ 9*,4$ "&$
)#,40)#,*6#8$<'+,*:*6#,*&"$#".$"&$680#($*.0#$&:$(0>#778*6#;*8*,2$&:$,40$)0,4&.+A$$
/&)0$&:$,40$)&(0$7&7'8#($"&"8*"0#($6&",(&8$,064"*H'0+$#(0$6&-0(0.$*"$,0=,;&&B+$L!,40(,&"D$
KQ`a_$O(#4#)$[$S6Z'80(D$KQ`KMA$$
540$)&+,$;#+*6$"&"8*"0#($6&",(&8$8#9+$#".$,40$N">&::$6&",(&8$$#".$O#*"$+640.'8*"1D$"&,*"1$
,4#,$,40+0$6&",(&880(+$&:,0"$8#6B$(&;'+,"0++$940"$,40$6&",(&880(+$#(0$+640.'80.$(#7*.82A$$
!"&,40($)&.0("$6&",(&8$,064"*H'0$(0)&,082$(08#,0.$,&$,40$&">&::$6&",(&8$*+$H$+0$)%(&./+*3/*+(&
L#8+&$B"&9"$#+$.%0=0,5&K"=(M$6&",(&8$ LE0P#(8&$0,$#8AD$KQcc_$?,B*"D$KQ`cMA$ G"$ ,4*+$#77(&#64D$#$
4270(+'(:#60$L*"$+,#,0$+7#60M$6#880.$.%0=0,5&.*+1$3(&&($.F0/340,5&.*+1$3(&*+$+0806,0.$+&$,4#,$,40$
+2+,0)$ ,(#<06,&(2$ 0=4*;*,+$ .0+*(#;80$ ;04#-*&'($ 940"$ 6&":*"0.$ ,&$ ,4*+$ 4270(+'(:#60A$
E070".*"1$&"$940,40($ ,40$ 6'((0",$ +,#,0$ *+$ #;&-0$&($;08&9$ ,40$ +8*.*"1$ +'(:#60D$ #$.*::0(0",$
6&",(&8$1#*"$*+$#778*0.A$?"8*B0$1#*"$+640.'8*"1D$,40$)0,4&.$*"-&8-0+$4*14$+700.$+9*,64*"1$
,&$B007$,40$+2+,0)$&"$,40$+8*.*"1$+'(:#60A$$
!$6&)780,082$.*::0(0",$#77(&#64$*+$,&$0"#;80$#778*6#;*8*,2$&:$,40$9088$B"&9"$8*"0#($6&",(&8$
)0,4&.+$ ,&$ 6&",(&8$ "&"8*"0#($ +2+,0)+A$ 54*+$ 6#"$ ;0$ #64*0-0.$ '+*"1$ ,",%0,($+& =#,$K03&
0,H(+.0",A$ 54*+$ 7(&60++D$ #8+&$ B"&9"$ #+$ 1((=)$39& %0,($+0.$/0",D$ *"-&8-0+$ &"8*"0$ #77(&=*)#,0$
8*"0#(*+#,*&"$ &:$ #$ "&"8*"0#($ 78#",$ -*#$ :00.;#6BA$ E2"#)*6$ *"-0(+*&"$ 1#*"0.$ 7#(,*6'8#($
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#,,0",*&"$*"$#-*#,*&"$*".'+,(2$*"$,40$8#,0$KQcU+$#".$QU+D$#*)*"1$,&$6&",(&8$4*14$70(:&()#"60$
:*14,0(+$ .'(*"1$ 4*14$ #"180$ &:$ #,,#6B$)#"&0'-(0+$ LB"&9"$ #+$ .*G(+K$,"(*H+(.MA$ N"0$ &:$ ,40$
0#(82$#778*6#,*&"+$*+$J!/!$Y*14$!"180$&:$!,,#6B$@04*680$LY!Z@M$L%'1#<+B*$[$F""+D$KQQRMA$
G"$ ,4*+$9&(BD$ H'*,0$ 1&&.$ +*)'8#,*&"$ 70(:&()#"60$ (0+'8,+$ #(0$ &;,#*"0._$ 4&90-0(D$9*,4$ ,40$
*"-0(+*&"$;#+0.$&"$ ,40$ +#)0$+*)'8#,*&"$)&.08D$ #"2$7&++*;80$.*+6(07#"6*0+$#(0$ ,(#"+:0((0.$
*",&$,40$6&",(&880(D$80#.*"1$,&$H'0+,*&"#;80$(0+'8,+$*"$742+*6#8$*)780)0",#,*&"$9*,4$(0+706,$
,&$*"6&((06,82$)&.0880.$.2"#)*6+A$

2.1.6 Intelligent control 
G",088*10",$6&",(&8$*+$#$10"0(#8$#".$+&)094#,$;&8.$,0()$,4#,$.0+6(*;0+$#$.*-0(+0$6&8806,*&"$&:$
(08#,*-082$"&-08$#".$"&">,(#.*,*&"#8$6&",(&8$,064"*H'0+$;#+0.$&"$,40$+&$6#880.$."1/&3"KG*/0,5&
#77(&#64A$540+0$*"68'.0$"0'(#8$"0,9&(B+D$:'XX2$8&1*6D$#.#7,*-0$6&",(&8D$10"0,*6$#81&(*,4)+$
#".$+0-0(#8$&,40(+A$N:,0"$,402$#(0$6&);*"0.$9*,4$0#64$&,40($#+$9088$#+$9*,4$)&(0$,(#.*,*&"#8$
)0,4&.+_$ :&($ 0=#)780D$ :'XX2$ 8&1*6$ 6&",(&880($ 7#(#)0,0(+$ ;0*"1$ &7,*)*+0.$ '+*"1$ 10"0,*6$
#81&(*,4)+$&($#$"0'(#8$"0,9&(B$.(*-*"1$#$,(#.*,*&"#8$8*"0#($6&",(&880(A$
L(*+$%& ,(/F"+9& LJJMD$ -0(2$ ;#+*6#882D$ *+$ #$ "0,9&(B$ &:$ +*)780$ "&"8*"0#($ 7(&60++*"1$ 080)0",+$
L"0'(&"+M$94*64$6#"$0=4*;*,$6&)780=$18&;#8$;04#-*&'($.0,0()*"0.$;2$080)0",$7#(#)0,0(+$#".$
,40$ 6&""06,*&"+$ ;0,900"$ ,40$ 7(&60++*"1$ 080)0",+A$ 540$ '+0$ &:$ #(,*:*6*#8$ "0'(#8$ "0,9&(B+$ :&($
6&",(&8$7(&;80)+$(060*-0+$#"$*"6(0#+0.$#,,0",*&"$&-0($,40$8#+,$,9&$.06#.0+A$G,$4#+$;00"$+4&9"$
,4#,$ #$ 60(,#*"$ 68#++$ &:$ JJ$ 6#"$ #77(&=*)#,0$ #"2$ 6&",*"'&'+$ "&"8*"0#($ :'"6,*&"$ 9*,4$ #"2$
.0+*(0.$#66'(#62$L/7&&"0(D$RUURMA$54*+$7(&70(,2$#88&9+$,&$0)78&2$JJ$:&($.#./(K&0=(,/0103$/0",&
7'(7&+0+D$94*64$6#"$;0$70(:&()0.$;&,4$&::8*"0$#".$&"8*"0A$54*+$#77(&#64$ *+$'+0.$ *"$LP&802D$
KQQc_$3*)$[$P#8*+0D$KQQ`M$:&($:8*14,$6&",(&8$&:$#$,*8,>(&,&($#*(6(#:,$#".$,40$I>Kc$:*14,0(A$
!"&,40($#(0#$&:$*",0"+*-0$#778*6#,*&"$&:$JJ$*+$:#'8,$,&80(#",$6&",(&8D$)#.0$7&++*;80$.'0$,&$
&"8*"0$#.#7,#,*&"$6#7#;*8*,2$&:$JJA$G"$ ,40$(060",$9&(B$L\#+4*8B#($0,$#8AD$RUUbMD$#"$ V#..>&"W$
"0'(#8$ 6&",(&880($ *+$ .0-08&70.$ ,&$ *"6(0#+0$ #',&>8#".*"1$ 6#7#;*8*,*0+$ &:$ #$ .#)#10.$ #*(6(#:,$
9*,4$&"0$&:$,9&$+,'6B$6&",(&8$+'(:#60+A$!$+*1"*:*6#",$*"6(0#+0$*"$+'660++:'8$8#".*"1+$(#,0$*+$
+4&9"D$0+706*#882$940"$,40$6&",(&8$+'(:#60+$#(0$+,'6B$#,$8#(10$.0:806,*&"+A$
M*88#&%"503&3",/+"%&#8+&$1#*"0.$+&)0$7&7'8#(*,2$#)&"1$:8*14,$6&",(&8$0"1*"00(+A$54*+$,270$&:$
6&",(&8$(08*0+$&"$#77(&=*)#,0$(0#+&"*"1$;#+0.$&"$#$+0,$&:$('80+$940(0$*",0()0.*#,0$7&+*,*&"+$
;0,900"$V:#8+0W$#".$V,(',4W$#(0$7&++*;80A$I'XX2$8&1*6$6&",(&8$)#2$;0$0+706*#882$'+0:'8$940"$#$
.06*+*&"$ )'+,$ ;0$ )#.0$ ;0,900"$ +0-0(#8$ 6&",(&-0(+*#8$ 6&".*,*&"+A$ I&($ 0=#)780D$ *"$
LI0("#".0X>S&",0+*"&+D$KQQQM$:'XX2$8&1*6$*+$'+0.$:&($9*".+40#($(06&-0(2$*"$&(.0($,&$.06*.0$
940,40($0"0(12$+4&'8.$;0$1*-0"$,&$#8,*,'.0$&($#*(+700.D$;#+0.$'7&"$,40$6'((0",$+*,'#,*&"A$
6=$G/0H(& 3",/+"%& ,0()$ 6&-0(+$ #$ +0,$ &:$ -#(*&'+$ 6&",(&8$ ,064"*H'0+$ ,4#,$ #(0$ 6#7#;80$ &:$ &"8*"0$
#.#7,#,*&"A$!$1&&.$+'(-02$&:$#.#7,*-0$6&",(&8$)0,4&.+$*+$1*-0"$*"$L!+,(&)$[$C*,,0")#(BD$
KQQaMA$540$#778*6#,*&"+$&:$#.#7,*-0$6&",(&8$*+$10"0(#882$;*#+0.$,&9#(.+$6&",(&8$:&($8#(10$,*)0$
+6#80+$ +&$ ,4#,$ ,40$ 6&",(&880($ 4#+$ +'::*6*0",$ ,*)0$ ,&$ 80#("$ 4&9$ ,&$ ;04#-0A$ 54*+$ )#B0+$ ,40$
(08#,*-082$+4&(,>,*)0$(06&-0(2$7(&60++$'"+'*,#;80$:&($&"8*"0$#.#7,#,*&"A$
NH"%*/0",$+#&#".$5(,(/03&$%5"+0/4K.&LF!+D$O!+M$#(0$18&;#8$&7,*)*+#,*&"$,064"*H'0+$#778*6#;80$,&$
#$;(&#.$#(0#$&:$0"1*"00(*"1$7(&;80)+A$5402$6#"$;0$'+0.$,&$&7,*)*+0$,40$7#(#)0,0(+$&:$-#(*&'+$
6&",(&8$+2+,0)+D$:(&)$+*)780$\GE$6&",(&880(+$Le0*">/#;#,,&$[$e40"1D$KQQ`M$,&$:'XX2$8&1*6$#".$
"0'(#8$ "0,9&(B$ .(*-0"$ 6&",(&880(+$ L%&'()*+,(&-#D$ RUUK_$ 3#*+0$ [$ I'<*)&,&D$ KQQQMA$ !"&,40($
6&))&"$ .0+*1"$ #77(&#64$ *+$ 0-&8',*&"#(2$ &7,*)*+#,*&"$ &:$ ,(#<06,&(*0+D$ #66&)7#"*0.$ ;2$ #$
+'*,#;80$,(#6B*"1$6&",(&880($L0A1A$LC#"1$[$e#8X#8#D$KQQbMMA$!"$08#;&(#,0.$+,'.2$&:$#778*6#,*&"+$
&:$F!+$,&$6&",(&8$#".$+2+,0)$*.0",*:*6#,*&"$7(&;80)+$6#"$;0$:&'".$*"$L?X(0)D$RUU^MA$
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?"8*B0$ ,40$ )#<&(*,2$ &:$ &,40($ ,064"*H'0+D$ O0"0,*6$ !81&(*,4)+$ L*"$ ,40$ :&()$ &:$ E(,(/03&
;+"5+$KK0,5M$ #(0$ #;80$ ,&$ 0-&8-0$ "&,$ &"82$ ,40$ 7#(#)0,0(+D$ ;',$ #8+&$ ,40$ ./+*3/*+(& &:$ ,40$
6&",(&880(A$
G"$ 10"0(#8D$ F!+$ (0H'*(0$ +';+,#",*#8$ 6&)7',#,*&"#8$ 7&90($ #".$ ,4'+$ #(0$ )&(0$ +'*,#;80$ :&($
&::8*"0$ &7,*)*+#,*&"A$ Y&90-0(D$ &"8*"0$ 0-&8',*&"#(2>;#+0.$ 6&",(&880(+$ 4#-0$ #8+&$ ;00"$
+'660++:'882$.0+*1"0.$ #".$'+0.A$ 540$K"=(%& G+(=03/0H(& 3",/+"%& *+$ ,27*6#882$ 0)78&20.$ :&($ ,4*+$
7'(7&+0D$ 940(0$ ,40$ 6&",(&880($ 6&"+,#",82$ 0-&8-0+$ L&($ (0:*"0+M$ 6&",(&8$ 8#9+$ '+*"1$ #"$
*",01(#,0.$+*)'8#,*&"$)&.08$&:$,40$6&",(&880.$+2+,0)A$!$6&)7(040"+*-0$.0+6(*7,*&"$&:$,4*+$
#77(&#64$*+$1*-0"$*"$LN""0"$0,$#8AD$KQQ`MA$

2.2 Flight control for the UAV recovery task 

!*(6(#:,$6&",(&8$#,$(06&-0(2$+,#10$&:$:8*14,$6#"$;0$6&"-0",*&"#882$+07#(#,0.$*",&$,9&$68&+082$
(08#,0.D$;',$.*+,*"6,*-0$,#+B+T$1'*.#"60$#".$:8*14,$6&",(&8A$O'*.#"60$*+$,40$4*14>80-08$LV&',0($
8&&7WM$6&",(&8$*",0".0.$,&$#66&)78*+4$#$.0:*"0.$)*++*&"A$54*+$)#2$;0$7#,4$:&88&9*"1D$,#(10,$
,(#6B*"1$&($-#(*&'+$"#-*1#,*&"$,#+B+A$I8*14,$6&",(&8$*+$#*)0.$#,$7(&-*.*"1$,40$)&+,$+'*,#;80$
6&".*,*&"+$:&($1'*.#"60$;2$)#*",#*"*"1$#$(#"10$&:$:8*14,$7#(#)0,0(+$#,$,40*($&7,*)#8$80-08+$
#".$.08*-0(*"1$,40$;0+,$7&++*;80$4#".8*"1$64#(#6,0(*+,*6+A$$

2.2.1 Traditional landing 

G"$#$,27*6#8$8#".*"1$7(&60.'(0D$,40$#*(6(#:,$:&88&9+$#$.0:*"0.$18*.0$7#,4A$540$6'((0",$7&+*,*&"$
&:$,40$#*(6(#:,$9*,4$(0+706,$,&$,40$18*.07#,4$*+$)0#+'(0.$*"$#$-#(*0,2$&:$9#2+D$(#"1*"1$:(&)$
7*8&,W+$020+*14,$,&$#',&)#,*6$(#.*&$0H'*7)0",$+'64$#+$,40$G"+,(')0",$]#".*"1$/2+,0)$LG]/MA$
%#+*6#882D$ ,40$ &;<06,*-0$ &:$ ,40$ 7*8&,$ L&($ #',&7*8&,M$ *+$ ,&$ B007$ ,40$ #*(6(#:,$ &"$ ,40$ 18*.07#,4D$
(0)&-*"1$#"2$7&+*,*&"*"1$0((&($6#'+0.$;2$.*+,'(;#"60+$#".$#*(6(#:,W+$.2"#)*6+A$54*+$+,#10$
&:$8#".*"1$*+$B"&9"$#+$$GG+"$34A$!77(&#64$)#2$;0$.*-*.0.$*",&$0,0/0$%&$GG+"$34D$*"$94*64$,40$
#*(6(#:,$)#B0+$ 6&",#6,$9*,4$ LV:*=0+WM$ ,40$ #77(&#64$"#-*1#,*&"$ +2+,0)$ L&($ <'+,$)#B0+$ -*+'#8$
6&",#6,$9*,4$,40$('"9#2M$#".$#8*1"+$9*,4$,40$('"9#2_$#".$10,$%&$GG+"$34D$940"$,40$#*(6(#:,$
.0+60".+$#8&"1$#$L'+'#882M$+,(#*14,$8*"0A$G"$6&"-0",*&"#8$8#".*"1D$:*"#8$#77(&#64$*+$:&88&90.$
;2$#$:8#(0$)#"&0'-(0$&($"&+0>'7$*"7',$,&$+&:,0"$,40$,&'64.&9"_$4&90-0(D$:8#(0$*+$,27*6#882$
"&,$70(:&()0.$:&($+4*7;&#(.$8#".*"1$.'0$,&$(#".&)$+4*7$)&,*&"$#".$+0-0(0$6&"+,(#*",+$&"$
,40$8#".*"1$+7#60A$
540$1'*.#"60$ ,#+B$.'(*"1$ :*"#8$#77(&#64$ *"-&8-0+$ ,(#<06,&(2$ ,(#6B*"1$9*,4$;&,4$4&(*X&",#8$
#".$-0(,*6#8$0((&(+$L#".$,40*($(#,0+M$(0#.*82$#-#*8#;80A$G,$*+$*)7&(,#",$,&$"&,0$,4#,$,40$0((&(+$
;0*"1$742+*6#882$)0#+'(0.$#(0$$,5*%$+&.0-*#,*&"+$&:$,40$#*(6(#:,$7&+*,*&"$LI*1ARM$#+$+00"$:(&)$
,40$.0+*1"#,0.$,&'64.&9"$7&*",$L&($)&(0$7(06*+082D$ :(&)$940(0$,40$(#.#(+$&($#",0""#+$&($
&,40($1'*.#"60$+2+,0)+$#(0$8&6#,0.MA$5402$6#"$;0$6&"-0(,0.$,&$8*"0#($0((&(+$)4 *:$,40$=0./$,3(&
@&,&$,40$#*(6(#:,$*+$B"&9"A$

$

I*1'(0$RA$!"1'8#($#".$8*"0#($18*.07#,4$0((&(+$
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Y&90-0(D$*"$)#"2$#778*6#,*&"+$7(06*+0$.*+,#"60$)0#+'(0)0",$*+$'"#-#*8#;80A$J0-0(,4080++D$
+'660++:'8$ 8#".*"1$ 6#"$;0$ 6#((*0.$&',$ 0-0"$9*,4&',$ 6&",*"'&'+$.*+,#"60$ *":&()#,*&"A$54*+$
6&)0+$:(&)$,40$:#6,$,4#,$0=#6,82$,40$#"1'8#($0((&(+$#(0$(080-#",$,&$7(06*+0$8#".*"1A$G".00.D$
,40$ 1&#8$ *+$ ,&$ ;(*"1$ ,40$ #*(6(#:,$ ,&$ #$ +706*:*0.$ 7&*",$ &"$ ,40$ ('"9#2$ L&($ &"$ ,40$ .06BM$ *"$ #$
60(,#*"$+,#,0A$540$64&*60$&:$,40$8#".*"1$,(#<06,&(2$&"82$+0(-0+$,4*+$7'(7&+0D$6&"+*.0(*"1$#8+&$
7&++*;80$8*)*,#,*&"+$#".$+06&".#(2$&;<06,*-0+$+'64$#+$#-&*.*"1$,0((#*"$&;+,#680+D$)*"*)*+*"1$
"&*+0$ 80-08$ #".$ :'08$ 6&"+')7,*&"$ #".$ +&$ &"A$ 540$ #"1'8#($ 0((&(+$ 7(&-*.0$ #"$ #.0H'#,0$
)0#+'(0)0",$&:$,40$6'((0",$#*(6(#:,$7&+*,*&"$9*,4$(0+706,$,&$,40$18*.07#,4A$
Y&90-0(D$ *:$ ,40$ 8#".*"1$1'*.#"60$+2+,0)$,#B0+$"&$#66&'",$&:$.*+,#"60$#".$*+$;'*8,$#(&'".$
,40$ #"1'8#($ 0((&($ &"82D$ *,$ )#2$ 6#'+0$ +,#;*8*,2$ 7(&;80)+$ #,$ 68&+0$ .*+,#"60+D$ ;06#'+0$ ,40$
*"6(0#+*"1$+0"+*,*-*,2$&:$ ,40$#"1'8#($0((&(+$ ,&$#"2$ 8*"0#($.*+78#60)0",$0::06,*-082$#)78*:*0+$
,40$+2+,0)$1#*"A$$

2.2.2 UAV control for shipboard recovery 

!+$*,$9#+$+00"$:(&)$,40$.*+6'++*&"$ *"$ ,40$7(0-*&'+$+06,*&"D$ 8#".*"1$&:$#"$#*(6(#:,$ *+$#$9088$
0+,#;8*+40.$7(&60.'(0$94*64$ *"-&8-0+$ :&88&9*"1$#$7(0.0:*"0.$ :8*14,$7#,4A$S&(0$&:,0"$ ,4#"$
"&,D$ ,4*+$ *+$ #$ (06,*8*"0#($ ,(#<06,&(2$ &"$94*64$ ,40$ #*(6(#:,$ 6#"$ ;0$ +,#;*8*+0.D$ #".$ ,40$ 6&",(&8$
*",0(-0",*&"+$#(0$"00.0.$&"82$,&$6&)70"+#,0$.*+,'(;#"60+$#".$&,40($+&'(60+$&:$0((&(+A$
540$ 7&+*,*&"$ 0((&(+$9*,4$ (0+706,$ ,&$ ,40$ *.0#8$ 18*.07#,4$ 6#"$ ;0$)0#+'(0.$ (08#,*-082$ 0#+*82A$
/4*7;&#(.$ 8#".*"1$ &"$ #*($ 6#((*0(+$ *+$ 7(*"6*7#882$ +*)*8#(_$ ,40$ )#*"$ .*::0(0"60+$ #(0$ )'64$
,*14,0($ 0((&($ ,&80(#"60+$ #".$ #;+0"60$ &:$ :8#(0$)#"&0'-(0+$ ;0:&(0$ ,&'64.&9"A$ 540$ 70(*&.*6$
+4*7$)&,*&"$.&0+$4#-0$#"$0::06,$&"$,&'64.&9"_$4&90-0(D$*,$.&0+$"&,$#::06,$+*1"*:*6#",82$,40$
18*.07#,4D$94*64$*+$7(&<06,0.$#++')*"1$,40$#-0(#10$.06B$7&+*,*&"A$540$64&*60$&:$,40$8#".*"1$
.06B$ +*X0D$ 18*.0+8&70D$ #*(6(#:,$ +*"B$ (#,0$ #".$ &,40($ 7#(#)0,0(+$ *+$)#.0$ ,&$ #66&'",$ :&($ #"2$
#6,'#8$ .06B$ 7&+*,*&"$ #,$ ,40$ )&)0",$ &:$ ,&'64.&9"A$ I&($ 0=#)780D$ #$ +,0070($ 18*.0+8&70$
L,27*6#882$ ghM$ *+$ '+0.$ ,&$ 7(&-*.0$ #$ +#:0$ #8,*,'.0$ 680#(#"60$ #,$ ,40$ .06B$ (#)7$ :&($ *,+$ 9&(+,$
7&++*;80$7&+*,*&"$L*A0A$+4*7$7*,640.$"&+0$.&9"$#".$40#-0.$'7MA$54*+$)#B0+$'""060++#(2$,&$
6&((06,$,40$*.0#8$(0:0(0"60$,(#<06,&(2$&"$,40$:82A$
I&($,40$?!@$+4*7;&#(.$(06&-0(2D$+4*7$&+6*88#,*&"+$*"$4*14$+0#$6#'+0$70(*&.*6$.*+78#60)0",$
&:$,40$(06&-0(2$9*".&9$L,40$#(0#$940(0$6#7,'(0$6#"$;0$.&"0M$+0-0(#8$,*)0+$1(0#,0($,4#"$,40$
+*X0$&:$,40$9*".&9$*,+08:A$54*+$:#6,$L#".$#8+&$,40$#++')7,*&"$,4#,$,40$:*"#8$(06&-0(2$9*".&9$
7&+*,*&"$6#""&,$;0$7(0.*6,0.$:&($#$+'::*6*0",$ ,*)0$#40#.M$)#B0+$ *,$ *)7&++*;80$ ,&$7(&<06,$#"$
&7,*)#8$:8*14,$7#,4$940"$,40$:*"#8$#77(&#64$+,#(,+A$G"+,0#.D$,40$?!@$)'+,$6&"+,#",82$,(#6B$
,40$ #6,'#8$ 7&+*,*&"$ &:$ ,40$ 9*".&9$ #".$ #77(&#64$ +&$ ,4#,$ ,40$ :*"#8$ )*++$ *+$ )*"*)*+0.A$
540(0:&(0D$ *,$,'("+$&',$,4#,$,40$?!@$(06&-0(2$7(&;80)$(0+0);80+$,4#,$&:$4&)*"1$1'*.#"60$
(#,40($,4#"$,27*6#8$8#".*"1A$C4*80$+,#;*8*+#,*&"$&"$#$B"&9"$+,0#.2$:8*14,$7#,4$6#"$;0$.&"0$
(08#,*-082$0#+2$9*,4$#$\GE$6&",(&880(D$4&)*"1$1'*.#"60$,&$#$)&-*"1$,#(10,$&:,0"$(0H'*(0+$#$
)&(0$+&74*+,*6#,0.$6&",(&8A$$
J&,$+'(7(*+*"182D$4&)*"1$1'*.#"60$:&'".$7#(,*6'8#(82$9*.0$#778*6#,*&"$*"$;#88*+,*6$)*++*80+$
.0-08&7)0",D$40"60$,40$#6607,0.$,0()*"&8&12$&90+$,&$,4*+$0"1*"00(*"1$#(0#A$G"$,40$6&",0=,$
&:$?!@$(06&-0(2D$ ,40$?!@$)&-0+$#8)&+,$+,(#*14,$ ,&9#(.+$,40$ V,#(10,W$ :(&)$,40$;01*""*"1$
L6&)7#(0.$,&$,27*6#8$)*++*80$*",0(607,$+60"#(*&+M$#".$,4'+$,40$-08&6*,2$-06,&($#".$,40$8*"0$&:$
+*14,$#8)&+,$6&*"6*.0A$
Y&90-0(D$ ,40(0$ #(0$ ,9&$ )#<&($ .*::*6'8,*0+$ ,4#,$ 6#"$ 6&)7(&)*+0$ ,40$ 0::06,*-0"0++$ &:$
\(&7&(,*&"#8$J#-*1#,*&"$ L\JM$ :&($?!@$ (06&-0(2A$ I*(+,D$ \J$ 8#9+$ #(0$ B"&9"$ #+$ 10"0(#,*"1$
0=60++*-0$ #66080(#,*&"$.0)#".+$"0#($ ,40$ ,#(10,A$ I&($ #$?!@$9*,4$ 8*)*,0.$)#"&0'-(#;*8*,2D$
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+'64$.0)#".+$)#2$;0$7(&4*;*,*-0D$0+706*#882$#,$8&9$#77(&#64$#*(+700.+A$N"$,40$&,40($4#".D$
,40$\J$1'*.#"60$ +,(#,012$.&0+$ "&,$ 64#"10$ .'(*"1$ ,40$ :8*14,A$ /0-0(#8$ #8,0("#,*-0$ 1'*.#"60$
+,(#,01*0+$ 9*,4$)&(0$ :#-&'(#;80$ #66080(#,*&"$ .0)#".+$ 0=*+,D$ 0A1A$ #'1)0",0.$ 7(&7&(,*&"#8$
"#-*1#,*&"A$ Y&90-0(D$ *,$ *+$ '"8*B082$ ,402$ 6#"$ +'::*6*0",82$ *)7(&-0$ ,40$ 1'*.#"60$ ,&$ #"$
&+6*88#,*"1$,#(10,$+'64$#+$+4*7W+$.06BA$

2.3 UAV controller structure 

540$ &;<06,*-0$ *+$ ,40(0:&(0$ ,&$ +2",40+*+0$ +'64$ 1'*.#"60$ +,(#,012$ ,4#,$ 0"#;80+$ (08*#;80$?!@$
(06&-0(2D$#".$,&$7(&.'60$#$6&",(&880($,4#,$*)780)0",+$,40$,#(10,$,(#6B*"1$1'*.#"60$+,(#,012A$
540$0-&8',*&"#(2$.0+*1"$ LFEM$)0,4&.$#778*0.$ :&($ ,4*+$ ,#+B$#88&9+$ ,&$0-&8-0$#',&)#,*6#882$
;&,4$ ,40$ +,('6,'(0$ #".$ ,40$ 7#(#)0,0(+$ &:$ ,40$ 6&",(&8$ 8#9+D$ ,4'+$ 7&,0",*#882$ 0"#;8*"1$ ,&$
10"0(#,0$ #$ V:'88W$ 6&",(&880(D$ 94*64$ 8*"B+$ #-#*8#;80$)0#+'(0)0",+$ .*(06,82$ 9*,4$ ,40$ #*(6(#:,$
6&",(&8$ *"7',+$ L,4(&,,80D$ #*80(&"+D$ ('..0($ #".$ 080-#,&(M$ #".$ *)780)0",+$ ;&,4$ ,40$ 1'*.#"60$
+,(#,012$#".$:8*14,$6&",(&8$LI*1A$^MT$

$

I*1'(0$^A$I'88$6&",(&880($9*,4$0);0..0.$1'*.#"60$+,(#,012$

Y&90-0(D$ ,4*+$ #77(&#64D$ 0-0"$ ,4&'14$ #770#8*"1$ #,$ :*(+,$ #".$ (0H'*(*"1$ )*"*)')$ *"*,*#8$
B"&980.10D$ 7(&-0+$ ,&$ ;0$ *)7(#6,*6#8$ #+$ ,40$ 6&)7',#,*&"#8$ .0)#".+$ &:$ ,40$ 0-&8',*&"#(2$
#81&(*,4)+$LF!+M$+&#($0=7&"0",*#882$9*,4$,40$.*)0"+*&"#8*,2$&:$,40$7(&;80)A$G,$ *+$,40(0:&(0$
.0+*(#;80$ ,&$ (0.'60$6&)780=*,2$&:$ ,40$7(&;80)$;2$(0.'6*"1$ ,40$"');0($&:$ *"7',+f&',7',+$
#".$8*)*,*"1D$*:$#77(&7(*#,0D$7&++*;80$+,('6,'(0+$&:$,40$6&",(&880(+A$$
!"&,40($.*::*6'8,2$*+$,40$0-#8'#,*&"$&:$,40$6&",(&880(W+$70(:&()#"60A$G"$FED$70(:&()#"60$&($
:*,"0++$ *+$)'8,*&;<06,*-0A$ 540(0:&(0D$ *,$ *+$ 4*1482$ .0+*(#;80$ ,&$ .06&)7&+0$ ,4*+$ 6&)780=$ ,#+B$
*",&$+0-0(#8$+*)780($7(&;80)+$#".$,&$+&8-0$,40)$+07#(#,082A$
!$ "#,'(#8$9#2$ &:$ +'64$ .06&)7&+*,*&"$ *+$ +07#(#,*"1$ ,40$ ,(#<06,&(2$ 6&",(&8$ L1'*.#"60M$ #".$
:8*14,$ 6&",(&8A$ 540$ 1'*.#"60$ 6&",(&880($ *++'0+$ 6&))#".+$*1$ ,&$ ,40$ :8*14,$ 6&",(&880(D$94*64$
0=06',0+$ ,40+0$6&))#".+$;2$)#"*7'8#,*"1$,40$6&",(&8$+'(:#60+$&:$ ,40$?!@$LI*1A$gMA$540+0$
,9&$6&",(&880(+$6#"$;0$+2",40+*+0.$+07#(#,082$'+*"1$#77(&7(*#,0$:*,"0++$0-#8'#,*&"$:&($0#64$
6#+0A$$

$

I*1'(0$gA$?!@$(06&-0(2$6&",(&8$.*#1(#)$

2.3.1 Guidance controller  

540$ *",0("#8$ +,('6,'(0$ &:$ ,40$ 6&",(&880($ *+$ .0:*"0.$ ;2$ ,40$ #',&)#,*6$ 0-&8',*&"#(2$ .0+*1"$
;#+0.$&"$7(0.0:*"0.$+0,$&:$*"7',+$#".$&',7',+A$G,$*+$.0+*(#;80$,&$B007$,40$"');0($&:$*"7',+$
#".$&',7',+$,&$)*"*)')D$;',$9*,4&',$6&"+*.0(#;82$6&)7(&)*+*"1$7&,0",*#8$70(:&()#"60A$
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!"$ #..*,*&"#8$ (0H'*(0)0",$ ,&$ ,40$ &',7',+$ *1$ *+$ ,4#,$ ,40+0$ +*1"#8+$ +4&'8.$ ;0$
+,(#*14,:&(9#(.82$0=06',#;80$;2$,40$:8*14,$6&",(&880(A$54*+$)0#"+$,4#,$*1$+4&'8.$(07(0+0",$#$
1(&'7$ &:$ )0#+'(#;80$ :8*14,$ 7#(#)0,0(+$ +'64$ #+$ ;&.2$ #66080(#,*&"+D$ -08&6*,*0+$ #".$ F'80($
#"180+D$94*64$,40$:8*14,$6&",(&880($6#"$0#+*82$,(#6BA$
540$+,('6,'(0$&:$,40$&',7',$7#(,$&:$ ,40$1'*.#"60$6&",(&880($ *+$#+$+4&9"$*"$I*1A$aA$C*,4$,4*+$
+640)0D$,40$1'*.#"60$8#9+$7(&.'60$10"0(#8$(0H'0+,+$,&$64#"10$,(#<06,&(2$*"$4&(*X&",#8$#".$
-0(,*6#8$ 78#"0+A$ 540$ B*"0)#,*6$ 6&"-0(,0($ ,40"$ (06#86'8#,0+$ ,40+0$ (0H'0+,+$ ,&$ ,40$ :&()$
6&"-0"*0",$:&($,40$:8*14,$6&",(&880(A$%&,4$,40$;#"B$#"180$#".$"&()#8$;&.2$8&#.$:#6,&($,#&6#"$
;0$(08#,*-082$0#+*82$,(#6B0.D$9*,4$,40$+0"+&(+$7(&-*.*"1$.*(06,$)0#+'(0)0",+$&:$,40*($#6,'#8$
-#8'0+A$ !,$ ,40$ +#)0$ ,*)0D$ ,4*+$ #77(&#64$ #88&9+$ ,&$ 0-&8-0$ ,40$ 4&(*X&",#8$ #".$ -0(,*6#8$
1'*.#"60$8#9+$+07#(#,082D$94*64$)#2$;0$.0+*(#;80$.'0$,&$.*::0(0",$.2"#)*6+$&:$,40$?!@W+$
8&"1*,'.*"#8$#".$8#,0(#8$)&,*&"$#".$#8+&$.'0$,&$6&)7',#,*&"#8$8*)*,#,*&"+A$
G"7',$)0#+'(0)0",+$,&$,40$1'*.#"60$6&",(&880($+4&'8.$;0$,4&+0$(080-#",$,&$,(#<06,&(2A$I*(+,$
&:$#88D$,4*+$*+$#88$#-#*8#;80$7&+*,*&"*"1$*":&()#,*&"D$7*,64$#".$2#9$#"180+$#".$#*(+700.A$5402$
.&$ "&,$ #66&'",$ :&($ +,0#.2$ 9*".D$ ;',$ +,*88$ 7(&-*.0$ +';+,#",*#8$ *":&()#,*&"$ (01#(.*"1$ ,40$
6'((0",$V+4#70W$&:$,(#<06,&(2A$
540$ 2#9$ #"180$ :0.$ *",&$ ,40$ 6&",(&880(+$ *+$ 6&((06,0.$ ;2$ ,40$ V(0:0(0"60W$ 2#9$ !OD$ 94*64$ *+$
70(70".*6'8#($ ,&$ ,40$ #((0+,*"1$9*(0$ *"$ ,40$ .*(06,*&"$ &:$ #",*6*7#,0.$ #77(&#64A$!$ X0(&$ 2#9$
*".*6#,0+$ ,4#,$ ,40$ ?!@$ *+$ 7&*",0.$ 70(70".*6'8#(82$ ,&$ ,40$ #((0+,*"1$ 9*(0$ L*1"&(*"1$ +4*7$
&+6*88#,*&"+MD$94*64$ *+$ ,40$ *.0#8$ 6&".*,*&"$ *"$ ,40$#;+0"60$&:$ +*.0$9*".$#".$940"$ ,40$?!@$
)&-0+$ #8&"1$ ,40$ *.0#8$ 18*.07#,4A$ 54*+$ *+$ +*)*8#($ ,&$ (&,#,*"1$ ,40$ 1(&'".$ (0:0(0"60$ :(#)0$
P1>1#181$ ;2$ ,40$ 6&((06,*&"$ 2#9$#"180$!OA$ 540$ (&,#,0.$ :(#)0$ *+$ (0:0((0.$ #+$$GG+"$34& 5+"*,=&
+(1(+(,3(&1+$K(A$

$

I*1'(0$aA$O'*.#"60$6&",(&880($

540$ .0(*-0.$ H'#",*,*0+$ :(&)$ (#9$ )0#+'(0)0",+$ #(0$ ,40$ -0(,*6#8$ #".$ 8#,0(#8$ -08&6*,2$
6&)7&"0",+$9*,4$(0+706,$,&$,40$#77(&#64$1(&'".$(0:0(0"60$:(#)0A$$
E0,0()*"#,*&"$&:$,40$6'((0",$?!@$7&+*,*&"$#".$-08&6*,*0+$9*,4$(0+706,$,&$,40$#((0+,*"1$9*(0$
*+$ 6('6*#8$ :&($ +'660++:'8$ (06&-0(2A$C4*80$ 7(0-*&'+82$ .*+6'++0.$ :8*14,$ 7#(#)0,0(+$)#2$ &"82$
4087$,&$*)7(&-0$,40$1'*.#"60$H'#8*,2D$7&+*,*&"*"1$6#((*0+$.*(06,$(0+7&"+*;*8*,2$:&($(06&-0(2A$

$

I*1'(0$bA$\&+*,*&"*"1$+640)0$
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540$ +2+,0)$ *+$ ;#+0.$ &"$ (#.*&$ .*+,#"60$ )0,0(*"1$ #".$ 7(&-*.0+$ ,0"$ *".070".0",$ (#9$
)0#+'(0)0",+$LI*1A$bMT$,4(00$.*+,#"60+$=KD$=R$#".$=^$:(&)$,40$?!@$,&$,40$(#.*&$,(#"+)*,,0(+$
8&6#,0.$#,$;&,4$0".+$&:$,40$(06&-0(2$;&&)$94*64$+'77&(,+$,40$#((0+,*"1$9*(0$#".$#,$,40$;#+0$
&:$(06&-0(2$)#+,_$,4(00$(#,0+$&:$64#"10$&:$,40+0$.*+,#"60+_$.*+,#"60$.*::0(0"60+$L=K$i$=RM$#".$
L=^$i$=RM_$#".$(#,0+$&:$64#"10$&:$,40$.*::0(0"60+A$
540$ 1'*.#"60$ 8#9+$ 0-&8',*&"$ 7(&60++$ *+$ 7&,0",*#882$ 6#7#;80$ ,&$ 7(&.'60$ ,40$ 8#9+$ .*(06,82$
:(&)$ (#9$ )0#+'(0)0",+D$ #',&)#,*6#882$ :*".*"1$ "060++#(2$ (08#,*&"+4*7+$ ;0,900"$ ,40$
7(&-*.0.$.#,#$#".$,40$(0H'*(0.$&',7',A$
540$,#(10,$+7&,$080-#,*&"$*+$64&+0"$,&$;0$#$6&"+,#",D$#".$,40$-#8'0$*+$.0,0()*"0.$*"$-*09$&:$
,40$0=706,0.$6#;80$+#1$&;,#*"0.$ :(&)$+*)'8#,*&"$&:$ ,40$6#;80$)&.08A$I&($"&()#8$#77(&#64$
+700.D$,40$6#;80$+#1$-#(*0+$;0,900"$^Aa$#".$gAa$)A$!66&(.*"182D$,40$,#(10,$+7&,$080-#,*&"$*+$
64&+0"$,&$;0$45$j$R$)$#;&-0$,40$#((0+,*"1$9*(0A$
540$(06&-0(2$7(&60.'(0D$*:$+'660++:'8D$8#+,+$'",*8$,40$6#;80$4&&B$6#7,'(0+$,40$#((0+,*"1$9*(0A$
54*+$4#770"+$940"$,40$?!@$4#-0$)&-0.$#;&',$,40$:'88$80"1,4$&:$,40$6#;80$G$./&,40$(06&-0(2$
;&&)A$Y&90-0(D$ 7&+*,*&"$)0#+'(0)0",+$)#2$;0$'"#-#*8#;80$ ;02&".$ ,40$;&&)$ ,4(0+4&8.D$
#".$0-0"$+4&(,82$;0:&(0$,40$6(&++*"1$,40$(0#.*"1+$)#2$;06&)0$'"(08*#;80A$I&($,40+0$(0#+&"+D$
,40$ ,0()*"#8$ 74#+0$ &:$ #77(&#64D$ :(&)$ ,40$ .*+,#"60$ #;&',$ biKU$ )$ '",*8$ ,40$ 6#7,'(0$ L&($
.0,06,*&"$&:$#$)*++MD$+4&'8.$;0$4#".80.$+07#(#,082A$
G,$*+$7&++*;80$,&$.*+6&""06,$,40$1'*.#"60$6&",(&880($+0-0(#8$)0,(0+$;0:&(0$,40$(06&-0(2$;&&)$
9*,4&',$ #::06,*"1$ ,40$ H'#8*,2$ &:$ 1'*.#"60A$ 540$ #88&90.$ 0((&($ L#77(&=*)#,082$ R$ )$ *"$ #88$
.*(06,*&"+D$.0,0()*"0.$;2$,40$80"1,4+$&:$,40$#((0+,*"1$9*(0$#".$,40$6#;80M$+4&'8.$#;+&(;$,40$
#;+0"60$&:$6&",(&880.$1'*.#"60$*"$,40$8#+,$UA^$,&$K$+06&".$L.070".*"1$&"$,40$40#.9*".M$ *"$
)&+,$+*,'#,*&"+A$

2.3.2 Flight controller 

I8*14,$ 6&",(&880($ (060*-0+$ ,9&$ *"7',+$ :(&)$ ,40$1'*.#"60$ 6&",(&880(T$ ;#"B$ #"180$.0)#".$%.$

#".$ "&()#8$ ;&.2$ 8&#.$ :#6,&($ .0)#".$ =
#, A$ G,$ +4&'8.$ ,(#6B$ ,40+0$ *"7',+$ #+$ 7(06*+082$ #+$

7&++*;80$;2$)#"*7'8#,*"1$:&'($#*(6(#:,$6&",(&8+T$,4(&,,80D$#*80(&"+D$('..0($#".$080-#,&(A$
540$ #-#*8#;80$)0#+'(0)0",+$ :(&)$ ,40$ &";&#(.$ +0"+&(+$ #(0$ ;&.2$ #"1'8#($ (#,0+$(>D&(#D&(8&
:(&)$(#,0$12(&+D$F'80($#"180+$%D&!D&"$:(&)$+,(#7.&9"$GJ/D$;&.2$#66080(#,*&"+$,>D&,#D&,8&:(&)$
,40$ (0+706,*-0$ #66080(&)0,0(+D$ #*(+700.$Q#D$ #0(*#8$ #"180+$ &$ #".$ 'D$ #6,'#8$ .0:806,*&"$ &:$ ,40$
6&",(&8$+'(:#60+$($D&(+D&((D$#".$0"1*"0$(&,#,*&"$+700.$L(7)A$$
I&($ +*)78*6*,2$ &:$ .0+*1"D$ ,40$ 6&",(&880($ *+$ +';.*-*.0.$ *",&$ *".070".0",$ 8&"1*,'.*"#8$ #".$

8#,0(#8$ 6&)7&"0",+A$ G"$ 8&"1*,'.*"#8$ ;(#"64D$ 080-#,&($ ,(#6B+$ ,40$ *"7',$ +*1"#8$ =
#, D$ 94*80$

,4(&,,80$ *+$ (0+7&"+*;80$ :&($ )#*",#*"*"1$ #$ (0H'*(0.$ #*(+700.A$ G"$ 8#,0(#8$ 6&",(&8D$ "#,'(#882D$
#*80(&"+$,(#6B$$%=D$94*80$('..0($)*"*)*+0+$+*.0:&(60$;2$B007*"1$,8&"0#($X0(&A$

3. Evolutionary design 

540$ F-&8',*&"#(2$ E0+*1"$ LFEM$ 7(0+0",0.$ *"$ ,4*+$ +06,*&"D$ 10"0(#882D$ ,#B0+$ "&$ #++')7,*&"+$
(01#(.*"1$ ,40$ +2+,0)$ #".$ ,4'+$ 6#"$ ;0$ '+0.$ :&($ 9*.0$ -#(*0,2$ &:$ 7(&;80)+D$ *"68'.*"1$
"&"8*"0#($+2+,0)+$9*,4$'"B"&9"$+,('6,'(0A$G"$)#"2$7#(,+D$,4*+$*+$#$"&-08$,064"*H'0D$#".$,40$
#778*6#,*&"$&:$FE$,&$,40$?!@$1'*.#"60$#".$6&",(&8$7(&;80)+$.0)&"+,(#,0+$,40$7&,0",*#8$&:$
,4*+$.0+*1"$)0,4&.A$
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540$ 6&(0$&:$ 0-&8',*&"#(2$.0+*1"$ *+$ #$ +706*#882$ ,#*8&(0.$0-&8',*&"#(2$#81&(*,4)$ LF!M$94*64$
0-&8-0+$;&,4$,40$+,('6,'(0$#".$7#(#)0,0(+$&:$,40$6&",(&8$8#9+A$
/*"60$ ,40$ #81&(*,4)$ *+$ '+0.$ :&($ 3+($/0H(&9&(B$ &"82$ #,$ ,40$ =(.05,& +,#10D$ *,+$ 70(:&()#"60$ *+$
(#,40($&:$+06&".#(2$ *)7&(,#"60$#+$ 8&"1$#+$ ,40$6#86'8#,*&"+$ ,#B0$#$+0"+*;80$#)&'",$&:$ ,*)0A$
540$)#<&($(0H'*(0)0",+$,&$#',&)#,*6$.0+*1"$)0,4&.+$#(0$R*$%0/#&&:$,40$(0+'8,$#".$(>G%"+$/0",&
#;*8*,*0+A$$
!8,4&'14$ ,40$;#+*6$ :(#)09&(B$&:$#"$F!$ *+$H'*,0$ +*)780D$ ,40(0$#(0$ ,4(00$B02$080)0",+$ ,4#,$
)'+,$;0$7(07#(0.$;0:&(0$,40$#81&(*,4)$6#"$9&(BA$5402$#(0T$

• (07(0+0",#,*&"$&:$740"&,270$ L6&",(&8$ 8#9+$ *"$&'($ 6#+0M$ +'*,#;80$ :&($10"0,*6$&70(#,*&"+$
L10"&)0$0"6&.*"1M_$

• +*)'8#,*&"$0"-*(&")0",D$94*64$0"#;80+$,&$*)780)0",$,40$6&",(&8$8#9+$9*,4*"$,40$68&+0.$
8&&7$+2+,0)_$

• :*,"0++$0-#8'#,*&"$:'"6,*&"D$94*64$#++0++0+$,40$70(:&()#"60$&:$1*-0"$6&",(&8$8#9+A$
540+0$080)0",+D$#+$9088$#+$,40$94&80$#81&(*,4)$&',8*"0D$#(0$#..(0++0.$;08&9A$
\#(#8808$ 0-&8',*&"$ &:$ ;&,4$ ,40$ +,('6,'(0$ #".$ ,40$ 7#(#)0,0(+$ &:$ #$ 6&",(&880($ 6#"$ ;0$
*)780)0",0.$*"$#$-#(*0,2$&:$9#2+A$N"0$&:$,40$:09$+'660++:'882$0)78&20.$-#(*#",+$*+$,40$)%"39&
./+*3/*+(&3",/+"%%(+&(H"%*/0",&L3&X#$0,$#8AD$RUUUMA$
G"$ ,4*+$9&(B$ ,40$FE$#81&(*,4)$0"#;80+$ ,&$0-&8-0$+'*,#;80$6&",(&8$ 8#9+$9*,4*"$#$(0#+&"#;80$
,*)0$;2$',*8*+*"1$1(#.'#8$ 0-&8',*&"$9*,4$ ,40$7(*"6*780$ &:$ +,(&"1$ 6#+'#8,2A$54*+$)0#"+$ ,4#,$
+,('6,'(0$#8,0(#,*&"+$#(0$70(:&()0.$+&$,4#,$,40$*":&()#,*&"$1#*"0.$+&$:#($*"$,40$+,('6,'(0$&:$
,40$6&",(&8$8#9$*+$7(0+0(-0.A$!..*,*&"$&:$#$"09$;8&6BD$,4&'14$;0*"1$(#".&)D$.&0+$"&,$6#'+0$
.*+('7,*&"$,&$,40$+,('6,'(0A$G"+,0#.D$*,$#..+$#$"09$.*)0"+*&"$#".$"09$7&,0",*#8$94*64$)#2$
0-&8-0$ 8#,0($ .'(*"1$ "')0(*6#8$ &7,*)*+#,*&"A$ 540$ 7(*"6*780$ &:$ +,(&"1$ 6#+'#8,2$ *+$ &:,0"$
(01#(.0.$#+$#"$*)7&(,#",$7(&70(,2$:&($,40$+'660++$&:$6&",*"'&'+$0-&8',*&"$L/0".4&::$0,$#8AD$
KQQ`MA$
540$#..*,*&"$&:$"09$7&*",+$&($;8&6B+$*+$6#((*0.$&',$#+$#$+07#(#,0$.0.*6#,0.$&70(#,*&"$L'"8*B0$
+7&(#.*6$ +,('6,'(0$ #8,0(#,*&"+$ *"$ ,40$ +';>,(00$ 6(&++&-0(MD$ #".$ *+$ ,0()0.$ ./+*3/*+(&K*/$/0",A$
I'(,40()&(0D$ *"$ ,4*+$ 9&(B$ +,('6,'(0$ )',#,*&"$ *+$ 70(:&()0.$ *"$ #$ 9#2$ B"&9"$ #+$ ,(*/+$%&
./+*3/*+(& K*/$/0",A$ 54#,W+$ 940"$ ,40$ "09$ ;8&6B$ +4&'8.$ ;0$ 78#60.$ *"*,*#882$ 9*,4$ X0(&$
6&0::*6*0",A$54*+$9*88$"&,$7(&.'60$#"2$*))0.*#,0$*)7(&-0)0",$#".$)#2$0-0"$.0,0(*&(#,0$,40$
(0+'8,$+8*14,82$;06#'+0$)&(0$;8&6B+$#(0$'+0.$:&($,40$+#)0$#77(&=*)#,*&"A$Y&90-0(D$:'(,40($
"')0(*6#8$ &7,*)*+#,*&"$ +4&'8.$ :#*(82$H'*6B82$#((*-0$ #,$ #$;0,,0($ +&8',*&"A$540$'+0:'8"0++$&:$
"0',(#8$ )',#,*&"+$ 4#+$ ;00"$ .0)&"+,(#,0.$ :&($ ,40$ 0-&8',*&"$ &:$ .*1*,#8$ 6*(6'*,+$ L@#"$
]##(4&-0"$[$!#(,+D$KQc`M$#".$#0(&.2"#)*6$+4#70+$LN84&:0($0,$#8AD$RUUKMA$$
!+$ #$ (0+'8,D$ ,40$ FE$ #81&(*,4)$ ;#+*6#882$ (07(0+0",+$ #$ "')0(*6#8$ F!$9*,4$ ,40$ *"68'+*&"$ &:$
+,('6,'(0$)',#,*&"+$)064#"*+)A$

3.1 Representation of the control laws 

P&",(&8$8#9+$#(0$(07(0+0",0.$#+$#$6&);*"#,*&"$&:$+,#,*6$:'"6,*&"+$#".$*"7',$+*1"#8+D$94*64$
#(0$ &(1#"*+0.$ #+$ #$ .2"#)*6$ +,('6,'(0$ &:$ ./$/(& (R*$/0",.& #".$ "*/G*/& (R*$/0",.& *"$ :&()$ &:$
6&",*"'&'+$(07(0+0",#,*&"A$
540$6&",(&880($;0*"1$0-&8-0.$4#+$K&*"7',+D$+&&',7',+$#".$,&+,#,0+A$540$"');0($&:$*"7',+$#".$
&',7',+$*+$:*=0.A$540$#81&(*,4)$#88&9+$-#(2*"1$"');0($&:$+,#,0+_$4&90-0(D$*"$,4*+$9&(BD$,40$
"');0($&:$+,#,0+$*+$#8+&$:*=0.$.'(*"1$,40$0-&8',*&"A$!+$#$(0+'8,D$,40$6&",(&880($6&)7(*+0+$&:$,&
+,#,0$0H'#,*&"+$#".$+&&',7',$0H'#,*&"+T$
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940(0$!" *+$+*X0$K&-06,&($&:$ *"7',$+*1"#8+D$#"j$k>KD>RDl>,m$ *+$+*X0$,&-06,&($&:$+,#,0$-#(*#;80+D$
#Kl+&#(0$6&",(&880($&',7',+A$ G"*,*#8$-#8'0$&:$#88$ +,#,0$-#(*#;80+$ *+$X0(&A$!88$,S+&0H'#,*&"+$#(0$
;'*8,$ &"$ ,40$ +#)0$ 7(*"6*780$ #".$ #(0$ 0-&8-0.$ +*)'8,#"0&'+82A$ I&($ +,('6,'(0$ )',#,*&"+D$ #$
(#".&)$0H'#,*&"$*+$+0806,0.$:(&)$,4*+$7&&8$#".$)',#,0.A$

3.1.1 Representation of input signals 

G"7',$+*1"#8+$.08*-0(0.$,&$0#64$7#(,*6'8#($6&",(&880($#(0$.*(06,82$)0#+'(0.$+*1"#8+$#+$9088$#+$
,40$H'#",*,*0+$.0(*-0.$:(&)$,40)A$
C*,4*"$ 0#64$ 1(&'7D$ *"7',+$ #(0$ &(1#"*+0.$ *"$ ,40$ +';1(&'7+$ &:$ V6&)7#,*;80W$ 7#(#)0,0(+A$
P&)7#,*;80$7#(#)0,0(+$ #(0$ ,4&+0$94*64$4#-0$ 68&+0$ (08#,*&"+4*7$9*,4$ 0#64$&,40(D$4#-0$ ,40$
+#)0$.*)0"+*&"+$#".$+*)*8#(82$+6#80.A$540$0=#)780+$&:$6&)7#,*;80$7#(#)0,0(+$#(0$,40$7#*(+$

L,>D$,>1MD$L(#D$ψ" MD$LQ#D$QP]MA$!+$#$('80D$&"82$&"0$&:$,40$6&)7#,*;80$7#(#)0,0(+$*+$"00.0.$*"$#$
1*-0"$ 6&",(&8$ 8#9A$ I&($ ,4*+$ (0#+&"D$ ,40$ 7(&;#;*8*,2$ &:$ +0806,*&"$ &:$ +'64$ 7#(#)0,0(+$ :&($ ,40$
+,('6,'(0$)',#,*&"$*+$(0.'60.$;2$1(&'7*"1$,40)$*"$,40$+';1(&'7+A$F#64$+';1(&'7$(060*-0+$
0H'#8$ 64#"60+$ ,&$ ;0$ +0806,0.A$ G:$ ,40$ +0806,0.$ +';1(&'7$ 6&"+*+,+$ &:$)&(0$ ,4#"$ &"0$ *"7',D$ #$
+*"180$*"7',$*+$,40"$+0806,0.$9*,4$'"*:&()$7(&;#;*8*,2A$
540(0:&(0D$ 0-0(2$ 6&",(&880($ *"7',$)#2$;0$ (07(0+0",0.$;2$#$'"*H'0$3"=(&6&"+*+,*"1$&:$ ,4(00$
*".*60+T$ ,40$"');0($&:$1(&'7$$D$ ,40$"');0($&:$ +';1(&'7$)&#".$ ,40$"');0($&:$ *,0)$ *"$ ,40$
+';1(&'7$3A$540$6&.0$*+$.0+*1"#,0.$#+$'L#D;D6MA$

3.1.2 Representation of control equations and the structure mutation 

F#64$&:$,40$6&",(&8$0H'#,*&"+$LgM$*+$0"6&.0.$#+$.0+6(*;0.$#;&-0A$5&$,4*+$0".D$&"82$&"0$+*"180$
&',7',$0H'#,*&"$&:$,40$:&()$#&T&1L!M$9*88$;0$6&"+*.0(0.$*"$,4*+$+06,*&"A$/,#,0$-#(*#;80+$#"#(0$
6&"+*.0(0.$#+$+706*#8$*"7',+$#".$4#-0$"&$0::06,$&"$,40$0"6&.*"1A$
54*+$*+$.&"0$,&$+700.$'7$,40$+0#(64D$94*64$6&'8.$&,40(9*+0$;0$4#)70(0.$;2$,40$)'8,*,'.0$&:$
7&++*;80$ &70(#,*&"+A$ G,$ 7(&-0.$ ,&$ ;0$ )&(0$ 0::06,*-0$ ,&$ *"68'.0$ #88$ )0#"*"1:'8$ H'#",*,*0+$
.0(*-0.$ :(&)$ +&'(60$ )0#+'(0)0",+$ #+$ *".070".0",$ *"7',+$ ,4#"$ ,&$ *)780)0",$ #88$ ,40$
:'"6,*&"+$ #".$ &70(#,*&"+$ 94*64$ 7&,0",*#882$ #88&9$ ,&$ 0)0(10$ #88$ "060++#(2$ H'#",*,*0+$
#',&)#,*6#882$*"$,40$6&'(+0$&:$0-&8',*&"A$
540$ 0"6&.*"1$ +4&'8.$ #88&9$ #$ +*)780$ 9#2$ ,&$ *"+0(,$ #$ "09$ 7#(#)0,0($ *"$ #"2$ 78#60$ &:$ ,40$
0H'#,*&"$9*,4&',$.*+('7,*"1$ *,+$-#8*.*,2$#".$ *"$#$9#2$ ,4#,$ ,4*+$ *"+0(,*&"$ *"*,*#882$.&0+$"&,$
#::06,$,40$(0+'8,D$,4'+$#88&9*"1$"0',(#8$+,('6,'(0$)',#,*&"+A$
P&"607,'#882D$,40$0H'#,*&"$*+$#$+')$&:$*"7',$+*1"#8+D$*"$94*64T$

• 0-0(2$ *"7',$ *+$ )'8,*78*0.$ ;2$ #$ "')0(*6$ 6&0::*6*0",$ &($ #"&,40($ +*)*8#(82$ 6&"+,('6,0.$
0=7(0++*&"_$

• ,40$7(&.'6,$&:$,40$*"7',$#".$*,+$6&0::*6*0",$L940,40($"')0(*6$&($0=7(0++*&"M$*+$(#*+0.$,&$
,40$7&90($#++*1"0.$,&$,40$*"7',_$

• #$:(00$L#;+&8',0M$,0()$*+$7(0+0",A$
540$+*)780+,$7&++*;80$0=7(0++*&"$*+$#$6&"+,#",T$

& #&T&9U$$ LaM$
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!$8*"0#($6&);*"#,*&"$&:$*"7',+$78'+$#$:(00$,0()$*+$#8+&$#$-#8*.$0=7(0++*&"T$

& #&T&9R*R$n$9K*K$S&9U$ LbM$

!"2$ "')0(*6$ 6&"+,#",$ 6#"$ ;0$ (078#60.$ 9*,4$ #"&,40($ 0=7(0++*&"A$ !"$ 0=#)780$ &:$ #$ :'88$
:0#,'(0.$0H'#,*&"$*+$

& #&T&LL9g*g$n$9^M*^MiUAa$n$9R*R$n$L9K*KMR$S&9U$ L`M$

54*+$ #81&(*,4)$ 6#"$ ;0$ *88'+,(#,0.$ ;2$ 0"6&.*"1$ ,40$ 0=#)780$ L`MA$ 540$ (0+706,*-0$ *",0("#8$
(07(0+0",#,*&"$&:$,4*+$0=7(0++*&"$*+T$

• FH'#,*&"T$#&T&LL9g*g$n$9^M*^MiUAa$n$9R*R$n$L9K*KMR$S&9U$

• F=7(0++*&"T$o$'L^D>UAaM$'LgM$K$R$*LRM$^$'LKDRM$g$a$p$

• N;<06,$7#(#)0,0(+T$k$9g$9^$9R$9K$9U$m$

• /,(#,012$7#(#)0,0(+T$k$.g$.^$.R$.K$.U$m$
54*+$ +2",#=$ +&)094#,$ (0+0);80+$\&8*+4$"&,#,*&"$9*,4$ *)78*6*,$ VnW$ #".$ VqW$&70(#,&(+$;0:&(0$
0#64$ -#(*#;80A$ 540$ (07(0+0",#,*&"$ 0"+'(0+$ 7(0+0"60$ &:$ #$ :(00$ ,0()$ *"$ #"2$ +';>0=7(0++*&"D$
+'64$#+$9^$#".$9U$*"$,40$0=#)780$#;&-0A$
540$#81&(*,4)$&:$+,('6,'(0$)',#,*&"$*+$7(0+0",0.$;08&9A$$
KA /0806,$#"$*"7',$L&($#$+,#,0$-#(*#;80M$#,$(#".&)T$'L#D;D6MA$
RA N;,#*"$ ,40$ *"*,*#8$ -#8'0+$&:$ ,40$"')0(*6$ 6&0::*6*0",$ #".$ ,40$ +,(#,012$7#(#)0,0($ L*"*,*#8$

+,07$+*X0MA$540$*"*,*#8$6&0::*6*0",$9&*+$+0806,0.$#+$.0+6(*;0.$#;&-0D$*,$6#"$;0$0*,40($U$&($KUbA$
^A !770".$ ,40$ &;<06,$ 7#(#)0,0(+$ -06,&($ 9*,4$ ,40$ *"*,*#8$ 6&0::*6*0",D$ #".$ ,40$ +,(#,012$

7#(#)0,0(+$-06,&($9*,4$,40$*"*,*#8$+,07$+*X0A$$
gA I&()$#$+';>0=7(0++*&"$6&"+*+,*"1$&:$,40$+0806,0.$-#(*#;80$6&.0$#".$,40$&;,#*"0.$*".0=T$o$

'L#D;D6M$,&pA$
aA C*,4$ gUr$7(&;#;*8*,2D$ +0,$ ,40$ *"+0(,*&"$7&*",$ L8&6'+M$ ,&$ K_$ &,40(9*+0D$ +0806,$ #$ "')0(*6$

-#8'0$ *"$ ,40$ 0=7(0++*&"$ #,$ (#".&)$9*,4$ 0H'#8$ 7(&;#;*8*,2$ #)&"1$ #88$ "')0(*6$ -#8'0+$
7(0+0",$#".$+0,$,40$8&6'+$,&$,40$*".0=$&:$,4*+$-#8'0A$

bA G"+0(,$,40$+';>0=7(0++*&"$*",&$,40$&(*1*"#8$0=7(0++*&"$#,$,40$64&+0"$8&6'+$L)(1"+(&,40$*,0)$
7&*",0.MA$

54*+$ 7(&60.'(0$ )#2$ 7(&.'60$ (0.'".#",$ 0=7(0++*&"+$ 940"$ ,40$ +0806,0.$ -#(*#;80$ #8(0#.2$
0=*+,+$#,$,40$+#)0$80-08A$54'+$#"$#810;(#*6$+*)78*:*6#,*&"$7(&60.'(0$*+$*)780)0",0.A$G,$7#(+0+$
1*-0"$ 0=7(0++*&"D$ (06'(+*-082$ 6&8806,+$ ,40$ :#6,&(+$ &:$ 0#64$ -#(*#;80$ 0"6&'",0(0.$ #".$ ,40"$
(0;'*8.+$,40$0=7(0++*&"A$

3.2 Simulation environment 
I*,"0++$0-#8'#,*&"$&:$,40$6&",(&880(+$*+$;#+0.$&"$,40$&',6&)0$&:$&"0$&($)&(0$+*)'8#,*&"$('"+$
&:$,40$)&.08+$*"-&8-0.$9*,4$,40$6&",(&880($;0*"1$#++0++0.$*"$,40$8&&7A$$
/*)'8#,*&"$ 0"-*(&")0",$ :&($ ,4*+$ +,'.2$ *+$ 6&"+,('6,0.$ *"$ ,40$S!5]!%f/*)'8*"B$ +&:,9#(0A$
!88$ ,40$)&.08+$ #(0$ *)780)0",0.$ #+$ /*)'8*"B$ 8*;(#(2$ ;8&6B+$ L34#",+*+D$ RUUbMA$ 540$)&.08+$
7#(,*6*7#,*"1$*"$,40$0-&8',*&"$*"68'.0T$

• 540$6+0(%&?!@$)&.08_$$

• 540$#,)&+740(*6$)&.08_$$

• 540$+4*7$)&.08_$

• 540$+,#,*6$6#;80$)&.08A$
540$ +#)780$ (#,0$ +4&'8.$;0$B07,$ #,$)*"*)')D$ 0"+'(*"1D$ 4&90-0(D$ "')0(*6#8$ +,#;*8*,2A$540$
:#+,0+,$#".$,4'+$,40$)&+,$.0)#".*"1$.2"#)*6+$*"$,40$)&.08$*+$6&",#*"0.$*"$
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• +0"+&(+$L;&,4$,40$8#1+$#".$"&*+0M_$

• 6&",(&8$#6,'#,&(+_$

• ,'(;'80"60$)&.08_$

• #".$7&,0",*#882D$6&",(&880(+A$
540+0$6&)7&"0",+$+4&'8.$;0$0+706*#882$6#(0:'882$0=#)*"0.$940"$#.<'+,*"1$,40$+#)780$(#,0A$
540$0=70(*)0",#882$.0,0()*"0.$)*"*)')$+#)780$(#,0$:&($,40$)&.08$*+$KUU$YXA$540$)&.08$*+$
*",01(#,0.$'+*"1$,40$g,4$&(.0($Z'"10>3',,#$)0,4&.A$

3.3 Fitness evaluation 

I*,"0++$ 0-#8'#,*&"$ *+$ ;#+0.$ &"$ &;<06,*-0+$ 94*64$ #(0$ *".*-*.'#8$ :&($ 0#64$ 6&",(&880($ #".$
,40(0:&(0$ *+$6#86'8#,0.$ *".*-*.'#882A$!+$.*+6'++0.$#;&-0$4#-*"1$+0-0(#8$+706*:*6$6&",(&880(+$
)#B0+$ *,$ 0#+*0($ ,&$ .0:*"0$ ,40*($ 7#(,*6'8#($ &;<06,*-0+$ #".$ (0.'60+$ ,40$ "');0($ &:$ ,40+0$
&;<06,*-0+$#+$6&)7#(0.$,&$&"0$#88>7'(7&+0$#',&7*8&,A$
I*,"0++$ 0-#8'#,*&"$ &:$ #$ 6&",(&880($ 6#"$ ;0$ .*-*.0.$ *",&$ ,9&$ )#*"$ +,#10+A$ I*(+,$ *+$ ,40$
7(07#(#,*&"$&:$,40$+#)780$,#+B$#".$+*)'8#,*&"$&:$,40$)&.08$9*,4$,40$6&",(&880($*"$,40$8&&7A$
540$+06&".$+,#10$ *+$#"#82+*+$&:$ ,40$(0+'8,+$&;,#*"0.$:(&)$,40$+*)'8#,*&"$#".$0-#8'#,*&"$&:$
,40$ :*,"0++$ #+$ +'64A$ 540+0$ +,07+$ #(0$ &:,0"$ (070#,0.$ +0-0(#8$ ,*)0+D$ )#B*"1$ ,40$ 6&",(&880($
70(:&()$-#(2*"1$,#+B+$ *"$&(.0($,&$&;,#*"$#$;#8#"60.$)0#+'(0$&:$ *,+$70(:&()#"60$-*#$)'8,*>
,#+B$:*,"0++$0-#8'#,*&"A$
I*,"0++$ -#8'0$ )#2$ (0:806,$ .*::0(0",$ 80-08+$ &:$ 70(:&()#"60$ #64*0-0.$ ;2$ ,40$ 6&",(&880(D$
*"68'.*"1$ V4#(.$ ;&'".+AW$ I&($ 0=#)780D$ *:$ ,40$ 6&",(&880($ 6(#+40+$ ,40$ ?!@D$ #$ 4*14$ 70"#8,2$
+6&(0$)#2$;0$#++*1"0.A$$
N,40($ 7#(#)0,0(+$ &:$ :8*14,$ ,#B0"$ *",&$ #66&'",$ *+$ 6&",(&8$ '+#10$ L&($ 6&",(&8$ 0::&(,MT$ *,$ *+$
.0+*(#;80$ ,&$ B007$ 6&",(&8$ '+#10$ #,$ )*"*)')A$ 5(#6B*"1$ #;*8*,*0+D$ *:$ #778*6#;80D$ 6#"$ ;0$
0+,*)#,0.$;2$,40$90*14,0.$+')$&:$,40$,(#6B*"1$0((&(A$
540$,&,#8$:*,"0++$-#8'0$*+$6#86'8#,0.$#+$,40$90*14,0.$+')$&:$#88$0+,*)#,0+T$

& M&jU6V6$nU:V:$nU0V0$nl$ LcM$

540$0=#6,$-#8'0$&:$ ,40$90*14,*"1$6&0::*6*0",+$UD$ #+$9088$ #+$ ,40$"');0($&:$ 0+,*)#,0+$ ,#B0"$
*",&$ #66&'",D$ *+$ *".*-*.'#8$ :&($ 0#64$ 6&",(&880(A$ !+$ #$ ('80D$ ,40$ 90*14,*"1$ 6&0::*6*0",+$ #(0$
64&+0"$ 0)7*(*6#882A$ G,$ +4&'8.$ ;0$ "&,0.$ ,4#,$ ,40$ +*1"#8+$ #(0$ .*)0"+*&"#8*+0.$ #".$ ,4'+$ ,40$
6&0::*6*0",+$ )#2$ -#(2$ +*1"*:*6#",82A$ I&($ 0=#)780D$ #0(&.2"#)*6$ +'(:#60+$ .0:806,*&"$ *+$
)0#+'(0.$*"$.01(00+$#".$)#2$(#"10$:(&)$iKb$,&$Kb$L:&($('..0($#".$#*80(&"+M_$6&"+*.0(*"1$
KU>:&8.$+#,'(#,*&"$8*)*,+D$,40$70#B$-#8'0+$)#2$(0#64$sKbUA$!,$,40$+#)0$,*)0D$,4(&,,80$(#"10$*+$
UAUK$ ,&$ KD$ ,4'+$ ,40$ 6&+,$ :&($ *,+$ '+#10$ 9*88$ ;0$ #;&',$ ^U$ ,*)0+$ #+$ 8&9$ L:&($ +*)*8#($ 6&",(&8$
.2"#)*6+MA$

3.4 Evolutionary design algorithm outline 

540$F-&8',*&"#(2$E0+*1"$#81&(*,4)$*+$*)780)0",0.$#+$#$:'"6,*&"$9*,4$,9&$*"7',$#(1')0",+T$
7&7'8#,*&"$ +*X0$ #".$ "');0($ &:$ 10"0(#,*&"+$ ,&$ ('"A$ N,40(D$ )&(0$ +706*:*6$ 7#(#)0,0(+$ #(0$
*"*,*#8*+0.$9*,4*"$,40$7(&1(#)A$540$#81&(*,4)$:(#)09&(B$*+$#+$:&88&9+A$
KA G"*,*#8*+0$#88$7#(#)0,0(+A$G:$,40$0-&8',*&"$*+$6&",*"'0.D$1&$,&$+,07$^A$
RA P(0#,0$*"*,*#8$7&7'8#,*&"A$
^A F-#8'#,0$:*,"0++$&:$0#64$*".*-*.'#8A$
gA /#-0$,40$:'88$+,#,0$,&$#$,0)7&(#(2$:*80$:&($0)0(10"62$(06&-0(2A$
aA G:$,40$(0H'*(0.$"');0($&:$10"0(#,*&"+$*+$(0#640.D$(0,'("A$
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bA /&(,$,40$7&7'8#,*&"$#66&(.*"1$,&$,40$:*,"0++$&:$0#64$*".*-*.'#8A$
`A G:$08*,*+)$*+$0"#;80.D$6&72$,40$;0+,$+6&(0.$*".*-*.'#8$*",&$,40$"09$7&7'8#,*&"A$
cA ?",*8$,40$"09$7&7'8#,*&"$*+$:*880.$'7T$$
QA /0806,$,40$"0=,$*".*-*.'#8$:(&)$,40$+&(,0.$8*+,$L+,#(,*"1$:(&)$,40$08*,0$)0);0(MA$
KUA F-0(2$L9+M,4$10"0(#,*&"D$9*,4$7(&;#;*8*,2$;+D$70(:&()$+,('6,'(0$)',#,*&"$&:$,40$+0806,0.$

*".*-*.'#8A$
KKA Z07(&.'60$,&&::+7(*"1$*".*-*.'#8+$:(&)$,40$+0806,0.$L#".$7&++*;82$)',#,0.M$*".*-*.'#8A$
KRA \',$,40+0$,&"09$*".*-*.'#8+$,&$,40$"09$7&7'8#,*&"A$
K^A P&",*"'0$,40$8&&7$:(&)$+,07$cA$
KgA G"6(0#+0$,40$10"0(#,*&"$6&'",0(A$
KaA P&",*"'0$:(&)$+,07$^A$
/0-0(#8$+,07+$&:$,4*+$#81&(*,4)$"00.$:'(,40($68#(*:*6#,*&"A$
-,0/0$%&G"G*%$/0",&*+$6(0#,0.$#66&(.*"1$,&$,40$+706*:*0.$,#+BA$%2$.0:#'8,D$*,$*+$*"*,*#8*+0.$9*,4$,40$
6&",(&8$8#9+$&:$,40$:&()$#&T&3",./&9*,4$(#".&)82$64&+0"$6&"+,#",+A$S&+,$&:$,40$6&",(&880(+D$
4&90-0(D$ #(0$ *"*,*#8*+0.$ 9*,4$ )&(0$ )0#"*"1:'8$ 6&",(&8$ 8#9+A$ I&($ 0=#)780D$ ,(#6B*"1$
6&",(&880(+$)#2$;0$*"*,*#8*+0.$9*,4$,40$8#9+$#&T&9K*$S&9UD$940(0$*$*+$,40$(0+706,*-0$0((&($+*1"#8$
#".$,40$6&0::*6*0",+$9&#(0$+#)780.$#,$(#".&)$L,#B*"1$*",&$#66&'",$.0:#'8,$+,07$+*X0+$:&($,40$
(0+706,*-0$+*1"#8MA$
G,$6#"$;0$+00"$,4#,$.(%(3/0",&*+$70(:&()0.$.0,0()*"*+,*6#882A$54*+$*+$,40$)&+,$6&))&"82$'+0.$
9#2$ *"$ F/A$ 540$ 7&7'8#,*&"+$ '+0.$ *"$ ,4*+$ +,'.2$ 90(0$ &:$ )&.0(#,0$ +*X0D$ '+'#882$ Rg$ ,&$ gQ$
)0);0(+A$ /0806,*&"$ 7(0++'(0$ *+$ .0,0()*"0.$ ;2$ ,40$ "');0($ &:$ ,40$ &::+7(*"1$ ,& &:$ 0#64$
*".*-*.'#8A$540$+)#880($,D$,40$8&90($,40$+0806,*&"$7(0++'(0A$I&($"0#(82$#88$('"+$*"$,4*+$9&(B$,&
T& RD$ 94*64$ )0#"+$ ,4#,$ 4#8:$ &:$ ,40$ 7&7'8#,*&"$ *+$ +0806,0.A$ 54*+$ *+$ #$ (#,40($ )*8.$ 80-08$ &:$
+0806,*&"$7(0++'(0A$
540$7#(#)0,0(+$.0,0()*"*"1$./+*3/*+(&K*/$/0",&&66'((0"60D$9+$#".$;+D$;&,4$64#"10$.'(*"1$,40$
0-&8',*&"A$!+$.*+6'++0.$7(0-*&'+82D$ ,40$"');0($&:$+,('6,'(0$)',#,*&"+$+4&'8.$.06(0#+0$#+$
,40$ 6&)780=*,2$ &:$ ,40$ 6&",(&880(+$ 1(&9+$ #".$ )&(0$ ,*)0$ ,&$ &7,*)*+0$ ,40$ 6&0::*6*0",+$ *+$
(0H'*(0.A$540$7(&;#;*8*,2$&:$+,('6,'(0$)',#,*&"$;+$*+$"&()#882$4*14$*"$,40$;01*""*"1$LUA`$,&$
KAUM$#".$,40"$.06(0#+0$0=7&"0",*#882$,&$)&.0(#,0$80-08+$LUAg$,&$UAbM$9*,4$,40$0=7&"0",$UAQ`$,&$
,40$ 10"0(#,*&"$ "');0(A$ E0:#'8,$ -#8'0$ &:$ 9+$ *+$ +0,$ #66&(.*"1$ ,&$ &-0(#88$ 6&)780=*,2$ &:$ ,40$
6&",(&880($;0*"1$0-&8-0.A$I&($+*)780($+*"180>&',7',$6&",(&880(+D$#+$#$ ('80D$9+$j$KU_$ :&($)&(0$
6&)780=$6&",(&880(+$9+$j$RUA$Y&90-0(D$ *"$ ,40$;01*""*"1$&:$0-&8',*&"D$9+$ *+$ (0.'60.$;2$4#8:$
'",*8$,40$10"0(#,*&"$RU$#".$KUU$(0+706,*-082A$
!(G+"=*3/0",&*+$70(:&()0.$+*)'8,#"0&'+82$9*,4$)',#,*&"D$#+$*,$*+$,27*6#882$.&"0$*"$F/D$9*,4$
,40$0=607,*&"$,4#,$,4*+$&70(#,*&"$*+$70(:&()0.$+07#(#,082$:&($0#64$+0806,0.$)0);0(A$

4. Controller synthesis and testing 

540$ ?!@$ 6&",(&8$ +2+,0)$ *+$ +2",40+*+0.$ *"$ +0-0(#8$ +,07+A$ I*(+,D$ ,40$ :8*14,$ 6&",(&880($ *+$
7(&.'60.A$54*+$(0H'*(0+$+0-0(#8$+,#10+D$+*"60$,40$:8*14,$6&",(&880($*+$.0+*1"0.$+07#(#,082$:&($
8&"1*,'.*"#8$ #".$ 8#,0(#8$ 64#""08+A$ C40"$ ,40$ :8*14,$ 6&",(&880($ *+$ &;,#*"0.D$ ,40$ 1'*.#"60$
6&",(&8$8#9+$#(0$0-&8-0.A$
!778*6#,*&"$ &:$ ,40$ FE$ #81&(*,4)$ ,&$ 6&",(&8$ 8#9+$ 0-&8',*&"$ *+$ :#*(82$ +,(#*14,:&(9#(.T$ KM$
7(07#(#,*&"$&:$ ,40$+#)780$ ,#+B$ :&($ ,40$6&",(&880(D$RM$0=06',*&"$&:$ ,40$+*)'8#,*&"$)&.08$ :&($
,40$ 1*-0"$ +#)780$ ,#+B$ #".$ ^M$ #"#82+*+$ &:$ ,40$ &;,#*"0.$ 70(:&()#"60$ #".$ 0-#8'#,*&"$ &:$ ,40$
:*,"0++$-#8'0A$C40"$;&,4$,40$)&.08$#".$:*,"0++$0-#8'#,*&"$#(0$7(07#(0.D$,40$:*"#8$0-&8',*&"$
)#2$ ;0$ +,#(,0.A$ 527*6#882D$ ,40$ #81&(*,4)$ *+$ ('"$ :&($ KUUiRUU$ 10"0(#,*&"+$ L.070".*"1$ &"$
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6&)780=*,2$ &:$ ,40$ 6&",(&880($ ;0*"1$ 0-&8-0.MA$ 540$ 6&"-0(10"60$ #".$ ,40$ (0+'8,*"1$ .0+*1"$ *+$
,40"$#"#82+0.$#".$,40$0-&8',*&"D$*:$"060++#(2D$*+$6&",*"'0.A$

4.1 Step 1: PID autothrottle 

G"*,*#882$#$+*)780$\GE$-#(*#",$&:$#',&,4(&,,80$ *+$0-&8-0.$>$ ,&$0"+'(0$#$)&(0$&($ 80++$#66'(#,0$
#*(+700.$4&8.A$!,$,40$"0=,$+,#10D$*,+$0-&8',*&"$*+$6&",*"'0.$*"$#$:'88$:&()$,&10,40($9*,4$,40$
080-#,&($ 6&",(&8$ 8#9A$ 540$ \GE$ +,('6,'(0$ &:$ ,40$ 6&",(&880($)#2$ ;0$ 0"+'(0.$ ;2$ #77(&7(*#,0$
*"*,*#8*+#,*&"$&:$ ,40$ *"*,*#8$7&7'8#,*&"$#".$;2$.*+#;8*"1$ +,('6,'(0$)',#,*&"+A$540(0:&(0D$ ,40$
#81&(*,4)$9&(B+$ #+$ #$ "')0(*6#8$ &7,*)*+#,*&"$7(&60.'(0A$ 540$ +,('6,'(0$ &:$ ,40$ #',&,4(&,,80$
6&",(&8$8#9$*+$:&88&9*"1T$

$
bagK^

RKKK

9Q9Q9>9

Q9>9>

$$/

$

++∆+=

∆+=
"

"
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4.3 Step 3: Lateral control 
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4.4 Step 4: Stall prevention mechanism 
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4.5 Step 5: Guidance 
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5. Controller testing 

50+,*"1$*+$#$6('6*#8$+,#10$&:$#"2$6&",(&880($.0-08&7)0",$7(&60++$#+$,40$.0+*1"0($#".$0".$'+0($
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G"$742+*6#8$*)780)0",#,*&"D$,40$6&",(&880($*+$9&(B*"1$&"$#$,('0$)&.08$#".$40"60$,40(0$#(0$
"&$ )&.088*"1$ 0((&(+$ ,&$ *",(&.'60$ '"60(,#*"$ 0::06,+$ *",&$ ,40$ +2+,0)A$ G"$ #..*,*&"D$ 742+*6#8$
,0+,*"1$#66'(#,082$(0:806,+$,40$&70(#,*&"#8$'+0$&:$,40$6&",(&880(A$N"$,40$&,40($4#".D$742+*6#8$
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5.2 Single perturbation tests 
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.08#2A$ 54*+$ *+$ 0=706,#;80D$ ;06#'+0$ .08#2+$ '+'#882$ 6#'+0$ &+6*88#,*&"+$ *"$ ,40$ 68&+0.>8&&7$
+2+,0)A$

$

I*1'(0$KKAKU$J\P$L#M$#".$)*++$.*+,#"60$L;M$:&($6&",(&880(+$9*,4$,*)0$.08#2+$

I&($,40$+0806,0.$J\P$,4(0+4&8.D$,40$)#=*)')$,*)0$.08#2$6#"$;0$.0:*"0.$#+$UAUba$+$:&($,40$
6&",(&880($vK$#".$UAUb$+$:&($,40$6&",(&880($vRA$
G,$ +4&'8.$ ;0$ "&,0.D$ 4&90-0(D$ ,4#,$ 70(,'(;#,*&"$ &:$ #"2$ &"0$ &:$ ,40$ 7#(#)0,0(+$ .&0+$ "&,$
7(&-*.0$#$6&)7(040"+*-0$7*6,'(0$&:$,40$0::06,$&"$70(:&()#"60A$I&($,4*+$(0#+&"D$,40$0::06,$&:$

70(,'(;#,*&"$&:$0)7,2$)#++$ (KG/K 9*88$;0$68&+082$0=#)*"0.$#+$9088A$?"8*B0$,*)0$.08#2D$,4*+$

70(,'(;#,*&"$+4&'8.$7(*)#(*82$#::06,$,40$,(#<06,&(2$(#,40($,4#"$,40$6&",(&8$#6,*-*,2A$$
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(KG/K *+$-#(*0.$ :(&)$aUr$&:$ ,40$ (0:0(0"60$-#8'0$ LRUAga$B1M$ ,&$RUUr$ 8*"0#(82$9*,4$Rr$+,07+A$

54*+$*+$.&"0$+07#(#,082$:&($*"6(0#+*"1$#".$.06(0#+*"1$,40$-#(*#;80$'",*8$,40$,4(0+4&8.$J\P$j$
KAc$*+$6(&++0.D$&($#$:#*8'(0$&66'(+D$&($,40$8*)*,$LRUUr$&($aUr$(0+706,*-082M$*+$(0#640.A$
540$7#(#)0,0(+$6&((0+7&".*"1$,&$#*(6(#:,$10&)0,(2$#".$6&":*1'(#,*&"$#(0$,0+,0.$*"$#$+*)*8#($
)#""0(A$540$(#"10$*+$*"6(0#+0.$,&$,40$+6#80$:#6,&(+$;0,900"$U$#".$KU$LU$,&$KUUUrM$9*,4$+,07$
UAUaA$J\P$*+$8*"0#(82$*",0(7&8#,0.$#,$,40$*",0()0.*#,0$7&*",+A$540$#88&9#;80$70(,'(;#,*&"+$L#+$
:#6,&(+$,&$,40$&(*1*"#8$-#8'0+M$#(0$+'))#(*+0.$*"$5#;80$KD$940(0$q$.0"&,0+$,40$0=,(0)0$-#8'0$
,0+,0.A$

$

5#;80$KA$!88&9#;80$70(,'(;#,*&"+$&:$?!@$*"0(,*#8$7(&70(,*0+$#".$10&)0,(2$

I*1A$KR$$.0)&"+,(#*,0+$(0+'8,+$:&($6#8)$0"-*(&")0",A$$P&",(&8$+*1"#8+$:&($,40$9&(+,$,9&$6#+0+$
L9*,4$J\P$u$^AcM$#(0$"&,$+4&9"D$,402$0=4*;*,$0=,(0)082$#11(0++*-0$&+6*88#,*&"+A$E#+40.$62#"$
#".$1(00"$8*"0+$&"$,40$,(#<06,&(2$1(#74+$(07(0+0",$,40$V'"(&880.W$#8&"1$,40$:8*14,$7#,4$,(#60+$
&:$,40$,*7+$&:$,40$(06&-0(2$;&&)$L8#,0(#8$7&+*,*&"$&"$,40$,&7$-*09$#".$-0(,*6#8$7&+*,*&"$&"$,40$
+*.0$ -*09MA$ 540$ ;#($ &"$ ,40$ (*14,$ 4#".$ +*.0$ *88'+,(#,0+$ ,40$ +*X0$ &:$ (06&-0(2$ 9*".&9A$ 540$
40*14,$#".$7&+*,*&"$&:$,40$9*".&9$)#2$;0$+8*14,82$.*::0(0",$:&($.*::0(0",$,(#<06,&(*0+$;06#'+0$
*,$ *+$ .0,0()*"0.$ ;2$ ,40$ +4#70$ &:$ ,40$ #((0+,*"1$ 6#;80>4&&BA$Y&90-0(D$ *"$)&+,$ 6#+0+$ ,4*+$ *+$
;#(082$ "&,*60#;80$ &"$ ,40$ 1(#74+$ +*"60$ ,40$ .*::0(0"60$ *"$ :8*14,$ ,*)0$ #".$ ,0()*"#8$ 7#(,$ &:$
,(#<06,&(2$ *+$ +)#88A$ J&,0$ ,4#,$ ,40$ 4&(*X&",#8$ #".$ -0(,*6#8$ +6#80$ &"$ ,40$ ,(#<06,&(2$ 1(#74+$ *+$
.*::0(0",A$
540$&,40($7#(#)0,0(+$ 0-#8'#,0.$ *"$ ,4*+$ (0+0#(64$90(0$ ,40$70(,'(;#,*&"+$&:$ ,40$7&90($'"*,$
7#(#)0,0(+D$,40$#*(6(#:,$#0(&.2"#)*6+$7#(#)0,0(+$#".$+0"+&($"&*+0$L34#",+*+D$RUUbMA$
N-0(#88D$ ,40+0$ ,0+,+$ 4#-0$ "&,$ 0=7&+0.$ #"2$ +*1"*:*6#",$ (&;'+,"0++$ 7(&;80)+$ 9*,4*"$ ,40$
6&",(&880(+A$]#(10$-#(*#,*&"+$*"$+*"180$#*(6(#:,$7#(#)0,0(+$6#'+0.$-0(2$:09$6&",(&8$7(&;80)+A$
Y&90-0(D$+'64$-#(*#,*&"+$6#""&,$(0#8*+,*6#882$<'.10$,40$70(:&()#"60$&:$,40$6&",(&880(+$'".0($
+*)'8,#"0&'+$ 70(,'(;#,*&"+$ &:$ )'8,*780$ 7#(#)0,0(+A$ G"$ &(.0($ ,&$ 6&)7#(0$ ,40$ 7(#6,*6#8$
(&;'+,"0++$&:$,40$#*(6(#:,D$,40$:&88&9*"1$,0+,+$#(0$70(:&()0.A$

5.3 Simultaneous multiple perturbation tests 

540+0$ ,0+,+$ *"-&8-0$ +*)'8,#"0&'+$ 70(,'(;#,*&"$ &:$ #88$ ,40$ #*(6(#:,$ -#(*#;80+$ ;2$ #$ (#".&)$
#)&'",A$54*+$+,280$&:$,0+,*"1$(0H'*(0+$)#"2$+*)'8#,*&"+$,&$0"+'(0$#.0H'#,0$6&-0(#10$&:$,40$
,0+,*"1$0"-08&70A$J&()#882$.*+,(*;',0.$(#".&)$+6#80$:#6,&(+$#(0$'+0.$:&($70(,'(;#,*&"+A$
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I*1'(0$KRA$I8*14,$7#,4$#".$6&",(&8$+*1"#8+$9*,4$,*)0$.08#2+$
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540$ 64&+0"$ +,#".#(.$ .0-*#,*&"+$ #(0$ #77(&=*)#,082$ &"0$ ,0",4$ &:$ ,40$ )#=*)')$ #88&90.$
70(,'(;#,*&"+$*.0",*:*0.$*"$,40$7(0-*&'+$(&;'+,"0++$,0+,+A$
I&($0#64$&:$,40$,9&$6&",(&880(+D$KUUU$,0+,+$LgUUU$+*)'8#,*&"+$6&"+*.0(*"1$:&'($+60"#(*&+M$4#-0$
;00"$6#((*0.$&',A$J&,0$,4#,$,40$70(,'(;#,*&"+$90(0$,40$+#)0$:&($;&,4$6&",(&880(+$*"$0#64$6#+0A$
54*+$#88&9+$,&$6&)7#(0$,40$70(:&()#"60$;0,900"$,40$6&",(&880(+$*"$+*)*8#($6&".*,*&"+A$540$
+06&".$6&",(&880($+4&90.$)'64$7&&(0($(&;'+,"0++A$QUAgr$&:$ ,0+,$6#+0+$+4&90.$J\P$t$KAcA$
!,$ ,40$ +#)0$ ,*)0D$ &"82$ bQAcr$ &:$ ,40$ ,0+,+$ (07&(,0.$ +'660++:'8$ (06&-0(2A$ /'64$ #$ 8#(10$
7(&7&(,*&"$&:$6#+0+$94*64$#6607,#;80$J\P$-#8'0$;',$9*,4&',$6#7,'(0$L#;&',$RUrM$*".*6#,0+$
,4#,$ ,40$ 6&",(&880($ .08*-0(+$ +'::*6*0",82$ *":0(*&($ 1'*.#"60$ +,(#,012$ 940"$ +';<06,$ ,&$ )&.08$
'"60(,#*",2A$ 54*+$ 6&'8.$ ;0$ 0=706,0.$ ;06#'+0$ ,4*+$ 6&",(&880($ '+0+$ )&(0$ 7&+*,*&"*"1$
)0#+'(0)0",+A$ 540$ )#<&(*,2$ &:$ ,40+0$ 6#+0+$ *"-&8-0$ #$ )*++$ *"$ ,40$ ,#*89*".$ +60"#(*&D$
4*148*14,*"1$#$7&,0",*#8$1'*.#"60$7(&;80)A$540$"');0($&:$6#+0+$9*,4$#$6(#+4$*"$&"0$&($)&(0$
+60"#(*&+$*+$RAcrD$94*64$*+$#$+*1"*:*6#",$*"6(0#+0$&-0($,40$:*(+,$6&",(&880($#+$9088A$
I(&)$ ,40+0$ ,0+,+D$ ,40$\(&7&(,*&"#8$J#-*1#,*&"$ 6&",(&880($ *+$ 680#(82$7(0:0(#;80A$Y&90-0(D$ *,$
)'+,$#8+&$;0$,0+,0.$&-0($#$9*.0$(#"10$&:$+60"#(*&+A$$

6. Conclusions 

G"$,4*+$64#7,0(D$#"$#778*6#,*&"$&:$,40$F-&8',*&"#(2$E0+*1"$LFEM$*+$.0)&"+,(#,0.A$540$#*)$&:$
,40$.0+*1"$9#+$,&$.0-08&7$#$6&",(&880($94*64$7(&-*.0+$(06&-0(2$&:$#$:*=0.>9*"1$?!@$&",&$#$
+4*7$'".0($,40$:'88$(#"10$&:$.*+,'(;#"60+$#".$'"60(,#*",*0+$,4#,$#(0$7(0+0",$*"$,40$(0#8$9&(8.$
0"-*(&")0",A$
540$ 6&",(&880($ +2",40+*+$ *+$ #$ )'8,*+,#10$ 7(&60++A$ Y&90-0(D$ ,40$ #77(&#64$ 0)78&20.$ :&($
+2",40+*+$&:$ 0#64$;8&6B$ *+$-0(2$ +*)*8#(A$F-&8',*&"#(2$#81&(*,4)$ *+$'+0.$#+$#$ ,&&8$ ,&$0-&8-0$
#".$&7,*)*+0$ ,40$6&",(&8$ 8#9+A$N"0$&:$ ,40$1(0#,0+,$#.-#",#10+$&:$ ,4*+$)0,4&.&8&12$ *+$ ,4#,$
)*"*)')$&($"&$#$7(*&(*$B"&980.10$#;&',$ ,40$6&",(&8$)0,4&.+$ *+$'+0.D$9*,4$ ,40$+2",40+*+$
+,#(,*"1$ :(&)$,40$)&+,$;#+*6$7(&7&(,*&"#8$6&",(&8$&($0-0"$ :(&)$V"'88W$ 6&",(&8$ 8#9+A$E'(*"1$
,40$ 0-&8',*&"D$ )&(0$ 6&)780=$ #".$ 6#7#;80$ 8#9+$ 0)0(10$ #',&)#,*6#882A$ !+$ ,40$ (0+'8,*"1$
6&",(&8$8#9+$.0)&"+,(#,0D$0-&8',*&"$.&0+$"&,$,0".$,&$7(&.'60$7#(+*)&"*&'+$+&8',*&"+A$
540$)0,4&.$.0)&"+,(#,*"1$(0)#(B#;80$(&;'+,"0++$*"$,0()+$&:$6&"-0(10"60$*".*6#,*"1$,4#,$#$
"0#($ &7,*)#8$ +&8',*&"$ 6#"$ ;0$ :&'".A$ G"$ -0(2$ 8*)*,0.$ 6#+0+D$ 4&90-0(D$ *,$)#2$ ,#B0$ ,&&$ 8&"1$
,*)0$:&($,40$0-&8',*&"$,&$.*+6&-0($,40$6&(0$&:$#$7&,0",*#882$&7,*)#8$+&8',*&"D$#".$,40$7(&60++$
.&0+$ "&,$ 6&"-0(10A$ S&(0$ &:,0"$ ,4#"$ "&,D$ ,4*+$ 4*",+$ #,$ #$ 7&&($ 64&*60$ &:$ ,40$ #81&(*,4)$
7#(#)0,0(+A$
540$ )&+,$ *)7&(,#",$ #".$ .*::*6'8,$ 7(&;80)$ *"$ F-&8',*&"#(2$ E0+*1"$ *+$ 7(07#(#,*&"$ &:$ ,40$
:*,"0++$0-#8'#,*&"$7(&60.'(0$9*,4$7(0.0:*"0.$+706*#8$*",0()0.*#,0$7(&;80)+A$P&)7',#,*&"#8$
6&"+*.0(#,*&"+$#(0$#8+&$&:$ ,40$',)&+,$ *)7&(,#"60A$Z&;'+,"0++$&:$F!+$6&)0+$#,$ ,40$7(*60$&:$
6&)7',#,*&"#8$6&+,D$9*,4$)#"2$,4&'+#".+$&:$:*,"0++$0-#8'#,*&"+$(0H'*(0.A$
540$ +*)'8#,*&"$ ,0+,*"1$ 6&-0(+$ ,40$ 0",*(0$ &70(#,*&"#8$ 0"-08&70$ #".$ 4*148*14,+$ +0-0(#8$
6&".*,*&"+$'".0($94*64$(06&-0(2$*+$(*+B2A$!88$0"-*(&")0",#8$:#6,&(+w+0#$9#-0D$9*".$+700.$
#".$ ,'(;'80"60w4#-0$ ;00"$ :&'".$ ,&$ 4#-0$ #$ +*1"*:*6#",$ 0::06,$ '7&"$ ,40$ 7(&;#;*8*,2$ &:$
+'660++A$P&);*"#,*&"+$&:$+0-0(#8$:#6,&(+$)#2$(0+'8,$*"$-0(2$'":#-&'(#;80$6&".*,*&"+D$0-0"$*:$
0#64$:#6,&($#8&"0$)#2$"&,$80#.$,&$#$:#*8'(0A$I&($0=#)780D$9*".+$'7$,&$KR$)f+$.&$"&,$#::06,$
,40$(06&-0(2$*"$#$6#8)$+0#D$#".$#$+0-0(0$+4*7$)&,*&"$6&((0+7&".*"1$,&$/0#$/,#,0$a$#8+&$.&0+$
"&,$ (07(0+0",$#$+0(*&'+$ ,4(0#,$ *"$ 8&9$9*".+A$!,$ ,40$+#)0$,*)0D$+,(&"1$9*".+$ *"$#$4*14$/0#$
/,#,0$)#2$;0$4#X#(.&'+$:&($,40$#*(6(#:,A$
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\(&;#;82$,40$)&+,$ *)7&(,#",$6&"+*.0(#,*&"$*"$,40$6&",0=,$&:$,4*+$(0+0#(64$*+$-#8*.*,2$&:$,40$
F-&8',*&"#(2$ E0+*1"$ )0,4&.&8&12A$ C4*8+,$ *,$ *+$ 0-*.0",$ ,4#,$ FE$ .*.$ 7(&.'60$ #$ 6#7#;80$
6&",(&880($ ,4#,$+#,*+:*0+$ ,40$&(*1*"#8$7(&;80)$+,#,0)0",D$+0-0(#8$ *)7&(,#",$&;+0(-#,*&"+$6#"$
;0$)#.0A$I*(+,$&:$#88D$ *"$ ,40$#;+0"60$&:$+*)*8#($+&8',*&"+$ ,&$;0$6&)7#(0.$9*,4D$ *,$ *+$'"680#($
4&9$ 68&+0$ ,40$ (0+'8,$ *+$ ,&$ ,40$ &7,*)')A$ P&"+*.0(*"1$ (0)#(B#;80$ (&;'+,"0++$ &:$ F!+$ :&($
#((*-*"1$ #,$ ,40$18&;#8$ &7,*)')D$ *,$)#2$;0$;08*0-0.$ ,4#,$ ,40$ 6&",(&880($ *+$-0(2$ 68&+0$ ,&$ ,40$
&7,*)#8$ +&8',*&"A$ Y&90-0(D$ 6&)7#(*"1$ 70(:&()#"60$ &:$ ,40$ ,9&$ 10"0(#,0.$ 1'*.#"60$
6&",(&880(+$ *"$ .*::0(0",$ 6&":*1'(#,*&"+D$ *,$ )#2$ ;0$ 6&"68'.0.$ ,4#,$ ,40(0$ *+$ +,*88$ (&&)$ :&($
*)7(&-0)0",A$ 540$)#*"$ (0#+&"$ :&($ ,4#,$ *+$ ;08*0-0.$ ,&$ ;0$ ,40$ 8*)*,0.$ +6&70$ &:$ ,40$ ,0+,*"1$
6&".*,*&"+$'+0.$*"$,40$0-&8',*&"$7(&60++D$94*64$*+$)#*"82$.'0$,&$+4&(,#10$&:$6&)7',#,*&"#8$
(0+&'(60+A$
N"$ ,40$94&80D$ F-&8',*&"#(2$ E0+*1"$ *+$ #$ '+0:'8$ #".$ 7&90(:'8$ ,&&8$ :&($ 6&)780=$ "&"8*"0#($
6&",(&8$.0+*1"A$?"8*B0$)&+,$&,40($.0+*1"$)0,4&.&8&1*0+D$*,$,(*0+$,&$."%H(&,40$7(&;80)$#,$4#".$
#',&)#,*6#882D$ "&,$ )0(082$ ,&$ &7,*)*+0$ #$ 1*-0"$ +,('6,'(0A$ !8,4&'14$ FE$ .&0+$ "&,$ 0=68'.0$
"060++*,2$&:$#$,4&(&'14$,0+,*"1D$*,$6#"$7(&-*.0$#$"0#($&7,*)#8$+&8',*&"$*:$,40$94&80$(#"10$&:$
6&".*,*&"+$*+$,#B0"$*",&$#66&'",$*"$,40$:*,"0++$0-#8'#,*&"A$G"$7(*"6*780D$"&$+706*:*6$B"&980.10$
#;&',$,40$+2+,0)$*+$(0H'*(0.D$#".$,40$6&",(&880(+$6#"$;0$6&"+*.0(0.$#+$V;8#6B$;&=0+W$94&+0$
*",0("#8+$#(0$'"*)7&(,#",A$/'660++:'8$.0+*1"$&:$,40$6&",(&880($:&($+'64$#$64#880"1*"1$,#+B$#+$
+4*7;&#(.$(06&-0(2$.0)&"+,(#,0+$1(0#,$7&,0",*#8$#;*8*,*0+$&:$,4*+$"&-08$,064"*H'0A$

6.1 Limitations of the Evolutionary Design 

540$ :*(+,$ 7&*",$ ,&$ "&,0$ *+$ ,4#,$ FED$ #+$9088$ #+$ #"2$ 0-&8',*&"#(2$)0,4&.D$ .&0+$ "&,$ 7(&.'60$
*"40(0",82$(&;'+,$+&8',*&"+$*"$,0()+$&:$;&,4$70(:&()#"60$#".$'")&.0880.$'"60(,#*",*0+A$!+$
"&,0.$#;&-0D$;04#-*&'($&:$,40$+&8',*&"+$*"$,40$'",0+,0.$.'(*"1$,40$0-&8',*&"$6&".*,*&"+$)#2$
;0$'"7(0.*6,#;80A$!$+'::*6*0",$6&-0(#10$&:$#88$6&".*,*&"+$ *"68'.0.$ *"$ ,40$0-&8',*&"$7(&60++$
*"-#(*#;82$(0H'*(0+$#$8#(10$"');0($&:$+*)'8#,*&"+D$94*64$0",#*8+$#$4*14$6&)7',#,*&"#8$6&+,A$
C40"$ ,40$ #)&'",$ &:$'"60(,#*",*0+$ *"$ ,40$ +2+,0)$#".$ ,40$ 0"-*(&")0",$ ;06&)0+$ ,&&$ 8#(10D$
6&)7',#,*&"#8$ 6&+,$)#2$ ;06&)0$ 7(&4*;*,*-082$4*14A$!,$ ,40$ +#)0$ ,*)0D$ +';.*-*+*&"$ &:$ ,40$
7(&;80)$*",&$+)#880($&"0+$#".$(0.'6,*&"$&:$,40$"');0($&:$0"-*(&")0",#8$:#6,&(+$*"$&(.0($,&$
(0.'60$,40$#)&'",$&:$'"60(,#*",*0+$(0H'*(0$1&&.$'".0(+,#".*"1$&:$,40$+2+,0)A$54*+$+0-0(082$
6&)7(&)*+0+$ &"0$ &:$ ,40$ )#*"$ #.-#",#10+$ &:$ FED$94*64$ +,#,0+$ ,4#,$ 8*,,80D$ *:$ #"2D$ #$ 7(*&(*$
B"&980.10$&:$,40$+2+,0)$*+$"00.0.A$
!"&,40($ 8*)*,#,*&"$ *+$ ,4#,$0-&8',*&"#(2$ ,064"*H'0+$4#-0$ 8*,,80$#"#82,*6#8$;#6B1(&'".A$540*($
#778*6#,*&"$*+$;#+0.$8#(1082$&"$0)7*(*6#8$0=70(*0"60A$ G"$7#(,*6'8#(D$)&+,$#81&(*,4)$+0,,*"1+$
+'64$#+$7&7'8#,*&"$+*X0D$+0806,*&"$7(0++'(0D$7(&;#;*8*,2$&:$10"0,*6$&70(#,&(+$0,6A$#(0$#.<'+,0.$
'+*"1$,(*#8$#".$0((&($)0,4&.A$C4*8+,$F!+$#(0$10"0(#882$(&;'+,$,&$,40+0$+0,,*"1+D$*,$+4&'8.$;0$
0=706,0.$,4#,$,40$+0,,*"1+$'+0.$:&($6&",(&880($+2",40+*+$*"$,4*+$9&(B$)#2$;0$:#($:(&)$&7,*)#8$
:&($#"&,40($#778*6#,*&"D$#".$,40*($&7,*)*+#,*&"$9*88$,#B0$#$+*1"*:*6#",$,*)0A$
540$)#*"$ 8*)*,#,*&"+$ &:$ ,40$ 6&",(&880($ 7(&.'60.$ *"$ ,40$ FE$ 7(&60.'(0$ #(0$ .'0$ ,&$ 8*)*,0.$
-#8*.*,2$ &:$ ,40$ +2+,0)$ )&.08+$ #-#*8#;80A$ I&($ #$ 6&)780,0$ 6&",(&8$ +2+,0)$ .0+*1"D$ 4*140($
:*.08*,2$)&.08+$9*88$;0$0++0",*#8A$

6.2 Research opportunities on the Evolutionary Design 

540$ FE$ )0,4&.&8&12$ 7(&-0.$ ,&$ ;0$ 0#+2$ ,&$ #7782$ #".$ 0=,(0)082$ +'*,#;80$ :&($ 6'((0",$
#778*6#,*&"A$ Y&90-0(D$ ,40$ )#*"$ 0::&(,$ 4#+$ ;00"$ .*(06,0.$ ,&9#(.+$ ,40$ 7(#6,*6#8$
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*)780)0",#,*&"$ #".$ #778*6#,*&"$ &:$ ,4*+$ .0+*1"$ )0,4&.D$ 9*,4$ 8*,,80$ *"-0+,*1#,*&"$ *",&$ *,+$
10"0(#8$:'"6,*&"#8*,2$#".$0::*6*0"62A$
!"$*"-0+,*1#,*&"$*",&$,40$)&+,$0::06,*-0$#81&(*,4)$+0,,*"1+D$+'64$#+$,40$7&7'8#,*&"$+*X0+$#".$
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Fly-The-Camera Perspective: Control of a 

Remotely Operated Quadrotor UAV  

and Camera Unit 
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1. Introduction  
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1.1 Motivation!

O'.0=&?5@'?5-)45'808.)-'/58'5'<>5A&8'$&-E5@'"4'=5#>.&@.'5..5?/)9'."'./)'NOP'58'8/"7#'&#'K&$2'
*2' ,/&8' ?5-)45' ="8&.&"#)4+' 7&./' 5?.35."48+' &8' 3835@@0' B&A)9' ."' ./)' NOP' 4&$&9>E"90' 5#9'
$)#)45@@0' 5..5?/)9' ."' ./)' B4"#.' "B' ./)' 5)4&5@' C)/&?@)'7/)4)' &.' ?5#'E)'38)9' B"4' 834C)&@@5#?)+'
-"#&."4&#$+' "4' "EQ)?.' .54$).&#$2' ,/)' 808.)-' &8' 3835@@0' "=)#>@""=' ?"#.4"@@)9' 38&#$' 5'
?"#.4"@@)4R'Q"08.&?D'5.'./)'$4"3#9'8.5.&"#2'T#'./&8'?58)+'7/)#'./)'NOP'.&@.8'3='5#9'9"7#'."'
-)).'="8&.&"#'?"#.4"@'"EQ)?.&C)8'"B'./)'5&4B45-)+'./)'?5-)45'7&@@'5@8"'="&#.'3='5#9'9"7#'58'
8/"7#' &#' ./)'3==)4'=@".8'"B'K&$2'<2' TB' @)B.'3#?"-=)#85.)9+' ./)'?5-)45' @"8)8' ./)' .54$).'5#9'
B5&@8'."'-)).'./)'834C)&@@5#?)'"EQ)?.&C)2'1"-=)#85.&#$'./)'?5-)45'B&)@9>"B>C&)7'58'8/"7#'&#'
./)' @"7)4' /5@B' "B' K&$2' <' -)5#8' ./5.' ./)' ?5-)45' ="8&.&"#)4' &8' -"C)9' &#' 4)5?.&"#' ."' ./)'
=@5.B"4-' -".&"#2' T#' ./)' 8&-=@)8.' 808.)-+' ./)' NOP' =&@".' -5#35@@0' =)4B"4-8' ./&8'
?"-=)#85.&"#2'

!"7#''' N=
,&@.&#$

N#?"-=)#85.)9

1"-=)#85.)9

'

K&$34)'<2'N#?"-=)#85.)9'I3==)4L'1"-)#85.)9'I@"7)4L'15-)45'U@5.B"4-'U"8&.&"#'B"4'NOP'
O&4B45-)',&@.&#$'6".&"#'



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

163 

S/)#'./)'#5C&$5.&"#'"4'834C)&@@5#?)'.58D8'E)?"-)'?"-=@&?5.)9+'.7"'=)"=@)'-50'E)'4)H3&4)9'
."'5?/&)C)'./)'?5-)45'.54$).&#$'"EQ)?.&C)'./5.'&8'?"#.4"@@)9' +(8$<$(8$(.#/'B4"-'./)'C)/&?@)V'5'
=&@".' ."' #5C&$5.)' ./)'NOP'5#9' 5' ?5-)45' "=)45."42' T#' 53."-5.)9' 808.)-8' B)5.34)' .45?D&#$'
8"B.754)' ?5#' E)' 38)9' ."' &9)#.&B0' ="&#.8' "B' &#.)4)8.' &#' ./)' B&)@9' "B' C&)7' 5#9' ./)#' $)#)45.)'
?5-)45'="8&.&"#'?"--5#98' ./5.'D))=' ./)8)' B)5.34)8' &#' ./)' B&)@9'"B'C&)72' T.' &8' &#8&$/.B3@' ."'
?"#8&9)4' ./)' 5?.&"#8' "B' ./)' .7"' 5?."48' &#' =&@".R?5-)45' "=)45."4' 8?)#54&"' &#' "49)4' ."'
/0="./)8&W)'5'#)7'"=)45.&"#5@'-"9)2',/)'=&@".'7&@@'7"4D' ."'="8&.&"#' ./)'5&4?45B.' ."'5C"&9'
"E8.5?@)8'5#9'."'=3.'./)'?5-)45'=@5.B"4-+'+B$B+'./)'5)4&5@'C)/&?@)+'&#'5'="8&.&"#'./5.'./)#'7&@@'
5@@"7' ./)' ?5-)45' "=)45."4' ."' 75.?/' ./)' ?5-)45' B))9' 5#9'-"C)' ./)' ?5-)45' ="8&.&"#)4' ."'
.45?D'5'.54$).'"4'834C)0'5#'54)52'
O#'&-="4.5#.'3#9)4@0&#$'5?.&"#'"#'./)'=54.'"B'./)'?5-)45'"=)45."4'./5.'-5D)8'./&8'8?)#54&"'
B)58&E@)' &8' ./5.' ./)' ?5-)45' "=)45."4' -38.' ?"-=)#85.)' B"4' ./)' -".&"#8' "B' ./)' NOP' ./5.'
8.5E&@&W)'./)'?5-)45'.54$).&#$2'K&$2'X'B34./)4'9)8?4&E)8'./)')BB)?.'"B'3#?"-=)#85.)9'?5-)45'
=@5.B"4-'-".&"#' "#' ./)' ?5-)45' 5A&8' &#' ./)' 3==)4' B&$34)8' 5#9' ./)' E".."-' B&$34)8' 8/"7' 5'
8?/)-)'7/)4)'./)'?5-)45'="8&.&"#)4'&8'38)9'."'?"-=)#85.)'B"4'./)'NOP'E"90'-".&"#'5#9'
-5&#.5&#' ./)' ?5-)45' C&)72'O99&.&"#5@@0+' ./)4)'-38.' E)' ?"--3#&?5.&"#' E).7))#' ./)' =&@".'
5#9' ./)' ?5-)45' "=)45."4' 8"' ./5.' ./)' ?5-)45'=@5.B"4-' &8' ?"44)?.@0' ="8&.&"#)9' "4'-"C)9' ."'
-)).' ./)'C&9)"' 5?H3&8&.&"#'"EQ)?.&C)2'6"4)' 8=)?&B&?5@@0+' ./)' ?5-)45'="8&.&"#&#$'=4"E@)-' &8'
8=@&.'E).7))#'./)'=&@".'5#9'./)'?5-)45'"=)45."42'Y&#?)'./)'"=)45."4'&8'#".'&#'B3@@'?"#.4"@'"B'
="8&.&"#&#$'./)'?5-)45+'8/)'-38.'4)@0'"#'?"--5#98'."'./)'=&@".'."'=4"C&9)'-"C)-)#.'"B'./)'
?5-)45' =@5.B"4-' B"4' -".&"#8' #".' &#?@39)9' &#' ./)' ?5-)45' ="8&.&"#)42' K"4' )A5-=@)+' &B' ./)'
?5-)45'="8&.&"#)4' &8' 5' 8&-=@)'=5#>.&@.' 5#9' ./)' ?5-)45' "=)45."4' 4)H3&4)8' .45#8@5.&"#' "B' ./)'
?5-)45+'./)#'5'4)H3)8.'-38.'E)'-59)'."'./)'=&@".'."'-"C)'./)'?5-)45'=@5.B"4-2',/)'=".)#.&5@'
8/"4.?"-&#$8'"B'./&8'.0=&?5@'"=)45.&"#5@'8?)#54&"'?5#'E)'83--54&W)9'58V''
*2 -3@.&=@)'8D&@@)9'.)?/#&?&5#8'54)'.0=&?5@@0'4)H3&4)9+''
<2 ./)'?5-)45'"=)45."4'-38.'?"-=)#85.)'B"4'./)'5?.&"#8'"B'./)'=&@".+'5#9''
X2 &.' &8' #".' &#.3&.&C)' B"4' 5' ?5-)45' "=)45."4' ."' 8=@&.' ./)' ?5-)45' .54$).&#$' .58D8' E).7))#'

5?.&"#8'"B'./)'?5-)45'="8&.&"#)4'?"#.4"@@)9'E0'./)'"=)45."4'5#9'?"--5#98'."'./)'=&@".2'

()B.'''''' Z&$/.
Z"@@&#$

K

'

K&$34)'X2''N#?"-=)#85.)9'I3==)4L'5#9'1"-=)#85.)9'I@"7)4L'15-)45'U@5.B"4-'B"4'Z"@@&#$'
6".&"#'

1.2 Previous Research!
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1.3 Camera Stabilization and Targeting!
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2. System Modeling 
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3.  Control Method 
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3.1 Tracking Error Formulation 

,/)'?5-)45'.45#8@5.&"#5@'="8&.&"#')44"4+'
3( )pe t R∈ , '&8'9)B&#)9'&#'./)'?5-)45'B45-)'IC L'58'

./)' .45#8B"4-)9'9&BB)4)#?)'E).7))#'./)' &#)4.&5@' B45-)'E58)9'?5-)45'="8&.&"#+' ( )Cp t , '5#9'

./)'&#)4.&5@'B45-)'E58)9'9)8&4)9'?5-)45'="8&.&"#+'9)#".)9'58'
3( )Dp t R∈ , '58'B"@@"78''

''
( )C

p I C De R p p= − .
''' '

I<lL
'

,/)' ?5-)45' .45#8@5.&"#5@' ="8&.&"#' )44"4' 45.)+'
3( )p t Re ∈' +' &8' "E.5&#)9' E0' .5D&#$' ./)' .&-)'

9)4&C5.&C)'"B'I*L'."'0&)@9''

'
( ) ( )C C

p I C D I C Dp p R p pe R= − + −' ' ''
'''

IX^L
'

7/)4)' ( )C tp' '5#9' ( )D tp' '7)4)'&#.4"93?)9'&#'I*jL'5#9'I*lL+'4)8=)?.&C)@02'Y3E8.&.3.&#$'I<jL'

&#."'./)'B&48.'.)4-'&#'IX^L'0&)@98''



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

175 

'
( ) ( )C C

I C D pp p S eR ω− = − ,'
''

IX*L
'

5#9'./)'.)4-' ( )C
I CR tp' '&#'IX^L'?5#'E)'4)74&..)#'&#'.)4-8'"B'./)'H3594"."4'C)@"?&.0+' ( )Fv t +'

58''

'
( )C C I C C F

I I C FCR R R v R vp = ='
'' '

IX<L
'

7/)4)'5@@'.45#8@5.&"#'"B'./)'?5-)45'&8'./)'4)83@.'"B'./)'H3594"."4'.45#8@5.&"#2',/)'B&#5@'.)4-'
&#'IX^L'&8'4)74&..)#'58''

' ( )C C I D C D
I I D DDR R R v R vp = = .' ''

'IXXL
'

Y3E8.&.3.&#$'IX*L+'IX<L+'5#9'IXXL'&#."'IX^L'0&)@98''

' ( )C C F C D
p p F DS e R v R ve = − + − .' ω ''

IXgL
'

,"'B34./)4'./)'?"#.4"@@)4'9)C)@"=-)#.+'5'B&@.)4)9')44"4+'
3( )r t R∈ +'&8'&#.4"93?)9'58''

' ' [ ]T TT
pr r eθ=

'
IXaL'

7/)4)'./)'B&@.)4)9'="8&.&"#')44"4+'
3( )pr t R∈ , '&8'9)B&#)9'58''

'

C F C
p p p F Fr k e R v R δ= + + ,

''
IXhL

'

&#' 7/&?/'
3

3[0 0 ]T Rδ δ= ∈ ' &8' 5' ?"#8.5#.' 9)8&$#' C)?."42' ,/)' "4&)#.5.&"#' .45?D&#$'

8&$#5@+'
3( )e t Rθ ∈ +' &8' 9)B&#)9' &#' .)4-8' "B' ./)' 5#$@)>5A&8' 4)=4)8)#.5.&"#' "B' ./)' 4".5.&"#'

-5.4&A'E).7))#'./)'9)8&4)9'5#9'5?.35@'?5-)45'"4&)#.5.&"#8+' ( , , )C dR θ θΘ ,( '58''

' '

ae
θ

θ µ=
''

IXbL
'

7/)4)'./)'8?5@54'5#$@)' aθ '&8'"E.5&#)9'B4"-''

'

1 11
cos ( ( ( ) 1))

2a Tr R Rθ −= − ∈ ,(
''

IXjL
'

&#'7/&?/' ( )Tr R( '9)B&#)8'./)'.45?)'"B'./)'-5.4&A' ( , , )C dR θ θΘ( '5#9'./)'3#&.'@)#$./'5A&8'"B'

4".5.&"#'
3Rµ ∈ '9)B&#)9'58''

' ( ) ( ) ( )32 23 13 31 21 12

1
2sin a

r r r r r rµ
θ

( )
* +, -

= − , − , − ,'
''

IXlL'



Aerial Vehicles 

'

176 

B"4'7/&?/'
2

1µ = . 'T#'./&8'4)=4)8)#.5.&"#+'./)'4".5.&"#'5#$@)' aθ '&8'5883-)9'."'8.50'7&./&#'

./)'45#$)' .aπ θ π− < < 'f".)'./5.'./)'.)4-8'"#'./)'4&$/.>/5#9'8&9)'"B'./)'9)B&#&.&"#'&#'IXlL'

?"-)'B4"-' ( , , )C dR θ θΘ( '58'

'

11 12 13

21 22 23

31 32 33

( , , )C d

r r r
R r r r

r r r
θ θ

( )
* +Θ = .* +
* +, -

(
''

Ig^L'

Y3E8.&.3.&#$'./)'5A&8>5#$@)'4)=4)8)#.5.&"#'IXjL'5#9'IXlL'&#."'IXbL'0&)@98''

'

32 23

13 311 1
2

21 12

1
2 {cos ( ( ( ) 1))}

r r
e r r

sinc Tr R
r r

θ −

−( )
* += −* +−
* +−, -

(
'' Ig*L'

7/)4)'
sin( )( ) a

aasinc θ
θθ = 2' ,/)' 5#$3@54' )44"4' 45.)' ?5#' E)' "E.5&#)9' E0' .5D&#$' ./)' .&-)'

9)4&C5.&C)'"B'IXbL'58''

'

3CDL Reθ ωω= ∈ ,'
''

'Ig<L
'

5#9'
3x3L Rω ∈ ?5#'E)'9)B&#)9'58'

'

2
3 2

2

( )
( ) (1 ) ( )

2 ( )a

a asinc
L I S S

sincω θ
θ θµ µ= − + − ,

'

IgXL

'

&#'7/&?/' ( )S µ '&8'5'8D)7'80--).4&?'-5.4&A'5#9'9).5&@8'B"4'"E.5&#&#$'

''
( ( ) )

( ) ,
2sin

T

a

R R
S

−=µ
θ

( (

''

IggL'

B"4'"E.5&#&#$'Ig<L'?5#'E)'B"3#9'&#'65@&8'I*lljL2',/)'.)4-'
3( )CD t Rω ∈ ' &#.4"93?)9'&#'Ig<L'

4)=4)8)#.8' ./)' 5#$3@54' C)@"?&.0' "B' ./)' 9)8&4)9' ?5-)45' B45-)' 4)@5.&C)' ."' ./)' 5?.35@' ?5-)45'
B45-)'58''

'

( )CD CI ID D C D C C
IF FCω ω ω ω ω ω ω ω= + = − = − + '' IgaL'

7/)4)' ( ) ( )ID Dt tω ω= 5#9' ( ) ( ) ( )CI IC Ct t tω ω ω= − = − 2' Y3E8.&.3.&#$' IgaL' 5@"#$' 7&./' I*<L' >' I*gL'

&#."'Ig<L'=4"93?)8''

'

D C F C
cF F cL L R L R Jeθ ω ω ωω ω θ= − − ''
2'' IghL'



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

177 

,5D&#$'./)'.&-)'9)4&C5.&C)'"B' ( )pr t '&#'IXhL'0&)@98''

'

C CC FF
p pF FF pR v kv er R R δ= + + + .' '' ''

'' IgbL'

Y3E8.&.3.&#$'B4"-'IXL'5#9'IXgL'&#."'IgbL+'3.&@&W&#$'./)'B5?.'./5.''

( ) ( ) ( )C C F C F
F F CF F FCR S R SR ω ωΘ = = −' +'

'5#9'83E.45?.&#$'5#9'599&#$' ( )C F
FR S ω δ '0&)@98'

'
1 3

1 1
[ ( ) ( ) ] ( )C F F F F f C F

p F I FR N v S v gR E F R Sr
m m

ω ω δ= − + + +'
'' 'IgjL'

( )[ ( ) ] ( ) ( ) ( )C F C C D C F F C F F
p F p D F FC F FCk R v S e R v R S v R S S+ − − − − + .ω ω ω ω δ '

1"-E&#&#$'./)'5#$3@54'C)@"?&.&)8'4)=4)8)#.)9'E0'./)'8)?"#9'.)4-'&#'./)'B&48.'E45?D).'5#9'./)'
-&9>.)4-'&#'./)'@58.'4"7'"B'IgjL'0&)@98''

'
( ) ( )C F F F C F F

F FC F ICR S v R S vω ω ω− + = − .
'

IglL
'

,/)'4&$/.>/5#9'8&9)'"B'IglL'?5#'E)'B34./)4'?@54&B&)9'38&#$' ( )F F C
IC CR tω ω= '5#9''

'
( ) ( ) ,F F C C

IC C FS R S Rω ω=
'' '

Ia^L
'

."'0&)@9''

' ''

( ) ( )C F C C F C C F
F C F FR R S R v S R vω ω− = − .

'' '
Ia*L

'

1"-E&#&#$'./)'5#$3@54'C)@"?&.0'.)4-8' ( )F
FC tω '5#9' ( )F tω '&#'./)'@58.'.)4-8'"B'./)'@58.'4"7'

&#'IgjL'7&./' ( )F
IC tω '0&)@98''

'
( ) ( ) ( ) ( )C F C FC C F C C C

F F F C FR S R S R S R S Rω δ ω δ ω δ ω δ− − = − = − .
'''

Ia<L
'

63@.&=@0&#$'E"./'8&9)8'"B'IXhL'E0' ( )CS ω '0&)@98''

'
( ) ( )( )C C C C C

p p p F FS r S k e R v Rω ω δ− = − + + .
'''

'IaXL
'

Y3E8.&.3.&#$'Ia*L'./4"3$/'IaXL'&#."'IgjL'0&)@98'

' 1
3

( )
( ) ( )

C F C f
C C C F C D C FF F

p p I p F p D F

R N v R F
S r gR E k R v k R v R Sr

m m
= − + + + − − .' ω δ ω ''IagL'



Aerial Vehicles 

'

178 

%0'.5D&#$'./)'.&-)'9)4&C5.&C)'"B' ( )r t '&#'IXaL'5#9'83E8.&.3.&#$'IghL'5#9'IagL'&.'?5#'E)'"E.5&#)9'
./5.''

1
3

3 1

( )( ) ( ) ( )
.

( )

C f C F
C F C C F C D CF F
F p p F D I

xC F D
F c c

R F R N vR S S r k R v R v gR E
r m m

OL R J L

( )
* +( )
* +* +
* +* +
* +* +
* +* +, -
* +, -

( )− + − +* += − +
* +

− + −* +, -

'

'ω ω

δ ω ω

ω ωθ
'IaaL'

O445#$&#$'./)'B&48.'.)4-'&#'IaaL'0&)@98'

'

1
( )C f C F

F F

C F C
F F c c

R F R S
BU BUm L

L R L R J
ω

ω ω

δ ω

ω θ

( )−* + = =
* +

− −* +, -'
'' IahL'

7/)4)''

'

11
3x2 6x6 63x3

3x3
3x1 3x3

( )
, ,,

C
FF

C
F

c C

uB
S OR O

B R U RmL
O L R O I J

ω
ω

δ ω
θ

( )( )
( ) ,− , * +* += = ∈ = ∈* + * +* +−, - , ,* + * +, - , -

'
'

IabL

'

5@"#$'7&./'./)'#)7'.)4-' ( )U t '7/)4)'
3

1( )U t R∈ '5#9'
3

2 ( )U t R∈ , '9)B&#)9'5@8"'B34./)4'
?@54&B0'./)'?"#.4"@'9)8&$#'=4"?)934)2''

'
6

1 2[ ]TU BU U U R= = , ∈ .
' '

IajL
'

Y3E8.&.3.&"#'"B'IabL'."'IajL'&#."'IahL'5#9'./)#'83E8.&.3.&"#'"B'./)'4)83@.&#$'B"4-'"B'IahL'38&#$'
IaaL'=4"93?)8'./)'"=)#>@""='B&@.)4)9')44"4'90#5-&?8'58'B"@@"78''

'

1
1 3

23x1
3x1

( )
( )

C F
C C D C F CF

p p D p F I
D

R N vUS r k R v k R v gR E
r m

UO L O

( )
* +( ) ( )( )
* +* + * +* +
* +* + * +* +
* +* + * +* +
* +* + * +, -, - , -
* +, -

− + += + − +'
ω

ω
ω

''''

IalL

'

7/)4)' &.' &8' ?@)54' ./5.' ./)' ?"#.4"@' &#=3.8' 1( )U t ' 5#9' 2 ( )U t '7&@@' E)' 9)8&$#)9' ."'-)).' ./)'

?"#.4"@' "EQ)?.&C)2' f".)' ./5.' &-=@)-)#.5.&"#' "B' ./)' ?"#.4"@' 7&@@' 4)H3&4)' ( )U t ' 7/&?/' &8'

"E.5&#)9'B4"-''

'
61 ,U U RB

−= ∈
'''

Ih^L
'

7/&?/'4)H3&4)8'
1 11 ( )BB Lω

− −− = '7/)4)'



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

179 

'
1 3

3

1
( ) ,

( )

C
F

C
F

L R O
L

O RL
ω

ω
ω

− ( )−
= * +∆ , -

''
Ih*L'

&#'7/&?/' ( ) C C
F FR L RLω ω∆ = − '&8'./)'9).)4-&#5#.'"B'./)'-5.4&A' ( )tLω '5#9' ( ) 0Lω∆ ≠ '

93)'."'O883-=.&"#'*'IO*L2''

3.2  Lyapunov-based Control Design 

,/)'#"#>#)$5.&C)'8?5@54'B3#?.&"#' ( )V t '&8'?/"8)#'58''

'

1 1
2 2

T T
p pV e e r r= + .

'

!&BB)4)#.&5.&#$'0&)@98''

'

T T
pp pV e r re= + ,' ''

'' '
Ih<L

'

E0'83E8.&.3.&#$'IXgL'5#9'IalL'&#."'Ih<L'&.'?5#'E)'"E.5&#)9'./5.''

1
1 3

23 1

( )
( )

[ ] [ ]

[ ( ) ( ) ]

C F
C C F C C DF

T T T p p F I p D
p

x D

T C C D
p p p p p F

R N vUS r k R v gR E k R v
V r e m

UO L

e S e r k e R v

( )
* +( ) ( )
* +* + * +
* +* + * +
* +* + * +
* +* + , -, -
* +, -

− + + −= , + +

+ − + − − −

θ

ω

ω

ω
ω δ

'
'

IhXL

'

7/)4)'IXhL'758'3.&@&W)92',/)'.)4-8'&#'IhXL'?5#'E)'?"@@)?.)9'."'0&)@9'

'
1 1 3

2

1
[ ( )

].

T T C F T T C F T C
p p F p p p p F p I

T C D T T C T C D T T D
p p D p p p p F p D

V r U r R N v e r r k R v r gR E
m

r k R v k e e e R e R v e U e L

= + + + +

− − − − + −θ θ ωδ ω

'
' 'IhgL'

]H35.&"#' IhgL' 7&@@' E)' 3.&@&W)9' ."' 9)8&$#' ./)' ?"#.4"@' &#=3.8' 1( )U t ' 5#9' 2 ( )U t 2' K4"-' ./)'

3==)4' )H35.&"#' &#' IhgL' 7)' ?5#' 9)8&$#' 1( )U t ' ."' 83E.45?.' "3.' B"34' .)4-8+' 599' 8.5E&@&W&#$'

B))9E5?D+'5#9'599'4"E38.'?"-=)#85.5.&"#'B"4'./)'3#D#"7#'#"#@&#)54'.)4-'58'B"@@"78''

'

2
1

1 3
0

F
p C F C

r p p F I p

r v
U k r k R v gR E e

ζ
ε

& #
$ !
% "= − − − − − ''' IhaL'

7/)4)' 0ε '&8'5'="8&.C)'?"#8.5#.+'O<'&8'38)9'B"4' 1( )Fvζ , '5#9'./)'#"#@&#)54'.)4-' 1( )tN '&8'

9)B&#)9'E0''



Aerial Vehicles 

'

180 

'
1 1

1
( )C F

FR N vN
m

= .
''' '

IhhL

'

K4"-'./)'@"7)4')H35.&"#'&#'IalL+' 2 ( )U t '?5#'E)'9)8&$#)9'58''

' 2
DU L k eω θ θω= − . ''' IhbL'

Y3E8.&.3.&#$'IhaL'5#9'IhbL'&#."'IhgL'0&)@98''

2
1

1
0

( ) ( )
F

pT T T C D T T T C C D
p r p p p p D p p p p F D

r v
V r k r r r k R v k e e k e e e R R vN

& #
$ !
% "= − − − − − − + .θ θ θ

ζ
δ

ε
' IhjL

'

O??"49&#$'."'83BB&?&)#.'?"#9&.&"#+'B&#5@@0'&.'0&)@98''

'

2

2 4V λ η ε≤ − + .' '' IhlL'

4.  Stability Analysis 

,/)' ?@"8)9>@""=' ?"#.4"@' @57' "B' IhaL' 5#9' IhbL' )#834)' ./5.' ./)' .45?D&#$' )44"4' &8' :@"E5@@0'
N#&B"4-@0'N@.&-5.)@0'%"3#9)9'I:NN%L'&#'./)'-5##)4''

'

2
2 2 4

2

(0) te λ εη η
λ

−≤ +
''

Ib^L

'

7/)4)''

'
[ ]T T T T

p pr e eθη = , , ,
''

Ib*L'

4ε '&8'5'="8&.&C)'?"#8.5#.+'5#9' 2λ '&8'5'="8&.&C)'?"#8.5#.'$&C)#'E0'./)'B"@@"7&#$'B"4-'

' 01
2 min ( ) ( )

2 2r pk k kθ
λλλ . /= − , − ,1 2

3 4 ''
Ib<L'

7/)4)' 0λ , ' 1λ '54)'="8&.&C)'?"#8.5#.8'3#9)4'./)'?"#9&.&"#8'./5.''

'

01 and
2 2r pk k

λλ
>> .

'

IbXL

'

O' =4""B' "B' ./)' ./)"4)-' ?5#' E)' =4"C)#' 38&#$' (05=3#"C>.0=)' 8.5E&@&.0' 5#5@08&8' I,/&8' &8'
E)0"#9'./)'8?"=)L2'



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

181 

!"#$#%&'
()"*+,$-'

.)/-",$)012'
34/,")012'5'
6#/$%#++-%'
!78'9(

:(;

<#41$)0='
6#"",/>

!"#$%&'()*+'
,#-./0'12

:3?

Fz

CvFy

dxdy

dz
Cdw

>-1)%->

,0$*,+

Fx

Cdv

Cdv
Cw

Cdω

(+*3%#4'5#63"*7

'

K&$34)'**2''Y08.)-'JC)4C&)7'

QNX / Other via UDP
[Joystick]

Read Joystick values 

as velocities or 

Generate trajectories

[Flight Gear]

Windows OS

Virtual

Simulation

Calculate

Dynamics

QNX
[QMotor C++ based Platform]

Evaluate

Control Input

Wait 1ms

Update

System

States

Saturate 
Control Inputs 

Based on 
UAV 

Parameters

Send UDP

Packets

Dp

,Dv

5
Dω

'

K&$34)'*<2''Y08.)-'T#.)45@'J3.@&#)'&#'Y&-3@5.&"#'Y08.)-'

5.  Simulation 

,/)' 8&-3@5.&"#' 808.)-' "C)4C&)7' &8' $&C)#' K&$2' **2' O' .7"' ?"-=3.)4' 808.)-+' dfm' 5#9'
S&#9"78+' 758' E3&@.' ."' 8&-3@5.)' ./)' =4"="8)9' ?"#.4"@@)42' ,/)' dfm' 8"B.754)' 808.)-8' 54)'
?"#B&$34)9' ."' 43#'dfm'Z)5@>,&-)'J=)45.&#$' Y08.)-' IZ,JYL' 5#9'/"8.' ./)'d6"."4' I<^^^L''
?"#.4"@'5#9'8&-3@5.&"#'=5?D5$)'7/&@)'./)'S&#9"78'mU'?"-=3.)4'&8'?"#B&$34)9'."'43#'5#9'
/"8.' ./)' K@&$/.:)54' IC2^2l2*^L' I<^^hL' "=)#>8"34?)' B@&$/.' 8&-3@5."4' =5?D5$)2' O' d6"."4'
=4"$45-'758'74&..)#' ."' 8&-3@5.)' ./)' 4&$&9' E"90' D&#)-5.&?8+' 90#5-&?8+' 5#9' ./)' =4"="8)9'



Aerial Vehicles 

'

182 

?"#.4"@2',/)'"3.=3.'"B' ./)'90#5-&?8'8&-3@5.&"#' &8'8)#.'C&5'N!U'."'8).' ./)'5&4?45B.R?5-)45'
="8&.&"#'5#9'"4&)#.5.&"#'&#'./)'K@&$/.:)54'C&4.35@'7"4@9'I#".)'./5.'K@&$/.:)54'&8'38)9'"#@0'58'
5' $45=/&?8' =4"?)88"4L2' ,/)' 9)8&4)9' .45Q)?."4&)8' 54)' &#=3.' E0' ./)' "=)45."4' 38&#$' 5' h' !JK'
Q"08.&?D' I("$&.)?/']A.4)-)' X!'U4"+' <^^hL2' Y=)?&B&?5@@0+' ./)' "=)45."4' &#9&4)?.@0' 83==@&)8' ./)'
9)8&4)9'="8&.&"#'.45Q)?."40'38)9'E0'./)'?"#.4"@@)4'./4"3$/'-"#&."4&#$'./)'8&-3@5.)9'?5-)45'
C&)7'5#9'38&#$' ./)' Q"08.&?D' ."' ?"--5#9' ./)'C)@"?&.&)8' ./5.'-"C)' ./)' ?5-)45'C&)7' &#' ./)'
C&4.35@'7"4@92'O'9).5&@)9'E@"?D'9&5$45-'8/"7&#$'./)'./4))'&#=3.8'"#'./)'Q"08.&?D+'@5E)@)9'58'

A+'0+'5#9'.7&8.+''54)'38)9'."'$)#)45.)'5#9'?"#.4"@')&./)4'./4))'.45#8@5.&"#5@'C)@"?&.&)8+' ( )Dv t +'
"4' ./)' ./4))' 5#$3@54' C)@"?&.&)8+' ( )D tω , ' 9)=)#9&#$' "#' .4&$$)4' ="8&.&"#2' ,/5.' &8+' ./)'
-5$#&.39)' 5#9' 9&4)?.&"#' "B' ./)8)' H35#.&.&)8' &8' 9)4&C)9' B4"-' ./)' Q"08.&?D' ="8&.&"#2' ,/)'
C)@"?&.0'?"--5#98'54)' ./)#' &#.)$45.)9' ."'=4"93?)' ./)'9)8&4)9'="8&.&"#' .45Q)?."40'38)9'E0'
./)' ?"#.4"@@)42' O' .0=&?5@' 8?)#)' B4"-' K@&$/.:)54' I<^^hL' &8' 8/"7#' &#' K&$2' *X' 7/)4)' ./)'
H3594"."4'&8'.&@.)9'E3.'./)'?5-)45'C&)7'8))#'E0'./)'"=)45."4'4)-5&#8'@)C)@2'',/)'H3594"."4'
8&-3@5.&"#'758'9)C)@"=)9'."'5==4"A&-5.)'./)'=545-).)48'"B'./)'!45$5#K@0)4'm>U4"'I<^^aL2'
U545-).)48'83?/'58'-588'Im L'5#9'85.345.&"#'@&-&.8'B"4'?"#.4"@'&#=3.8+'5#9'./)'?"#.4"@'$5&#8'

54)'?/"8)#'."'E)''

(1 1 1) (1 1 5)r pk k diag k diag= = , , , = , , ,θ
3 22 72[ ] and 9 81[ ]m kg g m kgs= . = . / , '

1 max 35 586 [ ]_u N= . , max max 4 067 [ ].tilt_ roll_ Nmθ θ= = .
'

O' 8/"4.' .&-)8=5#' "B' ./)' 8&-3@5.&"#' 758' ?5=.34)9' ."' 9)-"#8.45.)' ./)' "=)45.&"#' "B' ./)'
808.)-2',/)'8&-3@5.&"#'4)83@.8'54)'8/"7#'&#'K&$2'*g'./4"3$/'K&$2'*l2',/)')58&)8.'."'5==4)?&5.)'
"=)45.&"#5@'="&#.'&8'B"3#9'5.'.ka^'n8)?o'&#'K&$2'*b'5#9'K&$2'*j'7/)4)'./)'"4&)#.5.&"#8'"B'./)'
?5-)45'5#9'H3594"."4'4".5.)'&#'"=="8&.)'9&4)?.&"#8'-)5834)9'B4"-'./)'A>+'0>+'5#9'W>5A)8'."'
5?/&)C)'./)'B@0>./)>?5-)45'=)48=)?.&C)2',/&8'5@8"'?5#'E)'8/"7#'E0'./)'."4H3)'&#=3.8'"B'NOP'
4"@@+'./)'8)?"#9'=@".'&#'K&$2'*h+'5#9'?5-)45'4"@@+'./)'@58.'=@".'&#'K&$2'*h+'7/&?/'5?.8'&#'"=="8&.)'
9&4)?.&"#8' 58' ./)' NOP' ."4H3)' =4"93?)8' ./)' 4)H3&4)9' @5.)45@' -".&"#' 5#9' ./)' ?5-)45'
?"-=)#85.)8'B"4'./)'4)83@.&#$'4"@@2',/&8'&8'5@8"'8))#'&#'./)'=&.?/'&#=3.'&#'./)'./&49'=@".'"B'K&$2'
*h'5#9'./)'?5-)45'.&@.'&#=3.'&#'./)'B"34./'=@".'"B'K&$2'*h2'K&$2'*g'8/"78'./)'="8&.&"#'.45?D&#$'
"B' ./)'H359>4"."4' ."' ./)'9)8&4)9' .45Q)?."40'5#9'K&$2'*a'8/"78' ./)'="8&.&"#')44"48'5E"3.' ./)'
?""49&#5.)82' ,/)' 5?.35@' H359>4"."4' .45Q)?."40' 4)=4)8)#.)9' E0' ./)' 9"..)9' @&#)' B"@@"78' ./)'
9)8&4)9' .45Q)?."40' 4)=4)8)#.)9'E0' ./)' 8"@&9' @&#)'7/&?/' &8' ?"--5#9)9' ."'$"'3=' 5.' ./)' B&48.'
.&-)'5#9'./)#+'-"C)'."'B"47549'5#9'5$5&#'$"'B"47549'#)54'./)')#92'

Camera View External View

'

K&$34)'*X2'',/)'pB@0>./)>?5-)45p'C&)7'38)9'E0'./)'"=)45."4'5#9'5#'"3.8&9)'C&)7'"B'./)'
H3594"."4'="8&.&"#'



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

183 

5.1 Simulation Results 
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7. Appendix 

7.1  Case 2: Pan-Tilt Camera Configuration (camera looking downward) !!
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7.2  Rotation Matrix 

O'4".5.&"#'-5.4&A+' ( )C
D dR θ '9)#".)9'&#'I<^L+'B4"-'!'."'9)8&4)9'B45-)'1'B"4'./)'.45?D&#$'"B'

./)'?5-)45' B45-)'."'9)8&4)9'B45-)'?5#'E)'"E.5&#)9'E0'?"#8&9)4&#$' ./)'?5-)45' B45-)'7&./'
4)$549'."'./)'9)8&4)9'B45-)'58'5#"./)4')#9'@&#D'58'B"@@"78V'



Fly-The-Camera Perspective: Control of a Remotely Operated Quadrotor UAV and Camera Unit 

'

187 

JBB8).' ()#$./' ,7&8.' O#$@)'
(&#D'I'+'L'

!' 5' α ' θ '
1'I@""D&#$'B"47549L' ^' ^' 90+ &

' 90dθ + & '

1'I@""D&#$'9"7#7549L' ^' ^' 0& ' 90dθ + & '

,5E@)'X2''!>M',5E@)'."'B&#9'./)'4".5.&"#'-5.4&?)8'E).7))#'./)'?5-)45'5#9'9)8&4)9'B45-)8'

7/&?/'0&)@98'./)'B"@@"7&#$'4".5.&"#'-5.4&A+'4)8=)?.&C)@0'IB"4'8&-3@5.&"#+' 0dθ = & L'

( ) ( )

-s 0 c -s -c 0

c 0 s and c -s 0 .

0 1 0 0 0 1

d d d d
C C
D d Dd d d

forward downward

R R
( ) ( )
* + * += =* + * +
* + * +, - , -

θ θ θ θ
θ θ θ θ

IbbL

''

7.3  Notation and Nomenclature  
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A Flight Strategy for Intelligent Aerial Vehicles 
Learned from Dragonfly 
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1. Introduction  
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1,25& 3#<(#$8#3&5)*#& 7-& A2#D)$*#/& MA2#D)$*#/C& INJGR& 3"0=#*& 4")4& ,$?9")3#& ,3& #5920-#*&
*(/,$%&4)>#?011&)$*&3")/9&4(/$,$%:&;4&=)3&)230&10($*&4")4&,$&)&/,3,$%&12,%"4&01&)&*/)%0$12-C&2,14&
=)3&,$8/#)3#*&*(/,$%&*0=$34/0>#&)$*&*/)%&=)3&,$8/#)3#*&*(/,$%&(934/0>#&="#$&12-,$%&,$?
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9")3#&MAS(5)&#4&)2:C&INJFR:&E"#&80$82(3,0$&=)3&*#/,6#*&7-&(3,$%&4"#&505#$4(5&4"#0/-&)$*&
4"#& 72)*#& #2#5#$4& 4"#0/-C& 8057,$#*& =,4"& )& $(5#/,8)2& 5#4"0*& 50*,1,#*& 1/05& 4"#& 208)2&
8,/8(2)4,0$&5#4"0*:&
'0=#6#/C& ,4&=)3& )/%(#*& 4")4& )3& 4=0&=,$%3& ,$& 4)$*#5&)/#&7/0(%"4& 8203#/& 40%#4"#/C& 4"#& 2,14&
10/8#& 9/0*(8#*& 7-& #)8"& =,$%& ,3& /#*(8#*& MA2#D)$*#/C& INJGR:& E"#/#10/#C& 10/#=,$%& )$*&
",$*=,$%& 12)99,$%& ,$?9")3#&=0(2*&9/0*(8#& 2#33& 2,14& 7#8)(3#& 4"#-&)/#& 8203#/& 40%#4"#/& 4")$&
="#$&7#)4,$%&)$4,?9")3#:&A2#D)$*#/&7#2,#6#*&4")4&4"#&/#)30$&01&*/)%0$12,#3&(3,$%&,$?9")3#&
12,%"4& 5)-& 7#& *(#& 40& 9"-3,020%,8)2& /#)30$& )3& =#22& )3& 4"#& 9/#1#/#$8#& 01& 9#)>& 10/8#3&
#$")$8#5#$4&)4&4"#&8034&01&4"#&5#)$&10/8#3&/#*(84,0$&MA2#D)$*#/C&INJGR:&
^0($4#/34/0>,$%& MIJKL&0/&)$4,?9")3#R&9/0*(8#3&($,10/5&12,%"4C&="#/#)3& 12,%"4&9/0*(8#*&7-&
9)/)22#2& 34/0>,$%& MKLR& ,3& ,//#%(2)/& MXY99#22C& INJNR:& E",3& ,3& 7#8)(3#& ,$#<()2,4,#3& ,$& 4"#&
)#/0*-$)5,8&#11#843&01&4"#&(934/0>#&)$*&*0=$34/0>#&8)$&7#&8059#$3)4#*&40&305#&#D4#$4&,$&
80($4#/4/0>,$%:&A3&0$#&9),/&01&=,$%_3&(934/0>#&=,4"&)&34##9&)$%2#&01&)44)8>&%#$#/)4#3&34/0$%&
4"/(34C& 4"#& 04"#/& 9),/_3& *0=$34/0>#& =,4"& )& 35)22& )$%2#& 01& )44)8>& 5),$2-& %#$#/)4#3& 2,14:&
E"#/#10/#&4"#&$#4&4"/(34&)$*&2,14&9/0*(84,0$&/#5),$3&/#2)4,6#2-&80$34)$4&*(/,$%&12,%"4&*(#&40&
4"#&)24#/$)4,$%&10/8#&%#$#/)4,0$&0$&4=0&=,$%3&MXY99#22C&INJNR:&
;$& )& /#8#$4& 8059(4)4,0$)2& 34(*-C& MQ)$%& )$*& X(33#22C& TKKPR& 8)28(2)4#*& */)%0$12-_3&
)#/0*-$)5,8&10/8#&)$*&90=#/&)3&)& 1($84,0$&01& 10/#=,$%?",$*=,$%&9")3#&*,11#/#$8#:& &E"#-&
10($*&4")4&)$4,?9")3#&12)99,$%&80$3(5#3&$#)/2-&5,$,5)2&90=#/&=",2#&%#$#/)4,$%&3(11,8,#$4&
10/8#& 40& 7)2)$8#& 70*-& =#,%"4C& )$*& 4")4& ,$?9")3#& 504,0$& 9/06,*#3& )$& )**,4,0$)2& 10/8#& 40&
)88#2#/)4#&MQ)$%&)$*&X(33#22C&TKKPR:&\(/4"#/50/#C&4"#-&9/0903#*&)$&)$)20%-&40&#D92),$&4"#&
/#3(243&7-&)$)2-S,$%&)&50*#2&01&4=0&8-2,$*#/3&506,$%&,$&9)/)22#2&$#D4&40&#)8"&04"#/:&&&
[4"#/& 8059(4)4,0$)2& 34(*,#3& ,$82(*#& MQ)$%& )$*& `($C& TKKFR& )$*& M'()$%& )$*& `($C& TKKPRC&
="#/#& 4"#-& 8)28(2)4#*& 4"#& )#/0*-$)5,8& #11#843& 01& 10/#=,$%?",$*=,$%& ,$4#/)84,0$3& 01& )&
39#8,1,8&*/)%0$12-& M3%'4"/* 56"7%/R& ,$&"06#/&)$*&320=&10/=)/*& 12,%"4:&E"#-&3"0=#*&4")4& 4"#&

,$4#/)84,0$&,3&*#4/,5#$4)2&40&10/8#&%#$#/)4,0$&,$&)25034&)22&8)3#3:&A4&"06#/,$%&=,4"&γ&a&IJKLC&
4"#&/#*(84,0$&,3&JZIFUC&8059)/#*&=,4"&4"#&10/8#&=,4"0(4&,$4#/)84,0$:&E"#&10/8#&0$&",$*=,$%&

,3&%/#)42-&,$12(#$8#*&7-&4"#&10/#=,$%&)4&γ&a&IJKZVbKLC&=,4"&4"#&2,14&80#11,8,#$4&*#8/#)3#*&7-&
TKZbKU:& \(/4"#/50/#C& 4"#-& 9/0903#*& )& 5#8")$,35& 40& #D92),$& 4"#& #11#84& 01& 10/#=,$%& 0$&
",$*=,$%& 10/8#& /#*(84,0$c& 4"#& 10/#=,$%& ,$& #)8"& 01& ,43& *0=$34/0>#& 9/0*(8#3& )& *0=$=)/*&
de#4f&7#",$*&,4O&="#$&4"#&",$*=,$%&2)%3&4"#&10/#=,$%C&,4&506#3&,$40&4"#&e#4&)$*&,43&#11#84,6#&
)$%2#&01&)44)8>&,3&/#*(8#*C&/#3(24,$%&,$&)&*#8/#)3#&,$&,43&)#/0*-$)5,8&10/8#:&&&&
]/#6,0(3&8059(4)4,0$)2&34(*,#3&,$82(*#&Mg)$C&INPNRC&="#/#&4"#&($34#)*-&<()3,?60/4#D?2)44,8#&
5#4"0*&=)3&)992,#*& 40& 4"#&34(*-&01&*/)%0$12-&)#/0*-$)5,83C&)$*& 4"#&/#3(243&3"0=#*&4")4&
*/)%0$12-&8)$&9/0*(8#&",%"& 4"/(34&=,4"&",%"&#11,8,#$8-& ,1&",$*=,$%& 2#)*3& 4"#& 10/#=,$%&7-&
NKLC& )$*& 4")4& ",$*=,$%& =)3& )72#& 40& #D4/)84& =)>#& #$#/%-& 1/05& 4"#& 10/#=,$%& ($*#/& 4",3&
80$*,4,0$:&
.,/#84& 10/8#& 5#)3(/#5#$43& 0$& 4#4"#/#*& */)%0$12,#3& 3"0=#*& 4")4& 9#)>& 2,14& ,$8/#)3#3& 1/05&
)99/0D,5)4#2-&T& 40&b:V& 4,5#3&70*-&=#,%"4&="#$&4"#&)$,5)2&*#8/#)3#3& 4"#&9")3#&*,11#/#$8#&
7#4=##$&704"& 12)99,$%&=,$%3& MX#)6,3&)$*&g(44%#3C& INJJR:&h(4&5)-7#& 4",3& #$")$8#5#$4&0$&
9#)>&2,14&5)-&*(#&40&06#/2)9&01&9#)>&2,143&0$&10/#=,$%&)$*&",$*=,$%C&$04&$#8#33)/,2-&*(#&40&
=,$%?=,$%&,$4#/)84,0$:&&&
iD9#/,5#$4)2& ,$6#34,%)4,0$3& 01& 4"#& )#/0*-$)5,8& #11#84& 01& =,$%?=,$%& ,$4#/)84,0$& =)3&
9/#6,0(32-&9#/10/5#*&,$&M@)-7(/-&)$*&g#"5)$$C&TKKGRC&="#/#&)&9),/&01&/0704,8&=,$%3&=#/#&
6#/4,8)22-&34)8>#*&40&3,5(2)4#&*/)%0$12-&"06#/,$%&12,%"4&=,4"&"0/,S0$4)2&34/0>#&92)$#:&E"#-&
10($*&4")4&4"#&2,14&9/0*(84,0$&01&4"#&10/#=,$%&/#5),$3&)99/0D,5)4#2-&80$34)$4C&=",2#&",$*&



A Flight Strategy for Intelligent Aerial Vehicles Learned from Dragonfly 

&

191 

=,$%& 2,14& 9/0*(84,0$& ,3& /#*(8#*& 40& 305#&#D4#$4& )$*& ,43&5)D,5(5&6)2(#&088(/3& )4& )&9")3#&

*,11#/#$8#&γa&NKL:&E"#-&)44/,7(4#*&4"#&=,$%?=,$%&,$4#/)84,0$&40&4=0&/#)30$3c&giB&*#34/(84,0$&
)$*& 208)2& 120=& 80$*,4,0$& M@)-7(/-& )$*& g#"5)$$C& TKKGR:& E"#,/& /#3(243& #D92),$#*& 4"#&
"06#/,$%& 7#")6,0/& 01& & */)%0$12,#3& (3,$%& "0/,S0$4)2& 34/0>#& 92)$#& M2)89%(&68* 2/":6#"%68RC&
=",2#&5)$-&04"#/&*/)%0$12-&39#8,#3&#5920-&)&TKZPKL&,$82,$#*&34/0>#&92)$#&MA2#D)$*#/C&INJGO&
W0/7#/%C&INPFO&XY99#22C&INJNR&)$*&#5920-&)$&)#/0*-$)5,8&5#8")$,35&01&d*/)%&7)3#*& 2,14&
%#$#/)4,0$f& MQ)$%C& TKKGRC& =",8"& ,3& <(,4#& *,11#/#$4& 1/05& 4")4& 10/& "0/,S0$4)2& 34/0>#& 92)$#&
12,%"4&MQ)$%&)$*&X(33#22C&TKKPR:&;$&4",3&34(*-C&=#&,$6#34,%)4#&4"#&=,$%?=,$%&,$4#/)84,0$&)$*&
4"#&($*#/2-,$%&5#8")$,35&10/&4"#&,$82,$#*&34/0>#&92)$#&39#8,#3:&
E"#&#11#84&01& 4"#&10/#=,$%?",$*=,$%&,$4#/)84,0$3&,$&*/)%0$12,#3&")3&7##$&,$6#34,%)4#*&=,4"&
305#& 8059(4)4,0$)2& )$*& #D9#/,5#$4)2& 34(*,#3C& 7(4& 80$82(3,0$3& )/#& 34,22& 2,5,4#*& )$*& <(,4#&
6)/-,$%:&&;$&4",3&34(*-C&=#&80$34/(84#*&)&9),/&01&/0704,8&*/)%0$12-&=,$%3&40&,$6#34,%)4#&4"#&
)#/0*-$)5,8& #11#84& 01& =,$%?=,$%& ,$4#/)84,0$3& ,$& 704"& "06#/,$%& )$*& 10/=)/*& 12,%"4:& E",3&
)99)/)4(3&#$)72#3&(3& 40&34(*-& ,$82,$#*&34/0>#&92)$#&39#8,#3& 3(8"&)3&3%'4"/* ;6"7%/&=,4"&)$&
,$82,$#*&34/0>#&92)$#&bKL&)$*&6)/-,$%&10/=)/*&39##*:&&E"#&=,$%&7)3#3&)/#&01&8203#&9/0D,5,4-&
40& 5,5,8& 4"#& */)%0$12-& =,$%3:& Q#& 3-34#5)4,8)22-& 6)/-& 4"#& *,11#/#$4& 9")3#& 7#4=##$& 4"#&
10/#=,$%&)$*&",$*=,$%&40&1,$*&0(4&="-&*/)%0$12,#3&)992-&8#/4),$&9")3#&*,11#/#$8#3&/)4"#/&
4")$&04"#/3&,$&8#/4),$&12,%"4&50*#3:&E"#&80$82(3,0$&1/05&4",3&/#3#)/8"&=0(2*&7#&6)2()72#&10/&
*#3,%$,$%&)&*/)%0$12-?,$39,/#*&@:A:B&M@,8/0&A,/&B#",82#R:&

2. A robotic dragonfly model 

E"#&@,8/0&X0704,83&g)7&01&j$,6#/3,4-&01&.#2)=)/#&80$34/(84#*&)&9),/&01&*-$)5,8)22-?38)2#*&
/0704,8& =,$%& 50*#23& M12)99#/3R& 40& /#92,8)4#& */)%0$12-& =,$%& 504,0$& )$*& 5#)3(/#& 4"#&
,$34)$4)$#0(3&)#/0*-$)5,8&10/8#3&="#$&12)99,$%&,$&)&4)$>&1,22#*&=,4"&5,$#/)2&0,2&M\,%:&TR:&&

mineral oil

step motor

DC motor

forward

DC motor

&&&& &

\,%(/#&T:&`>#48"&)$*&,5)%#&01&4"#&#D9#/,5#$4)2&3#4(9&

\0/& #)8"& 12)99#/C& )& 7#6#2?%#)/#*& /0704,8& =/,34& =)3& *#3,%$#*& 40& %#$#/)4#& 504,0$3& 01& 4=0&
*#%/##3&01&1/##*05&M4/)$32)4,0$&)$*&/04)4,0$R:&A&3#4&01&7#6#2&%#)/3&4/)$35,43&4"#&504,0$&1/05&
80)D,)22-&*/,6#$&3")143&40&4"#&=,$%&"02*#/&4"(3&#$)72,$%&=,$%&4/)$32)4,0$&)$*&/04)4,0$&M\,%:&
VR:&E"#&4=0&=,$%3&)/#&92)8#*&=,4"&)&6#/-&8203#&9/0D,5,4-&2,>#&4"03#&01&)&4/(#&*/)%0$12-:&;$&
)**,4,0$C&4"#&4=0&12)99#/3&)/#&50($4#*&0$&)&2,$#)/&34)%#&*/,6#$&7-&)&34#9&5040/&40&)8",#6#&
10/=)/*&504,0$&40%#4"#/:&
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E"#& */,6#& 3")143& =#/#& 90=#/#*& 7-& Ib& 55C& K:V& W5& 40/<(#& .^& 7/(3"& 5040/3& M@)D0$C&
`)8"3#2$C&`=,4S#/2)$*R&#<(,99#*&=,4"&%#)/&"#)*3&40&/#*(8#&39##*&)$*&5)%$#4,8&#$80*#/3&40&
9/06,*#& >,$#5)4,8& 1##*7)8>& 40& #$3(/#& 504,0$& 1,*#2,4-:& E"#& 5040/3& =#/#& */,6#$& )20$%&
>,$#5)4,8& 9)44#/$3& 9/06,*#*& 7-& )& 8(3405&@AEgAh& M@)4"=0/>3C& W)4,8>C& @AR& `,5(2,$>&
9/0%/)5& =,4"& Q,$^0$& 3014=)/#& Mk()$3#/& ^0$3(24,$%C& [$4)/,0C& ^)$)*)R:& E",3& 3014=)/#&
9/06,*#*& 8055)$*3& 40& 4"#& /#)2?4,5#& 80$4/02& )$*& *)4)& )8<(,3,4,0$& 70)/*& Mk()$3#/&
^0$3(24,$%C& [$4)/,0C& ^)$)*)R& 8055($,8)4,$%& =,4"& 4"#& ")/*=)/#:&Q#& (3#*& ]/090/4,0$)2?
;$4#%/)2?.#/,6)4,6#& M];.R& 80$4/022#/3& 40& /($& 4"#& 5040/3& =,4"& 9/#8,3,0$& 01& K:IL:& @04,0$&
8055)$*3&1/05&4"#&8059(4#/&=#/#&)592,1,#*&7-&)$)20%&)592,1,#/&($,43&MA*6)$8#*&@04,0$&
^0$4/02R&=",8"&*,/#842-&80$4/022#*&4"#&,$9(4&8(//#$4&/#8#,6#*&7-&4"#&5040/:&&
Q,$%3&=#/#&5)*#&1/05&@-2)/&92)34,8&1,25&=,4"&)&4",8>$#33&01&K:TF&85&=",8"&7#")6#3&)3&)&
/,%,*&=,$%&,$&0(/&#D9#/,5#$43:&A&8)/70$&1,7#/&/0*&=)3&%2(#*&0$&4"#&92)34,8&1,25&40&3#/6#&)3&
4"#& 2#)*,$%&#*%#:&E"#& #$*&01& 4"#& 8)/70$& 1,7#/& /0*&=)3&)11,D#*&0$& 40& 4"#& 10/8#& 3#$30/:&E"#&
=,$%3& ")6#& ,*#$4,8)2& %#05#4/-& )3& 4"#& */)%0$12-& =,$%3& 7(4& )/#& 10(/& 4,5#3& 2)/%#/& =,4"& )&
2#$%4"&01&IN&85&10/&10/#=,$%&)$*&IJ:F&85&10/&",$*=,$%:&E"#&=,$%&2#$%4"&,3&8)28(2)4#*&)3&4"#&
*,34)$8#&1/05&=,$%&4,9&40&4"#&12)99,$%&)D,3:&&

E"#&=,$%3&)20$%&=,4"&9)/4&01&4"#&*#6,8#&=#/#&,55#/3#*&,$40&)&4)$>&MGb85&×&GI85&×&IFT85R&
1,22#*&=,4"&5,$#/)2& 0,2& Ml,$#5)4,8& 6,3803,4-a& V:G& 8`4& )4& TK& 0^C& *#$3,4-aJVK& >%H&5VR:& E",3&
06#/)22& 3#4?(9& #$)72#*& (3& 40& /($& 4"#&=,$%3& )20$%& )& 9/#?*#4#/5,$#*& */)%0$12-& >,$#5)4,83&
=",2#&3,5(24)$#0(32-&5#)3(/,$%&4"#&10/8#3&0$&4"#&10/#=,$%&)$*&4"#&",$*=,$%&/#39#84,6#2-&
M\,%:&TR:&&

3. Flight pattern of a typical dragonfly 

',%"?39##*& 9"0403& 01& 4"#& */)%0$12-& M3%'4"/* 56"7%/R& ,$& "06#/,$%& 12,%"4& =#/#& 4)>#$& 7-&
W0/7#/%&MW0/7#/%C&INPFR:&E"#&70*-&,3&"#2*&)25034&"0/,S0$4)2C&)$*&4"#&=,$%&34/0>#&92)$#&,3&
4,24#*& bKL& /#2)4,6#& 40& 4"#& "0/,S0$4)2& 2,$#:& \0/& 704"& 10/#=,$%& )$*& ",$*=,$%C& 4"#& 8"0/*& ,3&
)25034&"0/,S0$4)2&*(/,$%&4"#&*0=$34/0>#&)$*&,3&8203#&40&7#,$%&6#/4,8)2&*(/,$%&4"#&(934/0>#&
M\,%:&GRO&4"#&34/0>#&1/#<(#$8-&,3&Vb&'SC&4"#&34/0>#&)592,4(*#&,3&bKLO&4"#&4/)$32)4,0$)2&)$%2#&,3&
1/05&VFL&)706#&4"#&"0/,S0$4)2&40&TFL&7#20=&10/&10/#=,$%C&)$*&,3&1/05&GFL&)706#&40IFL&7#20=&
10/&",$*=,$%O&4"#&",$*=,$%&2#)*3&4"#&10/#=,$%&,$&9")3#&7-&IJKL:&E"#&5)33&01&4"#&,$3#84& ,3&
PFG5%O&10/#=,$%&2#$%4"&,3&G:PG&85O&",$*=,$%&2#$%4"&,3&G:bK&85O&4"#&5#)$&8"0/*&2#$%4"3&01&
4"#&10/#=,$%&)$*&",$*=,$%&)/#&K:JI&85&)$*&I:IT&85C&/#39#84,6#2-O&4"#&505#$4&01&,$#/4,)2&01&

=,$%?5)33&=,4"&/#39#84&40&4"#&1(28/(5&,3&G:FG&% -2cm &10/&4"#&10/#=,$%&)$*&V:PP&% -2cm &10/&4"#&

",$*=,$%&MW0/7#/%C&INPTR:&&
.(#&40&4"#&20=&1/)5#&/)4#&01&4"#&8)5#/)&(3#*&)4&4")4&4,5#&MJK&'SRC&W0/7#/%_3&*)4)&*0#3&$04&
80$3,34&01&)&*#4),2#*&80$4,$(0(3&4/)e#840/-&01&4"#&=,$%&>,$#5)4,83:&AS(5)&,$34#)*C&MAS(5)&
#4&)2:C&INJFR&3(88#331(22-& 1,25#*&)&320=&82,57,$%&12,%"4&01&)&*/)%0$12-&M2)89%(&68*<&%=6%"'R&
=,4"&)&",%"&39##*&8)5#/)&MJPV&1/)5#3&9#/&3#80$*R:&'#&3"0=#*&4")4&4"#&12)99,$%&4/)e#840/-&
8)$& 7#& =#22& /#9/#3#$4#*& 7-& )& 3,$(30,*)2& 1($84,0$& )$*& 4"#& /04)4,0$& 4/)e#840/-& 8)$& 7#&
/#9/#3#$4#*& 7-& )& 4",/*& ")/50$,8& 1($84,0$:& `,$8#& 4"#& 4=0& 39#8,#3& M3%'4"/* 56"7%/* /">*
2)89%(&68* ,&%=6%"'R& 3")/#& 3,5,2)/& 6)2(#3& 10/& 5)$-& >,$#5)4,8& 9)/)5#4#/3& 3(8"& )3&
4/)$32)4,0$)2& )592,4(*#C& /04)4,0$)2& )592,4(*#& )$*& 34/0>#& 92)$#& )$%2#& MAS(5)& #4& )2:C& INJFO&
W0/7#/%C& INPFRC& "#/#& =#& )33(5#& 4"#-& )230& #5920-& 3,5,2)/& =,$%&504,0$& 4/)e#840/,#3:& E",3&
)33(594,0$&01&>,$#5)4,8&4/)e#840/,#3&8)$&7#&/#)30$)72-&)992,#*&40&04"#/&39#8,#3&=,4"&",%"2-&
,$82,$#*&34/0>#&92)$#3&=,4"0(4&)11#84,$%&4"#&5),$&/#3(243&01&4",3&34(*-:&&Q#&*#6#209#*&)&9),/&
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01&=,$%&>,$#5)4,8& 4/)e#840/,#3&7-&5)48",$%& 4"03#& 10/&2)89%(&68*<&%=6%"'& ,$& MAS(5)&#4&)2:C&
INJFRC&)3&3"0=$&,$&\,%:&F:&
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\,%(/#&G:&M2#14R&`>#48"#3&01&4"#&*/)%0$12-&=,$%&>,$#)54,83&*(/,$%&(934/0>#&)$*&*0=$34/0>#&
7)3#*&0$&3%'4"/*56"7%/&*)4)&MW0/7#/%C&INPFR:&`,*#&6,#=3&=,4"&8,/82#3&*#$04#&4"#&2#)*,$%&
#*%#:&h04"&10/#=,$%&)$*&",$*=,$%&)992-O&M/,%"4R&Q,$%&>,$#5)4,83&*#6#209#*&7-&5)48",$%&
4"03#&10/&2)89%(&68*<&%=6%"'&1/05&MAS(5)&#4&)2:C&INJFR&)$*&MW0/7#/%C&INPFR:&E/)$32)4,0$)2&
)$%2#&M72(#R&)$*&/04)4,0$&)$%2#&M/#*R:&E",3&,3&10/&10/#=,$%&0$2-O&4"#&>,$#5)4,83&10/&",$*=,$%&
,3&)25034&4"#&3)5#&#D8#94&)&IKL&0113#4&10/&4/)$32)4,0$)2&)$%2#&

4. Force measurements & calculations 

\0/& #)8"& =,$%C& =#& 5#)3(/#*& 4"#& ,$34)$4)$#0(3& 2,14& )$*& 4"/(34& 10/8#3& )$*& 8)28(2)4#*& 4"#&
)6#/)%#&10/8#3:&E"#&10/8#3&)3&=#22&)3&40/<(#3&0$&4"#&506,$%&=,$%3&8)$&7#&5#)3(/#*&7-&)&3,D?
80590$#$4&10/8#&3#$30/&MAE;&WAW[?IPC&A9#DC&W^RC&=,4"&)&/)$%#&01&mIT&W&10/&10/8#&)$*&mK:F&
W5& 10/& 40/<(#&)20$%& 4"/##&0/4"0%0$)2& )D#3:&j3,$%&)99/09/,)4#& 4/,%0$05#4/,8& 80$6#/3,0$3C&
4"#3#& 10/8#& 5#)3(/#5#$43& =#/#& 4"#$& 80$6#/4#*& 40& 2,14& )$*& 4"/(34& 10/8#3& ,$& 4"#& #)/4"&
800/*,$)4#3:&W04#& 4")4& ,$& 4",3& 34(*-C& 2,14& 10/8#& ,3& *#1,$#*& )3& 4"#& 6#/4,8)2& 80590$#$4& 01& 4"#&
)#/0*-$)5,83& 10/8#& 0$& 4"#& =,$%& )$*& 4"/(34& 10/8#& ,3& 4"#& "0/,S0$4)2& 80590$#$4& ,$& %207)2&
800/*,$)4#&1/)5#:&

E"#&5)%$,4(*#&01&)#/0*-$)5,8&10/8#3&)84,$%&0$&)$&)84()2&*/)%0$12-C& flyF C&,3&/#2)4#*&40&4"03#&

5#)3(/#*& ,$& 4"#& /0704,8&50*#2C& robotF C& )880/*,$%& 40& 4"#& 10220=,$%& 38)2,$%& /(2#& M\/-& #4& )2:C&

TKKFRc&

&
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="#/#& ρ &,3&12(,*&*#$3,4-C&$&,3&34/0>#&1/#<(#$8-C&/&,3&=,$%&2#$%4"C&`&,3&=,$%&)/#)C&)$*&
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∧
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4"#&$0/5)2,S#*&3#80$*&505#$4&01&=,$%&)/#):&

2

2 flyr
∧

&)$*&
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2robotr
∧

&*,11#/&32,%"42-C&*(#&40&)&35)22&
$(22&2#$%4"&)4&4"#&7)3#&01&4"#&/0704,8&=,$%&/#<(,/#*&40&)880550*)4#&4"#&10/8#&3#$30/:&&
;$&4",3&34(*-C&2,14&10/8#&,3&*#1,$#*&)3&4"#&6#/4,8)2&80590$#$4&01&4"#&)#/0*-$)5,83&10/8#&0$&4"#&
=,$%O& 4"/(34& 10/8#& ,3& 4"#& "0/,S0$4)2& 80590$#$4:& g,14& 80#11,8,#$4& )$*& 4"/(34& 80#11,8,#$4& )/#&
/#39#84,6#2-&*#1,$#*&,$&4"#&10220=,$%&=)-C&3,5,2)/&40&MQ)$%&)$*&`($C&TKKFRc&
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& 2/ [0.5 ( )]l f hC L U S Sρ= + & MTR&

& 2/ [0.5 ( )]t f hC T U S Sρ= + & MVR&

&?*)$**@&*#$04#&4"#&404)2& 2,14&)$*&4"#&404)2& 4"/(34:&E"#&/#1#/#$8#&6#208,4-&,3&8)28(2)4#*&40&7#&&
1

22 2.1msU nr −= Φ = O&&& fS &)$*& hS &)/#&4"#&)/#)3&01&10/#=,$%&)$*&",$*=,$%C&/#39#84,6#2-:&

A880/*,$%2-C&=#&*#1,$#&2,14&80#11,8,#$4&)$*&4"/(34&80#11,8,#$4&10/&)&3,$%2#&=,$%:&\0/&#D)592#C&
10/&10/#=,$%c&

& 2
, / [0.5 ( )]l f f f hC L U S Sρ= + & MGR&

& 2
, / [0.5 ( )]t f f f hC T U S Sρ= + & MFR&

E"#&404)2&2,14&80#11,8,#$4&)$*&404)2&4"/(34&80#11,8,#$4&)/#&)3&10220=3c&&&&

& , ,l l f l hC C C= + & &MbR&

& &
, ,t t f t hC C C= + & &MPR&

E"#&2,14&80#11,8,#$4&0$&)&*/)%0$12-&3"0(2*&7#&T&4,5#3& lC C&3,$8#&,4&")3&4=0&10/#=,$%3&)$*&4=0&

",$*=,$%3:&

5. Aerodynamic force for anti-phase hovering flight 

Q#&1,/34&/#92)-&4"#&"06#/,$%&>,$#5)4,83&01&*/)%0$12-&0$&4"#&/0704,8&12)99#/3&)$*&5#)3(/#*&
2,14& )$*& 4"/(34& 10/8#3& 0$& 4"#& 704"&=,$%3:&'#/#& 4"#& 10/#=,$%& )$*& ",$*=,$%& )/#& )$4,?9")3#&
MIJKLRC&=",8"&,3&5034&80550$2-&073#/6#*&,$&*/)%0$12-&"06#/,$%&12,%"4:&E"#&/#3(243&3"0=&)$&
)6#/)%#&2,14&10/8#&01&K:KPII&W&0$&4"#&10/#=,$%&)$*&K:KJT&W&0$&4"#&",$*=,$%&*(/,$%&0$#&7#)4&
8-82#:&&E"#&)6#/)%#&4"/(34&10/8#3&)/#&K:KKI&W&0$&4"#&10/#=,$%&)$*&K:KKV&W&0$&4"#&",$*=,$%:&
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Q#& 4"#$& )992-& MIR& 40& 38)2#& 4"#& 2,14& 10/8#& 7)8>& 40& 4"03#& 01& )& 4/(#& */)%0$12-:& & E"#& /#3(24#*&
)6#/)%#&2,14&10/8#&,3&IJP&5%&0$&)&10/#=,$%&)$*&TIb&5%&0$&)&",$*=,$%:&E"#&404)2&)6#/)%#&2,14&
0$&)&10(/?=,$%&*/)%0$12-&,3&4"#/#10/#&MIJPnTIbRoTaJKb&M5%R:&E",3&/#3(24&,3&8059)/)72#&40&4"#&
PFG&5%&70*-&5)33&5#)3(/#*&,$&MW0/7#/%C&INPTR:&[$&4"#&04"#/&")$*C&4"#&404)2&)6#/)%#&4"/(34&
10/8#&,3&)25034&S#/0&="#$&8059)/#*&=,4"&4"#&)6#/)%#&2,14&10/8#C&=",8"&10220=3&4"#&"06#/,$%&
80$*,4,0$&4")4&4"#&4"/(34&3"0(2*&7#&S#/0:&
E"#&4,5#&4/)8#3&01&,$34)$4)$#0(3&2,14&10/8#3&)/#&3"0=$&,$&\,%:b:&h04"&10/#=,$%&)$*&",$*=,$%&
9/0*(8#&2,14&9#)>3&*(/,$%&*0=$34/0>#3:&&h#8)(3#&4"#&12)99,$%&01&10/#=,$%&)$*&",$*=,$%&)/#&
)$4,?9")3#C& 4"#-& %#$#/)4#& 2,14& 10/8#& )24#/$)4,6#2-& *(/,$%& 0$#& =,$%34/0>#:& E"#& )6#/)%#& 2,14&
10/8#&0$&",$*=,$%&,3&I:IF&4,5#3&4")4&0$&10/#=,$%C&=",2#&4"#&)/#)&01&",$*=,$%&,3&I:VT&4,5#3&
4")4& 01& 10/#=,$%:& E",3& ,$80$3,34#$8-& ,3& 9/07)72-& 8)(3#*& 7-& 4"#& 1)84& 4")4C& 8059)/#*& 40&
10/#=,$%C& ",$*=,$%& ")3& 50/#& )/#)& *,34/,7(4#*& )4& 903,4,0$3& 8203#& 40& 4"#& 70*-:& ;4& =)3&
9/0903#*&4")4&10/&*/)%0$12-&12,%"4C&4"#&",$*=,$%&)843&)3&90=#/&=,$%&=",8"&9/06,*#&50/#&2,14&
10/8#&=",2#& 4"#& 10/#=,$%& ,3& 4"#& 34##/,$%&=,$%& MAS(5)& )$*&Q)4)$)7#C& INJJO&Q)$%& #4& )2:C&
TKKVR:& A3& =#& 8)$& 3##C& 4"#& 404)2& 2,14& 10/8#& ,3& %#$#/)4#*& )24#/$)4,6#2-& 7-& 4"#& 10/#=,$%& )$*&
",$*=,$%&*(/,$%&0$#&=,$%7#)4:&h-&*0,$%&30&4"#&,$3#84&,3&)72#&40&"06#/&=,4"&/#%(2)/&10/8#3&
=",8"&/#*(8#&4"#&6,7/)4,0$&01&4"#&70*-:&&

6. Effect of phase difference in hovering flight 

Q#& 5#)3(/#*& 4"#& ,$34)$4)$#0(3& 10/8#3& =,4"& 4"#& 3)5#& >,$#5)4,83& 01& "06#/,$%& 7(4&
3-34#5)4,8)22-& 6)/-& 4"#& 9")3#&*,11#/#$8#3& 1/05&KL& 40& VbKL& ,$& 34#93& 01& VKL:& E"#& )6#/)%#& 2,14&
80#11,8,#$43&01&704"&=,$%3&)880/*,$%&40&6)/-,$%&9")3#&*,11#/#$8#&)/#&92044#*&,$&\,%:&P:&
\,%:& P& 3"0=3& 4"#&)6#/)%#*& 10/8#& 80#11,8,#$43& ,$&"06#/:&A3& 4"#&9")3#&*,11#/#$8#& 4#$*3& 40&KLC&

10/8#3&4#$*&40&7#&",%"#/C&)$*&/#)8"&4"#,/&5)D,5(5&0$&KL:&E"#&10/8#3&%#4&20=#/&6)2(#3&="#$&γ&
,3&)/0($*&IJKL:&A$& ,$4#/#34,$%&90,$4& ,3& 4")4&$04&)22&6)2(#3&)/#&7#20=&4"#&3,$%2#&=,$%& 10/8#C&
4")4& ,3C& 4"#& =,$%?=,$%& ,$4#/)84,0$& ,3& $04& )2=)-3& *#4/,5#$4)2& 40& 10/8#& %#$#/)4,0$:&Q#& 8)$&
80$82(*#&"#/#C&,$&/)$%#&VVKL&40&VKLC&4"#&=,$%?=,$%&,$4#/)84,0$&#$")$8#3&4"#&404)2&2,14&10/8#&7-&
(9& 40&bUO& ,$& /)$%#&IFKL& 40&IJKLC& ,$4#/)84,0$&*#8/#)3#3& 4"#& 404)2& 2,14& 10/8#&7-&(9& 40&NU:&E"#&
4"/(34&10/8#3&)/#&5(8"&35)22#/&4")$&4"#&2,14&10/8#3C&=",8"&,3&/#)30$)72#&10/&"06#/,$%&12,%"4:&
&
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E",3& 9)/4& 01& 34(*-& 3(992,#3& )& *,/#84& 9/001& 10/& 4"#& 34)4#5#$4& 4")4& ,$?9")3#& 12,%"4& %#$#/)4#3&
2)/%#/&)#/0*-$)5,8&10/8#3&4")$&)$4,?9")3#&12,%"4C&)$*&)230&2)/%#/&4")$&4"#&8)3#&=,4"0(4&=,$%?
=,$%& ,$4#/)84,0$:& E",3& 5)-& #D92),$& 4"#& 7#")6,0/& 4")4& */)%0$12-& 12,#3& ,$?9")3#& ,$& 8)3#& 01&
)88#2#/)4,$%&0/&5)$#(6#/,$%3&4")4&8)223&10/&)&",%"&10/8#&%#$#/)4,0$:&&
;$& 0/*#/& 40& 1,$*& 0(4& 4"#&9033,72#& /#)30$& 4")4& */)%0$12-&(3#3& )$4,?9")3#& 34-2#& 10/& "06#/,$%&

50*#C&=#&$##*&40&8059)/#&4"#&4,5#&4/)8#3&01&404)2&2,14&10/8#3&%#$#/)4#*&7-&γ&a&KL&=,4"&4"03#&
%#$#/)4#*&7-&γ&aIJKL&M\,%:&JR:&;4&=)3&$04#*&4")4&)$4,?9")3#&9/0*(8#3&($,10/5&12,%"4C&="#/#)3&
12,%"4& 9/0*(8#*& 7-& ,$?9")3#& 34/0>,$%& ,3& ,//#%(2)/& MXY99#22C& INJNR:& \,%:& J& 3"0=3& 4"#&
,$34)$4)$#0(3&2,14&10/8#&80#11,8,#$43&8059)/,30$&7#4=##$&,$?9")3#&)$*&)$4,?9")3#&12,%"4:&&A3&
=#& 8)$& 3##C& ,$?9")3#& 7/,$%3& 2)/%#/& ,//#%(2)/,4-& ,$& 4"#& )#/0*-$)5,8& 10/8#3& 4")$& )$4,?9")3#&
*0#3:&[73#/6,$%& 1/05& 4"#& 4,5#& 4/)8#& 8(/6#& 10/& ,$?9")3#& "06#/,$%C& 4"#/#& #D,343& )& IHT& 8-82#&
9#/,0*&="#$& 2,14& 10/8#& ,3& 8203#*& 40& S#/0C&=",2#& ,$& )$04"#/& IHT& 8-82#& 4"#&9#)>&6)2(#& ,3& 4=0&
4,5#3&01&4"#&9#)>&6)2(#&10/&)$4,?9")3#&12,%"4C&7#8)(3#&10/#=,$%&)$*&",$*=,$%&9#)>&06#/2)9:&
E",3&,//#%(2)/,4-&01&,$34)$4)$#0(3&10/8#3&,$8/#)3#3&4"#&70*-&6,7/)4,0$&="#$&"06#/,$%C&=",2#&
10/& )$4,?9")3#& 12,%"4& 4"#& ,$#<()2,4-& 8)$& 7#& 8059#$3)4#*& 40& 305#& #D4#$4& 7-& #6#$2-&
*,34/,7(4,$%& 4"#& 9#)>& 10/8#3& 01& 10/#=,$%& )$*& ",$*=,$%& 0$& 4"#& ="02#& 8-82#:& h#3,*#3&
5,$,5,S,$%& 4"#& 10/8#& ,//#%(2)/,4,#3& )$*&>##9,$%&70*-&9034(/#& 34)72#C& )$4,?9")3#& 12,%"4& 8)$&
)230&3)6#&#$#/%-&4")4&5,%"4&7#&2034&,$&70*-&6,7/)4,0$&MQ)$%&)$*&X(33#22C&TKKPR:&@0/#06#/C&
j3"#/=00*&)$*&g#"5)$$&3"0=#*&4")4&*/)%0$12-&8)$&)230&3)6#&)#/0*-$)5,8&90=#/&*(/,$%&
)$4,?9")3#&"06#/,$%&Mj3"#/=00*&)$*&g#"5)$$C&TKKJR:&E"(3C&,4&,3&/#)30$)72#&4")4&*/)%0$12,#3&
=0(2*& /)4"#/& 203#& IFU& 10/8#& 9/0*(84,0$& 10/& ,59/06,$%& 12,%"4& 34)7,2,4-& )$*& 6,7/)4,0$&
3(99/#33,0$&)3&=#22&)3&90=#/&#11,8,#$8-:&
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7. Effect of phase difference in forward flight 

`,5,2)/2-& 40& 4"#& "06#/,$%& 8)3#C& =#& 4#34#*& 4"#& =,$%& )#/0*-$)5,83& 7-& 6)/-,$%& 9")3#&
*,11#/#$8#& 3-34#5)4,8)22-& ,$& 34#93& 01& VKL:& E"#& )6#/)%#& 2,14& 80#11,8,#$43& )$*& )6#/)%#& 4"/(34&
80#11,8,#$43&01&704"&=,$%3&)/#&92044#*&,$&\,%:&N:&
A3& 3##$& ,$& \,%:& NC& *(/,$%& 10/=)/*& 12,%"4C& ,$4#/)84,0$& 9)44#/$3& 10/& 10/#=,$%& )$*& ",$*=,$%&
*,11#/& )& 204:&W04#& 4")4& 4"#& ,$4#/)84,0$& )2=)-3& #$")$8#3& 4"#& 10/#=,$%_3& 10/8#& %#$#/)4,0$& $0&

5)44#/& "0=&5(8"& γ& ,3C& =",2#& 4"#& ",$*=,$%& )2=)-3& 203#3& 10/8#& 9/0*(84,0$& 7#8)(3#& 01& 4"#&
,$4#/)84,0$:& & g,14& 0$& 10/#=,$%& ,3& #$")$8#*&7-& )4&5034& TVU&="#$& 12)99,$%& ,$?9")3#& )$*& )4&
2#)34&GU&="#$&9")3#&*,11#/#$8#&1)223&,$40&ITKLZVVKLO&g,14&0$&",$*=,$%&/#)8"#3&5)D,5(5&0$&
bKL&)$*&5,$,5(5&0$&TPKL:&',$*=,$%&,3&3(7e#84#*&40&)&3#6#/#&2033&0$&10/8#&9/0*(84,0$&(9&40&
VJU&*(#&40&4"#&,$4#/)84,0$&=,4"&10/#=,$%:&E"#&404)2&10/8#&0$&4"#&4=0&=,$%3&*0#3&$04&203#&30&
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)$*& γ aTPKL:& Q#& $04#& 4")4& 4"#& 2,14& ,$& 8)3#& 01& γ aTPKL& =)3& 80$3,*#/)72-& /#*(8#*& ="#$&
8059)/#*&=,4"&04"#/&8)3#3C&)$*&4"#&/#*(84,0$&5),$2-&088(//#*&="#$&",$*=,$%&=)3&,$&4"#&
5,*=)-&01&*0=$34/0>#:&E",3&,3&/#)30$)72#&7#8)(3#&)&2)/%#&90/4,0$&01&2,14&,3&9/0*(8#&*(/,$%&
4",3&9#/,0*C&3,$8#&=,$%3&/#)8"&4"#&",%"#34&12)99,$%&39##*&)$*&2)/%#34&)$%2#&01&)44)8>&)/0($*&
4"#&5,*=)-&01&*0=$34/0>#:&&
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[$#& 5)-& #D92),$& 4"#& /#*(84,0$& ,$& 4"#& 10220=,$%& =)-c& 10/#=,$%& %#$#/)4#3& )& 34/0$%&

*0=$=)3"&="#$&,4& 1,$,3"#3&)&*0=$34/0>#:&;1&γ&a&TPKLC& 4")4& ,3C& 10/#=,$%&2#)*3&",$*=,$%&7-&
IHG& 8-82#C& 4"#$& ",$*=,$%& ,3& e(34& ,$& 4"#& 5,*=)-& 01& *0=$34/0>#& )3& 10/#=,$%& 1,$,3"#3&
*0=$34/0>#& )$*& %#$#/)4#3& )& *0=$=)3":& ;$& 4"#& 5#)$& 4,5#C& 7#8)(3#& 01& 10/=)/*& 12,%"4C&
",$*=,$%& #$4#/3& ,$40& 4"#& *0=$=)3"& )/#)& )$*& ,43& 2,14& 9/0*(84,0$& *#8/#)3#3& *(#& 40& 4"#&
*0=$=)3"&#11#84:&&

W0=&=#& 8)$&*,34,$%(,3"& 4"#& 8)3#& γ& a& NKL& )$*& 4"#& 8)3#& γ& a& TPKLc& 4"#& 10/5#/& 0$#& 8)$& 011#/&
*/)%0$12-& )$& IJU&",%"#/& 10/8#& 4")$& 4"#& 2)44#/& 0$#:&[$& 4"#& 04"#/& ")$*C& TPKL& 011#/3& 3,5,2)/&
6,7/)4,0$&)$*&34)7,2,4-&9/09#/4,#3&)3&NKL:&E",3&5)-&#D92),$&="-&*/)%0$12-&$#6#/&1)60/3&4"#&
TPKL&9")3#&*,11#/#$8#:&
&

E"#&)706#&/#3(243&)%/##&<()2,4)4,6#2-&=,4"&4"#&^\.&/#3(243&1/05&MQ)$%&)$*&`($C&TKKFR&)$*&
M'()$%&)$*&`($C&TKKPR&40&305#&#D4#$4:&E"#,/&80$82(3,0$&,3&4")4&4"#&10/#=,$%&,3&0$2-&32,%"42-&
,$12(#$8#*&7-&4"#&=,$%p=,$%&,$4#/)84,0$C&7(4&4"#&",$*=,$%&2,14&,3&%/#)42-&/#*(8#*&7-&TKZbKU&
*(/,$%& 10/=)/*& 12,%"4&=,4"& )& IJKLZVbKL& 9")3#& *,11#/#$8#C& 8059)/#*&=,4"& 4")4& 01& )& 3,$%2#&
",$*=,$%:&;$&0(/&/#3(243C&1(/4"#/50/#C&4"#/#&)/#&076,0(3&2,14&#$")$8#5#$43&0$&4"#&10/#=,$%:&&
\0/& 4"/(34& 10/8#& 5#)3(/#5#$4C& MQ)/>#$4,$& )$*& .#g)(/,#/C& TKKPR& 80$*(84#*& )& 3-34#5)4,8&
3#/,#3& 01& =,$*?4($$#2& 4#343& 0$& )$& 0/$,4"094#/& 80$1,%(/)4,0$& 80$3,34,$%& 01& 4=0& 3#43& 01&
3-55#4/,8)22-& 12)99,$%&=,$%3C& 208)4#*&0$#&7#",$*& 4"#&04"#/& ,$& 4)$*#5:& ;4&=)3&*,3806#/#*&
4")4& 4"#& 4)$*#5&)//)$%#5#$4&8)$& ,$8/#)3#&4"/(34& 10/&8#/4),$&/#2)4,6#&9")3#&*,11#/#$8#3&)$*&
20$%,4(*,$)2&39)8,$%&7#4=##$&4"#&=,$%&3#43:&;$&9)/4,8(2)/C&8203#&39)8,$%&0$&4"#&0/*#/&01&0$#&
8"0/*& 2#$%4"& ,3&%#$#/)22-&7#34C&)$*&9")3#&*,11#/#$8#3&01&)99/0D,5)4#2-&?FKL& 40&FKL&%,6#&4"#&
",%"#34&4"/(343&)$*&9/09(23,6#&#11,8,#$8,#3:&W#6#/4"#2#33C&4",3&80$82(3,0$&*0#3&$04&)992-&10/&
4"#&*/)%0$12-&12,%"4:&;$34#)*C&4"#&4"/(34&9204&)706#&,$*,8)4#3&)&*/09&0$&4"/(34&10/8#&8)(3#*&7-&
,$4#/)84,0$C&$0&5)44#/&=")4& 4"#&9")3#&*,11#/#$8#& ,3:&E",3&=0(2*&7#& /#)30$)72#& ,1&=#&$04,8#&
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8. Dragonfly-inspired M.A.V 

A4&2)34&=#&,$4/0*(8#&3#6#/)2&*/)%0$12-&/07043&=#&")6#&*#6#209#*&,$&0(/&2)7:&\,%:&II&3"0=3&
4"#& 2)4#34& *#3,%$3:& E",3& 50*#2& ")3& 4=0& 9),/3& 01& =,$%3& */,6#$& 7-& )& *0(72#& 8/)$>& /08>#/&
5#8")$,35:&&&

&

&

\,%(/#&II:&./)%0$12-&@:A:B&9/0404-9#&

E"#& 8(//#$4& 9/0404-9#& =#,%"3& G%& ,$82(*,$%& 7)44#/-& )$*& #2#84/0$,83:& E"#& 10220=,$%& 4)72#&
3"0=3&305#&39#8,1,8)4,0$3:&&

@040/& h)44#/-&q&^0$4/02& r#)/&

E0/<(#c&GG5W5& GB& @)D,5,S#&E0/<(#&

]0=#/c&IPb5Q& K:GA& X)4,0c&IcP&

Ib>&/95& ;$1/)/#*&^",9& ]/#8,3,0$&@02*#*&

Q#,%"4c&I:G%& Q#,%"4cI:InI:V%& Q#,%"4cK:TV%&

E)72#&I:&./)%0$12-&9/0404-9#&39#8,1,8)4,0$3&

E",3&9/0404-9#&=)3&)72#&40&%#$#/)4#&TJ&'S&12)99,$%&1/#<(#$8-&=,4"&10(/&8)/70$&1,7#/&2#)*,$%&
#*%#3&0$2-&)$*&N&'S&)14#/&)**,$%&M%2(,$%R&4"#&902-5#/&=,$%&0$40&4=0&2#)*,$%&#*%#3:&&Q,4"&
)22& 10(/&=,$%3& 4"#& 1/#<(#$8-& /#*(8#*& 40& P&'S:& & E"#& 404)2&=#,%"4& ,3& P& %/)53& )$*& 4"#& 404)2&
2#$%4"&,3&T&,$8"#3:&
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;$&0/*#/&40&4#34&*,11#/#$4&=,$%&9#/10/5)$8#&)$*&9/09#/4-C&=#&")6#&*#6#209#*&)&5#8")$,8)2&
=,$%&4#34#/:& &;4&8)$&7#&(3#*&40&34(*-&4"#&1)4,%(#&8-82#3&01&#)8"&=,$%&*#6#209#*&)$*&8)$&7#&
)230&(3#*&40&6,3()2,S#&4"#&=,$%&>,$#5)4,83&7-&)&",%"&39##*&8)5#/):&\,%:IT&3"0=3&4"#&=,$%&
4#34#/&)$*&)&3)592#&*/)%0$12-&=,$%&5)*#&01&8)/70$&1,7#/&)$*&902-5#/3:& &\,%:IV&3"0=3&4"#&
8)5#/)&,5)%#3&01&4#34&=,$%&)$*&\,%:IG&3"0=3&4"#&1/#<(#$8-&9204&01&*,11#/#$4&/0704,8&=,$%3&
($*#/&,$6#34,%)4,0$:&

&

&

\,%(/#&IT:&`)592#&4#34&=,$%&)$*&=,$%&4#34#/&

&

\,%(/#&IV:&./)%0$12-&3")9#*&=,$%&12)99,$%&)4&TK'S&
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E"#& )6#/)%#& 3,S#& 01& 4"#&=,$%3& ,3& 7,%%#/& 8059)/#*& 40& /#)2& ,$3#843&($*#/&0(/& ,$6#34,%)4,0$:&
B#,$3&)/#&)**#*&10/&)**#*&/,%,*,4-&40&%#$#/)4#&",%"#/&10/8#:&Q,4"&/#*(8#*&2#$%4"&)$*&3,S#C&
4"#& 1/#<(#$8-& 7#805#3& ",%"#/:& E",3& 9/08#33& /#<(,/#3& 5(8"& 4/,)2& )$*& #//0/& )3& 3,592#&
*,11#/#$8#3&,$&=,$%&34/(84(/#&8)$&4#)/&,4&)9)/4&)4&",%"&1/#<(#$8,#3:&&./)%0$12,#3&")6#&)&204&01&
4"#3#&8")/)84#/,34,83&$)4(/)22-&7(,2*&,$40&4"#,/&=,$%3:&&\(/4"#/&4#343&=,22&7#&),5#*&40&1,$*,$%&
0(4&=")4&5)>#3&4"#,/&=,$%3&30&/07(34&-#4&30&*#2,8)4#&($*#/&",%"&1/#<(#$8,#3:&

9. Conclusion and the future work 

E"#& 34(*-&*#38/,7#*&"#/#& ,$6#34,%)4#3& 4"#&#11#84&01& 10/#=,$%?",$*=,$%& ,$4#/)84,0$3&*(/,$%&
"06#/,$%&)$*&10/=)/*&12,%"4&01&*/)%0$12-:&[6#/)22C&=,$%?=,$%&,$4#/)84,0$&,3&*#4/,5#$4)2& 40&
404)2& 2,14&10/8#&%#$#/)4,0$:&',$*=,$%&2,14&=)3&3,%$,1,8)$42-&/#*(8#*&,$&10/=)/*&12,%"4&*(#&40&
4"#& *0=$=)3"& 1/05& 10/#=,$%:& ;$?9")3#& 12,%"4& %#$#/)4#3& ",%"#/& 2,14& 4")$& 04"#/& 9")3#&
*,11#/#$8#3C&=",2#& TPKL& 9")3#&*,11#/#$8#& %#$#/)4#3& 4"#& 20=#34& 2,14:& ;$& "06#/,$%C& */)%0$12,#3&
(3#&)$4,?9")3#&12,%"4&=",8"&%#$#/)4#3&)&/#%(2)/&2,14&10/8#&10/&34)7,2,4-&)$*&6,7/)4,0$&/#*(84,0$&
9(/903#3:&A&9/0404-9#&10/&*/)%0$12-?,$39,/#*&@:A:B&")3&7##$&3"0=$:&
@)$-& e073& $##*& 40& 7#& *0$#& ,$& 4"#& 1(4(/#& ),5,$%& 40& 7(,2*& (9& )& 309",34,8)4#*&@:A:B:& E"#&
5#8")$,8)2&*#3,%$&3"0(2*&7#&1(/4"#/&,59/06#*&40&)8",#6#&)&",%"#/&12)99,$%&1/#<(#$8-&)$*&
7#44#/&#11,8,#$8-C&,$&0/*#/&40&5,$,5,S#&4"#&=#,%"4&)$*&5)D,5,S#&4"#&2,14&10/8#:&'0=&40&5)>#&
9")3#&*,11#/#$8#&80$4/022)72#&0$&)&10(/?=,$%&@:A:B&,3&)230&8")22#$%,$%&4"#&#$%,$##/3: 
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DC Supply System Detector of UAV 

!"#$%&"'$()'$*(+,#$%(-'$%*(."'$%(/0"('$1(/,0$2"$(3,4$(
!"#$%&'#()*
+,!"(&)*

1. Introduction  

5,"6( 7,'894:( "$9:#10746( '$( 4;<41141( 6;':9( 149479#:( "$( 9,4( =/( 60882>( 6>694;( #?( '$(
0$;'$$41('4:"'2(@4,"724(ABCDE(<'641(#$(C5FG/HIJK*(L,"7,(7'$(;4'60:4(2#'1("$602'9"#$(
?'"20:4("$(1":479(70::4$9(60882>(6>694;('$1("$60:4(9,'9(BCD(7'$(#84:'94('9(694'1>(69'906M(
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2. Measurement Principle and Hardware Circuit  

2.1 Measure Principle  
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2.2 System Design  
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3. Software Flowchart and Measurement Methods  

3.1 Measure Principle  
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3.2 Introduce of Measurement Methods   
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4. Result Analysis and Methods of Improving Precision  

4.1 Result Analysis  
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4.2 Methods of Improving Precision  
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L#021(24'1(9#($#9(#$2>(1472"$4(64$6"9"@"9>*(<09('26#(:41074(9,4(8:#8#:9"#$'2(7#4??"7"4$9(
gM(5,4(:46#2@4(;49,#1("6(9#(:482'74(7#"26('9(?"R41(84:"#16M((

HM i42'94(9#(9,4(#67"22'9"#$(7>724(#?(7#"26(;4'60:41_(X9(L#021(8:#10741(4::#:6(<>(;4'60:"$%(
9,4( #67"22'9"#$( 7>724( <>( 7'2702'9"$%( 9,4( ;'7,"$4( 7>724*( '$1( 9,4( ;'R";0;( ?:4[04$7>(
@'204(946941("6(KgO+(104(9#(9,4('790'2(;4'60:4;4$9*(6#(9,4(<"%%469(4::#:(8:#10741(A(9,4(
7:>69'2( #67"22'9#:( #?( C5FG/HIJK( "6( KKMIJGHSO+E( "6(

%185.0%1001000/)0592.11/12( =×ss µµ ( 9,'9( 7'$( 6'9"6?>( 9,4( :4[0469( #?( 9,4( '790'2(

8:#&479M(
YM i42'94(9#(9,4(60<6479"#$(2"$4'2(?"99"$%(<>(9,4(;4'60:4;4$9(#?(70:@4M(X9(7'$(<4(644$(9,'9(

9,4(4??479(#?(9,4(2"$4'2(?"99"$%("6(<4994:(L"9,"$('(74:9'"$(:'$%4*(,#L4@4:*(9,4(2"$4'2(?"99"$%(
4::#:6(L#021(<4(8:#10741(104(9#(9,4(2"9924(<"'6(4R"6941M(5,4(:46#2@4(;49,#1(0641("6(9#(
9'W4(9,4(1":479("$94:8#2'9"#$(;49,#1(#:("$7:4'64(8#"$96(;4'60:41M(

5. Conclusion 

5,"6(64$6#:*(L,"7,(,'6(6;'22(6"N4*(,"%,(:'9"#(#?(84:?#:;'$74('$1(8:"74*('$1(,"%,(:42"'<"2"9>*(
'7,"4@46(%##1(:460296( "$( :4'2(#84:'9"#$('$1(;4'60:46('770:'7>M(5,4( :460296( 6,#L(9,'9( 9,"6(
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Unmanned Aerial Vehicle Formation Flight 
Using Sliding Mode Disturbance Observers 

!"#$%&'()$!&*)+,$
!"#$%
&'()*+%

1. Introduction 

-.+$ /01+23)4+$ /5$ 3.)6$ 2.&73+"$ )6$ 3/$ 8+6)9,$ &$ "/0:63$ 2/,3"/''+"$ 3/$ &2.)+4+$ /:363&,8),9$
5/"*&3)/,$5')9.3$/5$:,*&,,+8$&+")&'$4+.)2'+6$&,8$3/$&22:"&3+';$3"&2<$3.+$8+6)"+8$7&3.$=.)'+$
5&2),9$ :,<,/=,$8)63:"0&,2+6#$ >,$ /3.+"$=/"86?$ 3.+$ 9/&'$ )6$ 3/$ 8+6)9,$ 3.+$ &:3/7)'/3$ '&=6$ 3/$
+,5/"2+$ 3.+$ 8+6)"+8$ 5/"*&3)/,$ 0;$ 5/''/=),9$ 3.+$ 9:)8&,2+$ 2/**&,86#$ %)4+,$ &$ ,/,@'),+&"$
*&3.+*&3)2&'$*/8+'$/5$&$A:&8"/3/"$BC@6.&7+8$"/3/"2"&53D?$&$6*//3.$2/,3"/''+"$2/*7/6+8$/5$
3."++$ 3)*+@62&'+8$ ,+63+8$ 2/,3"/''+"6$ )6$ 8+4+'/7+8$ :6),9$ 6')8),9$ */8+$ 2/,3"/'$ 8")4+,$ 0;$
6')8),9$*/8+$ 8)63:"0&,2+$ /06+"4+"$ 3+2.,)A:+6$ 0&6+8$ /,$ ),4+"6)/,$ /5$ "/3/"2"&53$ 8;,&*)26$
&,8$A:&3+",)/,6$*&3.+*&3)2&'$"+7"+6+,3&3)/,#$
E4&)'&0'+$ "+6+&"2.$ +55/"36$ ),$ *:'3)7'+$ &)"2"&53$ 5/"*&3)/,$ 2/,3"/'$ B>,,/2+,3)$ +3$ &'#?$ FGGGD$
7"/4)8+$:6$=)3.$&$4&")+3;$/5$2/,3"/'$3+2.,)A:+6$6:2.$&6$3.+$H"/7/"3)/,&'$>,3+9"&'$!+")4&3)4+$
BH>!D$2/,3"/''+"?$I),+&"$J:&8"&3)2$K+9:'&3/"$BIJKD$5++80&2<$2/,3"/''+"?$E8&73)4+$2/,3"/''+"?$
/"$ 2/,3"/'$ I;&7:,/4$ 5:,23)/,6#$ L/=+4+"?$ 3.+6+$ 3+2.,)A:+6$ .&4+$ 5&)'+8$ 3/$ &88"+66$ 3.+$
"/0:63,+66$ "+A:)"+8$ 5/"$ 3.+$ 3)9.3$ 5/"*&3)/,$ 3/$ "+&'$ =/"'8$ +55+236?$ ),2':8),9$ +M3+",&'$
8)63:"0&,2+6?$ +,4)"/,*+,3&'$ &+"/8;,&*)2$ :,2+"3&),3)+6?$ +,8@+55+23/"6$ *&'5:,23)/,6$ &,8$
6)*:'&3)/,$ */8+'$ ),&22:"&2)+6#$ -.+$ *&),$ ')*)3&3)/,6$ /5$ 3.+$ 7"/7/6+8$ 3+2.,)A:+6$ &"+$ 3.+$
2/*0),&3)/,$ /5$ &22:"&3+$ 7&3.$ 3"&2<),9?$ &8&73+8$ 9:)8&,2+$ '&=6$ 5/"$ +M3+,6)4+$ 5/"*&3)/,$
63":23:"+$2&7&0)')3)+6?$&,8$"/0:63$ 5/"*&3)/,$2/,3"/''+"6#$-.+$ '&2<$/5$ 3.+$ '&33+"$ )6$ 2")3)2&'$ 5/"$
3)9.3$5/"*&3)/,$<++7),9$),$3.+$5&2+$/5$'+&8+"$*&,+:4+"6$&,8$:,<,/=,$8)63:"0&,2+6#$
N')8),9$O/8+$ BNOD$ 2/,3"/'$ )6$ &$=+''@<,/=,$ 3+2.,)A:+$ :6+8$ 3/$ &2.)+4+$ "/0:63,+66$ &,8$ 3/$
9:&"&,3++$3.+$63&0)')3;$/5$&$6;63+*$BP#$Q8=&"86?$R$N#$N7:"9+/,?$STTUD#$L/=+4+"$)3$7"+6+,36$
3.+$ ),2/,4+,)+,2+$/5$ 2/,3"/'$6)9,&'$.)9.$ 5"+A:+,2;$6=)32.),9$=.)2.$ )6$,/3$&77"/7")&3+$ 5/"$
&:3/7)'/36#$K+2+,3$"+6:'36$),$L)9.+"$V"8+"$N')8),9$O/8+$BLVNOD$2/,3"/'$3.+/";$BE#$I+4&,3?$
FGGWD$7"+6+,3$3.+$&0)')3;$3/$8+6)9,$&$2/,3),:/:6$&,8$+4+,$6*//3.$2/,3"/'?$"/0:63$3/$+M3+",&'$
8)63:"0&,2+6?$7&"&*+3")2$:,2+"3&),3)+6?$+,8$+55+23/"6$5&)':"+6$&,8$*/8+'),9$+""/"6?$=.)2.$)6$
2.&33+"),9$ 5"++$ &,8$ 7"/4)8+6$ 5/"$ +,.&,2+8$ &22:"&2;#$ K/0:63$ 6')8),9$ */8+$ 2/,3"/'$ :6),9$
6')8),9$*/8+$ 8)63:"0&,2+$ /06+"4+"$ 3+2.,)A:+6$ &''/=$ :6$ 3/$ 2/,6)8+"$ 3)9.3$ 5/"*&3)/,$ 5')9.3$
=.+"+$ 3.+$ 6+7&"&3)/,$ 8)63&,2+6$ 0+3=++,$ 5';),9$ &+")&'$ 4+.)2'+6$ &"+$*),)*)(+8#$ -.+$ 6')8),9$
*/8+$ 2/,3"/'$ 3+2.,)A:+$ 7"/4)8+6$ 3.+$ :,*&,,+8$ "/3/"2"&536$ =)3.$ 0/:,8+8?$ 2/,3),:/:6$
/:37:3$ 3"&2<),9$ 5/"$ 3.+$ 3."++$ 2/,3"/''+"6X$ 3"&,6'&3)/,$ 3"&2<),9?$ &33)3:8+$ 3"&2<),9$ &,8$ 67++8$
2/,3"/''+"$5/"$3.+$5/:"$7"/7+''+"6#$
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-.+$/"9&,)(&3)/,$/5$3.)6$2.&73+"$)6$&6$5/''/=X$Y)"63$3.+$:,*&,,+8$4+.)2'+$)6$),3"/8:2+8$&,8$
5+=$ 9:)8+'),+6$ /,$ 8+4+'/7),9$ 3.+$ ,/,@'),+&"$*/8+'$ :,8+"$ A:&3+",)/,6$ "+7"+6+,3&3)/,$ &"+$
7"/7/6+8$-.+,$3.+$5/"*&3)/,$63"&3+9)+6$&"+$8+4+'/7+8$),$&$3."++$8)*+,6)/,&'$+,4)"/,*+,3$
5/''/=),9$ 3")&,9:'&"$ 5/"*&3)/,$ 63"&3+9)+6#$ -.+,$ 3.+$ 2/,3"/''+"$ )6$ 8+4+'/7+8$ 5/"$ &$ 6),9'+$
"/3/"2"&53?$ 2/,6)8+"),9$ 3.&3?$ 5/"$ 6)*7')5)2&3)/,$ 7:"7/6+6?$ &''$ 3.+$ "/3/"2"&536$ .&4+$ 3.+$ 6&*+$
2.&"&23+")63)26?$ +4+,$ 3./:9.$ 2.&,9+6$ ),$ *&66$ &,8$ +55)2)+,2;$ 2/:'8$ +&6)';$ 0+$ 3&<+,$ ),3/$

&22/:,3#$ Y),&'';?$ 6)*:'&3)/,$ "+6:'36$ =)''$ 0+$ 7"+6+,3+8$ =)3.),$ 3.+$ O&3'&0ZN)*:'),<6$
+,4)"/,*+,3#$

2. The vehicle: X-Shaped Rotorcraft!

E,$+M&*7'+$/5$&$C@N.&7+8$"/3/"2"&53$)6$3.+$C@[$Y';+"6#$>3$)6$7"/7+''+8$0;$5/:"$),8+7+,8+,3?$
5)M+8@7)32.$ "/3/"6$ '/2&3+8$ /,$ 3.+$ +M3"+*)3)+6$ /5$ &,$ \C]$ 6.&7+8$ 5"&*+#$ -.)6$ 67+2)5)2$
2/,5)9:"&3)/,$ &''/=6$ &$ 0&'&,2+8$ 8)63")0:3)/,$ /5$ 3.":636$ &"/:,8$ 3.+$ 2+,3+"$ /5$ *&66$ /5$ 3.+$
4+.)2'+#$O/3)/,$)6$7"/4)8+8$0;$),8+7+,8+,3';$4&";),9$3.+$&,9:'&"$67++8$&,8$3.:6$3.+$3.":63$
/5$+&2.$"/3/"#$E84&,3&9+6$/5$6:2.$&$4+.)2'+$&"+$,:*+"/:6?$+67+2)&'';$ 5/"$ "/0:63$ 5/"*&3)/,$
2/,3"/'?$6),2+$6/53$2/'')6)/,6$2&,$0+$3/'+"&3+8$8:"),9$5')9.3#$-.+$*&1/"$)66:+$/5$3.+$C@[@Y';+"$)6$
3.&3$ )3$ )6$:,63&0'+$0;$8+6)9,#$-.)6$*&<+6$ )3$+,3)"+';$ ),/7+"&0'+$0;$&$.:*&,$0+),9?$=)3./:3$
3.+$.+'7$/5$&$5&63$/,@0/&"8$2/,3"/''+"$&,8$*/3)/,$6+,6/"6#$

$

Y)9:"+$S#$C@[$Y';+"6$

$

Y)9:"+$F#$L/4+"$N3&3+$&,8$-"&,6'&3)/,$

-.+$^C_$2/,5)9:"&3)/,$&''/=6$"/3&3)/,6$&,8$3"&,6'&3)/,6$&'/,9$&''$ 3."++$&M+6?$0:3$/,';$5/:"$
8+9"++6$/5$5"++8/*$2&,$0+$2/,3"/''+8$),8+7+,8+,3';$0+2&:6+$/5$3.+$2/:7'),9$0+3=++,$3.+6+$
*/3)/,6#$ I)<+$ 2/,4+,3)/,&'$ .+')2/73+"6?$ 7)32.$ &,8$ "/''$ "/3&3)/,6$ &"+$ 2/:7'+8$ =)3.$
'/,9)3:8),&'$&,8$3"&,64+"6&'$3"&,6'&3)/,6?$"+67+23)4+';#$
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Y)9:"+$F$6./=6$+M&*7'+6$/5$"/3/"$67++8$2/,5)9:"&3)/,6#$>,$./4+"$63&3+?$3.":636$7"/8:2+8$0;$
3.+$ 5/:"$7"/7+''+"6$ +M&23';$ 2/:,3+"&23$ 3.+$+55+23$/5$9"&4)3;#$`&=$ )6$ 2/,3"/''+8$0;$&81:63),9$
3.+$3/"A:+$&77')+8$3/$+&2.$*/3/"#$-.+$9'/0&'$"+&23)/,$3/"A:+$=)''$2&:6+$3.+$=./'+$&)"5"&*+$
3/$"/3&3+$&0/:3$)36$'/2&'$;&=$&M)6#$H)32.$&,8$K/''$"/3&3)/,6$2&,$0+$&2.)+4+8$0;$&81:63),9$3.+$
8)55+"+,2+$),$"/3/"$67++86$=)3.),$&$7&)"$/5$"/3/"6$"/3&3),9$),$3.+$6&*+$8)"+23)/,#$-"&,6'&3)/,$
)6$&2.)+4+8$0;$ 3)'3),9$ 3.+$=./'+$&)"5"&*+$:6),9$H)32.ZK/''$ "/3&3)/,6$ ),$ 3.+$8)"+23)/,$/5$ 3.+$
8+6)"+8$&22+'+"&3)/,$4+23/"?$&,8$&81:63),9$3.+$9'/0&'$3.":63#$

1.1 Mathematical Model 
-.+$5"&*+6$/5$"+5+"+,2+$&"+X$&$5)M+8@3/@+&"3.$5"&*+$&,8$&$'/2&'$*/4),9$5"&*+$&33&2.+8$3/$3.+$
2+,3+"$/5$*&66$V$/5$3.+$4+.)2'+#$%$)6$&66:*+8$3/$0+$%&')'+&,#$V")+,3&3)/,$/5$5"&*+$E$"+'&3)4+$
3/$ 5"&*+$%$ )6$+M7"+66+8$=)3.$ 3.+$"/3&3)/,$*&3")M?$+A:&3)/,$ BSD#$-.+$&)"5"&*+$/")+,3&3)/,$ ),$

67&2+$ )6$ 9)4+,$ 0;$ 3.+$ Q:'+"$ &,9'+6X$ "/''$ BφD?$ 7)32.$ BθD$ &,8$ ;&=$ B!D$=)3.$ &,9:'&"$ 4+'/2)3)+6$
"+67+23)4+';$B,-%.-%'D#$

$
+
+
+

-

)

*
*
*

,

(

−
−+
+−

=
)cos()cos()cos()cos()sin(

)cos()sin()sin()sin()cos()sin()cos()sin()sin()sin()cos()sin(

)sin()sin()cos()sin()cos()sin()cos()cos()sin()sin()cos()cos(

/

θφθφθ
ψφψθφψφψθφθψ
ψφψθφψφψθφθψ

GAR
$ BSD$

Az

Ax

Ay

Gz

Gx Gy

4O

1O

2O

3O

Yaw

Roll

Pitch

$

Y)9:"+$W#$Y"&*+$/5$K+5+"+,2+$

-.+$5/''/=),9$*/8+'$"+7"+6+,36$&,$ )8+&'$2&6+?$=.+"+$&''$4&")&0'+6$&"+$<,/=,$/"$*+&6:"+8$
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1.2 Quaternions Representation!

E$ A:&3+",)/,$ 2&,$ 0+$ 3./:9.3$ /5$ &6$ &$ 2/*7'+M$ ,:*0+"$ =)3.$ [$ 8)*+,6)/,6X$ W$ )*&9),&";$
8)*+,6)/,6$ /?$ 0$ &,8$ 1c$ &,8$ /,+$ "+&'$8)*+,6)/,?$ &''$ /"3./9/,&'$ 3/$ /,+$ &,/3.+"#$ Q&2.$ /5$ 3.+$
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3. Formation Strategies 
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4. Controller Architecture 
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5. Sliding Mode 

5.1 Introduction to Sliding Mode!
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5.2 Traditional Sliding Mode Control!
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-/$&4/)8$3.+$.)9.$5"+A:+,2;$6=)32.),9$*/3)/,$/5$3.+$2/,3"/'?$&$I/=iH&66$5)'3+"$)6$),3"/8:2+8$

$
i

i
i v

s
v

β+
=

1
1ˆ

$

B[FD

$

f.+"+$ iβ $ )6$ 3.+$ 3)*+$ 2/,63&,3$ 3/$ 0+$ 2./6+,$ &22/"8),9$ 3/$8+6)9,$ 67+2)5)2&3)/,6#$-.+"+5/"+?$

=.+,$3.+$&:M)')&";$6')8),9$4&")&0'+$% iS $63&0)')(+6$&3$(+"/?$BFdD$0+2/*+6$

$
0ˆ =−∆ ii vψ
$

B[WD
$

E6$&$"+6:'3?$3.+$2/,3"/' iv̂ $$)6$&,$+M&23$+63)*&3+$/5$3.+$:,<,/=,$8)63:"0&,2+6 iψ∆ #$

I+3$:6$8+6)9,$3.+$2/,3"/'$ 1,
~
iu $3/$63&0)')(+$ iσ 3/$(+"/$),$BFWD$/5$3.+$5/"*X$

$ iiii Kvu σ,01, ˆ~ +=
$

B[[D
$

f.+"+$ 0,0 >iK $)6$2./6+,$3/$+,6:"+$5&63$"+&2.),9$/5$3.+$6')8),9$6:"5&2+$0;$σ ?$&6$6//,$&6$3.+$
8)63:"0&,2+$ )6$+63)*&3+8$&,8$2/*7+,6&3+8$ 5/"$ B)#+#?$ 3.+$ 2/,4+"9+,2+$/5$ iσ 2&,,/3$0+$ 5&63+"$

3.&,$3.&3$/5$ iS D#$-.+"+5/"+?$3.+$8;,&*)2$/5$3.+$6')8),9$4&")&0'+$)6$

$ 0,i i iKσ σ= −"
$

B[bD
$

=.)2.$6&3)65)+6$3.+$6')8),9$*/8+$+M)63+,2+$2/,8)3)/,X$ 0<iiσσ " #$

-.+$5),&'$6')8),9$*/8+$2/,3"/'$8")4+,$0;$6')8),9$*/8+$/06+"4+"$)6$

$
]ˆ[ 0

01 σψ KvEu ++= −
$

B[dD
$

6. Controller Design 

6.1 Translation Controller!

-.+$ 5/''/=),9$ +A:&3)/,$ +M7"+66+6$ 3.+$ &)"5"&*+$ '),+&"$ 7/6)3)/,?$ 4+'/2)3;$ &,8$ &22+'+"&3)/,$
+""/"6?$"+67+23)4+';$

$

pp

pp

pp

cp

cpv

cp

""""""

"""

~~~~

~~~~

~~~

−==

−==

−=

εε

εε

ε

γ

$ B[eD$

=.+"+$ ccc ppp ~,~,~ """ &"+$ 9)4+,$ 0;$ 3.+$ 8+6)"+8$ 3"&1+23/";$ 2/**&,86$ ),$ 7/6)3)/,?$ 4+'/2)3;$ &,8$

&22+'+"&3)/,?$ "+67+23)4+';?$ &,8$ pp ~,~" $ &"+$ *+&6:"+8$ /"$ +63)*&3+8$ ),$ "+&'$ 3)*+$ 0;$ /,@0/&"8$

6+,6/"6#$
Y/''/=),9$6')8),9$*/8+$/06+"4+"$3+2.,)A:+6?$&$6')8),9$4&")&0'+$/5$6+2/,8$/"8+"$)6$8+6)9,+8$

$ 5++= dtkkk pipppvp εεεσ ~~~~
111

" $ B[UD$



Aerial Vehicles 

$

222 

E$3.)"8$/"8+"$7/'+$7'&2+*+,3$)6$:6+8$3/$2/*7:3+$4&':+6$5/"$3.+$2/+55)2)+,36$ 11, pv kk $&,8$ 1ik #$

>,$3.)6$2&6+?$&$3")&,9:'&"$'+53$.&'5$7'&,+$7&33+",$7/'+$7'&2+*+,3$)6$:6+8$3/$2/*7:3+$4&':+6$5/"$
3.+$2/+55)2)+,36?$:6),9$3.+$8+6)"+8$"+67/,6+$3)*+$5/"$7/6)3)/,$3"&2<),9#$
-.+$8;,&*)26$/5$3.+$6')8),9$4&")&0'+$2&,$0+$+M7"+66+8$&6$

$
γψψσ ~~~~

1vppp k−∆+=" $ B[TD$

=.+"+$ pψ~ "+7"+6+,36$3.+$<,/=,$3+"*6?$

$ pippcvp kkgpk εεψ ~~)~~(~
111 +++= """ $ BbGD$

E,8$ pψ~ $ 3.+$:,<,/=,$0/:,8+8$8)63:"0&,2+6?$ pp L≤∆ψ~ ?$=.+"+$ pL $ )6$&$7/6)3)4+$2/,63&,3#$

-.+"+5/"+?$3.+$2/,3"/'$2&,$0+$+M7"+66+8$),$&$6:*$/5$2/,3"/'$3+"*6$2/*7+,6&3),9$"+67+23)4+';$
5/"$3.+$<,/=,$&,8$:,<,/=,$3+"*6$

$ 110 /)~~(~
vpp kuu +=γ $ BbSD$

-.+$8)63:"0&,2+$/06+"4+"$)6$8+6)9,+8$2/,6)8+"),9$3.+$5/''/=),9$&:M)')&";$6')8),9$4&")&0'+$

$ pippcvp kkgpk εεψ ~~)~~(~
111 +++= """ $ BbFD$

$
03

0
1
.

−=

+=

ppp

ppp

vuz

zs
~~~

~~~

1
"

σ
$ BbWD$

-.+$"+6:'3),9$8;,&*)26$&"+$

$ ppp vs ~~~ −∆= ψ" $ Bb[D$

-.+$8;,&*)26$ /5$ 3.+$ &:M)')&";$ 4&")&0'+$ &"+$ 2/*7'+3+';$ 2/*7+,6&3+8$=)3.$ &$ 2/,3"/'$ /5$ 3.+$
5/"*$

$ ppppp Lssignv >>= ρρ ,)~(~ $ BbbD$

-.+$.)9.$5"+A:+,2;$6=)32.),9$)6$5)'3+"+8$/:3$:6),9$3.+$+A:)4&'+,3$2/,3"/'$

$
1

~
~̂

+
=

s

v
v

p

p
p τ

$ BbdD$

=.+"+$ pτ $)6$3.+$5)'3+"$3)*+$2/,63&,3$3/$0+$3:,+8#$$

Y),&'';?$3.+$"+6:'3),9$8+6)9,6$/5$3.+$2/,3"/'$3+"*6$&"+$

$ pppp

pp

Kvu

u

σ

ψ
~~̂~

~~

1

0

+=

=
$ BbeD$

=.+"+$ 0>pK $&66:"+6$+M7/,+,3)&'$2/,4+"9+,2+$/5$3.+$6')8),9$4&")&0'+$3/$(+"/#$
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6.2 Attitude Controller!

E77';),9$ ),4+"6+$"/3&3)/,$<),+*&3)26?$ 3.+$8+6)"+8$ ),63&,3&,+/:6$&M)6$&,8$&,9'+$/5$"/3&3)/,$

&"+$8+5),+8$0;$2/*7:3),9$3.+$2"/66$7"/8:23$0+3=++,$2:""+,3$3.":63$5/"2+$4+23/"$ F
~
$&,8$3.+$

8+6)"+8$&22+'+"&3)/,$4+23/"$ γ~ $,/"*&')(+8$3/$:,)3$'+,93.#$

$
γ
γ
~
~

~

~
~ ×=

F

F
ud

$

BbUD

$

-.+$ 8)"+23)/,$ /5$ :,)3$ 4+23/"$ du
~ $ 9)4+6$ 3.+$ 8+6)"+8$ &M)6$ /5$ "/3&3)/,#$ -.+"+5/"+?$ 3.+$ &23:&'$

&33)3:8+$+""/"$&,9'+$)6$

$
!!
!

"

#

$$
$

%

&
×= −

γ
γεθ ~
~

~

~
cos~ 1

F

F

$

BbTD

$

QA:&3)/,6$ BdGD$ +M7"+66$ 3.+$ &33)3:8+?$ &,9:'&"$ 4+'/2)3;$ &,8$ &,9:'&"$ &22+'+"&3)/,$ +""/"6?$
"+67+23)4+';$

$ ωωωεε
ωωωεε

γ
γθθε

θ

θ

θ

""""""

"

~~~~~

~~~~~

~
~

~
~

~

~
cos

~~~ 1

−=−==

−=−==

⋅
!!
!

"

#
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$

%

&
×=−= −

cw
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d

u

d
c u

u

F

F

$

BdGD

$

Y/''/=),9$ 6)*)'&"$ 6')8),9$*/8+$/06+"4+"$ 3+2.,)A:+6$ &6$7"+6+,3+8$ ),$N+23)/,$F#!?$ &$ 6')8),9$
4&")&0'+$/5$6+2/,8$/"8+"$)6$8+6)9,+8$

$ 5++= dtkkk ipv θθθθ εεεσ ~~~~
222

"
$

BdSD
$

E$3.)"8$/"8+"$7/'+$7'&2+*+,3$)6$:6+8$3/$2/*7:3+$4&':+6$5/"$3.+$2/+55)2)+,36$ 22 , pv kk $&,8$ 2ik #$

>,$ 3.)6$ 2&6+?$ &$ j:33+"=/"3.$ /73)*&'$ 7/'+$ 7'&2+*+,3$ &6$ 7"+6+,3+8$ ),$ 7"+4)/:6$=/"<$ k[bl$ )6$
:6+8$ 3/$ 2/*7:3+$ 4&':+6$ 5/"$ 3.+$ 2/+55)2)+,36?$ :6),9$ 3.+$ 8+6)"+8$ "+67/,6+$ 3)*+$ 5/"$ &33)3:8+$
3"&2<),9#$
QA:&3)/,$BdFD$+M7"+66+6$3.+$8;,&*)26$/5$3.+$6')8),9$4&")&0'+$

$
ωψψσ θθθ
"" ~~~~

2vk−∆+=
$

BdFD
$

=.+"+$ θψ~ $"+7"+6+,36$3.+$<,/=,$3+"*6?$

$ θθθ εεψ ~~~
22 ip kk += "

$
BdWD

$

&,8$ θψ~∆ $3.+$:,<,/=,$0/:,8+8$8)63:"0&,2+6?$ θθψ L<∆ ~ ?$=.+"+$ θL $)6$&$7/6)3)4+$2/,63&,3#$

V,2+$ &9&),?$ 3.+$ 2/,3"/'$ )6$ +M7"+66+8$ ),$ 3+"*6$ /5$ &$ 6:*$ /5$ 2/,3"/'$ 3+"*6$ 2/*7+,6&3),9$
"+67+23)4+';$5/"$3.+$<,/=,$&,8$:,<,/=,$3+"*6$

$ 210 /)~~(~
vkuu θθω +="
$

Bd[D
$
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-.+$8)63:"0&,2+$/06+"4+"$)6$8+6)9,+8$2/,6)8+"),9$3.+$5/''/=),9$&:M)')&";$6')8),9$4&")&0'+$

$ 3
1
.

−=
+=

θθθ

θθθ σ
vuz

zs
~~~

~~~

1
"

$

BdbD

$

-.+$"+6:'3),9$8;,&*)26$&"+$

$ θθθ ψ vs ~~~ −∆="
$ BddD$

-.+$8;,&*)26$/5$3.+$&:M)')&";$4&")&0'+$&"+$2/*7'+3+';$2/*7+,6&3+8$5/"$=)3.$2/,3"/'$/5$3.+$
5/"*$

$ θθθθθ ρρ Lssignv >>= ,)~(~
$

BdeD
$

-.+$.)9.$5"+A:+,2;$6=)32.),9$)6$5)'3+"+8$/:3$:6),9$3.+$+A:)4&'+,3$2/,3"/'$

$
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θ τ

$

BdUD

$

=.+"+$ θτ $ )6$3.+$5)'3+"$3)*+$2/,63&,3$3/$0+$3:,+8#$Y),&'';?$3.+$"+6:'3),9$8+6)9,$/5$3.+$2/,3"/'$

3+"*6$)6$

$ θθθθ

θθ
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ψ

~~̂~
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0

Kvu
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$

BdTD

$

=.+"+$ 0>θK $&66:"+$+M7/,+,3)&'$2/,4+"9+,2+$/5$3.+$6')8),9$4&")&0'+$3/$(+"/#$

6.3 Propeller Controller!

-.+$67++8$/5$+&2.$"/3/"$ )4...1,( =iwi $ )6$2/*7:3+8$:6),9$ ),4+"6+$8;,&*)26$&6$7"+6+,3+8$ ),$

&,8$2/*7&"+8$ 3/$ 3.+$8+6)"+8$ 67++8$ )4...1,( =iwid $ 2/""+67/,8),9$ 3/$ 3.+$8+6)"+8$ '),+&"$ )~(γ $

&,8$ &,9:'&"$ )~(ω" $ &22+'+"&3)/,6#$ -.+$ ,+2+66&";$ 3/"A:+6$ 3/$ &77';$ 3/$ +&2.$ +'+23")2$*/3/"$ &"+$
3.+,$2/*7:3+8$),$/"8+"$3/$&2.)+4+$3.+6+$8+6)"+8$67++86#$
-.+$&,9:'&"$4+'/2)3;$+""/"$/5$+&2.$"/3/"$)6$8+5),+8$&6$
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ωωωε
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$
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$
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6')8),9$4&")&0'+$

$ 5+= dtkk iiipi ωωω εεσ 33 $
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$

E$2'&66)2&'$ 6+2/,8$/"8+"$7'&2+*+,3$ )6$:6+8?$=)3.$ 3.+$8+6)"+8$ "+67/,6+$ 3)*+?$ 3/$8+5),+$ 3pk $

&,8$ 3ik #$-.+$8;,&*)26$/5$3.+$6')8),9$4&")&0'+$&"+$+M7"+66+8$&6$

$ ipiii k ωψψσ ωωω "" 3−∆+=
$

BeFD
$
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=.+"+$ iωψ $"+7"+6+,36$3.+$<,/=,$3+"*6$

$ iii k ωω εψ 3=
$ BeWD$

&,8$ iωψ∆ $3.+$:,<,/=,$0/:,8+8$8)63:"0&,2+6?$ ii Lωωψ <∆ ?$=.+"+$ iLω $)6$&$7/6)3)4+$2/,63&,3#$

V,2+$ &9&),?$ 3.+$ 2/,3"/'$ )6$ +M7"+66+8$ ),$ 3+"*6$ /5$ &$ 6:*$ /5$ 2/,3"/'$ 3+"*6$ 2/*7+,6&3),9$
"+67+23)4+';$5/"$3.+$<,/=,$&,8$:,<,/=,$3+"*6$

$ 310 /)( piii kuu ωωω +="
$

Be[D
$

-.+$8)63:"0&,2+$/06+"4+"$)6$8+6)9,+8$2/,6)8+"),9$3.+$&:M)')&";$6')8),9$4&")&0'+$

$ 3
1
.

−=
+=

iii

iii

vuz

zs

ωωω

ωωω σ
1"
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-.+$"+6:'3),9$8;,&*)26$&"+$

$ iii vs ωωω ψ −∆="
$ BedD$

-.+$8;,&*)26$/5$3.+$&:M)')&";$4&")&0'+$&"+$2/*7'+3+';$2/*7+,6&3+8$5/"$=)3.$2/,3"/'$/5$3.+$
5/"*$

$ iiiii Lssignv ωωωωω ρρ >>= ,)(
$ BeeD$

-.+$.)9.$5"+A:+,2;$6=)32.),9$)6$5)'3+"+8$/:3$:6),9$3.+$+A:)4&'+,3$2/,3"/'$

$ 1
ˆ
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=

s
v

v
i

i
i

ω

ω
ω τ $

BeUD

$

=.+"+$ wiτ $)6$3.+$5)'3+"$3)*+$2/,63&,3$3/$0+$3:,+8#$Y),&'';?$3.+$"+6:'3),9$8+6)9,$/5$3.+$2/,3"/'$

3+"*6$)6$

$ iiii

ii

Kvu

u

ωωωω

ωω

σ
ψ

+=
=

ˆ1

0

$

BeTD

$

=.+"+$ 0>wiK $&66:"+6$+M7/,+,3)&'$2/,4+"9+,2+$/5$3.+$6')8),9$4&")&0'+$3/$(+"/#$

7. Simulation Results 

-.+$5/''/=),9$5)9:"+6$&"+$3.+$6)*:'&3)/,$"+6:'36$5/"$3.+$5/"*&3)/,$/5$3."++$C@[$Y';+"$5';),9$),$
&$2'/6+$5/"*&3)/,$),$3.+$5&2+$/5$6)*:'&3+8$=),8$9:636$&23),9$:7/,$+&2.$"/3/"2"&53$B*/8+'+8$
&6$/556+3$/,$ 3.+$4+'/2)3;$4+23/"$ ),$ 5"&*+$%D#$-.+$ 5/"*&3)/,$ )6$ 3/$ 5';$ ),$&$ 3")&,9:'&"$7&33+",$
=)3.$&,$&06/':3+$8)63&,2+$/5$ 3."++$*+3+"6$ B$3$m$W*D$0+3=++,$+&2.$"/3/"2"&53$&,8$&$4+"3)2&'$
6+7&"&3)/,$ /5$ /,+$*+3+"$ 3/$ 3.+$ '+&8+"#$ -.+$ 3"&1+23/";$ 3/$ 5/''/=$ )6$ &$ 6),:6/)8$ &3$ &$ 2/,63&,3$
+'+4&3)/,$ /5$ F$ *+3+"6$ &,8$ &$ 2/,63&,3$ '/,9)3:8),&'$ 4+'/2)3;$ /5$ F*Z6#$ n/3+$ 3.&3$ 3.+$ 5)"63$
5/''/=+"$=)''$63&;$&3$3.+$),)3)&'$7/6)3)/,$5/"$/,+$6+2/,8$5/''/=),9$3&<+$/55$/5$3.+$'+&8+"$&,8$
3.+,$5/''/=$3.+$^H'&2+*+,3_$2/**&,86#$-.+$6+2/,8$5/''/=+"$=)''$63&;$&3$3.+$),)3)&'$7/6)3)/,$
5/"$3=/$6+2/,86$5/''/=),9$3.+$3&<+$/55$/5$3.+$'+&8+"$B/"$/,+$6+2/,8$5/''/=),9$3.+$3&<+$/55$/5$
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3.+$ 5)"63$ 5/''/=+"D$&,8$ 3.+,$ 5/''/=$3.+$^E,3)@P/'')6)/,_$2/**&,86#$-.+$6)*:'&3)/,$ 3)*+$ )6$
SG6+2$=)3.$&$2/*7:3),9$5"+A:+,2;$/5$&$SGGGL(#$

7.1 Leader “Path Tracking” 

-.+$5/''/=),9$5)9:"+6$"+7"+6+,3$3.+$^H&3.$-"&2<),9_$6)*:'&3)/,$"+6:'36$5/"$3.+$'+&8+"$/5$3.+$
5/"*&3)/,#$ -.+$ 2.&"&23+")63)26$ /5$ 3.+$C@[$Y';+"?$ 6:2.$ &6$ 7/6)3)/,?$ 4+'/2)3;?$ &,9:'&"$ 4+'/2)3;$
&,8$7"/7+''+"$&,9:'&"$4+'/2)3;$&"+$)'':63"&3+8?$&6$=+''$&6$3.+$2/,3"/'$3/"A:+6$&,8$3.+$LVNO$
2/,3"/''+"$4&")&0'+6#$

$

$

$

$

Y)9:"+$T#$I+&8+"$H/6)3)/,$&,8$H/6)3)/,$Q""/"$4+"6:6$-)*+$

$

$

$

$

Y)9:"+$SG#$I+&8+"$g+'/2)3;$&,8$E,9:'&"$g+'/2)3;$4+"6:6$-)*+$
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$

Y)9:"+$SS#$I+&8+"$H"/7+''+"$E,9:'&"$g+'/2)3;$&,8$P/,3"/'$-/"A:+6$4+"6:6$-)*+$

$

Y)9:"+$SF#$I+&8+"$E:M)')&";$N')8),9$g&")&0'+6$4+"6:6$-)*+$

-.+$'+&8+"$&2.)+4+6$7+"5+23$3"&2<),9$/5$3.+$8+6)"+8$7&3.$),$&$6*//3.$&,8$"/0:63$*&,,+"#$-.+$
7/6)3)/,$+""/"6$),$W$"+&2.$(+"/$),$5),)3+$3)*+#$-.+$:,<,/=,$8)63:"0&,2+6$&"+$+63)*&3+8$&,8$
2/*7'+3+';$2/*7+,6&3+8$5/"$:6),9$"/0:63$LVNO$3+2.,)A:+6#$

7.2 First Follower “Placement”!
-.+$5/''/=),9$5)9:"+6$"+7"+6+,3$3.+$^H'&2+*+,3_$6)*:'&3)/,$"+6:'36$5/"$3.+$5)"63$5/''/=+"#$-.+$
2.&"&23+")63)26$ /5$ 3.+$ C@[$Y';+"?$ 6:2.$ &6$ 7/6)3)/,?$ 4+'/2)3;?$ &,9:'&"$ 4+'/2)3;$ &,8$ 7"/7+''+"$
&,9:'&"$ 4+'/2)3;$ &"+$ )'':63"&3+8?$ &6$ =+''$ &6$ 3.+$ 2/,3"/'$ 3/"A:+6$ &,8$ 3.+$ LVNO$ 2/,3"/''+"$
4&")&0'+6#$
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$

Y)9:"+$SW#$Y)"63$Y/''/=+"$H/6)3)/,$&,8$H/6)3)/,$Q""/"$4+"6:6$-)*+$

$

Y)9:"+$S[#$Y)"63$Y/''/=+"$g+'/2)3;$&,8$E,9:'&"$g+'/2)3;$4+"6:6$-)*+$

$

Y)9:"+$Sb#$Y)"63$Y/''/=+"$H"/7+''+"$E,9:'&"$g+'/2)3;$&,8$P/,3"/'$-/"A:+6$4+"6:6$-)*+$
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$

Y)9:"+$Sd#$Y)"63$Y/''/=+"$E:M)')&";$N')8),9$g&")&0'+6$&,8$N+7&"&3)/,$4+"6:6$-)*+$

E53+"$63&;),9$&3$3.+$),)3)&'$7/6)3)/,$5/"$3.+$5)"63$6+2/,8?$3.+$"/3/"2"&53$),)3)&3+6$3.+$5/"*&3)/,$
5/''/=),9$ 3.+$ ^H'&2+*+,3_$ 2/**&,86#$ -.+$ "/3/"2"&53$ &2.)+4+6$ 7+"5+23$ 7/6)3)/,),9$ &53+"$ &$
6*//3.$ 3"&,6)+,3?$ 3.+$ 7/6)3)/,$ +""/"6$ "+&2.$ (+"/$ ),$ 5),)3+$ 3)*+#$ -.+$ 8)63:"0&,2+6$ &"+$
+63)*&3+8$&,8$5:'';$2/*7+,6&3+8$5/"?$4)&$"/0:63$LVNO#$

7.3 Second Follower “Anti-Collision”!

-.+$ 5/''/=),9$ 5)9:"+6$ "+7"+6+,3$ 3.+$ ^E,3)@P/'')6)/,_$ 6)*:'&3)/,$ "+6:'36$ 5/"$ 3.+$ 6+2/,8$
5/''/=+"#$-.+$2.&"&23+")63)26$/5$3.+$C@[$Y';+"?$6:2.$&6$7/6)3)/,?$4+'/2)3;?$&,9:'&"$4+'/2)3;$&,8$
7"/7+''+"$ &,9:'&"$ 4+'/2)3;$ &"+$ )'':63"&3+8?$ &6$ =+''$ &6$ 3.+$ 2/,3"/'$ 3/"A:+6$ &,8$ 3.+$ LVNO$
2/,3"/''+"$4&")&0'+6#$

$

$

$

$

Y)9:"+$Se#$N+2/,8$Y/''/=+"$H/6)3)/,$&,8$H/6)3)/,$Q""/"$4+"6:6$-)*+$
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$

Y)9:"+$SU#$N+2/,8$Y/''/=+"$g+'/2)3;$&,8$E,9:'&"$g+'/2)3;$4+"6:6$-)*+$

$

Y)9:"+$ST#$N+2/,8$Y/''/=+"$H"/7+''+"$E,9:'&"$g+'/2)3;$&,8$P/,3"/'$-/"A:+6$4+"6:6$-)*+$

$

Y)9:"+$FG#$N+2/,8$Y/''/=+"$E:M)')&";$N')8),9$g&")&0'+6$&,8$N+7&"&3)/,$4+"6:6$-)*+$
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Y),&'';?$3.+$6+2/,8$5/''/=+"$),)3)&3+6$3.+$^E,3)@P/'')6)/,_$63"&3+9;$&53+"$3=/$6+2/,86$/5$8+'&;$
&3$ ),)3)&'$ 2/,8)3)/,#$ -.+$ "/3/"2"&53$ &2.)+4+6$7+"5+23$ 7/6)3)/,),9$ &53+"$ &$ 6./"3$ 3"&,6)+,3#$ -.+$
"/3/"2"&53$ .&6$ 3/$ ^2&32.$:7_$=)3.$ 3.+$ "+63$ /5$ 3.+$ 5/"*&3)/,$ &,8?$ 3.+"+5/"+?$*:63$:3)')(+$ &''$
&4&)'&0'+$ "+6/:"2+6$ 3/$ "&7)8';$ "+&2.$ 3.+$ 8+6)"+8$ 7/6)3)/,?$ =.)2.$ 2&,$ 0+$ 6++,$ 0;$ 3.+$
6&3:"&3)/,$/5$3.+$3/"A:+6$#$V,2+$&9&),?$3.+$8)63:"0&,2+6$&"+$+63)*&3+8$&,8$5:'';$2/*7+,6&3+8$
5/"$4)&$"/0:63$LVNO#$

7.4 Formation tracking!

-.+$ "/3/"2"&536$ ),)3)&3+$ &,8$ <++7$ 3.+$ 8+6)"+8$ 5/"*&3)/,$ /,$ 3.+$ ")9.3$ 7&3.$ &53+"$ &$ 2+"3&),$
3"&,6)+,3#$-.+$&06/':3+$8)63&,2+$0+3=++,$"/3/"2"&536$"+&2.+6$+M&23';$3.+$8+6)"+8$6+7&"&3)/,#$
-.+$8+6)"+8$3")&,9:'&"$5/"*&3)/,$5/''/=),9$3.+$7"+62")0+8$6),:6/)8&'$7&3.$)6$"+7"+6+,3+8$),$
3.+$5/''/=),9$5)9:"+6#$

$

Y)9:"+$FS#$-."++$C@[$Y';+"$Y/"*&3)/,$Y')9.3$

$

$

Y)9:"+$FF#$-."++$C@[$Y';+"$Y/"*&3)/,$Y')9.3$C@`$H"/1+23)/,$
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$

Y)9:"+$FW#$-."++$C@[$Y';+"$Y/"*&3)/,$Y')9.3$C@o$H"/1+23)/,$

7.5 Actuator Malfunction!

V,+$ /5$ 3.+$ 7"/7+''+"$ /5$ 3.+$ 5)"63$ 5/''/=+"$ )6$ ,/3$ =/"<),9$ 7"/7+"';c$ [$ 6+2/,86$ ),3/$ 3.+$
6)*:'&3)/,?$3.+$7"/7+''+"$'/6+6$+55)2)+,2;$&,8$3.+$*/3/"$3/"A:+$)6$8"/77+8$0;$bGp#$>,$/"8+"$
3/$ <++7$ 3.+$ "/3/"2"&53$ 0&'&,2+8?$ 3.+$7"/7+''+"$ &,9:'&"$ 4+'/2)3;$*:63$ 0+$ "+63/"+8$ &6$ 5&63$ &6$
7/66)0'+$ 0;$ &81:63),9$ 3.+$ &77')+8$ 3/"A:+#$ WF$ 6./=6$ 3.&3$ 3.+$ 2/,3"/''+"$ 8/:0'+6$ 3.+$
&77"/7")&3+$*/3/"$ 3/"A:+6$ 3/$ 2/*7+,6&3+$ 5/"$ 3.+$ '/66$ /5$ +55)2)+,2;$ A:)2<';?$ "+63/"),9$ 3.+$
&,9:'&"$ 4+'/2)3;#$ -.+$ 5';),9$ 5/"*&3)/,$ )6$ ,/3$ &55+23+8$ 0;$ 3.+$ &23:&3/"$ *&'5:,23)/,?$ 3.:6$
7"/4),9$3.+$"/0:63,+66$/5$3.+$7"/7/6+8$LVNO$3+2.,)A:+6#$

$

Y)9:"+$F[#$P/*7+,6&3),9$-/"A:+6$&,8$K+63/"+8$E,9:'&"$g+'/2)3;$

$

Y)9:"+$Fb#$Y/"*&3)/,$Y';),9$=)3.$E23:&3/"$O&'5:,23)/,$C@o$7"/1+23)/,$
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8. Conclusion 

>,$ 3.)6$ 2.&73+"?$ 5/"*&3)/,$ 63"&3+9)+6$ &"+$ &77')+8$ 3/$ 3.+$ 2'/6+$ 5/"*&3)/,$ 5')9.3$ /5$ 3."++$ C@
N.&7+8$ "/3/"2"&536$ ),$ &$ 5:''$ W!$ +,4)"/,*+,3#$ K/0:63$ 5/"*&3)/,$ 3"&2<),9$ )6$ &2.)+4+8$ 4)&$
6')8),9$*/8+$8")4+,$ 0;$ 6')8),9$*/8+$8)63:"0&,2+$ /06+"4+"$ 3+2.,)A:+6#$ N)*:'&3)/,$ "+6:'36$
6./=$ 3.&3$ NO!V$ 2/,3"/''+"6$ +M.)0)3$ 6*//3.$ &,8$ 2/,3),:/:6$ 2/,3"/'6$ ),$ 3.+$ 7"+6+,2+$ /5$
:,<,/=,$0/:,8+8$8)63:"0&,2+6$&,8$&23:&3/"$*&'5:,23)/,#$-.+$2/,3"/'6$7"/4)8+$5),)3+$3)*+$
2/,4+"9+,2+$ /5$ 3.+$ 3"&2<),9$ +""/"6$ 3/$ (+"/$ &53+"$ &$ 6./"3$ 3"&,6)+,3$ 2/""+67/,8),9$ 3/$ 3.+$
),)3)&')(&3)/,$ /5$ 3.+$ 5/"*&3)/,#$ H+"5+23$ 2'/6+$ 5/"*&3)/,$ )6$ &2.)+4+8$ ),$ 3.+$ 5&2+$ /5$ '+&8+"$
*&,+:4+"6$ &,8$ :,<,/=,$ 8)63:"0&,2+6?$ =.)2.$ 7"/4+6$ 3.+$ +55+23)4+,+66$ /5$ 3.+$ 7"/7/6+8$
3+2.,)A:+6#$
H/66)0'+$ +M3+,6)/,6$ /5$ 3.+$ "+6+&"2.$ ),2':8+$ 3.+$ )*7'+*+,3&3)/,$ /5$ &23:&'$ 5/"*&3)/,$ 5')9.3$
62+,&")/6$ =)3.$ '+&8+"$ "+&66)9,*+,3$ &,8$ 5/"*&3)/,$ "+2/,5)9:"&3)/,#$ E'6/?$ &,$ +*0+88+8$
2/'')6)/,$&4/)8&,2+$&'9/")3.*$2/:'8$0+$&88+8$3/$+&2.$&+")&'$4+.)2'+$),$3.+$5/"*&3)/,#$K+6:'36$
:6),9$7/3+,3)&'$5)+'8$3+2.,)A:+6$&"+$),3+"+63),9$&,8$&4&)'&0'+$),$3.+$')3+"&3:"+#$

9. List of Symbols 

, ,A A Ax y z$ $ $ $$ a,)3$4+23/"6$"+67+23)4+';$&'/,9$CE?$`E$&,8$oE$&M+6$/5$5"&*+$E$
AV$ $$ $ g+23/"$g$+M7"+66+8$),$5"&*+$E$

AV"$ $$ $ !+")4&3)4+$/5$4+23/"$g$+M7"+66+8$),$5"&*+$E$

[ ]AM $$ $ O&3")M$O$+M7"+66+8$),$5"&*+$E$

1 2

A

B BF →
$ $$ $ Y/"2+$4+23/"$+M+"3+8$5"/*$0/8;$jS$3/$0/8;$jF$+M7"+66+8$),$5"&*+$E$

1 2

A

B Bτ →$ $$ $ -/"A:+$4+23/"$+M+"3+8$5"/*$0/8;$jS$3/$0/8;$jF$+M7"+66+8$),$5"&*+$E$

( )Ask V$ $
$$ N<+=$*&3")M$/5$4+23/"$g$+M7"+66+8$),$5"&*+$E$B:6+8$5/"$2"/66$7"/8:23D$

Bφ ?$"-%!D$$ Q:'+"$&,9'+6$

6,-%.-%'7$ $ E,9:'&"$4+'/2)3)+6$

[ ]/G AR $ $ K/3&3)/,$*&3")M$3/$9/$5"/*$5"&*+$E$3/$5"&*+$%$

D $ $ !)&*+3+"$/5$7"/7+''+"$B*D$

/

A

frame OI( ), - $ >,+"3)&$*&3")M$/5$&)"5"&*+$+M7"+66+8$),$5"&*+$E$&3$7/),3$V$B<9#*FD$

/
A

irotor OI( ), - $ >,+"3)&$*&3")M$/5$"/3/"$\)]$+M7"+66+8$),$5"&*+$E$&3$7/),3$V)$B<9#*FD$

/

G

A Gv$ $ $ I),+&"$4+'/2)3;$4+23/"$/5$5"&*+$E$"+'&3)4+$3/$5"&*+$%$B9"/:,8D$B*#6@SD$

/

A

A Gω$ m$6,-%.-%'78$ E,9:'&"$4+'/2)3;$4+23/"$/5$5"&*+$E$"+'&3)4+$3/$5"&*+$%$B"&8#6@SD$

/

A

R Ai
ω$ $ $ E,9:'&"$4+'/2)3;$4+23/"$/5$"/3/"$\)]$"+'&3)4+$3/$5"&*+$E$B"&8#6@SD$

iω $ $ E,9:'&"$4+'/2)3;$/5$"/3/"$\)]$=)3.$"+67+23$3/$5"&*+$E$B"&8#6@SD$

A

ir$ $ $ EM)6$/5$"/3&3)/,$B:,)3$4+23/"D$/5$"/3/"$\)]$+M7"+66+8$),$5"&*+$E#$

A

if$ $ $ !)"+23)/,$/5$3.":63$7"/8:2+8$0;$"/3/"$\)]$+M7"+66+8$),$5"&*+$E#$

iτ $ $ -/"A:+$7"/8:2+8$0;$*/3/"$\)]$/,$"/3/"$\)]$Bn#*$m$<9#*F#6@FD$
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iF $ $ -.":63$5/"2+$7"/8:2+8$0;$"/3/"$\)]$+M7"+66+8$),$5"&*+$E$Bn$m$<9#*#6@FD$

A

iL$ $ $ g+23/"$
iOO

****!
$0+3=++,$"/3/"$&,8$2+,3+"$/5$*&66$+M7"+66+8$),$5"&*+$E$B*D$

A

iF
τ$ $ $ -/"A:+$7"/8:2+8$0;$"/3/"$\)]$/,$&)"5"&*+$+M7"+66+8$),$5"&*+$E$Bn#*D$

[ ]A

ADFC $ $ !"&9$5/"2+$2/+55)2)+,3$*&3")M$/5$&)"5"&*+$+M7"+66+8$),$5"&*+$E$B*FD$

[ ]A

ADTC $ $ !"&9$3/"A:+$2/+55)2)+,3$*&3")M$/5$&)"5"&*+$+M7"+66+8$),$5"&*+$E$B*bD$

A

RDTi
C( ), - $ $ !"&9$3/"A:+$2/+55)2)+,3$*&3")M$/5$"/3/"$\)]$+M7"+66+8$),$5"&*+$E$B*bD$

A

Vi
C( ), - $$ $ g)62/:6$2/+55)2)+,3$*&3")M$/5$"/3/"$\)]$+M7"+66+8$),$5"&*+$E$B<9#*F#6@SD$

irdfc $ $ !"&9$3/"A:+$2/+55)2)+,3$/5$"/3/"$\)]$&'/,9$)36$&M)6$/5$"/3&3)/,$B*bD$

iv
c $ $ g)62/:6$5")23)/,$2/+55)2)+,3$/5$"/3/"$\)]$B<9#*F#6@SD$

, ,c c cp p p" ""$ $ $ $$ P/**&,8+8$3"&1+23/";$7/6)3)/,?$4+'/2)3;$&,8$&22+'+"&3)/,$

, ,p v γε ε ε$ $ $ $ H/6)3)/,?$4+'/2)3;$&,8$&22+'+"&3)/,$+""/"$4+23/"6$"+67+23)4+';$

1 1 1
, ,v p ik k k $ H/6)3)/,$2/,3"/''+"$5++80&2<$2/+55)2)+,36$

2 2 2
, ,v p ik k k $ E33)3:8+$2/,3"/''+"$5++80&2<$2/+55)2)+,36$

3 3
,p ik k $ $ H"/7+''+"$2/,3"/''+"$5++80&2<$2/+55)2)+,36$

iF$ $ $ -.":63$5/"2+$7"/8:2+8$0;$+&2.$"/3/"$+M7"+66+8$),$5"&*+$E$BnD$

F$ $ $ P:""+,3$3/3&'$3.":63$5/"2+$+M7"+66+8$),$5"&*+$%$BnD$

10. References 

P#$Q8=&"86?$R$N#$N7:"9+/,?$N')8),9$O/8+$P/,3"/'?$-&;'/"$R$Y"&,2)6?$j")63/'?$HE?$STTU#$
O#$>,,/2+,3)?$I#$H/''),)?$R$Y#$%:)')+33)?$E:3/,/*/:6$Y/"*&3)/,$Y')9.3?$9:::%;<)='<>?%#5?=+@%

A(B(C/)+?$g/'#$FG?$n/#$d?$FGGG?$77#$W[@[[#$
E#$>6)8/")?$n/,'),+&"$P/,3"/'$N;63+*6?$N7"),9+"@g+"'&9?$I/,8/,?$W"8$Q8#?$STTb#$
E#$ I+4&,3?$ L)9.+"@V"8+"$ N')8),9$ O/8+6?$ !)55+"+,3)&3)/,$ &,8$ V:37:3@Y++80&2<$ P/,3"/'?$

9)=+')(=/<)(>%0<D')(>%<E%;<)='<>?$ed$BTZSGD?$77#$TF[@T[S?$FGGW#$
$
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Autonomous Formation Flight  
– Design and Experiments 

!"#$"%#$&'()&*+,#-'()'%#.+'/#0*'1,+%##
0+&2'134#$"+"+'5'1#'1/#6'+7*88,#9:#;'),8&3'1,#

!"#$%&'()'*'+%,*'-"(#'$.%
,/0/1/%

1. Introduction     

<,+('3&,1# =8&>43# 4'?# 8,1># @**1# )*+=,+(*/# @A# ('1A# ?)*7&*?# ,=# @&+/?# =,+# &3?# ?,7&'8# '1/#
'*+,/A1'(&7#@*1*=&3?:#B4*#3+'/&3&,1'8#CDC#?4')*#=,+('3&,1#=8,E1#@A#@&+/?#1,3#,18A#4*8)*/#
7,(("1&7'3&,1#@*3E**1#&1/&F&/"'8?%#@"3#'8?,#/*7+*'?*/#34*#&1/"7*/#/+'>#=,+#*'74#3+'&8&1>#
@&+/%# '1/# 34"?# +*/"7*/# 34*# *1*+>A# +*G"&+*/# =,+# =8A&1># HI*&(*+?2&+74# *3# '8:# JKKLM:# B4*#
@*1*=&3?#,=#=,+('3&,1#=8&>43#4'F*#'8?,#@**1#*F'8"'3*/#=,+#('11*/#'&+7+'=3:#N,E*F*+%#/"*#3,#
34*#4&>4#8*F*8#,=#+&?2%#4"('1O)&8,3*/#78,?*#=,+('3&,1?#'+*#+'+*8A#?"?3'&1*/#=,+#'#8,1>#*1,">4#
3&(*#3,#="88A#'))+*7&'3*#34*#'*+,/A1'(&7#@*1*=&3?:#B4*+*=,+*%#+*8&'@8*#'"3,1,(,"?#=,+('3&,1#
7,13+,8#7'1#@*#'1#'33+'73&F*#7')'@&8&3A#=,+#@,34#4"('1O)&8,3*/#'&+7+'=3#'1/#P1('11*/#Q*+&'8#
D*4&78*?#HPQD?M:#
B4*# =,+('3&,1# 7,13+,8# )+,@8*(# 4'?# @**1# *R3*1?&F*8A# /&?7"??*/# &1# +*7*13# A*'+?# E&34#
1"(*+,"?#'))8&7'3&,1?#E&34#>+,"1/#(,@&8*#+,@,3?%#'&+7+'=3#?A?3*(?%#'1/#?)'7*#F*4&78*?:# S1#
34*&+# ?"+F*A# )')*+%# H074'+=# *3# '8:# JKKTM# 78'??&=&*/# 34*# ?)'7*7+'=3# =,+('3&,1# =8&>43# 7,13+,8#
'8>,+&34(?#&13,#=&F*#'+74&3*73"+*?U##

• 2345$'65"78*64$%345$'65"794$64$:% '*%;<'=<% $<"% >?(@+$'?*% '#% $("+$"A%+#%+%#'*)5"%@45$'65"7
'*64$:%@45$'65"7?4$64$%65+*B%

• C"+A"(DE?55?;"(:%'*%;<'=<%'*A'-'A4+5%#6+="=(+>$%=?*$(?55"(#%+("%=?**"=$"A%<'"(+(=<'=+55.B%%

• &'($4+5%0$(4=$4(":% '*%;<'=<% #6+="=(+>$% +("% $("+$"A% +#% (')'A% F?A'"#% "@F"AA"A% '*% +*% ?-"(+55%
-'($4+5%#$(4=$4("B%%

• G.=5'=:%'*%;<'=<%'*A'-'A4+5%#6+="=(+>$%=?*$(?55"(#%+("%=?**"=$"A%*?*<'"(+(=<'=+55.B%%

• H"<+-'?(+5:% '*%;<'=<%@45$'65"% =?*$(?55"(#% >?(% +=<'"-'*)%A'>>"("*$% I+*A%6?##'F5.%=?@6"$'*)J%
?FK"=$'-"#%+("%=?@F'*"A/L%

0&(&8'+# 78'??&=&7'3&,1?# 7'1#@*#*R3*1/*/# 3,# 34*# =,+('3&,1# 7,13+,8# ,=# ,34*+# 3A)*?#,=#F*4&78*?:#
N,E*F*+%#/"*#3,#34*#7,()8*R&3A#'1/#1,1O8&1*'+&3A#'??,7&'3*/#E&34#34*#'&+7+'=3#/A1'(&7?%#34*#
V8*'/*+O=,88,E*+W#'))+,'74#E'?#@A#='+#34*#(,?3#),)"8'+#(*34,/#=,+#'&+7+'=3#=,+('3&,1#=8&>43#
7,13+,8:# B4*# '/F'13'>*# ,=# 34*# V8*'/*+O=,88,E*+W# '))+,'74# 8&*?# &1# &3?# 7,17*)3"'8# ?&()8&7&3A%#
E4*+*# 34*# =,+('3&,1# =8&>43# )+,@8*(# &?# +*/"7*/# 3,# '# ?*3# ,=# 3+'72&1># )+,@8*(?# 34'3# 7'1# @*#
'1'8AX*/#'1/#?,8F*/#"?&1>#?3'1/'+/#7,13+,8#3*741&G"*?:#
S1# 34*# *'+8A# LYYK?%# '# ?*+&*?# ,=#)"@8&7'3&,1?# =+,(#ZWQXX,# '1/#4&?# 7,88*'>"*?# HZ'+>'1# *3# '8:#
LYYJM#H."X,>'1A#*3#'8:#LYY[M##H9*A1'#*3#'8:#LYYTM#HD*34#*3#'8:#LYY\M#,"38&1*/#34*#=,"1/'3&,1#=,+#
34*# 7,13+,8# ,=# 34*# V8*'/*+O=,88,E*+W# =,+('3&,1# =8&>43# "?&1># 7,()*1?'3&,1O3A)*# 7,13+,88*+?:#



Aerial Vehicles 

#

236 

0&17*# 34*1%# '# F'+&*3A# ,=# 7,13+,8# 3*741&G"*?# 4'?# @**1# *F'8"'3*/# &178"/*&1># ,)3&('8# 7,13+,8#
H67-'((&?4# *3# '8:# LYY]M# HZ,>'1# *3# '8:# JKK\M%# '/')3&F*# 7,13+,8# H.,?2,F&7# ^#6*4+'# JKK[M%#
="XXA#7,13+,8#H_&#*3#'8:#JKK\M%#+,@"?3#7,13+,8#H_&#*3#'8:#JKK]M%#=**/@'72#8&1*'+&X'3&,1#H0&1>4#*3#
'8:# JKKKM# HD*12'3'+'('1'1#^#Z,>'1#JKK[M%#'1/#?8&/&1>#(,/*# H074"('74*+#^#0&1>4#JKKKM:#
HQ88*1# *3# '8:# JKKJM# )*+=,+(*/# '# ?3+&1># ?3'@&8&3A# '1'8A?&?# ,=# '1# '"3,1,(,"?# =,+('3&,1# =,+#
(*'?"+&1># ,=# 4,E# ),?&3&,1# *++,+?# )+,)'>'3*# =+,(# ,1*# F*4&78*# 3,# '1,34*+# &1# '# 7'?7'/*/#
?A?3*(:#H$&"8&*33&#*3#'8:#JKKKM#?&("8'3*/#34*#?7*1'+&,#E&34#34*#)+*?*17*#,=#'#='&8"+*#,=#,1*#,=#
34*#1,/*?%#?"74#'?#34*#8,??#,=#'1#'&+7+'=3:#
`R)*+&(*13'8# ?3"/&*?# =,+# *F'8"'3&1># 34*# '*+,/A1'(&7# *==*73?# ,=# =,+('3&,1# =8&>43# '1/# =,+#
F'8&/'3&1>#=,+('3&,1#7,13+,8#8'E?#4'F*#@**1#7,1/"73*/#E&34#@,34#E&1/#3"11*8#*R)*+&(*13?#
H$&1>+'?#LYYYM#H<,E8*+#^#ZaQ1/+*'#JKK[M#Hb"3'A#*3#'8:#JKK\M#'1/#=8&>43O3*?3&1>#H;'),8&3'1,#
JKK\M#H$"#*3#'8:#JKK]M#H_'F+*3?2A#JKKJM#HN'1?,1#*3#'8:#JKKJM#HN,E#*3#'8:#JKKTM#Hc,41?,1#*3#'8:##
JKKTM:# 9*8'3*/# 3,# =8&>43O3*?3&1># *==,+3?%# 34*# ;Q0Q# Z+A/*1# <8&>43# 9*?*'+74# -*13*+#
Q"3,1,(,"?#<,+('3&,1#<8&>43#HQ<<M#)+,5*73#&1#JKKL#/*(,1?3+'3*/#=,+('3&,1#7,13+,8#&1#34*#
8'3*+'8#'1/#F*+3&7'8#74'11*8?#E&34#'#)'&+#,=#<dQOLe#'&+7+'=3#HN'1?,1#*3#'8:#JKKJM:#HN,E#*3#'8:#
JKKTM# '3#6SB# )*+=,+(*/# '# JO'&+7+'=3# =,+('3&,1# =8&>43# "?&1># 3&(&1># 7,13+,8:# Hc,41?,1# *3# '8:##
JKKTM#'3#$*,+>&'#B*74#4'F*#@**1#)*+=,+(&1>#'#?*+&*?#,=#F&?&,1O@'?*/#=,+('3&,1#=8&>43#?&17*#
JKKT:###
B4&?#74')3*+#)+*?*13?#34*#+*?*'+74#*==,+3#8*'/&1>#3,#34*#=8&>43#/*(,1?3+'3&,1#,=#'"3,1,(,"?#
=,+('3&,1#=8&>43#"?&1>#34+**#!<OJJ#+*?*'+74#'&+7+'=3#/*?&>1*/%#@"&83%#&1?3+"(*13*/%#'1/#3*?3*/#
'3#I*?3#D&+>&1&'#P1&F*+?&3A#HIDPM:#B4*#+*?3#,=#34*#74')3*+#&?#,+>'1&X*/#'?#=,88,E?:#0*73&,1#
3E,# )+*?*13?# 34*# =,+('3&,1# >*,(*3+A# '1/# =,+('3&,1# 7,13+,88*+# /*?&>1:# 0*73&,1# 34+**#
/*?7+&@*?# 34*# 3*?3O@*/#'&+7+'=3#'1/#34*#'F&,1&7?#?A?3*(:#B4*# &/*13&=&7'3&,1#,=# 34*# 8&1*'+#'1/#
1,18&1*'+#'&+7+'=3#('34*('3&7'8#(,/*8#&?#)+,F&/*/#&1#0*73&,1#=,"+:#0*73&,1#=&F*#/*?7+&@*?#34*#
=,+('3&,1#=8&>43#?&("8'3&,1#*1F&+,1(*13#'1/#34*#,1O@,'+/#?,=3E'+*:#Z&==*+*13#=8&>43O3*?3&1>#
)4'?*?#'1/#=&1'8#*R)*+&(*13'8#+*?"83?#'+*#)+*?*13*/#&1#0*73&,1#?&R:#Q#@+&*=#7,178"?&,1#&?#34*1#
)+,F&/*/#&1#34*#=&1'8#?*73&,1:#

2. Formation Controller Design 

S1#34*#?*8*73*/#V8*'/*+O=,88,E*+W#=,+('3&,1#=8&>43#7,1=&>"+'3&,1%#'#9'/&,#-,13+,8#H9d-M#)&8,3#
('1"'88A#7,13+,8?#34*#V8*'/*+W#34+,">4,"3#34*#=8&>43:#`'74#V=,88,E*+W#*R*7"3*?#34*#=,+('3&,1#
7,13+,8#8'E?#3,#('&13'&1#'#)+*O/*=&1*/#),?&3&,1#'1/#,+&*13'3&,1#E&34#+*?)*73#3,#34*#V8*'/*+W:#
Q# ('&1# ,@5*73&F*# ,=# 34*# 7,13+,88*+# /*?&>1# &?# 3,# ('&13'&1# 34*# =,+('3&,1# >*,(*3+A# "1/*+#
('1*"F*+*/#=8&>43#7,1/&3&,1?:# S1#'//&3&,1%#'#(&1&("(#'(,"13#,=# &1=,+('3&,1#*R74'1>*#&?#
'8?,#/*?&+*/#@*3E**1#34*#V8*'/*+W#'1/#V=,88,E*+W#'&+7+'=3:##
0&17*#34*#3+'5*73,+A#/A1'(&7?#>*1*+'88A#4'F*#'#("74#8'+>*+#3&(*#7,1?3'13#34'1#34*#'33&3"/*#
/A1'(&7?%# 34*#=,+('3&,1#7,13+,88*+#7'1#@*#/*?&>1*/#E&34#'1# &11*+d,"3*+O8,,)#?3+"73"+*:# S1#
34&?# 7,1=&>"+'3&,1%# 34*# ,"3*+O8,,)# 7,13+,88*+# (&1&(&X*?# 34*# 8'3*+'8%# =,+E'+/%# '1/# F*+3&7'8#
/&?3'17*#*++,+#E4&8*#34*#&11*+O8,,)#7,13+,88*+#)*+=,+(?#/&?3"+@'17*#'33*1"'3&,1#'1/#'33&3"/*#
3+'72&1>:#B4*#/*=&1&3&,1#,=#=,+('3&,1#>*,(*3+A#'1/#/*?&>1?#,=#34*#&11*+O8,,)#'1/#,"3*+O8,,)#
7,13+,88*+?#'+*#/*?7+&@*/#1*R3:#

2.1 Formation Geometry 

-,1?&/*+#34'3#34*#=8&>43#)'34#3A)&7'88A#8&*?#&1#'#4,+&X,13'8#)8'1*%#34*#=,+('3&,1#=8&>43#7,13+,8#
7'1#@*#?&()8&=&*/#'?#3E,#/*7,")8*/#4,+&X,13'8#'1/#F*+3&7'8#3+'72&1>#)+,@8*(?:#B4*#>*1*+'8#
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=,+('3&,1#>*,(*3+A#&?#?4,E1#&1#<&>:#L:##<,+#1'F&>'3&,1#)"+),?*?%#34*#),?&3&,1#'1/#F*8,7&3A#
,=# @,34# V8*'/*+W# '1/# V=,88,E*+W# '&+7+'=3# '+*# *R)+*??*/# E&34# +*?)*73# 3,# '# )+*O/*=&1*/# _,7'8#
B'1>*13#f8'1*#H_BfM#'1/#'+*#(*'?"+*/#@A#34*#,1O@,'+/#$f0#+*7*&F*+?:#
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#
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1/%M?('N?*$+5%O"?@"$(.%
B4*#4,+&X,13'8#=,+('3&,1#>*,(*3+&7#)'+'(*3*+?#&178"/*#34*#/*?&+*/#=,+E'+/#78*'+'17*#>7#'1/#
34*#/*?&+*/#8'3*+'8#78*'+'17*#57%#'?#/*=&1*/#&1#<&>:#L:#B4*#=,+E'+/#/&?3'17*#*++,+#>#'1/#8'3*+'8#
/&?3'17*#*++,+#5#7'1#@*#7'87"8'3*/#"?&1>#34*#=,88,E&1>#+*8'3&,1?4&)U#

#
( ) ( )
( ) ( )

sin cos

cos sin
L L cL
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lx xl
fy yf

χ χ
χ χ

− −( ) ( )( )( ) = −* + * +* +* + −, - , - , -, -
##### ##HLM#

%#E4*+*#χ# &?# 34*#'&+7+'=3#'X&("34#'1>8*%#P# '1/#.# '+*# 34*#'&+7+'=3#),?&3&,1#'8,1># 34*#P# '1/#.#
'R&?%#'1/#'#?"@?7+&)3# VCW# &?#"?*/#=,+#'88# V8*'/*+W#)'+'(*3*+?:# #Q#3+&>,1,(*3+&7#*R)+*??&,1#=,+#
34*#'X&("34#'1>8*#&?#>&F*1#'?U#

# ( )
2 2

sin y

x y

V

V V
χ =

+
# HJM#

%# E4*+*% &P# '1/#&.# '+*# 34*# )+,5*73&,1?# ,=# 34*# F*8,7&3A# '8,1># 34*# P# '1/# .# 'R*?# ,=# 34*# _Bf:#
`G"'3&,1#HLM#3+'1?=,+(?#34*#),?&3&,1#*++,+#=+,(#'1#_Bf#+*=*+*17*#=+'(*#3,#'#+*=*+*17*#=+'(*#
,+&*13*/# '8,1># 34*# F*8,7&3A# ,=# 34*# V8*'/*+W:# S1# '//&3&,1%# 34*# /*+&F'3&F*?# ,=# ># '1/# 5# 7'1# @*#
/*?7+&@*/#'?U#

#
( )
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sin

cos
xy L

L
Lxy xy L

V f
V Vf

χ χ
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%#E4*+*# Ω #&?#34*#'&+7+'=3#'1>"8'+#3"+1#+'3*#'1/# xyV #&?#34*#'&+7+'=3#F*8,7&3A#&1#34*#4,+&X,13'8#

)8'1*:#S3#&?#,@F&,"?#34'3#34*#8'3*+'8#'1/#=,+E'+/#/&?3'17*#7,13+,8?#'+*#7,")8*/:#
H/%&"($'=+5%O"?@"$(.%
B4*#F*+3&7'8#/&?3'17*#*++,+# v #7'1#@*#,@3'&1*/#'?U#

# L cv z z v= − − ### #HTM#

%#E4*+*# cv #&?#34*#/*?&+*/#F*+3&7'8#78*'+'17*#'1/#N#&?#34*#'&+7+'=3#),?&3&,1#'8,1>#34*#N#'R&?:#B4*#

F*+3&7'8#>*,(*3+A#&?#'8?,#?4,E1#&1#<&>:#L:##

2.2 Outer-Loop Controller 

B4*#,"3*+O8,,)# 7,13+,88*+# &?#/*?&>1*/#?*)'+'3*8A# =,+# 34*#/*7,")8*/#F*+3&7'8# '1/#4,+&X,13'8#
=,+('3&,1#>*,(*3+&*?:#B4*#F*+3&7'8#7,13+,88*+#&?#'#?&()8*#8&1*'+#'83&3"/*#3+'72*+#)+,F&/&1>#34*#

/*?&+*/#)&374#'1>8*# dθ #3,#@*#=,88,E*/#@A#34*#&11*+O8,,)#7,13+,88*+##

# d v vsK v K vθ = + ' ### #H\M#

%#E4*+*# K #&?#34*#=**/@'72#>'&1#3,#@*#?*8*73*/#8'3*+:#
B4*# ,"3*+O8,,)# 4,+&X,13'8# 7,13+,88*+# 7'87"8'3*?# 34*# /*?&+*/# 34+,338*# ),?&3&,1 Tδ '1/# 34*#

/*?&+*/#+,88#'1>8*#7,(('1/# dφ =,+#34*#&11*+O8,,)#7,13+,8#8'E?#3,#=,88,EU##
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f
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φ
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### #H]M#

%# E4*+*# >IJ# &?# '# 1,18&1*'+# ="173&,1# 3,# @*# /*3*+(&1*/# 1*R3:# B4*# /*?&>1# ,=# 34*# 4,+&X,13'8#
7,13+,88*+# &?# @'?*/# ,1# '# ;,1O_&1*'+# ZA1'(&7# S1F*+?&,1# H;_ZSM# '))+,'74%# E4&74#
'8>*@+'&7'88A# 3+'1?=,+(?# 34*#1,18&1*'+# ?A?3*(# &13,#'# 8&1*'+#,1*# HS?&/,+&#LYY\M# H08,3&1*#^#_&#
LYYLM#H-'8&?*#^#9A?/A2#LYYeM#?,#34'3#?3'1/'+/#8&1*'+#7,13+,8#3*741&G"*?#7'1#@*#'))8&*/:#B4*#
"?*# ,=# 1,18&1*'+# 3*741&G"*# )+,F&/*?# '1# *==*73&F*#E'A# =,+# 7,13+,88&1># 34*# '&+7+'=3# "1/*+# '#
E&/*#+'1>*#,=#('1*"F*+&1>#7,1/&3&,1?:##
S1# 34&?# ?)*7&=&7# )+,@8*(%# 3,#(&1&(&X*# 34*# =,+E'+/# '1/# 8'3*+'8# /&?3'17*# *++,+?# ># '1/# 5:# 34*#

/*?&+*/#@'12#'1>8*# dφ #'1/#34+,338*#7,(('1/#δQ#'+*#"?*/#'?#,"3*+O8,,)#7,13+,8#&1)"3?:##<+,(#
*G"'3&,1#H[M%#34*#?*7,1/#/*+&F'3&F*?#,=#>#'1/#5#7'1#@*#7'87"8'3*/#'?U#
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'' ') )

# ##HgM#

B,# *?3'@8&?4# 34*# +*8'3&,1?4&)# @*3E**1# 34&?# *G"'3&,1# '1/# 7,13+,8# &1)"3?# [ , ]T dδ φ %# 8*3W?# =&+?3#
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# #HeM#
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=8&>43#)'34#'1>8*%#+*?)*73&F*8A%#E&34# cos xyV Vγ = %# q #&?#34*#/A1'(&7#)+*??"+*%#0#&?#34*#E&1>#

'+*'%#'1/ DC #'1/# YC '+*#34*#/&(*1?&,18*??#/+'>#'1/#?&/*#=,+7*#7,*==&7&*13?:#

B4*#)+,5*73&,1#,=#V' #,13,#34*#8*F*8#)8'1#&?#>&F*1#@A#H'??"(&1>#'#G"'?&#?3*'/A#?3'3*#7,1/&3&,1#
E&34 0γ =' MU#

# 1 2 1 2 1 2cos cos cos ( )xy xy xy xy
xy b T T

V V V V
V V T T T K

V V V V
γ ω γ ω γ ω ω ω δ ω= = − = − = + −' ' # #HYM#

%#E4*+*# bT #'1/# TK '+*#7,1?3'13?#3,#@*#)+,F&/*/#@A#34*#'&+7+'=3#)+,)"8?&,1#(,/*8:#Q??"(&1>#

'#7,,+/&1'3*/#3"+1#7,1/&3&,1#=,+#@,34#34*#V8*'/*+W#'1/#V=,88,E*+W#'&+7+'=3U#
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# HLgM#

2.3 Inner-Loop Controller 

B4*# ,@5*73&F*# ,=# 34*# &11*+O8,,)# 7,13+,88*+# /*?&>1# &?# 3,# '74&*F*# /*?&+'@8*# /&?3"+@'17*#
'33*1"'3&,1# '1/# 3+'72&1># 7')'@&8&3&*?#E4&8*#('&13'&1&1># '# +*'?,1'@8*# ?3'@&8&3A#('+>&1# '1/#
/'()&1># +'3&,:# B4*# 8,1>&3"/&1'8# &11*+O8,,)# 7,13+,8# 8'E# 3+'72?# 34*# /*?&+*/# )&374# '1>8*%# '?#
?"))8&*/#@A#34*#,"3*+O8,,)#7,13+,88*+%#"?&1>#34*#=,88,E&1>#+*8'3&,1?4&)U#
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#### #HJKM#
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3. Test-Bed Development 

3.1 Aircraft Platform  

Q#?*3#,=#34+**#!<OJJ#+*?*'+74#'&+7+'=3#E*+*#/*?&>1*/#'1/#/*F*8,)*/#=,+#34*#=,+('3&,1#=8&>43#
*R)*+&(*13?:##Q834,">4#34*?*#'&+7+'=3#=*'3"+*#?&(&8'+&3&*?#E&34#34*#_,724**/W?#!<OJJ#'&+7+'=3%#
34*A#'+*#1,3#/A1'(&7'88A#?7'8*/#(,/*8?:# # S1?3*'/%# 34*#+*?*'+74# 3*'(#=,7"?*/#,1#/*?&>1&1>#
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'&+7+'=3#34'3#7,"8/#)+,F&/*#/*?&+'@8*#4'1/8&1>#G"'8&3A#'1/#)'A8,'/#7')'7&3A:#B4*#IDP#!<O
JJ#=8**3#&?#?4,E1#&1#<&>:#J:##Q//&3&,1'8#&1=,+('3&,1#'@,"3#34*#/*?&>1#'1/#('1"='73"+&1>#,=#
34*#IDP#!<OJJ#+*?*'+74#'&+7+'=3#&?#'F'&8'@8*#'3#H;'),8&3'1,#JKK\M:#

#

<&>"+*#J:###IDP#!<OJJ#9*?*'+74#Q&+7+'=3#H<,+('3&,1#<8&>43#<8**3M#

Q1#,F*+F&*E#,=#34*#'&+7+'=3#?)*7&=&7'3&,1?#&?#)+,F&/*/#&1#B'@8*#L:#

I&1>?)'1# L:Y]#(#

_*1>34# [:K\#(#E&34#)+,@*#

N*&>43# K:]L#(#

I&1>#Q+*'# L:[g#(J#

I*&>43# J[#b>#

<"*8#-')'@&8&3A# [:\#_#

6'R&("(#<8&>43#Z"+'3&,1# LJ#(&1"3*?#

-+"&?*#Q&+?)**/# TJ#(d?#

B'2*,==#0)**/# [K#(d?#

`1>&1*#d#B4+"?3# 9Q6LKKK#d#LJ\#;#

BdI#9'3&,#H="88A#="*8*/M# K:\\#

Id0#9'3&,#H="88A#="*8*/M# L]:\#b>d#(J#

B'@8*#L:#0)*7&=&7'3&,1?#,=#34*#3*?3O@*/#'&+7+'=3#

Z"+&1>#3'2*,==d8'1/&1>#'1/#)'+3#,=#34*#=8&>43%#34*#'&+7+'=3#&?#"1/*+#('1"'8#7,13+,8#E&34#'#LKO
74'11*8# f"8?*#-,/*#6,/"8'3&,1# Hf-6M#9d-# ?A?3*(:# B4*# >+,"1/# )&8,3# 4'?# 7,13+,8# ,=# 34*#
'&+7+'=3# )+&('+A# 7,13+,8# ?"+='7*?# H?3'@&8'3,+?%# '&8*+,1?%# '1/# +"//*+?M%# ?*7,1/'+A# 7,13+,8#
?"+='7*?# H=8')?M%#*1>&1*#34+,338*%#@+'2*?%#'1/#'# V7,13+,88*+#?E&374W# 3,#'73&F'3*d/*'73&F'3*#34*#
,1O@,'+/#'"3,1,(,"?#=8&>43#7,13+,8:###
B4*#3"+@&1*#)+,)"8?&,1#?A?3*(#>*1*+'3*?#")#3,#LJ\#;#,=#34+"?3:#Q1#`8*73+,1&7#-,13+,8#P1&3#
H`-PM#(,1&3,+?#34*#*R4'"?3#>'?#3*()*+'3"+*#'1/#*1>&1*#7,()+*??,+#)+*??"+*%#'1/%#&1#3"+1%#
7,13+,8?# 34*# 3"+@&1*# 9f6# @A# +*>"8'3&1># 34*# ="*8# ?"))8&*/# 3,# 34*# 3"+@&1*:# B4*# ="*8#
7,1?"()3&,1# &?# +'3*/# '3# '))+,R&('3*8A# K:[\# 8&3*+d(&1"3*# =,+# '# ('R&("(# 9f6# HLJg%KKKM#
?*33&1>:##B4+,">4,"3#34*#=8&>43#*R)*+&(*13%#E&34#*R7*)3&,1#,=#34*#3'2*,==#)4'?*%#34*#34+,338*#
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?*33&1>#&?#3A)&7'88A#E&34&1#34*#Hh#O#iM#+'1>*%#E&34#="*8#7,1?"()3&,1#&1#34*#+'1>*#,=#HK:L\OK:[M#
8&3*+d(&1"3*:##

3.2 Avionics System  

B4*#'F&,1&7?#?A?3*(#&?#/*?&>1*/#'?#'#(,/"8'3*/#?A?3*(#3,#(**3#34*#+*G"&+*(*13?#,=#'#E&/*#
+'1>*#,=#+*?*'+74#3,)&7?#&178"/&1>#=,+('3&,1#=8&>43#7,13+,8%#='"83O3,8*+'13#=8&>43#7,13+,8%#'1/#
F&?&,1O@'?*/#1'F&>'3&,1:#`'74#V=,88,E*+W#'&+7+'=3#*G"&)?#'#7,()8*3*#?*3#,=#'F&,1&7?#7')'@8*#,=#
/'3'# '7G"&?&3&,1%# 7,(("1&7'3&,1%# '1/# =8&>43# 7,13+,8:# S3# +*7*&F*?# 34*# V8*'/*+W# ),?&3&,1#
&1=,+('3&,1#'3#'#\KNX#")/'3*#+'3*#34+,">4#'#YKK#NX#9<#(,/*(:#B4*#V8*'/*+W#'F&,1&7?# &?#'#
?3+&))*/#/,E1#F*+?&,1# ,=# 34*# V=,88,E*+W# 'F&,1&7?#E&34#('&1# ,@5*73&F*?# '?# /'3'# '7G"&?&3&,1#
'1/#7,(("1&7'3&,1:#<&>:#[#?4,E?#34*#=,+('3&,1#7,1=&>"+'3&,1#'1/#7')'@&8&3&*?#,=#34*#V8*'/*+W#
'1/#V=,88,E*+W#'F&,1&7?#?A?3*(?:#

Follower Pilot 2 Follower Pilot 1 Leader Pilot

Leader

Follower 1

Follower 2

Data Acquisition

Communication

Data Storage

Data Acquisition

Communication

Data Storage

Flight Control

Signal Distribution

Calibration

Calibration

Follower 

Capability

Leader 

CapabilityFollower Pilot 2 Follower Pilot 1 Leader Pilot

Leader

Follower 1

Follower 2

Data Acquisition

Communication

Data Storage

Data Acquisition

Communication

Data Storage

Flight Control

Signal Distribution

Calibration

Calibration

Follower 

Capability

Leader 

Capability
#

<&>"+*#[:###<,+('3&,1#-,1=&>"+'3&,1#'1/#-')'@&8&3&*?#

Q#F&*E#,=#34*#&1?3'88*/#V=,88,E*+W#'F&,1&7?#?A?3*(#&?#?4,E1#&1#<&>:#T:#S1#>*1*+'8%#34*#'F&,1&7?#
+*7*&F*?#)&8,3#7,(('1/?%#(,1&3,+?#'&+7+'=3#?3'3*?%#)*+=,+(?#/'3'#7,(("1&7'3&,1%#>*1*+'3*?#
=,+('3&,1#7,13+,8#7,(('1/?%#'1/#/&?3+&@"3*?#7,13+,8#?&>1'8?#3,#)+&('+A#7,13+,8#?"+='7*?#'1/#
34*#)+,)"8?&,1#?A?3*(:#Q#/*?7+&)3&,1#,=#('5,+#'F&,1&7?#?"@O?A?3*(?#&?#)+,F&/*/#1*R3:#
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<&>"+*#T:###V<,88,E*+W#Q&+7+'=3#'1/#QF&,1&7?#0A?3*(#

1/%E5')<$%G?@64$"(%%%
B4*# =8&>43# 7,()"3*+# &?# @'?*/# ,1# '# f-OLKT# =,+('3# 7,()"3*+# ?3'72# E&34# '# [KK64X# -fP#
(,/"8*%# '# [JO74'11*8# L]O@&3# /'3'# '7G"&?&3&,1# (,/"8*%# '# ),E*+# ?"))8Ad7,(("1&7'3&,1#
(,/"8*%# '1/# '1# SZ`# 7,()'73# =8'?4# '/')3*+:# S1# '//&3&,1%# '# ?*3# ,=# 7"?3,(# f+&13*/# -&+7"&3#
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.,'+/# Hf-.M# E'?# /*F*8,)*/# =,+# &13*+='7&1># ?*1?,+# 7,(),1*13?%# >*1*+'3&1># f"8?*OI&/34#
6,/"8'3&,1# HfI6M# 7,13+,8# ?&>1'8?%# '1/#/&?3+&@"3&1># ?&>1'8?# 3,# *'74# 7,13+,8# '73"'3,+:# B4*#
f-OLKT#=,+('3#&?#?*8*73*/#@*7'"?*#,=#&3?#7,()'73#?&X*#'1/#*R)'1/'@&8&3A:#Q1#e#6.#7,()'73#
=8'?4# 7'+/# ?3,+*?# 34*#,)*+'3&,1# ?A?3*(%# 34*# =8&>43# 7,13+,8# ?,=3E'+*%# '1/# 34*# 7,88*73*/# =8&>43#
/'3':#Q#LT:eF#[[KK(Q4#_&Of,8A#@'33*+A#)'72#7'1#),E*+#34*#'F&,1&7?#?A?3*(#=,+#(,+*#34'1#'1#
4,"+%#)+,F&/&1>#?"==&7&*13#>+,"1/#3*?3&1>#'1/#=8&>43#(&??&,1#3&(*:#
H/%0"*#?(%04'$"%%
<8&>43# /'3'# &?# 7,88*73*/# '1/# 7'8&@+'3*/# ,1O@,'+/# =,+# @,34# +*'8O3&(*# 7,13+,8# '1/# ),?3O=8&>43#
'1'8A?&?:# B4*# ?*1?,+# ?"&3*# &178"/*# '# 0)'7*Q>*#(&1&# '&+O/'3'# )+,@*%# 3E,# 0*10A(# )+*??"+*#
?*1?,+?%# '#-+,??@,E# S6PTKK# S1*+3&'8#6*'?"+*(*13#P1&3# HS6PM%# '#$,,/+&74#D$[T#F*+3&7'8#
>A+,%# '# ;,F'3*8# j`6T# $f0# +*7*&F*+%# '# 34*+(&?3,+%# '1/# *&>43# ),3*13&,(*3*+?# (*'?"+&1>#
)+&('+A#7,13+,8#?"+='7*?#/*=8*73&,1?#H?3'@&8'3,+?%#'&8*+,1?%#+"//*+?M#'1/#=8,E#'1>8*?#H&%#'M:#Q#
/&>&3'8#F&/*,#7'(*+'# &?#'8?,# &1?3'88*/#,1#,1*#,=# 34*# V=,88,E*+?W# =,+# =8&>43#/,7"(*13'3&,1:#Q#
3,3'8# ,=# JJ# '1'8,># 74'11*8?# '+*#(*'?"+*/#E&34# '# L]O@&3# +*?,8"3&,1:#B4*# ?'()8&1># +'3*#E'?#
&1&3&'88A#?*3#'3#LKK#NX#=,+#/'3'#'7G"&?&3&,1#=8&>43?#'1/#8'3*+#+*/"7*/#3,#\K#NX#=,+#('374&1>#34*#
7,13+,8# 7,(('1/# ")/'3*# +'3*# H8&(&3*/# @A# 34*# 9d-# ?A?3*(M:# # -,1?&/*+# 34*# '&+7+'=3# ?4,+3#
)*+&,/#(,/*#,=#g:g#+'/d?*7#HL:J#NXM%#'#\K#NX#?'()8&1>#+'3*#)+,F&/*?#'#?"@?3'13&'8#'(,"13#,=#
,F*+?'()8&1>:##
B4*# '1'8,># ?&>1'8?# (*'?"+*/# ,1O@,'+/# &178"/*# '@?,8"3*# )+*??"+*# HKOLK[:\# 2f'M%# /A1'(&7#
)+*??"+*#HKO]:Y#2f'M%#'1>8*#,=#'33'72#HkJ\lM%#?&/*?8&)#'1>8*#HkJ\lM%#'&+#3*()*+'3"+*#HOLKOgKl-M%#
+,88# '1>8*# HkYKlM%# )&374# '1>8*# Hk]KlM%# [O'R&?# '77*8*+'3&,1?# HkLK>M%# [O'R&?# '1>"8'+# +'3*?#
HkJKKld?*7M%# ]O74'11*8# )+&('+A# 7,13+,8# ?"+='7*?# /*=8*73&,1?# HkL\lM%# '1/# ?*F*+'8# 'F&,1&7?#
4*'834# &1/&7'3,+?:# Q# $f0# +*7*&F*+# )+,F&/*?# /&+*73# (*'?"+*(*13?# ,=# 34*# '&+7+'=3# [O'R&?#
),?&3&,1# '1/# F*8,7&3A# E&34# +*?)*73# 3,# '1# `'+34O-*13*+*/O`'+34O<&R*/# H`-`<M# -'+3*?&'1#
7,,+/&1'3*# ?A?3*(:# B4*?*# (*'?"+*(*13?# '+*# 34*1# 3+'1?=,+(*/# &13,# '# _Bf# "?*/# @A# 34*#
=,+('3&,1# 7,13+,88*+:# B4*# $f0# (*'?"+*(*13# &?# ")/'3*/# '3# '# +'3*# ,=# JK# NX%# )+,F&/&1># '#
?"@?3'13&'8#'/F'13'>*#,F*+#34*#8,EO7,?3#LNX#$f0#?A?3*(:#
G/%G?*$(?5%0')*+5%R'#$('F4$'?*%0.#$"@%
Q#-,13+,8# 0&>1'8# Z&?3+&@"3&,1# 0A?3*(# H-0Z0M# &?# /*?&>1*/# 3,# >&F*# 34*# V=,88,E*+W# )&8,3# 34*#
=+**/,(#3,#?E&374#@*3E**1#('1"'8#'1/#'"3,1,(,"?#(,/*?#'3#'1A#3&(*#/"+&1>#34*#=8&>43:#Q#
@8,72#/&'>+'(#=,+#34*#-0Z0#&?#?4,E1#&1#<&>:#\:#
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<&>"+*#\:###-,13+,8#0&>1'8#Z&?3+&@"3&,1#0A?3*(#

Z"+&1>#34*#'"3,1,(,"?#(,/*%#34*#=8&>43#7,()"3*+#7'1#4'F*#7,13+,8#,=#'88#,+#'#?"@?*3#,=#?&R#
7,13+,8#74'11*8?#&178"/&1>#34*#8*=3#?3'@&8'3,+%#+&>43#?3'@&8'3,+%#8*=3#'&8*+,1%#+&>43#'&8*+,1%#/"'8#
+"//*+?%#'1/#*1>&1*#34+,338*:#BE,#?E&374&1>#(*74'1&?(?#'+*#/*?&>1*/#3,#*1?"+*#34*#?'=*3A#
,=# 34*# '&+7+'=3# O# VN'+/E'+*# 0E&374&1>W# '1/# V0,=3E'+*# 0E&374&1>W:# VN'+/E'+*# 0E&374&1>W#
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'88,E?#34*#)&8,3# 3,#?E&374#@'72#3,#('1"'8#7,13+,8# &1?3'138A#"1/*+#'1A#7&+7"(?3'17*:# S1#34*#
7'?*# ,=# 'F&,1&7?# ),E*+# 8,??%# 34*# ('1"'8# 7,13+,8# &?# *1>'>*/# '"3,('3&7'88A:# V0,=3E'+*#
0E&374&1>W# >&F*?# 34*# =8&>43# 7,()"3*+# 34*# =8*R&@&8&3A# ,=# 7,13+,88&1># '1A# 7,(@&1'3&,1# ,=# 34*#
'&+7+'=3W?# )+&('+A# 7,13+,8# ?"+='7*?# '1/# )+,)"8?&,1# E&34# )+*O)+,>+'((*/# ?*8*73&,1?:# B4*#
V0,=3E'+*# 0E&374&1>W# &?# &()8*(*13*/# 34+,">4# '# ?A134*?&?# ,=# @,34# 4'+/E'+*# '1/# ?,=3E'+*#
(,/"8*?:# 0)*7&=&7'88A%# 34*# ,1O@,'+/# ?,=3E'+*# +*'/?# )+*O/*3*+(&1*/# 74'11*8# ?*8*73&,1#
&1=,+('3&,1# =+,(# '# 8,># =&8*# /"+&1># 34*# &1&3&'8&X'3&,1# ?3'>*# ,=# 34*# *R*7"3&,1:# j17*# 34*#
V7,13+,88*+#?E&374W#&?#'73&F'3*/%#34*#?,=3E'+*#?*1/?#,"3#34*#74'11*8#?*8*73&,1#?&>1'8#34+,">4#
34*#/&>&3'8#,"3)"3#),+3#,=#34*#/'3'#'7G"&?&3&,1#7'+/:#B4&?#?&>1'8#&?#34*1#)'??*/#3,#'#7,13+,88*+#
@,'+/#3,#?*8*73#34*#)&8,3d,1O@,'+/#7,13+,8:#.A#"?&1>#34&?#=*'3"+*%#&1/&F&/"'8#7,(),1*13?#,=#
34*#=8&>43#7,13+,8#?A?3*(#7'1#@*#3*?3*/#&1/*)*1/*138A:#B4&?%#&1#3"+1%#&17+*'?*?#34*#=8*R&@&8&3A#
'1/#&()+,F*?#34*#?'=*3A#,=#34*#=8&>43O3*?3&1>#,)*+'3&,1:#
E/%U5"=$(?73+)*"$'=%8*$"(>"("*="%
`8*73+,O6'>1*3&7#S13*+=*+*17*#H`6SM#7'1#),?*#?&>1&=&7'13#34+*'3?#3,#34*#?'=*3A#,=#34*#'&+7+'=3:#
B4&?# &?# *?)*7&'88A# 3+"*# =,+# ?('88# PQD?%# E4*+*# '# F'+&*3A# ,=# *8*73+,1&7# 7,(),1*13?# '+*#
7,1=&1*/#E&34&1#'#8&(&3*/#?)'7*:#B4*#(,?3#F"81*+'@8*#)'+3#,=#34*#'F&,1&7?#?A?3*(#&?#,=3*1#34*#
9d-#8&12#@*3E**1#34*#>+,"1/#)&8,3#'1/#34*#'&+7+'=3%#E4&74#/&+*738A#'==*73?#34*#?'=*3A#,=#34*#
'&+7+'=3#'1/#>+,"1/#7+*E:#.*&1>#78,?*#&1#/&?3'17*#3,#?*F*+'8#&13*+=*+*17*#?,"+7*?#?"74#'?#34*#
-fP%#F*+3&7'8#>A+,%#9<#(,/*(%#'1/#'1A#7,11*73&,1#7'@8*#'73&1>#'?#'1#'13*11'%#34*#+'1>*#,=#
34*#9d-#?A?3*(#7'1#@*#?*F*+*8A#+*/"7*/:#0&17*#)+*F*13&,1#&?#21,E1#3,#@*#34*#@*?3#?3+'3*>A#
'>'&1?3#`6S%#?)*7&'8#7'+*#&?#&17,+),+'3*/#&13,#34*#?*8*73&,1#,=#34*#V7,((*+7&'8O,==O34*O?4*8=W#
)+,/"73?#'?#E*88#'?#34*#/*?&>1#'1/#&1?3'88'3&,1#,=#34*#7"?3,(&X*/#7,(),1*13?:#0)*7&=&7'88A%#
8,E#)'??#=&83*+?#'+*#/*?&>1*/#=,+#34*#),E*+#?A?3*(m#'88#),E*+#'1/#?&>1'8#7'@8*?#'+*#?4&*8/*/#
'1/#)+,)*+8A#>+,"1/*/m#'1/#'8"(&1"(#*178,?"+*?#'+*#/*F*8,)*/#'1/#?*'8*/#E&34#7,))*+#,+#
'8"(&1"(#3')*#3,#?4&*8/#34*#4'+/E'+*#7,(),1*13?:##j17*#34*#'F&,1&7?#?A?3*(#&?#&13*>+'3*/#
E&34&1#34*#'&+=+'(*%#=*++&3*#74,2*?#'+*#&1?3'88*/#'8,1>#?*8*73*/#7'@8*?#@'?*/#,1#34*#1,&?*#8*F*8#
(*'?"+*/#E&34#'# ?)*73+"(#'1'8AX*+:# #;*F*+34*8*??%# '834,">4#/*3'&8*/# 8'@#`6S# 3*?3&1>#4'?#
@**1# )+,F*1# &(),+3'13%# @*7'"?*# ,=# 34*# "1)+*/&73'@8*# 1'3"+*# ,=# 34*# `6S# &??"*%# ?3+&73# 9d-#
>+,"1/# +'1>*# 3*?3#)+,7*/"+*?# '+*# =,88,E*/#@*=,+*# *'74# 3'2*,==# 3,# *1?"+*# 34*# ?'=*3A#,=# 34*#
=8&>43#,)*+'3&,1:#

4. Modeling and Parameter Identification 

B4*#'F'&8'@&8&3A#,=#'1#'77"+'3*#('34*('3&7'8#(,/*8#,=#34*#3*?3O@*/#&?#7+&3&7'8#=,+#34*#?*8*73&,1#
,=# =,+('3&,1# 7,13+,8# )'+'(*3*+?# '1/# 34*# /*F*8,)(*13# ,=# '# 4&>4O=&/*8&3A# ?&("8'3&,1#
*1F&+,1(*13:#B4*#(,/*8&1>#)+,7*??#&?#('&18A#@'?*/#,1#34*#*()&+&7'8#/'3'#7,88*73*/#34+,">4#
@,34#>+,"1/#3*?3?#'1/#=8&>43O3*?3&1>#*R)*+&(*13?:#

4.1 Identification of the Aircraft Linear Mathematical Model 
B4*#/*7,")8*/#8&1*'+#'&+7+'=3#(,/*8#&?#/*3*+(&1*/#34+,">4#'#f'+'(*3*+#SZ*13&=&7'3&,1#HfSZM#
*==,+3:#Q#?*+&*?#,=#&1&3&'8#3*?3#=8&>43?#'+*#)*+=,+(*/#3,#7,88*73#/'3'#"?*/#=,+#34*#&/*13&=&7'3&,1#
)+,7*??:# BA)&7'8# )&8,3O&15*73*/#('1*"F*+?%# &178"/&1># ?3'@&8'3,+# /,"@8*3?%# '&8*+,1# /,"@8*3?%#
+"//*+#/,"@8*3?%#'1/#'&8*+,1d+"//*+#/,"@8*3?%#'+*#)*+=,+(*/#E&34#F'+&,"?#('>1&3"/*?# 3,#
*R7&3*# 34*#'&+7+'=3# 8,1>&3"/&1'8#'1/# 8'3*+'8O/&+*73&,1'8#/A1'(&7?:#<&>:#g# +*)+*?*13?#'# 3A)&7'8#
'&8*+,1d+"//*+#/,"@8*3?#('1*"F*+%#E4*+*#'#+"//*+#/,"@8*3#&?#)*+=,+(*/#&((*/&'3*8A#'=3*+#
'1#'&8*+,1#/,"@8*3:# #
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#

<&>"+*#]:###<8&>43#Z'3'#=,+#_&1*'+#6,/*8#S/*13&=&7'3&,1#

B4*# &/*13&=&7'3&,1# ,=# 34*# 8&1*'+# (,/*8# &?# )*+=,+(*/# "?&1># '# [O?3*)# )+,7*??:# <&+?3%# '=3*+# '#
/*3'&8*/# *R'(&1'3&,1# ,=# 34*# =8&>43# /'3'%# 3E,#/'3'# ?*>(*13?#E&34# 34*# @*?3# G"'8&3A# =,+# *'74#
78'??#,=#('1*"F*+?#'+*#?*8*73*/:#;*R3%#'#?"@?)'7*O@'?*/#&/*13&=&7'3&,1#(*34,/#H_5"1>#LYYYM#
&?#"?*/#3,#)*+=,+(#34*#)'+'(*3*+# &/*13&=&7'3&,1#E&34#,1*#?*3#,=#/'3':#<&1'88A%# 34*#&/*13&=&*/#
8&1*'+# (,/*8# &?# F'8&/'3*/# 34+,">4# 7,()'+&1># 34*# ?&("8'3*/# '&+7+'=3# +*?),1?*# E&34# 34*#
+*('&1&1># "1"?*/# /'3'# ?*3:# B4&?# &/*13&=&7'3&,1# )+,7*??# &?# +*)*'3*/# "13&8# '# ?'3&?='73,+A#
'>+**(*13#&?#'74&*F*/:#<,88,E&1>#34*#&/*13&=&7'3&,1#?3"/A%#34*#*?3&('3*/#8&1*'+#8,1>&3"/&1'8#
'1/#8'3*+'8O/&+*73&,1'8#'*+,/A1'(&7#(,/*8#&1#7,13&1","?#3&(*#'+*#=,"1/#3,#@*U#

#
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0 0 1 0 0

TT
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VV

i
qq
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θθ
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'

'
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### #HJLM#

#

0.430 0.094 -1.030 0.237 0.272 -0.771

-67.334 -7.949 5.640 0 -101.845 33.474

20.533 -0.655 -1.996 0 -6.261 -24.363

0 1 0 0 0 0

A

R

pp
rr

ββ
δ
δ

φφ
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( )* + * + * + * += + * +* + * + * + * + , -
* + * + * + * +

* + * + * +* + , - , - , -, -

'

'

'
'

# HJJM#

%#E4*+*# TV &?#34*#3+"*#'&+?)**/:#B4&?#(,/*8#+*)+*?*13?#34*#'&+7+'=3#&1#'#?3*'/A#'1/#8*F*8#=8&>43#

'3#&QV%TJ#(d?%#MV# [LK#(#'@,F*# 34*# ?*'# 8*F*8%# '3# 3+&((*/#7,1/&3&,1#E&34#α%V%[#/*>%#E&34#
&1)"3?#'M%n#OL°%#δ1%n#δW#nK°#'1/#'#34+"?3#=,+7*#'8,1>#34*#R#@,/A#'R&?#,=#34*#'&+7+'=3#Q%V#\T:]J#;:#
B4*#/*7,")8*/#8&1*'+#(,/*8#&?#"?*/#8'3*+#=,+#34*#=,+('3&,1#7,13+,88*+#/*?&>1:#

4.2 Identification of the Non-Linear Mathematical Model 
Q# (,+*# /*3'&8*/# 1,1O8&1*'+# ('34*('3&7'8# (,/*8# &?# &/*13&=&*/# =,+# 34*# /*F*8,)(*13# ,=# '#
=,+('3&,1#=8&>43#?&("8'3,+:#B4*#&/*13&=&7'3&,1#)+,7*??#=,+#'#1,1O8&1*'+#/A1'(&7#?A?3*(#+*8&*?#
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,1#/*3'&8*/#21,E8*/>*#,=#34*#?A?3*(#/A1'(&7?#'8,1>#E&34#34*#'))8&7'3&,1#,=#(&1&(&X'3&,1#
'8>,+&34(?#H6'&1*#^#S8&==#LYe]M:#S1#>*1*+'8%#34*#1,1O8&1*'+#(,/*8#,=#'1#'&+7+'=3#?A?3*(#7'1#@*#
/*?7+&@*/#"?&1>#34*#=,88,E&1>#>*1*+'8#=,+(#H03*F*1?#^#_*E&?#LYYJM%#H9,?2'(#LYY\MU#

#
( , , , ( , ), ( , ));

( , , , ( , ), ( , ));
A A

A A

x f x G F x M x

y g x G F x M x

δ δ δ
δ δ δ

=
=
'

### #HJ[M#

E4*+*# P# &?# 34*# ?3'3*# F*73,+%# .# &?# 34*# ,"3)"3# F*73,+%# !# &?# 34*# &1)"3# F*73,+%#O# &?# '# F*73,+# ,=#
>*,(*3+&7#)'+'(*3*+?#'1/# &1*+3&'# 7,*==&7&*13?%# '1/#E1# '1/#31# '+*#'*+,/A1'(&7# =,+7*?#'1/#
(,(*13?# '73&1># ,1# 34*# '&+7+'=3:# B4*# ="173&,1?# ># '1/# )# '+*# 21,E1# '?# '1'8A3&7# ="173&,1?#
(,/*8&1># 34*#/A1'(&7?#,=#'#+&>&/O@,/A#?A?3*(:#B4*#'*+,/A1'(&7# =,+7*?#'1/#(,(*13?#'+*#
*R)+*??*/#"?&1>#34*#'*+,/A1'(&7#7,*==&7&*13?#H9,?2'(#LYY\M%#&178"/&1>#/+'>#7,*==&7&*13#GR%#
?&/*# =,+7*#7,*==&7&*13#GS%# 8&=3#7,*==&7&*13#GC%# +,88&1>#(,(*13#7,*==&7&*13#G5%#)&374&1>#(,(*13#
7,*==&7&*13#G@%#'1/#A'E&1>#(,(*13#7,*==&7&*13#G*U##

#
( , ) ( , )

( , ) , ( , )

( , ) ( , )

D l

A Y A m

L n

C x bC x
F qS C x M qS cC x

C x bC x

δ δ
δ δ
δ δ

( ) ( )
* + * += =* + * +
* + * +, - , -

### #HJTM#

B4*# (,(*13?# ,=# &1*+3&'# ,=# 34*# '&+7+'=3# '+*# *R)*+&(*13'88A# *F'8"'3*/# E&34# '# V?E&1>#
)*1/"8"(W#*R)*+&(*13'8#?*3O")#H0,"8*#^#6&88*+#LY[TM%#'?#?4,E1#&1#<&>:#g#

#

<&>"+*#g#`R)*+&(*13'8#0*3")#=,+#6*'?"+&1>#Q&+7+'=3#6,(*13?#,=#S1*+3&'#

B4*#)+,/"73#,=#&1*+3&'#8PN#7,"8/#1,3#@*#*F'8"'3*/#"?&1>#34*#)*1/"8"(O@'?*/#(*34,/:#B4"?%#
34*#+*('&1&1>#&??"*#&?#3,#/*3*+(&1*#8PN#'8,1>#E&34#34*#F'8"*?#,=#34*#'*+,/A1'(&7#/*+&F'3&F*?#
,=#34*#'&+7+'=3:#B4*#+*8'3&,1?4&)#=+,(#34*#7,*==&7&*13?#,=#34*#8&1*'+#(,/*8?#HJLM#'1/#HJJM#3,#34*#
F'8"*?# ,=# 34*# '*+,/A1'(&7# /*+&F'3&F*?# '1/# >*,(*3+&7O&1*+3&'8# )'+'(*3*+?# '+*# 21,E1#
H03*F*1?# ^# _*E&?# LYYJM:# Q=3*+# &1F*+3&1># 34*?*# +*8'3&,1?4&)?# '1/# "?&1># 34*# *R)*+&(*13'8#
F'8"*?#,=# 34*#>*,(*3+&7#'1/#&1*+3&'8#)'+'(*3*+?%# &1&3&'8#F'8"*?# =,+#*'74#,=# 34*#'*+,/A1'(&7#
?3'@&8&3A#/*+&F'3&F*?#'+*# 7'87"8'3*/:#Q#0*G"*13&'8#o"'/+'3&7#f+,>+'((&1># H0ofM# 3*741&G"*#
HN,72#^#074&33,E?2&#LYe[M#&?#34*1#"?*/#3,#&3*+'3&F*8A#(&1&(&X*#34*#9,,3#6*'1#0G"'+*%H960M#
,=#34*#/&==*+*17*#@*3E**1#34*#'73"'8#'1/#?&("8'3*/#'&+7+'=3#,"3)"3?#p-'()'#*3#'8:#JKKgq:#B4*#
+*?"83&1>#1,1O8&1*'+#('34*('3&7'8#(,/*8#&?#>&F*1#@AU#
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O"?@"$('=%+*A%'*"($'+5X%
c #n#K:g]#(%###############F#n#L:Y]#(%## #######0#n#L:[g#(J#

8PP#n#L:]L#b>#(J%#######8..#n#g:\L#b>#(J%######8NN#n#g:Le#b>#(J%#######8PN#n#OK:JT#b>#(J#
3#n#JK:]T#b>%## ####Q#n#\T:]J#;#

C?*)'$4A'*+5%+"(?A.*+@'=%A"('-+$'-"#X%
GRY#n#K:KKe\%## GR&#n#K:\KgY%## GRT#n#K:KKKK%# GR'M##n#OK:K[[Y#
GCY#n#OK:KTYJ%## GC&#n#[:J\eK%## GCT#n#OK:KKK]%## GC'M##n#K:LeYe#
G@Y#n#K:KJJ]%## G@&#n#OK:Tg[Y%## G@T#n#O[:TTYK%## G@'M##n#OK:[]TT#

C+$"(+57R'("=$'?*+5%+"(?A.*+@'=%A"('-+$'-"#X%

GSY#n#K:KL\]%## GSβ#n#K:JgJ\%## GS6#n#L:JL\L%## #

GS(#n#OL:L]Le%## GSδ1#n#K:Le[]%## GSδW#n#OK:T\YJ#

G5Y#n#OK:KKLL%## G5β#n#OK:K[eK%## G56#n#OK:JL[T%## #

G5(#n#K:LLTg%## G5δ1#n#OK:K\\Y%## G5δW#n#K:KLTL#

G*Y#n#OK:KKK]%## G*β#n#K:K[]L%## G*6#n#OK:L\L[%## #

G*(#n#OK:LY\e%## G*δ1#n#OK:K[\e%## G*δW#n#OK:K\\\#
E4*+*# c &?#34*#(*'1#'*+,/A1'(&7#74,+/%#F#&?#34*#E&1>#?)'1%#0#&?#34*#E&1>#'+*'%#'1/#@#&?#34*#
'&+7+'=3#('??#E&34#'#]Kr#="*8#7')'7&3A:#
Q#=&1'8#F'8&/'3&,1#,=#34*#1,1O8&1*'+#(,/*8#&?#34*1#7,1/"73*/#"?&1>#34*#F'8&/'3&,1#=8&>43#/'3'#
?*3%# '?# &3#E'?#)*+=,+(*/# =,+# 34*# 8&1*'+#('34*('3&7'8#(,/*8:# # <&>"+*# e# ?4,E?#'# ?"@?3'13&'8#
'>+**(*13#@*3E**1#34*#(*'?"+*/#'1/#34*#?&("8'3*/#/'3'#E&34#34*#1,1O8&1*'+#(,/*8:#

#

<&>"+*#e:#_&1*'+#'1/#;,1O8&1*'+#6,/*8#0&("8'3&,1?#-,()'+*/#3,#Q73"'8#<8&>43#Z'3'#

4.3 Engine and Actuator Models 

B4*# *1>&1*# ('34*('3&7'8# (,/*8# &?# /*=&1*/# '?# 34*# 3+'1?=*+# ="173&,1# =+,(# 34*# 34+,338*#
7,(('1/#3,# 34*#'73"'8#*1>&1*#34+"?3#,"3)"3:#B4*#*F'8"'3&,1#,=# 34&?#(,/*8# &?# &(),+3'13#'?#
34*# 5*3# )+,)"8?&,1# ?A?3*(#4'?# '# ?"@?3'13&'88A# 8,E*+#@'1/E&/34# 7,()'+*/#E&34# +*?3# ,=# 34*#
7,13+,8#?A?3*(:#<&>:#Y#)+,F&/*?#'#)4,3,#'1/#'#?74*('3&7#/+'E&1>#,=#34*#*R)*+&(*13'8#?*3O")#
"?*/#=,+#34*#&/*13&=&7'3&,1#)+,7*??:#
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######## #

<&>"+*#Y:###`1>&1*#$+,"1/#B*?3#0*3")#'1/#074*('3&7#

B4*#3"+@&1*#&?#(,"13*/#,1#'#7"?3,(&X*/#*1>&1*#3*?3#?3'1/#E4*+*#34*#(,3&,1#&?#8&(&3*/#3,#@*#
,18A# '8,1># 34*# 34+"?3# =,+7*# HRM# /&+*73&,1:# B4*# 34+"?3# &?# 34*1# (*'?"+*/# @A# +*'/&1># 34*#
/&?)8'7*(*13#,=# '# 8&1*'+#),3*13&,(*3*+:#B4*# 34+,338*# 7,13+,8# &?# @'?*/#,1#eO@&3#fI6#?&>1'8#
>*1*+'3*/# @A# 34*# 7,()"3*+# E&34# '# 34+,338*# +'1>*# @*3E**1# K# '1/# J\\:# Z"+&1># 34*# 3*?3%# '#
?*G"*17*# ,=# 34+,338*# 7,(('1/?# &?# ?*13# 3,# 34*# 3"+@&1*# '1/# 34*# 7,++*?),1/&1># 34+"?3# &?#
(*'?"+*/#E&34#34*#/'3'#'7G"&?&3&,1#?A?3*(%#'?#?4,E1#&1#<&>:#LK:###

#

<&>"+*#LK:###B4+,338*#B4+"?3#9*?),1?*#&1#B*?3#B&(*#0*G"*17*#

B4*# =&+?3# ?3*)#,=# 34*#*1>&1*#(,/*8# &/*13&=&7'3&,1# &?# 3,# &/*13&=A# 34*#?3'3&7#>'&1#,=# 34*#*1>&1*#
+*?),1?*# =+,(# 34*# 34+,338*# ),?&3&,1# 3,# 34*# 34+"?3# ,"3)"3:# <,+# ?&()8&7&3A# )"+),?*?%# '# 8&1*'+#
=&33&1># &?# "?*/:# B4*# 8&1*'+&X*/# &1)"3O,"3)"3# +*8'3&,1?4&)# "1/*+# ?3*'/AO?3'3*# 7,1/&3&,1# &?#
=,"1/#3,#@*U#

# ( ) b T TT N T K δ= + # #HJ\M#

%#E&34# 0.624TK = '1/# 25.86bT = − :##

B,# G"'13&=A# 34*# 3+'1?&*13# +*?),1?*# ,=# 34*# *1>&1*# /A1'(&7?%# '# ?3'1/'+/# )+*/&73&,1# *++,+#
(*34,/#&?#'))8&*/#3,#?*8*73*/#/'3'#?*>(*13?#E4*+*#34*#34+,338*#&1)"3#7,1?&?3?#,=#'#?*+&*?#,=#
?3*)O8&2*# ?&>1'8?%# '?# ?4,E1# &1# <&>:# LK:# B4*# &/*13&=&7'3&,1# +*?"83# ?4,E?# 34'3# 34*# *1>&1*#
/A1'(&7#+*?),1?*#7'1#@*#'))+,R&('3*/#E&34#'#L?3#,+/*+#?A?3*(#'1/#'#)"+*#3&(*#/*8'AU##
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### #HJ]M#

%# E&34# 0.25secTτ = %# '1/# 0.26secdτ = :# Q?# &1/&7'3*/# @A# 34*# F'8"*?# ,=# Tτ # '1/# dτ %# 34*# 8,E#

@'1/E&/34# ,=# 34*# 3"+@&1*# )+,)"8?&,1# ?A?3*(# ),?*?# '# ="1/'(*13'8# 8&(&3'3&,1# ,=# 34*#
'74&*F'@8*#=,+('3&,1#=8&>43#)*+=,+('17*#"1/*+#('1*"F*+*/#=8&>43#7,1/&3&,1?:#
Z&>&3'8# 9d-# ?*+F,?# '+*# "?*/# '?# '73"'3,+?# =,+# 34*# '&+7+'=3# )+&('+A# 7,13+,8# ?"+='7*?:# B4*#
'73"'3,+#/A1'(&7?#&?#/*=&1*/#'?#34*#3+'1?=*+#="173&,1#=+,(#34*#eO@&3#/&>&3'8#7,(('1/#3,#34*#
'73"'3,+W?# '73"'8# ),?&3&,1:# Z"+&1># >+,"1/# *R)*+&(*13?%# '# ?*3# ,=# ?3*)# &1)"3?# &?# ?*13# 3,# 34*#
'73"'3,+:#.,34#34*#7,13+,8#7,(('1/#'1/#'&+7+'=3#?"+='7*#/*=8*73&,1#'+*#34*1#+*7,+/*/:##B4*#
)+,7*/"+*# &?# +*)*'3*/# =,+# '88# ?&R# '73"'3,+?#,1# *'74#,=# 34*#)+&('+A# 7,13+,8# ?"+='7*?:# # <+,(#
/'3'# '1'8A?&?# &3# &?# =,"1/# 34'3# 34*# '73"'3,+#(,/*8# 7,"8/#@*# '))+,R&('3*/#@A# 34*# =,88,E&1>#
3+'1?=*+#="173&,1U#
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ad s
Act
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### #HJgM#

E4*+*# 34*# '73"'3,+# 3&(*# 7,1?3'13# aτ # '1/# 34*# 3&(*#/*8'A# 7,1?3'13# adτ E*+*# &/*13&=&*/# 3,# @*#

K:KT#?*7#'1/#K:KJ#?*7#+*?)*73&F*8A: 

5. Controller Implementations and Simulation 

5.1 Controller Parameters 

j17*#'#7,()8*3*# ?*3#,=#'&+7+'=3#('34*('3&7'8#(,/*8# &?#'F'&8'@8*%#7,13+,88*+#)'+'(*3*+?#'+*#
/*?&>1*/#@'?*/#,1#34*#78'??&7#+,,3O8,7"?#(*34,/:#B4*#3&(*#/*8'A?#&1#34*#*1>&1*#(,/*8#HJ]M#
'1/# '73"'3,+# (,/*8# HJgM# '+*# +*)8'7*/# @A# L?3# ,+/*+# f'/*# '))+,R&('3&,1?# 3,# ='7&8&3'3*# 34*#
7,13+,88*+#/*?&>1:#B4*#=&1'8#?*8*73&,1?#,=#7,13+,88*+#)'+'(*3*+?#'+*#8&?3*/#&1#B'@8*#J:#

S11*+O_,,)#-,13+,88*+# j"3*+O_,,)#-,13+,88*+#

_,1>&3"/&1'8# _'3*+'8# Z&+*73&,1'8# <,+E'+/# _'3*+'8# D*+3&7'8#

0.12qK = #

0.50Kθ = #

0.04pK = #

0.35Kφ = #

0.16rK = #

0 1.80ω = #

0.24fK = #

2.06fsK = #

0.20K =) #

0.89sK =) #

3.23vK = #

1.76vsK = #

B'@8*#J:#<,+('3&,1#-,13+,88*+#f'+'(*3*+?#

5.2 Simulation Environment 
Q# 0&("8&12sO@'?*/# =,+('3&,1# =8&>43# ?&("8'3&,1# *1F&+,1(*13# &?# /*F*8,)*/# "?&1># 34*#
('34*('3&7'8#(,/*8# '1/# 34*# =,+('3&,1# 7,13+,8# 8'E?# /*?7+&@*/# &1# )+*F&,"?# ?*73&,1?:# B4&?#
*1F&+,1(*13# )+,F&/*?# '# )8'3=,+(# =,+# F'8&/'3&1># '1/# +*=&1&1># 34*# =,+('3&,1# 7,13+,8# 8'E?#
)+&,+# 3,#)*+=,+(&1># 34*#'73"'8# =8&>43# 3*?3?:#B4*#?&("8'3&,1#?74*(*?#'+*# &13*+='7*/#E&34# 34*#
6'38'@s#D&+3"'8#9*'8&3A#B,,8@,R#HD9BM%#E4*+*#,@5*73?#'1/#*F*13?#,=#'#F&+3"'8#E,+8/#7'1#@*#
/+&F*1# @A# ?&>1'8?# =+,(# 34*# ?&("8'3&,1:# B4*# 7,88*73*/# =8&>43# /'3'# 7'1# '8?,# @*# )8'A*/# @'72#
V?&/*O@AO?&/*W# E&34# 34*# ?&("8'3*/# '&+7+'=3# +*?),1?*:# B4&?# )+,F&/*?# '1# &(),+3'13# 3,,8# =,+#
F'8&/'3&1>#34*#'77"+'7A#,=#34*#&/*13&=&*/#1,18&1*'+#'&+7+'=3#(,/*8:#S1#'//&3&,1%#34*#'@&8&3A#=,+#
D9B# 3,# F&?"'8&X*# 34*# *13&+*# =,+('3&,1# =8&>43# ,)*+'3&,1%# *?)*7&'88A# E&34# 34*# =+**/,(# ,=#
?*8*73&1># /&==*+*13# F&*E),&13?%# )+,F&/*?# '# ?"@?3'13&'8# '(,"13# ,=# &13"&3&,1# /"+&1># 34*#
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7,13+,88*+# /*?&>1# '1/# =8&>43# )8'11&1># )+,7*??:# <&>"+*# LL# ?4,E?# 34*# =,+('3&,1# =8&>43#
?&("8'3&,1#*1F&+,1(*13:#

#

<&>"+*#LL:###<,+('3&,1#<8&>43#0&("8'3&,1#`1F&+,1(*13#

5.3 Robustness Assessment 
B4*# +,@"?31*??# ,=# 34*# =,+('3&,1# 7,13+,88*+# &?# &1F*?3&>'3*/# E&34# '# 6,13*# -'+8,# (*34,/%#
E4*+*#'#?*+&*?#,=#?&("8'3&,1#?3"/&*?#&?#)*+=,+(*/#3,#*F'8"'3*#34*#/*>+'/'3&,1#,=#34*#78,?*O
8,,)# ?3'@&8&3A# '1/# 3+'72&1># )*+=,+('17*# 7'"?*/# @A# 34*#(*'?"+*(*13# 1,&?*# '1/#(,/*8&1>#
*++,+:#B4*#=,88,E&1>#3E,#=,+('3&,1#7,1=&>"+'3&,1?#'+*#'1'8AX*/U#

-,1=&>"+'3&,1#tLU## 20 , 20 , 20c c cl m f m v m= − = = ## HJeM#

-,1=&>"+'3&,1#tJU## 20 , 20 , 20c c cl m f m v m= = = − # HJYM#

B4*?*#3E,#7,1=&>"+'3&,1?#'+*# 8'3*+#"?*/#/"+&1>#34*#=8&>43O3*?3&1>#)+,>+'(:#B,#?&("8'3*#34*#
*==*73?#,=#34*#(*'?"+*(*13#*++,+d1,&?*%#'#?*3#,=#+'1/,(#1,&?*#&?#'))8&*/#,1#'88#&1)"3?#,=#34*#
=,+('3&,1#7,13+,88*+:#0)*7&=&7'88A%#+'1/,(#F'8"*?#=,88,E&1>#$'"??&'1#/&?3+&@"3&,1?#E&34#X*+,#
(*'1?# '+*# '//*/# 3,# 34*# ?&("8'3&,1# )'+'(*3*+?# "?&1># 34*# =,88,E&1># ?3'1/'+/# /*F&'3&,1#
F'8"*?U#

• J#/*>d?*7#=,+#'1>"8'+#+'3*?#H)%#G%#+Mm##

• J#/*>#=,+#`"8*+#'1>8*?#H#%#φMm##
• T#(#=,+#4,+&X,13'8#),?&3&,1#7,(),1*13?#HR%AMm##

• e#(#=,+#F*+3&7'8#),?&3&,1#7,(),1*13#HXMm##

• J#(d?*7#=,+#4,+&X,13'8#F*8,7&3A#7,(),1*13?#HDR%#DAMm##

• T#(d?#=,+#F*+3&7'8#F*8,7&3A#7,(),1*13#HDXM:##
B4*?*#F'8"*?# '+*# ?"@?3'13&'88A#4&>4*+# 34'1# 34*# 3A)&7'8#(*'?"+*(*13#1,&?*#,@?*+F*/# &1# 34*#
'73"'8#=8&>43#/'3':#0&("8'3&,1#?3"/&*?#+*F*'8#34'3#34*#'F*+'>*#3+'72&1>#*++,+#&17+*'?*/#@A#]r#
'1/# JKr# =,+# 7,1=&>"+'3&,1?# tL# '1/# tJ%# +*?)*73&F*8A%# 7,()'+*/# 3,# 34*# &/*'8# 7,1/&3&,1?#
E&34,"3#(*'?"+*(*13#*++,+:##
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Q1# '??*??(*13# ,=# 34*# 78,?*/O8,,)# ?3'@&8&3A# E&34# 34*# *R&?3*17*# ,=# ("83&)8&7'3&F*# (,/*8&1>#
"17*+3'&13&*?# &?#'8?,#)*+=,+(*/#E&34#'#JO?3*)#)+,7*??:#<&+?3%#'#kLKr#F'+&'3&,1# &?#'))8&*/#,1#
*'74#,=# 34*# [K# 8,1>&3"/&1'8# '1/# 8'3*+'8O/&+*73&,1'8# '*+,/A1'(&7#/*+&F'3&F*?%# ,1*#'3# '# 3&(*:#
0&("8'3&,1#?3"/&*?#?4,E#1,#"1?3'@8*#7,1/&3&,1?# =,+#'88# 7,1=&>"+'3&,1?#E&34# 34*# 34+**#(,?3#
?*1?&3&F*#7,*==&7&*13?#=,"1/#3,#@*#GR&%%GC&%#'1/#G@&:#B4*#?*7,1/#?3*)#&?# 3,#F'+A#34*#F'8"*#,=#
34*?*# 34+**# 7,*==&7&*13?# '8,1># E&34# ?*F*1# '//&3&,1'8# )'+'(*3*+?# @A# k\r# '1/# )*+=,+(# '#

?&("8'3&,1#=,+#*'74#),??&@8*#7,(@&1'3&,1:#B4*#?*8*73*/#)'+'(*3*+?#'+*#GRY%#G@'M%%#GSY%#G5β%#G56%#

G5δ1%#G*β%%G*δW:#B4*+*=,+*%#'#@'374#?*3#,=#?&("8'3&,1?#HJKTe#3,3'8M#@A#F'+A&1>#7,(@&1'3&,1?#,=#
)'+'(*3*+#74'1>*?#'+*#)*+=,+(*/#"?&1>#@,34#=,+('3&,1#7,1=&>"+'3&,1#tL#'1/#tJ:#Q>'&1%#1,#
"1?3'@8*# 7,1/&3&,1?# '+*# ,@?*+F*/# &1# 34&?# '1'8A?&?:# B4*#E,+?3O7'?*# /*>+'/'3&,1# ,=# 3+'72&1>#
)*+=,+('17*# &?# =,"1/# 3,# @*# L:Ye#(# =,+# 34*# 8'3*+'8# /&?3'17*# *++,+%# L:K\#(# =,+# 34*# =,+E'+/#
/&?3'17*# *++,+%# '1/# T:TL# (# =,+# 34*# F*+3&7'8# /&?3'17*# *++,+:# jF*+'88%# 34*# ?&("8'3&,1# +*?"83#
&1/&7'3*?#34'3#34*#/*?&>1*/#=,+('3&,1#7,13+,88*+#4'?#'/*G"'3*#+,@"?31*??#74'+'73*+&?3&7?#E&34#
+*?)*73#3,#(,/*8&1>#*++,+?:#

5.4 On-Board Software 

B4*# =,+('3&,1# 7,13+,88*+# ?,=3E'+*# (,/"8*%# ,17*# F'8&/'3*/# 34+,">4# ?&("8'3&,1# ?3"/&*?%# &?#
&13*>+'3*/# E&34# ,34*+# ?,=3E'+*# 7,(),1*13?# 3,# )*+=,+(# +*'8O3&(*# /'3'# '7G"&?&3&,1%#
7,(("1&7'3&,1%#'1/#7,13+,8:#B4*#,1O@,'+/#?,=3E'+*#&?#&()8*(*13*/#'?#'#0&("8&12#?74*(*#
E&34#*'74#7,(),1*13#E+&33*1# &1#-O8'1>"'>*#'?#'#6'38'@# V0O="173&,1W:#Q1#*R*7"3'@8*# =&8*# &?#
7,()&8*/#"?&1>#6'38'@#9*'8OB&(*#I,+2?4,)#H9BIM#'?#'#+*'8O3&(*#*R3*1/*/#Zj0#3'+>*3#=,+#
=8&>43#3*?3#*R)*+&(*13?:##B4*#(,/"8'3*/#?,=3E'+*#/*?&>1#)+,F&/*?#=8*R&@&8&3A#=,+#G"&72#,1O?&3*#
+*7,1=&>"+'3&,1?#3,#(**3#F'+&,"?#=8&>43O3*?3&1>#,@5*73&F*?:#
B4*# ('&1# 3'?2?# =,+# V8*'/*+W# ,1O@,'+/# ?,=3E'+*# &?# 3,# )*+=,+(# /'3'# '7G"&?&3&,1%#
7,(("1&7'3&,1%# '1/# /'3'# ?3,+'>*:# # B4*# V=,88,E*+W# ?,=3E'+*# '8?,# *R*7"3*?# 34*# =,+('3&,1#
7,13+,8#8'E?%#?*8*73?#34*#,)*+'3&,1'8#(,/*#,=#34*#'&+7+'=3%#/*7&/*?#)+&('+A#7,13+,8#74'11*8?#
3,# @*# 7,13+,88*/# ,1O@,'+/%# '1/# 7'8&@+'3*?# 34*# =8&>43# 7,13+,8# 7,(('1/?:# <&>"+*# LJ# ?4,E?# '#
?'()8*#,=#34*#V=,88,E*+W#,1O@,'+/#?,=3E'+*#?74*(*:#

#

<&>"+*LJ:##0&("8&12#Z&'>+'(#,=#34*#V<,88,E*+W#Q&+7+'=3#0,=3E'+*!



Aerial Vehicles 

#

252 

6. Flight-Testing Of Formation Control Laws 

<8&>43O3*?3&1>#&?#34*#(,?3#+*'8&?3&7#?3*)#=,+#7,13+,88*+#F'8&/'3&1>#'1/#@A#='+#34*#(,?3#+&?2A#,1*:#
Z*?)&3*#34*#='73#34'3#34*#"?*#,=#PQD#7'1#>+*'38A#+*/"7*#34*#+&?2#'??,7&'3*/#E&34#7,13+,8#?A?3*(#
F'8&/'3&,1%#7'+*="8#)8'11&1># &?#?3&88#,=#)'+'(,"13# &(),+3'17*# =,+#*1?"+&1># 34*#?'=*#,)*+'3&,1#
'1/#4*8)#&/*13&=A&1>#),3*13&'8#)+,@8*(?:#B4&?#?*73&,1#)+,F&/*?#'1#,F*+F&*E#,=#/&==*+*13#=8&>43O
3*?3&1>#)4'?*?#'1/#34*#,"37,(*?#,=#34*#'"3,1,(,"?#=,+('3&,1#=8&>43#*R)*+&(*13?:##

6.1 Flight Testing Phases 

B4*#=8&>43O3*?3&1>#)+,>+'(#&?#/&F&/*/#&13,#?&R#('5,+#)4'?*?#E&34#&17+*'?&1>#7,()8*R&3A#'1/#
+&?2#8*F*8U#
1/%E5')<$%>?(%1##"##@"*$%?>%M+*A5'*)%Z4+5'$'"#%
B4&?#&1&3&'8#)4'?*#&?#=,+#*F'8"'3&1>#34*#4'1/8&1>#G"'8&3&*?#'1/#/A1'(&7#74'+'73*+&?3&7?#,=#34*#
3*?3O@*/# '&+7+'=3:# Q=3*+# '# =*E# ?'3&?='73,+A# 3*?3# =8&>43?%# V'+3&=&7&'8W# )'A8,'/?# ,=# &17+*(*13'8#
E*&>43#'+*# &1?3'88*/# 3,# 3*?3# 34*# ?3+"73"+'8# &13*>+&3A#'1/# 34*#4'1/8&1>#G"'8&3&*?#"1/*+#'# ="88#
)'A8,'/#7,1=&>"+'3&,1:###
H/%R+$+%1=T4'#'$'?*%E5')<$#%
B4*# 'F&,1&7?# ?A?3*(# &?# &1?3'88*/# '1/# =8&>43# /'3'# &?# 7,88*73*/# =,+# 34*#fSZ# '1'8A?&?:#Q# ?*3# ,=#
/*/&7'3*/# fSZ# ('1*"F*+?# &?# )*+=,+(*/# 34+,">4,"3# ("83&)8*# =8&>43?# 3,# *R7&3*# 34*# '&+7+'=3#
/A1'(&7?:#BA)&7'8#fSZ#('1*"F*+?#&178"/*#?3'@8'3,+#/,"@8*3?%#'&8*+,1O+"//*+#/,"@8*3?%#'1/#
'#+'1>*#,=#*1>&1*#34+,338*#&1)"3?:###
G/%8**"(7C??6%G?*$(?55"(%&+5'A+$'?*%
B4*# ?3'@&8&3A# '1/# 3+'72&1># )*+=,+('17*# ,=# 34*# /*?&>1*/# &11*+O8,,)# 8&1*'+# 7,13+,88*+# &?#
F'8&/'3*/#/"+&1>#34&?#)4'?*:#.,34#34*#8,1>&3"/&1'8#'1/#8'3*+'8O/&+*73&,1'8#&11*+O8,,)#7,13+,8#
8'E?#'+*#3*?3*/:#B4*#=8&>43#7,13+,8#4'+/E'+*#&?#'8?,#F'8&/'3*/#/"+&1>#34&?#)4'?*:##
R/%94$"(7C??6%G?*$(?55"(%04F70.#$"@%&+5'A+$'?*%
S1/&F&/"'8#?"@O?A?3*(?#,=#34*#,"3*+O8,,)#7,13+,88*+#'+*#3*?3*/:#`R)*+&(*13?#'+*#)*+=,+(*/#3,#
3*?3# 34*# '83&3"/*O4,8/%# 4*'/&1>O4,8/%# '1/# F*8,7&3AO4,8/# 7,13+,8# '1/# 34*&+# 7,(@&1'3&,1?:#
0'()8*#=8&>43#/'3'#&1#<&>:#L[#?4,E?#34*#+*?"83#=+,(#'#4*'/&1>O4,8/#7,13+,8#*R)*+&(*13:#
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#
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U/%[&'($4+5%C"+A"(\%E5')<$#%
Q# VD&+3"'8#_*'/*+W# HD_M#'))+,'74# &?# &()8*(*13*/#'?#'1#'83*+1'3&F*#(*34,/# =,+# 3*?3&1># 34*#
=,+('3&,1# 7,13+,88*+# E&34,"3# 34*# +&?2# '1/# 8,>&?3&7# &??"*?# '??,7&'3*/# E&34# '# ="88O@8,E1#
("83&)8*O'&+7+'=3# *R)*+&(*13:# B4*# D_# *R)*+&(*13# 7,1?&?3?# ,=# '# ?&1>8*# '&+7+'=3# 3+'72&1># '#
)+*F&,"?8A# +*7,+/*/# =8&>43# 3+'5*73,+A:# B4&?# 3+'5*73,+A# &?# &1&3&'88A# ?3,+*/# ,1O@,'+/# 34*#
V=,88,E*+W# '&+7+'=3# '1/# 8'3*+# (,F*/# 3,# '# >+,"1/# ?3'3&,1# 3,# 3*?3# 34*# )*+=,+('17*# ,=# 34*#
7,(("1&7'3&,1#8&12:#B4*#D_#=8&>43?#'+*#)+,F*1#3,#@*#&1F'8"'@8*#=,+#34*#F'8&/'3&,1#'1/#=&1*O
3"1&1># ,=# =,+('3&,1# 7,13+,8# 8'E?:# Q# 3,3'8# ,=# LJ# D_# =8&>43?# '+*# )*+=,+(*/# "?&1># F'+&,"?#
=,+('3&,1# )'+'(*3*+?:# <&>:# LT# &?# '# ?'()8*# =8&>43# /'3'# /*(,1?3+'3&1># 34*# '@&8&3A# =,+# 34*#
=,+('3&,1#7,13+,88*+#3,#+*/"7*#'#8'+>*#&1&3&'8#*++,+#'1/#('&13'&1#34*#=,+('3&,1#=8&>43:##

#

<&>"+*#LT:#VD&+3"'8#8*'/*+W#B*?3#O#uO!#f8'1*#

E/%345$'65"%1'(=(+>$%E?(@+$'?*%E5')<$#%
Q=3*+# F'+&,"?# =,+('3&,1# >*,(*3+&*?# '1/# &1&3&'8# 7,1/&3&,1?# '+*# *R)8,+*/# E&34# 34*# D_#
*R)*+&(*13?%# 34*#=8&>43O3*?3&1>#)+,>+'(#)+,7**/?#3,# 34*#("83&)8*#'&+7+'=3# 3*?3&1>:#Q#3,3'8#,=#
=,"+# JO'&+7+'=3# =,+('3&,1# =8&>43# *R)*+&(*13?# '+*# )*+=,+(*/# '8,1># E&34# ,1*# [O'&+7+'=3#
=,+('3&,1#/*(,1?3+'3&,1:###

6.2 Three-Aircraft Formation Flight Experiment 
B4*#)+,7*/"+*# =,+# 34*#[O'&+7+'=3# =,+('3&,1#*R)*+&(*13# &?# 34*# =,88,E&1>:#B4*# V@8"*W#'&+7+'=3%#
'73&1># '?# 34*# V8*'/*+W%# 3'2*?# ,==# =&+?3# E4&8*# 34*# V+*/W# '&+7+'=3# HV=,88,E*+# tLWM# 3'2*?# ,==#
'))+,R&('3*8A#[\#?*7,1/?# 8'3*+:#Q=3*+# 34*# V+*/W#'&+7+'=3# +*'74*?#'#)+*O/*=&1*/# V+*1/*XF,"?W#
'+*'#@*4&1/#34*#V8*'/*+W%#34*#>+,"1/#)&8,3#*1>'>*?#34*#,1O@,'+/#=,+('3&,1#7,13+,8:#j17*#34*#
JO'&+7+'=3#=,+('3&,1#&?#?3'@&8&X*/#=,+#'))+,R&('3*8A#\K#?*7,1/?%#34*#V>+**1W#'&+7+'=3#HV=,88,E*+#
tJWM#3'2*?#,==#'1/#'))+,'74*?#'#V+*1/*XF,"?W#'+*'#@*4&1/#34*#JO'&+7+'=3#'8+*'/A#&1#=,+('3&,1:#
Q=3*+# 34*# V>+**1W# )&8,3# *1>'>*?# 34*# '"3,1,(,"?# 7,13+,8%# 34*# 3+'5*73,+A# ,=# 34*# [O'&+7+'=3#
=,+('3&,1#&?#?,8*8A#7,13+,88*/#@A#34*#V8*'/*+W#9d-#)&8,3:#<&>:#L\#?4,E?#'#>+,"1/#)4,3,#,=#34*#
[O'&+7+'=3#=,+('3&,1#*R)*+&(*13:#
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#

<&>"+*#L\:###[OQ&+7+'=3#<,+('3&,1#<8&>43#B*?3#

B4*#)+*O?*8*73*/#=,+('3&,1#>*,(*3+&*?# &178"/*#7,1=&>"+'3&,1#tL#H`G"'3&,1#JeM# =,+# 34*# V+*/W#
'&+7+'=3#'1/#7,1=&>"+'3&,1#tJ# H`G"'3&,1#JYM# =,+# 34*# V>+**1W#'&+7+'=3:#<&>:#L]#+*)+*?*13?#'#TKO
?*7,1/# ),+3&,1# ,=# =8&>43# 3+'5*73,+A# /"+&1># 34*# =,+('3&,1# =8&>43:# B4*# [O'&+7+'=3# =,+('3&,1#
7,1=&>"+'3&,1#&?#*1>'>*/#=,+#'))+,R&('3*8A#Jg\#?*7,1/?:#<&>:#Lg#?4,E?#34*#'&+7+'=3#'83&3"/*#
/"+&1>#34*#=,+('3&,1#=8&>43:#
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<&>"+*#L]:###[O!Q&+7+'=3#<,+('3&,1#B*?3#O#[Z#B+'5*73,+A##
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<&>"+*#Lg:##[OQ&+7+'=3#<,+('3&,1#B*?3#O#Q83&3"/*%

B4*#(*'1# '1/# ?3'1/'+/#/*F&'3&,1#,=# 34*# ?3*'/A# ?3'3*# 3+'72&1># *++,+# =,+# 34*# =8&>43# 3*?3# '+*#
?4,E1#&1#B'@8*#[:#B4*#?&("8'3&,1#+*?"83?#7'87"8'3*/#E&34#34*#?'(*#V8*'/*+W#3+'5*73,+A#'+*#'8?,#
?"))8&*/#=,+#7,()'+&?,1#)"+),?*?:#

<,+E'+/#
Z&?3'17*#`++,+#

H(M#

_'3*+'8#Z&?3'17*#
`++,+#H(M#

D*+3&7'8#
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<8&>43#Z'3' JK# OJK# JK# OJ:TY# J:T]# L[:JT# [:T\# L:L\# L:KT#$+**1#
Q&+7+'=3# 0&("8'3&,1 JK# OJK# JK# O[:\Y# J:\K# LT:[L# [:[K# L:[T# K:gL#
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7. Conclusion 
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Vibration-induced PM Noise in Oscillators and 
its Suppression  
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.?;&8:.2'!2..3.3! '1!5&@#('.! '%.!3.5&$.! $120&0'0!19! (!:.$%(2&$(/! ($';('1#! 1#! c0%(G.#*d! &'0!
(001$&('.3!816.#!(:8/&9&.#*!(2!($$./.#1:.'.#*!(23!$1:8;'.#!$12'#1/!0<0'.:=!>%.!$1:8;'.#!
;0.0! '%.! ($$./.#1:.'.#! '1! 0.20.! '%.! 5&@#('&12! 19! '%.! ($';('1#! (23! ,.2.#('.0! '%.! 3.0&#.3!
5&@#('&12!8#19&/.!;0&2,!$/10.37/118! 9..3@($G=! !>%.! 0&2,/.!(I&0!($';('1#!;0.3! 91#! '%.0.! '.0'0!
%(0! '%.! $(8(@&/&'<! '1!5&@#('.!.&'%.#! &2! (! #(231:!5&@#('&12!8(''.#2!1#! &2!5(#&1;0! 0&2;01&3(/!
8(''.#20*!&2$/;3&2,!$12'&2;1;0!6(5.!(23!06.8'=!Z%.2!'%.!($';('1#!5&@#('.0!&2!12.!(I&0*!'%.!
$#1007(I&0! /.(G(,.! &0! /16*! (0! 0%162! &2! K&,;#.! a=! >%.0.! 3('(! (#.! '(G.2! 6&'%! (! a7(I&0!
($$./.#1:.'.#!:1;2'.3!12!'%.!($';('1#=!
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!! !

K&,;#.!Q=!>%.!8&$';#.!12!'%.!/.9'!0%160!'%.!5&@#('&12!($';('1#!C0%162!&2!@/;.FO!'%.!(:8/&9&.#!
91#!3#&5&2,!'%.!($';('1#!C'%.!5.#'&$(/!#($G7:1;2'!0<0'.:FO!(23!'%.!$12'#1//&2,!$1:8;'.#=!!>%.!
8&$';#.!12!'%.!#&,%'!&0!(!3.5&$.!;23.#!'.0'!C4[>F!:1;2'.3!12!'%.!($';('1#!
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K&,;#.!a=!D/1'!0%16&2,!'%.!($$./.#('&12!816.#!08.$'#(/!3.20&'<!CDT4F!(/12,!I*!<!(23!X!(I.0!
6%.2!5&@#('&12!&0!(/12,!'%.!X7(I&0*!0%16&2,!'%('!$#1007(I&0!/.(G(,.!&0!0:(//=!"!#(231:!
5&@#('&12!8#19&/.!19!($$./.#('&12!DT4!f!L=R!:,QY)X!C#:0F!&0!;0.3!91#!LR!)X!"!-8!"!QRRR!)XO!-8(
&0!'%.!5&@#('&12!9#.?;.2$< 
K1#!(//!'%.!5&@#('&12!'.0'0!3&0$;00.3!/('.#*!@1'%!0&2;01&3(/!(23!#(231:!5&@#('&12!'.0'&2,!(#.!
$%10.2=!K&#0'*!(! #(231:!5&@#('&12!8(''.#2! &0!;0.3*!5&@#('&2,!('! 9#.?;.2$&.0!@.'6..2!LR!(23!
QRRR!)X*!91//16.3!@<!(!0&2;01&3(/!5&@#('&12!('!LR*!QR*!aR*!SR*!jR*!MR*!LRR*!QRR*!aRR*!SRR*!jRR*!
MRR*!LRRR*!(23!QRRR!)X=!>%&0! 9#.?;.2$<!#(2,.! &0!$%10.2!@.$(;0.! &'! &0! '%.! 9;//! #(2,.! 91#! '%.!
(5(&/(@/.! 5&@#('&12! '(@/.*! (3.?;('./<! $15.#&2,! 0:(//.#! #(2,.0! (001$&('.3! 6&'%! :10'!
(88/&$('&120!CT.$'&12!SF=!

3.1 Experimental Setup for Residual PM Noise Measurement !
].0&3;(/!21&0.!&0!'%.!21&0.!'%('!&0!(33.3!'1!(!0&,2(/!@<!&'0!8(00(,.!'%#1;,%!(!'61781#'!3.5&$.=!!
K&,;#.!^!0%160!'%.!@/1$G!3&(,#(:!19!(!DE!21&0.!:.(0;#.:.2'!0<0'.:!;0.3!'1!:.(0;#.!'%.!
#.0&3;(/!21&0.!19!(!'61781#'!1#!(!212710$&//('1#<!3.5&$.!0;$%!(0!(!@(238(00!9&/'.#!1#!(:8/&9&.#!
(0!6.//! (0! (! $(@/.! (23! $122.$'1#! ;23.#! 5&@#('&12! CZ(//0!`! K.##.7D&G(/*! LMMMF=! >%.! 1;'8;'!
816.#!19!(!#.9.#.2$.!10$&//('1#!&0!08/&'!&2'1!'61!8('%0=!B2.!8('%!&0!;0.3!'1!3#&5.!'%.!3.5&$.!
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;23.#!'.0'!C4[>F*!(23!'%.!1'%.#!8('%!&0!$122.$'.3!'1!(!3./(<!/&2.=!>%.!3./(<!&0!$%10.2!01!'%('!
'%.!3./(<!&2'#13;$.3!&2!12.!8('%!&0!.?;(/!'1!'%.!3./(<!&2!'%.!1'%.#!8('%=!"!8%(0.!0%&9'.#!&0!
;0.3!'1!0.'!8%(0.!?;(3#(';#.!1#!MR73.,#..0!@.'6..2!'61!8('%0*!(23!'%.!#.0;/'&2,!0&,2(/0!(#.!
9.3! '1! (! 31;@/.7@(/(2$.3! :&I.#*! ($'&2,! (0! (! 8%(0.! 3.'.$'1#=! >%.! @(0.@(23! 0&,2(/! ('! '%.!
1;'8;'!19! '%.!8%(0.!3.'.$'1#! &0!(:8/&9&.3!(23!:.(0;#.3!12!(! 9(0'!K1;#&.#! '#(2091#:!CKK>F!
(2(/<X.#=!!>%.!1;'8;'!51/'(,.!CRC#F!&0!,&5.2!@<!!

! ( ) ( )0V t k G td φ= ∆ !!!!!91#!∆φC#F!nn!L*! !CLRF!

6%.#.!:/!&0!'%.!:&I.#!0.20&'&5&'<*!\!&0!'%.!,(&2!19!'%.!@(0.@(23!HK!(:8/&9&.#*!(23!∆φC#F!&0!'%.!
3&99.#.2$.!&2!8%(0.!9/;$';('&120!@.'6..2!'61!&28;'0!'1!'%.!8%(0.!3.'.$'1#=!>%.!DE!21&0.!&0!
1@'(&2.3!9#1:!

! ( ) ( )
( )

0
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PSD V t
S f

k Gd
φ

( ), -= =! !CLLF!

!

K&,;#.!^=!U/1$G!3&(,#(:!19!(2!.I8.#&:.2'(/!0.';8!91#!#.0&3;(/!DE!21&0.!:.(0;#.:.2'!19!
$1:812.2'0!;23.#!5&@#('&12=!4[>!,!4.5&$.![23.#!>.0'O!HK!":8!,!H2'.#:.3&('.!K#.?;.2$<!
":8/&9&.#!

U.$(;0.! '%.! 3./(<0! &2! '%.! '61! 0&,2(/! 8('%0! (#.! .?;(/*! '%.! DE! 21&0.! 9#1:! '%.! #.9.#.2$.!
10$&//('1#!&0!.?;(/!(23!$1##./('.3!&2!.($%!8('%!(23!'%;0!$(2$./0=!"'!'%.!1;'8;'!19!'%.!:&I.#*!
'%.!21&0.!9#1:!'%.!5&@#('&2,!4[>!(23!$122.$'&2,!$(@/.0!(88.(#0!@.$(;0.!&'!&0!21'!$1##./('.3!
@.'6..2!'%.!'61!&28;'0!19!'%.!:&I.#=!"!/16!21&0.!8%(0.!3.'.$'1#!(23!HK!(:8/&9&.#!(#.!$%10.2!
91#! '%&0!:.(0;#.:.2'! (23! '%.&#! 21&0.! $12'#&@;'&120! (#.!:;$%! /16.#! '%(2! '%.! 31:&2('&2,!
5&@#('&127&23;$.3!21&0.!19!4[>!(23!$(@/.0=!!
H2! 1#3.#! '1! ($$;#('./<!:.(0;#.! '%.! 5&@#('&12! 0.20&'&5&'<! 19! (!4[>*! &'! &0! 5.#<! &:81#'(2'! '1!
G216!'%.!5&@#('&12!0.20&'&5&'<!21&0.!9/11#!9&#0'=!K1#!'%.!21&0.!9/11#!:.(0;#.:.2'*!'%.!4[>!&0!
#.8/($.3! 6&'%! (2! (88#18#&('.! /.2,'%! 19! #&,&3! $1(I&(/! $(@/.=! +1:8(#.3! '1! (//! 1'%.#!
.I8.#&:.2'(/!$1:812.2'0*!&'!&0!'%.!:&$#16(5.!$(@/.0*!@/;.!&2!$1/1#!CK&,;#.!^F!(23!$122.$'.3!
@.'6..2!'%.!:.(0;#.:.2'!0<0'.:!(23!'%.!4[>!:1;2'.3!12!'%.!($';('1#!'%('!,.2.#(//<!0.'!
'%.! 5&@#('&12! 0.20&'&5&'<! 21&0.! 9/11#=! Z%.2! '%.! 4[>! &0! ;23.#! 5&@#('&12*! '%.! $(@/.0! 9/.I!
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@.'6..2!'%.!5&@#('&2,!(23!0'('&12(#<!C:.(0;#.:.2'!0<0'.:F!#.9.#.2$.!9#(:.0=!>%.!9/.I;#.!19!
'%.! $(@/.0! $(;0.0! '%.! #./('&5.! 810&'&12! @.'6..2! '%.! 3&99.#.2'! 0.,:.2'0! 19! '%.! 1;'.#!
$123;$'1#*!'%.!3&./.$'#&$*!(23!'%.!&22.#!$123;$'1#!19!'%.!$(@/.!'1!5(#<!(23!'%;0!$%(2,.0!'%.!
./.$'#&$(/! $%(#($'.#&0'&$0! 19! '%.! $(@/.0=! >%.!:(&2! $%(//.2,.! &0! '1! 1@'(&2! (! #.8#13;$&@/.! /16!
21&0.! 9/11#! ('! $/10.! '1! $(##&.#! 1990.'! 9#.?;.2$&.0=! >%.!21&0.! 9/11#! &0! 5.#<!3.8.23.2'! 12! '%.!
$129&,;#('&12! (23! '.20&12! 19! $(@/.0! '%.! #;22&2,! @.'6..2! '%.! 5&@#('&2,! (23! 0'('&12(#<!
#.9.#.2$.!9#(:.0O!(!0/&,%'!$%(2,.!:(<!$(;0.!'%.!21&0.!'1!5(#<!(2<6%.#.!9#1:!LR!'1!aR!3U*!(0!
0%162!&2!K&,;#.!S=!

!

!
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!

K&,;#.!S=!].0&3;(/!DE!21&0.!9/11#!19!'%.!:.(0;#.:.2'!0<0'.:!:.(0;#.3!6&'%!(23!6&'%1;'!
5&@#('&12=!"!#(231:!5&@#('&12!8#19&/.!19!($$./.#('&12!DT4!f!L=R!:,QY)X!C#:0F!&0!;0.3!91#!LR!
)X!"!-8!"!QRRR!)X=!H'!0%160!'%.!5(#&('&12!&2!'%.!$/10.!'1!$(##&.#!21&0.!91#!'%#..!3&99.#.2'!0.'0!19!
:.(0;#.:.2'!$(@/.!$129&,;#('&120=!>%.!@1''1:!$;#5.!0%160!'%.!21&0.!9/11#!:.(0;#.3!;23.#!
21!5&@#('&12=!-(##16!08;#0!(#.!816.#!/&2.!iEH!8&$G7;8!(23!0%1;/3!@.!&,21#.3!

T1:.'&:.0! '%.! 21&0.! 9/11#! &0! 01! %&,%! '%('! &'! &0! &:8100&@/.! '1! ($$;#('./<! $%(#($'.#&X.! /167!
5&@#('&1270.20&'&5.! $1:812.2'0=! H2! 1#3.#! '1! :.(0;#.! '%.! ($$./.#('&12! 0.20&'&5&'<! 19! (!
$1:812.2'!($$;#('./<*!'%.!91//16&2,!8#.$(;'&12(#<!:.(0;#.0!0%1;/3!@.!'(G.2o!

• ]&,&3/<!:1;2'!'%.!4[>!12!'%.!5&@#('&12!'(@/.!'1!(51&3!(2<!:.$%(2&$(/!#.012(2$.!&20&3.!
'%.!9#.?;.2$<!#(2,.!19!&2'.#.0'=!

• iI8.#&:.2'!6&'%!3&99.#.2'!(:1;2'!19!$(@/.!0/($G!1#!'.20&12!@.'6..2!'%.!0'('&12(#<!(23!
5&@#('&2,!#.9.#.2$.!9#(:.0!'1!1@'(&2!'%.!@.0'!21&0.!9/11#=!

• D#18.#/<! 0.$;#.! '%.! $(@/.0! '1!:&2&:&X.! 9/.I&2,! (23! 0'#(&2! 3;.! '1! 5&@#('&12=! H'! &0! (/01!
&:81#'(2'!'1!8#18.#/<!0.$;#.!'%.!816.#!/.(30!91#!'%.!4[>=!

• ].3;$.!'%.!($1;0'&$!21&0.!(23!.I'.#2(/!5&@#('&12!&2!'%.!'.0'!(#.(=!

• >%.!5&@#('&12!($';('1#!19'.2!%(0!$11/&2,!9(20O!8#.5.2'!'%&0!(&#9/16!9#1:!3&0';#@&2,!'%.!
$(@/.0=!

• -1! 1'%.#! $1:812.2'0! .I$.8'! '%.!4[>! (23! ($$./.#1:.'.#! 0%1;/3! @.!:1;2'.3! 12! '%.!
5&@#('&12!'(@/.=!
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• H9!8100&@/.*!;0.!L!'1!a!3U!(''.2;('1#0!('!'%.!$122.$'1#!&2'.#9($.0!'1!:&2&:&X.!'%.!.99.$'!19!
51/'(,.70'(23&2,76(5.7#('&1! CPTZ]F! &23;$.3! :.$%(2&$(/! (23! :;/'&8('%! 8%(0.!
9/;$';('&120=!

• +%.$G!'%.!21&0.!9/11#!&2!@.'6..2!'%.!:.(0;#.:.2'0!@<!#.8/($&2,!'%.!4[>!6&'%!(!0%1#'!
$(@/.=!

3.2. Experimental Setup for Absolute PM Noise Measurement !
"@01/;'.! 21&0.! &0! '%.! 21&0.!:.(0;#.3! 12! (! 12.781#'! 3.5&$.! 0;$%! (0! (2! 10$&//('1#=! T.5.#(/!
:.(0;#.:.2'! '.$%2&?;.0! $(2! @.! ;0.3! '1!:.(0;#.! '%.! DE!21&0.! (23! '%;0! '%.! ($$./.#('&12!
0.20&'&5&'<!19!(2!10$&//('1#=!>%.!:10'! $1::12/<!;0.3! '.$%2&?;.0!(#.! '%.!%.'.#13<2.! C'617
10$&//('1#F! DE! 21&0.! :.(0;#.:.2'! 0<0'.:! (23! '%.! %1:13<2.! C3./(<7/&2.! 3&0$#&:&2('1#F!
:.(0;#.:.2'!0<0'.:!CV(2$.!.'!(/=*!LMN^O!T;//&5(2!.'!(/=*!LMMRO!Z(//0!`!K.##.7D&G(/*!LMMMF=!H2!
'%&0! 0.$'&12*! '%.0.!:.(0;#.:.2'! '.$%2&?;.0! (#.! @#&.9/<! 3.0$#&@.3=! >%.! @/1$G! 3&(,#(:! 19! (!
0&2,/.7$%(22./! %.'.#13<2.! C'61710$&//('1#F! DE! 21&0.! :.(0;#.:.2'! 0<0'.:! &0! 0%162! &2!
K&,;#.!W=!H2!'%&0!0<0'.:*!'%.!0&,2(/0!9#1:!'%.!4[>!:1;2'.3!12!'%.!5&@#('&12!($';('1#!(23!(!
0'('&12(#<!#.9.#.2$.!10$&//('1#!19!'%.!0(:.!9#.?;.2$<!(#.!9.3!&2'1!(!31;@/.7@(/(2$.3!:&I.#=!"!
/168(00!9&/'.#!CVDKF!&0!;0.3!(9'.#!'%.!:&I.#!'1!9&/'.#!'%.!%&,%.#71#3.#!%(#:12&$0*!(23!(!8%(0.7
/1$G.3! /118! CDVVF! &0! ;0.3! '1! /1$G! '%.! #.9.#.2$.! 9#.?;.2$<! '1! '%.! 4[>! 9#.?;.2$<! (23! '1!
:(&2'(&2!?;(3#(';#.!@.'6..2!'%.!'61!&28;'!0&,2(/0!'1!'%.!:&I.#=!>%.!1;'8;'!51/'(,.!19!'%.!
:&I.#! &0!8#181#'&12(/! '1! '%.!3&99.#.2$.!@.'6..2! '%.!8%(0.! 9/;$';('&120!19! '%.! '61!01;#$.0=!
>%&0!0&,2(/!&0!(:8/&9&.3*!(23!&'0!816.#!08.$'#(/!3.20&'<!&0!:.(0;#.3!12!(!KK>!(2(/<X.#=!!

!

K&,;#.!W=!U/1$G!3&(,#(:!91#!(!%.'.#13<2.!DE!21&0.!:.(0;#.:.2'!0<0'.:=!4[>7!4.5&$.!
[23.#!>.0'O!VDK!,!V16!D(00!K&/'.#O!iK+!,!i/.$'#&$(/!K#.?;.2$<!+12'#1/O!HK!"ED!,!
H2'.#:.3&('.!K#.?;.2$<!":8/&9&.#!

>%.!(35(2'(,.!19!'%.!%.'.#13<2.!:.(0;#.:.2'!0<0'.:!&0!&'0!%&,%!0.20&'&5&'<O!%16.5.#*!'%.#.!
(#.!21'(@/.!3&0(35(2'(,.0=! H'! #.?;&#.0! (! #.9.#.2$.!10$&//('1#!19! '%.! 0(:.! 9#.?;.2$<*! (!DVV*!
(23! $(/&@#('&12! 19! '%.! :&I.#! 0.20&'&5&'<! C:/F=! ":12,! '%.0.*! '%.! :(&2! :.(0;#.:.2'!
;2$.#'(&2'<! $1:.0! 9#1:! '%.! DVV=! H2! 1#3.#! '1!:.(0;#.! '%.! 5&@#('&12! &23;$.3! DE!21&0.! ('!
$/10.!'1!$(##&.#!1990.'!9#.?;.2$&.0*!(!/16!/118!@(236&3'%!&0!#.?;&#.3=!!K;#'%.#:1#.*!6%.2!'%.!
4[>!.I8.#&.2$.0!(!/(#,.!/.5./!19!5&@#('&12*!&'!:(<!@.!3&99&$;/'!'1!G..8!'%.!4[>!(23!#.9.#.2$.!
10$&//('1#! 8%(0.! /1$G.3! 3;.! '1! /(#,.! 8%(0.! .I$;#0&120=! >%&0! 0&';('&12! #.?;&#.0! '%.! DVV!
@(236&3'%!'1!@.!&2$#.(0.3*!6%&$%!$1:8/&$('.0!'%.!$(/&@#('&12!&20&3.!'%.!DVV!@(236&3'%=!



Aerial Vehicles 

!

268 

"!DE! 21&0.!:.(0;#.:.2'! 0<0'.:! '%('! 2..30! 2.&'%.#! (! 0.$123! 01;#$.! 21#! (! 8%(0.7/1$G.3!
/118!&0!(!3./(<7/&2.!3&0$#&:&2('1#!0<0'.:*!0%162!&2!K&,;#.!j=!"0!3&0$;00.3!&2!T.$'&12!a=L*!&2!(!
#.0&3;(/!DE!21&0.!:.(0;#.:.2'!19!(!3.5&$.*!&'!&0!&:81#'(2'!'1!G..8!'%.!3./(<!&2!@1'%!0&,2(/!
8('%0! (0! .?;(/! (0! 8100&@/.! 01! '%('! '%.! 01;#$.! 21&0.! &0! $1##./('.3! (23! $(2$./0! ('! '%.! 8%(0.!
3.'.$'1#=!)16.5.#*! &2!(!3./(<7/&2.!3&0$#&:&2('1#!'.$%2&?;.*! &2'#13;$'&12!19!(! /12,!3./(<!&2!
12.!8('%!&2'.2'&12(//<!;27$1##./('.0!'%.!21&0.!@<!&2$#.(0&2,!'%.!3./(<!'&:.!01!'%('!12.!$(2!
:.(0;#.!'%.!DE!21&0.!19!'%.!01;#$.=!>%.!3&99.#.2'&(/!3./(<!&2'#13;$.3!&2!12.!8('%!$#.('.0!(!
9#.?;.2$<! 3.8.23.2'! 8%(0.! 0%&9'! @.'6..2! '%.! '61! &28;'0! 19! '%.! 8%(0.! 3.'.$'1#=! >%&0!
9#.?;.2$<! 3.8.23.2'! 8%(0.! 0%&9'! $125.#'0! 9#.?;.2$<! 9/;$';('&120! 19! '%.! 01;#$.! &2'1!
3&99.#.2'&(/! 8%(0.! 9/;$';('&120! @.'6..2! '%.! &28;'0! 19! '%.! 8%(0.! 3.'.$'1#=!Z%.2! '%.0.! '61!
0&,2(/0!(#.!(3A;0'.3!91#!8%(0.!?;(3#(';#.*!'%.!8%(0.!3.'.$'1#!$125.#'0!'%.!8%(0.!9/;$';('&120!
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4.2 Optical Components 
B8'&$(/! 9&@.#0! (#.! 6&3./<! ;0.3! &2! 9&@.#718'&$! $1::;2&$('&12*! #&2,7/(0.#! ,<#10$18.0*!
18'1./.$'#12&$!10$&//('1#0! CBiB0F*!(23!3./(<!/&2.!3&0$#&:&2('1#0*!(:12,!(!2;:@.#!19!1'%.#!
(88/&$('&120!Cq(1!`!E(/.G&*!LMMWO!]r:&0$%!.'!(/=*!QRRRO!_(3&6(#!`!\&/.0*!LMNMO!];@&1/(!.'!(/=*!
QRRSO!E&2($&(2*!QRRWF"!!E.$%(2&$(/!3&0'1#'&120!3;.!'1!5&@#('&12!&23;$.!8%(0.!9/;$';('&120!&2!
'%.!9&@.#=!H2!'%&0!0.$'&12*!'%.!.99.$'!19!5&@#('&12!12!'%.!8%(0.!9/;$';('&120!&2!'%.!18'&$(/!9&@.#!
61;23!12!(!0811/!&0!3&0$;00.3=!V.''&2,!'!@.!'%.!/.2,'%!19!'%.!9&@.#!C(00;:.3!'1!@.!;2&91#:/<!
61;23! 12! (! $</&23#&$(/! 0811/F! (23! 84! '%.! ,#1;8! 5./1$&'<! 19! (:8/&';3.! :13;/('.3!
./.$'#1:(,2.'&$!6(5.0!3162!'%.!9&@.#O!'%.2!'%.!,#1;8!3./(<!'%#1;,%!'%.!9&@.#!&0!+/!f!'Y84=!H2!
9&@.#*!0'#.'$%&2,!$(2!1$$;#!.&'%.#!(0!(! #.0;/'!19! '.:8.#(';#.!$%(2,.0!19! '%.!0811/!12!6%&$%!
'%.! 9&@.#! &0!61;23!1#!(0!(! #.0;/'!19!(I&(/!5&@#('&120! '%('!($$./.#('.*!(23!%.2$.*!3.91#:!'%.!
0811/=! >%.! 9&@.#! /.2,'%! $%(2,.! C('F! 3;.! '1!3.91#:('&12! 19! 0811/*!6%&$%! &0!:1;2'.3! ('! '%.!
@1''1:*!&0!,&5.2!@<!C"0%@<!.'!(/=*!QRRjF!

!
( )

,
2

a t hl
l E

νρδ = ! !CL^F!

6%.#.!ν*!,*("C#F*!3!(23!F!(#.*!#.08.$'&5./<*!D1&0012J0!#('&1!19!'%.!0811/!:('.#&(/*!0811/!3.20&'<*!
'&:.73.8.23.2'! ($$./.#('&12*! %.&,%'! 19! '%.! 0811/*! (23! q1;2,J0! :13;/;0! C3.0$#&@&2,! '%.!
0811/J0!0'&992.00F=!i?;('&12!L^!0%160!'%('!'%.!0'&99.#!'%.!0811/*!'%.!0:(//.#!'%.!/.2,'%!$%(2,.*!
(23! '%.! 3.20.#! '%.! 0811/*! '%.! /(#,.#! '%.! /.2,'%! $%(2,.*! @.$(;0.! '%.! 91#$.! 12! '%.! 9&@.#! &0!
/(#,.#=! H'! (/01! 0%160! (! /&2.(#! 3.8.23.2$.! 12! '%.! '&:.73.8.23.2'! ($$./.#('&12=! K;#'%.#*! (!
$%(2,.!&2!/.2,'%!3;.!'1!0'#.'$%&2,!6&//!(/01!#.0;/'!&2!0'#.00.0!6&'%&2!'%.!9&@.#!'%('!$(2!$%(2,.!
'%.! 18'&$(/! 8#18.#'&.0! 19! '%.! 9&@.#*! #.0;/'&2,! &2! (! $%(2,.! &2! '%.! ,#1;8!5./1$&'<! '%#1;,%! &'0!
0'#.00718'&$! $1.99&$&.2'0=!Z%.2! '%.0.! $%(2,.0! (#.! 0:(//*! '%.! 9#($'&12(/! 9#.?;.2$<! 0%&9'! &0! (!
0;8.#810&'&12!19!'%.0.!'61!$12'#&@;'&120o!

!
1

.
0

vf lg
vglf v lg

l

δδ δ
δδ

& #
$ !
$ !≈ −
$ !& #

$ !$ !
% "% "

! !CLSF!

>%.!$%(2,.0!&2!'%.!,#1;8!5./1$&'<!91#!(!0'#.'$%.3!9&@.#!(#.!?;&'.!0:(//*!(23!6.!$(2!2.,/.$'!
'%.:!&2!(!9&#0'!(88#1I&:('&12!01!'%('!'%.!9#($'&12(/!9#.?;.2$<!0%&9'!3;.!'1!5&@#('&127&23;$.3!
9&@.#!/.2,'%!$%(2,.0!$(2!@.!(3.?;('./<!(88#1I&:('.3!@<!!

! .
0

f l
f l

δ δ≈ − ! !CLWF!

>%;0*!6%.2!;0.3!&2!(2!18'1./.$'#12&$!10$&//('1#*!6%&$%!&0!3.0$#&@.3!&2!T.$'&12!S=Q*!'%.!:(&2!
.99.$'! 12!(!3.0&#.3! 9#.?;.2$<! $1:.0! 9#1:! '%.! $%(2,.!19! /.2,'%! &'0./9! #('%.#! '%(2! 9#1:! '%.!
$%(2,.!&2!,#1;8!5./1$&'<=!>%.!0:(//!'&:.73./(<!9/;$';('&120!3;.!'1!9&@.#!/.2,'%!9/;$';('&120!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

273 

&20&3.!'%.!/118!3&#.$'/<!:(8!'1!/(#,.#!9#.?;.2$<!9/;$';('&120!('!'%.!1;'8;'!19!'%.!10$&//('1#!
CV..012*! LMWWF*! 6%&$%! &0! 8#&2$&8(//<! 6%<! 0;88#.00&2,! 9&@.#! 5&@#('&12! 0.20&'&5&'<! &0! 01!
&:81#'(2'=!

!

! (F! @F!
K&,;#.!LL=!C(F!iI8.#&:.2'(/!0.';8!'1!0';3<!5&@#('&127&23;$.3!DE!21&0.!&2!(!9&@.#!3./(<!/&2.!
:1;2'.3!12!(!5&@#('&12!'(@/.=!C@F!B8'&$(/!9&@.#!19!/.2,'%!a!G:!61;23!12!(!$.#(:&$!0811/!(23!
:1;2'.3!12!(!5&@#('&12!'(@/.=!B#&.2'('&12!(0!0%162!8#.0.2'0!'%.!5&@#('&12!C($$./.#('&12F!
(/12,!'%.!X7(I&0!19!0811/!

K&,;#.! LLC(F! 0%160! '%.! 0.';8!;0.3! '1!:.(0;#.! '%.! .99.$'!19!5&@#('&12!12!(! 9&@.#!3./(<! /&2.!
;0&2,! (! #.0&3;(/! DE! 21&0.!:.(0;#.:.2'=! H'! $120&0'0! 19! (! LSSR! 2:! $1::;2&$('&1207,#(3.!
/(0.#!6%10.!1;'8;'! &0! 0.2'! &2'1!(2!18'&$(/!:13;/('1#! '%('! &0!(:8/&';3.7:13;/('.3!@<!(!LR!
\)X!]K! 0&,2(/=! >%&0!]K7:13;/('.3!18'&$(/! 0&,2(/! &0! '%.2! 08/&'! &2'1! '61! 0&,2(/!8('%0*! .($%!
$1:810.3!19!(!a!G:!/.2,'%!19!0&2,/.!:13.!9&@.#!CTEK7QNF!61;23!12!(!$</&23#&$(/!0811/*!(!
8%1'173.'.$'1#*! (2! ]K! (:8/&9&.#*! (23! (! 8%(0.! 0%&9'.#=! "0! 3&0$;00.3! .(#/&.#*! (! :.$%(2&$(/!
8%(0.! 0%&9'.#! &0! ;0.3! '1! 0.'! 8%(0.! ?;(3#(';#.! @.'6..2! '%.! '61! 0&,2(/0! 01! '%('! '%.! 1;'8;'!
51/'(,.!21&0.!19!'%.!:&I.#!&0!8#181#'&12(/!'1!'%.!DE!21&0.=!>%&0!0&,2(/!&0!'%.2!:.(0;#.3!12!(!
KK>!(2(/<X.#=!U.$(;0.!'%.!3./(<0!&2!'%.!'61!0&,2(/!8('%0!(#.!.?;(/*!'%&0!'.$%2&?;.!$(2$./0!'%.!
DE!21&0.!&2'#13;$.3!@<!'%.!/(0.#*!18'&$(/!:13;/('1#*!(23!'%.!#.9.#.2$.!10$&//('1#=!!
H2!1#3.#!'1!'.0'!'%.!5&@#('&12!8#18.#'&.0!19!'%.!9&@.#*!12.!19!'%.!a!G:!9&@.#0!61;23!12!(!0'&99!
$</&23#&$(/! $.#(:&$! 0811/! &0! 0.$;#.3! '1! (! 5&@#('&12! '(@/.=! >%.! $</&23#&$(/! 0811/! &0!
(88#1I&:('./<! LL=S! $:! &2! 3&(:.'.#! 6&'%! (! /.2,'%! @.'6..2! .23! $(80! 19! LR! $:=! "2!
($$./.#1:.'.#! :1;2'.3! '1! '%.! ($';('1#*! (0! 0%162! &2! K&,;#.! LLC@F! C0.201#! "F*! 8#15&3.0!
$/10.37/118!9..3@($G!'1!(!$1:8;'.#!91#!$12'#1/!19!'%.!5&@#('&12!8#19&/.=!T.201#!U!&0!(!'#&(I&(/!
($$./.#1:.'.#!'%('!&0!;0.3!'1!0.20.!5&@#('&120!(99.$'&2,!'%.!9&@.#!0811/=!!H'0!X7(I&0!&0!(/&,2.3!
6&'%!'%.!(I&0!19!'%.!0811/*!(23!@1'%!'%.!I!(23!<!(I.0!(#.!&2!'%.!#(3&(/!3&#.$'&120=!!K1#!'%&0!'.0'*!
'%.! X7(I&0! 0.20&'&5&'<! &0! '%.! 0;@A.$'! 19! $120&3.#('&12! @.$(;0.! '%.! 5&@#('&12! 0.20&'&5&'<! 19! (!
9&@.#71270811/!&0!,#.('.0'!(/12,!'%&0!(I&0!C"0%@<!.'!(/=!QRRjO!);(2,!.'!(/=!QRRRF=!>%.!0811/!&0!
0;@A.$'.3!'1!(!#(231:!5&@#('&12!19!($$./.#('&12!DT4!.?;(/!'1!R=S!:,QY)X!C#:0F!(/12,!'%.!X7
(I&0*!(23!'%.!DE!21&0.!&0!:.(0;#.3=!H2!K&,;#.!LQ*!'%.!@1''1:!$;#5.!&0!'%.!21&0.!9/11#*!(23!'%.!
'18:10'!$;#5.!&0!'%.!0(:.!:.(0;#.:.2'!19!DE!21&0.!;23.#!5&@#('&12=!>%.!31''.3!@#162!/&2.!
0%160!'%('!'%.!($$./.#('&12!0.20&'&5&'<!19!'%&0!9&@.#!&0!Q=SlLR7a!#(3Y,*!6%&$%!&0!$(/$;/('.3!91#!
<=-B!f!7NS!3U$Y)X=!>%.!#.012(2$.!('!WRR!)X!&0!(!$%(#($'.#&0'&$!19!'%.!%1//16!$</&23#&$(/!0811/!
,.1:.'#<=! >%.! $.#(:&$! 0811/! &0! $%10.2! 3;.! '1! &'0! 0'&992.00! @.$(;0.! &'! &0! /.00! 0.20&'&5.! '1!



Aerial Vehicles 

!

274 

5&@#('&12! '%(2! 1'%.#! :('.#&(/0! 0;$%! (0! 8/(0'&$0! C>(</1#! .'! (/=*! QRRNF=! >%.! :.(0;#.:.2'! 19!
($$./.#('&12! 0.20&'&5&'<!19!1'%.#!18'&$(/! $1:812.2'0! 0;$%!(0!18'&$(/! $122.$'1#0*! 9&@.#! /(0.#*!
18'&$(/!:13;/('1#*!(23!8%1'173.'.$'1#!(#.!(/01!&:81#'(2'O!%16.5.#*!'%.!/(#,.0'!0.20&'&5&'<!'1!
5&@#('&12!&0!;0;(//<!9#1:!'%.!9&@.#=!

-140

-130

-120

-110

-100

-90

-80

-70

-60

-50

1 10 100 1000 10000

Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

with vibration

Noise floor

2.5E-03 rad/g

!

K&,;#.!LQ=!>%.!#.0&3;(/!DE!21&0.!19!(!a!G:!9&@.#!;23.#!#(231:!5&@#('&12!(/12,!'%.!X7(I&0!&0!
0%162=!"!#(231:!5&@#('&12!8#19&/.!19!($$./.#('&12!DT4!19!R=S!:,QY)X!C#:0F!&0!;0.3!91#!LR!
)X!"!-8("!QRRR!)X=!>%.!31''.3!@#162!$;#5.!0%160!'%.!($$./.#('&12!0.20&'&5&'<!$1##.08123&2,!
'1!<C-F!f!7NS!3U$Y)X=!>%.!@1''1:!$;#5.!&0!'%.!21&0.!9/11#!:.(0;#.3!;23.#!21!5&@#('&12!

5. Results - Acceleration Sensitivity of Different Classes of Oscillators 

V16721&0.! 10$&//('1#0! :;0'! 18.#('.! ;23.#! c#.(/! 61#/3d! 5&@#('&12Y($$./.#('&12! $123&'&120=!
>%&0! &0! $#;$&(/! 91#! %&,%708..3! $1::;2&$('&120! 0<0'.:0*! (35(2$.3! 0;#5.&//(2$.! 0<0'.:0*!
6.(8120! 3.'.$'&12*! (23! :(2<! 1'%.#! (88/&$('&120=! >%.! DE! 21&0.! #.?;&#.:.2'! 91#! .($%!
(88/&$('&12!&0!3&99.#.2'*!(23!(!0&2,/.!10$&//('1#!$(221'!:..'!'%.!DE!21&0.!#.?;&#.:.2'!15.#!(!
@#1(3!#(2,.!19!1990.'!9#.?;.2$&.0=!K1#!.I(:8/.*!(!,113!/16!21&0.!LR!E)X!?;(#'X!10$&//('1#!
'<8&$(//<! %(0! (! DE! 21&0.! <CLR! )XF! f! 7LaR! 3U$Y)X! (23! (! 6%&'.! DE! 21&0.! /.5./! 19! 7LjR!
3U$Y)X=!>%.!DE!21&0.!19!'%&0!LR!E)X!0&,2(/!('!LR!)X!1990.'*!6%.2!:;/'&8/&.3!'1!,.2.#('.!(!
0&,2(/!('!LR!\)X*!@.$1:.0!7jR!3U$Y)X*!6%&$%!&0!#.(012(@/<!/16!(23!0;&'(@/.!91#!(!LR!\)X!
#(3(#! '1!3.'.$'! 0/167:15&2,! 1@A.$'0! CK#;.%(;9*! QRRjF=!)16.5.#*! '%.!6%&'.! DE!21&0.! (9'.#!
&3.(/!:;/'&8/&$('&12!@.$1:.0!7LLR!3U$Y)X!(23!&0!'11!%&,%!'1!3.'.$'!9(0'7:15&2,!'(#,.'0!0;$%!
(0! 0;8.#012&$! (&#$#(9'=! >%.#.! (#.! 0.5.#(/! m7@(23! 10$&//('1#0! '181/1,&.0! 0;$%! (0! (! qH\!
Cq''#&;:*! H#12! (23! \(#2.'F! 10$&//('1#*! 3&./.$'#&$! #.012('1#! 10$&//('1#! C4]BF*! 0;#9($.!
'#(205.#0.!6(5.!CT>ZF!10$&//('1#*!0(88%&#.!/1(3.3!$(5&'<!10$&//('1#*!1#!(!0&:8/.!(&#73&./.$'#&$!
$(5&'<! #.012('1#! 10$&//('1#! '%('! $(2! 8#15&3.! 5.#<! /16! 8%(0.! 21&0.! ('! %&,%.#! 1990.'!
9#.?;.2$&.0=!"!$1:@&2('&12!19!(2<!19!'%.0.!10$&//('1#0!6&'%!(!?;(#'X!10$&//('1#!$(2!($%&.5.!(!
/16!DE!21&0.!8.#91#:(2$.!15.#!(!@#1(3!9#.?;.2$<!#(2,.=!
B0$&//('1#0!'%('!(#.!$(8(@/.!19!0('&09<&2,!08.$&9&$!0<0'.:!#.?;&#.:.2'0!&2!?;&.'!.25&#12:.2'0!
(#.!#.(3&/<!(5(&/(@/.=!)16.5.#*!&2!'%.!5&@#('&2,!.25&#12:.2'0!19!(&#@1#2.!8/('91#:0*!'%.!DE!
21&0.!19!10$&//('1#0!3.,#(3.0!0&,2&9&$(2'/<=!>(@/.!L!(23!K&,;#.!La! 0%16! '%.! '<8&$(/! /.5./!19!
($$./.#('&12! 91#! $.#'(&2! 18.#('&2,! .25&#12:.2'0! CE(2$&2&*! QRR^F=!"$$./.#('&12! /.5./0! ('! '%.!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

275 

10$&//('1#! 3.8.23! 12! %16! (23! 6%.#.! '%.! 10$&//('1#! &0! :1;2'.3=! D/('91#:! #.012(2$.0! $(2!
,#.('/<!(:8/&9<!'%.!($$./.#('&12!/.5./0=!

#$%&'($)*$+!
,--*.*'/+&($!

+01&-/.!.*%*.23!&$!4$&+2!(5!6!

>#($'1#7'#(&/.#!Ca7NR!)XF! R=Q!8.(G!

"#:1#.3!8.#0122./!$(##&.#! R=S!'1!a!#:0!

T%&8!,!$(/:!0.(0! R=RQ!'1!R=L!8.(G!

T%&8!,!#1;,%!0.(0! R=N!8.(G!

D#18.//.#!(&#$#(9'! R=a!'1!S!#:0!

)./&$18'.#s! R=L!'1!j!#:0!

E&00&/.!,!@110'!8%(0.! LS!8.(G!

t.'!(&#$#(9's! R=RQ!'1!Q!#:0!

>(@/.!L=!><8&$(/!/.5./!19!($$./.#('&12!91#!$.#'(&2!18.#('&2,!.25&#12:.2'0=!s!T..!K&,;#.!La!

 

Frequency (Hz)

5 300 1K 2K

P
S

D
 (

g2
/H

z)

.5

.07

Vibration profile of the 
operating environment

.04

!

6

Helicopter
Jet

Frequency (Hz)

5 300 1K 2K

P
S

D
 (

g2
/H

z)

.5

.07

Vibration profile of the 
operating environment

.04

!

6

Helicopter
Jet

!

K&,;#.!La=!><8&$(/!(&#$#(9'!#(231:!5&@#('&12!8#19&/.!
T.$'&12! S! &0! 8#&:(#&/<! 91$;0.3! 12! 0';3<&2,! '%.! .99.$'! 19! 5&@#('&12! 12! '%.! 8%(0.! 21&0.! 19!
./.$'#12&$! (23!18'17./.$'#12&$! 10$&//('1#0! ('! LR!\)X! (23! (/01! $1:8(#&2,! '%.&#! ($$./.#('&12!
0.20&'&5&'<=!>%.!($$./.#('&12!0.20&'&5&'<!19!(!?;(#'X!10$&//('1#! &0!21'!3&0$;00.3!%.#.!@.$(;0.!
.21#:1;0!(:1;2'0!19!61#G!%(5.!(/#.(3<!@..2!312.!(23!'%.!3('(!(#.!#.(3&/<!(5(&/(@/.!&2!'%.!
/&'.#(';#.! CP&,*! LMMQO! 4#&0$1//*! LMMaO! K&//.#*! LMNaO! _10&20G&*! QRRRF=! "! ,113! ?;(#'X! 10$&//('1#!
'<8&$(//<! %(0! (2! ($$./.#('&12! 0.20&'&5&'<! 19! L! l! LR7MY,*! (23! '%.! /16.0'! G2162! ($$./.#('&12!
0.20&'&5&'<!91#!(!?;(#'X!10$&//('1#!&0!Q!l!LR7LLY,!91#!LR!)X!"!-8!"!QRR!)X!CU/1$%!.'!(/=*!QRRWF=!

5.1 Electronic Oscillators 
K&,;#.!L^!0%160!'%#..!3&99.#.2'!'<8.0!19!10$&//('1#0!$%10.2!91#!'%.!5&@#('&12!'.0'*!5&X=*!(!4]B!
('!LR!\)X*!(!0&/&$12!,.#:(2&;:!CT&\.F!(:8/&9&.#7@(0.3!T>Z!10$&//('1#!('!Q=S!\)X!C)(<*!.'!
(/=*!QRR^F*!(23!(!>iRQa!:13.!(&#73&./.$'#&$!$.#(:&$7$(5&'<!#.012('1#!10$&//('1#!C"++]BF!('!LR!
\)X! C)('&! .'! (/=*! QRRWF=!"!T>Z!10$&//('1#! &0! $%10.2!@.$(;0.! '%.0.! (#.! '%.! @.0'!8.#91#:&2,!
10$&//('1#0! &2! '%.! 9#.?;.2$<! #(2,.!L! '1!a!\)X=!U./16!L!\)X!0;#9($.!($1;0'&$!6(5.! CT"ZF!
10$&//('1#0!8.#91#:!6.//!CD(#G.#!`!E12'#.00*!LMNNF*!(23!(@15.!a!\)X!4]B0!8#15&3.!'%.!@.0'!



Aerial Vehicles 

!

276 

$1:8#1:&0.!@.'6..2!8.#91#:(2$.!(23!$10'=!>%.#.!(#.!0.5.#(/!1'%.#!$1::.#$&(//<!(5(&/(@/.!
10$&//('1#0!(@15.!a!\)X!'%('!%(5.!.I'#.:./<!/16!8%(0.!21&0.!@;'!(#.!/(#,.*!08.$&(/&X.3!(23!
.I8.20&5.! @<! $1:8(#&012=!"'! 9&#0'*! '%.! DE!21&0.! 19! '%.0.! 10$&//('1#0! &0!:.(0;#.3!6&'%! 21!
5&@#('&12O!'%.!DE!21&0.!8/1'0!(#.!0%162!&2!K&,;#.!LS=!

a b

c

y
x

z

a b

c

y
x

z

y
x

z

!

K&,;#.!L^=!D&$';#.0!19!'%#..!3&99.#.2'!'<8.0!19!10$&//('1#0!;0.3!91#!5&@#('&12!'.0'=!C(F!4]B*!C@F!
T>Z!10$&//('1#*!C$F!"++]B=!"#@&'#(#<!I!(23!<!(I.0!(#.!$%10.2!&2!'%.!8/(2.!19!'%.!8(,.*!(23!
'%.!X7(I&0!&0!21#:(/!'1!'%.!8(,.!

-160

-140

-120

-100

-80

-60

-40

-20

0

20

40

1 10 100 1000 10000

Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

DRO 

STW 

ACCRO 

!

K&,;#.!LS=!DE!21&0.!19!'%#..!3&99.#.2'!10$&//('1#0!('!LR!\)X!6&'%1;'!5&@#('&12=!K1#!0'#(&,%'!
$1:8(#&012*!'%.!DE!21&0.!19!Q=S!\)X!T>Z!10$&//('1#!&0!21#:(/&X.3!'1!LR!\)X!

"! $1::.#$&(/! 4]B! ('! LR! \)X! &0! 0;@A.$'.3! '1! (! #(231:! 5&@#('&12! (/12,! '%#..! (I.0!
&23.8.23.2'/<=! >%.! 3.,#(3('&12! &2! DE! 21&0.! 3;.! '1! 5&@#('&12! &2! '%.! X7(I&0! &0! 0%162! &2!
K&,;#.!LWC(F=!>%.!.99.$'!19!#(231:!5&@#('&12!&2!'%.!I!(23!<!(I.0!&0!21'!21'&$.(@/.!@.$(;0.!'%.!
DE!21&0.!19!'%.!0'('&12(#<!4]B!&0!:;$%!%&,%.#!'%(2!'%.!21&0.!&23;$.3!@<!#(231:!5&@#('&12=!!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

277 

H2!1#3.#!'1!:.(0;#.!'%.!($$./.#('&12!0.20&'&5&'<!&2!(//!'%#..!(I.0*!'%.!10$&//('1#!&0!0;@A.$'.3!'1!
0&2;01&3(/!5&@#('&12!6&'%!%&,%.#!,7/.5./0!('!3&99.#.2'!9#.?;.2$&.0=!>%.!#.0;/'0!(#.!0%162!&2!
K&,;#.!LWC@F=!>%&0!8(#'&$;/(#!4]B!&0!:1#.!0.20&'&5.!'1!5&@#('&12!(/12,!'%.!X7(I&0!'%(2!(/12,!
'%.!1'%.#! '61!(I.0=! !K;#'%.#*! '%.!($$./.#('&12!0.20&'&5&'&.0!19! '61!4]B0!19!$1:8(#(@/.!0&X.!
(23!6.&,%'!@;'!3&99.#.2'!b!(#.!$1:8(#.3=!K&,;#.!LjC(F!(23!LjC@F!#.08.$'&5./<!0%16!'%.!DE!
21&0.!(23!($$./.#('&12!0.20&'&5&'<!19!'%.0.!4]B0=!>%.!4]B!6&'%!%&,%.#!b!&0!:1#.!0.20&'&5.!
'1!5&@#('&12!91#!'%.!0(:.!#.(012!(0!3&0$;00.3!&2!T.$'&12!^=L!91#!(!%&,%7b!@(238(00!9&/'.#=!
!

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

1 10 100 1000 10000
Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

1E-04

1E-03

A
cc

el
er

at
io

n 
se

n
si

ti
vi

ty
, [

1/
g]

with vibration

no vibration

Γz

1E-09

1E-08

1E-07

1E-06

10 100 1000
Frequency [Hz]

A
cc

el
er

at
io

n 
se

n
si

ti
vi

ty
, [

1/
g]

x-axis

y-axis

z-axis

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

1 10 100 1000 10000
Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

1E-04

1E-03

A
cc

el
er

at
io

n 
se

n
si

ti
vi

ty
, [

1/
g]

with vibration

no vibration

Γz

1E-09

1E-08

1E-07

1E-06

10 100 1000
Frequency [Hz]

A
cc

el
er

at
io

n 
se

n
si

ti
vi

ty
, [

1/
g]

x-axis

y-axis

z-axis

(a) (b)
!

K&,;#.!LW=!C(F!DE!21&0.!19!'%.!4]B!6&'%!(23!6&'%1;'!5&@#('&12!(/12,!'%.!X7(I&0=!>%.!@#162!
$;#5.!&23&$('.0!'%.!X7(I&0!($$./.#('&12!0.20&'&5&'<!19!'%&0!8(#'&$;/(#!4]B=!C@F!I*!<*!(23!X7(I&0!
,(::(=!"2!($$./.#('&12!DT4!19!R=S!:,QY)X!C#:0F!&0!;0.3!91#!#(231:!5&@#('&12!CK&,=!LW(F!
(23!(!8.(G!($$./.#('&12!19!L!,!!&0!;0.3!91#!0&2;01&3(/!5&@#('&12!CK&,=!LW@F!

!

1E-08

1E-07

1E-06

10 100 1000

Frequency [Hz]

T
ot

al
 G

am
m

a,
 [

1/
g]

Low-Q DRO

High-Q DRO

(a) (b)
-130

-110

-90

-70

-50

-30

-10

10

30

1 10 100 1000 10000
Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

Low-Q DRO

High-Q DRO

!

K&,;#.!Lj=!C(F!!DE!21&0.!19!'61!4]B0!19!3&99.#.2'!b!6&'%1;'!5&@#('&12=!C@F!D/1'!19!'1'(/!
,(::(!91#!'%.!4]B0=!"2!($$./.#('&12!DT4!f!R=S!:,QY)X!C#:0F!&0!;0.3!91#!LR!)X!"!-8!"!QRRR!
)X=!>%.!/16.#!DE!21&0.!10$&//('1#!%(0!$1##.08123&2,/<!%&,%.#!($$./.#('&12!0.20&'&5&'<!

P&@#('&1270.20&'&5&'<!.I8.#&:.2'0!(#.!(/01!8.#91#:.3!91#!(!T>Z!10$&//('1#! &2!(//! '%#..!(I.0*!
(23! '%.! #.0;/'0!(#.! 0%162! &2!K&,;#.!LjC$F=! !K1#! '%.!"++]B*! '%.!5&@#('&12!:.(0;#.:.2'! &0!
$129&2.3!'1!(!0&2,/.!(I&0!21#:(/!'1!'%.!:1;2'&2,!8/('.*!(0!0%162!&2!K&,;#.!LR=!K&,;#.!LjC3F!
0%160!'%.!X7(I&0!($$./.#('&12!0.20&'&5&'<!19!'%#..!10$&//('1#0O!'%.!($$./.#('&12!0.20&'&5&'<!19!'%.!
T>Z!10$&//('1#!&0!'61!1#3.#0!19!:(,2&';3.!/16.#!'%(2!'%('!19!'%.!4]B=!



Aerial Vehicles 

!

278 

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

10 100 1000

Frequency [Hz]

A
cc

el
er

at
io

n 
se

n
si

ti
vi

ty
, [

1/
g]

DRO
STW
ACCRO

1E-11

1E-10

1E-09

1E-08

10 100 1000

Frequency [Hz]

A
cc

el
er

at
io

n
 s

en
si

ti
vi

ty
, [

1/
g

]

x-axis
y-axis
z-axis
Total gamma

(c) (d)
!

K&,;#.!Lj=!C$F!!I*!<!(23!X7(I&0!($$./.#('&12!0.20&'&5&'<!19!(!T>Z!10$&//('1#=!C3F!+1:8(#&012!19!
X7(I&0!($$./.#('&12!0.20&'&5&'<!19!3&99.#.2'!10$&//('1#0=!"!8.(G!($$./.#('&12!19!L!,!&0!;0.3!

5.2 Optoelectronic Oscillator  
V16721&0.*! :&$#16(5.79#.?;.2$<! 10$&//('1#0! (#.! G.<! $1:812.2'0! 19! 0<0'.:0! '%('! #.?;&#.!
%&,%!08.$'#(/!8;#&'<=!"2!18'1./.$'#12&$!10$&//('1#!CBiBF!&0!(2!.I(:8/.!'%('!%(0!.:.#,.3!(0!(!
/16721&0.! 01;#$.! &2! #.$.2'!<.(#0! Cq(1!`!E(/.G&*! LMMWO!]r:&0$%! .'! (/=*! QRRRO!i/&<(%;!.'! (/=*!
QRRNF=! !>%.!%&,%!08.$'#(/!8;#&'<!0&,2(/!19!(2!BiB!&0!($%&.5.3!@<!;0&2,!(! /12,!18'&$(/! 9&@.#!
'%('!8#15&3.0!(!5.#<!%&,%!?;(/&'<!9($'1#!CbF=!)16.5.#*!'%.!$/10.!'1!$(##&.#!08.$'#(/!8;#&'<!19!
(2!BiB!&0!3.,#(3.3!:10'/<!@<!.25&#12:.2'(/!0.20&'&5&'&.0*!12.!@.&2,!'%.!5&@#('&127&23;$.3!
8%(0.!9/;$';('&120!&2!&'0!18'&$(/!9&@.#!C)16.!.'!(/=*!QRRjO!)('&!.'!(/=*!QRRNF=!!

!

!

K&,;#.!LN=!U/1$G!3&(,#(:!19!(2!18'1./.$'#12&$!10$&//('1#!

H2!(!'<8&$(/!18'1./.$'#12&$!3.5&$.!(0!0%162!&2!K&,;#.!LN*!/&,%'!9#1:!(!/(0.#!8(00.0!'%#1;,%!(2!
./.$'#1718'&$! (:8/&';3.!:13;/('1#*! '%.! 1;'8;'! 19!6%&$%! &0! 9.3! '1! (! /12,! 18'&$(/! 9&@.#! (23!
3.'.$'.3!6&'%!(!8%1'13.'.$'1#=!>%.!1;'8;'!19! '%.!8%1'13.'.$'1#! &0! '%.2!(:8/&9&.3*! 9&/'.#.3*!
(23!9.3!@($G!'1!'%.!:13;/('1#!81#'*!6%&$%!(:8/&';3.7:13;/('.0!'%.!/(0.#!/&,%'=!Z%.2!/118!
,(&2!&0!,#.('.#!'%(2!L*!'%&0!$129&,;#('&12!/.(30!'1!0./970;0'(&2.3!10$&//('&120=!"!'<8&$(/!BiB!
,&5.0!(!/(#,.!2;:@.#!19!:13.0!6&'%!9#.?;.2$&.0!,&5.2!@<!Cq(1!`!E(/.G&*!LMMWO!]r:&0$%!.'!
(/=*!QRRRF!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

279 

!
( )1 2

.0
K

f
dτ

+
= ! !CLjF!

6%.#.!G( &0!(2!&2'.,.#!6%10.!5(/;.!&0!0./.$'.3!@<!'%.!9&/'.#!(23!+/!f! 'Y84(f!&'H2(&0!'%.!,#1;8!
3./(<!'%#1;,%!'%.!9&@.#!6&'%!&23.I!19!#.9#($'&12!&!(23!/.2,'%!'!(23!2!&0!'%.!5./1$&'<!19!/&,%'=!

>%.!?;(/&'<!9($'1#!19!(2!BiB!&0!8#181#'&12(/!'1!/.2,'%!'!(23!&0!,&5.2!@<!I!f!πτ/-J!f!π&'-JY2=!
"2!BiB! ('! LR!\)X! &0! 3.0&,2.3! @<! ;0&2,! '%.! 0(:.! a! G:! CTEK7QNF! 9&@.#! (0!:.2'&12.3! &2!
T.$'&12! ^=Q! '1! 0';3<! '%.! .99.$'! 19! 5&@#('&12! 12! '%.! 15.#(//! DE! 21&0.! 8.#91#:(2$.! 19! '%.!
10$&//('1#=!!>%.!DE!21&0.!19!'%&0!BiB!0;@A.$'.3!'1!#(231:!5&@#('&12!&0!0%162!&2!K&,;#.!LM=!
>%.!DE!21&0.!;23.#!5&@#('&12!3.,#(3.0!(/:10'!aR!'1!^R!3U!9#1:!&'0!21#:(/!0'('&12(#<!DE!
21&0.!8.#91#:(2$.=!>%&0! &0!3;.!'1! '%.!9($'! '%('! '%.!8%(0.!8.#';#@('&120!3;.!'1!5&@#('&12! &2!
'%.!9&@.#*!6%&$%!&0!'%.!:10'!5&@#('&12!0.20&'&5.!$1:812.2'!&2!'%.!/118*!'#(20/('.!'1!9#.?;.2$<!
9/;$';('&120!&20&3.!'%.!BiBJ0!#.012('1#!@(236&3'%=!>%.!X7(I&0!($$./.#('&12!0.20&'&5&'<!19!'%&0!
BiB!&0!(88#1I&:('./<!S!l!LR7MY,*!(0!0%162!@<!'%.!@#162!8/1'!&2!K&,;#.!LM=!

-160

-140

-120

-100

-80

-60

-40

-20

0

1 10 100 1000 10000 100000

Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

1E-12

1E-10

1E-08

1E-06

1E-04

A
cc

el
er

at
io

n 
se

ns
iti

vi
ty

, [
1/

g]

 with vibration 

 No vibration

First normal 

OEO mode

Random Vibration

Γz

!

K&,;#.!LM=!D/1'!$1:8(#&2,!'%.!DE!21&0.!19!(2!18'1./.$'#12&$!10$&//('1#!6&'%!(23!6&'%1;'!
5&@#('&12=!"!#(231:!5&@#('&12!8#19&/.!19!($$./.#('&12!DT4!f!R=S!:,QY)X!C#:0F!&0!;0.3!91#!LR!
)X!"!-8("!QRRR!)X=!!>%.!@#162!$;#5.!0%160!'%.!X7(I&0!($$./.#('&12!0.20&'&5&'<!19!'%&0!BiB*!
6%&$%!&0!(88#1I&:('./<!S!l!LR7MY,=!>%.!9&#0'!:13.!91#!(!a!G:!9&@.#*!6%&$%!&0!(88#1I&:('./<!
Wj!G)X!9#1:!'%.!$(##&.#*!&0!(/01!0%162!

6. Acceleration Sensitivity Reduction 

H2!'%&0!0.$'&12*!(!9.6!:.'%130!19!#.3;$&2,!5&@#('&127&23;$.3!21&0.!9#1:!5&@#('&1270.20&'&5.!
$1:812.2'0!(#.!3&0$;00.3=!>%.!:10'!$1::12!(88#1($%!91#!#.3;$&2,!5&@#('&127&23;$.3!DE!
21&0.! &0! '1! 0./.$'! /1675&@#('&1270.20&'&5.! :('.#&(/0=! "! $1:8(#&012! &0! :(3.! 91#! '61! (&#7
3&./.$'#&$!$(5&'<!10$&//('1#0!('!LR!\)X*!12.!$(5&'<!:(3.!19!(/;:&2;:!(23!(21'%.#!12.!:(3.!
19! $.#(:&$=! >%.! '61! $(5&'&.0! (#.! $%10.2! 01! '%('! '%.<! %(5.! $1:8(#(@/.! 51/;:.*! (/:10'!
&3.2'&$(/! /1(3.3! bJ0! 19! QQ*RRR! C>iRQa! :13.F! (23! &20.#'&12! /100.0! 19! W! 3U=! "//! '%.! 1'%.#!



Aerial Vehicles 

!

280 

$1:812.2'0!19!'%.!'61!10$&//('1#0!(#.!&3.2'&$(/=!>%.0.!'61!10$&//('1#0!(#.!'.0'.3!91#!3&99.#.2'!
0&2;01&3(/!5&@#('&12!9#.?;.2$&.0=!>%.!($$./.#('&12!0.20&'&5&'<!19!'%.!$.#(:&$!$(5&'<!10$&//('1#!
&0!91;23!'1!@.!(/:10'!12.!0&I'%!'%('!19!'%.!(/;:&2;:!$(5&'<!10$&//('1#*!(0!0%162!&2!K&,;#.!QR=!
>%&0!&0!@.$(;0.!$.#(:&$!&0!0'&99.#!'%(2!(/;:&2;:!(23!'%;0!/.00!0.20&'&5.!'1!5&@#('&12=!

1E-10

1E-09

1E-08

1E-07

10 100 1000 10000

Frequency [Hz]

A
cc

el
er

at
io

n 
se

ns
iti

vi
ty

, [
1/

g]

Aluminum

Ceramic

!

K&,;#.!QR=!!+1:8(#&012!19!($$./.#('&12!0.20&'&5&'<!19!(/;:&2;:!(23!$.#(:&$!(&#73&./.$'#&$!
$(5&'<!#.012('1#!10$&//('1#0!

H'!&0!(/01!61#'%!21'&2,!'%.!#.0;/'0!19!(!9.6!'.0'0!19!8(00&5.!:.$%(2&$(/!3(:8.#0!(23!&01/('1#0!
12! 3&99.#.2'! '.0'! 10$&//('1#0=! >%.!:10'! $1::12! (88#1($%! '1! #.3;$.! 5&@#('&127&23;$.3!DE!
21&0.! &0! '1! 0./.$'! 5&@#('&12! &01/('1#0! 19! /16! 2(';#(/! 9#.?;.2$<=! T:(//! 0'#(23.3! 6&#.! #18.!
&01/('1#0!(23!;#.'%(2.!0%1$G!:1;2'0*!(0!0%162!&2!K&,;#.!QLC(F*!8#15&3.!.I$.//.2'!3(:8&2,!
(23! 1:2&3&#.$'&12(/! &01/('&12=!Z%.2! 0&X.! &0! $#&'&$(/*! '%.0.! 0:(//! 0%1$G! (@01#@.#0! (#.! 19'.2!
&2$1#81#('.3! &20&3.! '%.! 10$&//('1#! 8($G(,.! '1! &:8#15.! '%.! DE! 21&0.! 8.#91#:(2$.! 19! '%.!
10$&//('1#! &2!%&,%!5&@#('&12! &23;$.3!.25&#12:.2'0=!K;#'%.#*!6%.2!08($.! &0!21'!(2! &00;.*!(2!
.I'.#2(/!5&@#('&12! &01/('&12!8/('91#:!$(2!@.!;0.3=! H2! '%&0!$(0.*! '%.!6%1/.!0<0'.:!&2$/;3&2,!
'%.!10$&//('1#!$(2!@.!:1;2'.3!12!'%&0!5&@#('&1279#..!8/('91#:!'1!($%&.5.!'%.!8#.$&0&12!2..3.3!
91#! '%.!8(#'&$;/(#! (88/&$('&12=!>%.#.! (#.! 0.5.#(/! $1::.#$&(//<! (5(&/(@/.!5&@#('&12! &01/('&12!
8/('91#:0!6&'%! .I'#.:./<! ,113!8.#91#:(2$.! (23! 5.#<! /16!2(';#(/! #.012(2$.! 9#.?;.2$&.0*!
/.00! '%(2! L!)X=!"! 0&,2&9&$(2'! &:8#15.:.2'! &2! '%.! ($$./.#('&12! 0.20&'&5&'<! 19! '%.!4]B!(23!
T>Z! 10$&//('1#0! &0! 1@0.#5.3!6%.2! '.0'.3! ;23.#! 5&@#('&12! 6&'%! '%.0.! 8(00&5.! 3(:8.#0! (0!
0%162!&2!K&,;#.!QLC@F=!
K&2(//<*! (2! ($'&5.! ./.$'#12&$! 5&@#('&12! $(2$.//('&12! '.$%2&?;.! $(2! @.! 01:.'&:.0! ;0.3! '1!
#.3;$.! '%.!5&@#('&12! 0.20&'&5&'<=!"!a!G:! /12,!18'&$(/! 9&@.#!(23!(2!18'1./.$'#12&$!10$&//('1#!
(#.!$%10.2!'1!&//;0'#('.!'%&0!0$%.:.=!Z1#G!12!$12'#1/!19!.25&#12:.2'(/!21&0.!&2!18'&$(/!9&@.#!
%(0! 8#.5&1;0/<! @..2! &:8/.:.2'.3! &2! 0<0'.:0! 6%.#.! .&'%.#! (! 81#'&12! 19! '%.! 0<0'.:!
;23.#,1.0!5&@#('&12!1#!(!0'(@/.!#.9.#.2$.!&0!(5(&/(@/.!'1!:.(0;#.!'%.!5&@#('&127&23;$.3!21&0.!
CK1#.:(2!.'!(/=*!QRRjF=!H'!&0!5.#<!&:81#'(2'!'1!(00.00!'%.!3.,#..!'1!6%&$%!5&@#('&12!&23;$.3!

8%(0.!9/;$';('&120!φ8=#B!$(2!@.!$1##./('.3!6&'%!(23!8#.3&$'.3!@<!(2!($$./.#1:.'.#!01!'%('!&'!
@.$1:.0!8100&@/.! '1! ./.$'#12&$(//<! $(2$./! '%.! .99.$'! 19! 5&@#('&127&23;$.3!21&0.! &2! '%.! 9&@.#!
C)('&!.'!(/=*!QRRNF=!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

281 

!

(a) !

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

10 100 1000

Frequency [Hz]

A
cc

el
er

at
io

n 
se

n
si

ti
vi

ty
, [

1/
g]

DRO-w/o shock mount

DRO-w/ shock mount

STW-w/o shock mount

STW-w/ shock mount

(b)
!

K&,;#.!QL=!C(F!Z&#.7#18.!(23!;#.'%(2.!8(00&5.!0%1$G!:1;2'0=!C@F!H:8#15.:.2'!&2!
($$./.#('&12!0.20&'&5&'<!#.0;/'&2,!9#1:!;0.!19!0%1$G!:1;2'0!

Sensor A

Sensor B

Sensor A

Sensor B

!

K&,;#.!QQ=!iI8.#&:.2'(/!0.';8!'1!0';3<!5&@#('&127&23;$.3!DE!21&0.!(23!&'0!0;88#.00&12!&2!(!
9&@.#!3./(<!/&2.!:1;2'.3!12!(!5&@#('&12!'(@/.=!D4!&0!(!8%1'13.'.$'1#!'%('!$125.#'0!LR!\)X!
18'&$(/!:13;/('&12!'1!]K!

>%.!a!G:!18'&$(/!9&@.#!CTEK7QNF!61;23!12!(!$.#(:&$!0811/!&0!0;@A.$'.3!'1!5&@#('&12=!!Z%&/.!

'%.!9&@.#!&0!;23.#!5&@#('&12*!(2!.0'&:('.!19!'%.!18810&'.!8%(0.!19!'%.!φ8=#B!0&,2(/!&0!,.2.#('.3!
@(0.3!12!5&@#('&12! 0.201#0*! &2! '%&0! $(0.*! (!X7(I&0!($$./.#1:.'.#! C0.201#!UF!:1;2'.3!12! '%.!
'18!19! '%.!0811/=! !>%.!X7(I&0! &0! '%.!:10'! 0.20&'&5.!(I&0*!@<!(2!1#3.#!19!:(,2&';3.!1#!:1#.!
$1:8(#.3! '1! '%.!I! (23!<! (I.0! C"0%@<!.'! (/=! QRRj*!);(2,!.'! (/=! QRRRF=!"2!./.$'#12&$!8%(0.!
0%&9'.#*!(0!0%162!&2!K&,;#.!QQ*!$1##.$'0!'%.!8%(0.!8.#';#@('&120!19!'%.!3.:13;/('.3!LR!\)X!
0&,2(/! 0.20.3! @<! '%.! ($$./.#1:.'.#! @<! 9..3791#6(#3! $1##.$'&12=! K&,;#.! QaC(F! 0%160!
8#./&:&2(#<!#.0;/'0!(23!8#1197197$12$.8'!19!($'&5.!21&0.!$12'#1/!(88/&.3!'1!'%.!$.#(:&$!0811/!
19! 18'&$(/! 9&@.#=! >%.! @1''1:! $;#5.! &0! '%.! 21&0.! 9/11#*! (23! '%.! '18:10'! $;#5.! &0! '%.! 0(:.!
:.(0;#.:.2'!19!DE!21&0.!6%&/.! '%.!0811/! &0! 0;@A.$'.3! '1!(! #(231:!5&@#('&12=!>%.!:&33/.!
$;#5.!&0!'%.!#.0&3;(/!DE!21&0.!6&'%!'%.!21&0.!$12'#1/!12=!D(#'&$;/(#/<!21'.61#'%<!&0!'%('!'%.!
#.0&3;(/! DE! 21&0.! '%#1;,%! '%.! 0811/! 19! 9&@.#! &0! #.3;$.3! @<! LS! 3U! '1! QS! 3U=! ! K1#! '%&0!
.I8.#&:.2'*! (! 9/('! 9#.?;.2$<! #.08120.! &0! ;0.3! 91#! '%.! 9..3791#6(#3! 8%(0.! $1##.$'&12=! >%.!
($$./.#('&12! 0.20&'&5&'<! 19! a! G:! 9&@.#! 6&'%! (23! 6&'%1;'! 9..3791#6(#3! $(2$.//('&12! &0! (/01!
0%162!&2!K&,;#.!QaC@F=!



Aerial Vehicles 

!

282 

-140

-130

-120

-110

-100

-90

-80

-70

-60

-50

1 10 100 1000 10000

Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

w/o vibration cancellation

w/ vibration cancellation

Noise floor

1E-05

1E-04

1E-03

1E-02

1E-01

10 100 1000

Frequency [Hz]

A
cc

el
er

at
io

n 
se

ns
iti

vi
ty

, [
ra

d/
g]

w/o vibration cancellation

w/ vibration cancellation

(a) (b)
!

K&,;#.!Qa=!C(F!D/1'!$1:8(#&2,!'%.!#.0&3;(/!DE!21&0.!19!9&@.#!;23.#!#(231:!5&@#('&12!6&'%!
(23!6&'%1;'!9..3791#6(#3!$(2$.//('&12=!C@F!"$$./.#('&12!0.20&'&5&'<!19!(!a!G:!9&@.#!6&'%!(23!
6&'%1;'!9..3791#6(#3!$(2$.//('&12=!"!#(231:!5&@#('&12!8#19&/.!19!($$./.#('&12!DT4!f!R=S!
:,QY)X!C#:0F!&0!;0.3!91#!LR!)X!"!-8("!QRRR!)X!

!

K&,;#.!Q^=!U/1$G!3&(,#(:!19!(2!BiB!6&'%!($'&5.!5&@#('&127&23;$.3!21&0.!$12'#1/!

>%.!0(:.!'.$%2&?;.!&0!&:8/.:.2'.3!&2!(2!BiB!'1!$(2$./!'%.!5&@#('&127&23;$.3!21&0.=!H2!(2!
BiB!;23.#! 5&@#('&12*! (2! ($$./.#1:.'.#! 0&,2(/! &0! ;0.3! '1! ($$;#('./<! .0'&:('.! '%.! $1:8/.I!
$12A;,('.!19!'%.!5&@#('&127&23;$.3!8%(0.!:13;/('&12*!(0!3.8&$'.3!&2!K&,;#.!Q^=!>%&0!.0'&:('.!
:13;/('.0! '%.!10$&//('1#J0!1;'8;'! 9#.?;.2$<!@<!5&#';.!19!V..012J0!:13./! CV..012*!LMWWF! &2!
0;$%!(!6(<!(0! '1!$1##.$'! '%.! &23;$.3! &27/118!8%(0.!8.#';#@('&120=!>%.!DE!21&0.!19! '%.!LR!
\)X!BiB!6&'%!(23!6&'%1;'!5&@#('&12*! (0!6.//! (0!6&'%!5&@#('&12!$(2$.//('&12*! &0! 0%162! &2!
K&,;#.!QSC(F=!K&2(//<*!'%.!X7(I&0!($$./.#('&12!0.20&'&5&'<!19!'%.!BiB!('!LR!\)X!&0!$(/$;/('.3!@<!
;0.!19!.?;('&12!j!(23!K&,;#.!QSC(F!(23!&0!0%162!&2!K&,;#.!QSC@F=!>%.#.!&0!(2!&:8#15.:.2'!@<!
(/:10'! (2! 1#3.#! 19! :(,2&';3.! &2! ($$./.#('&12! 0.20&'&5&'<! 15.#! '%.! 9;//! #(2,.! 19! 5&@#('&12!
9#.?;.2$&.0!'.0'.3=!"!9/('!9#.?;.2$<!#.08120.!&0!;0.3!91#!'%.!9..3791#6(#3!8%(0.!$1##.$'&12!
&2! '%&0!$(0.=!)16.5.#*!(!$;0'1:7'(&/1#.3! 9#.?;.2$<!#.08120.!$(2!@.!;0.3! '1!($%&.5.!@.''.#!
$(2$.//('&12! ('! 3&99.#.2'! 5&@#('&12! 9#.?;.2$&.0=! H2! 1#3.#! '1! 5.#&9<! '%&0*! '%.! 9&@.#! 0811/! &0!
0;@A.$'.3!'1!(!0&2;01&3(/!($$./.#('&12!19!L!,!('!LR!)X*!SR!)X*!LRR!)X*!QRR!)X!(23!L!G)X=!>%.!
@1''1:! $;#5.! 19! K&,;#.! QSC@F! 0%160! '%('! 9;#'%.#! &:8#15.:.2'! &2! X7(I&0! 0.20&'&5&'<! &0!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

283 

($%&.5.3! @<! 18'&:&X&2,! '%.! 8%(0.! (23! (:8/&';3.! 19! '%.! 9..3791#6(#3!8%(0.! $1##.$'&12! ('!
'%.0.!08.$&9&$!0&2;01&3(/!9#.?;.2$&.0=!

-140

-120

-100

-80

-60

-40

-20

0

1 10 100 1000 10000 100000

Frequency [Hz]

L(
f)

, [
d

B
c/

H
z]

w/o vibration cancellation

w/ vibration cancellation

no vibration

First normal 

OEO mode

Random Vibration

(a) (b)

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

10 100 1000
Frequency [Hz]

A
cc

e
le

ra
ti

o
n 

se
n

si
ti

vi
ty

, [
1/

g]

w/o vibration cancellation

w/ vibration cancellation

OFPC

!

K&,;#.!QS=!C(F!DE!21&0.!19!(!LR!\)X!BiB!6&'%!(23!6&'%1;'!5&@#('&12!$(2$.//('&12=!"!#(231:!
5&@#('&12!8#19&/.!19!($$./.#('&12!DT4!19!R=S!:,QY)X!C#:0F!&0!;0.3!91#!LR!)X!"!-8!"!QRRR!)X=!!
C@F!D/1'!19!X7(I&0!($$./.#('&12!0.20&'&5&'<!6&'%!(23!6&'%1;'!5&@#('&12!$(2$.//('&12=!>%.!@1''1:!
$;#5.!$1##.081230!'1!(!0&2,/.79#.?;.2$<!0&2;01&3(/!8.(G!($$./.#('&12!19!L!,=!K1#!.($%!
0&2;01&3(/!9#.?;.2$<*!(2!18'&:&X.3!9..3791#6(#3!8%(0.!$1##.$'&12!CBKD+F!&0!;0.3!

7. Conclusion 

T'#;$';#.7@1#2.!5&@#('&12!&0!#1;'&2.!91#!:(2<!(88/&$('&120*!$(;0&2,!(2!&2$#.(0.!&2!DE!21&0.!
19! 10$&//('1#0! '%('! 3&0(@/.0! :(2<! 0<0'.:0=! >%.#.91#.*! &'! &0! 5.#<! &:81#'(2'! '1! 0./.$'!
$1:812.2'0!'%('!0%16!/16!8%(0.!$%(2,.0!;23.#!5&@#('&12!&2!1#3.#!'1!@;&/3!(!0<0'.:!6&'%!
/16!5&@#('&12!0.20&'&5&'<=!H2!'%&0!$%(8'.#*! '%.!($$./.#('&12!0.20&'&5&'<!(23!&'0!#./('&12!'1!DE!
21&0.!19!(2!10$&//('1#! &0!3.#&5.3=!4&99.#.2'! '.$%2&?;.0! 91#!:.(0;#&2,! '%.!DE!21&0.! /.5./!19!
$1:812.2'0!;23.#!5&@#('&12!(#.!(/01!3&0$;00.3=!>%.!($$./.#('&12!0.20&'&5&'<!19!0.5.#(/!0'('.7
197'%.7(#'! :&$#16(5.! (23! 18'&$(/! $1:812.2'0! (#.! :.(0;#.3=! ].0;/'0! 0%16! '%('! %&,%7b!
$1:812.2'0!(#.!,.2.#(//<!:1#.!0.20&'&5.!'1!5&@#('&12=!!K&2(//<*!3&99.#.2'!8(00&5.!(23!($'&5.!
'.$%2&?;.0! '1! 0;88#.00! 1#! $(2$./! 5&@#('&127&23;$.3! 21&0.! &2! '%.0.! 10$&//('1#0! (#.! (/01!
3&0$;00.3=! ].0;/'0! 0%16! '%('! 8#18.#! ;0.! 19! 8(00&5.! (23! ($'&5.! $(2$.//('&12! 0$%.:.0! $(2!
&:8#15.!'%.!($$./.#('&12!0.20&'&5&'<!19!(2!10$&//('1#!@<!0.5.#(/!1#3.#0!19!:(,2&';3.=!!

8. Acknowledgement 

>%.! (;'%1#0! '%(2G!-.&/! "0%@<*! t.99! t(#,12! (23! t.22&9.#! >(</1#! 91#! ;0.9;/! 3&0$;00&12! (23!
5(/;(@/.!0;,,.0'&120=!!

9. References 

"0%@<*!-=O!)16.*!4=!"=O!>(</1#*!t=O!)('&*!"=!`!-./012*!+=!CQRRjF=!B8'&$(/!9&@.#!5&@#('&12!(23!
($$./.#('&12!:13./*!KJJL()FFF()&#,0&"#$%&"'(M0,N+,&25(O%&#0%'(.5;9%*$+;(P%$&#'5(Q$#3(
#3,(KR*#(F+0%9,"&(M0,N+,&25("&/(1$;,(M%0+;*!88=!!S^j7SSL*!\.2.5(*!T6&'X.#/(23*!QM!
E(<uL!t;2.*!QRRj!

U/1$%*! EO! E(2$&2&*! B=! `! T'12.*! +=! CQRRSF=! E.'%13! 91#! ($%&.5&2,! %&,%/<! #.8#13;$&@/.!
($$./.#('&12!&20.20&'&5.!?;(#'X!$#<0'(/!10$&//('1#0*!6E.E(S"#,&#(JLRJTRUV*!QRRW!



Aerial Vehicles 

!

284 

4#&0$1//*!E=E=!CLMMaF=!].3;$'&12!19!b;(#'X!B0$&//('1#! 9/&$G.#71979#.?;.2$<!(23!6%&'.!8%(0.!
21&0.! C9/11#F! /.5./0!19! ($$./.#('&12! 0.20&'&5&'<!5&(!;0.!19!:;/'&8/.! #.012('1#0=! )FFF(
10"&*"2#$%&*( %&( 6'#0"*%&$2*@( M,00%,',2#0$2*@( "&/( M0,N+,&25( O%&#0%'*! P1/=! ^R*! -1=^*! 88=!
^Qj7^aR*!t;/<!LMMa!

4#&0$1//*!E=E=!`!41215(2*!t=U=!CQRRjF=!P&@#('&127H23;$.3!D%(0.!-1&0.o!H'!H02v'!t;0'!"@1;'!'%.!
B0$&//('1#*!S0%2,,/$&4*(%-(KJJL()FFF()&#,0&"#$%&"'(M0,N+,&25(O%&#0%'(.5;9%*$+;(P%$&#'5(
Q$#3(#3,(KR*#(F+0%9,"&(M0,N+,&25("&/(1$;,(M%0+;@(88=!SaS7S^R*!\.2.5(*!T6&'X.#/(23*!
QM!E(<uL!t;2.*!QRRj!

i/&<(%;*!4=O! T.&3./*!4=!`!E(/.G&*!V=! CQRRNF=!]K!(:8/&';3.!(23!8%(0.721&0.! #.3;$'&12!19!(2!
18'&$(/!/&2G!(23!(2!18'17./.$'#12&$!10$&//('1#=!)FFF(10"&*"2#$%&*(%&(W$20%Q"8,(13,%05(
"&/(1,23&$N+,*@(P1/=!SW*!-1=!Q*!88=!^^M7^SW*!K.@#;(#<!QRRN!!

K&//.#*!]=V=O!_10&20G&*!t="=!`!P&,*!t=]=!CLMNaF=!K;#'%.#!T';3&.0!12!'%.!"$$./.#('&12!T.20&'&5&'<!
19!b;(#'X! ].012('1#0*!S0%2,,/$&4*( %-( VL#3(7&&+"'( .5;9%*$+;( %&( M0,N+,&25( O%&#0%'@$
88=!QWS!u!QjL*!LMNa!

K&//.#*!]=V=! CLMNNF=!>%.!($$./.#('&12! 0.20&'&5&'<!19!?;(#'X! $#<0'(/! 10$&//('1#0o!"! #.5&.6=! )FFF(
10"&*"2#$%&*( %&(6'#0"*%&$2*@( M,00%,',2#0$2*@( "&/(M0,N+,&25(O%&#0%'*!P1/=! aS*!-1=! a*! 88=!
QMj7aRS*!E(<!LMNN!

K1#.:(2*! T=EO! V;3/16*! "=4O! E&#(23(*! E=)=\=O! T'(/2(G.#*! t=! i=O! 4&33(:0*! T="=! ! `! q.*! t=!
CQRRjF=!+1%.#.2'!18'&$(/!8%(0.!'#(209.#!15.#!(!aQ7G:!9&@.#!6&'%!L!0!&20'(@&/&'<!('!LR7
Lj=!S35*$2"'(X,8$,Q(<,##,0*!P1/=!MM*!88=!LSaWRL!C^F*!B$'1@.#!QRRj!

K#;.%(;9*! )=! CQRRjFE( c,d7+1:8.20('.3*! E&2&(';#.*! )&,%! D.#91#:(2$.! b;(#'X! +#<0'(/!
B0$&//('1#0*!%''8oYY666=9#.?./.$=$1:Y'.$%w/&'=%':/*!"8#&/!QRRj=!

\#15.*! t=O! ).&2*! t=O! ].''(*! t=O! T$%6.&,.#*! D=O! T1/@#&,*!Z=! `! T'.&2*! T=]=! CQRR^F=! 4&#.$'73&,&'(/!
8%(0.721&0.! :.(0;#.:.2'@! S0%2,,/$&4*( %-( #3,( KJJU( )FFF( )&#,0&"#$%&"'( M0,N+,&25(
O%&#0%'(.5;9%*$+;("&/(F?9%*$#$%&@!88=!QNj!u!QML*!Qa7Qj*!";,;0'!QRR^!

)('&*! "=O! )16.*! 4="=! `! -./012*! +=Z=! CQRRWF=! +1:8(#&012! 19! "E! 21&0.! &2! $1::.#$&(/!
(:8/&9&.#0!(23!10$&//('1#0!('!m7@(23*!S0%2,,/$&4*(%-(KJJT()FFF()&#,0&"#$%&"'(M0,N+,&25(
O%&#0%'(.5;9%*$+;*!88=!j^R7j^^*!t;2.!QRRW!!

)('&*!"=O!-./012*!+=ZO!)16.*!4="=O!"0%@<*!-=O!>(</1#*!t=*!);3.G*!_=E=O!)(<*!+=O!T.&3./*!4=t=!
`!i/&<(%;*!4=!CQRRjF=!!P&@#('&12!0.20&'&5&'<!19!:&$#16(5.!$1:812.2'0*!S0%2,,/$&4*(%-(
KJJL( )FFF( )&#,0&"#$%&"'( M0,N+,&25( O%&#0%'( .5;9%*$+;( P%$&#'5( Q$#3( #3,( KR*#( F+0%9,"&(
M0,N+,&25("&/(1$;,(M%0+;*!88=!S^L7S^W*!\.2.5(*!T6&'X.#/(23*!QM!E(<uL!t;2.*!QRRj!

)('&*!"=O!-./012*!+=Z=O!>(</1#*!t=O!"0%@<*!-=!`!)16.*!4="=!CQRRNF=!+(2$.//('&12!19!P&@#('&127
H23;$.3!D%(0.!-1&0.! &2!B8'&$(/!K&@.#0=! )FFF!S3%#%&$2*(1,23&%'%45(<,##,0*@(722,9#,/(
-%0(-+#+0,(9+Y'$2"#$%&@!QRRN!

)(<*! +=i=O! )(##.//*! E=i=! `! _(20<*! ]=t=! CQRR^F=! Q=^! (23! Q=S! \)X! :&2&(';#.*! /16721&0.!
10$&//('1#0! ;0&2,! 0;#9($.! '#(205.#0.! 6(5.! #.012('1#0! (23! (! T&\.! 0;0'(&2&2,!
(:8/&9&.#*!S0%2,,/$&4*(%-(#3,(KJJU()FFF()&#,0&"#$%&"'(M0,N+,&25(O%&#0%'(.5;9%*$+;("&/(
F?9%*$#$%&@!!88=!Lj^!u!LjM*!Qa7Qj!";,;0'!QRR^!!

).(/<*!4=t=O!)(%2*!)=!`!D16.//*! T=! CLMNaF=!"!:.(0;#.:.2'! '.$%2&?;.! 91#!3.'.#:&2('&12!19!
9#.?;.2$<!50=! ($$./.#('&12! $%(#($'.#&0'&$0! 19! ?;(#'X! $#<0'(/! ;2&'0*!S0%2,,/$&4*( %-( #3,(

VL#3(7&&+"'(.5;9%*$+;(%&(M0,N+,&25(O%&#0%'@!88=!QN^7QNM*!LMNa!!
)16.*!4="O!V(29#(2$%&*!t=O!+;'0&2,.#*!V=O!)('&*!"=!`!-./012*!+=Z=!CQRRSF=!P&@#('&127&23;$.3!

DE! 21&0.! &2! 10$&//('1#0! (23!:.(0;#.:.2'0! 19! $1##./('&12! 6&'%! 5&@#('&12! 0.201#0*!
S0%2,,/$&4*(%-(#3,(KJJZ()FFF()&#,0&"#$%&"'(M0,N+,&25(O%&#0%'(.5;9%*$+;("&/(F?9%*$#$%&@!
88=!^M^7^MN*!QM7aL!";,;0'*!QRRS!



Vibration-induced PM Noise in Oscillators and its Suppression 

!

285 

)16.*!4="=O!)('&*!"=O!-./012*!+=Z=O!>(</1#*!t=!`!"0%@<*!-=!CQRRjF=!"$'&5.!5&@#('&127&23;$.3!
DE! 21&0.! $12'#1/! &2! 18'&$(/! 9&@.#0o! 8#./&:&2(#<! 0';3&.0*! KJJL( )FFF( )&#,0&"#$%&"'(
M0,N+,&25(O%&#0%'(.5;9%*$+;(P%$&#'5(Q$#3(#3,(KR0'(F+0%9,"&(M0,N+,&25("&/(1$;,(M%0+;*!
88=!SSQ7SSW*!\.2.5(*!T6&'X.#/(23*!QM!E(<uL!t;2.*!QRRj!

);(2,*!T=O!>;*!E=O!q(1*!T=!`!E(/.G&*!V=!CQRRRF=!"!';#2G.<!18'1./.$'#12&$!10$&//('1#!6&'%!/16!
($$./.#('&12! 0.20&'&5&'<*! S0%2,,/$&4*( %-( #3,( KJJJ( )FFFHF)7( )&#,0&"#$%&"'( M0,N+,&25(
O%&#0%'(.5;9%*$+;("&/(F?3$Y$#$%&*!88=!QWM7QjM*!QRRR!

_(3&6(#! ]=_! `! \&/.0*! H=D=! CLMNMF=! B8'&$(/! 9&@#.! U#&//1;&2! #&2,! /(0.#! ,<#10$18.=! F',2#0%&$2*(
<,##,0**!!P1/=!QS*!-1=!QS*!88=!LjQM!u!LjaL*!LMNM!

_10&20G&*! t=! "=! CQRRRF*! >%.1#<! (23! 3.0&,2! 19! $#<0'(/! 10$&//('1#0! &::;2.! '1! ($$./.#('&12o!
D#.0.2'! 0'('.! 19! '%.! (#'*! S0%2,,/$&4*( %-( #3,( KJJJ( )FFFHF)7( )&#,0&"#$%&"'( M0,N+,&25(
O%&#0%'(.5;9%*$+;("&/(F?3$Y$#$%&*!88=!QWR7QWN*!QRRR=!

_612*! >=E=! `! )(%2*! >=! CLMNaF=! H:8#15.3! 5&@#('&12! 8.#91#:(2$.! &2! 8(00&5.! ('1:&$!

9#.?;.2$<!0'(23(#30!@<!0.#517/118!$12'#1/*!S0%2,,/$&4*(%-(#3,(VL#3(7&&+"'(.5;9%*$+;(
%&(-0,N+,&25(2%&#0%'*!88=!QN7QR*!LMNa!

V(2$.*!"=V=O!T.(/*!Z=4=!`!V(@((#*!K=!CLMN^F=!D%(0.!21&0.!(23!"E!21&0.!:.(0;#.:.2'0!&2!'%.!
9#.?;.2$<!31:(&2=!)&-0"0,/("&/(W$''$;,#,0(["8,**!P1/=!LL*!88=!QaM7QNM*!LMN^!

V..012*!4=U=!CLMWWF=!"!0&:8/.!:13./!19!9..3!@($G!10$&//('1#!21&0.!08.$'#;:*!S0%2,,/$&4(%-(#3,(
)FFF*!P1/=!S^*!-1=!Q*!88=!aQM7aaR*!LMWW!

E(2$&2&*! B=! CQRR^F=! >;'1#&(/! 12! D#.$&0&12! K#.?;.2$<! \.2.#('&12@( W$20%Q"8,( 13,%05( \(
1,23&$N+,*( .%2$,#5( %-( #3,( )FFF( <%&4( )*'"&/( .,2#$%&@( LN! E(#$%! QRR^=!
%''8oYY666=&...=/&Y839Y5&.6,#(8%0w9#.?=839!!

E&2(0&(2*!]=! CQRRWF=!D%1'12&$!0&,2(/!8#1$.00&2,!19!:&$#16(5.!0&,2(/0=! )FFF(10"&*"2#$%&*(%&(
W$20%Q"8,(13,%05("&/(1,23&%'%45*!P1/=!S^*!-1=!Q*!88=!NaQuN^W*!K.@#;(#<!QRRW!

D(#G.#*! >=i=! `! E12'#.00*! \=_=! CLMNNF=! D#.$&0&12! 0;#9($.7($1;0'&$76(5.! CT"ZF! 10$&//('1#0=!
)FFF(10"&*"2#$%&*(%&(6'#0"*%&$2*@(M,00%,',2#0$2*@("&/(M0,N+,&25(O%&#0%'*!P1/=!aS*!!-1=!a*!!
88=!a^Q!u!aW^*!E(<!LMNN!

].21;/'*! D=O!\&#(#3.'*! i=!`!U&3(#'*! V=! CLMNMF=!E.$%(2&$(/! (23! ($1;0'&$! .99.$'0! &2! /16!8%(0.!

21&0.!8&.X1./.$'#&$!10$&//('1#0*!S0%2,,/$&4(%-(#3,(UV0/(7&&+"'(.5;9%*$+;(%&(M0,N+,&25(
O%&#0%'*!88=!^aM7^^W*!aL!E(<7Q!t;2.*!LMNM!!

]&/.<*!Z=! CLMMQF=!>%.!D%<0&$0!19! '%.!.25&#12:.2'(/! 0.20&'&5&'<!19! #;@&3&;:!,(0! $.//! ('1:&$!
K#.?;.2$<! 0'(23(#30=! )FFF(10"&*"2#$%&*( %&(6'#0"*%&$2*@( M,00%,',2#0$2*@( "&/(M0,N+,&25(
O%&#0%'*!P1/=!aM*!88=!QaQ7Q^R*!LMMQ!

]r:&0$%*! T=O! _&'$%&2,*! t=O! K.##.7D&G(/*! i=T=O! )1//@.#,! V=! `!Z(//0*! K=V=! CQRRRF=! D.#91#:(2$.!
.5(/;('&12! 19! (2! 18'1./.$'#12&$! 10$&//('1#=! )FFF( 10"&*"2#$%&*( %&( 6'#0"*%&$2*@(
M,00%,',2#0$2*@("&/(M0,N+,&25(O%&#0%'*!P1/=!^j*!88=!LLSM7LLWS*!T.8'.:@.#!QRRR!

]10('&! P=t=! `! K&//.#*! ]=! V=! CLMNLF=! ! ].3;$'&12! 19! '%.! .99.$'0! 19! 5&@#('&12! 12! T+7$;'! ?;(#'X!
$#<0'(/!10$&//('1#0*!S0%2,,/$&4*(%-(#3,(VZ#3(7&&+"'(.5;9%*$+;(%&(M0,N+,&25(O%&#0%'*!88=!
LLj7LQL*!LMNL!

];@&1/(*!i=O!T(/&G*!i=O!);(2,*!T=O!q;*!-=!`!E(/.G&*!V=!CQRRSF=!!D%1'12&$!3./(<!'.$%2&?;.!91#!DE!
21&0.! !:.(0;#.:.2'! 19!:&$#16(5.!10$&//('1#0=! P%+0&"'(]9#$2"'( .%2$,#5( %-(7;,0$2"(^_(
]9#$2"'(S35*$2**!P1/=!QQ*!-1=S*!88=!MNj7MMj*!E(<!QRRS!

T'.&2@.#,*! 4=T=! CQRRRF=!C$Y0"#$%&( 7&"'5*$*( -%0( F',2#0%&$2( FN+$9;,&#@( t1%2!Z&/.<!`! T120*! H2$=!
MjNR^jLajWNSM*!-q*![T"!



Aerial Vehicles 

!

286 

T;//&5(2*!4=UO!"//(2*!4=Z=O!)16.*!4="=!`!Z(//0!K=!V=!CLMMRF=!+%(#($'.#&X('&12!19!$/1$G0!(23!
10$&//('1#0=!!"#$%&"'()&*#$#+#,(%-(.#"&/"0/*("&/(1,23&%'%45(1,23&$2"'(!%#,(RVVL*!T.$'&12!
"7W*!E(#$%!LMMR!

>(</1#*! t=O!-./012*!+=Z=O!)('&*!"=O!"0%@<*!-=!`!)16.*!4="=! CQRRNF=!P&@#('&127&23;$.3!DE!
21&0.! :.(0;#.:.2'0! 19! (! #&,&3! 18'&$(/! 9&@.#! 0811/*! S0%2,,/$&4*( %-( #3,( KJJ`( )FFF(
)&#,0&"#$%&"'(M0,N+,&25(O%&#0%'(.5;9%*$+;*!88=!NRj7NLR*!)(6(&&*!E(<!QRRN!

>%&.:.*!U=*!x10$%,*!4=!`!U(&0'.#*!\=!CQRR^F=!T8($.!61#'%<!./.$'#12&$0!8($G(,.!91#!'%.!aSG,!
08($.! ($'&5.! %<3#1,.2!:(0.#! 12!"+iT*! R`#3( F+0%9,"&( M0,N+,&25( "&/( 1$;,( M%0+;*!
"8#&/!QRR^!

P&,*! t=]=O!";31&2*!+=O!+;'/.#*!V=T=O!4#&0$1//*!E=E=O!i.#-&00.*!i=D=O!K&//.#*!]=V=O!\(#5.<*!]=E=O!
]&/.<*!Z=V=O!T:<'%.*!]=+=!`!Z.,/.&2*!]=4=!CLMMQF=!"$$./.#('&12*!5&@#('&12!(23!0%1$G!
.99.$'07Hiii!0'(23(#30!8#1A.$'!DLLMa*!S0%2,,/$&4*(%-( #3,(UT0/(7&&+"'E(.5;9%*$+;(%&(
M0,N+,&25(O%&#0%'*!88=!jWa7jNL*!LMMQ!

Z(//&2*!>=O!t10.90012*!V=!`!V19'.#*!U=!CQRRaF=!D%(0.!21&0.!8.#91#:(2$.!19!0(88%&#.!:&$#16(5.!
10$&//('1#0! &2! (&#@1#2.! #(3(#! 0<0'.:0*!D$4"a,0#A( KJJVE!S0%2,,/$&4*( -0%;( #3,( .,8,&#3(
.5;9%*$+;*!V&2Gr8&2,*!T6.3.2*!-15.:@.#!^uS*!QRRa!

Z(//0*!K=V=!`!K.##.7D&G(/*!i=T=!CLMMMF=!E.(0;#.:.2'!19!9#.?;.2$<*!8%(0.!21&0.!(23!(:8/&';3.!
21&0.=![$',5(F&252'%9,/$"(%-(F',2#0$2"'("&/(F',2#0%&$2*(F&4$&,,0$&4*!P1/=!LQ*!88=!^SM7^ja*!
t;2.!LMMM!

Z(''0*!E=)=O!i.#-&00.*!i=D=O!Z(#3*!]=Z=!`!Z&,,&20*!]=U=! CLMNNF=!>.$%2&?;.! 91#!:.(0;#&2,!

'%.! ($$./.#('&12! 0.20&'&5&'<! 19! T+7$;'! ?;(#'X! #.012('1#0*! S0%2,,/$&4*( %-( #3,( UK0/!
7&&+"'(.5;9%*$+;(%&(M0,N+,&25(O%&#0%'*!88=!^^Q7^^W*!LMNN!

Z.,/.&2*! ]=4=! CLMNMF=! >%.! 5&@#('&127&23;$.3! 8%(0.! 21&0.! 19! (! 5&0$17./(0'&$(//<! 0;881#'.3!

$#<0'(/!#.012('1#*!S0%2,,/$&4*(%-(#3,(UV0/(7&&+"'(.5;9%*$+;(%&(M0,N+,&25(O%&#0%'*!88=!
^aa7^aN*!LMNM!

q(1*!m=T=!`!E(/.G&*!V=!CLMMWF=!B8'1./.$'#12&$!:&$#16(5.!10$&//('1#=!P%+0&"'(]9#$2"'(.%2$,#5(%-(
7;,0$2"(^*!P1/=!La*!-1=N*!88=!LjQS7LjaS*!LMMW!

!



14 

Neural Network Control and Wireless Sensor 

Network-based Localization of Quadrotor UAV 

Formations  

!"#$%&'(%)"*&'#+,'-.'/#0#++#12#+''
!"##$%&"'()"*+&#",-'$.'/0"+)0+'1)2'3+04)$5$6-''

()",+2'/,1,+#'$.'78+&"01'

1. Introduction      
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2. Background 

2.1 Quadrotor UAV Dynamics 
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3. Leader-Follower Formation Tracking Control 
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4.2 Routing Algorithm through an Example 
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5. Simulation Results 
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6. Conclusions 
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Asymmetric Hovering Flapping Flight:  
a Computational Study 
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1. Introduction    
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3. Investigation tools 

3.1 Numerical solver 
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3.2 Vortex characterization 
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3.3 Aerodynamic loads 
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4. Results and discussion 

4.1 Mean analysis 
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4.2 Flow unsteadiness 
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4.3 Effects of desymetrization 
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6&$**$,' B<#' :4.)'C<5%<&:,' 5)*' )<2*#%&H' .<&$%5%<&' %C@<:*:' 5)*' :5#<J*'@0"&*' 5<' A*' %&.0%&*$'
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4.4 Improving aerodynamic performances 
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*BBd ' 8D7LL' KD8RR''''>iOD7q?' KD8LR''''>i7D7q?'
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Vd ' 8DKOK' 8DKON''''>i`DNq?' 8DK[L''''>iKODKq?'
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5. Conclusion 
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UAV Path Planning in Search Operations 

!"#$"%&'"(#")*&")%&+",,-.&/0")*&
!"#$%&'()*+*,*-&".&/-01("%"2#&34/56&

78-9-(&

1. Introduction 

/)& 1)("))2%& /2#*".& 324*5.2& 61/37& *,& "& 89:2#2%& 8*.9;.2,,& "*#5#"<;=& :4*54& *,& 59);#9..2%&
#2(9;2.0& 9#& "-;9)9(9-,.0>& 1/3,& "#2& 5-##2);.0& 2(8.902%& *)& (")0& (*.*;"#0& #9.2,& ")%& "&
)-(?2#& 9<& 5*@*.*")& "88.*5";*9),>& A9(2& BC& )";*9),& "#2& %2@2.98*)D& 9#&(")-<"5;-#*)D& (9#2&
;4")& CEF& (9%2.,& 9<& 1/3,& ")%& GH& 59-);#*2,& 982#";2& ,9(2& IF& ;082,& 9<& 1/3,& 61>& A>&
J28"#;(2);&9<&J2<2),2=&CFFE7>&K0&"..&"559-);,&-;*.*$";*9)&9<&1/3,& *)&(*.*;"#0&")%&5*@*.*")&
"88.*5";*9)&*,&2L8")%*)D&?9;4&*)&;42&,49#;&;2#(&")%&.9)D&;2#(>&&
M42&;:9&?",*5&"88#9"542,&;9&*(8.2(2);*)D&-)("))2%&<.*D4;=&#2(9;2&59);#9.&")%&"-;9)9(0=&
#2.0&8#2%9(*)");.0&9)&#2(9;2&%";"&59((-)*5";*9)&")%&(*5#98#952,,9#&;254)9.9D*2,&61>&A>&
J28"#;(2);& 9<& J2<2),2=& CFFE7>& /%@")52,& *)& ;42,2& ;254)9.9D*2,=& :4*54& 4"@2& D#9:)&
2L89)2);*"..0&,*)52&*);#9%-5;*9)=&4"@2&%#"(";*5"..0& *(8#9@2%&;42&5"8"?*.*;*2,&9<& ;42&1/3,&
;9&"%%#2,,&(9#2&59(8.*5";2%&;",N,>&O)5#2",*)D&"@"*."?*.*;0&9<&.9:P59,;&59(8-;";*9)".&89:2#&
:*..& ,;#2;54& ;42&?9-)%"#0&9<&:4";& *,& 89,,*?.2& ;9& "559(8.*,4&:*;4& .2,,& 9@2#,*D4;& 9<& 4-(")&
982#";9#,=&"&<2";-#2&D2)2#"..0&5"..2%&"-;9)9(0>&
O)&(")0&5*@*.&")%&(*.*;"#0&<.*D4;&(*,,*9),&;42&"*#5#"<;,&<#22%9(&9<&"5;*9)&")%&(9@2(2);&*,&
#2,;#*5;2%& ")%& ;42&8";4& *,&8#2%2<*)2%>&Q*@2)& ;42&8";4=& ;42& 59);#9.& ;",N&9<& ;42& "*#5#"<;& *,& ;9&
D2)2#";2& ;42& ;#"R25;9#0=& *>2>& ;9& %2;2#(*)2& #2S-*#2%& 59);#9.&(")92-@#2,& ;9& ,;22#& ;42& "*#5#"<;&
<#9(&9)2&89*);&;9&")9;42#>&T9:2@2#=&*)&,9(2&<.*D4;&(*,,*9),&;42&8";4&*,&)9;&8#2%2<*)2%&?-;&
,49-.%&%0)"(*5"..0&?2&%2;2#(*)2%&%-#*)D&;42&(*,,*9)=&2>D>& *)&(*.*;"#0&,-#@2*..")52=&,2"#54&
U&#2,5-2&(*,,*9),=&<*#2&%2;25;*9)=&")%&%*,",;2#&982#";*9),>&O)&;4*,&;082&9<&,52)"#*9,&;42&D9".&
9<& ;42&1/3&*,& ;9& <*)%& ;42&8#25*,2& .95";*9)&9<&"&,2"#542%&9?R25;& *)&")&"#2"&9<& #2,89),*?*.*;0>&
1,-"..0& ,9(2& -)52#;"*)& "& 8#*9#*& *)<9#(";*9)& "?9-;& ;42& *)*;*".& .95";*9)& 9<& ;42& 9?R25;& *,&
"@"*."?.2>&A*)52&%-#*)D&;42&,2"#54&982#";*9)&;4*,& *)<9#(";*9)&("0&?2&(9%*<*2%&%-2&;9&)2:&
#289#;,& <#9(& 9;42#& ,9-#52,& 9#& ;42& 1/3V,& 9?,2#@";*9)=& ;42& 8";4& 9<& ;42& 1/3& 5")& )9;& ?2&
%2;2#(*)2%&?2<9#2&,;"#;*)D&;42&(*,,*9)>&O)&;4*,&54"8;2#=&:2&;#0&;9&"%%#2,,&;4*,&8#9?.2(&")%&
*);#9%-52& "& <#"(2:9#N& <9#& "-;9)9(9-,& ")%& %0)"(*5& 1/3& 8";4& 8."))*)D& *)& ,2"#54&
982#";*9),>&
M42&#2,;&9<& ;4*,&54"8;2#& *,&9#D")*$2%&",&<9..9:,W&,25;*9)&C&%2,5#*?2,&;42&8#9?.2(&*)&D2)2#".&
")%&;42&*),;")52&9<&;42&8#9?.2(&;4";&:2&,9.@2=&,25;*9)&B&8#2,2);,&4*,;9#0&")%&#2.";2%&:9#N=&
,25;*9)&G&8#9@*%2,&")&9@2#"..&%2,5#*8;*9)&9<&;42&8#989,2%&,9.-;*9)=&,25;*9)&E&")%&X&2L8."*),&
A2S-2);*".&Y9);2&Z"#.9&6AYZ7&(2;49%,&")%&49:&:2&4"@2&"88.*2%&*;=&*)&,25;*9)&[&,*(-.";*9)&
9<&"&;2,;&5",2&,52)"#*9&")%&;42&9?;"*)2%&#2,-.;,&"#2&8#2,2);2%=&")%&,25;*9)&I&,-(("#*$2,&;42&
54"8;2#>&&
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2. Problem Definition 

O)&,-#@2*..")52&9#&,2"#54&")%&#2,5-2&(*,,*9),&")&"#2"&9<&#2,89),*?*.*;0&*,&",,*D)2%&;9&"&1/3&
:*;4&;42&;",N&;9&<*)%&"&;"#D2;&9?R25;>&1,-"..0&;42&"#2"&*,&."#D2&")%&;42&%2;25;*9)&;*(2&;9&<*)%&
;42& 9?R25;& *,& ;42& 5#*;*5".& 8"#"(2;2#& ;4";& ,49-.%& ?2&(*)*(*$2%>& O<& )9& *)<9#(";*9)& "?9-;& ;42&
;"#D2;&")%&;42&"#2"&9<&#2,89),*?*.*;0&*,&"@"*."?.2=&;42)&;42&9).0&,;#";2D0&*,&;9&2L4"-,;*@2.0&")%&
-)*<9#(.0&,2"#54&;42&"#2">&T9:2@2#=& *)&#2".& .*<2&-,-"..0&,9(2&*)<9#(";*9)&*,&"@"*."?.2&;4";&
R-,;*<*2,&;4";&;42&,2"#54&2<<9#;&*,&)9;&2@2).0&%*,;#*?-;2%&9@2#&;42&2);*#2&"#2">&/)&2L"(8.2&9<&
,-54&,*;-";*9)&*,&:42)&,9(2&-)52#;"*)&*)<9#(";*9)&"?9-;&;42&<9#(2#&.95";*9)&9<&;42&;"#D2;&*,&
"@"*."?.2>& M4*,& *)<9#(";*9)& ("0& ?2& 59(?*)2%& :*;4& ",,-(8;*9),& "?9-;& ;42& @2.95*;0& ")%&
(9@2(2);&9<& ;42& ;"#D2;& ;9&0*2.%&"& ;*(2P%282)%2);&8#9?"?*.*;0&9<& ;42&.95";*9)&9<& ;42& ;"#D2;>&
/)9;42#& ,*;-";*9)& *,&:42)&,2),9#&9?,2#@";*9),&9#& #289#;& <#9(&9;42#& ,9-#52,&2L5.-%2& ,9(2&
8"#;,& 9<& ;42& "#2">& !-#;42#(9#2=& *<& ;42& D29D#"84*5".& ("8& 9<& ;42& "#2"& 9<& #2,89),*?*.*;0& *,&
"@"*."?.2=&9)2&59-.%&-,2&;4*,&*)<9#(";*9)&;9&59)52);#";2&,2"#54&2<<9#;,&9)&8"#;,&9<& ;42&"#2"=&
:42#2& ;42& ;"#D2;& *,& (9#2& .*N2.0& ;9& ?2& <9-)%>& 1,-"..0& (")"D2(2);& 9<& ;42,2& <#"D(2);,& 9<&
*)<9#(";*9)&*,&82#<9#(2%&?0&4-(")&982#";9#,=&2,825*"..0&;49,2&:*;4&4*D4&2L82#*2)52&*)&;42&
<*2.%>&M42&9@2#"..&"*(&9<&;42&982#";9#&*,&;9&*)5#2",2&;42&-;*.*$";*9)&9<&;42&1/3&#2,9-#52,&?0&
59)%-5;*)D& ;42&,2"#54&982#";*9)& *)&"&("))2#& ;4";&"#2",&:*;4&4*D42#&8#9?"?*.*;0&9<& <*)%*)D&
;42&9?R25;&"#2&8#*9#*;*$2%&")%\9#&,2"#542%&(9#2&;49#9-D4.0>&]42)&%-#*)D&;42&(*,,*9)&)2:&
*)<9#(";*9)&?259(2,&"@"*."?.2=&*;&*,&#2S-*#2%&;9&#282";&;42&8#952%-#2&")%&(9%*<0&;42&8";4&*<&
)252,,"#0>&M42#2&"#2&;:9&("R9#&%#":?"5N,&:*;4&;4*,&"88#9"54>&!*#,;.0=&,*)52&?9;4&;42&;"#D2;&
")%&;42&,2),9#&61/37&"#2&(9?*.2=&*;&*,&)9;&".:"0,&"&;#*@*".&;",N&;9&%2;2#(*)2&4*D4&8#9?"?*.*;0&
"#2",& ")%& <*)%& ;42& "88#98#*";2& 8";4>& /)".0,*,& 9<& ;4*,& *)<9#(";*9)& ("0& ?2& ?209)%& ;42&
5"8"5*;0&9<&"&4-(")&?#"*)>&A259)%.0=&%-2&;9&;42&;*(2P5#*;*5".&)";-#2&9<&;42,2&(*,,*9),=& *;& *,&
)9;&<2",*?.2&;9&",,*D)&;4*,&;",N&;9&")&982#";9#>&3".-"?.2&;*(2&("0&?2&.9,;&?2<9#2&*)<9#(";*9)&
*,&8#952,,2%&?0&;42&4-(")&982#";9#&")%&*;&("0&?2&*(89,,*?.2&;9&<-.<*.&;42&;*(2&#2S-*#2(2);,=&
,825*"..0=&:42#2&;42&*)<9#(";*9)&54")D2,&<#2S-2);.0&9#&*;,&@9.-(2&*,&@2#0&4*D4>&&
/& (9#2& 2<<*5*2);& "88#9"54& *,& ;9& "-;9(";2& ;42& 8";4& 8."))*)D& 8#952,,& ")%& *);2D#";2& ;42&
#2",9)*)D&"?9-;&;42&.95";*9),&9<&;42&;"#D2;&*);9&;42&"-;9)9(9-,&59);#9.&,0,;2(>&O)&9#%2#&;9&
("N2& ;4*,& 89,,*?.2& "..& "@"*."?.2& *)<9#(";*9)& 4",& ;9& ?2& 59)@202%& ;9& ;42& 1/3& ")%& ;42&
"-;9)9(9-,&59);#9.&,0,;2(&,49-.%&%0)"(*5"..0&8.")&")%&(9%*<0&;42&#9-;2>&
O)& ;4*,&:9#N& "& ,*(-.";*9)& ?",2%&(2;49%& *,& *);#9%-52%& ;9& "%%#2,,&1/3& 8";4& 8."))*)D& *)&
,2"#54& ")%& ,-#@2*..")52& (*,,*9),=& :42#2& ,9(2& -)52#;"*)& "& 8#*9#*& *)<9#(";*9)& "?9-;& ;42&
;"#D2;& ")%& 2)@*#9)(2);& *,& "@"*."?.2>& /.;49-D4& ;42& ,-DD2,;2%& <#"(2:9#N& *,& "88.*5"?.2& *)&
(9#2&D2)2#".&59);2L;,=&:2&4"@2&*(8.2(2);2%&")%&;2,;2%&;42&(2;49%&<9#&"&,52)"#*9&*)&:4*54&
"&1/3&,2"#542,&<9#&"&(9?*.2&;"#D2;&(9@*)D&9)&"&N)9:)&#9"%&)2;:9#N>&

3. Related Work 

]9#N&9)&(9%2#)&,2"#54&;429#0&?2D")&*)&;42&1A&^"@0V,&/);*,-?("#*)2&]"#<"#2&_82#";*9),&
+2,2"#54&Q#9-8&6/A]_+Q7&*)&H`GC&6Y9#,2=&H`ICa&A;9)2=&H`I`7>&K2#)"#%&_,D99%&'998(")&
*,& 5#2%*;2%& :*;4& 8-?.*,4*)D& ;42& <*#,;& ,5*2);*<*5& :9#N& 9)& ;42& ,-?R25;& *)& H`GX=& A2"#54& ")%&
A5#22)*)D=& :4*54& :",& 5.",,*<*2%& <9#& ;2)& 02"#,& ?2<9#2& *;& :",& 8-?.*,42%& 6A;9)2=& H`I`7>& T2&
%2<*)2%& (")0& 9<& ;42& ?",*5& ,2"#54& 59)528;,& ")%& 8#9@*%2%& ;42& 8#9?"?*.*,;*5& (9%2.& 9<& ;42&
98;*(".&,2"#54& <9#&"&,;";*9)"#0& ;"#D2;>&T9:2@2#=&%2@2.98*)D&".D9#*;4(,& <9#&98;*(".&,2"#54&
8.")&<9#&(9@*)D&;"#D2;,&,;"#;2%& *)& ;42&2"#.0&H`[F,&")%&:42)&59(8-;2#& ;254)9.9D0&?25"(2&
(9#2&"@"*."?.2>&M42&)2L;& ,;28& *)&%2@2.98*)D&,2"#54&8."))2#,&:",& ;9&59),*%2#& ;42&%0)"(*5&
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)";-#2&9<&;42&,2"#54&8#952,,>&&Z9(8-;2#&/,,*,;2%&A2"#54&b."))*)D&6Z/Ab7=&%2@2.982%&<9#&1A&
Z9",;&Q-"#%&*)&;42&H`[F,&?0&+*54"#%,9)&*,&"&8*9)22#&,9<;:"#2&,0,;2(&<9#&%0)"(*5&8."))*)D&
9<&,2"#54&<9#&,4*8,&")%&8298.2&.9,;&";&,2"&6+*54"#%,9)&U&J*,52)$"=&H`IFa&A;9)2=&H`IB7>&Z/Ab&
2(8.902%& Y9);2& Z"#.9& (2;49%,& ;9& 9?;"*)& ;42& ;"#D2;& %*,;#*?-;*9)& -,*)D& "& (-.;*P,52)"#*9&
"88#9"54>&M42&,52)"#*9,&:2#2&,825*<*2%&?0&5499,*)D& ;4#22&,52)"#*9& ;082,&")%& ;42&#2S-*#2%&
8"#"(2;2#&@".-2,&<9#&2"54&,52)"#*9>&/&D#*%&9<&52..,&:",&-,2%&;9&?-*.%&"&8#9?"?*.*;0&("8&<#9(&
;42& ;"#D2;& %*,;#*?-;*9)=& :42#2& 2"54& 52..& 4"%& "& %2;25;*9)& 8#9?"?*.*;0& ",,95*";2%& :*;4& *;>& /&
,2"#54&8.")&:",&%2@2.982%&?",2%&9)&;42&8#9?"?*.*;0&("8>&!22%?"5N,&<#9(&;42&,2"#54&:2#2&
*)59#89#";2%&*)&;42&8#9?"?*.*;0&("8&<9#&<-;-#2&,2"#54&8."),=&*<&;42&<*#,;&,2"#54&2<<9#;&%*%&)9;&
,-5522%>&M42&,49#;"D2&9<&59(8-;2#&89:2#&")%&%*,8."0&;254)*S-2&%*%&)9;&"..9:&Z/Ab&;9&?2&"&
;#-.0&%0)"(*5&;99.&982#";*)D&*)&#2".P;*(2&"?9"#%&"*#5#"<;>&/%@")52,&*)&59(8-;2#&;254)9.9D0&
8#9@*%2%&;42&89,,*?*.*;0&9<&%2@2.98*)D&(9#2&<2",*?.2&;99.,=&A2"#54&")%&c95".*$";*9)&M"5;*5".&
%25*,*9)&"*%&6A/cM7&:",&"&8#9;9;082&"*#P");*,-?("#*)2&,2"#54&8."))2#&,0,;2(&<9#&#2".P;*(2&
-,2&"?9"#%&"*#5#"<;&6A;9)2=&H`I`7>&&
M42&8#9?.2(&9<& ,2"#54*)D& <9#& "& .9,;& ;"#D2;& ";& ,2"&?0&"& ,*)D.2& "-;9)9(9-,& ,2),9#&8.";<9#(&
61/37& *,& %*,5-,,2%& ?0& 6K9-#D"-.;& 2;& ".>=& CFFB"7>& O)& ;4*,& 8"82#& ;42& ;"#D2;&("0& ?2& ,;";*5& 9#&
(9?*.2& ?-;& )9;& 2@"%*)D>& M42&8"82#& 8#2,2);,& "& K"02,*")& "88#9"54& ;9& ;42&8#9?.2(&")%& ;42&
<2",*?*.*;0& 9<& ;42& (2;49%& *,& *)@2,;*D";2%& -,*)D& "& 4*D4& <*%2.*;0& 1/3& ,*(-.";9#>& K"02,*")&
")".0,*,& *,& "& :"0& ;9& #25-#,*@2.0& 59(?*)2& ;42& (9;*9)&(9%2.& 9<& ;42& ;"#D2;& ")%& ;42& ,2),9#&
(2",-#2(2);,& ;9& 5".5-.";2& ;42& -8%";2%& 8#9?"?*.*;0& %*,;#*?-;*9)& 9<& ;42& ;"#D2;>& M*(2& *,&
%*,5#2;*$2%&*)&;*(2&,;28,&9<&2S-".&.2)D;4&")%&;42&%*,;#*?-;*9)&*,&5".5-.";2%&)-(2#*5"..0>&M42&
,2"#54&".D9#*;4(&5499,2,&"&,;#";2D0&;4";&(*)*(*$2,& ;42&2L825;2%&;*(2&;9& <*)%&;42&;"#D2;&9#&
".;2#)";*@2.0&("L*(*$2,& ;42& 5-(-.";*@2&8#9?"?*.*;0&9<& <*)%*)D& ;42& ;"#D2;&D*@2)&"& #2,;#*5;2%&
"(9-);& 9<& ;*(2>& M42& 8"82#& 5499,2,& 9)2P,;28& .99N"42"%=& *>2>& ;42& ;*(2& 49#*$9)& -,2%& <9#&
98;*(*$";*9)&*,&9)2&;*(2&,;28>&K25"-,2&9<&;4*,&(098*5&8."))*)D=&;42&1/3&<"*.,&;9&%2;25;&;42&
;"#D2;& *<& *;& *,& 9-;,*%2& *;,& ,2),9#& #")D2>&/&%252);#".*$2%&K"02,*")& "88#9"54& *,& ,-DD2,;2%& ;9&
,9.@2&;42&,"(2&8#9?.2(&?0&599#%*)";*)D&(-.;*8.2&"-;9)9(9-,&,2),9#&8.";<9#(,&61/3,7&*)&
6K9-#D"-.;& 2;& ".>=& CFFB?a&K9-#D"-.;& 2;& ".>=& CFFG7>&M42& 599#%*)";2%& ,9.-;*9)& *,& 5."*(2%& ;9& ?2&
(9#2&2<<*5*2);=&49:2@2#=&;42&,*(-.";*9),&*)&;42,2&8"82#,&,-<<2#&<#9(&;42&,49#;&;*(2&49#*$9)&
",&:2..=&*>2>&9)2P,;28&.99N"42"%>&
M42&8#9?.2(&9<&8";4&8."))*)D&9<&1/3,&*)&,2"#54&")%&,-#@2*..")52&(*,,*9),&6,2),9#&8.";<9#(&
,;22#*)D7&5")&?2&59),*%2#2%&",&"&,2),9#&#2,9-#52&(")"D2(2);&8#9?.2(&")%&*,& *)@2,;*D";2%&
?0&;42&O)<9#(";*9)&<-,*9)&59((-)*;0&",&:2..>&A2),9#&(")"D2(2);&*,&<9#("..0&%2,5#*?2%&",&
;42& 8#952,,& 9<& 599#%*)";*)D& ;42& -,"D2& 9<& "& ,2;& 9<& ,2),9#,& 9#& (2",-#2(2);& %2@*52,& *)& "&
%0)"(*5=&-)52#;"*)&2)@*#9)(2);&;9&*(8#9@2&;42&82#<9#(")52&9<&%";"&<-,*9)&")%&-.;*(";2.0&
;4";&9<&82#528;*9)>&/&?#*2<&?-;&4*D4.0&*),*D4;<-.&#2@*2:&9<&;42&(-.;*P,2),9#&(")"D2(2);& *,&
8#2,2);2%& ?0& 6d*9)D& U& A@2),,9)=& CFFB7>& M42& *%2"& 9<& ,*(-.";*)D& ;42& ;"#D2;V,& <-;-#2&
(9@2(2);,& ")%& 5499,*)D& ,2),9#& 59);#9.& 8"#"(2;2#,& ;9& ("L*(*$2& "& -;*.*;0& <-)5;*9)& *,&

%2,5#*?2%&*)&6/4.?2#D&2;&".>=&CFFG7>&Q*@2)&"&,*;-";*9) Fd =&"..&89,,*?.2&<-;-#2&,*;-";*9),&d&;4";&

"#2&59),*,;2);&:*;4&;42&89,*;*9),&*) Fd ";&;*(2& F; = &"#2&D2)2#";2%>&!9#&2"54&9<&;42,2&dV,=&;42&

-;*.*;0&9<&2"54&,2),9#&59);#9.&,542(2&A&*,&5".5-.";2%&?0&,*(-.";*)D&9?,2#@";*9),&9<&d&-,*)D&
,542(2&A>&M42&A&:49,2&"@2#"D2&9@2#&"..&d&*,&e?2,;f&*,& ;42)&549,2)>&T9:2@2#=& ;9&9@2#59(2&
;42& 59(8-;";*9)& 59(8.2L*;0=& ;42& ,2;& 9<& 89,,*?.2& ,2),9#& ,542(2,& *,& N28;& #2.";*@2.0& ,("..>&
A*(-.";*9)P?",2%&8."))*)D&<9#&"..95";*9)&9<&,2),9#&#2,9-#52,&*,&".,9&%*,5-,,2%&?0&6A@2),9)&U&
Yg#;2),9)=& CFFX7>& !9#& 2"54& 59),*%2#2%& ,2),9#& "..95";*9)=& ;42& 89,,*?.2& <-;-#2& 8";4,& 9<& ;42&
;"#D2;&"#2&8"#;*;*9)2%&*);9&2S-*@".2)52&5.",,2,>&M:9&<-;-#2,&"#2&59),*%2#2%&2S-*@".2);&:*;4&
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#2,825;&;9&"&D*@2)&,2),9#&"..95";*9)&*<&;420&:9-.%&D*@2&#*,2&;9&;42&,"(2&,2;&9<&9?,2#@";*9),>&
M4*,& 8"#;*;*9)*)D& ;9& 2S-*@".2)52& 5.",,2,& %25#2",2,& ;42& 59(8-;";*9)".& 59(8.2L*;0& 9<& ;42&
8#9?.2(&")%&,822%,&-8&;42&5".5-.";*9)&8#952,,>&

4. Our Approach 

M42&"88#9"54&2(8.902%&*)& ;4*,&:9#N&;9&"%%#2,,& ;42&8";4&8."))*)D&8#9?.2(&*,&,*(-.";*9)P
?",2%>& O)& ,49#;=& ;4*,& "88#9"54& 5")& ?2& %2,5#*?2%& ",& "& (2;49%& ;4";& -,2,& ,*(-.";*9)& ;9&
"88#9L*(";2& ;42&<-;-#2&,;";2&9<& ;42& ;"#D2;&")%&;2,;,&".;2#)";*@2&8";4,&"D"*),;& ;42&2,;*(";2%&
<-;-#2& ?0& #-))*)D& :4";P*<& ,*(-.";*9),>& M42,2& :4";P*<& ,*(-.";*9),& "#2& 59)%-5;2%&
59);*)-9-,.0&%-#*)D&;42&(*,,*9)&69)P.*)27>&1;*.*$*)D&*)<9#(";*9)=&2@2)&:42)&*;&*,&*)59(8.2;2&
9#&-)52#;"*)=&*,&2,,2);*".&*)&59),;#-5;*)D&2<<*5*2);&,2"#54&,;#";2D*2,&")%&"&,0,;2(&;4";&-,2,&"..&
8*252,&9<& *)<9#(";*9)&*)&D2)2#".&82#<9#(,&?2;;2#&59(8"#2%&;9&,0,;2(,&)9;&59),*%2#*)D&;4*,&
*)<9#(";*9)>& O)& 9#%2#& ;9& -;*.*$2& ;4*,& *)<9#(";*9)=&(9%2.*)D& ")%& ,*(-.";*9)& ;254)*S-2,& "#2&
-,2%=&:4*54&4"@2&,49:)& ;9&?2&"& <2",*?.2& ;99.&4")%.*)D&59(8.2L&")%&e%*<<*5-.;P;9P")".0$2f&
,0,;2(,>&&
M42&9)P.*)2&,*(-.";*9)&(2;49%&<9#&8";4&8."))*)D&*)&"&,2"#54&(*,,*9)&5")&?2&%2,5#*?2%&",&;42&

<9..9:*)D>& M42& (*,,*9)& .2)D;4& *,& %*@*%2%& ?0& "& ,2S-2)52& 9<& *+:-& 01-0;& <"+(*)=& =>>>h;=;i HF &

:42#2 F; *,& ;42& ,;"#;& ;*(2& 9<& ;42& (*,,*9)>& /;& ;*(2 F; ;42& 1/3& 5499,2,& "& %2<"-.;& 6#")%9(7&

8";4>&/;& 2"54& ;*(2& 5425N& 89*);& h=;=>>>=;=;i; )HFN ∈ & "& ,2;& 9<& ,*(-.";*9),& "#2& ,;"#;2%>& O)& 2"54&

,*(-.";*9)& ;42& ,;";2&9<& ;42& ;"#D2;& <9#& ;*(2& HN;; +≥ ")%& ;42&2<<25;&9<& 5499,*)D&")&".;2#)";*@2&

1/3&8";4&<9#&;*(2& HN;; +≥ "#2&2,;*(";2%>&M42,2&,*(-.";*9),&"#2&59(8.2;2%&%-#*)D&;42&;*(2&

82#*9%& [ ]HNN ;=; + & ")%& ;42& #2,-.;,& 9<& ;42,2& ,*(-.";*9),& "#2& 59(8"#2%& ;9& 5499,2& ;42& (9,;&

"88#98#*";2&8";4>&/;& ;*(2 HN; + ;42&549,2)&8";4& *,&"88.*2%&")%&"&)2:&,2;&9<& ,*(-.";*9),&"#2&

,;"#;2%>&_?,2#@";*9),&")%&9;42#&#252*@2%&*)<9#(";*9)&59);*)-9-,.0&(9%*<0&;42&2,;*(";*9)&9<&
;42&;"#D2;=&?-;&;4*,&-8%";2%&(9%2.&*,&2(8.902%&:42)&;42&1/3&#2"542,&;42&)2L;&;*(2&5425N&

89*);>&M4";&*,&9?,2#@";*9),&9?;"*)2%&*)&;*(2&82#*9%& [ ]HNN ;=; + &"<<25;&,*(-.";*9),&59)%-5;2%&*)&

82#*9%& [ ]CNHN ;=; ++ :4*54&%2;2#(*)2&;42&8";4&9<&;42&1/3&"<;2#&;*(2 CN; + >&&

/8"#;&<#9(&%*<<*5-.;*2,&*)&59),;#-5;*)D&")&9)P.*)2&,*(-.";*9)&,0,;2(&*)&D2)2#".=&,9(2&9;42#&
8#9?.2(,&,49-.%&?2&"%%#2,,2%&?2<9#2&;4*,&(2;49%&5")&?2&2(8.902%&*)&1/3&8";4&8."))*)D>&
Q*@2)&;42&,;";2&9<&"&,0,;2(=&;42&"*(&9<&9)P.*)2&,*(-.";*9),&*,&;9&8#2%*5;&;42&<-;-#2&,;";2&9<&;42&
,0,;2(&")%&5499,2&"&59-#,2&9<&"5;*9)&;4";&*,&(9,;&?2)2<*5*".&<9#&;42&,0,;2(>&&O)&"&,-#@2*..")52&
(*,,*9)=&;42&,;";2&9<&;42&,0,;2(&6;"#D2;7&*,&)9;&"@"*."?.2>&O)%22%=&;42&9?R25;*@2&9<&;42&9)P.*)2&
,*(-.";*9)&*)&;4*,&5",2&*,&;9&98;*(*$2&;42&8#952,,&9<&"5S-*#*)D&*)<9#(";*9)>&M42&,2),9#&%";"=&
?2<9#2& ;42& ;"#D2;& *,& %2;25;2%=& 59),*,;,&(9,;.0& 9<& e)2D";*@2f& *)<9#(";*9)& *>2>& ."5N& 9<& ,2),9#&
(2",-#2(2);&:42#2&*;&:",&6:*;4&,9(2&8#9?"?*.*;07&2L825;2%&6'954=&CFFG7>&M4*,&*)<9#(";*9)&
,49-.%&?2&-;*.*$2%&;9&(9%*<0&9-#&2,;*(";*9)&9<&;42&;"#D2;V,&.95";*9)>&M42&8#952,,&9<&%#":*)D&
59)5.-,*9),& <#9(& ,2),9#&%";"& *,& "&8#9?.2(& ,;-%*2%&?0& ;42& *)<9#(";*9)& <-,*9)& 59((-)*;0>&
_)2&89:2#<-.& 2,;*(";*9)& ;254)*S-2&-,2%& *)& *)<9#(";*9)& <-,*9)& *,& A2S-2);*".&Y9);2&Z"#.9&
6AYZ7&(2;49%,&".,9&N)9:)&",&b"#;*5.2&!*.;2#*)D&:4*54&*,&?",2%&9)&89*);&(",,&69#&8"#;*5.27&
#28#2,2);";*9)&9<&8#9?"?*.*;0&%2),*;*2,&6/#-."(8"."(&2;&".>=&CFFC7>&
O)&;#"5N*)D&"88.*5";*9),=&AYZ&*,&")&9)P.*)2&,*(-.";*9)&8#952,,=&:4*54&#-),&*)&8"#"..2.&:*;4&
;42&%";"&59..25;*9)&8#952,,>&&O)&9)P.*)2&1/3&8";4&8."))*)D&:2&-,2&AYZ&(2;49%,&;9&2,;*(";2&
;42&5-##2);&,;";2&9<&;42&;"#D2;>&M4*,&2,;*(";*9)&68"#;*5.2&,2;7&:4*54&*,&9-#&9).0&8*5;-#2&9<&;42&
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#2".*;0&")%&*,&-8%";2%&59);*)-9-,.0&*,&2(8.902%&*)&e:4";P*<f&,*(-.";*9),&;9&%2;2#(*)2&49:&
;42& 1/3& ,49-.%&(9@2& ;9& 59..25;& )2:& %";"& ",& 2<<25;*@2.0& ",& 89,,*?.2>& M4*,& 8";4& 8."))*)D&
".D9#*;4(&59),*,;,&9<&;:9&8"#;,>&M42&<*#,;&8"#;&*,&"&("*)&.998&#-))*)D&*)&#2".P;*(2&*)&:4*54&
*)<9#(";*9)&*,&59..25;2%&")%&9-#&8*5;-#2&9<&;42&,;";2&9<&;42&,0,;2(&*,&-8%";2%>&M42&9;42#&8"#;&
*,& "& ,2;& 9<& e:4";P*<f& ,*(-.";*9),& ;4";& "#2& *)*;*";2%& ")%& 2L25-;2%& 82#*9%*5"..0& ")%& "<;2#&
#2"54*)D& ;*(2& 5425N& 89*);,>& M42,2& ,*(-.";*9),& #-)& <",;2#& ;4")& #2".P;*(2& ")%& "#2& 2L25-;2%&
59)5-##2);.0>&Z9(8"#*)D&;42,2&,*(-.";*9)&9-;8-;,&%2;2#(*)2,&;42&(9,;&"88#98#*";2&59-#,2&
9<&"5;*9)>&&O)&;42&;:9&)2L;&,25;*9),&:2&%2,5#*?2&AYZ&(2;49%,&?#*2<.0&")%&2L8."*)&49:&*;&*,&
"88.*2%&*)&;42&8";4&8."))*)D&<#"(2:9#N>&

5. Sequential Monte Carlo Methods 

O)&9#%2#&;9&")".0$2&"&%0)"(*5&,0,;2(&-,*)D&"&,2S-2)52&9<&)9*,0&(2",-#2(2);,=&";&.2",;&;:9&
(9%2.,&"#2&#2S-*#2%W&!*#,;=&"&;#"),*;*9)&(9%2.&:4*54&%2,5#*?2,&49:&;42&,0,;2(&54")D2,&9@2#&
;*(2& ")%& ,259)%=& "& ,2),9#& (9%2.& :4*54& #2.";2,& ;42& )9*,0& (2",-#2(2);,& ;9& ;42& ,;";2&
6/#-."(8"."(& 2;& ".>=& CFFC7>& 1,-"..0& ;42,2&(9%2.,& "#2& "@"*."?.2& *)& 8#9?"?*.*,;*5& <9#(& ")%&
,*)52&(2",-#2(2);,&"#2&",,-(2%&;9&?2&"@"*."?.2&";&%*,5#2;2&;*(2,=&"&%*,5#2;2P;*(2&"88#9"54&

*,& 59)@2)*2);>& O)& ;4*,& "88#9"54& ;42& ;#"),*;*9)& (9%2.=& 7=LjL68 HNN − & D*@2,& ;42& 59)%*;*9)".&

8#9?"?*.*;0&9<& ;42&,;";2& NL &D*@2)& HNL − >&M42&,2),9#&(9%2.=& 7=Lj$68 NN &D*@2,&;42&59)%*;*9)".&

8#9?"?*.*;0& 9<& 9?,2#@";*9)& N$ =& D*@2)& ;42& ,;";2 NL >& ]2& "#2& -,-"..0& *);2#2,;2%& *)& ;42&

59)%*;*9)".&,;";2&9<& ;42&,0,;2(=&D*@2)&;42&,2S-2)52&9<&9?,2#@";*9),& h$=>>>=$=$i$ NCHNWH = =& *>2>&

7>$jL68 NWHN & O)& D2)2#".=& ;4*,& 59)%*;*9)".& 8#9?"?*.*;0& %2),*;0& <-)5;*9)=& ("0& ?2& 9?;"*)2%&

#25-#,*@2.0&*)&;:9&,;"D2,=&8#2%*5;*9)&")%&-8%";2>&M42&8#2%*5;*9)&*,&5".5-.";2%&?2<9#2&;42&.",;&

9?,2#@";*9)& N$ *,&"@"*."?.2&

=− 7$jL68 HNWHN &

& 5 =−−−−− HNHNWHHNHNWHHNN %L7$jL687$=LjL68 & 6H7&

5 −−−− >%L7$jL687LjL68 HNHNWHHNHNN &

M42&<*#,;&2S-".*;0&<9..9:,&<#9(& 5 −−−= HNHNHNNN %L7L687LjL687L68 ")%&;42&,259)%&2S-".*;0&*,&"&

#2,-.;&9<&;42&<"5;&;4";&;42&8#952,,&*,&Y"#N9@*")=&*>2>&D*@2)&;42&5-##2);&,;";2=&9.%&9?,2#@";*9),&
4"@2&)9&2<<25;&9)&;42&<-;-#2&,;";2&6/#-."(8"."(&2;&".>=&CFFC7>&&

O)&;42&-8%";2&,;"D2&;42&59)%*;*9)".&8#9?"?*.*;0& 7$jL68 NWHN &*,&5".5-.";2%&-,*)D&;42&8#2%*5;*9)&

#2,-.;&:42)&;42&.";2,;&9?,2#@";*9)&$N&?259(2,&"@"*."?.2&@*"&K"02,V&#-.2W&

&
7$j$68

7$jL687Lj86$
7$jL68

HNWHN

HNWHNNN
NWHN

−

−= & 6C7&

:42#2&;42&%2)9(*)";9#&*,&5".5-.";2%&-,*)D&

& 5 −− = >%L7$jL687Lj$687$j$68 NHNWHLNNHNWHN & 6B7&
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O<&;42&;#"),*;*9)&(9%2.&")%&;42&,2),9#&(9%2.&"#2&.*)2"#&")%&;42&8#952,,&)9*,2&4",&"&Q"-,,*")&
%*,;#*?-;*9)=& :4*54& *,& "& #";42#& #2,;#*5;*@2& 59),;#"*);=& ;42,2& 5".5-.";*9),& 5")& ?2& 82#<9#(2%&
")".0;*5"..0&?0&-,*)D&'".(")&!*.;2#=&9;42#:*,2& ,9(2&"88#9L*(";2&(2;49%&,-54&",&b"#;*5.2&
!*.;2#*)D&6AYZ&(2;49%,7&,49-.%&?2&-,2%&6/#-."(8"."(&2;&".>=&CFFC7>&
AYZ&(2;49%,& "#2& "& ,2;& 9<& ,*(-.";*9)P?",2%& (2;49%,=& :4*54& 4"@2& ?22)& ,49:)& ;9& ?2& ")&
"88#98#*";2& ;99.& <9#& 2,;*(";*)D& ;42& ,;";2&9<& "&)9)P.*)2"#& ,0,;2(&-,*)D&"& ,2S-2)52&9<&)9*,0&
(2",-#2(2);,>& O);-*;*@2.0=& AYZ& (2;49%,& "#2& ,*(-.";*9),& 9<& 49:& ;42& ,;";2& 54")D2,&
"559#%*)D&;9&;42&;#"),*;*9)&(9%2.=&")%&<*.;2#*)D&;42&#2,-.;&-,*)D&;42&,2),9#&(9%2.>&A*)52&;42&
,0,;2(&54")D2,&9@2#&;*(2=&;4*,&8#952,,&*,&#282";2%&*)&8"#"..2.&:*;4&;42&#2".&,0,;2(&:42)&)2:&
%";"&*,&#252*@2%>&k@2)&*<&)2:&9?,2#@";*9),&"#2&)9;&"@"*."?.2&;42&8#2%*5;*9)&,;"D2&,;*..&5")&?2&
-,2%& ;9&8#2%*5;& ;42& <-;-#2&,;";2&9<& ;42&,0,;2(>&M42&8#952%-#2&:9-.%&?2& ;42&,"(2&:*;4& ;42&
2L528;*9)& ;4";& ,*)52& <-;-#2& (2",-#2(2);,& "#2& )9;& N)9:)& 02;=& ;42& -8%";2& ,;"D2& *,& )9;&
82#<9#(2%>&
O)&AYZ&(2;49%,&;42&8#9?"?*.*;0&%2),*;0&<-)5;*9)&9<&;42&,;";2&9<&;42&,0,;2(&*)&2"54&;*(2P,;28&

N&*,&#28#2,2);2%&",&"&,2;&9<&)&89*);,& *
NL *)&;42&,;";2P,8"52&")%&59##2,89)%*)D&:2*D4;, *

N: =&*>2>&

)
F*

*
N

*
N

*
N 7h:=Li68 == :42#2& *

N8 *,&8"#;*5.2&)-(?2#&+&*)&;*(2& N; = >&&

M42&,*(-.";*9)&?2D*),&:*;4&,"(8.*)D FA =&"& ,2;&9<&)&8"#;*5.2,=& <#9(&;42&"&8#*9#&%*,;#*?-;*9)&

7L68 F =&,-54&;4";&

&
)

H
:=7h:=Li6A *
F

)
H*

*
F

*
FF == = & 6G7&

")%& )-(?2#& 9<& 8"#;*5.2,& *)& 2"54& *);2#@".& l"=& ?m& *,& *)& 8#989#;*9)& ;9& 5 FF %L7L68 >& /;& 2"54&

*;2#";*9)=&8"#;*5.2,& *)& ;42&,2;& HNA − "#2&-8%";2%&-,*)D& ;42& ;#"),*;*9)&(9%2.=& *>2>&?0&,"(8.*)D&

<#9(&

&& 7LjL68 *
HN

*
N − & 6E7&

")%&:42)&9?,2#@";*9),&"##*@2&;42&:2*D4;,&"#2&#25".5-.";2%&-,*)D&

& 7>Lj$68:: *
NN

*
HN

*
N −∝ & 6X7&

b"#;*5.2,&"#2&#2,"(8.2%&82#*9%*5"..0&59),*%2#*)D&;42*#&:2*D4;,=&*>2>&;420&:*..&?2&,"(8.2%&:*;4&

#28."52(2);& *)& 8#989#;*9)& ;9& ;42*#&:2*D4;,& ")%&:2*D4;,& "#2& ,2;& ;9 )\H:*
N = >& M4*,& ,;28& *,&

)252,,"#0&;9&#28.*5";2&8"#;*5.2,&:*;4&."#D2&:2*D4;,&")%&2.*(*)";2&8"#;*5.2,&:*;4&.9:&:2*D4;,&
")%&"@9*%&%2D2)2#"50&9<&;42&".D9#*;4(&6/#-."(8"."(&2;&".>=&CFFC7>&

6. Applying SMC methods to UAV Search 

_)2& )";-#".& "88.*5";*9)& "#2"& 9<& AYZ& (2;49%,& *,& ;"#D2;& ;#"5N*)D& ")%& ,-#@2*..")52>& M42&
;#"),*;*9)&(9%2.& *,& ;42)& %2#*@2%& <#9(& 8#982#;*2,& 9<& ;42& ;"#D2;=& ;2##"*)& 54"#"5;2#*,;*5,& ")%&
9;42#& <9#24")%& *)<9#(";*9)& "@"*."?.2& "?9-;& ;42& ;"#D2;>& M42& ,2),9#&(9%2.& %282)%,& 9)& ;42&
54"#"5;2#*,;*5,& 9<& ;42& ,2),9#,& ")%& ;42& ,*D)";-#2& 9<& ;42& ;"#D2;>&Y")0& 2L"(8.2,& 9<& "88.0*)D&
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AYZ& (2;49%,& *)& ,-#@2*..")52& "#2& 8#9@*%2%& *)& 6J9-52;& 2;& ".>=& CFFHa& +*,;*5& 2;& ".>=& CFFG7>&
kL"(8.2,&9<&"88.0*)D&;42&(2;49%,&*)&;2##"*)P"*%2%&;#"5N*)D&"#2&<9-)%&*)&6+*,;*5&2;&".>=&CFFG7>&&
M9&%2(9),;#";2&49:&;42&AYZ&(2;49%,&:9#N& *)&8#"5;*52=&:2&8#2,2);&?#*2<.0&49:&:2&4"@2&
*(8.2(2);2%& ;42(& *)& ;42& ,-DD2,;2%& <#"(2:9#N>& T2#2& :2& ",,-(2& ;4";& "& ,*)D.2& ;"#D2;& *,&
(9@*)D&9)&"&N)9:)&#9"%&)2;:9#N>&A9(2&-)52#;"*)&*)<9#(";*9)&"?9-;&;42&*)*;*".&.95";*9)&9<&
;42& ;"#D2;=& ")& "88#9L*(";*9)& 9<& *;,& @2.95*;0& ")%& ,9(2& ",,-(8;*9)& "?9-;& *;,& D9".& "#2&
"@"*."?.2>& M42& AYZ& (2;49%,& *)5.-%2& ;42& <9..9:*)D& <9-#& ,;"D2,W& ,"(8.*)D=& 8#2%*5;*9)=&
-8%";2=&")%&#2,"(8.*)D>&

6.1 Sampling 

M42& ,*(-.";*9)& ,;"#;,&:*;4& ,"(8.*)D ^
H*

*
F

*
FF 7h:=Li6A == 8"#;*5.2,& #")%9(.0& <#9(& ;42& "& 8#*9#*&

*)<9#(";*9) 7L68 F =& ,-54& ;4";& ;42& )-(?2#& 9<& 8"#;*5.2,& 9)& 2"54& 6,("..7& #9"%& ,2D(2);& *,&

8#989#;*9)".&;9&;42&8#9?"?*.*;0&9<&2L*,;2)52&9<&;42&;"#D2;&9)&;4";&#9"%&,2D(2);>&k"54&8"#;*5.2&
*,&",,*D)2%&"&@2.95*;0&#")%9(.0&,"(8.2%&<#9(&;42&%*,;#*?-;*9)&9<&;42&;"#D2;V,&@2.95*;0>&M42&
:2*D4;,&9<&"..&8"#;*5.2,&"#2&,2;&2S-"..0&;9&H\^> 

6.2 Prediction! 

/;&*;2#";*9)&N=&8"#;*5.2,&*)&;42&,2;& HNA − "#2&8#98"D";2%&<9#:"#%=&;4";&*,&;42&)2:&,;";2&9<&;42&

8"#;*5.2,&"#2&5".5-.";2%&-,*)D& ;42*#& 5-##2);& .95";*9)=&@2.95*;0&")%&"&8#952,,&)9*,2&?",2%&9)&

;42&;#"),*;*9)&(9%2.=& 7LjL68 HNN − >&A*)52&;42&(9;*9),&9<&;42&8"#;*5.2,&6@24*5.27&"#2&59),;#"*)2%&

?0&"&N)9:)&#9"%&)2;:9#N=&;42*#&,;";2&5")&?2&,825*<*2%&?0&;42&@25;9#& m@=%=#lL NNNN = =&:42#2&

N# *,& ;42& 5-##2);& #9"%& ,2D(2);=& N% *,& ;42& %*,;")52& ;42& 8"#;*5.2& 4",& (9@2%& 9)& #9"%& N# &

")% N@ *,&;42&*),;");")29-,&,822%&9<&;42&8"#;*5.2>&

6.3 Update 

/,& %2,5#*?2%& *)& ;42& 8#2@*9-,& ,25;*9)=& ;42& ,2),9#& (9%2.& *,& D2)2#"..0& %2,5#*?2%& ?0& ;42&

8#9?"?*.*,;*5&(9%2.& 7=Lj$68 NN &:42#2& NL *,&;42&,;";2&9<&;42&,0,;2(=&")%& N$ *,&;42&9?,2#@";*9)&

";&;*(2& >N; = &M42&%*(2),*9),&9<&;42&,;";2& N$ "#2&-,-"..0=&?-;&)9;&)252,,"#*.0=& .2,,&;4")&;42&

%*(2),*9),&9< NL =&,*)52&;42&,0,;2(&*,&)9;&59(8.2;2.0&9?,2#@"?.2>&]2&5499,2&;9&%*,;*)D-*,4&

?2;:22)& ;42& 8"#;& 9<& ;42& ,0,;2(P,;";2&:4*54& *,& )9;& -)%2#& 9-#& 59);#9.=& *>2>& ;42& ,;";2& 9<& ;42&

;"#D2;& NL ")%&;42&,;";2&9<&;42&1/3&6,2),9#7= N0 >&T2)52&;42&8#9?"?*.*,;*5&,2),9#&(9%2.&:9-.%&

?2& 7>0=Lj$68 NNN &]2&",,-(2&;4";&;42&@*%29&*);2#8#2;";*9)&;",N&*,&,9.@2%&?0&,9(2&(2"),=&*>2>&

:2&4"@2&"&,2),9#&;4";&")".0$2,&;42&*)59(*)D&@*%29&";&"&59),;");&#";2&")%&"."#(&:*;4&,9(2&

8#9?"?*.*;0&*<&")0&;"#D2;&*,&9?,2#@2%>&M4";&*,& m>/c/+Y=/c/+Yl$N ¬∈ &&

O),8*#2%& ?0& 6c*54;2)"-2#& 2;& ".>=& CFFG7& :2& ,-DD2,;& ;42& <9..9:*)D& (9%2.& <9#& ,2),9#&
9?,2#@";*9),&";&"&,;")%"#%&42*D4;>&

&

0
0
0

3

00
0

1

.

δ≥

δ≤≤δ
δ−δ

δ−−−

δ≤

=
9-;<

9-;*)
*)9-;

*)<%
%

*)%

NN

%8

%
7%76886

8

%8

70=Lj/c/+Y68 & 6[7&
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O)& ;4*,& (9%2.& D*@2)& ;42& 89,*;*9)& 9<& ;42& ;"#D2;& NL ")%& ;42& 89,*;*9)& 9<& ;42& ,2),9# N0 =& ;42&

8#9?"?*.*;0& ;4";& ;42&,2),9#& *)%*5";2,&")&/c/+Y=&*,&5".5-.";2%&-,*)D&<9-#&,2),9#&59),;");,>&

M42,2& 54"#"5;2#*,;*5,& "#2W& %2;25;*9)& 8#9?"?*.*;0& 6 %8 7=& <".,2& "."#(& 8#9?"?*.*;0& 6 <8 7=& *))2#&

%2;25;*9)&#")D2&6 *)δ 7=&")%&9-;2#&%2;25;*9)&.*(*;&6 9-;δ 7=&,22&!*D-#2&H>&

&

!*D-#2&H>&/&D#"84*5&#28#2,2);";*9)&9<&;42&,2),9#&(9%2.&&

/<;2#& ;42& 8#98"D";*9)& ;42&:2*D4;,& 9<& ;42& 8"#;*5.2,& "#2&(9%*<*2%& %282)%*)D& 9)& ;42& ,2),9#&
(9%2.&")%&5-##2);&,2),9#&9?,2#@";*9)>&/&,2),9#&,*D)".&*)&"&89*);& *)5#2",2,&;42&*(89#;")52&
6:2*D4;,7&9<& ;42&8"#;*5.2,&)2"#& ;4";&89*);>&_)&;42&59);#"#0=& ."5N&9<&,2),9#&,*D)".,&%25#2",2,&
;42&:2*D4;,& 9<& ;42& 8"#;*5.2,&:4*54& "#2& )2"#& ;42& ,2),9#>& !9#& *),;")52& *<& :2& 4"@2& "& 82#<25;&
,2),9#&")%&;42&1/3&<.*2,&9@2#&"&#9"%&,2D(2);&")%&)9&,2),9#&,*D)".&*,&,-88.*2%=&;42&:2*D4;,&
9<&"..&8"#;*5.2,& *)& ;4";& #9"%&,2D(2);&"#2&,2;& ;9&$2#9>&/<;2#&(9%*<0*)D& ;42&:2*D4;,=& ;420&"#2&
)9#(".*$2%&?0&%*@*%*)D&?0&;42&,-(&9<&;42&:2*D4;,>&

6.4 Resampling 

/&59((9)&8#9?.2(&:*;4&AYZ&(2;49%,&*,&;42&%2D2)2#"50&842)9(2)9)=&:4*54&#2<2#,&;9&;42&
<"5;&;4";&"<;2#&(")0&*;2#";*9),=&;42&)-(?2#&9<&8"#;*5.2,&:*;4&)2D.*D*?.2&:2*D4;&*)5#2",2,&")%&
"& ."#D2& 59(8-;";*9)".& 2<<9#;& *,& %2@9;2%& ;9& -8%";*)D& 8"#;*5.2,=& :49,2& 59);#*?-;*9)& ;9&

7$jL68 NN & *,& ".(9,;& $2#9>& _)2&(2;49%& ;9& #2%-52& ;42& 2<<25;& 9<& %2D2)2#"50& *,& ;9& #2,"(8.2&

8"#;*5.2,=&*>2>&;9&2.*(*)";2&8"#;*5.2,&;4";&4"@2&,("..&:2*D4;,&")%&59)52);#";2&9)&8"#;*5.2,&:*;4&
."#D2&:2*D4;,>&M42&#2,"(8.*)D&".D9#*;4(&D2)2#";2,&"&)2:&,2;&9<&8"#;*5.2,&?0&,"(8.*)D&6:*;4&
#28."52(2);7&^&;*(2,&<#9(&;42&5-(-.";*@2&%*,;#*?-;*9)&<-)5;*9)&9<&:2*D4;,&9<&8"#;*5.2,>&M42&
:2*D4;,&9<&;42,2&)2:&8"#;*5.2,&"#2&",,*D)2%&;42&@".-2&H\^>&

7. Implementation and Test of a Scenario 

M42& ,-DD2,;2%& 8";4& 8."))*)D& ".D9#*;4(& 59),*,;,& 9<& ;:9& .998,=& ;42&("*)& 59);#9.& .998& ;4";&
*)5.-%2,& ;42&1/3&")%&*);2#"5;,&:*;4& *;&";&2"54&;*(2&5425N&89*);& ;9&(9%*<0&;42&8";4&9<& ;42&
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1/3&;9&;42&=-)*&;("8(&<$*1=&")%&"&,*(-.";*9)&.998&;4";&2,;*(";2,&"&8*5;-#2&9<&;42&#2".*;0=&*>2>&
;42& 8#9?"?*.*;0& %2),*;0& <-)5;*9)& 9<& 89,*;*9)& 9<& ;42& ;"#D2;>& /;& 2"54& ;*(2& 5425N& 89*);& ;4*,&
8*5;-#2&9<&;42&#2".*;0&*,&-,2%&*)&"&,2#*2,&9<&:4";P*<&,*(-.";*9),&:*;4&%*<<2#2);&89,,*?.2&8";4,&
9<& ;42& 1/3>& M42& 8";4& ;4";& %25#2",2,& ;42& "(9-);& 9<& -)52#;"*);0& "?9-;& ;42& <-;-#2& *,&
59),*%2#2%&;9&?2&"&e?2;;2#f&8";4>&
O)<9#(";*9)& 2);#980& 6Y"5N"0=& CFFE7=&:4*54& *,& "&(2",-#2& 9<& -)52#;"*);0& ",,95*";2%&:*;4& "&

%*,5#2;2&#")%9(&@"#*"?.2& hL=>>>=LLid )C=H∈ *,&%2<*)2%&", 7L68.9D7L687d6T
)

H* *C*' =−= >&&

T6d7& ;"N2,& 9).0& )9)P)2D";*@2& @".-2,=& :42#2& F7d6T = *)%*5";2,& )9& -)52#;"*);0& ")%& ."#D2#&

@".-2,& 59##2,89)%& ;9& 4*D42#& -)52#;"*);0>& ]2& ,-DD2,;& ;42& 2L825;";*9)& 9<& ;42& *)<9#(";*9)&

2);#980=& 7md6Tlk =&",&")&9?R25;*@2&<-)5;*9)&<9#&59(8"#*)D&5")%*%";2&1/3&8";4,>&O)&2"54&,;28&

;42&8";4&;4";&%25#2",2,&;42&2L825;";*9)&9<&;42&*)<9#(";*9)&2);#980&*,&549,2)>&AYZ&(2;49%,=&
:4*54& 2,;*(";2& ;42& .95";*9)& 9<& ;42& ;"#D2;& :*;4& "& ,2;& 9<& 8"#;*5.2,=& 8#9@*%2& ")& "88#98#*";2&
(254")*,(&;9&2,;*(";2&;42&2L825;";*9)&9<&;42&*)<9#(";*9)&2);#980>&Z9),*%2#&;42&1/3=&?2*)D&
";&89*);&/&*)&!*D-#2&C6"7=&*,&<"5*)D&;42&%25*,*9)&9<&:42;42#&;9&5499,2&8";4&/KZ&9#&/Jk>&M42&
5-##2);&2,;*(";2&9<&;42&.95";*9)&9<&;42&;"#D2;&*,&,49:)&?0&8"#;*5.2,&9)&;42,2&#9"%&,2D(2);,>&&

&

!*D-#2&C>&M42&*(8"5;&9<&5499,*)D&%*<<2#2);&1/3&8";4,&9)&%*,;#*?-;*9)&9<&8"#;*5.2,&

J2,8*;2&;42&<"5;&;4";&;42&;9;".&8#9?"?*.*;0&9<&<*)%*)D&;42&;"#D2;&9)&#9"%&/KZ&*,&F>X=&;42&(9,;&
<"@9-#"?.2&8";4&<9#&;42&1/3&*,&;9&5499,2&/Jk>&Z9(8"#*)D&!*D-#2,&C6?7&")%&C657=&,49:,&;4";&
2L825;";*9)&9<&;42&*)<9#(";*9)&2);#980&?0&5499,*)D&8";4&/KZ&*,&(-54&(9#2&;4")&5499,*)D&
8";4&/Jk>&A22&2S-";*9),&I&")%&`>&

&
G>F7E>F.9DE>FE>F.9DE>F6G>F

78.9D88.9D8768H68>F7m/KZ8";46Tlk

CC

JkCJk/JC/J/KZ/KZ

=−−
=−−−+==
& 6I7&
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&
CG>F7`C>F.9D`C>FFI>F.9DFI>F6X>F

78.9D88.9D8768H68>F7m/Jk8";46Tlk

CC

KZCKZ/KC/K/Jk/Jk

=−−
=−−−+==
& 6`7&

M9& 2@".-";2& ;42& 82#<9#(")52& 9<& ;42& ,-DD2,;2%& (2;49%=& "& ;2,;& ,52)"#*9& *,& %2,*D)2%& ")%&
,*(-.";*9),& "#2& 82#<9#(2%& -,*)D& "& ,825*".& 8-#89,2& ,*(-.";*9)& ;99.=& 5"..2%& ACP,*(-.";9#=&
*);#9%-52%&*)&6'"(#")*&2;&".>=&CFFX7>&M42&;99.&59);"*),&"&e#2".P:9#.%f&,*(-.";9#&*)5.-%*)D&"&
;:9& %*(2),*9)".& ;2##"*)=& "& ;"#D2;& 9?R25;=& ")%& "& 1/3& ;4";& 5")& 2(8.90& %*<<2#2);& ,2"#54&
(2;49%,=& 9)2& 9<& :4*54& *,& 9)P.*)2& ,*(-.";*9)& (2;49%& ",& %2,5#*?2%& 42#2>& M42& 9)P.*)2&
,*(-.";*9)& (2;49%& 2(8.90,& ;42& ,*(-.";*9)& 9<& ;4*,& e#2".P:9#.%f& ;9& ,2"#54& <9#& ;42& ;"#D2;>&
Z.2"#.0=&;42&*)<9#(";*9)&"?9-;&;42&.95";*9)&9<&;42&;"#D2;&*)&;42&e#2".P:9#.%f&*,&)9;&"@"*."?.2&
<9#&;42&1/3>&T9:2@2#=&<9#&,*(8.*5*;0&:2&",,-(2&;4";&,9(2&8"#;&9<&1/3V,&82#528;*9)&<#9(&
#2".*;0& *,& 2L"5;=& 2>D>& ;42& ("8& 9<& ;42& ;2##"*)& *,& "55-#";2>& M2##"*)& *,& (9%2..2%& ",& "& ;:9P
%*(2),*9)".&.")%,5"82&")%&*)5.-%2,&;:9&?",*5&2.2(2);,=&)9%2,&")%&#9"%&,2D(2);,&-,2%&;9&
?-*.%&"&#9"%&)2;:9#N>&
M42&D29D#"840&9<&;42&;2,;&,52)"#*9=&",&,49:)&*)&!*D-#2&B=&59),*,;,&9<&"&#2D-."#&#9"%&)2;:9#N&
9<& 82#82)%*5-."#& 5#9,,#9"%,>&k"54& #9"%& ,2D(2);& *,& HE& N(& .9)D& ")%& ;42& XF& #9"%& ,2D(2);,&
("N2&")&"#2"&9<&#2,89),*?*.*;0&;4";&59@2#,&"&,S-"#2&9<&,*$2&[E&N(&?0&[E&N(>&!9#&59)@2)*2)52&
"&CJ&599#%*)";2&,0,;2(&;4";&4",&;42&9#*D*)&.95";2%&";&;42&-882#&.2<;P(9,;&)9%2=&:*;4&L&@".-2,&
*)5#2",*)D&;9&;42&#*D4;&")%&0&@".-2,&*)5#2",*)D&%9:):"#%,&*,&*);#9%-52%>&

&

!*D-#2&B>&M42&;"#D2;&,;"#;,&";&;42&-882#&.2<;P(9,;&)9%2&(9@*)D&;9:"#%,&;42&,*)N&

M42&;"#D2;&*,&*)*;*"..0&.95";2%&";&;42&-882#&.2<;P(9,;&)9%2&";&9#*D*)>&/;&;4*,&)9%2&")%&"..&9;42#&
)9%2,&;42&;"#D2;&(9@2,&2*;42#&;9&2",;&9#&;9:"#%&,9-;4&:*;4&2S-".&8#9?"?*.*;0=&*<&")0&9<&;42,2&
98;*9),&"#2&"@"*."?.2>&T2)52=&"<;2#&8",,*)D&HF&)9%2,&")%&;#"@2#,*)D&HEF&N(&;42&;"#D2;&#2"542,&
;42&.9:2#&#*D4;P(9,;&)9%2&")%&,;98,&;42#2>&Z9),*%2#*)D&;42,2&%*#25;*9),=&;42&#9"%&)2;:9#N&
5")&?2&(9%2..2%&",&"&%*#25;2%&"505.*5&D#"84&:*;4&"&,9-#52&";&9#*D*)&")%&;42&,*)N&.95";2%&";&
;42&)9%2&*)&6[E&N(=&[E&N(7>&J-#*)D&;42&(*,,*9)&;42&#9"%&)2;:9#N&("0&54")D2&",&"&#2,-.;&9<&



UAV Path Planning in Search Operations 

&

341 

;42& 8#2,2)52& 9<& <#*2)%.0& -)*;,=& 2>D>& ;")N,& ("0& ?.95N& 52#;"*)& #9"%,>& !9#& 2L"(8.2=& *)& ;42&
,52)"#*9&*)&!*D-#2&B=&;:9&@2#;*5".&#9"%&,2D(2);,&"#2&?.95N2%=&:4*54&*,&,49:)&?0&#2%&?"#,&*)&
;42&<*D-#2>&/,&,22)&*)&;42&<*D-#2=&?.95N*)D&"&#9"%&,2D(2);&%92,&)9;&"<<25;&9).0&;42&?.95N2%&
#9"%&,2D(2);&?-;&("0&54")D2&;42&%*,;#*?-;*9)&9<&8"#;*5.2,& *)&9;42#&"#2",>&M42&;"#D2;&4",&"&
8#2%2<*)2%&8";4=&:4*54&*,&-)N)9:)&;9&;42&1/3>&O<&"&#9"%&*)&;42&8";4&9<&;42&;"#D2;&*,&?.95N2%&
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Optimal Circular Flight of Multiple UAVs for 

Target Tracking in Urban Areas
1
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1. Abstract 

12*/( 3"%4( */( &#( '56'#/*"#( "7( "8%( 9%':*"8/( %'/8;6( *#( 32*<2( &( #":';( /*#$;'=6&%$'6( 6%&<4*#$(
&;$"%*62+( 7"%( 7*5'-=3*#$( >?@/( A>#+&##'-( ?*%( @'2*<;'/B( 3&/( 9%"9"/'-C( D8%( 9%':*"8/(
&;$"%*62+( 7*%/6;E( 7*#-/( 62'( <'#6%'( "7( &( <*%<8;&%( 7;*$26( 9&62F( &/3* ":'%( 62'( *#6'%'/6'-( $%"8#-(
6&%$'6(32*<2(+&5*+*/'/(62'(6"6&;(<2&#<'("7(4''9*#$(62'(6&%$'6(*#/*-'(62'(<&+'%&(7*';-("7(:*'3(
"7(>?@/F( 3*32*;'(62'(>?@/(7;E(&;"#$(62'(<*%<8;&%(9&62C(?;;(62'(>?@/(4''9(62'*%(+&5*+8+(
&;;"3'-(&;6*68-'(&#-(7;E(&;"#$(62'(/&+'(<*%<;'(<'#6%'-(&6(&/*3*62(62'(9"//*G;'(+*#*+8+(68%#(
%&-*8/( "7(>?@/C(?/( -*/<8//'-( *#( H,FIJF( 62'/'( <*%<8;&%( 7;*$26/( &%'( 2*$2;E( %'<"++'#-'-( 7"%(
:&%*"8/( 6&%$'6( 6%&<4*#$( &99;*<&6*"#/( '/9'<*&;;E( *#( 8%G&#( &%'&/F( &/( 7"%( '&<2( >?@( 62'(
+&5*+8+( &;6*68-'( 7;*$26( '#/8%'/( 62'( +&5*+8+( :*/*G*;*6E( &#-( 62'( +*#*+8+( %&-*8/( 68%#(
4''9/(62'(+*#*+8+(-*/6&#<'(6"(62'(6&%$'6(&6(62'(+&5*+8+(&;6*68-'C(
?//8+*#$( &( 4#"3#( 9%"G&G*;*6E( -*/6%*G86*"#( 7"%( 62'( 6&%$'6( ;"<&6*"#F( "#'( <&#( K8&#6*7E( 3*

32*<2(*/(*#<8%%'-(GE(62'(6%&:';("7(&(/*#$;'(>?@(&;"#$(&#(&%G*6%&%E(<*%<;'F(8/*#$(;*#'="7=/*$26(
:'<6"%/C(L%"+(62*/("G/'%:&6*"#F(A62'(<'#6%'("7B(&#("96*+&;(<*%<;'( *&+"#$(#8+'%"8/(7'&/*G;'(
"#'/( <&#( G'( "G6&*#'-( GE( &( $%&-*'#6=G&/'-( /'&%<2( <"+G*#'-( 3*62( %&#-"+( /&+9;*#$F( &/(
/8$$'/6'-(*#(H,JC(12*/("96*+&;(<*%<;'( **/(62'#(8/'-(GE(62'("62'%(>?@/(M"*#6;E(6%&<4*#$(62'(
/&+'( 6&%$'6C( ?/( 62'( *#6%"-8<6*"#( "7(+8;6*9;'(>?@/(+&E(+*#*+*/'( * 78%62'%F( 62'( "96*+&;(
/9&<*#$(G'63''#(62'(>?@/(<&#(G'(#&68%&;;E(<"#/*-'%'-C(N#(H,JF(&(6E9*<&;(;*#'(/'&%<2(+'62"-(
*/( /8$$'/6'-( 7"%( 62*/( "96*+&;( /9&<*#$( 9%"G;'+C( O"3':'%F( &/( "#'( <&#( '&/*;E( '59'<6F( 62'(
<"+986&6*"#&;(<"+9;'5*6E("7(62*/(/'&%<2(+'62"-(+&E(8#-'/*%&G;E(*#<%'&/'(&/(62'(#8+G'%("7(
>?@/(*#<%'&/'/C(
12'(9%'/'#6(3"%4(/8$$'/6/(&(%'+'-E(7"%(62*/(/''+*#$;E(<"+9;'5("96*+&;(/9&<*#$(9%"G;'+C(
N#/6'&-( "7( -'9'#-*#$( "#( 6*+'=<"#/8+*#$( /'&%<2( 6'<2#*K8'/F( 3'( -':';"9( 62'( 7";;"3*#$(
&;$"%*62+F( 32*<2( */( <"+986&6*"#&;;E( +8<2( +"%'( '77*<*'#6C( L*%/6;EF( P'( <&;<8;&6'( 62'(
-*/6%*G86*"#( ACBF*32'%'(C**/(&#(';'+'#6("7( 3*32*<2(*/(62'(<2&#<'("7(<&968%*#$(62'(6&%$'6(GE(
"#'( <&+'%&( &;"#$( @* Q'<"#-;EF( G&/'-( "#( 62'( -*/6%*G86*"#( 78#<6*"#F( ACBF* 7*#-( /'9&%&6*"#(
&#$;'/(G'63''#(>?@/(/8<2(62&6(62'(6&%$'6(<&#(G'(&;3&E/(6%&<4'-(GE(&6(;'&/6("#'(>?@(3*62(&(
$8&%&#6''-(9%"G&G*;*/6*<(+'&/8%'C(O'%'F(62'($8&%&#6''-(9%"G&G*;*/6*<(+'&/8%'(*/(<2"/'#(GE(
6&4*#$( *#6"( &<<"8#6( 9%&<6*<&;( <"#/6%&*#6/F( 'C$C( %'K8*%'-( 6%&<4*#$( &<<8%&<E( &#-( >?@/R(

(((((((((((((((((((((((((((((((((((((((( (((((((((((((((((((((((((
,(12*/(3"%4(2&/(G''#(/899"%6'-(GE(Q8G<"++*66''(S(*#(62'(>#*:'%/*6E("7(Q6';;'#G"/<2F(Q"862(?7%*<&(



Aerial Vehicles 

(

346 

+*#*+8+( &#-( +&5*+8+( /9''-/C( D8%( 9%"9"/'-( /9&<*#$( /<2'+'( &#-( *6/( $8&%&#6''-(
9'%7"%+&#<'(&%'(-'+"#/6%&6'-(:*&(#8+'%*<&;(/*+8;&6*"#/C(
!"#$%&'()*$6&%$'6(6%&<4*#$T("96*+&;(<*%<8;&%(7;*$26T(+8;6*9;'(>?@/(

2. Introduction and Problem Statement 

U"6*:&6'-( GE( "8%( 9%':*"8/( #":';( 7"%+8;&6*"#( 7"%( 62'( Q11V( AQ*#$;'=1&%$'6( 1%&<4*#$(
V%"G;'+B( 8/*#$(+8;6*9;'( >?@/( A>#+&##'-(?*%(@'2*<;'/B( *#( H,JF( 3'( '56'#-( "8%( 9%':*"8/(
*-'&/("7(2&#-;*#$(62'(Q11V(8/*#$(+8;6*9;'(>?@/(*#(62*/(3"%4C(12'(Q11V(6"(G'(<"#/*-'%'-(
2'%'(<&#(G'(/6&6'-(&/(7";;"3/W(
+'&,-".$/01$725#)*%*1&+B)=D?%.#=* '%&1#'*%)=* ,2C#=D92)1*4-E.*#FB2$$#=*92'<*%* /%(#&%3* ,2)=*%)*
+$'2(%8* .'&%'#16* 2)* %* G)+9)* B&?%)* #)52&+)(#)'* .B/<* '<%'* '<#* '%&1#'* 2.* G#$'* 2).2=#* %'* 8#%.'* +)#*

/%(#&%H.*,2#8=D+,D52#9@*

X8'(6"( 62'( *+9"%6&#<'(&#-('#"%+"8/(&99;*<&6*"#/("7( 62*/(9%"G;'+F( *6(2&/(&66%&<6'-(&($%'&6(
-'&;( "7( &66'#6*"#( 7%"+( %'/'&%<2'%/( &#-( 2&/( G''#( /68-*'-( *#( :&%*"8/( -*%'<6*"#/F( 'C$C( 6&%$'6(
*-'#6*7*<&6*"#( "%( <;&//*7*<&6*"#F( 7&8;6=6";'%&#6( 6&%$'6( 6%&<4*#$F( +8;6*=/'#/"%( 6&%$'6( 6%&<4*#$F(
6&%$'6( 9"/*6*"#( '/6*+&6*"#C( Q''( H,J( 7"%( &( -'6&*;'-( ;*6'%&68%'( %':*'3C( O"3':'%F( *6( */( "8%(
"G/'%:&6*"#(62&6(+"/6("7(62'('5*/6*#$(3"%4/(&%'(+&*#;E(7"<8/'-("#(/'#/"%E(-&6&(9%"<'//*#$(
"%(78/*"#C(N#(62*/(3"%4F(3'(&%'(+"%'(*#6'%'/6'-(*#($%'<*$8%))2)1*7"%(6&%$'6(6%&<4'%/F('/9'<*&;;E(
*#(-'#/';E(9"98;&6'-(8%G&#(-"+&*#/C(?/(7&%(&/("8%(4#"3;'-$'(*/(<"#<'%#'-F(62'%'(&%'(:'%E(
7'3(3"%4/( *#( 62*/( %'/'&%<2( &%'&C(P'( #"6'( 62&6( H0FYJ( -*%'<6;E( &--%'//( 62'( 9%'/'#6( Q11VC( N#(
9&%6*<8;&%F( HYJ( 9"/'/( 62'( Q11V( &/( &( /6"<2&/6*<( "96*+*/&6*"#( &#-( 62'#( 9%"9"/'/( &( %'&;=6*+'(
$'#'6*<(&;$"%*62+(32*<2($%&-8&;;E(*+9%":'/(&#(*#*6*&;;E($8'//'-(/";86*"#C(
N#(62*/(9%'/'#6(3"%4F(3'(-':';"9(&(-'6'%+*#*/6*<(&;$"%*62+(32*<2(*/(<"+986&6*"#&;;E(+8<2(
+"%'('77*<*'#6(62&#(62'('5*/6*#$(&;$"%*62+/C(?/(/8$$'/6'-(*#(H,F(IJF(62'(+&*#(*-'&(2'%'(G'$*#/(
3*62(8/*#$(<*%<8;&%(+"6*"#/("7(62'(7*5'-=3*#$(>?@/(6%&<4*#$(62'(/&+'(6&%$'6C(12'/'(>?@/R(
<*%<8;&%(+"6*"#/(&%'(2*$2;E(%'<"++'#-'-(7"%(:&%*"8/(6&%$'6(6%&<4*#$(&99;*<&6*"#/('/9'<*&;;E(
*#(8%G&#(&%'&/F(&/(7"%('&<2(>?@(62'(+&5*+8+(&;6*68-'('#/8%'/(62'(+&5*+8+(:*/*G*;*6E(&#-(
62'( +*#*+8+( %&-*8/( 68%#( 4''9/( 62'( +*#*+8+( -*/6&#<'( 6"( 62'( 6&%$'6( &6( 62'( +&5*+8+(
&;6*68-'C(U"%'(9%'<*/';EF(3'(7*%/6(7*#-(&(9"/*6*"#F(&/3*":'%(62'(*#6'%'/6'-(6&%$'6(A;"<&6*"#BF(&'%&3*
32*<2(+&5*+*/'/(62'(6"6&;(<2&#<'("7(4''9*#$(62'(6&%$'6( *#/*-'(62'(<&+'%&(7*';-("7(:*'3F( F(
-8%*#$( 62'( <*%<8;&%(+"6*"#/( "7( 62'(>?@/( &%"8#-( &/@*O'%'F( &;;( 62'(>?@/( 6%&<4*#$( &'%&*4''9(

62'*%(+&5*+8+(&;;"3'-(&;6*68-'( *&#-(7;E(&;"#$(62'(/&+'(<*%<;'( 3*<'#6%'-(&6(&/*3*62(62'(
>?@/R(+*#*+8+(68%#( %&-*8/( @*P'(&//8+'( 62&6( 62'(9%"G&G*;*6E(-*/6%*G86*"#($A'B*"7( 62'(

6&%$'6( ;"<&6*"#( &6( 6*+'( '* */( 4#"3#C( Z"6'( 62&6F( &/( 62'( >?@/( &%'( &( 7*5'-=3*#$( 6E9'( *#( "8%(
9%'/'#6(-*/<8//*"#F(62'(7";;"3*#$(9%&<6*<&;(<"#/6%&*#6/(&%'(9&%6("7(62'(Q11VW(

( ( A,B(

32'%'( ( */( 62'( 68%#*#$(%&6'( A+&$#*68-'B("7( 62'( 262*>?@F(&#-( *&#-( *&%'( 62'(+*#*+8+(
&#-(62'(+&5*+8+(68%#*#$(%&6'/("7(>?@/F(%'/9'<6*:';EC(N#(<"#6%&/6(3*62(H,JF(3'(2'%'(8/'( (
&/( &( <"#6%";( :&%*&G;'( 6"( /";:'( 62'( Q11V(9%"G;'+C(Z"6'( 62&6( 62'(+*#*+8+( %&-*8/( 68%#( */( &(
78#<6*"#("7(&#$8;&%(:';"<*6E(&#-(G&#4(&#$;'C(12'%'7"%'F(*#("%-'%(6"(68%#(3*62(62'(+*#*+8+(
%&-*8/(G86(-*77'%'#6(/9''-F(62'(&#$8;&%(/9''-(+8/6(G'(*#<%'&/'-("%(-'<%'&/'-(GE(62%8/6F(&#-(
G&#4( &#$;'( +8/6( G'( &-M8/6'-( &99%"9%*&6';E( /"( 62&6( 62'( +*#*+8+( 68%#( %&-*8/( <&#( G'(
+&*#6&*#'-C(
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N#([YC,F(3'(7*%/6(/8++&%*/'(2"3(6"(7*#-(&/*&#-( @*L"%(+"%'(-'6&*;/F(3'(-*%'<6(%'&-'%/(6"(62'(
%'7'%'#<'( H,JC(D#<'( 62'(>?@/R( 7;E*#$(9&62( * */(-'6'%+*#'-F( *6( */(#&68%&;( 6"(K8'/6*"#(&G"86(
2"3( 6"( 9;&<'( +"%'( 62&#( "#'( >?@( "#( @* 1"( &#/3'%( 62*/( K8'/6*"#F( "8%( 9%'/'#6( 3"%4( */(
7"<8/'-("#(62'(7";;"3*#$(9%"G;'+W(
+'&,-".$/0/$"#'#&(2)#*.$%/2)1* *?#'9##)*'<#*4-E.*,862)1*%8+)1* *.B/<*'<%'*%'*8#%.'*+)#*4-E*

G##$.*'<#*'%&1#'*2).2=#*2'.*/%(#&%H.*,2#8=D+,D52#9*%88*'<#*'2(#@*

12*/(>?@(/9&<*#$(9%"G;'+(*/(+&62'+&6*<&;;E(7"%+8;&6'-(*#([YC0(&#-(63"(/9&<*#$(/<2'+'/(
&%'( 9%"9"/'-( 62'%'&76'%C( L*#&;;EF( #8+'%*<&;( '5&+9;'/(3*;;( -'+"#/6%&6'( 62'( '77*<&<E( "7( 62'(
9%"9"/'-(/9&<*#$(/<2'+'/(*#([IC(

3. UAV Path Planning for STTP 

3.1 Optimal circle over target 
N#( 62*/(/'<6*"#F(3'(G%*'7;E( /8++&%*/'(&(+'62"-( 6"( 7*#-( 62'(<'#6%'(&/*"7(&#("96*+&;(<*%<8;&%(
9&62F(&;"#$(32*<2(>?@/(7;E(&#-(6%&<4(&(6&%$'6(&6(&'%&@:(
Q899"/'( '/* */( 62'(<8%%'#6( 6*+'(&#-(62'("96*+&;(<*%<8;&%(9&62( */(89-&6'-(':'%E('/+(*/'<"#-/C(
12'#F(&//8+*#$(&(4#"3#(9%"G&G*;*6E(-'#/*6E(78#<6*"#($A&'%&B*"7(62'(6&%$'6(;"<&6*"#(-8%*#$(62'(
6*+'(*#6'%:&;(H'/3*'/*I*'/+(J*A"%(&6('/*I*'/+(J:K3*"#'(<&#(K8&#6*7E( (*#<8%%'-(GE(&#E(>?@R/(6%&:';(
AY\]=-'$%''(68%#B(&;"#$(&(<*%<8;&%(9&62( *8/*#$(;*#'="7=/*$26(:'<6"%/F(*C'C(

( (
A0B
(

32'%'( ACB**/(62'(/'6("7(&;;(62'($%"8#-(;"<&6*"#/(3*62*#(62'(>?@R/(<&+'%&R/(7*';-="7=:*'3(&6(C*
@*128/F(62'(7";;"3*#$("96*+*/&6*"#(9%"G;'+(*/("7("8%(*#6'%'/6W(

(

?(/8G="96*+&;( *A<'#6%'-(&6(&/*3*62(&(%&-*8/("7( B*+&E(G'("G6&*#'-(GE(&($%&-*'#6=G&/'-(

/'&%<2( A/6&%6*#$( 3*62( &( <*%<;'( 32"/'( <'#6%'( */( 9%'<*/';E( ":'%( 62'( +"/6( 9%"G&G;'( 6&%$'6(
;"<&6*"#B( <"+G*#'-( 3*62( &( %&#-"+( /&+9;*#$( /<2'+'C( Z"6'( 62&6( 62*/( /'&%<2( */( #"6( +8<2(
<"+986&6*"#&;;E(*#:";:'-(&/(;"#$(&/(&(+"-'%&6'(#8+G'%("7(/&+9;'/(*/(8/'-(6"(&99%"5*+&6'(
62'(*#6'$%&6*"#(A0BC(

3.2 Spacing Strategy I 
D#<'( * */(<&;<8;&6'-F(3'(&;;"3(+"%'(>?@/(6"( M"*#( *7"%(6%&<4*#$(62'(/&+'(6&%$'6C(?/(62'(
*#6%"-8<6*"#("7(+"%'(>?@/("#( *+&E(-'<%'&/'(62'(<2&#<'("7(;"/*#$(62'(6&%$'6(78%62'%F(3'(
&%'(#"3(*#6'%'/6'-(*#(7*#-*#$(/9&<*#$(G'63''#(62'(>?@/(/"(62&6(62'(6&%$'6(*/(&;3&E/(3*62*#(
&6(;'&/6("#'(>?@R/(<&+'%&R/(7*';-="7=:*'3C(
Q899"/'(62'(7*%/6(>?@(*/(9;&<'-("#( *&6( L

*&#-("62'%()^,*

>?@/(&%'(9;&<'-("#( *&<<"%-*#$(6"(62'(7";;"3*#$(/'K8'#<'("7(/9&<*#$F(

(

(((((((((((((((((((((((((((((((((((((((( (((((((((((((((((((((((((
0(Q''(H,J(7"%(+"%'(-'6&*;/C(
Y(12'(M*<""%-*#&6'("7(C,**/(62'(+&5*+8+(&;6*68-'(62&6(62'(7*%/6(>?@(<&#(&//8+'F(&#-(*/(-%"99'-(*#(62'(
'59%'//*"#/(2'%'&76'%C(
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32'%'( 2(-'7*#'/(62'(&#$;'(+'&/8%'-(7%"+(62'(262*>?@(6"(62'(A2_;B62(>?@(<"8#6'%<;"<43*/'(
3*62(%'/9'<6(6"(&/@*12&6(*/F( *7"%(2*N*,F(0F(C(C(C(F()O,(&#-( @*P'(62'#(

<"#/*-'%(62'(7";;"3*#$(#'3(<"/6(78#<6*"#( A5BF(32'%'( 3(

( (
AYB
(

32'%'( 2*AC2B**/(62'(/'6("7(&;;(62'($%"8#-(;"<&6*"#/(3*62*#(62'(262*>?@R/(<&+'%&R/(7*';-="7=:*'3(
&6( C2@* * ?/( 5( <&#( G'( 3%*66'#( *#( 6'%+/( "7( &#$;'/F( 3'( &;/"( <&;;( AYB( F( 32'%'(

(&#-(

(

7"%(2*N*,F(0F(C(C(C(F)C(
?/(*+9;*'-(G'7"%'F(62'(-*%'<6("96*+*/&6*"#(6"(7*#-( (+&E(G'(<"+986&6*"#&;;E(*#:";:'-(&/(62'(
#8+G'%( "7( >?@/( "#( * *#<%'&/'/C( L"%( 62*/( %'&/"#F( 3'( 2'%'( /;*$26;E( +"-*7E( 62'( 9%"G;'+(
/6&6'+'#6(&/(7";;"3/W(
+'&,-".$201$P2)=* * .B/<* '<%'* '<#* '%&1#'* 2.*G#$'* 2).2=#*%'* 8#%.'*+)#*4-EH.*/%(#&%H.* ,2#8=D+,D52#9*

92'<*%*,2C#=*$&+?%?282'6*+&*$&+?%?282.'2/*(#%.B&#* 3*2@#@*

( ( AIB(

%.*4-E.*,86*%8+)1* @*

1"(62*/('#-F(3'(7*%/6(<"#/*-'%( A B(32'#()*N*,F(*C'( @***L"%(&(7*5'-(9%"G&G*;*6E(
-*/6%*G86*"#( 7"%( 62'( 6&%$'6( ;"<&6*"#( $A&'%&B* -8%*#$( 62'( 6*+'( *#6'%:&;( H'/3* '/* I* '/+(JF( "#'( <&#(

<"+986'( *7"%('&<2( ("%( @*L*$8%'(,(-'9*<6/("#'(9'%*"-("7(&(6E9*<&;(

@*Z"6'(62&6F(&/(/2"3#(*#(L*$8%'(,F( 3*32*<2(G';"#$(6"( (7"%( 3*&%'(

62'(&#$;'/( 7"%(32*<2( 62'(/*$#("7( *<2&#$'/C(12'(<"%%'/9"#-*#$(9"/*6*"#/( 6"( *&%'(

<&;;'-('&%).2'2+)*$+2)'.CI(
(

(

L*$8%'(,C(?(6E9*<&;('5&+9;'("7( *7"%( (

(((((((((((((((((((((((((((((((((((((((( (((((((((((((((((((((((((
I(P'(&//8+'(62&6( C(N7( F(*C'C(#"(6%&#/*6*"#(9"*#6('5*/6/F(AIB(*/(6%*:*&;;E(/&6*/7*'-C(
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D8%(7*%/6(/9&<*#$(/6%&6'$E(*/($*:'#(*#(1&G;'(,C`((a;'&%;EF(62*/(/6%&6'$E($8&%&#6''/(62'('5*/6'#<'(
"7( &6( ;'&/6( "#'( >?@( 7;E*#$( &;"#$( &( $+.2'25#* .#/'2+)* "7( * *#( 32*<2( @* N#-''-F( *6(

$8&%&#6''/(&#(':'#(G'66'%(G"8#-("#(&:'%&$'C(

A,B( V;&<'( 62'( 262( >?@( &6( F( 32'%'( G( b(
C(12&6(*/F(G(b(2(*7()(*/(;'//(62&#("%('K8&;(6"( T("62'%3*/'F(262=>?@F(

32'%'(2(c( F(*/(9;&<'-(&6("#'("7(62'(&;%'&-E("<<89*'-(6%&#/*6*"#(9"*#6/C(

A0B( >?@d/(&#$8;&%(/9''-/(&%'(<2"/'#(/8<2(62&6(62'(6*+'/(6"(6%&:';(G'63''#(&#E(
63"(<"#/'<86*:'(6%&#/*6*"#(9"*#6/(&%'(&;;('K8&;C(>?@/(4''9(<"#/6&#6(&#$8;&%(
/9''-/(-8%*#$(62'*%(7;*$26/(G'63''#(63"(<"#/'<86*:'(6%&#/*6*"#(9"*#6/C(

1&G;'(,C(Q9&<*#$(Q6%&6'$E(N(

34"&'".$201(>$%/2)1*>'&%'#16*Q*125#)*2)*R%?8#*!*1B%&%)'##.*STK@*PB&'<#&(+&#3*=B&2)1*4-E.H*LUVD
=#1&##*'B&).*%8+)1* 3(

( (
A`B
(

+)*%5#&%1#3*9<#&#* *2.*'<#*.#'*+,*2)'#&5%8.*2)*9<2/<* 3*%)=* *2.*'<#*8#)1'<*+,*'<#*8%&1#.'*

2)'#&5%8*2)* @*

W&++,X*?/( (*/(/6%&*$267"%3&%-(6"(9%":'F(3'(9%":'(62'(/'<"#-(9&%6("#;EC(Q899"/'(

( ( A\B(

&#-( 62'( *#6'%:&;( ;'#$62/( *#( ( &%'( 8,3* 8Y3* C( C( CF( %'/9'<6*:';EC( N#( :*'3( "7( 62'( /'<"#-( 9&%6( "7(
Q9&<*#$( Q6%&6'$E( NF(3'( /'6(R( 6"( 62'( 6*+'( 6"( 6%&:';( G'63''#( &#E( 63"( <"#/'<86*:'( 6%&#/*6*"#(
9"*#6/C(12'#F( 7"%( 62'('5&+9;'(9%"7*;'("7( *&/(/2"3#(*#(L*$8%'(0F( *7( 63"(>?@/(

/6&%6(&6( ,*&#-( 0*&6('*N*](&#-(68%#(Y\](-'$%''/(&;"#$(62'(<*%<;'F(62'(<"%%'/9"#-*#$( (*#(
62'(6*+'=-"+&*#(<&#(G'(<&;<8;&6'-(&/(/2"3#(*#(L*$8%'(YC(?/(/''#(*#(62'(7*$8%'/F('&<2(9"/*6*:'(
9&%6( A9'&4B( "7( * *#( 62'( =-"+&*#( &99'&%/( 63*<'( 3*62( *6/( /6%'6<2'-F( /2%8#4( "%(
+"-*7*'-(/2&9'(*#(62'(6*+'=-"+&*#F(-'9'#-*#$("#(62'(63"(>?@/R(;"<&6*"#/C(
U"%'(9%'<*/';EF(32'#('*G';"#$/(6"(62'(*#6'%:&;(HAG*O*,BRF(GRB*7"%(/"+'(G*N*,F(0F(C(C(C(F( 3*62'(
<"/6(*/($*:'#(GE(

(

32'%'( * */( 62'(<"#/6&#6(&#$8;&%(:';"<*6E("7( 62'( 262*>?@(-8%*#$( 62'($*:'#( 6*+'( *#6'%:&;F(
&#-(7"%(2*N*,F0F(CCC(3)*

(

32'%'('2G**/(62'(6*+'(32'#(62'(262*>?@(*/(&6( 2G@(

(((((((((((((((((((((((((((((((((((((((( (((((((((((((((((((((((((
`(P'(2'%'(-"(#"6(<"#/*-'%(<";;*/*"#(&:"*-&#<'(*//8'/(G'63''#(>?@/C(
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(
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(

L*$8%'(0C(?#('5&+9;'(9%"7*;'("7( *7"%( W( (AY*b(,F0FCCCF(\B(&%'(6%&#/*6*"#(9"*#6/(

(
(
(

(

L*$8%'(YC( (7"%(62'( */2"3#(*#(L*$8%'(0W(R(*/(62'(6*+'(7"%(>?@/(6"(6%&:';(G'63''#(&#E(
63"(<"#/'<86*:'(6%&#/*6*"#(9"*#6/(



Optimal Circular Flight of Multiple UAVs for Target Tracking in Urban Areas 

(

351 

12'%'7"%'F(62'(+'&#(:&;8'("7( (-8%*#$(>?@/R(Y\]=-'$%''(68%#/(<&#(G'('59%'//'-(&/(

(

Z"6'(62&6( (*/(&;3&E/(&#(':'#(#8+G'%(32'#( **/(<"#6*#8"8/C(>/*#$(62'(<"#/6&#6(&#$8;&%(
:';"<*6E( &//8+96*"#( G'63''#( &#E( 63"( <"#/'<86*:'( 6%&#/*6*"#( 9"*#6/F( "#'( <&#( '&/*;E( <2'<4(
62&6(7"%('&<2(G*N*,F(0F(C(C(C(F( e0F(

(

128/F(62'(<;&*+'-(*#'K8&;*6E(7";;"3/C( (
12*/( 62'"%'+( &;;"3/( 8/( 6"( &99%"5*+&6';E( <&;<8;&6'( &:'%&$'( ( A$8&%&#6''-( &:'%&$'(
$#&,+&(%)/#* 8#5#8K* "#<'( ( */( $*:'#F( %'$&%-;'//( "7( 62'( 6*+'( R* 6"( 6%&:';( G'63''#( &#E( 63"(
<"#/'<86*:'( 6%&#/*6*"#( 9"*#6/C( N6( */( "G:*"8/( 62&6( "#'( +&E( 3*/2( 6"( <2""/'( 3* /"( 62&6( 62'(
9'%7"%+&#<'( ;':';( *#( A0C`B( G'<"+'/( &/( 2*$2( &/( 9"//*G;'F( G86( 62*/( +&E( %'/8;6( *#( 6%&#/*6*"#(
9"*#6/(G'63''#(32*<2(62'(*#6'%:&;(*/(6""(/+&;;C(a;'&%;EF(/8<2(&(/+&;;( *#6'%:&;(+&4'/(>?@/(
7;*$26(*#7'&/*G;'C(12'%'7"%'F( *+8/6(G'(-'6'%+*#'-(G&/'-("#(:&%*"8/(7;*$26(<"#/6%&*#6/(/8<2(&/(
A,BC( N#( 62'( #'56( /'<6*"#F(3'(+"-*7E( 62'( 7*%/6( /9&<*#$( /6%&6'$E( 6"( &<<"++"-&6'( 62"/'( 7;*$26(
<"#/6%&*#6/C(

3.3  Spacing Strategy II 
N#(62*/(/'<6*"#F(3'(6&4'(*#6"(&<<"8#6(7;*$26(<"#/6%&*#6/("#(>?@d/(6%&:';(/9''-(&#-(6*+'(&;"#$(
@*N#(:*'3("7(A,C,BF( *+8/6(G'(<2"/'#(/8<2(62&6(

(

32'%'( 3*&/(-'7*#'-(*#(A\BC(
12'/'(7;*$26(<"#/6%&*#6/(*++'-*&6';E(*+9;E(62&6( (<&##"6(G'(&%G*6%&%*;E(;&%$'C(N#(62*/(%'$&%-F(
3'(9%"9"/'( 62'(/'<"#-(/9&<*#$(/6%&6'$E(32*<2(#"3( *#:";:'/(&( /'&%<2( 7"%(&(9%"9'%( @*12'(
/'<"#-( /6%&6'$E( /6&%6/( 3*62( /'66*#$( ( 6"( 62'( &:'%&$'( * ":'%( F( *C'C(

3*&#-(<2'<4(*7(62'%'('5*/6A/B(&#(*#6'%:&;A/B( (

(*#(A\B(/8<2(62&6(

( (

AfB

(
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&%'(/&6*/7*'-C(N7(62'%'('5*/6(/8<2(*#6'%:&;/F("#'(<&#(*#<%'&/'( *&#-(%'9'&6(62'(/&+'(/6'9(&G":'C(
D62'%3*/'F( "#'( /2"8;-( -'<%'&/'( * 8#6*;( /8<2( *#6'%:&;/( &%'( 7"8#-( &#-( 62'( /'&%<2( */(
6'%+*#&6'-C(

D#<'( 62'( /'&%<2( */( 7*#*/2'-(3*62(&(9%"9'%( *&#-( *6/( <"%%'/9"#-*#$( F(>?@/(&%'(

9;&<'-("#( *&6(

( ( AgB(

&#-(*7( F(

( (

AhB

(

"62'%3*/'(

( (

A,]B

(

7"%(2(b(0FYF(C(C(C(F)C(
12'(<"#-*6*"#/(*#(AfB('#/8%'(62&6(&6(;'&/6("#'(>?@(7;*'/(":'%("#'("7(62'(*#6'%:&;/(*#( F(&#-(
/"( C( N#( 7&<6F("#'(<&#('&/*;E( /2"3(62&6( 62'(G"8#-("G6&*#'-( *#(V%"9"/*6*"#(0C,( /6*;;(

2";-/C(

(

1&G;'(0C(Q9&<*#$(Q6%&6'$E(NN(

34"&'".$20/$>$%/2)1*>'&%'#16*QQ*1B%&%)'##.*STK*%)=*SZK@*

O"3':'%F(7*#-*#$(/8<2(*#6'%:&;/(+&E(#"6(G'(&(/*+9;'(6&/4F(&/( (*/(;*4';E(6"(G'(#"#=<"#:'5(
A&( 8#*"#( "7( -*/M"*#6( *#6'%:&;/BC( N#( 62*/( %'$&%-F( &//8+*#$( 62&6( 62'%'( */( &( /+&;;( #8+G'%( "7(

*#6'%:&;/( *#( F( "#'( <&#($"( 62%"8$2(':'%E(9"//*G;'( <"+G*#&6*"#("7( *#6'%:&;/( *#( _( 6"( 7*#-(

7'&/*G;'( * AY( b( ,FCCCF BC\( N#( 7&<6F(3'( /6&%6( 62'( /'&%<2(3*62( 62'( <&/'("7( * N*,C(L"%(

'5&+9;'F( <"#/*-'%( &#( *#6'%:&;( ( &#-( /";:'( 62'( 7";;"3*#$( ;*#'&%(9%"$%&+( 7"%(

*&#-(RX*+*#*+*/'(R*/8GM'<6(6"(

(

(((((((((((((((((((((((((((((((((((((((( (((((((((((((((((((((((((
\(UNiV(AU*5'-(N#6'$'%(i*#'&%(V%"$%&++*#$B(<"8;-(G'(8/'-(7"%(62*/(98%9"/'C(
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N7(#"( 7'&/*G;'(/";86*"#( */( 7"8#-( 7"%('&<2( *#6'%:&;( *#( F( * */(#"3( *#<%'&/'-( 6"(0(&#-( 63"(

*#6'%:&;/(&%'(<2"/'#(7%"+( Cf(L"%('5&+9;'F(3'(<2""/'( *3*&#-(/";:'(

62'(7";;"3*#$(;*#'&%(9%"$%&+(7"%( (&#-(RW(+*#*+*/'(R(/8GM'<6(6"(

(

P2'#(62*/(6%*&;(*/(/6*;;(#"6(/8<<'//78;(3*62(-*77'%'#6(63"(*#6'%:&;/(*#( 3* **/(*#<%'&/'-(A89(

6"( e0B(&#-($*:'/(%*/'(6"(/*+*;&%(;*#'&%(9%"$%&+/(&/(&G":'C(N7(#"(7'&/*G;'(/";86*"#(*/(7"8#-(
7"%('&<2( 3* *+8/6(G'(-'<%'&/'-(6"(%';&5(62'(<"#/6%&*#6/Cg(

(

(

(

(

L*$8%'(IC(12'(9";E$"#(A-&/2'-(&%'&B(7"%+'-(GE(62'(<"#/6%&*#6/(32'#( (b(,(

(((((((((((((((((((((((((((((((((((((((( (((((((((((((((((((((((((
f(P2'#(6*+'(*/(<%*6*<&;F("#'(+&E(#"6(3&#6( 6"( *#<%'&/'( 3*G86( 6"(-'<%'&/'( (&#-(4''9(<"#/*-'%*#$( 62'(

<&/'("7( *N*,(3*62(#'3( C(
g(N6(*/(#"6('5&<6;E(6%8'(62&6(;'//( (*+9;*'/(;'//(/6%*#$'#6(<"#/6%&*#6/C(O"3':'%F(*6(*/(6%8'(62&6(-'<%'&/*#$( (

':'#68&;;E(E*';-/(&(7'&/*G;'(/";86*"#C(
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?/(&(+&66'%("7(7&<6F(62'(<&/'("7( (b(,(&;;"3/(&(+"%'('77*<*'#6(3&E("7("G6&*#*#$(62'(/";86*"#C(

L*%/6(#"6'(62&6(62'(<"#/6%&*#6/(*#(62'(&//"<*&6'-(;*#'&%(9%"$%&+(<&#(G'(3%*66'#(&/(

(

32'%'( @*12'/'( 63"( <"#/6%&*#6/( *#( 8( &#-(R* 7"%+(&(9";E$"#( *#( 63"=-*+'#/*"#&;(
/9&<'F(&/(/2"3#(*#(L*$8%'(IC(L%"+(62'(7*$8%'F("#'(<&#(%'&-(62&6(62'(+*#*+8+(&#-(+&5*+8+(
8(9"//*G;'(*#(62'(9";E$"#(&%'(

(

12'%'7"%'F(*#("%-'%(7"%(/"+'( *6"(G'(7'&/*G;'F(62'(<"%%'/9"#-*#$( (+8/6(<"#6&*#(&#(*#6'%:&;(
32"/'(;'#$62(*/(*#(G'63''#(8(*&#-(8;@*N7(62'%'('5*/6/(/8<2(&#(*#6'%:&;A/B(*#( (32"/'(;'#$62/(
&%'(8,F(803*@*@*CF("#'(<&#(62'#(%'&-(62'(<"%%'/9"#-*#$(R,F(R0F(C(C(C(7%"+(62'(7*$8%'F(*C'C(

(

128/F(62'(/";86*"#( (*/(62'(*#6'%:&;(*#( (32"/'(;'#$62(8j(*/(/8<2(62&6(RY**/(+*#*+*/'-(

":'%(&;;((Y@*D#'(<&#(%'9'&6(7*#-*#$( *3*62(&#(*#<%'&/'-( *6"(*+9%":'(62'(/";86*"#C(

4. Numerical Tests 

1"( -'+"#/6%&6'( 62'( 9'%7"%+&#<'( "7( 62'( /8$$'/6'-( &;$"%*62+( AQ9&<*#$( Q6%&6'$E( NNBF( 3'(
%&#-"+;E( $'#'%&6'( 8%G&#=&%'&( +&9/( &#-( +"-';( &( $%"8#-( 6&%$'6( &/( &( %&#-"+( M8+9(
9%"<'//C(?/(62'('+9;"E'-(/6%&6'$E(-*%'<6/F('&<2(>?@(7;*'/(&;"#$(&(-'/*$#'-(<*%<8;&%(9&62(
A<"#/*/6*#$( "7( /':'%&;( /'$+'#6/(32*<2( &%'( -'7*#'-( GE( /'9&%&6*"#( &#$;'A/BB( &6( &( -*77'%'#6(
/9''-F( G86( &6( &( <"#/6&#6( /9''-( &;"#$( '&<2( /'$+'#6C( N#( "8%( 6'/6/F( >?@/R(+*#*+8+( 68%#(
%&-*8/( */( &//8+'-( 6"( G'( 'K8&;( 6"( 0]](+F( &#-( 62'*%( 7;*$26( &;6*68-'( */( 7*5'-( 6"( ,]](+C(12'(
<"%#'%(:';"<*6EF(*C'C(62'(:';"<*6E(7"%(&(+*#*+8+(%&-*8/(68%#(&6(&(+&5*+8+(%&6'F(*/(Y](+e/(
A&99%"5*+&6';E( ,]]( 4+e2BC( 12'%'7"%'F( 62'( +&5*+8+( &#$8;&%( %&6'( A B* */( $*:'#( GE( ]C,`(
%&-e/C( 12'( +*#*+8+( &#$8;&%( :';"<*6E( A B* */( &//8+'-( 6"( G'( 'K8&;( 6"( 62'( 2&;7( "7( 62'(
+&5*+8+( %&6'F( *C'C( ]C]f`( %&-e/C( 12'( #8+G'%( "7(>?@/( */( 63"( &#-( 62'E( &%'( "7( 62'( /&+'(
6E9'C(
D#'(6'/6('5&+9;'( */(/2"3#(*#(L*$8%'(`C( N#( 62'(7*$8%'F( 63"(>?@/(7;E(&;"#$( 62'("96*+*/'-(
<*%<8;&%(9&62(A62*<4(/";*-(;*#'B(*#(&(<"8#6'%<;"<43*/'(-*%'<6*"#F(3*62(&#(*#*6*&;(/'9&%&6*"#("7(
,Y]( -'$%''/C( 12'( /6&%6*#$( 9"/*6*"#( "7( '&<2( >?@( */( *#-*<&6'-( GE( &( 6%*&#$;'C( 12'( $%"8#-(
+":*#$( 6&%$'6( A-'#"6'-(GE(&( %'-( /6&%B( M8+9/( 6"(&( %&#-"+(9;&<'( ':'%E(,( /C(Z"6'( 62&6( 62'(
6&%$'6R/("9'%&6*"#&;(&%'&(*/(-'#/';E(9"98;&6'-(GE(G8*;-*#$/F(&#-(628/(6%&<4*#$(62'(6&%$'6(*/(
:'%E( <2&;;'#$*#$C( 12'( /*+8;&6*"#( /2"3/( 62&6F( &/( '59'<6'-F( 62'( 63"( >?@/( /3&9( 62'*%(
/6&%6*#$(9"/*6*"#/(&#-(%'&<2( 62'%'(&6( 62'(/&+'( 6*+'(GE(<2&#$*#$( 62'*%(&#$8;&%(:';"<*6*'/C(
L*$8%'( \( /2"3/( * A-"66'-( ;*#'T( G'7"%'( *#6%"-8<*#$( 63"(>?@/BF( ( A/";*-( ;*#'T( &76'%(

*#6%"-8<*#$(63"(>?@/(3*62(62'(/'9&%&6*"#(&#$;'(/8$$'/6'-(GE("8%(/9&<*#$(/6%&6'$EBF(&#-(
62'(<"%%'/9"#-*#$(;"3'%(G"8#-( @*12'(&<68&;(<"/6(/;*$26;E(:*";&6'/(62'(;"3'%(G"8#-(&6(0f(
/C( 12*/( :*";&6*"#( */( <&8/'-( GE( 62'( -*/<%'6*/&6*"#( "7( * 32'#( #8+'%*<&;;E( "G6&*#*#$(
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/'9&%&6*"#( &#$;'/C( ?( 7*#'%( -*/<%'6*/&6*"#( +&E( &;;':*&6'( 62*/( 9%"G;'+F( G86( 62*/( /;*$26(
:*";&6*"#(-"'/(#"6(+&4'(&#E(/*$#*7*<&#6(92E/*<&;(-*77'%'#<'(*#(6%&<4*#$(62'(6&%$'6C(L*$8%'(f(
/2"3/(32'#(62'(6&%$'6(*/(<&968%'-(GE(62'(<&+'%&/C(X8%*#$("#'(<"+9;'6'(Y\]=-'$%''(68%#(
&;"#$(62'(<*%<8;&%(9&62F(62'(M"*#6(:*/*G*;*6E(*/($8&%&#6''-(-8%*#$(+"%'(62&#(\hk("7(62'(6"6&;(
7;*$26(6*+'C(12&6(*/F(62'(6&%$'6(*/("86/*-'(62'(63"(<&+'%&/R(7*';-="7=:*'3/(7"%(&G"86(,\/(&#-(
62'(;"#$'/6(<"#6*#8"8/(6*+'(-8%*#$(32*<2(62'(6&%$'6(*/(;"/6(*/(&G"86(\(/C(
(
(
(

(

(

L*$8%'(`C(13"(>?@/(6%&<4*#$(&($%"8#-(+":*#$(6&%$'6(*#(&(-'#/'(8%G&#(&%'&(

?(,]]]=U"#6'=a&%;"(%&#-"+(/*+8;&6*"#(*/(&;/"(9'%7"%+'-C(12*/(/*+8;&6*"#(*/(-"#'(8/*#$(
&( 9'%/"#&;( <"+986'%( AP*#-"3/=lV( V%"7'//*"#&;( :'%/*"#( 0]]0F( N#6';( a"%'( 0( m8&-( aV>F(
0C\\nOoF( 0Cf`nS( "7( p?UF( U?1i?S( fC`( Ap0]]fGBBC( 12'( +'&#( 6*+'( /9'#6( 6"( <&;<8;&6'(
/'9&%&6*"#(&#$;'/( 7"%('&<2(<&/'( */(]CIh\Y(/C( N#(L*$8%'(gF("8%(9%"9"/'-(/9&<*#$(/6%&6'$E( */(
<"+9&%'-(3*62(&(/*+9;'(/'9&%&6*"#(/6%&6'$E(*#(32*<2(63"(>?@/(&%'(*#*6*&;;E(/'9&%&6'-(GE(
,g](-'$%''/C(L*$8%'(g(-'9*<6/F(7"%(G"62(/6%&6'$*'/F(62'(#8+G'%("7(<&/'/(:'%/8/(62'(9'%(<'#6(
"7( :*/*G;'( 6*+'(-8%*#$( "#'( Y\]=-'$%''( 68%#( &;"#$( 62'( <*%<8;&%( 9&62( &//"<*&6'-(3*62( '&<2(
<&/'C( 12'( +'&#( :*/*G*;*6E( */( &%"8#-( `\k( 7"%( G"62( /6%&6'$*'/C( O"3':'%F( 62'( :&%*&#<'(
<"%%'/9"#-*#$(6"("8%(/9&<*#$(/6%&6'$E(*/(/;*$26;E(G'66'%(A/+&;;'%B(62&#(62'(/*+9;'("#'W("8%(
/9&<*#$(/6%&6'$E(E*';-/(&G"86(0Yk(&#-(62'(/*+9;'("#'(&G"86(0fkC(?;/"(#"6'(62&6(62'(63"(
-*/6%*G86*"#/( ;""4( K8*6'( -*77'%'#6W( 62'( -*/6%*G86*"#( 7"%( 62'( /*+9;'( /6%&6'$E( */( &;+"/6(
8#*7"%+F(32'%'&/(62'("#'(7"%("8%(9%"9"/'-(/9&<*#$(/6%&6'$E(*/(/4'3'-(6"3&%-/(62'(%*$26C(
12*/(*+9;*'/(62&6("8%(/'9&%&6*"#(/6%&6'$E(2&#-;'/(-*77*<8;6(/<'#&%*"/(+8<2(G'66'%(62&#(62'(
/*+9;'("#'C(
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(

L*$8%'(\C(D%*$*#&;(<"/6( 3*"96*+*/'-(<"/6( (&#-(;"3'%(G"8#-(

(
(

(

L*$8%'(fC(1&%$'6(:*/*G*;*6E(-8%*#$(&(Y\]=-'$%''(68%#(&;"#$(62'(<*%<8;&%(9&62(/2"3#(*#(
L*$8%'(`(
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(

L*$8%'(gC(1&%$'6(:*/*G*;*6E(-*/6%*G86*"#(7"%(,]]](%&#-"+(<&/'/(-8%*#$(&(Y\]=-'$%''(68%#(&;"#$(
62'(<*%<8;&%(9&62(&//"<*&6'-(3*62('&<2(<&/'(

5. Conclusion 

N#(62*/(3"%4F(3'('56'#-'-("8%(9%':*"8/(%'/8;6(GE(/8$$'/6*#$(63"(/9&<*#$(/6%&6'$*'/(32*<2(
&;;"3(+"%'(62&#("#'(>?@(6"(M"*#6;E(6%&<4(&(6&%$'6(3*62(&($8&%&#6''-(9%"G&G*;*/6*<(G"8#-C(
?/( "99"/'-( 6"( 6E9*<&;( ;*#'( /'&%<2( +'62"-/F( 62'( 9%"9"/'-( /9&<*#$( /6%&6'$*'/( &%'(
*#-'9'#-'#6("7( 62'(#8+G'%("7(>?@/(6%&<4*#$(62'(/&+'(6&%$'6( *#( 6'%+/("7(<"+986&6*"#&;(
<"+9;'5*6EF(&#-(/"('&/E(6"(*+9;'+'#6("#(>?@/('/9'<*&;;E(3*62(;"3(<"+986&6*"#&;(9"3'%C(
O"3':'%F( 62'%'( &%'( &( 7'3( 9"*#6/( 62&6( #''-( 6"( G'( &--%'//'-( *#( "8%( 7868%'( 3"%4C( L"%(
'5&+9;'F(/899"/'(62&6(&(6&%$'6(+":'/(G'E"#-(62'(&%'&(<":'%'-(GE(&(<*%<8;&%(9&62( F(&#-(
/"(&(#'3(<*%<8;&%(9&62( *&#-(62'(<"%%'/9"#-*#$(/9&<*#$(&%'(<&;<8;&6'-C(12'#F("#'(#''-/(
6"( <"#/*-'%( &( 6%&#/*6*"#( /6%&6'$E(32*<2( &;;"3/(>?@/( 6"(+":'( 7%"+( * 6"( *32*;'( /6*;;(
$8&%&#6''*#$( &( 9%"G&G*;*/6*<( G"8#-C( Z''-;'//( 6"( /&EF( '56'#/*"#/( 6"( 62'( +8;6*9;'( 6&%$'6(
6%&<4*#$(<&/'(/2"8;-(G'(8/'78;(&/(3';;C(

6. References 

!C()*+(&#-(.C()*+C(U":*#$($%"8#-(6&%$'6(6%&<4*#$(*#(-'#/'("G/6&<;'(&%'&/(8/*#$(>?@/F(N#*
W&+/##=2)1.*+,*'<#*!['<*QP-\*]+&8=*\+)1&#..3*!8;E(0]]gC(H,J(

U&%4(?C(V'"6F(12"+&/(PC(?;6/28;'%F(?%;'#(S%'*2";oF(p*<2&%-(?C(S8'4'%F()'##'62(PC(L'%6*$F(
?&%"#( 1C( O&34*#/( &#-( Q8-2&4&%( p'--EC( V;&##*#$( /'#/*#$( &<6*"#/( 7"%( >?@/( *#(
8%G&#(-"+&*#/F(N#(W&+/##=2)1.*+,*'<#*>WQ03*D<6"G'%(0]]`C(H0J(
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@*6&;E(Q2&7'%+&#(&#-(1&;(Q2*+&C(>#+&##'-(&'%*&;(:'2*<;'/(<""9'%&6*:'(6%&<4*#$("7(+":*#$(
$%"8#-( 6&%$'6( *#( 8%G&#( '#:*%"#+'#6/F( ^+B&)%8* +,* 7B2=%)/#3* \+)'&+83* %)=*"6)%(2/.3*
@";C(Y,F(Z"C(`F(Q'96'+G'%=D<6"G'%(0]]gF(99C(,Y\]=,Yf,C(HYJ(

LC(p&7*F(QC()2&#F()C(Q2&7*K(&#-(UC(Q2&2C(?86"#"+"8/(6&%$'6(7";;"3*#$(GE(8#+&##'-(&'%*&;(
:'2*<;'/F(N#*W&+/##=2)1.*+,*'<#*>WQ03*U&E(0]]\C(HIJ(
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Stiffness-Force Feedback in UAV Tele-operation  

!"#$"#%&'(#$"#$)*+,-#&.+#$"#$"#/&.#0&&11,.#
!"#$%&'()*"+,)%-&.$&/"01(.#.2-&

/1"&3"%1"+#4(5,&

1. Introduction    

2.# 34,# 3,*,567,-&386.#69# &.#).8.4&:83,+#&,-8&*#/,48;*,# <=>?@(# 34,#67,-&36-# &.+#/,48;*,# &-,#
74A18;&**A#1,7&-&3,+"#!4,#*8'83,+#16)-;,1#69#8.96-'&386.#69#34,#,./8-6.',.3(#,"B"(#*&;C#69#&#
;6'7*,3,#6)318+,#/8,D(#16).+1(#/,48;*,#'6386.1#&.+#/8:-&386.1(#693,.#*,&+#36#766-#183)&386.#
&D&-,.,11"#!,*,567,-&386.#)1)&**A#8./6*/,1#34,#)1,#69#&#/81)&*#8.3,-9&;,#6.#&#B-6).+#13&386.(#
7-6/8+8.B# &# .&/8B&386.# +817*&A# &.+# &.# 6)318+,# /81)&*# B,.,-&3,+# :A# &# ;&',-&# '6).3,+#
6.:6&-+# 34,#/,48;*,"# !4,#/81)&*# 8.96-'&386.(# 46D,/,-(# 81# )1)&**A#.63# 1)998;8,.3#+),# 36# 96-#
8.13&.;,#&# *8'83,+#98,*+#69#/8,D(# *,&+8.B#36#&.#693,.#.63#/,-A#,998;8,.3#&.+#16',38',1#,/,.#
).1&9,#3,*,567,-&386.#<E*4&8F#,3#&*"(#GHHIJ#$;K&-*,A#L#M8;C,.1(#GHHN@"#
0-,/86)1#-,1,&-;4#,996-31#8.+8;&3,+#34&3#&#4&738;#8.3,-9&;,(#)18.B#96-;,#9,,+:&;C#/8&#&#4&738;#
;6.3-6*#+,/8;,(# ;&.#:,#)1,+# 36# ;6'7*,',.3# 34,#/81)&*# 8.3,-9&;,"#O&738;# 9,,+:&;C#7-6/8+,1#
8.96-'&386.#&:6)3#34,#,./8-6.',.3#34-6)B4#34,#1,.1,#69#36);4#<%&'#,3#&*"(#GHHPJ#%&'#,3#&*"(#
GHHQ@"# 2.+,,+(# 34,# ')*3851,.16-A# 4&738;# 8.3,-9&;,# 8'7-6/,+# 67,-&36-# 7,-96-'&.;,# &.+##
18B.898;&.3*A#-,+);,+#34,#.)':,-#69#;6**8186.1(#*,&+8.B#36#&.#6/,-&**#48B4*A#8.;-,&1,+#*,/,*#69#
1&9,3A# <%&'# ,3# &*"(# GHHQ@"# R7,-&36-# ;6.3-6*# &;38/83A# &.+# D6-C*6&+(# 46D,/,-(# 8.;-,&1,+# &1#
D,**"# !481# '&A# :,# &33-8:)3,+# 36# 34,# 8.;6'7&38:8*83A# :,3D,,.# 34,# 4&738;# 8.3,-9&;,# &.+# 34,#
67,-&36-S1#8.3,.386.1(#:&1,+#6.#4,-#6-#481#8.3,-.&*#-,7-,1,.3&386.#69#34,#,./8-6.',.3"#
O8B4#67,-&36-#;6.3-6*#&;38/83A#&.+#D6-C*6&+#7&-38;)*&-*A#6;;)-#8.#183)&386.1#D4,-,#34,#=>?#
81#1)--6).+,+#:A#'&.A#6:13&;*,1"#>*346)B4#96-;,#9,,+:&;C#D6)*+#8.+,,+#4,*7#34,#67,-&36-#
36#&/68+#&#;6**8186.#D834#6.,#6:13&;*,(#34-6)B4#+,9*,;38.B#34,#;6.3-6*#+,/8;,#&D&A#9-6'#34,#
+8-,;386.#69#34,#6:13&;*,(#83#'&A#&*16#+8-,;3#34,#=>?#36D&-+1#&.634,-#6:13&;*,#*6;&3,+#&3#34,#
634,-# 18+,"# M4,-,&1# 34,# 4&738;# 8.3,-9&;,# +6,1# .63# C.6D# &:6)3# 34,# 634,-# ;*61,*A5*6;&3,+#
6:13&;*,(# 34,# 67,-&36-#'8B43# &*-,&+A# 4&/,# *6;&3,+# 83# 9-6'# 34,# /81)&*# 8.3,-9&;,(# &.+#D6)*+#
7-,9,-#36#&+F)13#34,#+8-,;386.#69#'6386.#6.*A#TF)13#,.6)B4U#36#&/68+#;6**8186."#
!4,#-,76-3,+#8.;6'7&38:8*838,1#:,3D,,.#34,#'6386.1#69#34,#4&738;#+,/8;,#&.+#34,#67,-&36-S1#
8.3,.386.1#'&A#4&/,#:,,.#;&)1,+#:A# 34,#7&-38;)*&-# 8'7*,',.3&386.#69# 34,#4&738;# 8.3,-9&;,(#
8","(# 34-6)B4# &77*A8.B# 96-;,# 9,,+:&;C# &*6.,"# O,-,(# &.# ,V3,-.&*# 96-;,# 6991,3# D8**# &;38/,*A#
+,9*,;3# 34,# 4&738;# ;6.3-6*# +,/8;,(# 8.# 1);4# &# D&A# 34&3# 34,# /,48;*,# '6/,1# &D&A# 9-6'# 34,#
+8-,;386.#69#&.#6:13&;*,"#!4,#6991,3#96-;,(#&#9).;386.#69#34,#-,*&38/,#7618386.#&.+#/,*6;83A#69#
34,#=>?#D834# -,17,;3# 36# 34,#6:13&;*,(# 138**#,V8131#,/,.#&93,-# 34,#67,-&36-# -,*,&1,1#4,-#4&.+#
9-6'#34,#;6.3-6*#+,/8;,#&.+#'&A#;&)1,#34,#;6.3-6*#+,/8;,#36#+,9*,;3#36#34,#634,-#18+,#69#34,#
W,-6# +,9*,;386."# X6-# ;6.3-6*# 69# &# =>?# 4,*8;673,-(# 34,# 96;)1# 69# 6)-# 13)+A(# 34,# ;6.3-6*#
+,9*,;386.#-,7-,1,.31#&#/,*6;83A#;6''&.+"#!4,-,96-,(#34,#96-;,#9,,+:&;C#16',38',1#+6,1#.63#
&**6D# 34,# 67,-&36-# 36# T-,13U# &.+# 96**6D# 34,#'6386.1# 69# 34,# ;6.3-6*# +,/8;,(# :)3# 96-;,1# 34,#



Aerial Vehicles 

#

360 

67,-&36-#36#;6).3,-&;3#34,'#36#&/68+#;6**8186.#D834#&.634,-#6:13&;*,"#!481#&**#;6.3-8:)3,1#36#
48B4#67,-&36-#;6.3-6*#&;38/83A#&.+#D6-C*6&+"#
!481# ;4&73,-# 8.3-6+);,1# 3D6# &*3,-.&38/,# 8'7*,',.3&386.1# 69# 4&738;# 9,,+:&;CY# 13899.,11#
9,,+:&;C# &.+# 13899.,11596-;,# 9,,+:&;C"# !4,1,# &*3,-.&38/,1# &8'# 36# -,*8,/,# 34,# 67,-&36-# 9-6'#
;6.38.)6)1*A# ;6).3,-&;38.B# 34,# -,7)*18/,# 96-;,1# 9-6'# 34,#4&738;# ;6.3-6*#+,/8;,"#!4,# 13)+A#
8./6*/,1# :634# &# 34,6-,38;&*# +81;)1186.# 6.# 34,# +899,-,.;,1# :,3D,,.# 34,# 4&738;# 9,,+:&;C#
&*3,-.&38/,1(#&1#D,**#&1#&#78*6358.534,5*667#,V7,-8',.3&*#,/&*)&386."#

2. Haptic feedback 

!4,#)1,#69#4&738;#9,,+:&;C#34-6)B4#&#;6.3-6*#+,/8;,#&**6D1#34,#67,-&36-#36#7,-;,8/,#3&;38*,#
;),1# 34-6)B4# 34,#1,.1,#69# 36);4"#!4,# 3&;38*,# 8.96-'&386.#;&.# -,7-,1,.3#/&-86)1#74A18;&*#6-#
',;4&.8;&*#7-67,-38,1(# 1);4#&1# 3,'7,-&3)-,# *,/,*#&.+#-,*&38/,#+813&.;,# <E*4&8F# ,3#&*"(# GHHI@"##
X6-# ;6**8186.# &/68+&.;,# 8.# 34,# 3,*,567,-&386.# 69# &#'6/8.B# /,48;*,(# 83#D6)*+# :,# ;6'7&38:*,#
D834#34,#67,-&36-S1#8.3,-.&*#-,7-,1,.3&386.#D4,.#34,#3&;38*,#;),1#D6)*+#-,7-,1,.3#T-,7)*18/,#
96-;,1U#,V,-3,+#9-6'#6:13&;*,1#*6;&3,+#.,&-5:A#8.#34,#,./8-6.',.3"##!4,1,#T-,7)*18/,#96-;,1U#
;&.#:,#B,.,-&3,+#:A#&.#&-3898;8&*#96-;,#98,*+#<>XX@#<Z61;4*66#,3#&*"(#GHHPJ#[-6B4(#I\]P@"##
!4,# 7)-761,# 69# 34,# &-3898;8&*# 96-;,# 98,*+# 81# 36# 3-&.196-'# 34,# =>?# 7618386.# &.+# /,*6;83A#
-,*&38/,#36#&.#6:13&;*,(# 36#&#;,-3&8.#T/&*),U#34&3#;&.#:,#9,+#:&;C#36#&#4&738;#;6.3-6*#+,/8;,(#
A8,*+8.B# &.# 8'7,+&.;,# 6.# 34,# 67,-&36-S1# ;6.3-6*# +,9*,;386.1"# X8B"# I# 146D1# &# 1;4,'&38;#
-,7-,1,.3&386.#69#4&738;#9,,+:&;C#9-6'#&#4&738;#;6.3-6*#+,/8;,(#8.#6)-#13)+A#&#18+,5138;C(#36#
34,#4)'&.#67,-&36-"##

#

X8B)-,#I"#^;4,'&38;#-,7-,1,.3&386.#69#&#4)'&.58.534,5*667#1A13,'#D834#/81)&*#&.+#4&738;#
9,,+:&;C#

!4,# 8'7,+&.;,# 69# 34,# 4&738;# ;6.3-6*# +,/8;,# ;6.18131# 69# 34,# 138;C# '&11517-8.B5+&'7,-#
+A.&'8;1#O13(#+,78;3,+#8.#E_"#<I@(#&.+#34,#,V3-&#8'7,+&.;,#9-6'#34,#6)37)3#69#34,#>XX"##

#
I

O <1@ `13 G
'1 a :1 a C

(# <I@#
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D834#'(#:#&.+#C#34,#138;CS1#'&11(#+&'78.B#;6,998;8,.3#&.+#17-8.B#;6.13&.3(#-,17,;38/,*A"#!4,#
B,.,-&3,+#/&*),#69#34,#>XX#;&.#:,#9,+#:&;C#8.#'&.A#+899,-,.3#D&A1#36#34,#4&738;#+,/8;,"#2.#
34,#96**6D8.B#1,;386.1(#34-,,#&*3,-.&38/,1#D8**#:,#+81;)11,+"#

2.1 Force feedback 

2.# 96-;,# 9,,+:&;C(# &# 96-;,# 6991,3# X9# 81# &77*8,+# 36# 34,# ;6.3-6*# '&.87)*&36-# 36# B)8+,# 34,#
67,-&36-(# 1,,# X8B"# G"# !4,# 363&*# 96-;,# 34&3# 34,#67,-&36-# 7,-;,8/,1# 81# 34,# 1)'#69# 34,# -,&;386.#
96-;,# 9-6'# 34,# 138;C# +A.&'8;1(# X13(# &.+# 34,# ,V3,-.&*# 96-;,# 6991,3"# >11)',# 34&3# 34,# 138;C# 81#
+817*&;,+#36#&#;,-3&8.#7618386.(#V13(# 34,.#34,#96-;,#,V,-3,+#:A#34,#67,-&36-(# 8","(# 34,#96-;,#6.#
34,#4&.+(#X4(#81#D-833,.#&1Y#

# X4<V13(8@#`#X13<V13@#a#X9<8@(## <G@#

# X4<V13(8@#`#CV13#a#X9<8@(# <b@#

D834# X13<V13@# &.+# X9<8@# 34,# -,&;386.# 96-;,# 9-6'# 34,# ;6.3-6*# +,/8;,# &1# 9).;386.# 69# 34,# 138;C#
+,9*,;386.# V13(# &.+# 34,# ,V3,-.&*# 96-;,# 6991,3# &1# 9).;386.# 69# 4&738;# 9,,+:&;C# 8.96-'&386.# 8(#
-,17,;38/,*A"#c63,#34&3(#D834#4&738;#9,,+:&;C(#34,#138;C#+,9*,;386.#V13#&;31#&1#34,#8.7)3#36#34,#
1A13,'#36#:,#;6.3-6**,+(#8.#6)-#;&1,#34,#=>?#4,*8;673,-"#

#

X8B)-,#G"#^;4,'&38;#-,7-,1,.3&386.#69#34,#96-;,#9,,+:&;C#&*B6-834'#

X8B"#b#146D1#34&3#+),#36#34,#96-;,#6991,3(#34,#138;C#D8**#4&/,#&#.6.5W,-6#.,)3-&*#7618386.#<>@(#
8","(#34,#7618386.#D4,-,#34,#138;C#81#8.#,_)8*8:-8)'#8.#34,#&:1,.;,#69#,V3,-.&*#96-;,1"#M4,.#34,#
138;C# 81# -,*,&1,+(# X4<V13(# 8@`H(# -,7)*18/,# 96-;,1# ;&.# 138**# ,V813# &.+# 34,# 138;C# 8.+,,+# 40%)*"#-&
5"$#"0%,#&D&A#9-6'#34,#+8-,;386.#D834#&#76118:*,#;6**8186.Y#V13`5X9<8@dC"#!481#&;38/,#+,9*,;386.#
D834#4&.+15699#;&.#:,#;6.18+,-,+#&1#&.#T&)36.6'6)1#;6**8186.#&/68+&.;,U#9).;386."#2.#9&;3(#
34,# 96-;,# 9,,+:&;C# ;&.# :,# -,B&-+,+# 36# A8,*+# &# T;6''&.+,+U# 138;C# +,9*,;386.# 34&3# 34,#
67,-&36-#146)*+#96**6D#&1#B66+#&1#76118:*,"#!4&3#81(#D4,.#A8,*+8.B#36#34,#96-;,1#&77*8,+#6.#
34,#4&.+(#34,#67,-&36-#D6)*+#+,9*,;3#34,#138;C#8.#&#D&A#34&3#1&38198,1#34,#;6**8186.#&/68+&.;,#
9).;386."#Z,;&)1,#&#;6.3-6*#+,/8;,#81#B,.,-&**A#*8'83,+#8.#831#+,9*,;386.1(#34,-,#81#&*16#&#*8'83#
36#34,#&'7*83)+,#69#34,#96-;,#9,,+:&;C(#8","(#&#.&3)-&*#;6.13-&8.3#36#34,#96-;,#9,,+:&;C#B&8."#
2.#7-,/86)1# 13)+8,1(#%&'#,3# &*"# 96).+# 34&3# 34,# &'7*83)+,1# 69# 138;C#'6386.1#+),# 36#.,)3-&*#
7618386.# ;4&.B,1# '&A# ;6.3-8:)3,# 36# D6-C*6&+# <%&'# ,3# &*"(# GHHQJ# # %&'# ,3# &*"(# GHH]@"# 2.#
7&-38;)*&-#D4,.#9*A8.B#34-6)B4#&#.&--6D#;6--8+6-(#6-#D4,.#'6/8.B#&*6.B#')*387*,#1'&**,-#
&.+#;*61,*A517&;,+#6:13&;*,1(#34,1,#96-;,#6991,31#'&A#/&-A#;6.38.)6)1*A"#!4,#67,-&36-#81#.63#
&:*,#36#96**6D#34,#96-;,#9,,+:&;C#&;;)-&3,*A#&.+#6/,-146631#&.+#;6.3-6*#61;8**&386.1#6;;)-"#
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#

X8B)-,#b"#X6-;,5+817*&;,',.3#-,*&386.#69#&#96-;,#9,,+:&;C#1A13,'#

>#76118:*,#16*)386.#D6)*+#:,#36#-,+);,#34,#96-;,#6991,3#'&B.83)+,(#8","(#36#+,;-,&1,#34,#B&8.#
69# 34,# 96-;,# 9,,+:&;C"#!481#'8B43#-,1)*3(#46D,/,-(# 8.#-,7)*18/,# 96-;,1# 34&3#&-,# 366#1'&**# 8.#
'&B.83)+,(#8.#7&-38;)*&-#96-#67,-&36-1#D46#&+673#&#48B4#.,)-6')1;)*&-#13899.,11"#23#D6)*+#
34,-,96-,# 18B.898;&.3*A# -,+);,# 34,# ,99,;38/,.,11# 69# 34,# ;6**8186.# &/68+&.;,# ;6''&.+# &.+#
*8'831#34,#4&738;#7-,1,.3&386.#69#8.96-'&386.#-,B&-+8.B#&#763,.38&*#;6**8186."#!).8.B#34,#96-;,#
9,,+:&;C#'&B.83)+,#.,,+1#&#;6'7-6'81,#:,3D,,.(#6.#34,#6.,#4&.+(#34,#,99,;38/,.,11#69#34,#
4&738;#8.3,-9&;,#&.+(#6.#34,#634,-#4&.+(#34,#D6-C*6&+#83#8'761,1#6.#34,#67,-&36-"#

2.2 Stiffness feedback 

^3899.,11# 9,,+:&;C# 8./6*/,1# &++8386.# 69# &.# ,V3-&# 17-8.B# *6&+(# C1<8@# &1# &# 9).;386.# 69# 4&738;#
9,,+:&;C#8.96-'&386.#8(#36#34,#.6'8.&*#138;C#+A.&'8;1e#17-8.B#;6.13&.3#C(#1,,#X8B"#P"#2.13,&+#
69#4&/8.B#&#96-;,#6991,3(#34,#138;C#:,;6',1#13899,-#D4,.#8.#34,#7-,1,.;,#69#&.#6:13&;*,(#34&3#81(#
34,#,V3-&# 13899.,11#7-6/8+,1#&.# 8'7,+&.;,(# -,1)*38.B# 8.#&.#,V3-&# 96-;,# 34&3#+,7,.+1#6.# 34,#
+,9*,;386.#69# 34,# 138;C#:A# 34,#67,-&36-"#M4,.# 34,# 138;C# 81# -,*,&1,+# 83#D8**#(.%& 40%)*"#-&5"$#"0%&
464-#9-6'#&#76118:*,#;6**8186.(#&1#81#34,#;&1,#D4,.#)18.B#96-;,#9,,+:&;C(#:)3#F)13#-,3)-.1#36#
34,# .,)3-&*# 7618386."# O,.;,(# 13899.,11# 9,,+:&;C# &*6.,# 81# .63# 1)83&:*,# 96-# 8'7*,',.38.B#
&)36.6'6)1#;6**8186.#&/68+&.;,"#!4,#363&*#96-;,#34&3#&.#67,-&36-#7,-;,8/,1#8.#3481#183)&386.#
;&.#:,#D-833,.#&1Y#

# X4<V13(8@#`#X13<V13@##a#X1<V13(8@(# <P@#

# X4<V13(8@##`#CV13#a#C1<8@#V13"## <N@#

D834#X1<V13(# 8@# 34,# 96-;,#+),# 36#&.#,V3-&#17-8.B# *6&+#C1<8@"#X8B"#N#146D1# 34&3# 34,#1*67,#69# 34,#
96-;,5,V;)-186.#-,*&386.#8.;-,&1,1#+),#36#34,#,V3-&#17-8.B# *6&+"#!4,# *8.,#-63&3,1#&-6).+#34,#
6-8B8.(#&.+#34,-,96-,#&#W,-6#+817*&;,',.3#*,&+1#36#W,-6#-,7)*18/,#96-;,"#
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#

X8B)-,#P"#^;4,'&38;#-,7-,1,.3&386.#69#34,#13899.,11#9,,+:&;C#&*B6-834'#

#

#

X8B)-,#N"#X6-;,5+817*&;,',.3#-,*&386.#69#&#13899.,11#9,,+:&;C#1A13,'#

^8.;,#1'&**#+817*&;,',.31#-,1)*3#8.#-,*&38/,*A#1'&**#-,7)*18/,#96-;,1(#4)'&.#67,-&36-1#'&A#
.63#7,-;,8/,#1)998;8,.3#8.96-'&386.#D4,.#)18.B#6.*A#1'&**#138;C#+817*&;,',.31"#M834#&#W,-6#
138;C#+817*&;,',.3#34,#67,-&36-#D8**#.63#:,#7-6/8+,+#D834#&.A#4&738;#9,,+:&;C"#M4,.#8.#3481#
;&1,#34,#=>?#D6)*+#4&/,#'6/,+#/,-A#;*61,#36#34,#6:13&;*,(#*8C,#8.#34,#;&1,#69#+-893#+),#36#
D8.+(#34,#13899.,11#9,,+:&;C#D6)*+#4&/,#:,;6',#16#*&-B,#34&3#34,#138;C#;&..63#:,#'6/,+#&3#
&**"#0-6/8+8.B#6.*A#13899.,11#9,,+:&;C#81#34,-,96-,#).+,18-&:*,"#!4,#4&738;#+,/8;,#146)*+#:,#
;&7&:*,#69#&;38/,*A#+,9*,;38.B#34,#138;C#&D&A#9-6'#&#76118:*,#;6**8186.(#7-,9,-&:*A#D834#6.*A#
1'&**#6/,-14663# 9-6'#34,#W,-6#+817*&;,',.3# 8.#6-+,-# 36#.63# 8.3-6+);,#;6.3-6*#7-6:*,'1"# 23#
;6)*+#:,#4,*79)*(#46D,/,-(#D4,.#34,#4&738;#+,/8;,#D6)*+#:,#&:*,#36#7-6/8+,#*&-B,#-,1813&.;,#
D4,.#34,#138;C#81#+,9*,;3,+#8.#34,#TD-6.BU#+8-,;386.(#8","(#D834#48B4#-81C#69#;6**8186."#O,.;,(#
D4,.#;6':8.8.B# 34,# 96-;,# 9,,+:&;C#D834#13899.,11# 9,,+:&;C# 34,1,# 3D6#7-67,-38,1#69#4&738;#
9,,+:&;C#;&.#:,#&;48,/,+"#!481#;6':8.&386.#D8**#:,#+81;)11,+#:,*6D"#
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2.3 Stiffness-force feedback 

!4,#*&;C#69#&;38/,#-,7)*18/,#+,9*,;386.1#69#34,#;6.3-6*#+,/8;,#D834#13899.,11#9,,+:&;C#;&.#:,#
-,16*/,+#:A#;6':8.8.B#83#D834#96-;,#9,,+:&;C(#1,,#X8B"#f"#2.#3481#;6':8.&386.(#-,9,--,+#36#&1#
T13899.,11596-;,U#9,,+:&;C(#34,#363&*#,V,-3,+#96-;,#:A#34,#4)'&.#67,-&36-#81#+,98.,+#&1Y#

# X4<V13(8@#`#X13<V13@##a#X1<V13(8@##a#X9<8@(# <f@#

# X4<V13(8@##`#CV13#a#C1<8@#V13#a#X9<8@"### <Q@#

X8B"# Q# 146D1# 34,# 96-;,5,V;)-186.# -,*&386.# 69# 13899.,11596-;,# 9,,+:&;C"# ># 7-67,-3A# 69# 3481#
;6.98B)-&386.#81#34&3#+),#36#34,#8.;-,&1,#8.#13899.,11(#34,#+,18-,+#6991,3#69#34,#.,)3-&*#7618386.(#
<>@(#;6''&.+,+#:A#34,#96-;,#9,,+:&;C#D8**#+,;-,&1,(#D48;4#-,1)*31#8.#<Z@"#23#;&.#&*16#:,#1,,.(#
46D,/,-(# 34&3# 8.# 34,#4&.+15699# ;&1,# <X4<V13(# 8@`H@# 34,#138;C#+,9*,;386.#V13#:,;6',1#,_)&*# 36# 5
X9<8@d<CaC1<8@@(#8","(#34,#13899.,11#9,,+:&;C#&;3)&**A#+"570",#34,#,99,;31#69#34,#96-;,#9,,+:&;C"#

#

X8B)-,#f"#^;4,'&38;#-,7-,1,.3&386.#69#34,#13899.,11596-;,#9,,+:&;C#&*B6-834'#

#

X8B)-,#Q"#X6-;,5+817*&;,',.3#-,*&386.#69#&#13899.,11596-;,#9,,+:&;C#1A13,'#
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2.4 Stability analysis 

>1# ',.386.,+# 8.# 34,# 8.3-6+);386.(# 96-;,# 9,,+:&;C# '&A# ;&)1,# 34,# 138;C# 36# 6/,-14663# 34,#
.,)3-&*# 7618386."#R7,-&36-1# 16',38',1# .,,+# 36# ;6).3,-&;3# 34,# &;38/,#'6386.1(# 7&-38;)*&-*A#
D4,.# 6:13&;*,1# &-,# 7-,1,.3# &3# 34,# 634,-# 18+,"# !481# 8.+8;&3,1# 34&3# &;38/,# 138;C# '6386.(# &#
7-67,-3A# 69# 96-;,# 9,,+:&;C(# ;6)*+# :,# &# 16)-;,# 96-# ).+,18-,+# 61;8**&386.1"# !481# 1,;386.#D8**#
;6.18+,-#34,#13&:8*83A#69#96-;,#9,,+:&;C(#13899.,11#9,,+:&;C#&.+#13899.,11596-;,#9,,+:&;C#&3#34,#
4&.+# 69# ;6'7)3,-# 18')*&386.1(# )18.B# 34,# ;*61,+5*667# 1A13,'# 9-6'# X8B"# I"# !4,# 4)'&.#
67,-&36-#'6+,*#;6.3&8.,+#&#.,)-6')1;)*&-#'6+,*#96-#34,#*&3,-&*#+8-,;386.#9-6'#<%&'#,3#&*"(#
GHHN@"#!4,#138;C#+A.&'8;1#D,-,#+,1;-8:,+#&1Y#

#
I

O <1@ `13 G
H"HIN1 a H"b1 a b

"# <]@#

#
&@#96-;,#9,,+:&;C#

#
:@#13899.,11#9,,+:&;C#

#
;@#13899.,11596-;,#9,,+:&;C#

#

X8B)-,#]"#^3,7#-,176.1,1#69#34,#+899,-,.3#4&738;#9,,+:&;C#;6.98B)-&386.1#

!4,#=>?#4,*8;673,-#D&1#&11)',+#36#:,#;6.3-6*5&)B',.3,+(#D834#+A.&'8;1#,_)8/&*,.3#36#&#
98-13#6-+,-#-,*&386.#:,3D,,.#138;C#+,9*,;386.#&.+#=>?#/,*6;83A#<?66-1*)8F1#,3#&*"(#GHHP@Y#

#
G

O <1@ `=>?
1 a G

"# <\@#
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!4,# 9).;386.# 69# 34,#>XX#D&1# 36# B,.,-&3,# &# /&*),(# :&1,+# 6.# -,*&38/,# 7618386.# &.+# /,*6;83A#
36D&-+#&.#6:13&;*,(#D48;4#;6)*+#:,#)1,+#&1#8.7)3#36#34,#4&738;#+,/8;,"#^8.;,#3481#34,6-,38;&*#
8./,138B&386.# 6.*A# 96;)1,1# 6.# 34,# :,4&/86-# 69# 34,# ;*61,+5*667# 1A13,'# -,176.1,# 36# 34,#
+899,-,.3# 9,,+:&;C#69# 34,#>XX#18B.&*(# 34,#&;3)&*# <.6.5*8.,&-@#&*B6-834'#69#>XX#D&1# *,93#6)3#
&.+#-,7*&;,+#:A#&#B&8.#96-#+8-,;3#9,,+:&;C#69#34,#/,*6;83A"#X6-#96-;,#9,,+:&;C#&.+#13899.,11#
9,,+:&;C(# 34,# B&8.1# D,-,# C9# &.+# C1(# -,17,;38/,*A"# 23# D&1# &11)',+# 34&3# 34,# >XX# 7-8'&-8*A#
+,7,.+,+#6.#34,#/,*6;83A"#
X8B1"# ]<&@# &.+# ]<:@# 146D# 13,7# -,176.1,1# 69# &# 96-;,# 9,,+:&;C# &.+# 13899.,11# 9,,+:&;C# 96-#
8.;-,&18.B#C9#&.+#C1#B&8.1(#-,17,;38/,*A"#X8B"#]<;@#146D1#34,#8.9*),.;,#69#13899.,11#9,,+:&;C#6.#
&#13,7#-,176.1,#D834#13899.,11596-;,#9,,+:&;C"#23#;&.#:,#1,,.#34&3#&#13,7#-,176.1,#D834#96-;,#
9,,+:&;C#:,;6',1#).13&:*,#96-# *&-B,#96-;,#B&8.#C9#9#QQ(#D4,-,&1#34,#13899.,11#9,,+:&;C#D8**#
.63# -,1)*3# 8.# 8.13&:8*83A"# X6-# *&-B,# 13899.,11# B&8.1# C1# 34,# 138;C# +A.&'8;1# D8**# :,;6',#
T8.98.83,*AU# 13899# &.+# .6# +,9*,;386.#D8**# 6;;)-# &3# &**"# !4,# :,33,-# 13&:8*83A# &.+# .6# ;4&.B,# 69#
.,)3-&*#7618386.#1)BB,131#34&3#13899.,11#9,,+:&;C#D6)*+#-,1)*3# 8.#*,11#D6-C*6&+#&.+#;6.3-6*#
&;38/83A"# >++8386.&**A(# 13899.,11# 9,,+:&;C# 4&1# &# -,+);8.B# ,99,;3# 6.# 96-;,# 9,,+:&;C(# &1# D&1#
&*-,&+A#8**)13-&3,+#8.#X8B"#Q"#

3. Tuning of the stiffness feedback 

Z634#96-;,#9,,+:&;C#&.+#13899.,11#9,,+:&;C#D8**#;&)1,#34,#4)'&.#67,-&36-#36#,V,-3#&#*&-B,-#
96-;,# 36# C,,7# 34,# 1&',# +,9*,;386."# O6D,/,-(# 34,# 3D6# ;6.98B)-&386.1# 4&/,# &# +899,-,.3#
;6.3-8:)386.# 36# 34,# -,7)*18/,# 96-;,"# !4,# 96-;,# 9,,+:&;C# 81# +8-,;3*A#'&77,+# &1# &# -,7)*18/,#
96-;,(#D4,-,&1#34,#13899.,11#9,,+:&;C##81#6.*A#&.#8.;-,&1,#69#34,#17-8.B#;6.13&.3"#O,.;,(#D4,.#
&#1&',#/&*),#9-6'#34,#>XX#81#)1,+#36#B,.,-&3,#,V3,-.&*#96-;,#6-#,V3,-.&*#17-8.B#;6.13&.3(#34,#
*&33,-#D8**#-,1)*3#8.#&#1'&**,-#-,7)*18/,#96-;,(#D48;4#&*16#+,7,.+1#6.#34,#138;C#+,9*,;386."##
Z,;&)1,# 34,# 18+,# 138;C# 8.# 34,# ,V7,-8',.3# )1,1#'6',.31# &.+# &.B*,1# 8.13,&+# 69# 96-;,1# &.+#
+817*&;,',.31(#D,#D8**# -,9,-# 36#'6',.31# &.+# &.B*,1# 9-6'# 3481#768.3"#M4,.# ;6.18+,-8.B# &#
4&.+#34&3#81#,V,-38.B#&#;,-3&8.#'6',.3#$4#6.#34,#4&738;#+,/8;,#34,#96**6D8.B#46*+1Y#

#

,

,'' '
,--.--/ ,--.--/

4 13 13 13 ,V3

4 13 9 1

$ <# ( 8@ ` $ <# @ a$ <# ( 8@
13

$ <# ( 8@ ` 2# a Z# a[# a$ <8@ a$ <# ( 8@
13 13 13 13

138;C +A.&'8;1 ###4&738;
+A.&'8;1

#

<IH@#
#

<II@#

D834# 2(# Z(# &.+# [# 34,# 138;C# '6',.3# 69# 8.,-38&(# +&'78.B# ;6,998;8,.3(# &.+# 17-8.B# ;6.13&.3(#

-,17,;38/,*A"# 13# 81# 34,# 138;C# -63&386.(# $13< 13# @# 81# 34,# -,&;386.# '6',.3# 9-6'# 34,# 138;C#

+A.&'8;1(#&.+#$,V3<8@#81#34,#-,7)*18/,#'6',.3#9-6'#34,#4&738;#+,/8;,"#$,V3<8@##'&A#;6.1813#69#
&#'6',.3#6991,3#$9<8@#9-6'#96-;,#9,,+:&;C#&.+d6-#$1<8@#9-6'#34,#13899.,11#9,,+:&;C(#+),#36#
,V3-&#17-8.B#;6.13&.3"##
!6# ;6'7&-,# 96-;,# 9,,+:&;C# &.+# 13899.,11# 9,,+:&;C(# 83# 81# 8'76-3&.3# 36# 3).,# 34,# 13899.,11#
9,,+:&;C# 8.# 1);4# &#D&A# 34&3# :634# 1A13,'1#D8**# B,.,-&3,# &77-6V8'&3,*A# 34,# 1&',# *,/,*# 69#
-,7)*18/,# 96-;,"# !4,# 13-&3,BA# &+673,+# 8.# 3481# ;4&73,-# 81# 36# 3).,# 34,# '&V8')'# -,7)*18/,#
'6',.3#:&1,+#6.#34,#165;&**,+#0&-&',3-8;#g81C#X8,*+#<0gX@(#&.#>XX#&+673,+#9-6'#<Z61;4*66#
,3#&*"(#GHHP@"##
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X6-# &#'&V8')'# -81C# /&*),# 69# I# <34,# *8'83# 69# 34,# 0&-&',3-8;# g81C# X8,*+@# &.+# &# 96-;,# B&8.#

C9`I"N(# 34,#'&V8')'#-,7)*18/,#'6',.3#<$,V3< 13# (8@@# 34,#96-;,# 9,,+:&;C#;&.#B,.,-&3,# 81#I"N#

c'"# X6-# 3).8.B# 34,# 13899.,11# B&8.(# 34,#'&V8')'# -,7)*18/,#'6',.3# 7-6/8+,+# :A# 13899.,11#
9,,+:&;C# 146)*+# &*16# :,# I"N# c'"# K6.18+,-# 34,# ;6.3-8:)386.# 69# 13899.,11# 36# 34,# 4&738;#
+A.&'8;1Y#

#
1 1

$ <# ( 8@ ` [ <8@#
13 13

"# <IG@

#
!4,# '&V8')'# -,7)*18/,# '6',.3# 9-6'# 13899.,11# 9,,+:&;C# +,7,.+1# 6.# 34,# ,V3-&# 17-8.B#

;6.13&.3#[1<8@#&.+#34,#'&V8')'#138;C#+,9*,;386.(#D48;4#D&1# 13<*6.B@# #`#H"bN#-&+#&.+# 13<*&3@# #`#

H"P# -&+# 8.# 34,# *6.B83)+8.&*# &.+# *&3,-&*# +8-,;386.(# -,17,;38/,*A"# O,.;,(# 96-# $,V3< 13# (8@# # `#

$1< 13# (8@##`#I"N#c'#34,#13899.,11#B&8.#96-#34,#*6.B83)+8.&*#&.+#*&3,-&*#+8-,;386.#81Y#

# 1<*6.B@

I"N
[ ` ` P"G\ c'd-&+

H"bN
(# <Ib@#

# 1<*&3@

I"N
[ ` ` b"QN c'd-&+

H"PH
"# <IP@#

0)-,#13899.,11#9,,+:&;C(#46D,/,-(#4&1#16',#+-&D:&;C1#&1#',.386.,+#8.#^,;386.#G"G"#X8-13(#34,#
-,7)*18/,#96-;,#B,.,-&3,+#:A#34,#13899.,11#9,,+:&;C#6.*A#,_)&*1#34,#96-;,#9,,+:&;C#D4,.#34,#
138;C# 81# '&V8'&**A# +,9*,;3,+"# ^,;6.+(# 96-# 1'&**# +,9*,;386.1(# 1'&**# -,7)*18/,# 96-;,1# &-,#
B,.,-&3,+#34&3#&-,#/,-A#4&-+#36#1,.1,"#!48-+(# 8.#;&1,#69#+-8938.B#36D&-+#&.#6:13&;*,#+),#36#
D8.+#34,#67,-&36-#D6)*+#.63#9,,*#&.A#9,,+:&;C#<&11)'8.B#34,-,#81#.6#;6.3-6**,-(#-,F,;38.B#34,#
+-893@(#:,;&)1,# 34,# 138;C# 81#.63#+,9*,;3,+# 8.36# 34,#+8-,;386.#69# 34,#6:13&;*,"#Z)3# 34,#13899.,11#
D6)*+#&*16#:,#/,-A#48B4(#'&C8.B#83#+8998;)*3#96-#34,#67,-&36-#36#+,9*,;3#34,#138;C#&D&A#9-6'#
34,#+8-,;386.#69#&#763,.38&*#;6**8186."#
23# 81(# 34,-,96-,(# -,;6'',.+,+# 36# )1,# 13899.,11596-;,# 9,,+:&;C# D834# &# 1'&**# 7&-3# 69# 96-;,#
9,,+:&;C#8.#6-+,-#36#7-6/8+,#16',#9,,+:&;C#D4,.#1'&**#6-#.6#+,9*,;386.1#&-,#B8/,.(#D48*,#
34,#=>?#81#8.#&#;*61,#/8;8.83A#69#&.#6:13&;*,"#!4-6)B4#3-8&*#&.+#,--6-(#83#D&1#+,;8+,+#36#)1,#
GHh#&.+#PHh#69#34,#96-;,#6991,3#8.#34,#*6.B83)+8.&*#&.+#*&3,-&*#+8-,;386.(#-,17,;38/,*A"#c6D(#
96-# &#'&V8'&*#+,9*,;386.(# 34,# 363&*# ,V3,-.&*#'6',.3# ;&.# ,V;,,+#I"N#c'#+),# 36# 34,#7&-38&*#
&++8386.# 69# 34,# 96-;,# 9,,+:&;C"# ^8.;,# 67,-&36-1# &-,# &:*,# 36# -,*,&1,# 34,# 138;C(# -,1)*38.B# 8.# &#
-&78+#+,;-,&1,#69#34,#-,7)*18/,#96-;,#36#&/68+#*&-B,#6/,-14663(#83#81#).*8C,*A#34&3#34,#48B4,-#
'&V8')'#,V3,-.&*#'6',.3#D6)*+#*,&+#36#*&-B,-#D6-C*6&+#&.+#;6.3-6*#&;38/83A"#

4. Experiment 

># 4)'&.58.534,5*667# ,V7,-8',.3# D&1# ;6.+);3,+# 36# 8./,138B&3,# 34,# ,99,;31# 69# 34,# /&-86)1#
96-;,# 9,,+:&;C# &.+# 13899.,11596-;,# 9,,+:&;C# &*3,-.&38/,1# 6.# 4)'&.# 67,-&36-# 7,-96-'&.;,(#
;6**8186.#&/68+&.;,(#;6.3-6*#&;38/83A#&.+#D6-C*6&+"##

4.1 Subjects and instructions 

E8B43#1):F,;31#D834#.6#9*8B43#,V7,-8,.;,#7&-38;87&3,+#8.#34,#,V7,-8',.3"#!4,8-#'&8.#3&1C#D&1#
36# 9*A# 9-6'# D&A768.3# 36# D&A768.3# &1# &;;)-&3,*A# &1# 76118:*,# 8.# &.# 6:13&;*,5*&+,.#
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,./8-6.',.3"#!4,#,V7,-8',.3#18')*&3,+#&#-,;6..&811&.;,#3&1C#8.#&#4&W&-+6)1#,./8-6.',.3"#
!4,#D&A768.31#D,-,#-,7-,1,.3,+#:A#1'6C,#7*)',1(#13-&3,B8;&**A#7618386.,+#.,&-#7&-38;)*&-#
6:13&;*,1# 8.# 34,# ,./8-6.',.3"# c63,# 34&3# 1):F,;31# D,-,# .63# 7-6/8+,+# D834# 8.96-'&386.#
D4,34,-#6-#.63(#6-#D4,.#&#;6**8186.#6;;)--,+"#>93,-#,&;4#-).(#&#1):F,;3#D&1#&1C,+#36#-&3,#34,#
D6-C*6&+#14,#6-#4,#,V7,-8,.;,+#)18.B#34,#c>^>#!%i#-&38.B#1;&*,#<O&-3#L#^3&/,*&.+(#I\]]@"#

4.2 Apparatus 

!4,#,V7,-8',.3#D&1#;6.+);3,+#8.#&#98V,+5:&1,#18')*&36-"#^):F,;31#D,-,#1,&3,+#6.#&.#&8-;-&93#
;4&8-# 8.#9-6.3#69#&.#I]#8.;4#1;-,,.(#7-,1,.38.B#&#.&/8B&386.#+817*&A#<X8B"#\<&@@(#&.+#*66C8.B#
96-D&-+#36D&-+1#&#*&-B,#D483,#D&**(#6.#D48;4#34,#6)318+,#/8,D#9-6'#&#4A7634,38;&*#6.:6&-+#
;&',-&#D&1#7-6F,;3,+#<X8B"#\<:@@"#

# # #

&@#G5+8',.186.&*#.&/8B&386.#+817*&A# :@#b5+8',.186.&*#;&',-&#+817*&A#
X8B)-,#\"#EV7,-8',.3&*#.&/8B&386.#&.+#;&',-&#+817*&A1#

R.#34,#-8B43#18+,#69#34,#&8-;-&93#;4&8-(#&.#,*,;3-654A+-&)*8;#18+,#138;C#D&1#)1,+#&1#34,#4&738;#
;6.3-6*#+,/8;,"#!4,#'&11517-8.B5+&'7,-#138;C#+A.&'8;1#D,-,#18')*&3,+#D834#34,#8.,-38&#2#`#
H"HI#CB'G(#+&'78.B#;6,998;8,.3#Z#`#H"G#c'1d-&+#&.+#17-8.B#;6.13&.3#[#`#G#c'd-&+"# #!4,#
=>?#D&1# 18')*&3,+# :A# &# ;6.3-6*5&)B',.3,+# 4,*8;673,-#'6+,*(# E_"# <\@(#D834# &#'&V8')'#
/,*6;83A#69#N#'d1#&.+#'&V8')'#&;;,*,-&386.#69#I#'d1G"#!4,#&*383)+,#D&1#C,73#;6.13&.3#:A#
34,#;6.3-6*#&)B',.3&386."#

4.3 Independent variables 

!D6# 8.+,7,.+,.3# /&-8&:*,1#D,-,# )1,+# 8.# 34,# ,V7,-8',.3Y# 34-,,# *,/,*1# 69# 4&738;# 9,,+:&;C#
<OX@#&.+#18V#*,/,*1#69#1):3&1C#<^!@"##
!4,#34-,,#4&738;#9,,+:&;C#;6.+8386.1#D,-,Y#

O&738;#699#<OX699@Y#
^):F,;31# D6)*+# 6.*A# 9,,*# 34,# 18+,# 138;C# 18')*&3,+# '&11517-8.B5
+&'7,-#+A.&'8;1J#

X6-;,######<OXI@Y#
^):F,;31#D6)*+#9,,*#,V3,-.&*#96-;,1#+),#36#96-;,#6991,3#B,.,-&3,+#:A#
34,#0gX#<Z61;4*66#,3#&*"(#GHHP@J#&.+#

^3899.,11596-;,##<OXG@Y#
^):F,;31#D6)*+#9,,*#,V3,-.&*#96-;,1(#+),#36#,V3,-.&*#17-8.B#;6.13&.3#
&.+#7&-38&*#96-;,#6991,3(#&*16#:&1,+#6.#34,#0gX"#

!4,#18V#1):3&1C1#&-,#*813,+#:,*6D(#D834#34,#83,'#.)':,-#;6--,176.+8.B#36#34,#1):3&1C#.)':,-"#
!4,#1):3&1C1#&-,#8**)13-&3,+#8.#X8B"#IH(#D834#&.#&--6D#146D8.B#34,#9*8B43#+8-,;386.#&.+#34,#-,+#
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13&-1#8.+8;&38.B#34,#D&A768.3#*6;&386.(#8","(#34,#1'6C,#7*)',1"#c63,#34&3#&#1,;6.+&-A#7)-761,#
69#34,#1'6C,#7*)',1#D&1#36#-,+);,#34,#/818:8*83A#69#34,#6:13&;*,#:6).+&-8,1"#

#
&@#1):3&1C#I#

#
:@#1):3&1C#G#

#
;@#1):3&1C#b#

#
+@#1):3&1C#P#

#
,@#1):3&1C#N#

#
9@#1):3&1C#f#

#

X8B)-,#IH"#!675+6D.#/8,D#69#34,#18V#,V7,-8',.3&*#1):3&1C1#

^):3&1C##I# 2.# 3481# 1):3&1C(# 34,# 4,*8;673,-# 4&+# 36# '&C,# &# \H# +,B-,,1# 3)-.# &-6).+# &#
:)8*+8.B(# X8B"# IH<&@"# Z,96-,# 34,# 3)-.(# 34,# =>?# 4&+# 36# &77-6&;4# 34,# 98-13#
D&A768.3(#96-;8.B#34,#=>?#36#9*A#;*61,*A#36#34,#;6-.,-"#!4,#1,;6.+#D&A768.3#
D&1#*6;&3,+#&93,-#34,#;6-.,-#8.#6-+,-#36#96-;,#1):F,;31#36#'&C,#&#3)-.#&1#14&-7#
&1#76118:*,"# #

^):3&1C#G# 2.#3481#1):3&1C(# 34,#4,*8;673,-#D&1#36#9*A#34-6)B4#&#.&--6D#B&3,#69#D48;4#34,#
76131# 1,-/,+# &1# 3D6# ;*61,*A517&;,+(# 1'&**# 6:13&;*,1"# X8B"# IH<:@# 146D1# &# ;-611#
1,;386.#69#34,#B&3,"#!4,#1'6C,#7*)',#7618386.,+#:,3D,,.#34,#76131#D&1#',&.3#
36#-,+);,#34,#/818:8*83A#69#34,#76131(#'&C8.B#83#'6-,#+8998;)*3#36#9*A#34-6)B4#34,#
B&3,(#-&34,-#34&.#34&3#83#146)*+#1,-/,#&1#&#D&A768.3"#

^):3&1C#b# !481#1):3&1C#+,'&.+,+#&#17,;8&*# 3&1C#+)-8.B#46/,-"#R.;,#34,#4,*8;673,-#4&+#
-,&;4,+# 34,# <:*),@# +8&'6.+(# 83# 146)*+# 46/,-# :&;CD&-+# 36D&-+# 34,# :)8*+8.B#
).38*# 34,# 67,-&36-# ;6)*+# 1,,# &# ;,-3&8.# 1367# 18B.# 34&3# D&1# :,*6D# 34,# 9*8B43#
&*383)+,# &.+# 98V,+# 8.# 34,# D6-*+# <:*),# &13,-81C@(# X8B"# IH<;@"# O,-,(# 34,# ;&',-&#
D6)*+# .63# 768.3# 8.# 34,# +8-,;386.# 69#'6386.# &.+# 83#D&1# ,V7,;3,+# 34&3# 4&738;#
9,,+:&;C#D6)*+#:,;6',#/,-A#)1,9)*"#^'6C,#6.#367#69#34,#:)8*+8.B#D&1#7*&;,+#
36# -,+);,# 34,# /818:8*83A# 69# 34,# ,+B,1# 69# 34,# :)8*+8.B(# *,&+8.B# 36# +8998;)*3#
,138'&386.#69#34,#:)8*+8.B#,+B,1(#-&34,-#34&.#36#1,-/,#&1#D&A768.3"#

^):3&1C#P###### !481#1):3&1C#;6.1813,+#69#&#:)8*+8.B#D834#&#+81;-,3,#;4&.B,#8.#34,#14&7,#69#34,#
D&**"#!4,#1'6C,#D&1#*6;&3,+#:,96-,#34,#+81;-,3,#;4&.B,#69#34,#D&**#&.+#96-;,+#
34,# =>?# 36# &77-6&;4# 34,# D&**# 96**6D,+# :A# &.# ,1;&7,# '&.,)/,-# 36# &/68+#
;6**8186.#D834#34,#,V3,.186.#69#34,#D&**(#X8B"###IH<+@"# !4,# 1,;6.+# 1'6C,# 7*)',#
D&1#7*&;,+#8.#6-+,-#36#96-;,#34,#=>?#36#13&A#;*61,#36#34,#:)8*+8.B#+)-8.B#34,#
,1;&7,#'&.,)/,-"# #
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^):3&1C#N# 2.# 3481# 1):3&1C(# 3D6# :)8*+8.B1# D834# +81;-,3,# ;4&.B,1# 8.# 6776183,# +8-,;386.1#
'8B43#*,&+#36#61;8**&36-A#:,4&/86)-#8.#34,#138;C#&.+#'8B43#;&)1,#;6.18+,-&:*,#
;6.3-6*#+8998;)*38,1"#!4,#98-13#*6;&386.#69#34,#1'6C,#7*)',#D6)*+#96-;,#34,#=>?#
36#'&C,#&#14&-7#3)-.(#D4,-,&1#34,#1,;6.+#1'6C,#7*)',#D6)*+#96-;,#34,#=>?#
36#'&C,#&.#,1;&7,#'&.,)/,-(#X8B"#IH<,@"####

^):3&1C#f# 2.#3481#1):3&1C(#34,#3)-.#-&+8)1#D834#4&738;#9,,+:&;C#D6)*+#:,#*8'83,+#+),#36#
34,# 6:13&;*,1# 8.# 9-6.3# &.+# &3# 34,# *,93# 18+,"# 23# D&1# ,V7,;3,+# 34&3# 3481# 1):3&1C#
D6)*+# *,&+# 36# ;6.3-6*# +8998;)*38,1(# D4,.# &77-6&;48.B# D834# 48B4# 17,,+"# !4,#
98-13# 1'6C,#7*)',#D6)*+# 96-;,# 34,#=>?# 36# &77-6&;4# 34,# 18+,#69# &#:)8*+8.B(#
D4,-,&1#34,#1,;6.+#1'6C,#7*)',#D6)*+#96-;,#34,#=>?#36#'&C,#&#_)8;C#3)-.#
36#9*A#;*61,*A#&*6.B#34,#;6-.,-#69#34,#:)8*+8.B"#!4,#348-+#1'6C,#7*)',#D6)*+#
96-;,#34,#=>?#36#&77-6&;4#&.634,-#D&**#&93,-#34,#3)-.(#X8B"#IH<9@"#

4.4 Trajectory 

2.#B,.,-&*(#34,#3-&F,;36-8,1#<1;,.&-861@#D,-,#34,#1&',#&1#D&1#)1,+#8.#<%&'#,3#&*"(#GHHQ@"#!4,#
+899,-,.;,# D&1# 34,# &:1,.;,# 69# &# -,9,-,.;,# 7&34# 8.# 3481# ,V7,-8',.3"# X6-# .&/8B&386.(# 34,#
1):3&1C#&-,&1#4&+#&#+&-C,-#:&;CB-6).+#;6*6)-#6.#34,#.&/8B&386.#+817*&A#<X8B"#\<&@@"##
!4,#3-&F,;36-8,1#;6.1813,+#69#34-,,#1,;36-1(#D48;4#D,-,#8.#3)-.#;*)13,-1#69#34,#18V#1):3&1C1#8.#&#
+899,-,.3#6-+,-"#!6#7-,/,.3#:6-,+6'(#f#+899,-,.3#3-&F,;36-8,1#D,-,#+,18B.,+"#E&;4#3-&F,;36-A#
;6.3&8.,+#&#+899,-,.3#6-+,-#69#34,#1,;36-1"#E&;4#3-&F,;36-A#D&1#9*6D.#6.;,#96-#,&;4#;6.+8386."#
O,.;,(#,&;4#1):F,;3#4&+#36#9*A#fVb`I]#-).1J#,&;4#-).#366C#&77-6V8'&3,*A#N#'8."#

4.5 Dependent measure 

!4,#7,-96-'&.;,#69#;6**8186.#&/68+&.;,#D&1#,V7-,11,+#:A#34,#.)':,-#69#;6**8186.1#<;.3@"#!4,#
*,/,*#69#1&9,3A#D&1#,V7-,11,+#:A#34,#'8.8')'#&**6D&:*,#+813&.;,#36D&-+#&.#6:13&;*,#<j'8.@"#
!4,#7,-96-'&.;,#69#3,*,567,-&386.#D&1#,V7-,11,+#:A#34,#'8.8')'#+813&.;,#9-6'#34,#1'6C,#
*6;&386.#<j1'6C,@"#^7,,+5-,*&3,+#',&1)-,1#D,-,#,V7-,11,+#:A#34,#&/,-&B,#69#34,#363&*#17,,+#

< * @#&.+#34,#13&.+&-+#+,/8&386.#69#34,#363&*#17,,+#< /: @"#

!4,#13&.+&-+#+,/8&386.1#69#34,#363&*#138;C#+,9*,;386.# δ 363: #&.+#34,#363&*#,V,-3,+#'6',.3#:A#

34,# 4&.+# < $4: @# -,7-,1,.3,+# ;6.3-6*# &;38/83A"# O&738;# &;38/83A# D&1# -,7-,1,.3,+# :A# 34,#

13&.+&-+# +,/8&386.# 69# 34,# 363&*# ,V3,-.&*#'6',.3# :A# 34,# 4&738;# +,/8;,# < $,V3: @"#M6-C*6&+#

D&1#',&1)-,+#)18.B#34,#c>^>#!%i#-&38.B#1;&*,(#&93,-#,&;4#',&1)-,',.3#-)."##

4.6 Procedure 

E&;4#1):F,;3#9*,D#f#-).1#96-#,&;4#4&738;#;6.98B)-&386."#Z,96-,#34,#&;3)&*#,V7,-8',.3(#1):F,;31#
B63# 34,# 6776-3).83A# 36# B,3# 9&'8*8&-#D834# 34,# 34-,,# 4&738;# ;6.98B)-&386.1# :A# 3-&8.8.B# -).1"#
>93,-#,&;4#,V7,-8',.3#-).(#1):F,;31#D,-,#&1C,+#36#-&3,#34,8-#D6-C*6&+#)18.B#34,#c>^>#!%i#
-&38.B# 1;&*,"# >93,-# 34,# ,V7,-8',.3(# 1):F,;31# D,-,# &1C,+# 36# ;6'7*,3,# &# _),1386..&8-,(#
-,B&-+8.B#34,8-#,V7,-8,.;,#D834#34,#34-,,#4&738;#9,,+:&;C#;6.98B)-&386.1"#

4.7 Results and discussion 

!4,#'&8.# -,1)*31# &-,# +81;)11,+# 8.# 3481# 1,;386."#># 9)**59&;36-8&*# >cR?>#D&1# &77*8,+"# !4,#
',&.1#&.+#\Nh#;6.98+,.;,#8.3,-/&*1#69#34,#+,7,.+,.3#',&1)-,1#&-,#146D.#8.#X8B"#IG"#
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4.7.1 Collisions 

#

X8B)-,#II"#!63&*#.)':,-#69#;6**8186.1#<+&3&#69#&**#1):F,;31@#

!4,#363&*#.)':,-#69#;6**8186.1(#8**)13-&3,+#8.#X8B"#II(#D&1#48B4,13#D4,.#9*A8.B#D8346)3#4&738;#
9,,+:&;C(# D48;4# D&1# ,V7,;3,+"# !4,# &:1,.;,# 69# 4&738;# 9,,+:&;C(# OX699(# *,+# 36# &# *&;C# 69#
183)&386.#&D&-,.,11(#,17,;8&**A#D4,.#34,#/81)&*#8.96-'&386.#D&1#-,+);,+#+),#36#34,#1'6C,#
7*)',1"#!4,#96-;,#9,,+:&;C(#OXI(#-,1)*3,+#8.#1*8B43*A#*,11#;6**8186.1#34&.#34,#13899.,11596-;,#
9,,+:&;C(#OXG"#

4.7.2 Approach performance 

0,-96-'&.;,#,V7-,11,+#8.#3,-'1#69#34,#+813&.;,#9-6'#34,#1'6C,#7*)',1#<34,#D&A768.31@#81#
146D.# 8.#X8B"# IG<&@"# ^):3&1C1# G# &.+#b#D,-,#.63# 8.;*)+,+(#:,;&)1,#4,-,# 34,# 1'6C,#7*)',1#
D,-,#7*&;,+#D834#34,#6:F,;38/,#36#-,+);,#34,#/81)&*#8.96-'&386.#69#34,#6:13&;*,#:6).+&-8,1(#
-&34,-#34&.#36#1,-/,#&1#&#D&A768.3"#X8B"#IG<&@#146D1#34&3#OXI#-,1)*3,+#8.#34,#*&-B,13#+813&.;,#
9-6'#34,#D&A768.31(#D4,-,&1#.6#4&738;#9,,+:&;C#-,1)*3,+#8.#34,#1'&**,13#+813&.;,#9-6'#34,#
D&A768.31(# &# 48B4*A518B.898;&.3# ,99,;3# <OXY# XG(IP# `# ]"IG\(# 7# "# H"HI@"# ># 7613546;# &.&*A181#
-,/,&*,+# 34&3# 34,#13899.,11596-;,# 9,,+:&;C# *8,1# 8.5:,3D,,.# 34,# 96-;,# 9,,+:&;C#&.+#.6#4&738;#
9,,+:&;C# ;6.+8386.1# <^3)+,.35c,D'&.# [,)*1# <^c[@(# α `H"HN@"# g,B&-+8.B# 34,# ,99,;3# 69#
1):3&1C(#8.#1):3&1C1#I#&.+#P(#1):F,;31#D,-,#&:*,#36#9*A#;*61,*A#36#34,#1'6C,"#2.#1):3&1C1#N#&.+#
f(# D834# 6:F,;31# 1)--6).+8.B# 34,# /,48;*,(# 1):F,;31# D,-,# .63# &:*,# 36# ;*61,*A# &77-6&;4# 34,#
D&A768.31(#+),#36#34,#+8998;)*3#,1;&7,#'&.,)/,-#34,#;*61,#&77-6&;4#D6)*+#;&)1,#&93,-D&-+1(#
&#48B4*A518B.898;&.3#,99,;3#<^!Y#Xb(GI#`#IH"HGP(#7#"#H"HI@"#

4.7.3 Control activity 

X8B"#IG<:@#8.+8;&3,1#.6#18B.898;&.3#,99,;3#69#OX#6.#34,#138;C#+,9*,;386.1"#2.#1):3&1C#b(#1):F,;31#
4&+# 36# 9*A# :&;CD&-+# &.+# 96-D&-+(# -,1)*38.B# 8.# 34,# *&-B,13# 13&.+&-+#+,/8&386.# 69# 34,# 138;C#
+,9*,;386."#2.#1):3&1C#G(#1):F,;31#6.*A#4&+#36#9*A#13-&8B43#34-6)B4#&#7&11&B,(#-,1)*38.B#8.#34,#
1'&**,13# 13&.+&-+# +,/8&386.# 69# 34,# 138;C# +,9*,;386.(# &# 48B4*A518B.898;&.3# ,99,;3# <^!Y# XN(bN# `#
G\"bPb(#7#"#H"HI@"#X8B"#IG<;@#146D1#34&3#D8346)3#4&738;#9,,+:&;C#34,#13&.+&-+#+,/8&386.#69#34,#
',&1)-,+#'6',.3#D&1#18B.898;&.3*A#1'&**,13#<OXY#XG(IP#`#]"IQb(#7#"#H"HI@"#0613546;#&.&*A181#
<^c[(# α `H"HN@#-,/,&*,+#34&3#34,#+899,-,.;,#:,3D,,.#96-;,#&.+#13899.,11596-;,#9,,+:&;C#D&1#
.63#18B.898;&.3"#^8'8*&-#36#34,#138;C#+,9*,;386.(#1):3&1C#b#&.+#1):3&1C#G#-,1)*3,+#8.#34,#*&-B,13#
&.+#1'&**,13#/&-8&386.#69#34,#',&1)-,+#'6',.3(#-,17,;38/,*A#<^!Y#XN(bN#`#bb"N\G(#7#"#H"HI@"#
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#
&@#j1'6C,(#'#

#

:@# δ 363: (#-&+#

#

;@# $4: (#c'#

#
+@# * (#'d1#

#

,@# /: (#'d1#

#

9@# $,V3: (#c'#

#
B@#j'8.(#'#

#
4@#!%iW(#5#

#

X8B)-,#IG"#!4,#',&.1#&.+#\Nh#;6.98+,.;,#8.3,-/&*1#69#34,#'&8.#+,7,.+,.3#',&1)-,1"#!4,#
.)':,-1#I#36#f#6.#34,#46-8W6.3&*#&V81#;6--,176.+#36#34,#1):3&1C#.)':,-1"#2.#&**#1):98B)-,1#
,V;,73#<4@(#34,#D483,(#+&-C#B-&A(#&.+#*8B43#B-&A#:&-1#-,7-,1,.3#34,#4&738;#9,,+:&;C#;6.+8386.1#
OX699(#OXI(#&.+#OXG(#-,17,;38/,*A#

4.7.4 Haptic activity 

X8B"# IG<9@# 8.+8;&3,1# 34&3# 34,# 13&.+&-+# +,/8&386.# 69# 34,# ,V3,-.&*# '6',.3# D&1# 48B4*A5
18B.898;&.3*A#*&-B,-#96-#34,#96-;,#9,,+:&;C#;6.+8386.#<OXY#XI(Q#`#b\"QHH(#7#"#H"HI@"#R:/86)1*A(#
34,# ;6.+8386.# D8346)3# 4&738;# 9,,+:&;C# D&1# .63# ;6.18+,-,+"# ^):3&1C1# P(# N# &.+# f(# &**#
+,'&.+8.B# &# +8998;)*3# &77-6&;4# &.+# ,1;&7,#'&.,)/,-(# -,1)*3,+# 8.# *&-B,# /&-8&386.1# 69# 34,#
,V3,-.&*#'6',.3#<^!Y#XN(bN#`#G]"GNN(#7#"#H"HI@"#2.#1):3&1C#G(#34,#,V3,-.&*#'6',.3#D&1#*&-B,-#
96-#34,#13899.,11596-;,#9,,+:&;CJ#3481#'&A#:,#+),#36#34,#7&-38&*#&++8386.#69#96-;,#9,,+:&;C#&1#
+81;)11,+#8.#34,#34,6-,38;&*#&.&*A181#1,;386."#
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4.7.5 Speed 

!4,# &/,-&B,# 69# 34,# =>?# /,*6;83A(# &# ',&1)-,# 69# 3,*,567,-&386.# ,998;8,.;A(# D&1# 48B4*A5
18B.898;&.3*A# *&-B,-#D8346)3#4&738;# 9,,+:&;C(#+),# 36# 34,# *&;C#69# 34,# -,7)*18/,# 96-;,1# 8.# 34,#
6776183,# 9*8B43#+8-,;386.# <OXY#XG(IP#`#Q"bb](#7#"# H"HI@(#X8B"#IG<+@"#0613546;#&.&*A181# -,/,&*,+#
34&3#34,#+899,-,.;,#:,3D,,.#OXI#&.+#OXG#D&1#.63#18B.898;&.3#<^c[(#α `#H"HN@"#2.#1):3&1C#G#
<146-3# &.+# -,*&38/,*A# ,&1A@# &.+# b# <+8998;)*3@(# 34,# &/,-&B,# 17,,+# D&1# 48B4*A518B.898;&.3*A#
*&-B,13#&.+#1'&**,13(#-,17,;38/,*A#<^!Y#XN(bN#`#N\"\Q](#7#"#H"HI@"#X8B"#IG<,@#146D1#34&3#1):3&1C1#
G#&.+#b#-,1)*3,+#8.#&#48B4*A518B.898;&.3*A#1'&**,13#&.+#*&-B,13#13&.+&-+#+,/8&386.#69#34,#363&*#
17,,+(#-,17,;38/,*A#<^!Y#XN(bN#`#GP"fbN(#7#"#H"HI@"#

4.7.6 Minimum distance 

X8B"#IG<B@# 146D1# 34&3#OX699# -,1)*3,+# 8.# 34,#1'&**,13#+813&.;,(#D4,-,&1#OXI#-,1)*3,+# 8.# 34,#
*&-B,13# +813&.;,(# &# 48B4*A518B.898;&.3# ,99,;3# <OXY# XG(IP# `# GP"GH\(# 7#"# H"HI@"# ^):3&1C1# b# &.+# N#
-,1)*3,+# 8.# 34,# 1'&**,13# +813&.;,# 9-6'# &# :)8*+8.B(# &# 48B4*A518B.898;&.3# ,99,;3# <^!Y# XN(bN# `#
I\"HN](# 7# "# H"HI@"# c63,# 34&3# &# .,B&38/,# +813&.;,# D&1# +),# 36# ;6**8186.1# &.+# 34,# 1'&**,13#
+813&.;,# +),# 36# OX699# ;6--,176.+,+# 36# 34,# *&-B,13# &'6).3# 69# ;6**8186.1# &1# +81;)11,+# 8.#
^,;386.#P"Q"I"#

4.7.7 Workload 

X8B"# IG<4@# 146D1# 34,#!%i#W51;6-,1# &.+# 8.+8;&3,1# 34&3# 13899.,11596-;,# 9,,+:&;C(# &1# ,V7,;3,+(#
-,1)*3,+#8.#34,#*6D,13#D6-C*6&+(#&#18B.898;&.3#,99,;3#<OXY#XG(IP#`#N"]]](#7#`#H"HIP@"#

5. Conclusions and recommendations 

23# ;&.# :,# ;6.;*)+,+# 34&3(# D4,.# ;6.18+,-8.B# 34,# &77-6&;4# 7,-96-'&.;,# &.+# D6-C*6&+(#
13899.,11596-;,#9,,+:&;C#6)37,-96-'1#96-;,#9,,+:&;C#D834#,_)8/&*,.3#;6.3-6*#&;38/83A(#*,/,*#69#
1&9,3A#&.+#=>?#/,*6;838,1"#!4,#8'7-6/,+#&77-6&;4#7,-96-'&.;,#&.+#*6D,-#D6-C*6&+#;&.#:,#
&33-8:)3,+#36#34,#-,*&38/,*A#*6D,-#-,7)*18/,#96-;,#&;38/83A#D834#13899.,11596-;,#9,,+:&;C"#
!4,#&++8386.&*#13899.,11#;4&.B,1#34,#+A.&'8;1#69#34,#4&738;# 8.3,-9&;,(#D48;4#8.9*),.;,1#34,#
8.3,-&;386.1# D834# 34,# 67,-&36-"# ># 13899,-# 18+,# 138;C# D6)*+# '&C,# 83# '6-,# +8998;)*3# 96-# 34,#
67,-&36-#36#6/,--)*,#34,#96-;,#9,,+:&;C"#O,.;,(#13899.,11#9,,+:&;C#8.#;6':8.&386.#D834#96-;,#
9,,+:&;C#D8**#.63#6.*A#&++#,V3-&#-,7)*18/,#96-;,(#:)3#83#'&A#&*16#1,-/,#&1#&#4&738;#9,,+:&;C#
+,18B.# 7&-&',3,-# 36# ,13&:*814# 34,# *,/,*# 69# 67,-&36-# &)36.6'A"# 2.# 6-+,-# 36# &;48,/,# 3481(#
46D,/,-(# 34,#-,+);8.B#,99,;3#69#13899.,11# 9,,+:&;C#6.#96-;,# 9,,+:&;C#146)*+#:,#,*8'8.&3,+"#
!4,# 98-13# 13,71# 36D&-+1# 3481# .,D# ;6.;,73(# 7-6/8186.&**A# ;&**,+# T96-;,513899.,11# 9,,+:&;CU#
4&/,#7-6/,.#36#:,#1);;,119)*#<>::8.C#L#$)*+,-(#GHH]@"#

6. References 

>::8.C(#j"#>"#L#$)*+,-(#$"#<GHH]@(#EV7*6-8.B#34,#j8',.186.1#69#O&738;#X,,+:&;C#^)776-3#
8.# $&.)&*# K6.3-6*(# 8.7+(4#& .$& 9.:;7%)(2& 4(5& <($.+:4%).(& =0)"(0"& >(2)(""+)(2(#
&;;,73,+#

Z61;4*66(#O"#M"J#%&'(#!"#$"J#$)*+,-(#$"#L#?&.#0&&11,.(#$"#$"#<GHHP@(#K6**8186.#>/68+&.;,#
96-#&#g,'63,*A5R7,-&3,+#O,*8;673,-#=18.B#O&738;#X,,+:&;C(#?+.0""5)(2,&.$&%1"&<>>>&
<(%"+(4%).(4#& 9.($"+"(0"& .(& =-,%":,@& A4(& 4(5& 9-B"+("%)0,(# !4,# O&B),(# !4,#
c,34,-*&.+1(#IH5Ib#R;36:,-(#77"#GG\5GbN#
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E*4&8F(# 2"J# i8(#c"J# X).B(#M"#["J# %8)(# k"#O"J# %8(#M"# l"J# [&B&(# !"#L# X)C)+&(# !"(# <GHHI@"#O&738;#
2.96-'&386.# 8.# 2.3,-.,35Z&1,+# !,*,567,-&386.(# <>>>CD=A>& /+4(,40%).(,& .(&
A"014%+.()0,@&?6*"#f(#c6"#b(#77"#G\N5bHP#

O&-3(#^"#m"#L#^3&/,*&.+(#%"#E"#<I\]]@(#j,/,*67',.3#69#c>^>5!%i#<!&1C#%6&+#2.+,V@Y#g,1)*31#
69#E'78-8;&*#&.+#!4,6-,38;&*#g,1,&-;4(#O&.;6;C(#E7:4(&A"(%4#&F.+G#.45(#0"#>"#&.+#
$,14C&38(#c"(#77"#Ib\5I]b(#E*1,/8,-#^;8,.;,#0):*814,-1#<c6-345O6**&.+@#

[-6B4(#Z"#O"#<I\]P@(#>#m,.,-&*8W,+#063,.38&*#X8,*+#>77-6&;4#36#R:13&;*,#>/68+&.;,#K6.3-6*(#
^6;8,3A#.$&A4(7$40%7+)(2&>(2)(""+,&/"01()04#&?4;"+(#c6"#$^]P5P]P"#

%&'(# !"#$"J# Z61;4*66(#O"#M"J#$)*+,-(#$"J#?&.#0&&11,.(#$"#$"#L#?&.#+,-#O,*'(# X"#K"# !"#
<GHHP@(# E99,;3# 69# O&738;# X,,+:&;C# 8.# &# !-&F,;36-A# X6**6D8.B# !&1C# D834# &.#
=.'&..,+#>,-8&*# ?,48;*,(#?+.0""5)(2,& .$& <>>>& <(%"+(4%).(4#& 9.($"+"(0"& .(& =-,%":,@&
A4(&4(5&9-B"+("%)0,(#!4,#O&B),(#!4,#c,34,-*&.+1(#IH5Ib#R;36:,-(#77"#GNHH5GNHf#

%&'(#!"#$"J#$)*+,-(#$"J#?&.#0&&11,.(#$"#$"#L#?&.#+,-#O,*'(#X"#K"#!"#<GHHN@(#!,*,567,-&38.B#
&# =>?# =18.B# O&738;1# 5# $6+,*8.B# 34,# c,)-6')1;)*&-# ^A13,'(# ?+.0""5)(2,& .$& %1"&
<>>>& <(%"+(4%).(4#&9.($"+"(0"& .(&=-,%":,@&A4(& 4(5&9-B"+("%)0,(#O&D&88(#=^>(# IH5IG#
R;36:,-(#77"#Gf\N5GQHH#

%&'(#!"#$"J#$)*+,-(#$"#L#?&.#0&&11,.(#$"#$"# <GHHQ@(#O&738;# 2.3,-9&;,# 96-#=>?#K6**8186.#
>/68+&.;,(#<(%"+(4%).(4#&8.7+(4#&.$&D*)4%).(&?,-01.#.2-(#?6*"#IQ(#c6"#G(#77"#IfQ5I\N#

%&'(# !"# $"J# $)*+,-(# $"# L# ?&.# 0&&11,.(# $"# $"# <GHH]@(# O&738;# X,,+:&;C# 8.# =>?# !,*,5
67,-&386.#D834#!8',#j,*&A(#D<DD&8.7+(4#&.$&H7)54(0"@&9.(%+.#@&4(5&!-(4:)0,(#?6*"#bI(#
c6"#f(#77"#IQG]5IQb\#

$;K&-*,A(# l"# ^"# L# M8;C,.1(# K"# j"# <GHHN@(# O)'&.# X&;36-1# 2'7*8;&386.1# 69# =>?1# 8.# 34,#
c&386.&*# >8-17&;,(# /"01()04#& +";.+%& D*)4%).(& E7:4(& I40%.+,& !)*),).(@& >OXj5HN5
HNdX>>5HN5HI(#77"#I5N(#^&/6A(#2**8.681#

?66-1*)8F1(# m"# $"J# Z,..&.8(# ^"# L# ^;4,-,-(# K"# M"# <GHHP@(# %8.,&-# &.+# 0&-&',3,-5+,7,.+,.3#
g6:)13#K6.3-6*#!,;4.8_),1#>77*8,+# 36# &#O,*8;673,-#=>?(#?+.0""5)(2,& .$& %1"& JKL%1&
D<DD&H7)54(0"@& 34*)24%).(& 4(5& 9.(%+.#& 9.($"+"(0"(# 0-6/8+,.;,# <g2@(# >)B)13# If5I\(#
>2>>#7&7,-#GHHP5P\H\"#
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Objectively Optimized Earth Observing Systems 

!"#$%&'()*&+",-&
!"#$%&'($%()&*")&+,)%-&./0%(10&2(3-$"4"5/&6!'+27&89:';&<=.=>?.@'&

8$#%(A&.%,%(0&

1. Introduction 

.*&/)$0&1)"2/3,&43&%$01500&"*&"22,("1)&/(&6"7$*8&9",/)&:;03,#$*8&<-0/360&"5/(*(6(50&;-&
$*/38,"/$*8& /)3& 0$/5"/$(*"=& "4",3*300& 2,(#$%3%& ;-& (5,& /)3(,3/$1"=& "*%& (;03,#"/$(*"=&
7*(4=3%83&(>& /)3& 0-0/36&;3$*8&(;03,#3%?& &:5,& /)3(,3/$1"=&5*%3,0/"*%$*8&(>& /)3& 0-0/36& $0&
3*1"205="/3%&$*&"&%3/3,6$*$0/$1&6(%3=?&@)3&(;03,#"/$(*"=&7*(4=3%83&$0&$*/38,"/3%&#$"&"&%"/"&
"00$6$="/$(*&0-0/36?&A3&4$==&0/",/&;-&05,#3-$*8&4)"/&)"0&;33*&%(*3&/(&%"/3B&/)3*&(5/=$*3&(5,&
1(*/,$;5/$(*&/(&/)3&>$3=%B&"*%&>$*"==-&058830/&0(63&>5/5,3&",3"0&(>&%3#3=(263*/?&

2. Current Observing Systems and Autonomy 

C(%3,*& (;03,#$*8& 0-0/360& ",3& /-2$1"==-& 1(62(03%& (>& "& #",$3/-& (>& 1(62(*3*/0B& (,& "003/0B&
/)"/& ",3& $*/3,1(**31/3%& /(& >(,6& "& D<3*0(,&A3;E& FG(//0& 3/& "=?B& HIIJK?& @)3& 1(665*$1"/$(*0&
>";,$1&(>&/)3&<3*0(,&A3;&$0&"&#$/"=&1(62(*3*/&/)"/&=$*70&/)3&03*0(,0&"*%&1(*/,(=&0-0/360&"*%&
"==(40&1((,%$*"/3%&%"/"&/,"*06$00$(*&"*%&$*0/,563*/&1(*/,(=?&9>>31/$#3&"5/(*(6(50&1(*/,(=&
(>& $*%$#$%5"=& 03*0(,0& "*%L(,& /)3& (#3,"==& <3*0(,& A3;& $0& )$8)=-& %30$,";=3B& 6"-;3& 3#3*&
$*%$023*0";=3B& $>& /)3&(;03,#$*8&0-0/36&$0&/(&;3&";=3&/(&,302(*%&$*&,3"=& /$63&/(&/)3&3#(=#$*8&
0/"/3&(>&/)3&3*#$,(*63*/?&&&
@)3& 15,,3*/& 9",/)& (;03,#$*8& 1"2";$=$/-& %323*%0& 2,$6",$=-& (*& 02"131,">/& 6$00$(*0& "*%&
8,(5*%M;"03%& *3/4(,70& /(& 2,(#$%3& /)3& 1,$/$1"=& (*M8($*8& (;03,#"/$(*0& *31300",-& >(,&
$62,(#3%&5*%3,0/"*%$*8&(>& /)3&9",/)&0-0/36?&N$,1,">/&6$00$(*0&)"#3&2="-3%&"*& $62(,/"*/&
,(=3&$*&2,(1300&0/5%$30&;5/&",3&(>/3*&=$6$/3%&/(&,3="/$#3=-&0)(,/M%5,"/$(*&>=$8)/0?&O(43#3,B&>(,&
(#3,& "& %31"%3B& $/& )"0& ;33*& ,31(8*$P3%& /)"/& "5/(*(6(50& "3,$"=& (;03,#"/$(*0& 1"*&6"73& "*&
$62(,/"*/& 1(*/,$;5/$(*& /(&9",/)&(;03,#$*8& 0-0/360& FQ(,(*"%(&3/& "=?B& RSSTU&<"*%>(,%&3/& "=?B&
HIIVK?&@)3&";$=$/-&(>& /)3&(;03,#$*8&0-0/36&/(&,302(*%& $*&,3"=& /$63& /(&"*&3#(=#$*8&0$/5"/$(*&
1"*B& $*& 0(63&1"030B&;3&1,$/$1"=?&N*&3W"62=3&4(5=%&;3& ,(;(/$1& ,31(**"$00"*13&(23,"/$(*0& $*&
3W/,363&3*#$,(*63*/0&/)"/&",3&2(/3*/$"==-&)"P",%(50&F051)&"0&#(=1"*$1&8"0&0"62=$*8B&6$*3&
>$3=%0B& ;"//=3>$3=%& 3*#$,(*63*/0B& 3*36-& (1152$3%& /3,,$/(,$30B& /3,,(,$0/& $*>$=/,"/3%&
3*#$,(*63*/0B& (,& ",3"0& /)"/& )"#3& ;33*& 3W2(03%& /(& ;$(1)36$1"=& "83*/0& (,& ,"%$"/$(*K&
FQ"=/";$"*(& 3/& "=?B& HIIXU& Q)3*& 3/& "=?B& HIIYU& Z$*7& 3/& "=?B& HIIJK?& .*& (/)3,& 1"030& "5/(*(6-& $0&
*31300",-&"0& /)3&#3)$1=30& ",3&(23,"/$*8& $*& $*"11300$;=3& =(1"/$(*0B& 051)&"0& ,36(/3&2="*3/",-&
"/6(02)3,30&F.22(=$/(&3/&"=?B&HIIXU&[(5*8&3/&"=?B&HIIXU&C(,,(4&3/&"=?B&HIIYK?&
:;03,#$*8& 2="/>(,6& "5/(*(6-& $0& "& ,3="/$#3=-& *34& >$3=%& F!"#$0& 3/& "=?B& RSSHU& <1)$==3,& 3/& "=?B&
RSS\K?& @)3&*"/5,3& (>& /)3& "5/(*(6-&%323*%0& $*&2",/& (*& /)3& /-23& (>& "003/?& Z(,& 02"13& ;"03%&
(,;$/"=& "003/0& /)3& "5/(*(6-& 1(5=%& ;3& %$,31/$*8& /)3& ,3"=& /$63& $*0/,563*/& 2($*/$*8B& (,&



Aerial Vehicles 

&

376 

$*0/,563*/&6(%3& F3?8?& P((6& $*B& 8=(;"=& 05,#3-B& 0/32& "*%& 0/",3B& 3/1K?& Z(,& 05;M(,;$/"=& "003/0&
051)&"0&"$,1,">/&(,&5*6"**3%&"3,$"=&#3)$1=30&F]N^0K&/)3&"5/(*(6-&$0&83*3,"==-&651)&6(,3&
%3#3=(23%&"*%& /-2$1"==-& $*1=5%30&"5/(6"/3%& ,(5/3&2="**$*8& >(,&"& 0$*8=3&]N^& F<5==$#"*&3/&
"=?B&HIIVU&_5*1)3#&3/&"=?B&HIIYU&Q311",3==$&3/&"=?B&HIIJU&`3)=$#"*(8=5&3/&"=?B&HIIJU&`3)=$#"*(8=5&
"*%&O"1$(8=5B&HIIJK&"*%&1((,%$*"/3%&,(5/3&2="**$*8&>(,&"&>=33/&(>&]N^0&FG3==5,&3/&"=?B&HIIHU&
!",8",&3/&"=?B&HIIHU&C")=3,&"*%&`,"0"*/)B&HIIHU&C1.**30B&HII\U&a3=$*07$&3/&"=?B&HII\U&b$=6(,3&
"*%&b",;",$*(B&HIIVU&O(23&3/&"=?B&HIIVU&_$*8&3/&"=?B&HIIVU&C"%%5="&3/&"=?B&HIIVU&Q)3*&3/&"=?B&
HIIXU&'$*&3/&"=?B&HIIYU&_$*8&3/&"=?B&HIIYU&<$*)"&3/&"=?B&HIIYU&<6$/)&"*%&c85-3*B&HIIY1U;U"U&Z$*7&3/&
"=?B& HIIJU& +"6(*/& 3/& "=?B& HIIJU& <6$/)& "*%&c85-3*B& HIIJU& [5"*& 3/& "=?B& HIIJK?&A)3*&43& ",3&
%3"=$*8& 4$/)& "& >=33/& (>& %$0/,$;5/3%& "5/(*(6(50& 0-0/360& /)3,3& 1"*& "=0(& ;3& "*& 3=363*/& (>&
%313*/,"=$P"/$(*B& 0(& /)"/& $*& "%%$/$(*& /(& 1(*13,/3%& "1/$(*B& 3"1)&636;3,&6"-& 3W)$;$/& 0(63&
%38,33& (>& $*%$#$%5"=& "5/(*(6-& Fd$1)",%0& "*%&O(4B& HIIVU& <6$/)& "*%&c85-3*B& HIIXK?& @)3&
]N^&/",83/0&6"-&;3&"&03/&(>&>$W3%&=(1"/$(*0&(,&6(;$=3&/",83/0&Fd">$&3/&"=?B&HIIYK?&&
N5/(*(6-&1"*&3#3*&;3&503%&/(& $62,(#3&6$00$(*M=3#3=& >5*1/$(*"=& ,3=$";$=$/-& /),(58)&;3//3,&
0-0/36& 03=>M"4",3*300& "*%& "%"2/$#3& 6$00$(*& 2="**$*8& F^"=3*/$& 3/& "=?B& HIIJK?& @)3& >=$8)/&
%5,"/$(*& (>& ]N^0& $0& 1(*/$*5"==-& $62,(#$*8U& 0(63& ]N^0& ",3& *(4& 1"2";=3& (>& 1(*/$*5(50&
>=$8)/& (#3,&6"*-& %"-0& Fc(/)& 3/& "=?B& HIIYKB& >(,& 051)& #3)$1=30& "5/(*(6-& $0& "8"$*& "& ;3*3>$/?&
`,303*/=-B& /)3& ]N^0& 1(63& $*& "==& 0)"230& "*%& 0$P30B& >,(6& 2"=6& /(2& 6$1,(& ]N^0B& /(&
)3=$1(2/3,0B&/(&8$"*/&0/,"/38$1&]N^0&/)"/&1"*&=($/3,&(#3,&/",83/0&>(,&3W/3*%3%&23,$(%0&(>&/$63&
Fc"/","e"*B&HIIRK?&]*6"**3%&"3,$"=&#3)$1=30&"=0(&$*1=5%3&;=$620&F9=>30&3/&"=?B&HIIRU&9=>30&3/&
"=?B&HII\U&O-8(5*3*1&3/&"=?B&HIIVK?&N&;=$62&$0&"&06"==&"$,0)$2&/)"/&)"0&*(&63/"=& >,"634(,7&
"*%& 1(=="2030&4)3*& %3>="/3%& FG3e$& "*%&N;$1)(5B& HIIXK?& .*& 0(63& 1"030& /)3& ;=$62& 1"*& (*=-&
1(*/,(=&$/0&#3,/$1"=&2(0$/$(*&;-&"013*/&(,&%3013*/B&4$/)&/)3&05,,(5*%$*8&4$*%&>$3=%&1(*/,(==$*8&
$/0&)(,$P(*/"=&=(1"/$(*?&Z(,&1(*#3*/$(*"=&;"==((*&;(,*3&(;03,#"/$(*0&/)3&"5/(*(6-&1(5=%&;3&
$*&%$,31/$*8&/)3&(2/$6"=&/$63&"*%&=(1"/$(*&>(,&="5*1)?&&
N5/(*(6(50&%$,31/$(*&$0&*(/& =$6$/3%&/(&(,;$/"=&"*%&05;M(,;$/"=&2="/>(,60U& /)3-&1"*&$*1=5%3&
5*6"**3%& 8,(5*%& #3)$1=30& F]b^K& F_"60$17"0& "*%&A",%B& HII\U& _3==-& 3/& "=?B& HIIYU& +$& "*%&
Q"00"*%,"0B&HIIYKB&5*"//3*%3%&8,(5*%&03*0(,0&F]b<K&Fd(;3,/0&3/&"=?B&HII\KB&"*%&05;03"&"*%&
05,>"13& F]]^& "*%&]<^K& #3)$1=30& F!"#$0& 3/& "=?B& RSSHU&O"*03*& 3/& "=?B& HIIYU& </3$*;3,8B& HIIYK&
(23,"/$*8&/(83/)3,&4$/)&6$*$6"=&)56"*&(#3,0$8)/?&
]N^0& F"$,1,">/& (,& )3=$1(2/3,K& ",3& "%#"*13%& "*%& 1(62=3W& ,(;(/$10& 2="/>(,60& 503%& >(,& "&
#",$3/-& (>& /"070?& Z(,& 3W"62=3B& ]N^0& 1"*& ;3& 503%& $*& "22=$1"/$(*0& >(,& 3*#$,(*63*/"=&
6(*$/(,$*8&F43"/)3,&"*%L(,&2(==5/$(*KB& /,">>$1&6(*$/(,$*8&F!5%P$"7B&RSSTU&Q)5*8&"*%&O3B&
HIIJKB& 05,#3$=="*13& F`3,00(*B& HIIHU&d-"*& 3/& "=?B& HIIJKB& $*/3==$83*13& 8"/)3,$*8& F</(//=3,& 3/& "=?B&
HIIJKB& /3,,"$*&6"22$*8& F@362=3/(*& 3/& "=?B& HIIJKB& 363,83*1-& 03,#$130& "00$0/"*13& Fd-"*& "*%&
O3%,$17B&HIIXU&G3",%&3/&"=?B&HIIYU&:*(0"/(&3/&"=?B&HIIYU&<*",07$&3/&"=?B&HIIYU&Z";$"*$&3/&"=?B&HIIJKB&
0/5%-$*8& /)3& 6(#363*/& (>& "8,$15=/5,"=& /),3"/& "83*/0B& 2(==3*B& 2="*/& 2"/)(83*0B& "*%& (/)3,&
;$(=(8$1"=&2",/$1=30& FA"*8&3/&"=?B&HIIJKB&1,(2&1(*%$/$(*& FO3,4$/P&3/&"=?B&HIIVU& '()*0(*&3/&"=?B&
HIIVU&Z5,>",(&3/&"=?B&HIIJKB&2)(/(8,"663/,-B&"*%&05,#3-$*8&F<1)6"=3&3/&"=?B&HIITK?&&
]N^&"5/(*(6-&$0&"11(62=$0)3%&;-&"&1(62=3W&$*/3,1(**31/$(*&(>&0-0/360&,3="/3%&/(&"&4$%3&
,"*83& (>& /(2$10B& 3?8?B& >=$8)/& =(4& =3#3=& 1(*/,(=B& *"#$8"/$(*& "*%& /"07M;"03%& 2="**$*8B&
3=";(,"/$(*& (>& 03*0(,& 0$8*"=0B& 0(>/4",3& ",1)$/31/5,3& >(,& ,3"1/$#3& ;3)"#$(,0B& 1(665*$1"/$(*&
Fa$*8",3//$& 3/& "=?B& HIITK?& .*& 0(63& "22=$1"/$(*0& /)3&]N^0&4$==& ;3&4(,7$*8& $*& "& 1((23,"/$#3&
*3/4(,7&4$/)&(/)3,&"5/(*(6(50&"83*/0B& 051)&"0&]b^0&F]*6"**3%&b,(5*%&^3)$1=30K&"*%&
]b<0&FQ)"*%=3,&3/&"=?B&HIIHU&C5,2)3-&"*%&:fc3"=B&HIIHU&d(;3,/0&3/&"=?B&HII\U&a$*8",3//$&3/&"=?B&
HIITK&/(&"11(62=$0)&0231$>$1&/"070&/)"/&6"-B&(,&6"-&*(/B&)"#3&;33*&%3>$*3%&"&2,$(,$?&
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@)3&"5/(*(6-&)"0& /(&;3&;"03%&(*&(;e31/$#3& 1,$/3,$"& /)"/& 1"*&;3& 3#"=5"/3%& $*& ,3"=& /$63&#$"&
63/)(%(=(8$30& 051)& "0& (2/$6$P"/$(*B& $*>(,6"/$(*& /)3(,-B& 1(625/3,& #$0$(*B& 6$W3%& $*/383,&
=$*3",& 2,(8,"66$*8B& >5PP-& =(8$1B& 83*3/$1& "=8(,$/)60B& ",/$>$1$"=& 1(8*$/$(*B& 83(8,"2)$1&
$*>(,6"/$(*& 0-0/360& Fb.<KB& 03/& 2",/$/$(*& /)3(,-B& #3)$1=3& )3"=/)& 0/"/50B& "*%L(,& /),3"/&
"0030063*/0&FN/7$*0&3/&"=?B&RSSTU&Q)"*%=3,&"*%&`"1)/3,B&RSSTU&<$*(2(=$&3/&"=?B&HIIRU&Q)"*%=3,&
3/& "=?B& HIIHU&+3#$*& 3/& "=?B& HIIHU&Q,5P& 3/& "=?B& HII\U& Z=$*/& 3/& "=?B& HII\U&C$==3,& "*%&+",03*B& HII\U&
c$7(=(0& 3/& "=?B& HII\U& +33& 3/& "=?B& HIIVU& 9,/=& "*%& <1)5=/3B& HIIXU& _"6"=& 3/& "=?B& HIIXU&
_,$0)*"65,/)-b(2"="*&3/&"=?B&HIIXU&^"1)/03#"*(0&3/&"=?B&HIIXU&`3//3,00(*&"*%&!()3,/-B&HIIYU&
`(*825*4"//"*"&3/&"=?B&HIIYU&<7(8=",&3/&"=?B&HIIYU&["*8&3/&"=?B&HIIYU&<6$/)B&HIIJU&<6$/)&"*%&
c85-3*B& HIIJK?& N5/(*(6-& $0& (>/3*& $62=363*/3%& 50$*8& 65=/$M="-3,& )$3,",1)$1"=& 1(*/,(=&
",1)$/31/5,30&FG(07(#$1&3/&"=?B&HIIHK?&@)3&"5/(*(6(50&(23,"/$(*&1"*&$*1=5%3&>3"/5,30&051)&"0&
/)3&Q(8*$/$#3&96(/$(*&+"-3,&FQ9+K&/)"/&5030&%-*"6$1"=&36(/$(*"=&,302(*03&631)"*$060&/(&
6(%3=& ,302(*03& /(&1(*/$*5(50&0/$65=$&"*%&2,(#$%30&"%"2/$#3&%31$0$(*&6"7$*8&"*%&1(*/,(=&
1"2";$=$/$30&>(,&/)3&3W2=(,"/$(*&2="/>(,6&F.22(=$/(&3/&"=?B&HIIXK?&&N&8$#3*&1(*/,(=&0-0/36&6"-&
2,(#$%3&6(,3&/)"*&(*3&"5/(*(6(50&6(%3B&>(,&3W"62=3B&F<"0$"%37&"*%&!5=3;"B&HIIIK&(5/=$*3&
"*&"22,("1)&4)3,3&/)3&6(/$(*&2="**$*8&2,(;=36&$0&02=$/& $*/(&/4(&0/"830g&"&%31$0$(*&6(%3&
"*%&"&/,"13&6(%3?&.*&/)3&%31$0$(*&6(%3B&/)3&#3)$1=3&03=31/0&$/0&15,,3*/&%$,31/$(*&(>&6(/$(*&(*&
/)3& ;"0$0& (>& /)3& 15,,3*/& #"=53& (>& "& 23,>(,6"*13& $*%3W?& .*& /)3& /,"13& 6(%3& #3)$1=3& /,"130&
;(5*%",-&"*%&3%830&(>&(;0/"1=30&50$*8&$/0&(*M;(",%&03*0(,0?&&
N=/3,*"/$#3=-B&"*&(23,"/(,&1"*&$0053&/)3&1(66"*%0&,36(/3=-?&Z(,&3W"62=3B&"*&(23,"/(,&$*&"&
6"**3%&"$,1,">/& 1"*& $0053&6$00$(*& =3#3=& 1(66"*%0& /(&"*&"5/(*(6(50&"$,1,">/& $*& ,3"=& /$63&
F<"*%34"==& 3/& "=?B& HII\U& <1)(543*"",0& 3/& "=?B& HIIYK?&@)3&(23*& 0(5,13&6(#363*/&)"0&)"%&"&
,"%$1"=&$62"1/&(*&/)3&0(>/4",3&N,1)$/31/5,3&>(,&N5/(*(6-&FG,(/3*&3/&"=?B&HIIYK&(23*&0(5,13&
>,"634(,70&1"*&,3%513&/)3&1(0/&"*%&,$07&(>&0-0/360&3*8$*33,$*8?&
O-;,$%& ]N^0& "=0(& 3W$0/B& >(,& 3W"62=3B& /)3& C1!(**3==& !(58="0& G$,%& !(8B& 4)3,3& "& 036$M
"5/(*(6(50&]N^&)"0&;33*&1(52=3%&4$/)&"&6"**3%&8,(5*%&#3)$1=3& F_(=%$*8&"*%&`(5=$(/B&
RSSJK?& .*& "%%$/$(*& /(& 6"7$*8& (;03,#"/$(*0& "*%& %3=$#3,$*8& 2"-=("%0& ]N^0& 1"*& >"1$=$/"/3&
1(665*$1"/$(*0&;-&"1/$*8&"0&,(5/$*8&*(%30&FZ,"*1=B&HIIIK?&@)$0&$0&"&,(=3&/)"/&6"-&;3&1(63&
$*1,3"0$*8=-&$62(,/"*/?&

3. Situational Awareness via Theory and Observation 

N&#"=5";=3& "%%$/$(*& 1"*& ;3&6"%3& /(& /)3& 0/5%$30& %301,$;3%& ";(#3B& "& 0$/5"/$(*"=& "4",3*300&
/)"/& 1(630& >,(6&%$,31/=-& 1(52=$*8&(5,& /)3(,3/$1"=& "*%&(;03,#"/$(*"=&5*%3,0/"*%$*8&(>& /)3&
0231$>$1& 0-0/36& ;3$*8& (;03,#3%?& @)3& %$01$2=$*30& (>& *563,$1"=& 43"/)3,& 2,3%$1/$(*& "*%&
(13"*(8,"2)-& )"#3& =(*8& ;3*3>$/3%& >,(6& 1(52=$*8& "& /)3(,3/$1"=& 5*%3,0/"*%$*8& "0&
3*1"205="/3%& ;-& "& %3/3,6$*$0/$1& 6(%3=& 4$/)& "& 4$%3& #",$3/-& (>& (;03,#"/$(*0& /),(58)& /)3&
6"/)36"/$1"=&>(,6"=$06&(>&%"/"&"00$6$="/$(*&F`$3=73&3/&"=?B&RSSHU&<4$*;"*7&"*%&:fc3$==B&RSSVU&
_"=*"-& 3/& "=?B& RSSYK?& @)3& 503& (>& %"/"& "00$6$="/$(*& )"0& %,"6"/$1"==-& $62,(#3%& >(,31"0/&
"115,"1-&F<$66(*0&"*%&O(==$*804(,/)B&HIIHK?&

3.1 Data Assimilation 

!"/"& "00$6$="/$(*& $0& /)3& /3,6& 8$#3*& /(& ,315,0$#3& G"-30$"*& 30/$6"/$(*& $*& /)3& 83(01$3*130&
FA$7$23%$"B& HIIT"K?& !"/"& "00$6$="/$(*& 2,(133%0& ;-& "*"=-0$0& 1-1=30?& .*& 3"1)& "*"=-0$0& 1-1=3B&
(;03,#"/$(*0& (>& /)3& 15,,3*/& F"*%& 2(00$;=-B& 2"0/K& 0/"/3& (>& "& 0-0/36& ",3& 1(6;$*3%&4$/)& /)3&
,305=/0&>,(6&"&%3/3,6$*$0/$1&6"/)36"/$1"=&6(%3=&F/)3&>(,31"0/K&/(&2,(%513&"*&"*"=-0$0B&4)$1)&
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$0& 1(*0$%3,3%& "0& D/)3& ;30/E& 30/$6"/3& (>& /)3& 15,,3*/& 0/"/3& (>& /)3& 0-0/36?& @)$0& $0& 1"==3%& /)3&
"*"=-0$0&0/32?&9003*/$"==-B&/)3&"*"=-0$0&0/32&/,$30&/(&;"="*13&/)3&5*13,/"$*/-&$*&/)3&%"/"&"*%&$*&
/)3&>(,31"0/?&@)3&6(%3=&$0&/)3*&"%#"*13%&$*&/$63&"*%&$/0&,305=/&;31(630&/)3&>(,31"0/&$*&/)3&
*3W/&"*"=-0$0&1-1=3?&
@)3&"*"=-0$0&"*%&>(,31"0/0&",3&;30/&/)(58)/&(>&"0&2,(;";$=$/-&%$0/,$;5/$(*0?&@)3&"*"=-0$0&0/32&
$0& "*& "22=$1"/$(*& (>& /)3& G"-30& /)3(,36?& N%#"*1$*8& /)3& 2,(;";$=$/-& %$0/,$;5/$(*& $*& /$63&
4(5=%& ;3& %(*3& 3W"1/=-& $*& /)3& 83*3,"=& 1"03& ;-& /)3& Z(773,M`="*17& 3h5"/$(*& FA$7$23%$"B&
HIIT;KB& ;5/& /)"/& $0& 5*,3"=$0/$1"==-& 3W23*0$#3B& 0(& #",$(50& "22,(W$6"/$(*0& (23,"/$*8& (*&
0$62=$>$3%&,32,303*/"/$(*0&(>&/)3&2,(;";$=$/-&%$0/,$;5/$(*0&",3&503%&$*0/3"%?&.>&/)3&2,(;";$=$/-&
%$0/,$;5/$(*0&",3&*(,6"=B&/)3-&1"*&;3&,32,303*/3%&;-&/)3$,&63"*&"*%&1(#",$"*13B&4)$1)&8$#30&
,$03&/(&/)3&_"=6"*&>$=/3,&F_"=6"*B&RSYHK?&
C(,3& ,313*/=-& /)3& 503& (>& %"/"& "00$6$="/$(*& )"0& "=0(& ;33*& 3W/3*%3%& /(& 1(#3,& 1)36$1"==-&
,3"1/$#3& "/6(02)3,$1& 0-0/360& ,3=3#"*/& /(& $00530& 051)& "0& (P(*3& %32=3/$(*& "*%& "$,& h5"=$/-&
FZ$0)3,&"*%&+",-B&RSSXU&9=;3,*&3/&"=?B&RSSJU&C3*",%&3/&"=?B&HIIIU&+",-&3/&"=?B&HII\K?&
./& $0&15,,3*/&2,"1/$13& >(,& /(%"-E0& >(,31"0/0& >(,&43"/)3,B&"$,Mh5"=$/-B& >$,3& =$73=$)((%&3/1?& /(&;3&
83*3,"/3%&(*&"& >$W3%& /$63& 01)3%5=3?&O(43#3,B&*34& /31)*(=(8$30& "*%& $62,(#3%&*563,$1"=&
6(%3=&2)-0$10&",3&3*";=$*8&(*&%36"*%& >(,31"0/0& $*& ,302(*03& /(&2",/$15=",&3#3*/0& F`="=3&3/&
"=?B&HIIYK?&@)303&>(,31"0/0&$*830/&8=(;"=&"*%&,38$(*"=&%"/"&$*&,3"=&/$63&"*%&1"*&1(*0563&=",83&
1(625/"/$(*"=&,30(5,130?&./&$0&*(4&/$63=-&/(&1(52=3&/)303&1(*132/0&"*%&/"73&/)3&*3W/&0/32&(>&
1,3"/$*8&"&1(52=3%&2,3%$1/$(*&"*%&(;03,#"/$(*&0-0/36?&<51)&"&1(52=3%&0-0/36&1"*&2,(#$%3&
$62,(#3%&>(,31"0/&"115,"1-&"*%&3>>$1$3*/&1(==";(,"/$#3&"%"2/$#3&03*0$*8&/(&6"73&;30/&503&(>&
/)3& 05$/3& (>& (;03,#"/$(*"=& "003/0?& @)$0& 0-*3,8$0/$1& "22,("1)& (>>3,0& %$0/$*1/& ;3*3>$/0& /(& /)3&
,30231/$#3& 503,& 1(665*$/$30B& "*%& 4)3*& 503%& /(83/)3,B& 2,(6$03& "& 2","%$86& 0)$>/& $*&
"/6(02)3,$1&01$3*13&,303",1)?&
N0&"&8,(4$*8&#(=563&(>&%"/"& $0&*(4&>,33=-&"#"$=";=3B& $/& $0&"&2(43,>5=&"22,("1)&4)3,3&/)3&
$*1(,2(,"/$(*&(>&3W$0/$*8&%"/"&$*/(&/)3&"*"=-0$0&1"*&;3&503%&/(&85$%3&/)3&(2/$6"=&1(==31/$(*&(>&
*34& %"/"?& +",83& #(=5630& (>& %"/"& ",3& ,(5/$*3=-& 2,(#$%3%& ;-& 8(#3,*63*/"=& (,8"*$P"/$(*0&
$*1=5%$*8&$*&0$/5&(;03,#"/$(*0B&83(02"/$"=&%"/"&03/0B&,36(/3&03*0$*8&2,(%51/0B&"*%&0$65="/$(*&
6(%3=& (5/25/?& .*1,3"0$*8=-& /)303& %"/"& ",3& ;3$*8& 6"%3& "#"$=";=3& "0& 43;M03,#$130?& A3;&
03,#$130&(>>3,&"&63"*0& >(,& 0)",$*8&%"/"&6(,3&(23*=-&;-&2,(#$%$*8&"& 0/"*%",%&2,(/(1(=& >(,&
6"1)$*3M/(M6"1)$*3&1(665*$1"/$(*?&N*&3W"62=3&(>&/)3&503&(>&43;M03,#$130&$*&/)$0&6"**3,&
$0& /)3& 6"1)$*3& "11300$;=3& $*/3,>"13& >(,& /)3& c"/$(*"=& A"/3,& .*>(,6"/$(*& <-0/36& FcA.<K&
Fb((%"==& 3/& "=?B& HIITKB& "*& (*=$*3& ,32(0$/(,-& (>& )$0/(,$1"=& "*%& ,3"=M/$63& 0/,3"6M>=(4B&4"/3,M
h5"=$/-B& "*%& 8,(5*%&4"/3,& =3#3=& (;03,#"/$(*0&6"$*/"$*3%& ;-& /)3&]*$/3%& </"/30&b3(=(8$1"=&
<5,#3-& F]<b<K?& @)303& 03,#$130& 2,(#$%3& "& 6$%%=3M="-3,& (>& ";0/,"1/$(*& ;3/433*& /)3& cA.<&
%"/";"03& "*%& )-%,(=(8$1& "*"=-0$0& 0-0/360B& "==(4$*8& 051)& "*"=-0$0& 0-0/360& /(& 2,(W-& /)3&
cA.<& 03,#3,& >(,& (*M%36"*%& %"/"& "11300?& @)3& 03,#$130& ",3& $*/3*/$(*"==-& %30$8*3%& /(& ;3&
83*3,$1& "*%& "22=$1";=3& /(& (/)3,& )-%,(=(8$1& %"/";"030B& $*& (,%3,& /(& 2,(#$%3& $*/3,(23,";$=$/-&
;3/433*&%$02","/3&%"/"&0(5,130?&&

3.2 Autonomous Observation for Atmospheric Chemistry 

:5,&,303",1)&3>>(,/&)"0&;33*&>(1503%&(*&$*1(,2(,"/$*8&051)&0$/5"/$(*"=&"4",3*300&2,(#$%3%&
;-& 1(52=$*8& /)3(,-&"*%&(;03,#"/$(*?&:5,& 0231$>$1& 1"03& 0/5%-&)"0&;33*& 1,3"/$*8&"& 0(>/4",3&
$*>,"0/,51/5,3&>(,&"*&"5/(*(6(50&(;03,#$*8&0-0/36&>(,&"/6(02)3,$1&1)36$0/,-?&@)3&0-0/36&
4(,70& (*& 83*3,$1& 2,$*1$2=30& /)"/& 0)(5=%& ;3& 3"0$=-& /,"*0>3,";=3& /(& (/)3,& 013*",$(0?& @)3&
(;03,#$*8& 0-0/36& 1(*0$0/0& (>& 6"*-& 3=363*/0B& (,;$/"=& F03#3,"=& 0"/3==$/3& $*0/,563*/0KB& 05;M
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(,;$/"=& F"$,1,">/B&]N^0&"*%&;"==((*0KB&"*%&8,(5*%M;"03%&"003/0?&@)3&0"/3==$/3&"003/0& $*1=5%3&
/)(03& 4$/)& >$W3%& 2($*/$*8& >(,& 4)$1)& "5/(*(6-& $0& *(/& ,3=3#"*/& "*%& /)(03& 4$/)& >=3W$;=3&
2($*/$*8& "*%& 65=/$2=3& 6(%30& >(,& 4)$1)& "5/(*(6-& ",3& 6(0/& 503>5=?& @)3& 0(>/4",3&
$*>,"0/,51/5,3&*33%0& /(&;3&"4",3&(>&"==& /)3&(;03,#"/$(*"=&3=363*/0&"*%& /)3$,& 1"2";$=$/$30&"/&
"*-&8$#3*&/$63&,$A&/(&;3&"4",3&(>&/)3&0/"/3&(>&/)3&0-0/36&43&",3&(;03,#$*8&"*%&/)3&2,31$0$(*&
4$/)&4)$1)&43&7*(4&$/0&15,,3*/&0/"/3?&
<51)&"*&"5/(*(6(50&:;e31/$#3=-&:2/$6$P3%&:;03,#"/$(*&!$,31/$(*&<-0/36&$0&(>&8,3"/&5/$=$/-&
>(,&cN<NE0&(;03,#"/$(*&"*%&3W2=(,"/$(*&(;e31/$#30?&.*&2",/$15=",B&$/&$0&503>5=&/(&)"#3&"&>=33/&
(>& 06",/& "003/0& /)"/& 1"*& ;3& ,31(*>$85,3%& ;"03%& (*& /)3& 1)"*8$*8& *33%0& (>& 01$3*13& "*%&
/31)*(=(8-?&:5,&2,(e31/&$*/38,"/30&"&6(%3=$*8&"*%&"00$6$="/$(*&0-0/36&4$/)$*&"&<3*0(,&A3;?&
@)$0& 3*";=30& "& /4(M4"-& $*/3,"1/$(*& ;3/433*& /)3& 6(%3=$*8L"00$6$="/$(*& 0-0/36& "*%& /)3&
03*0$*8&0-0/36&/(&3*)"*13&<3*0(,&A3;&23,>(,6"*13&"*%&50"83?&:5,&"$6&$0&/(&%3#3=(2&"&73-&
/31)*(=(8-&15,,3*/=-&6$00$*8& $*&<3*0(,&A3;& $62=363*/"/$(*0B&"*&"5/(*(6(50&:;e31/$#3=-&
:2/$6$P3%&:;03,#"/$(*&!$,31/$(*&<-0/36&F:::!<K?&@)3&:::!<&4$==&(;e31/$#3=-&(2/$6$P3&
/)3&4(,7>=(4&6"*"8363*/&(>&"& 03/&(>& "003/0B& $?3?&2="*B&6(*$/(,B& "*%&1(*/,(=& /)3& ,30(5,130?&
@)$0&4(,7>=(4&6"*"8363*/&4$==&$*#(=#3&"&)$8)&=3#3=&(>&0$/5"/$(*&"4",3*300?&
N*& $62(,/"*/& 1(*132/& $*& 051)& "& 0-0/36& $0& /)3& %$,31/& /4(M4"-& >33%;"17& ;3/433*& /)3&
%$0/,$;5/3%&<3*0(,&A3;&"*%&"*&"5/(*(6(50&:::!<&F$*#(=#$*8&"&*563,$1"=&2,3%$1/$(*&"*%&
"00$6$="/$(*& 0-0/36K?& @)3& 2,(e31/& 1(*13*/,"/30& (*& /)3& 2,$*1$2=30& (>& )(4& 051)& "*& :::!<&
4(5=%& (23,"/3B& $/0& ",1)$/31/5,3B& "*%& %3#3=(263*/& "0& "& 2=58M$*& >(,& "& <3*0(,& A3;&
0$65="/(,L1(*/,(==3,?& & @4(& 013*",$(0& )"#3& ;33*& 1)(03*& /(& 0)(4& /)3& ,3=3#"*13& (>& /)3&
/31)*(=(8-& /(& ;(/)& 15,,3*/& "*%& >5/5,3& (;e31/$#30& (>& cN<N& 9",/)& 01$3*13?& @)3& 2,(e31/&
=3#3,"830&/31)*(=(8-&/)"/&)"0&"=,3"%-&4(*&>$#3&cN<N&"4",%0&"*%&$0&15,,3*/=-&;3$*8&503%&$*&
03#3,"=&cN<N&N5,"&#"=$%"/$(*&"*%&3",/)&0-0/36&01$3*13&2,(e31/0?&
@)3&8("=&(>& /)3&<3*0(,&A3;&:::!<&%301,$;3%& $0& /(&362=(-&"*&(;e31/$#3=-&(2/$6$P3%&%"/"&
"1h5$0$/$(*& 0/,"/38-& >(,& $*/38,"/3%& 9",/)& (;03,#"/$(*& /)"/& $0& ,302(*0$#3& /(& 3*#$,(*63*/"=&
3#3*/0& >(,& ;(/)& "22=$1"/$(*& "*%& 01$3*/$>$1& 25,2(030?& <51)& "*& :::!<& <3*0(,& A3;& 1"*&
"1)$3#3&01$3*13&(;e31/$#30&;3-(*%&/)3&";$=$/$30&(>&"&0$*8=3&2="/>(,6&;-&0231$>$1"==-&%$,31/$*8&
(;03,#"/$(*0&(>&)$8)&01$3*/$>$1&#"=53?&@)$0&4$==&;3&"1)$3#3%&;-&50$*8&(;e31/$#3&1,$/3,$"&>(,&/)3&
(;03,#"/$(*& %$,31/$(*& 3*";=$*8& "& )$8)& %38,33& (>& 1(==";(,"/$(*& "6(*8& /)3& 03*0$*8& "*%&
"*"=-0$0&"003/0?&:*13&051)&"&>,"634(,7&$0&$*&2="13B&4)"/&/)3&(;e31/$#3&1,$/3,$"&",3&1"*&,3"%$=-&
;3&1)"*83%&>(,&(/)3,&"22=$1"/$(*0B&%323*%$*8&(*&/)3&%30$,3%&01$3*13&(,&"22=$1"/$(*&8("=0?&
N& <3*0(,& A3;& 4$/)& 051)& "& 8("=& (,$3*/3%& :::!<& 1"*& ;3& (>& 2",/$15=",& 503& >(,& %31$0$(*&
0522(,/&0-0/360?&Z(,&3W"62=3B&$*&/)3&013*",$(0&43&)"#3&1)(03*&)3,3B&"*&(;#$(50&"22=$1"/$(*&
4(5=%&;3&>(,&"$,&h5"=$/-&%31$0$(*&0522(,/&0-0/360&"*%&$*&,302(*%$*8&/(&"& =",83&)"P",%(50&
,3=3"03&(>&"/6(02)3,$1&1(*/"6$*"*/0?&

3.3 Key Principles 

C3/,$10&(>&4)"/&43&%(&*(/&7*(4&F0/"/3&#31/(,&5*13,/"$*/-K&",3&503%&/(&%3>$*3&4)"/&43&*33%&
/(&63"05,3&"*%& /)3& ,3h5$,3%&6(%3B& /$63&"*%& =(1"/$(*&(>& /)3&(;03,#"/$(*0B& $?3?& /(&%3>$*3& $*&
,3"=& /$63&/)3&(;03,#$*8&0-0/36&/",83/0?&!"/"&"00$6$="/$(*&2,(#$%30&50&4$/)&/)3&0/"/3&#31/(,&
5*13,/"$*/-?&G3=(4&43&4$==&1(*0$%3,&$*&%3/"$=&)(4&43&1(*0/,51/&/)3&0/"/3&#31/(,&5*13,/"$*/-?&
C3/,$10&(>&)(4& $62(,/"*/& $/& $0& /(&7*(4&/)$0& $*>(,6"/$(*& F$*>(,6"/$(*&1(*/3*/K&",3&503%& /(&
"00$8*&"&2,$(,$/-&/(&3"1)&(;03,#"/$(*?&@)3&63/,$10&",3&2"003%&$*&,3"=&/$63&/(&/)3&<3*0(,&A3;&
(;03,#"/$(*&01)3%5=3,&/(&$62=363*/&/)3&(;03,#"/$(*&2="*&>(,&/)3&*3W/&(;03,#$*8&1-1=3?&&@)3&
0"63&0-0/36&1(5=%&"=0(&;3&503%&/(&,3%513&/)3&1(0/&"*%&%3#3=(263*/&/$63&$*&"*&:;03,#"/$(*&
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<3*0$/$#$/-&<$65="/$(*&9W23,$63*/& F:<<9K&6(%3&>(,& /)3&(2/$656&%3#3=(263*/&(>& /)3&*3W/&
83*3,"/$(*&(>&(;03,#$*8&0-0/360?&

4. Implementation 

c(4&/)"/&43&)"#3&1(*0$%3,3%&/)3&2,$*1$2=30&;3)$*%&/)3&"5/(*(6-&=3/&50&6(#3&/(&/)3&%3/"$=0&
(>& /)3& /4(& 73-& 1(62(*3*/0& /)"/& 43& )"#3& 503%?& @)3& >$,0/& 1(62(*3*/& $0& "& <3*0(,& A3;&
0$65="/(,?& @)3& 031(*%& $0& (5,& %"/"& "00$6$="/$(*& 0-0/36?& Z$85,3& R& 0)(40& "*& 3*8$*33,$*8&
%$"8,"6&>(,&(5,&0-0/36?&

4.1 Sensor Web Simulator 

@)3& <3*0(,& A3;& 0$65="/(,& %301,$;30& /)3& 1"2";$=$/$30& "*%& =(1"/$(*0& (>& 3"1)& 03*0(,& "0& "&
>5*1/$(*&(>&/$63B&4)3/)3,&/)3-&",3&(,;$/"=B&05;M(,;$/"=B&(,&8,(5*%&;"03%?&@)3&0$65="/(,&)"0&
;33*& $62=363*/3%& 50$*8&N*"=-/$1"=&b,"2)$10& .*1(,2(,"/3%& FNb.K& <"/3==$/3& @((=&_$/& F<@_K?&
<@_&6"730& $/& 3"0-& /(&"*"=-P3&"*%&#$05"=$P3&(2/$6"=&0(=5/$(*0& >(,&1(62=3W&02"13&013*",$(0&
F444?"8$?1(6K?& <@_& 23,>(,60& 1(62=3W& "*"=-0$0& (>& ="*%B& 03"B& "$,B& "*%& 02"13& "003/0B& "*%&
0)",30&,305=/0& $*&(*3& $*/38,"/3%&0(=5/$(*?&@)3&<@_&>5*1/$(*"=$/-&3*";=30&50& /(&1"=15="/3& /)3&
2(0$/$(*& "*%& (,$3*/"/$(*& (>& 3"1)& "003/B& /(& 3#"=5"/3& $*/3,M#$0$;$=$/-& /$630B& "*%& /(& %3/3,6$*3&
h5"=$/-&(>&%-*"6$1&02"/$"=&,3="/$(*0)$20?&
<@_&1"*&;3&503%&>(,&,3"=&/$63&6(*$/(,$*8&(>&(23,"/$(*0&4$/)&=$#3&>33%0&>,(6&03*0(,0&(,&>(,&
6$00$(*&1(*132/&%30$8*&"*%&#$05"=$P"/$(*?&@)3&<3*0(,&A3;&%"/"&"00$6$="/$(*& 0-0/36& >33%0&
65=/$#",$"/3& (;e31/$#3& 63"05,30& /(& "*& <@_& C"/=";& 2=58M$*& F3?8?& $*>(,6"/$(*& 1(*/3*/& >(,&
(;03,#"/$(*&2,$(,$/-&"*%&0-0/36&5*13,/"$*/-&>(,&/",83/&%3>$*$/$(*K?&@)3&/",83/&%3>$*$/$(*&"*%&
2,$(,$/-&",3&/)3*&2"003%&/(&/)3&<@_&<1)3%5=3,&2=58M$*&F(5,&06",/&01)3%5=3,K&/)"/&$0&"4",3&(>&
3"1)&"003/0&1"2";$=$/-&"*%&/)3*&1(*0/,51/0&"*&(2/$6"=&(;03,#"/$(*&01)3%5=3&>(,&3"1)&"003/&$*&
/)3& <3*0(,& A3;?& @)3& <@_& <1)3%5=3,& $0& "& >5==-& $*/38,"/3%& "%%M(*& 6(%5=3& >(,& <@_& /)"/&
2,(#$%30& "& 2(43,>5=& 01)3%5=$*8& "*%& 2="**$*8& "22=$1"/$(*& /(& 6$00$(*& %30$8*3,0& "*%&
(23,"/$(*0& 3*8$*33,0& "=$73?& ]03,0& 1"*& %3>$*3& /"070& "*%& ,3="/3%& ,30(5,13& ,3h5$,363*/0B&
,3h530/& 01)3%5=3& 0(=5/$(*0B& "*%&"*"=-P3& /)3& ,305=/0& /),(58)&"&503,M>,$3*%=-&8,"2)$1"=&503,&
$*/3,>"13& Fb].K& (,& #$"& /)3& N22=$1"/$(*& `,(8,"6& .*/3,>"13& FN`.K?& @)3& <@_& <1)3%5=3,& $0&
2(43,3%&;-&"&01)3%5=$*8&3*8$*3&>,(6&:2/4$03&Q(,2(,"/$(*&/)"/&>$*%0&;3//3,&0(=5/$(*0&$*&"&
0)(,/3,& "6(5*/& (>& /$63& /)"*& /,"%$/$(*"=& )35,$0/$1& "=8(,$/)60?& @)3& 8=(;"=& 03",1)& "=8(,$/)6&
4$/)$*& /)$0& 3*8$*3& $0& ;"03%& (*& *35,"=& *3/4(,7& /31)*(=(8-& /)"/& *(/& (*=-& (5/23,>(,60&
/,"%$/$(*"=&01)3%5=$*8&3*8$*30B&;5/&1"*&>$*%&0(=5/$(*0&/(&=",83,&"*%&6(,3&1(62=3W&2,(;=360?&
<@_&<1)3%5=3,&"==(40&0-0/36&2="**3,0&/(&6"W$6$P3&/)3&#"=53&(>&=$6$/3%&,30(5,130?&9W"62=30&
(>&(/)3,&5030&(>&<@_&>(,&]N^&0-0/360&$*&,3"=M/$63&(23,"/$(*0&"*%&2(0/M6$00$(*&"*"=-0$0&1"*&
;3&>(5*%&(*=$*3&"/&)//2gLL444?"8$?1(6L0(=5/$(*0L0231$"=$P3%N,3"0L5"#L?&&
<(63&1(62=363*/",-&4(,7&$*&;5$=%$*8&9",/)&:;03,#$*8&0$65="/(,0&>(,&63/3(,(=(8-&$0&"=0(&
5*%3,4"-&FO$88$*0&3/&"=?B&HIIXU&_"=;&3/&"=?B&HIIXU&O"=36&3/&"=?B&HIIJU&<3";=(6&3/&"=?B&HIIJK?&@)3&
3*%&2,(%51/&(>&/)303&0/5%$30&4$==&;3&"&i03*0(,&43;&0$65="/(,j&F<A<K&/)"/&4(5=%&(;e31/$#3=-&
h5"*/$>-&/)3&01$3*/$>$1&,3/5,*&(>&"&>5==-&>5*1/$(*"=&6(%3=M%,$#3*&63/3(,(=(8$1"=&03*0(,&43;?&

4.2 Chemical Assimilation System 

@)3& 1)36$1"=& 6(%3=$*8& "*%& "00$6$="/$(*& 0-0/36& 2,(#$%30& 0$/5"/$(*"=& "4",3*300& ;-&
0522=-$*8&/)3&/$63&3#(=5/$(*&(>&5*13,/"$*/-&"*%&$*>(,6"/$(*&1(*/3*/&63/,$10&/)"/&",3&503%&/(&
/3==&50&4)"/&43&*33%&/(&(;03,#3&"*%&/)3&2,$(,$/-&43&0)(5=%&8$#3&/(&/)3&(;03,#"/$(*0?&&
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!"#"$%&$'"()%*+'$)"#,+"-%.()%/#)0$"%1$.,+,",(+%
A3&503&/)3&0/"/3&#31/(,&5*13,/"$*/-&/(&%3>$*3&(5,&/",83/0?&N0&/)3&0/"/3&#31/(,&5*13,/"$*/-&$0&"&
2,(%51/& (>& /)3& 6(%3=$*8& "*%& "00$6$="/$(*& 0-0/36& =3/& 50& 1(*0$%3,& /)3& 6"/)36"/$1"=&
>(,6"=$06&/)"/&43&503?&
.*&/)3&1"03&1(*0$%3,3%&)3,3&/)3&6(%3=&1(*0$0/0&(>&"&0-0/36&(>&1(52=3%&(,%$*",-&%$>>3,3*/$"=&
3h5"/$(*0&F:!90K?&9"1)&:!9&%301,$;30&/)3&/$63&3#(=5/$(*&"/&"&8$#3*&=(1"/$(*&(>&"&1)36$1"=&
1(*0/$/53*/?&.*&(5,&0/"*%",%&1(*>$85,"/$(*&43&1(*0$%3,&>$>/-M3$8)/&"/6(02)3,$1&1(*0/$/53*/0&
1"0/& $*& +"8,"*8$"*& 1((,%$*"/30?& @)3& >$>/-M3$8)/& 1(*0/$/53*/0& 8$#3& "& 1(62,3)3*0$#3&
%301,$2/$(*& (>& /)3& ,3"1/$#3& (W-83*B& )-%,(83*B& *$/,(83*B& 1)=(,$*3B& ;,(6$*3& "*%& 63/)"*3&
1)36$0/,-&(>&/)3&"/6(02)3,3?&A3&503&/)3&3W/3*0$#3=-&#"=$%"/3%&N5/(Q)36&6(%3=&%301,$;3%&
FZ$0)3,& "*%& +",-B& RSSXU& +",-& 3/& "=?B& RSSXU& +",-B& RSSYK?& @)3& 6(%3=& $0& 3W2=$1$/& "*%& 5030& "*&
"%"2/$#3&/$63M0/32B&3,,(,&6(*$/(,$*8&/$63&$*/38,"/$(*&01)363&>(,&0/$>>&0-0/360&(>&3h5"/$(*0&
F</(3,& "*%& G5=$,01)B& HIIHU& `,300B& HIIJK?& N5/(Q)36& 4"0& /)3& >$,0/& 6(%3=& /(& 3#3,& )"#3& /)3&
>"1$=$/-& /(& 23,>(,6& V!& #",$"/$(*"=& %"/"& "00$6$="/$(*& FV!M^",K& FZ$0)3,& "*%& +",-B& RSSXK& "*%&
*(4&"=0(&$*1=5%30&"&_"=6"*&>$=/3,&F_)"//"/(#&3/&"=?B&RSSSU&+",-&3/&"=?B&HII\K?&N5/(Q)36&1"*&
"=0(&"5/(*(6(50=-&2,(#$%3&"*"=-030&(>&/)3&,305=/0&>,(6&/)3&<3*0(,&A3;&"003/0&/(&/)3&503,0?&
N*&3W"62=3&(>&/)3&"*"=-0$0&N5/(Q)36&1"*&2,(#$%3&1"*&;3&>(5*%&"/&444?Q!NQ3*/,"=?$*>(?&

&

Z$85,3&R?&C(%3=$*8&"*%&N00$6$="/$(*&<-0/36&9*8$*33,$*8&!$"8,"6&

N5/(Q)36& $0&cN<N&,3=3"03&0(>/4",3&1(*0/$/5/$*8&"*&"5/(6"/$1& 1(%3&83*3,"/$(*B& 0-6;(=$1&
%$>>3,3*/$"/(,B&"*"=-0$0B&%(1563*/"/$(*B&"*%&43;&0$/3&1,3"/$(*&/((=&>(,&"/6(02)3,$1&1)36$1"=&
6(%3=$*8& "*%& %"/"& "00$6$="/$(*?& Z$85,3& R& $0& "& 01)36"/$1& (>& /)3& 0-0/36& "*%& )(4& /)3&
N5/(Q)36&2=58M$*&>$/0&$*/(&/)3&<3*0(,&A3;?&N5/(Q)36&$0&"&05$/3&(>&Z(,/,"*SI&"*%&C"/=";&
2,(8,"60?&@)3&1(%3&4,$//3*&;-&N5/(Q)36&$0&$*&Z(,/,"*SIB&/)3&%(1563*/"/$(*&$0&4,$//3*&$*&
+"@3k&"*%&/)3*&1(*#3,/3%& /(&`!Z&>$=30B& /)3&43;0$/30&",3&4,$//3*& $*&O@C+&"*%&'"#"<1,$2/?&
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b$#3*& %"/";"030& (>& ,3"1/$(*0& F5*$6(=315=",B& ;$6(=315=",B& /,$6(=315=",B& 2)(/(=-0$0B&
)3/3,(83*3(50& "*%& 1(06$1& ,"-& $(*$P"/$(*K& N5/(Q)36& "5/(6"/$1"==-& 03=31/0& /)3& ,3"1/$(*0&
$*#(=#3%& $*& "& 503,M%3>$*3%& 1(*0/$/53*/& =$0/?& N5/(Q)36& 1"*& 503& (*=$*3& kC+& ,3"1/$(*&
%"/";"030& 6"$*/"$*3%& ;-& c.<@?& N5/(Q)36& /)3*& 1(*0/,51/0& /)3& /$63& %3,$#"/$#30& "*%&
0-6;(=$1"==-&%$>>3,3*/$"/30& /)36& /(& 8$#3& /)3& '"1(;$"*B& "*%& /)3*& 0-6;(=$1"==-&%$>>3,3*/$"/30&
/)3&'"1(;$"*&/(&8$#3&/)3&O300$"*?&N==&/)3&Z(,/,"*SI&1(%3&"*%&"*1$==",-&>$=30&>(,&/)3&>(,4",%&
6(%3=B& $/0& "%e($*/& "*%& "& >5==& _"=6"*& >$=/3,& ",3& "5/(6"/$1"==-& 83*3,"/3%?& @)3& 1(%3& "*%&
%(1563*/"/$(*&83*3,"/$(*& $0&3W/,363=-& >"0/B& /-2$1"==-& /"7$*8& =300& /)"*&"& 031(*%?&A)3*& /)3&
1(%3&83*3,"/$(*& $0&1(62=3/3&"==& /)"/& $0&,3h5$,3%& $0&1(62$="/$(*&4$/)&/)3&0522=$3%&6"73>$=3?&
N5/(Q)36& $0& #3,-& >=3W$;=3& "*%& )"0& "=,3"%-& ;33*& 503%& $*& "& 4$%3& #",$3/-& (>& 7$*3/$1&
"22=$1"/$(*0?&./&)"0&"=0(&;33*&"%"2/3%&>(,&503&4$/)$*&/)3&9",/)&<1$3*13&C(%3=$*8&Z,"634(,7&
F9<CZK?& ./& 1(5=%& "=0(& ;3& 503%& >(,& "& #",$3/-& (>& (/)3,& "22=$1"/$(*0& 051)& "0& 1(6;50/$(*&
6(%3=$*8B&$*/3,0/3==",&1)36$0/,-&"*%&6(%3=$*8&(>&63/";(=$06?&N5/(Q)36&$0&"=0(&3*";=3%&>(,&
/)3&6"1)$*3&=3",*$*8&(>&:!90&/(&"113=3,"/3&/)3&0(=5/$(*&(>&/)3&0/$>>&:!90?&
@)3& 1)36$1"=& _"=6"*& >$=/3,& "==(40& /)3& (2/$6"=& 1(6;$*"/$(*& (>& 6(%3=& 0$65="/$(*0& "*%&
63"05,363*/0& /"7$*8& $*/(& "11(5*/& /)3$,& ,30231/$#3& 5*13,/"$*/$30?& Q(*0$%3,& "& 6(%3=& (>& "&
2)-0$1"=& 0-0/36& ,32,303*/3%& ;-& (23,"/(,& F83*3,"==-& *(*=$*3",K&!B& "*%& =3/& #31/(,& "& 4$/)&
%$63*0$(*&<B&;3&"&03/&(>&$*25/&2","63/3,0&>(,&/)3&6(%3=?&@)303&$*25/&2","63/3,0&",3&503%&/(&
2,3%$1/&/)3&0/"/3&(>&/)3&0-0/36B&#31/(,&#&4$/)&%$63*0$(*&</g&&

& y = M(x) & FRK&

N00563& /)"/& #31/(,& "& ,32,303*/0& /)3& 0/"/3& (>& "& /$63M%323*%3*/& *563,$1"=& 2)(/(1)36$1"=&
6(%3=B&$?3?B&1(*13*/,"/$(*0&(>&6(%3=3%&0231$30&"/&6(%3=&8,$%&2($*/0&$*&/)3&"/6(02)3,3?&.*&/)3&
1"03&(>&"&;(W&6(%3=&/)"/&$*1=5%30&<&0231$30B&/)3&%$63*0$(*&(>&#31/(,&"&4(5=%&;3&<?&&A3&4$==&
*(4& =$6$/& /)3&%$01500$(*& /(& /)3& 1"03&4)3*&!& $0&503%& /(&2,3%$1/& /)3& 0/"/3&(>& /)3& 0-0/36&"/&
0(63&>5/5,3&/$63&>,(6&2"0/&0/"/3&30/$6"/30?&Z(,6"==-B&$*&/)$0&1"03&

& x = xt , y = xt + ∆t & FHK&

& "*%& xt + ∆t = M(t, xt ) & F\K&

+3/&#31/(,&#$&1(*/"$*&(;03,#"/$(*0&(>&/)3&0/"/3?&]05"==-B&/)3&%$63*0$(*&(>&#$&$0&=300&/)"*&</B&
/)3& %$63*0$(*& (>& /)3&6(%3=& 02"13B& 0$*13& *(/& "==&6(%3=& 0231$30& ",3& 505"==-& (;03,#3%?& @)3&
1(**31/$(*&;3/433*&#$&"*%&#&1"*&;3&30/";=$0)3%&/),(58)&/)3&0(M1"==3%&(;03,#"/$(*"=&(23,"/(,&
%g&

& yo = H(y) & FVK&

Q(6;$*$*8&/)3&";(#3&/4(&3h5"/$(*0B&43&83/&

& yo = H(M(x)) & FXK&

A3&*(4&"00563&/)"/&/)"/&/)3&2,(;";$=$/-&%3*0$/-&>5*1/$(*0&"00(1$"/3%&4$/)&"&"*%&#&1"*&;3&
0"/$0>"1/(,-&"22,(W$6"/3%&;-&b"500$"*&>5*1/$(*0g&

& PDF(y) ≈ exp − (x−xt )T C −1 (x−xt )
2( )& FYK&
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4)3,3& 2"& $0& /)3& /,53& #"=53& (>& 2& "*%& 3& $0& /)3& 1(,,302(*%$*8& 3,,(,& 1(#",$"*13& 6"/,$W?& ./0&
%$"8(*"=& 3=363*/0& ",3& /)3& 5*13,/"$*/$30& F0/"*%",%& %3#$"/$(*0K& (>& "B& "*%& /)3& (>>M%$"8(*"=&
3=363*/0&,32,303*/&1(,,3="/$(*&;3/433*&5*13,/"$*/$30&(>&%$>>3,3*/&3=363*/0&(>&#31/(,&"?&@)3&
1(#",$"*13&6"/,$W&3&$0&%3>$*3%&"0&

& C = (x − xt )(x − xt )
T
& FJK&

4)3,3&"*8=3&;,"173/0&,32,303*/&"#3,"8$*8&(#3,&"==&"#"$=";=3&,3"=$P"/$(*0&(>&"?&
Z(,&6(0/&2,"1/$1"=&"22=$1"/$(*0&43&*33%&/(&$*/,(%513&/)3&=$*3",&"22,(W$6"/$(*?&.*&/)3&=$*3",&
"22,(W$6"/$(*& 43& "00563& /)"/& >(,& 06"==& 23,/5,;"/$(*0& (>& /)3& 2","63/3,& #31/(,& )W& /)3&
>(==(4$*8&$0&"22,(W$6"/3=-&/,53g&

& M(x + ∆x) = M(x) + L∆x & FTK&

Z(,6"==-B&&&$0&"&%3,$#"/$#3&(>&!&4$/)&,30231/&/(&"g&

& L = dM
dx

& FSK&

Z(,& 06"==&#",$"/$(*0&(>&"& (*3& 1"*& 0)(4& /)"/& /)3&3#(=5/$(*&(>& 3,,(,& 1(#",$"*13&6"/,$W&'(& $0&
8$#3*&;-g&

& Ct +∆t = LCtL
T + Q & FRIK&

C"/,$W&)&$0&/)3&3,,(,&1(#",$"*13&6"/,$W&$*/,(%513%&/(&/"73&$*/(&"11(5*/&5*13,/"$*/$30&(>&/)3&
6(%3=&1"=15="/$(*0?&@)3&_"=6"*&>$=/3,&3h5"/$(*0&",3&

& xt + ∆t = M(t, xt ) & FRRK&

& Ct + ∆t = LCtL
T + Q& FRHK&

& ˆ x t = xt + CtH
T (HCtH

T + O)−1(yo − Hxt ) & FR\K&

& ˆ C t = Ct + CtH
T (HCtH

T + O)−1HCt & FRVK&

N/&/)3&3*%&(>&3"1)&"*"=-0$0&23,$(%&/)3&6(%3=&#"=53&F"(K&"*%&/)3&1(,,302(*%$*8&(;03,#"/$(*&
F#$K&",3& l6$W3%E& F033& FR\KK&4$/)&43$8)/0& $*#3,03=-&2,(2(,/$(*"=& /(& /)3$,& ,30231/$#3&3,,(,0& /(&

2,(%513& /)3& "*"=-0$0B& ˆ x t ?& @)3*& /)3&6(%3=& $0& $*/38,"/3%& >(,4",%& $*& /$63& 0/",/$*8& >,(6& /)3&
(;/"$*3%& "*"=-0$0?& :*13& "*& (;03,#"/$(*& )"0& ;33*& $*1(,2(,"/3%& $*& /)3&6(%3=B& /)3& "*"=-0$0&
3,,(,& 1(#",$"*13& $0& 52%"/3%& /(& ,3>=31/& /)$0& F033& FRVKK?& .*& /)3& ";03*13& (>& (;03,#"/$(*0B& /)3&
6(%3=&0/"/3& $0&52%"/3%&50$*8& FXKB&4)$=3&3#(=5/$(*&(>& /)3&3,,(,&1(#",$"*13& $0&(;/"$*3%& >,(6&
/)3&=$*3",$P3%&6(%3=&3h5"/$(*0&"0&$*&FRHK?&
.>&*(&(;03,#"/$(*0&",3&"#"$=";=3B&/)3*&

& ˆ x t = xt & FRXK&

& "*%& ˆ C t = Ct & FRYK&
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@)3&%$"8(*"=&3=363*/0&(>&'(&",3&(5,&0/"/3&#31/(,&5*13,/"$*/-&2,(#$%$*8&50&4$/)&"*&(;e31/$#3&
63"05,3&(>&i4)"/&43&%(*E/&7*(4j&"*%&",3&503%&/(&%3>$*3&(5,&/",83/0?&
4+.()5#",(+%3(+"$+"%.()%/#)0$"%6),(),"-%
N&;"0$1&2(0/5="/3&(>&$*>(,6"/$(*&/)3(,-&$0&/)"/&$*>(,6"/$(*&1"*&;3&/,3"/3%&=$73&"&63"05,";=3&
2)-0$1"=&h5"*/$/-B&051)&"0&%3*0$/-&(,&6"00?&Q(*03h53*/=-&43&1"*&1(*0/,51/&"*&(2/$6$P"/$(*&
63/)(%& >(,& 503& $*& (;03,#$*8& 0-0/360& 4)3,3& /)3,3& $0& "*& (;e31/$#3& (2/$6$P"/$(*& >(,&
$*>(,6"/$(*& 1(*/3*/?& @)$0& "==(40& /)3& ;30/& ,3/5,*& (>& $*>(,6"/$(*& >(,& "& 8$#3*& $*#30/63*/& $*&
63"05,$*8&0-0/360?&G"03%&(*&$*>(,6"/$(*&1(*/3*/&"*%&=3#3=&(>&5*13,/"$*/-&43&1"*&1,3"/3&"&
%-*"6$1&(;03,#"/$(*&1(*/,(=&0-0/36&/)"/&"%"2/0&4)"/&63"05,363*/0&",3&6"%3B&4)3,3&/)3-&
",3& 6"%3B& "*%& 4)3*& /)3-& ",3& 6"%3B& $*& "*& (*=$*3& >"0)$(*& /(& 6"W$6$P3& /)3& $*>(,6"/$(*&
1(*/3*/B&6$*$6$P3&/)3&5*13,/"$*/-&$*&1)","1/3,$P$*8&/)3&0-0/36E0&0/"/3&#31/(,?&
N0&"&%-*"6$1&0-0/36&3#(=#30&4$/)&/$63&*(/&"==&(>&/)3&0/"/3&#",$";=30&4$/)$*&/)3&0/"/3&#31/(,&
1(*/"$*&3h5"=&"6(5*/0&(>&$*>(,6"/$(*&F$*>(,6"/$(*&1(*/3*/KB&"*%&*(/&"==&0/"/3&#",$";=30&",3&
7*(4*&/(&/)3&0"63&2,31$0$(*?&./&$0&/)3,3>(,3&1=3",=-&%30$,";=3&/)"/&/)3&(;03,#"/$(*0&6"%3&(>&"&
0-0/36& ;(/)& 1(*/"$*& /)3& 6"W$656& $*>(,6"/$(*& 1(*/3*/& 2(00$;=3& 4$/)& "& 8$#3*& (;03,#$*8&
2="/>(,6& 1"2";$=$/-& ,$A& "==(4& /)3& 0-0/360& 0/"/3& /(& ;3& 1)","1/3,$P3%& 4$/)& "& 6$*$656&
5*13,/"$*/-?&.*>(,6"/$(*&1(*/3*/&$0&"&;,("%&/3,6&/)"/&1(5=%&;3&h5"*/$>$3%&$*&"*-&*56;3,&(>&
4"-0&%323*%$*8&(*&/)3&0-0/36&(,&2,(;=36&;3$*8&0/5%$3%?&@)3,3>(,3B&"=/)(58)&43&%301,$;3&
0(63&0231$>$1&63"05,30&(>&$*>(,6"/$(*&1(*/3*/&>(,&/)3&"/6(02)3,3f0&1)36$1"=&0-0/36B&/)303&
63"05,30&1(5=%&3"0$=-&;3&05;0/$/5/3%&4$/)&"=/3,*"/$#3&63"05,30& /)"/&6"-&;3&6(,3&05$/";=3&
%323*%$*8& (*& /)3& 8$#3*& (;e31/$#30& (>& "*& $*#30/$8"/$(*?& N=/)(58)& 43& %301,$;3& "& 0231$>$1&
3W"62=3& )3,3& >,(6& "/6(02)3,$1& 1)36$0/,-B& /)3& 2,$*1$2=3& $0& 1=3",=-& 6(,3& 83*3,"=?& ./& $0&
058830/3%& /)"/& /)3& 1(*132/0& (>& $*>(,6"/$(*& 1(*/3*/& "*%& 5*13,/"$*/-& 1(5=%& ;3& 503%&
83*3,$1"==-&/(&%3/3,6$*3g&4)"/&0)(5=%&;3&63"05,3%B&4)3*&"*%&4)3,3?&@)50&2,(#$%$*8&"&1(0/&
3>>31/$#3& 0/,"/38-& >(,& 50$*8& ,30(5,130& "*%& 6$*$6$P$*8& /)3& %"/"& 0/(,"83& ,3h5$,3%& $*&
1)","1/3,$P$*8&"&0-0/36&4$/)&"&8$#3*&=3#3=&(>&2,31$0$(*?&
./& $0&#"=5";=3& /(&)"#3&(;e31/$#3&63"05,30&(>& 1)36$1"=& $*>(,6"/$(*& 1(*/3*/B& >(,& 3W"62=3B& /(&
"00$0/& $*& /)3& ;30/& 503& (>& (5,& 3",/)& (;03,#$*8& 0-0/360?& @)$0& $0& 2",/$15=",=-& /,53& "0& 6"*-&
,313*/=-& ="5*1)3%&"*%&0((*&/(&;3&="5*1)3%&,36(/3&03*0$*8&$*0/,563*/0&)"#3&)$8)&0231/,"=&
,30(=5/$(*?& @)3& )$8)& ,30(=5/$(*& (>/3*& 3*";=30& $*%$#$%5"=& 0231/,"=& =$*30& /(& ;3& ,30(=#3%?&
Q(*03h53*/=-& 43& ",3& ";(5/& /(& 3W23,$3*13& "& %,"6"/$1& $*1,3"03& $*& /)3& /(/"=& 1"2"1$/-& 4$/)&
4)$1)& /(& (;03,#3& /)3& "/6(02)3,3?& O(43#3,B& /)$0& 4$==& *(/& ;3& "11(62"*$3%& ;-& /)3&
1(,,302(*%$*8& $*1,3"03& $*& )56"*& ,30(5,130& /(& 2,(1300& F,3/,$3#3K& /)3& %"/"& "*%& 2,(%513&
1(*0/$/53*/&2,(>$=30?&<(&"*-&"00$0/"*13&$*&%$,31/$*8&(5,&"//3*/$(*&4$==&;3&503>5=?&
.*>(,6"/$(*& /)3(,-&)"0&;33*&4$%3=-&"22=$3%&;-&1(665*$1"/$(*&3*8$*33,0&"*%&0(63&(>& $/0&
1(*132/0& )"#3& >(5*%& "22=$1"/$(*& $*& 20-1)(=(8-& "*%& =$*85$0/$10?& @)3& $%3"0& (>& $*>(,6"/$(*&
1(*/3*/&"*%&5*13,/"$*/-&",3&1=(03=-&,3="/3%&"*%&/)3$,&"22=$1"/$(*&/(&"/6(02)3,$1&1(62(0$/$(*&
)"#3& ;33*& ,"/)3,& ="17$*8& /(& %"/3?& @)3,3& ",3& 6"*-& 1(*13$#";=3& 63"05,30& (>& 1)36$1"=&
$*>(,6"/$(*&1(*/3*/&/)"/&1(5=%&;3&503%?&@)3&6(0/&"22,(2,$"/3&4$==&%323*%&(*&/)3&25,2(03&(>&
"& 8$#3*& $*#30/$8"/$(*?& Q="5%3& <)"**(*& F<)"**(*& "*%& A3"#3,B& RSVSU& <)"**(*B& RSSJK&
2,(#$%3%& "& >,"634(,7& >(,& 3*8$*33,0& /(& "22,("1)& 2,(;=360& ,3="/3%& /(& /,"*06$//$*8&
$*>(,6"/$(*&1(*/3*/&/),(58)&1(665*$1"/$(*0&1)"**3=0?&.*&1)36$1"=&0-0/360&43&4(5=%&=$73&
/(&"07&4)"/&",3&/)3&73-&1)36$1"=&2="-3,0m&
7#+8,+0%"9$%:$-%39$5,'#;%6;#-$)<%
@(& 6"73& ;30/& 503& (>& "*-& (;03,#$*8& 0-0/36& $/& $0& 503>5=& /(& 1(*0/,51/& "& ,"*73%& =$0/& (>&
#",$";=30L1(*0/$/53*/0& /)"/& 1)","1/3,$P30& /)3$,& 1)36$1"=& $*>(,6"/$(*& 1(*/3*/?& @)$0& =$0/& $0&
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(;#$(50=-&"&>5*1/$(*&(>&/)3&h530/$(*&"073%&"0&43==&"0&/$63&"*%&=(1"/$(*?&<51)&"*&$*%3W&1(5=%&
;3& ;"03%& (*& "*043,$*8& /)3& h530/$(*& $*& 8($*8& >,(6& /$63& %& /(& /$63& %C-%& 4)"/& ",3& /)3& 73-&
1)36$1"=&2="-3,0m&
+3/& #31/(,& "& ,32,303*/& /)3& 0/"/3& (>& "& /$63M%323*%3*/& 2)(/(1)36$1"=& ;(W& 6(%3=B& $?3?B&
1(*13*/,"/$(*0&(>&"==&6(%3=3%&0231$30&$*&"&2",13=&(>&"$,&"/&"&8$#3*&$*0/"*/?&.*&/)3&1"03&(>&"&;(W&
6(%3=& /)"/& $*1=5%30&<& 0231$30B& /)3&%$63*0$(*&(>&#31/(,&"&4(5=%&;3&<?&@)3&2)(/(1)36$1"=&
;(W&6(%3=&!&%301,$;30&/)3&/,"*0>(,6"/$(*&(>&#31/(,&"&>,(6&/$63&%&/(&/$63&%C-%?&Z(,6"==-B&

& x(t +∆t ) = M (t, xt ) & FRJK&

&

Z$85,3&H&F"K&0)(40&/)3&=$*3",$P3%&6(%3=&6"/,$W&>(,&"&=(1"=&0(=",&/$63&RHgRX&"/&"&2(/3*/$"=&

/3623,"/5,3&(>&VHY&_&F!RT&76K&(*&\I&C",1)&RSSH&"/&\T°<?&F;K&0)(40&/)3&1)36$1"=&$*>(,6"/$(*&
1(*/3*/&$*%3WB&D3?&F1K&0)(40&/)3&$*>(,6"/$(*&$*%3W&2"%D3?&F%K&0)(40&/)3&1(,,302(*%$*8&$*%3W&
;"03%&(*&/)3&6"W$656&#"=53&(>&3=363*/0&(>&9?&.*&F1K&"*%&F%K&/)3&#"=530&)"#3&;33*&
*(,6"=$P3%&;-&/)3&6"W$656&#"=53&(>&2"%D3&&0(&/)"/&/)3&#"=530&,"*83&>,(6&P3,(&/(&(*3?&

N*&3W"62=3&(>&/)3&6(%3=&6"/,$W& $0&0)(4*&$*&Z$85,3&H&F"K?&@)3&>$85,3&0)(40&/)3&=$*3",$P3%&
6(%3=&6"/,$W&>(,&"&=(1"=&0(=",&/$63&RHgRX&"/&"&2(/3*/$"=&/3623,"/5,3&(>&VHY&_&F"*&"=/$/5%3&(>&

"22,(W$6"/3=-& RT& 76K&(*& \I&C",1)& RSSH& "/& \T°<?&@)3&2)(/(1)36$1"=&6(%3=&4"0& 1",3>5==-&
$*$/$"=$P3%&>,(6&"&_"=6"*&>$=/3,&1)36$1"=&%"/"&"00$6$="/$(*&"*"=-030&(>&63"05,363*/0&6"%3&
;-&/)3&N/6(02)3,$1&@,"13&C(=315=3&<231/,(01(2-&9W23,$63*/&FN@C:<K&$*0/,563*/&FN/="0M
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RK?&@)$0&6(%3=&0$65="/$(*&0$65=/"*3(50=-&"8,33%&4$/)&N@C:<&N/="0MR&(;03,#"/$(*0&(>&:\B&
c:B&c:HB&cH:XB&Oc:\B&O:Hc:HB&OQcB&Q=:c:HB&OQ=B&OH:B& Q:B& Q:HB& QOVB& "*%&cH:& /(&
4$/)$*& /)3& (;03,#"/$(*& "*%& 6(%3=& 5*13,/"$*/$30?& @)3& "*"=-030& "*%& $/0& ,3=$";$=$/-& 4"0&
%301,$;3%&$*&%3/"$=&$*&F+",-&3/&"=?B&HII\K?&
&

&
./&1"*&;3&033*&/)"/&0(63&,(40&(>&!&F"*&3W"62=3&$0&$*&Z$85,3&H&F"KK&051)&"0&/)3&(*3&>(,&:\&)"#3&
6"*-&6(,3& 0$8*$>$1"*/& 3=363*/0& /)"*&(/)3,0B& $?3?&)$8)=$8)/$*8& /)3& >"1/& /)"/& $/& $0& 15,,3*/=-&"&

Z$85,3&\?&@)3&1)36$1"=&$*>(,6"/$(*&1(*/3*/&1)"*830&4$/)&/$63&"*%&=(1"/$(*?&@)3&2"*3=0&
0)(4&0(63&3W"62=30&(>&)(4&/)3&$*>(,6"/$(*&$*%3W&1)"*830&4$/)&/$63&F"/&RX&6$*5/3&

$*/3,#"=0K&"*%&=(1"/$(*&$*&"&#3,/$1"=&2,(>$=3&"/&\T°<&
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73-&2="-3,&$*&/)3&%-*"6$1"==-&3#(=#$*8&0-0/36?&A3&1"*&503&/)$0&/(&1(*0/,51/&"*&$*>(,6"/$(*&
1(*/3*/&$*%3WB&D3?&

& I c = M (i, j)
i

' & FRTK&

4)3,3&#&"*%&E&,3>3,&/(&/)3&,(40&"*%&1(=56*0&(>&!?&N*&3W"62=3&(>&/)$0&$*>(,6"/$(*&1(*/3*/&
$*%3WB&D3B&$0&0)(4*&$*&Z$85,3&H&F;K&1(,,302(*%$*8&/(&/)3&6(%3=&6"/,$WB&!B&0)(4*&$*&Z$85,3&H&
F"K?&N0&(*3&4(5=%&3W231/&:\&1(630&(5/&"/&/)3&/(2&(>&/)3&=$0/?&@)3&(,%3,&(>&/)$0&=$0/&$0&"&,"/)3,&
0/,(*8&>5*1/$(*&(>&/$63&"*%&=(1"/$(*?&
.>& 43& *(4& 056& /)3& $*%3W& D3& "/& 3"1)& 8,$%& 2($*/& $*& "& #3,/$1"=& 2,(>$=3& "*%& "/& 3"1)& /$63&
/),(58)(5/&"&%$5,*"=&1-1=3&43&83/&"&1(62(0$/3&$*%3W&(>&/)3&0231$30&,(=3&/),(58)(5/&/)3&%"-?&

& TotI c = I c' & FRSK&

N*& 3W"62=3& (>& /)$0& $0& 0)(4*& $*& Z$85,3& H& F1K?& @)3& #"=530& )"#3& ;33*& *(,6"=$P3%& ;-& /)3&
6"W$656&#"=53&(>&2"%D3& 0(&/)"/& /)3&#"=530&,"*83&>,(6&P3,(&/(&(*3?&:*3&;3$*8&/)3&8,3"/30/&
$*>(,6"/$(*&1(*/3*/B&P3,(&;3$*8&/)3&=3"0/?&Z(,&0(63&0231$30&/)3$,&$62(,/"*13&$0&0)(,/3,&=$#3%&
F$?3?& *(/& 0(& 23,0$0/3*/B& /)3-& ",3& $62(,/"*/& >(,& e50/& "& 0)(,/&4)$=3B& >(,& /)303& 0231$30& 50$*8& "&
%3>$*$/$(*&;"03%&(*&/)3&6"W$656&#"=53&(>&3=363*/0&(>&!& $0&6(,3&05$/";=3?&N*&3W"62=3&(>&
/)$0&$0&0)(4*&$*&Z$85,3&H&F%K?&
@)3&,"*7$*8&(>&0231$30&2,(#$%3%&$0&03*0$;=3B&4)3*&0(,/3%&$*&(,%3,&(>&6"W$656&2"%D3&/)3&/(2&
RI& 0231$30& ",3& :\B& O:HB& c:HB& Q=:B& QO\::B& OQO:B& c:B& G,:B& "*%& OH:?& A3& 033& 73-&
,32,303*/"/$#30& (>& 1",;(*B& *$/,(83*B& )-%,(83*B& "*%& ;,(6$*3& 0231$30& ,36$*%$*8& 50& )(4&
1(52=3%& "/6(02)3,$1& 1)36$0/,-& $0?& ./& $0& $*/3,30/$*8& /)"/& /4(& (>& /)3& /(2& /3*& ",3& 23,(W-&
,"%$1"=0B&*56;3,&/),33&$0&O:H&"*%&*56;3,&0$W&$0&QO\::?&Z$85,3&\&0)(40&)(4&/)3&1)36$1"=&
$*>(,6"/$(*&1(*/3*/&1)"*830&4$/)&/$63&"*%&=(1"/$(*&>(,&/3*&(>&/)3&0231$30&4$/)&/)3&)$8)30/&
$*>(,6"/$(*&1(*/3*/?&@)3&2"*3=0&0)(4&0(63&3W"62=30&(>&)(4&/)3&$*>(,6"/$(*&$*%3W&1)"*830&

4$/)&/$63&F"/&RX&6$*5/3&$*/3,#"=0K&"*%&=(1"/$(*&>(,&"&#3,/$1"=&2,(>$=3&"/&\T°<?&&
./& $0& $*/3,30/$*8& /(& *(/3& /)"/& ;(/)& /)3& 5*13,/"$*/-& 503%& /(& %3>$*3& /)3& /",83/0& "*%& /)3&
$*>(,6"/$(*&1(*/3*/&503%& /(&%3>$*3& /)3&2,$(,$/$30& 1"*&;3&"&0/,(*8& >5*1/$(*&(>&"=/$/5%3?&@)$0&
362)"0$P30& /)"/& ,3"=& /$63& %$"8*(0$0& (>& /)303& 63/,$10& $0& 6(,3& "%#"*/"83(50& /)"/& "& 2,$(,$&
2,301,$2/$(*?&
=%>-?),@%=AA)(#'9%
A3&*(/3%&3",=$3,&/)"/&"*&"5/(*(6(50&0-0/36&1(5=%&)"#3&65=/$2=3&6(%30&(>&(23,"/$(*?&<(&$/&
$0&h5$/3&1(*13$#";=3& /)"/& /)3&63/,$10&503%&";(#3& >(,& /",83/& 03=31/$(*&"*%&2,$(,$/-&;"03%&(*&
5*13,/"$*/-&"*%&$*>(,6"/$(*&1(*/3*/&1(5=%&;3&503%&$*&%$>>3,3*/&4"-0?&Z(,&3W"62=3B&%5,$*8&
/)3& #"=$%"/$(*& 1"62"$8*& (>& "& *34& $*0/,563*/& 43& 6"-& 4"*/& /(& /",83/& ,38$(*0& 4)3,3& 43&
7*(4&/)3&0/"/3&(>& /)3&0-0/36&4$/)&/)3&)$8)30/&2,31$0$(*&>(,&(5,&#"=$%"/$(*?& .*& /)$0&1"03&43&
4(5=%&503&/",83/0&%3>$*3%&;-&/)3&6$*$6"&$*&(5,&0/"/3&#31/(,&5*13,/"$*/-?&Q(*#3,03=-B&%5,$*8&
,(5/$*3&(23,"/$(*&43&4(5=%& =$73& /)3&(;03,#$*8&0-0/36& /(&;3&"%"2/$#3=-& ,3%51$*8& /)3& /(/"=&
5*13,/"$*/-B&0(&4(5=%&503&/",83/0&%3>$*3%&(*&/)3&6"W$6"&$*&(5,&0/"/3&#31/(,&5*13,/"$*/-?&
@"7$*8& /)$0& (*3& 0/32& >5,/)3,B& $/& 6"-& ;3& (>& 503& /(& )"#3& >3"/5,3& ,31(8*$/$(*& "0& 2",/& (>& /)3&
/",83/$*8?& Z(,& 3W"62=3B&43&6"-& ;3& >(150$*8& (*& 0)$2& /,"170B& (,& e3/& 0/,3"70& $*& /)3&43"/)3,&
0-0/360?& .*& /)$0& 1"03&43& 1"*& 1(6;$*3& /)3& "22,("1)30& ;-& 1)((0$*8B& >(,& 3W"62=3B& /)3& 0)$2&
/,"170&4)3,3&43&)"#3&/)3&)$8)30/&$*>(,6"/$(*&1(*/3*/&"*%&5*13,/"$*/-?&



Aerial Vehicles 

&

388 

5. Future Directions 

N0& %"/"& #(=5630& $*1,3"03& 1(665*$1"/$(*& ;"*%4$%/)& ;31(630& "*& $*1,3"0$*8=-& $62(,/"*/&
1(*0$%3,"/$(*?&@)$0& 1"*&;3&6"%3&2",/& (>& /)3&65=/$M(;e31/$#3&(2/$6$P"/$(*?& ./& $0& 1(*13$#";=3&
/)"/& /)3&%$0/,$;5/3%& 03*0(,&43;&"=0(&;31(630&2",/&(>& /)3&1(665*$1"/$(*0&*3/4(,7& >(,& /)3&
0-0/36?&&

6. Conclusion 

A3& )"#3& %301,$;3%& )(4& 0$/5"/$(*"=& "4",3*300& 1"*& ;3& $*/38,"/3%& $*/(& "*& "5/(*(6(50&
(;03,#$*8& 0-0/36& ;-& $*1(,2(,"/$*8& (5,& /)3(,3/$1"=& "*%& (;03,#"/$(*"=& 7*(4=3%83& (>& /)3&
0-0/36?&C3/,$10& (>&4)"/&43&%(&*(/& 7*(4& F0/"/3& #31/(,& 5*13,/"$*/-K& 1"*&;3&503%& /(&%3>$*3&
4)"/&43&*33%&/(&63"05,3&"*%&/)3&,3h5$,3%&6(%3B&/$63&"*%&=(1"/$(*&(>&/)3&(;03,#"/$(*0?&@)3&
6"/)36"/$1"=&>(,6"=$06&(>&%"/"&"00$6$="/$(*&2,(#$%30&50&4$/)&/)3&0/"/3&#31/(,&5*13,/"$*/-?&
C3/,$10&(>&)(4& $62(,/"*/& $/& $0& /(&7*(4&/)$0& $*>(,6"/$(*& F$*>(,6"/$(*&1(*/3*/K&",3&503%& /(&
"00$8*& "& 2,$(,$/-& /(& 3"1)& (;03,#"/$(*?& N& ;"0$1& 2(0/5="/3& (>& $*>(,6"/$(*& /)3(,-& $0& /)"/&
$*>(,6"/$(*& 1"*& ;3& /,3"/3%& =$73& "&63"05,";=3& 2)-0$1"=& h5"*/$/-B& 051)& "0& %3*0$/-& (,&6"00?&
Q(*03h53*/=-&43&1"*&1(*0/,51/&"*&(2/$6$P"/$(*&63/)(%&>(,&503&$*&(;03,#$*8&0-0/360&4)3,3&
/)3,3& $0& "*& (;e31/$#3& (2/$6$P"/$(*& >(,& $*>(,6"/$(*& 1(*/3*/?& @)$0& "==(40& /)3& ;30/& ,3/5,*& (>&
$*>(,6"/$(*&>(,&"&8$#3*&$*#30/63*/&$*&63"05,$*8&0-0/360?&G"03%&(*&$*>(,6"/$(*&1(*/3*/&"*%&
=3#3=&(>&5*13,/"$*/-&43&1"*&1,3"/3&"&%-*"6$1&(;03,#"/$(*&1(*/,(=&0-0/36&/)"/&"%"2/0&4)"/&
63"05,363*/0& ",3& 6"%3B& 4)3,3& /)3-& ",3& 6"%3B& "*%& 4)3*& /)3-& ",3& 6"%3B& $*& "*& (*=$*3&
>"0)$(*&/(&6"W$6$P3&/)3&$*>(,6"/$(*&1(*/3*/B&6$*$6$P3&/)3&5*13,/"$*/-&$*&1)","1/3,$P$*8&/)3&
0-0/36E0& 0/"/3& #31/(,?& @)3&63/,$10& ",3& 2"003%& $*& ,3"=& /$63& /(& /)3& <3*0(,&A3;& (;03,#"/$(*&
01)3%5=3,&/(&$62=363*/&/)3&(;03,#"/$(*&2="*&>(,&/)3&*3W/&(;03,#$*8&1-1=3?&
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,302(*03&$*&1((23,"/$#3&5*6"**3%&"3,$"=&#3)$1=3&F]N^K&/3"60?&D+++&2),$0,3%#"$0&
"$&./0%(10&9,$&,$A&'/Y()$(%#30&F,)%&:K'/Y()$(%#30;&\YB&XJRMXTJ?&

'()*0(*B&+?Z?B&O3,4$/PB&<?d?B&+(;$/PB&G?C?&n&!5*"8"*B&<?9?&FHIIVK&Z3"0$;$=$/-&(>&6(*$/(,$*8&
1(>>33& >$3=%& ,$23*300&4$/)&"$,;(,*3&65=/$0231/,"=& $6"83,-?&=PP4#(A&+$5#$(()#$5& #$&
=5)#3M4%M)(;&HIB&TVXMTVS?&

_"=;B&C?B&O$88$*0B&b?B&C")(*3-B&d?B&+5/PB&d?B&C"57B&d?B&<3";=(6B&C?&n&@"=";"1B&<?&FHIIXK&
N,1)$/31/5,3& #$0$(*& "*%& /31)*(=(8$30& >(,& 2(0/Mc`:9<<& 43"/)3,& 2,3%$1/$(*&
0-0/36g& @4(M4"-& $*/3,"1/$#3& (;03,#$*8& "*%& 6(%3=$*8?& +$,Y4#$5& .($0")& ,$A&
F4,%*")1&2(3-$"4"5#(0&*")&.P,3(Y")$(&X(1"%(&.($0#$5;&XYXSB&HHRMH\H?&

_"=6"*B&d?9?& FRSYHK&Q"*(*$1"=&</,51/5,3&(>&+$*3",&!-*"6$1"=& <-0/360?&F)"3((A#$50& "*& %-(&
<,%#"$,4&=3,A(1/&"*&.3#($3(0&"*&%-(&8$#%(A&.%,%(0&"*&=1()#3,;&VTB&XSYMn?&

_"=*"-B& 9?B& _"*"6$/05B&C?B& _$0/=3,B& d?B& Q(==$*0B&A?B& !3"#3*B& !?B& b"*%$*B& +?B& .,3%3==B& C?B&
<")"B&<?B&A)$/3B&b?B&A((==3*B&'?B&a)5B&[?B&Q)3==$")B&C?B&9;$05P"7$B&A?B&O$88$*0B&A?B&
'"*(4$"7B&'?B&C(B&_?Q?B&d(23=3407$B&Q?B&A"*8B&'?B&+33/6""B&N?B&d3-*(=%0B&d?B&'3**3B&
d?&n&'(032)B&!?&FRSSYK&@)3&cQ9`LcQNd&VIM-3",&,3"*"=-0$0&2,(e31/?&:M44(%#$&"*&%-(&
=1()#3,$&9(%(")"4"5#3,4&."3#(%/;&JJB&V\JMVJR?&

_"6"=B&A?N?B&b5B&!?A?&n&`(0/=3/)4"$/3B&.?&FHIIXK&d3"=&/$63&/,"e31/(,-&2="**$*8&>(,&]N^0&
50$*8&C.+`?&NOOR&ZZ%-&D+++&'"$*()($3(&"$&U(3#0#"$&,$A&'"$%)"4&`&+M)"P(,$&'"$%)"4&
'"$*()($3(;&J"40&GKIB&\\TRM\\TY?&

_"60$17"0B&b?C?&n&A",%B&'?c?&FHII\K&!3#3=(2$*8&]b^0&>(,&/)3&ZQ<&2,(8,"6?&8$1,$$(A&
?)"M$A&J(-#34(&2(3-$"4"5/&J;&XIT\B&HJJMHTV?&

_3==-B&N?B& </3*/PB&N?B&N6$%$B&:?B&G(%3B&C?B&G,"%=3-B&!?B&!$"PMQ"=%3,(*B&N?B&O"22(=%B&C?B&
O3,6"*B&O?B&C"*%3=;"56B&d?B&`$=",07$B&@?B&d"*%3,B&`?B&@)"-3,B&<?B&^"==$%$0B&c?&n&
A",*3,B& d?& FHIIYK& @(4",%& ,3=$";=3& (>>& ,("%& "5/(*(6(50& #3)$1=30& (23,"/$*8& $*&
1)"==3*8$*8&3*#$,(*63*/0?&D$%()$,%#"$,4&!"M)$,4&"*&X"Y"%#30&X(0(,)3-;&HXB&VVSMVT\?&

_)"//"/(#B& G?^?B& b$==3B& '?Q?B& +-e"7B& +?^?B& G,"0035,B& b?`?B& !#(,/0(#B& ^?+?B& d(1)3B& N?9?& n&
A"/3,0B& '?A?& FRSSSK& N00$6$="/$(*& (>& 2)(/(1)36$1"==-& "1/$#3& 0231$30& "*%& "& 1"03&
"*"=-0$0& (>& ]Nd<& %"/"?& !"M)$,4& "*& ?("P-/0#3,4& X(0(,)3-K=%1"0P-()(0;& RIVB& RTJRXM
RTJ\J?&

_$*8B&9?B&_54"/"B&[?B&N=$8)"*;",$B&C?B&G3,/5113==$B&+?&n&O(4B& '?& FHIIVK&Q((,%$*"/$(*&"*%&
1(*/,(=& 3W23,$63*/0& (*& "&65=/$M#3)$1=3& /30/;3%?&F)"3((A#$50& "*& %-(& NOOZ&=1()#3,$&
'"$%)"4&'"$*()($3(;&J"40&GKLB&X\RXMX\HI?&

_$*8B& 9?B& _54"/"B& [?& n& O(4B& '?`?& FHIIYK& 9W23,$63*/"=& %36(*0/,"/$(*& (>& 1((,%$*"/3%&
1(*/,(=& >(,& 65=/$M#3)$1=3& /3"60?& D$%()$,%#"$,4& !"M)$,4& "*& ./0%(10& .3#($3(;& \JB& \TXM
\ST?&

_(=%$*8B& '?& n& `(5=$(/B& C?& FRSSJK& G$,%& %(8g& Q(52=$*8& /)3& +(*8;(4& N2"1)3F@CK& "//"17&
)3=$1(2/3,& 4$/)& "*& 5*6"**3%& "3,$"=& #3)$1=3?& =1()#3,$& b(4#3"P%()& ."3#(%/& K& RT)A&
=$$M,4&@")M1&F)"3((A#$50;&J"40&G&,$A&NB&HTRMHTJ?&

_,$0)*"65,/)-8(2"="*B&N?B&!"#",$B&N?&n&C"*$0)B&N?&FHIIXK&:2/$6"=&2"/)&2="**$*8&>(,&"*&
5*6"**3%&"3,$"=&#3)$1=3?&F)"3((A#$50&"*&%-(&2-#)%/K.(^($%-&."M%-(,0%()$&./1P"0#M1&
"$&./0%(1&2-(")/B&HXTMHYR?&
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_5*1)3#B& ^?B& '"$*B& +?B& .#"*13#$1B& ^?& n& Z$**B& N?& FHIIYK& `"/)& 2="**$*8& "*%& (;0/"1=3&
"#($%"*13& >(,& "5/(*(6(50&6(;$=3& ,(;(/0g& N& ,3#$34?&c$"V4(A5(K:,0(A& D$%(44#5($%&
D$*")1,%#"$&,$A&+$5#$(()#$5&./0%(10;&F%&N;&F)"3((A#$50;&VHXHB&X\JMXVV?&

+"6(*/B&b?G?B&<=3",B&'?c?&n&C3=3*%3PB&_?&FHIIJK&]N^&04",6&6$00$(*&2="**$*8&"*%&,(5/$*8&
50$*8& 65=/$M(;e31/$#3& 3#(=5/$(*",-& "=8(,$/)60?& NOOQ& D+++& ./1P"0#M1& "$&
'"1PM%,%#"$,4&D$%(44#5($3(&#$&9M4%#K')#%()#,&U(3#0#"$&9,W#$5B&RIMHI?&

+",-B& !?'?& FRSSYK& b"0& 2)"03& "/6(02)3,$1& ;,(6$*3& 2)(/(1)36$0/,-?& !"M)$,4& "*& ?("P-/0#3,4&
X(0(,)3-K=%1"0P-()(0;&RIRB&RXIXMRXRY?&

+",-B& !?'?B& Q)$223,>$3=%B&C?`?& n& @(56$B& d?& FRSSXK& @)3& `(/3*/$"=& .62"1/& (>& /)3& d3"1/$(*&
:)oQ=:MpOQ=o:H& (*& `(=",& :P(*3& `)(/(1)36$0/,-?& !"M)$,4& "*& =%1"0P-()#3&
'-(1#0%)/;&HRB&YRMJS?&

+",-B&!?'?B&_)"//"/(#B&G?&n&C500"B&O?[?&FHII\K&Q)36$1"=&%"/"&"00$6$="/$(*g&N&1"03&0/5%-&(>&
0(=",& (115=/"/$(*& %"/"& >,(6& /)3& N@+N<& R& 6$00$(*& (>& /)3& N/6(02)3,$1& @,"13&
C(=315=3& <231/,(01(2-& 9W23,$63*/& FN@C:<K?& !"M)$,4& "*& ?("P-/0#3,4& X(0(,)3-K
=%1"0P-()(0;&RIT?&

+33B&!?'?B&G3",%B&d?A?B&C3,,3==B&`?Q?&n&a)"*B&`?Q?&FHIIVK&<33&"*%&"#($%"*13&;3)"#$(,0&>(,&
"5/(*(6(50&*"#$8"/$(*?&9"Y#4(&X"Y"%0&\^##;&XYISB&H\M\V?&

+3#$*B&9?B&_52$31B&<?B&Z(,,30/3,B&@?B&!3;"173,B&N?&n&'"**0(*B&@?&FHIIHK&b.<M;"03%&]N^&,3"=M
/$63& 2"/)& 2="**$*8& "*%& *"#$8"/$(*?& .($0")0;& ,$A& '"11,$A;& '"$%)"4;&
'"11M$#3,%#"$0& ,$A& D$%(44#5($3(& 6'TG7& 2(3-$"4"5#(0& *")& b"1(4,$A& U(*($0(& ,$A& d,V&
+$*")3(1($%;&VJITB&HSYM\I\?&

+$B& A?& n& Q"00"*%,"0B& Q?b?& FHIIYK& Q3*/,"=$P3%& "*%& %$0/,$;5/3%& 1((23,"/$#3& d313%$*8&
O(,$P(*& 1(*/,(=& (>& "5/(*(6(50& #3)$1=3& 6$00$(*0?& 9,%-(1,%#3,4& ,$A& '"1PM%()&
9"A(44#$5;&V\B&RHITMRHHT?&

C"%%5="B& @?B&C$*"$B&N?N?&n& `(=-1",2(5B&C?C?& FHIIVK&C5=/$M/",83/& "00$8*63*/& "*%& 2"/)&
2="**$*8& >(,& 8,(520& (>& ]N^0?& X(3($%& U(^(4"P1($%0& #$& '""P(),%#^(& '"$%)"4& ,$A&
[P%#1#],%#"$;&\B&HYRMHJH?&

C")=3,B& d?`?& n& `,"0"*/)B& d?_?& FHIIHK& @31)*(=(8$30& >(,& 5*$>$3%& 1(==31/$(*& "*%& 1(*/,(=& (>&
]QN^0?&.#5$,4&F)"3(00#$5;&.($0")&@M0#"$;&,$A&2,)5(%&X(3"5$#%#"$&\#;&VJHSB&SIMRIR?&

C1$**30B&Q?d?&FHII\K&^3=(1$/-&>$3=%&2"/)M2="**$*8&>(,&0$*8=3&"*%&65=/$2=3&5*6"**3%&"3,$"=&
#3)$1=30?&=()"$,M%#3,4&!"M)$,4;&RIJB&VRSMVHY?&

C3*",%B& d?B& Q()*B& <?9?B& Q)"*8B& +?`?& n& +-0/3,B& `?C?& FHIIIK&N00$6$="/$(*& (>& 0/,"/(02)3,$1&
1)36$1"=& /,"13,&(;03,#"/$(*0&50$*8&"&_"=6"*& >$=/3,?&`",/& .g&Z(,65="/$(*?&9"$%-4/&
a(,%-()&X(^#(V;&RHTB&HYXVMHYJR?&

C$==3,B&d?O?&n&+",03*B&C?+?& FHII\K&:2/$6"=& >"5=/&%3/31/$(*&"*%& $0(="/$(*& >$=/3,0& >(,& >=$8)/&
#3)$1=3&23,>(,6"*13&6(*$/(,$*8?&NOOT&D+++&=()"0P,3(&'"$*()($3(&F)"3((A#$50;&J"40&
GKIB&\RSJM\HI\?&

C(,,(4B&C?@?B&A((=03-B&Q?N?&n&O"83,6"*B&b?C?&FHIIYK&9W2=(,$*8&/$/"*&4$/)&"5/(*(6(50B&
;5(-"*1-&%,$#3*&8=$%3,0?&!Y#0K!"M)$,4&"*&%-(&:)#%#0-&D$%()P4,$(%,)/&."3#(%/;&XSB&HJM\V?&

C5,2)3-B&d?N?&n&:f*3"=B& '?_?& FHIIHK&N&1((23,"/$#3&1(*/,(=& /30/;3%&",1)$/31/5,3&>(,&06",/&
=($/3,$*8& 43"2(*0?&F)"3((A#$50& "*& %-(& @#*%-& D$%()$,%#"$,4& '"$*()($3(& "$& D$*")1,%#"$&
@M0#"$;&J"4&DB&YSVMYSS?&

c"/","e"*B&b?& FHIIRK&b,(5*%& 1(*/,(=& 0/"/$(*0& >(,& 5*6"**3%& "$,& #3)$1=30?&U(*($3(& .3#($3(&
!"M)$,4;&XRB&HHSMH\J?&
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c$7(=(0B& .?_?B&^"="#"*$0B&_?`?B&@0(5,#3=(5%$0B&c?Q?&n&_(0/","0B&N?c?& FHII\K&9#(=5/$(*",-&
"=8(,$/)6& ;"03%& (>>=$*3L(*=$*3& 2"/)& 2="**3,& >(,& ]N^& *"#$8"/$(*?& D+++&
2),$0,3%#"$0&"$&./0%(10&9,$&,$A&'/Y()$(%#30&F,)%&:K'/Y()$(%#30;&\\B&TSTMSRH?&

c(/)B&N?B&9*83=B&A?&n&<$384",/B&d?&FHIIYK&!30$8*&(>&"*&5=/,"M=$8)/43$8)/&"5/(*(6(50&0(=",&
"$,2="*3&>(,&1(*/$*5(50&>=$8)/?&@#(4A&,$A&.()^#3(&X"Y"%#30;&HXB&VVRMVXH?&

:*(0"/(B&C?B&@"7365,"B&Z?B&c(*"6$B&_?B&_"4";"/"B&_?B&C$5,"B&_?&n&c"7"*$0)$B&O?& FHIIYK&
N3,$"=& ,(;(/0& >(,& h5$17& $*>(,6"/$(*& 8"/)3,$*8& $*& ]<Nd?& NOOL& .#3(KD3,0(&
D$%()$,%#"$,4&!"#$%&'"$*()($3(;&J"40&GKGTB&RXSHMRXSX?&

`3)=$#"*(8=5B&[?^?B&G"-0"=B&:?&n&O"1$(8=5B&N?&FHIIJK&`"/)&2="**$*8&>(,&"5/(*(6(50&]N^&
#$"& #$;,"/$(*"=& 83*3/$1& "=8(,$/)6?&=#)3),*%& +$5#$(()#$5& ,$A& =()"0P,3(& 2(3-$"4"5/;&
JSB&\XHM\XS?&

`3)=$#"*(8=5B& [?^?& n& O"1$(8=5B& N?& FHIIJK& ^$;,"/$(*"=& 83*3/$1& "=8(,$/)6& ;"03%& 2"/)&
2="**3,& >(,& "5/(*(6(50& ]N^& $*& 02"/$"=& %"/"& ;"03%& 3*#$,(*63*/0?& NOOQ& T)A&
D$%()$,%#"$,4&'"$*()($3(&"$&X(3($%&=A^,$3(0&#$&.P,3(&2(3-$"4"5#(0;&J"40&G&,$A&NB&XJ\M
XJT?&

`3,00(*B& C?& FHIIHK& ^$05"=M03,#($*8& ;"03%& /,"17$*8& >(,& "*& ]N^& $*& "& \!& 0$65="/$(*&
3*#$,(*63*/?&=3eM#0#%#"$;&2),3W#$5;&,$A&F"#$%#$5&\^#;&VJRVB&YXMJX?&

`3//3,00(*B&`?:?&n&!()3,/-B& `?& FHIIYK&`,(;";$=$0/$1& ,("%6"2&;"03%&2"/)&2="**$*8& >(,& "*&
"5/(*(6(50&5*6"**3%&)3=$1(2/3,?&!"M)$,4&"*&D$%(44#5($%&`&@M]]/&./0%(10;&RJB&\SXM
VIX?&

`$3=73B& d?N?B& Q(//(*B& A?d?B& A"=7(B& d?+?B& @,36;"17B& Q?'?B& +-(*0B& A?N?B& b,"00(B& +?!?B&
c$1)(==0B&C?9?B&C(,"*B&C?!?B&A30=3-B&!?N?B& +33B& @?'?&n&Q(23="*%B& '?O?& FRSSHK&N&
Q(62,3)3*0$#3& C3/3(,(=(8$1"=& C(%3=$*8& <-0/36& M& d"60?& 9(%(")"4"5/& ,$A&
=%1"0P-()#3&F-/0#30;&VSB&YSMSR?&

`="=3B&G?B&b"**(*B&!?B&G,(/P83B&'?B&!,(38363$3,B&_?B&_5,(03B&'?B&C1="58)=$*B&!?B&A$=)3=60(*B&
d?B&b,"#30B&<?B&d"6"65,/)-B&C?B&Q=",7B&d?!?B&["=%"B&<?B&d33%B&!?N?B& '(032)B&9?&n&
Q)"*%,"037",B&^?&FHIIYK&QN<N&"*%&+9N!g&N%"2/$#3&1-;3,$*>,"0/,51/5,3&>(,&,3"=M
/$63&65=/$01"=3&43"/)3,&>(,31"0/$*8?&'"1PM%();&\SB&XYMo?&

`(*825*4"//"*"B&N?B&A$03B&d?B&d-0%-7B&d?&n&_"*8B&N?'?& FHIIYK&C5=/$M#3)$1=3&1((23,"/$#3&
1(*/,(=&>=$8)/&/30/?&NOOL&D+++>=D==&NR%-&U#5#%,4&=^#"$#30&./0%(10&'"$*()($3(;&J"40&GK&
TB&JTRMJSR?&

`,300B&A?O?&FHIIJK&<M1()#3,4&)(3#P(0& S&%-(&,)%&"*&03#($%#*#3&3"1PM%#$5;&Q"6;,$%83B&]_&U&c34&
[(,7B&Q"6;,$%83&]*$#3,0$/-&`,300?&

d">$B& Z?B& _)"*B& <?B& <)">$hB& _?& n& <)")B& C?& FHIIYK& N5/(*(6(50& /",83/& >(==(4$*8& ;-&
5*6"**3%&"3,$"=&#3)$1=30&M&",/?&*(?&YH\IRI?&

d$1)",%0B& N?& n&O(4B& '?& FHIIVK& N& %313*/,"=$P3%& "=8(,$/)6& >(,& ,(;50/& 1(*0/,"$*3%&6(%3=&
2,3%$1/$#3& 1(*/,(=?& F)"3((A#$50& "*& %-(& NOOZ& =1()#3,$& '"$%)"4& '"$*()($3(;& J"40& GKLB&
VHYRMVHYY?&

d(;3,/0B& d?<?B& _3*/B& Q?N?B& Q5**$*8)"6B& Q?@?& n& '(*30B& 9?!?& FHII\K& ]N^& 1((23,"/$(*&
",1)$/31/5,30& >(,& 23,0$0/3*/& 03*0$*8?& .($0")0;& ,$A& '"11,$A;& '"$%)"4;&
'"11M$#3,%#"$0;& ,$A& D$%(44#5($3(& 6'T#7& 2(3-$"4"5#(0& *")& b"1(4,$A& U(*($0(& ,$A& d,V&
+$*")3(1($%&D#;&XIJRB&\IYM\RV?&

d-"*B&N?&n&O3%,$17B&'?_?&FHIIXK&N&6(%3M04$/1)$*8&2"/)&2="**3,&>(,&]N^M"00$0/3%&03",1)&
"*%&,30153?&NOOR&ZZ%-&D+++&'"$*()($3(&"$&U(3#0#"$&,$A&'"$%)"4&`&+M)"P(,$&'"$%)"4&
'"$*()($3(;&J"40&GKIB&RVJRMRVJY?&
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d-"*B& N?B& @$0%"=3B& '?B& b(%4$*B& C?B& Q("//"B& !?B& c85-3*B& !?B& <2,-B& <?B& <3*852/"B& d?& n&
O3%,$17B& '?_?& FHIIJK& !313*/,"=$P3%& 1(*/,(=& (>& 5*6"**3%& "3,$"=& #3)$1=3&
1(==";(,"/$#3&03*0$*8&6$00$(*0?&NOOQ&=1()#3,$&'"$%)"4&'"$*()($3(;&J"40&GKGTB&RXYVM
RXYS?&

<"*%34"==B&9?B&!()3,/-B&`?B&+36(*B&:?&n&`3/3,0B& <?& FHII\K&A(,%0& "/& /)3& ,$8)/& /$63g&d3"=M
/$63& %$"=(8530& 4$/)& /)3&A.@N<& 5*6"**3%& "3,$"=& #3)$1=3?&c#& NOOTS& =A^,$3(0& #$&
=)%#*#3#,4&D$%(44#5($3(;&HTHRB&XHMY\?&

<"*%>(,%B&<?`?B&O",,$0(*B&Z?A?B&+"*8>(,%B&'?B&'()*0(*B&'?A?B&q5"==0B&b?&n&966$//B&!?&FHIIVK&
N5/(*(6(50&"3,$"=&(;03,#"/$(*0&/(&3W/3*%&"*%&1(62=363*/&/)3&9",/)&:;03,#$*8&
<-0/36g&N&01$3*13&%,$#3*B&0-0/360&(,$3*/3%&"22,("1)?&X(1"%(&.($0#$5&=PP4#3,%#"$0&
"*&%-(&?4"Y,4&F"0#%#"$#$5&./0%(1;&XYYRB&RVHMRXS?&

<"0$"%37B&'?a?&n&!5=3;"B&.?&FHIIIK&\!&=(1"=&/,"e31/(,-&2="**3,&>(,&]N^?&!"M)$,4&"*&D$%(44#5($%&
`&X"Y"%#3&./0%(10;&HSB&RSRMHRI?&

<1)$==3,B& .?B& +51$"*(B& '?<?&n&!,"23,B& '?<?& FRSS\K& Z=(17&N5/(*(6-& >(,&]*6"**3%&^3)$1=30?&
9"Y#4(&X"Y"%0&J##;&RT\RB&VXMXR?&

<1)6"=3B& !?b?B& !$*850B& G?d?& n& d3$*)(=/PB& Q?& FHIITK& !3#3=(263*/& "*%& "22=$1"/$(*& (>& "*&
"5/(*(6(50&5*6"**3%&"3,$"=&#3)$1=3& >(,&2,31$03&"3,(;$(=(8$1"=&0"62=$*8&";(#3&
"8,$15=/5,"=&>$3=%0?&!"M)$,4&"*&@#(4A&X"Y"%#30;&HXB&R\\MRVJ?&

<1)(543*"",0B&@?B&^"=3*/$B&C?B&Z3,(*B&9?B&O(4B&'?&n&d(1)3B&9?&FHIIYK&+$*3",&2,(8,"66$*8&
"*%& ="*85"83& 2,(1300$*8& >(,& )56"*L5*6"**3%M"3,$"=M#3)$1=3& /3"6& 6$00$(*0?&
!"M)$,4&"*&?M#A,$3(&'"$%)"4&,$A&U/$,1#30;&HSB&\I\M\R\?&

<3";=(6B&C?<?B&@"=";"1B&<?'?B&O$88$*0B&b?'?&n&A(6"17B&G?@?&FHIIJK&<$65="/$(*&>(,&/)3&%30$8*&
(>& *3W/M83*3,"/$(*& 8=(;"=& 3",/)& (;03,#$*8& 0-0/360& M& ",/?& *(?& YYTVR\?&=%1"0P-()#3&
,$A&+$^#)"$1($%,4&X(1"%(& .($0#$5&U,%,&F)"3(00#$5& ,$A&8%#4#],%#"$& D##S&X(,A#$(00& *")&
?("00;&YYTVB&YTVR\MYTVR\?&

<)"**(*B& Q?9?& FRSSJK& @)3& 6"/)36"/$1"=& /)3(,-& (>& 1(665*$1"/$(*& Fd32,$*/3%K?& 9& U&
'"1PM%#$5;&RVB&\IYM\RJ?&

<)"**(*B& Q?9?& n& A3"#3,B& A?& FRSVSK& 2-(& 1,%-(1,%#3,4& %-(")/& "*& 3"11M$#3,%#"$;& ],;"*"BB&
]*$#3,0$/-&(>&.==$*($0&`,300?&

<$66(*0B& N?'?& n&O(==$*804(,/)B&N?& FHIIHK& <(63& "0231/0& (>& /)3& $62,(#363*/& $*& 07$==& (>&
*563,$1"=&43"/)3,&2,3%$1/$(*?&_M,)%()4/&!"M)$,4&"*&%-(&X"/,4&9(%(")"4"5#3,4&."3#(%/;&
RHTB&YVJMYJJ?&

<$*)"B& N?B& _$,5;","e"*B& @?& n& G",M<)"=(6B& [?& FHIIYK& N5/(*(6(50& 03",1)B& /,"17$*8& "*%&
1="00$>$1"/$(*& ;-&65=/$2=3& 1((23,"/$#3&]N^0& M& ",/?& *(?& YH\XIT?& .#5$,4& F)"3(00#$5;&
.($0")&@M0#"$;&,$A&2,)5(%&X(3"5$#%#"$&\^;&YH\XB&H\XITMH\XIT?&

<$*(2(=$B& G?B&C$1)3=$B& C?B& !(*"/(B& b?& n& _((B& @?'?& FHIIRK& ^$0$(*& ;"03%& *"#$8"/$(*& >(,& "*&
5*6"**3%& "3,$"=& #3)$1=3?& NOOG& D+++& D$%()$,%#"$,4& '"$*()($3(& "$& X"Y"%#30& ,$A&
=M%"1,%#"$;&J"40&DKD^;&F)"3((A#$50B&RJXJMRJYV?&

<7(8=",B& `?B&c-8",%0B& '?&n&]=#7=(B&C?& FHIIYK&Q(*15,,3*/&2"/)& "*%& 03*0(,&2="**$*8& >(,& "&
]N^& M& @(4",%0& "*& $*>(,6"/$(*& ;"03%& "22,("1)& $*1(,2(,"/$*8& 6(%3=0& (>&
3*#$,(*63*/& "*%& 03*0(,?& NOOL& D+++>X0E& D$%()$,%#"$,4& '"$*()($3(& "$& D$%(44#5($%&
X"Y"%0&,$A&./0%(10;&J"40&GKGNB&HV\YMHVVH?&

<6$/)B& '?Z?& FHIIJK&Z5PP-&=(8$1&2="**$*8&"*%&1(*/,(=&>(,&"& /3"6&(>&]N^<?&F)"3(A#$50&"*& %-(&
GG%-&D,0%(A&D$%()$,%#"$,4&'"$*()($3(&"$&=)%#*#3#,4&D$%(44#5($3(&,$A&."*%&'"1PM%#$5B&HTYM
HSV?&
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<6$/)B& '?Z?& n& c85-3*B& @?O?& FHIIXK& !$0/,$;5/3%& "5/(*(6(50& 0-0/360g& ,30(5,13&
6"*"8363*/B& 2="**$*8B& "*%& 1(*/,(=& "=8(,$/)60?&.#5$,4& F)"3(00#$5;& .($0")& @M0#"$;&
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]N^0?&<,*#P0&NOOL&K&NOOL&=$$M,4&9((%#$5&"*& %-(&<")%-&=1()#3,$&@M]]/&D$*")1,%#"$&
F)"3(00#$5&."3#(%/;&J"40&G&,$A&NB&VTVMVSR?&

<6$/)B& '?Z?&n&c85-3*B&@?O?& FHIIY;K&Z5PP-& =(8$1&;"03%&]N^&"==(1"/$(*&"*%&1((,%$*"/$(*?&
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<6$/)B& '?Z?& n& c85-3*B& @?O?& FHIIY1K& d30(5,13& 6"*"83,& >(,& "*& "5/(*(6(50& 1((,%$*"/3%&
/3"6& (>& ]N^0& M& ",/?& *(?& YH\XIQ?& .#5$,4& F)"3(00#$5;& .($0")& @M0#"$;& ,$A& 2,)5(%&
X(3"5$#%#"$&\^;&YH\XB&QH\XIMQH\XI?&

<6$/)B& '?Z?& n& c85-3*B& @?O?& FHIIJK& Z5PP-& %31$0$(*& /,330& >(,& 2="**$*8& "*%& "5/(*(6(50&
1(*/,(=&(>&"&1((,%$*"/3%&/3"6&(>&]N^0&M&",/?&*(?&YXYJIT?&.#5$,4&F)"3(00#$5;&.($0")&
@M0#"$;&,$A&2,)5(%&X(3"5$#%#"$&\^#;&YXYJB&XYJITMXYJIT?&

<*",07$B&<?B&<1)3$;*3,B&_?B&<)"4B&<?B&d(;3,/0B&d?B&+",(4B&N?B&G,3$/>3==3,B&9?B&+52(B&'?B&c3$=0(*B&
!?B&'5%83B&G?&n&Z(,,3*1B&'?&FHIIYK&N5/(*(6(50&]N^M;"03%&6"22$*8&(>&=",83M01"=3&
5,;"*&>$,3>$8)/0&M&",/?&*(?&YHISIX?&=#)Y")$(&D$%(44#5($3(;&.M)^(#44,$3(;&X(3"$$,#00,$3(&
6D.X7&./0%(10&,$A&=PP4#3,%#"$0&D##;&YHISB&HISIXMHISIX?&

</3$*;3,8B&C?&FHIIYK&.*/3==$83*/&"5/(*(6-&>(,&5*6"**3%&*"#"=&#3)$1=30&M&",/?&*(?&YH\IR\?&
</(3,B&'?&n&G5=$,01)B&d?&FHIIHK&D$%)"AM3%#"$&%"&$M1()#3,4&,$,4/0#0;&c34&[(,7B&<2,$*83,?&
</(//=3,B&d?B&G"==B&G?&n&d$1)",%0B&d?& FHIIJK&.*/3==$83*/&<5,>"13&@),3"/&.%3*/$>$1"/$(*&<-0/36&

F.<@.<K?&NOOQ&D+++&=()"0P,3(&'"$*()($3(;&J"40&GKHB&HIHTMHIVI?&
<5==$#"*B&!?B&@(/")B&'?B&A383*3,B&<?B&9*(6(/(B&Z?B&Z,(0/B&Q?B&_"*30)$83B&'?&n&Z,"*7B&'?&FHIIVK&

.*/3==$83*/&6$00$(*&6"*"8363*/& >(,& 5*$*)";$/3%& "3,$"=& #3)$1=30?&X(1"%(& .($0#$5&
=PP4#3,%#"$0&"*&%-(&?4"Y,4&F"0#%#"$#$5&./0%(1;&XYYRB&RHRMR\R?&

<4$*;"*7B&d?&n&:f*3$==B&N?&FRSSVK&N&</,"/(02)3,3&@,(2(02)3,3&!"/"&N00$6$="/$(*&<-0/36?&
9"$%-4/&a(,%-()&X(^#(V;&RHHB&YTYMJIH?&

@362=3/(*B& @?B& <)$6B& !?O?B& b3-3,B& Q?& n& <"0/,-B& <?<?& FHIIJK& N5/(*(6(50& #$0$(*M;"03%&
="*%$*8& "*%& /3,,"$*& 6"22$*8& 50$*8& "*& C`QM1(*/,(==3%& 5*6"**3%& ,(/(,1,">/?&
F)"3((A#$50& "*& %-(& NOOQ& D+++& D$%()$,%#"$,4& '"$*()($3(& "$& X"Y"%#30& ,$A& =M%"1,%#"$;&
J"40&GKGOB&R\VSMR\XY?&

^"1)/03#"*(0B&b?B&@"*8B&+?B&!,(P307$B&b?&n&b5/$3,,3PB&+?&FHIIXK&Z,(6&6$00$(*&2="**$*8&/(&
>=$8)/& 1(*/,(=&(>&5*6"**3%&"3,$"=&#3)$1=30g& </,"/38$30&"*%& $62=363*/"/$(*& /((=0?&
=$$M,4&X(^#(V0&#$&'"$%)"4;&HSB&RIRMRRX?&

^"=3*/$B& C?B& G3/)73B& G?B& O(4B& '?d?B& !3& Z",$"0B& !?`?& n& ^$"*B& '?& FHIIJK& 96;3%%$*8& )3"=/)&
6"*"8363*/& $*/(& 6$00$(*& /"07$*8& >(,& ]N^& /3"60?& NOOQ& =1()#3,$& '"$%)"4&
'"$*()($3(;&J"40&GKGTB&\VTYM\VSH?&

A"*8B& '?B& `"/3=B& ^?B&A((=03-B& Q?N?B& O(#"7$6-"*B&c?& n& <1)6"=3B& !?& FHIIJK& +MR& "%"2/$#3&
1(*/,(=& (>& "&]N^& >(,& "3,(;$(=(8$1"=& 0"62=$*8?&NOOQ&=1()#3,$&'"$%)"4&'"$*()($3(;&
J"40&GKGTB&XTSJMXSIH?&
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Performance Evaluation of an Unmanned 
Airborne Vehicle Multi-Agent System 

!"#$%$&'()*#&+(#&,(-."*/*%(012"345"6((
!"#$%&'()!*+!,&-./0--!123./.-(4$(.*/5!6/.704-.()!*+!8$%$&5!!

9:0;$4(30/(!*+!</2&-(4.$'!$/2!=)-(03-!>/?./004./?5!@0A$-!1B8!6/.704-.()!
"CD./$5!96=1!

1. Introduction 

7$&2*,18(#&(4&3#&&1,(#*8.$8&1(91"*:;1(<=->?(34;%*@#'1&%(2A2%13B(-(=->(#'1&%(*2(#C#81(
$D(%"1(,12%*&#%*$&($8('$#;(%$(.1(#:"*191,E(*%2($C&(F4#&%*%#%*91($8(F4#;*%#%*91E($D(1&:$4&%18*&'(
1&13A(,1D1&212(*&(%"1(81'*$&B(G#:"(#'1&%(H;#&2(*%2(3$912(*&($8,18(%$(3#I*3*J1(%"1(:"#&:12(
$D( 81#:"*&'( %"1( %#8'1%(.1D$81( %"1( 81F4*81,( %#25( :$3H;1%*$&( %*31( <211(K*'B( +?B(L"1(H;#&2(#81(
,191;$H1,(.#21,($&(%"1(&1'$%*#%*$&2(.1%C11&(,*DD181&%(=->2(*&(%"1(81'*$&(C*%"(%"1($918#;;(
'$#;( *&(3*&,B(L"1(3$,1;( *2(#:%4#;;A(3$%*9#%1,(.A(#&$%"18( ;#8'1(8121#8:"(H8$/1:%(81;#%1,(%$(
34;%*@#'1&%(2A2%132B(L"1(*&D$83#%*$&(#.$4%(1&13A(,1D1&212(:#&(.1(:$334&*:#%1,(.1%C11&(
=->2(#&,(%"1A(:#&(&1'$%*#%1(#.$4%(%"1(H#%"2(%$(.1(%#51&(.#21,($&(%"1*8(812$48:12E(24:"(#2(
D41;E( ;$#,E(#9#*;#.;1(%*31(%$(:$3H;1%1(%"1(%#25(#&,(%"1(*&D$83#%*$&(#.$4%(%"1(%"81#%B(M&(%"*2(
2A2%13E(C1( :#&( #;2$(3$,1;( %"1( .1"#9*$8( $D( 1&13A( ,1D1&212( #2( *&,1H1&,1&%( #'1&%2E( C*%"(
5&$C&( $8( 4&5&$C&( 2%8#%1'*12B( G#:"( 1&13A( ,1D1&21( 2*%1( $8( '4&( "#2( #( H8$.#.*;*%A( $D(
,12%8$A*&'( #( =->( *&( #( &1*'".$8"$$,B( L"1( =->2( "#91( #&( 1IH1:%#%*$&( $D( %"1( ;$:#%*$&( $D(
1&13A(,1D1&212E(C"*:"(*2(D48%"18(81D*&1,(#2(3$81(*&D$83#%*$&(.1:$312(#9#*;#.;1(,48*&'(%"1(
D;*'"%( $8( D8$3( $%"18( =->2B( L$( 24::122D4;;A( #:"*191( %"1( '$#;( C*%"( #( "*'"( H8$.#.*;*%AE( %"1(
=->2(&11,(%$(21;1:%(#('$$,(H;#&(.#21,($&(:$$8,*&#%*$&(#&,(&1'$%*#%*$&(.1%C11&(1#:"($%"18B((
N&1(H#H18(,1#;*&'(C*%"(%"*2(3$,1;(*2(-%5*&2(1%(#;B(<-%5*&2(1%(#;BE(+OOP?E(C"*:"(:$&2*,181,(#&(
#'1&%(:#H#.;1($D(2#D1E( D4;;A@#4%$3#%1,(#*8:8#D%( D;*'"%(:$&%8$;( D8$3(%#51$DD( %"8$4'"(;#&,*&'B(
L$( .4*;,( #&,( 1I1:4%1( H;#&2( %"#%( A*1;,( #( "*'"( H8$.#.*;*%A( $D( 24::122D4;;A( 81#:"*&'( %"1(
2H1:*D*1,('$#;2E(%"1(#4%"$82(421,(2%#%1(H8$.#.*;*%*12(%$('4*,1(#(H;#&&18(#;$&'("*'";A@H8$.#.;1(
'$#;(H#%"2(*&2%1#,($D(;$C@H8$.#.*;*%A(2%#%12B(Q$31(H8$.#.*;*2%*:(H;#&&*&'(#;'$8*%"32(#81(#;2$(
,191;$H1,(.A(%"1($%"18(8121#8:"182B(R42"318*:5(1%(#;B(<R42"318*:5(1%(#;BE(+OOS?(:$&:1&%8#%1(
$&( H8$.#.*;*2%*:( H8$H18%*12( $D( #:%*$&2( %"#%( 3#A( .1( :$&%8$;;1,( .A( %"1( #'1&%E( &$%( 1I%18&#;(
191&%2B( G91&%2( :#&( $::48( $918( %*31( C*%"$4%( 1IH;*:*%( H8$9$:#%*$&( .A( %"1( #'1&%E( #&,( #81(
'1&18#;;A(;122(H81,*:%#.;1(%"#&(2%#%1(:"#&'12(,41(%$(#:%*$&2B(-%5*&2(1%(#;B(<-%5*&2(1%(#;BE(+OOP?(
H8121&%1,(#(31%"$,(.A(C"*:"(;$:#;(2%#%1(H8$.#.*;*%*12(#81(12%*3#%1,(D8$3(#:%*$&(,1;#A2(#&,(
%13H$8#;;A@,1H1&,1&%( 191&%( H8$.#.*;*%*12E( %"1&( 421,( %$( 21;1:%( "*'";A( H8$.#.;1( '$#;( H#%"2(
#&,( 813$91( *3H8$.#.;1( 2%#%12B( L"1( #4%"$82( *3H;131&%1,( %"121( #;'$8*%"32( *&( %"1(
7$$H18#%*91( M&%1;;*'1&%( T1#;@%*31( 7$&%8$;( -8:"*%1:%481( <7MT7-?B( 7MT7-( :$3.*&12( #&( -M(
H;#&&18E(2:"1,4;18(H18D$83#&:1(D$8(:$&%8$;;*&'(:$3H;1I(81#;@C$8;,(2A2%132(<U42;*&18(1%(#;BE(
+OOV?B(7MT7-W2(H;#&&18(*2(.#21,($&(%"1(H"*;$2$H"A(%"#%(.4*;,*&'(#(H;#&(%$("#&,;1(#;;(C$8;,(
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2%#%12( <Q:"$HH182E( +OXYZ?( *2( 4&81#;*2%*:( ,41( %$( %"1( H$22*.*;*%A( $D( 1IH$&1&%*#;( H;#&&18(
1I1:4%*$&(%*31(<[*&2.18'E(+OXO?E(2$(*%(4212("148*2%*:2(%$(;*3*%(2%#%1(1IH#&2*$&(#&,(3*&*3*J12(
*%2( 21%( $D( 21;1:%1,( #:%*$&2( .A( 81F4*8*&'( $&;A( $&1( '$#;( H#%"( #&,( '4#8#&%11*&'( D#*;481(
#9$*,#&:1(#;$&'(#;;($%"18(H#%"2B(

(

K*'481(+B(=&3#&&1,(#*8:8#D%(2A2%13(

U:)#*&(1%(#;B(<U:)#*&(1%(#;BE(6\\\?(:$&2*,181,(%C$($8(3$81(=->2E(#(2*&';1(%#8'1%(*&(#(5&$C&(
;$:#%*$&E(.#%%;1(#81#(,*9*,1,(*&%$( ;$C(%"81#%(#&,("*'"(%"81#%(81'*$&2(.A(#( %"81#%(.$4&,#8AE(
#&,( %"81#%2( %"#%( ]H$H( 4HW( #;$&'( %"1( %"81#%( .$4&,#8AB( L"1( $./1:%*91( *2( %$( "#91( %"1( =->2(
#88*91(#%( %"1(%#8'1%(2*34;%#&1$42;AE( *&(#(C#A(%"#%(3#I*3*J12(%"1(2489*9#.*;*%A($D( %"1(1&%*81(
%1#3($D(=->2B(L"1(#HH8$#:"(%"1(#4%"$82(421,(*2(%$(,1:1&%8#;*J1(%"1(:$3H4%#%*$&#;(2$;4%*$&(
$D( %"1( $H%*3*J#%*$&( H8$.;13(.A( #;;$C*&'( 1#:"(=->( %$( :$3H4%1( *%2( $C&( %8#/1:%$8A( %"#%( *2(
$H%*3#;(C*%"(812H1:%(%$(%"1(&11,2($D(%"1(%1#3B(L"1(:"#;;1&'1(*2(,1%183*&1(C"#%(*&D$83#%*$&(
342%(.1(:$334&*:#%1,(#3$&'(%1#3(313.182(%$('*91(%"13(#&(#C#81&122($D(%"1(2*%4#%*$&($D(
%"1($%"18(%1#3(313.182(2$(%"#%(1#:"(3#A(:#;:4;#%1(2$;4%*$&2(%"#%(#81($H%*3#;(D8$3(#(%1#3(
H182H1:%*91B((
-&( *3H$8%#&%(31%"$,$;$'A( 42*&'( *&( %"*2( H#H18( *2(U#85$9( ,1:*2*$&( H8$:122( <U0^?( .#21,(
#HH8$#:"B(-&(*3H$8%#&%(#2H1:%($D(%"1(U0^(3$,1;(*2(%"#%(*%(H8$9*,12(%"1(.#2*2(D$8(#;'$8*%"32(
%"#%(H8$.#.;A(D*&,($H%*3#;(H$;*:*12('*91&(#(2%$:"#2%*:(3$,1;($D(%"1(1&9*8$&31&%(#&,(#('$#;B(
L"1(3$2%(C*,1;A(421,(#;'$8*%"32(D$8(2$;9*&'(U0^2(#81(*%18#%*91(31%"$,2B(N&1($D(%"1(.12%(
5&$C&( $D( %"121( #;'$8*%"32( *2( ,41( %$( _$C#8,( <_$C#8,E( +OP\?E( #&,( *2( 5&$C&( #2( ;*'.%)!
.(04$(.*/E(C*%"(C"*:"E(2$31(;#8'1(2*J1(U0^2(<U14;1#4(1%(#;BE(+OOX`([*9#&(1%(#;BE(+OOY`()*%%3#&(
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1%( #;BE( +OOV?( :#&( .1( 2$;91,( #HH8$I*3#%1;A( .A( 81H;#:*&'( %"1( %8#&2*%*$&( H8$.#.*;*%A( C*%"(
2%#%*$&#8A(H8$.#.*;*%AB((
U0^(3$,1;2(H;#A(#&(*3H$8%#&%(8$;1( *&(:4881&%(-M(8121#8:"($&(H;#&&*&'(<01#&(1%(#;BE(+OOa`(
Q4%%$&E(+OO\?(#&,(;1#8&*&'(<b#8%$(1%(#;BE(+OO+`(c#%5*&2(d(0#A#&E(+OO6?B(-2(#&(1I%1&2*$&($D(%"1(
U0^( 3$,1;E( H#8%*#;;A( $.2189#.;1( U#85$9( ,1:*2*$&( H8$:12212( <^NU0^?( C181( ,191;$H1,(
C*%"*&( %"1( :$&%1I%( $D( $H18#%*$&( 8121#8:"( <U$&#"#&E( +OX6`( )$91/$AE( +OO+`( R#1;.;*&'( 1%( #;BE(
+OOX?B(L"1(^NU0^(3$,1;(H8$9*,12(#&(1;1'#&%(2$;4%*$&(%$(%"1(H8$.;13($D(#:%*&'(*&(H#8%*#;;A(
$.2189#.;1(,$3#*&2E(%81#%*&'(#:%*$&2(%"#%(#DD1:%(%"1(1&9*8$&31&%(#&,(#:%*$&2(%"#%($&;A(#DD1:%(
%"1(#'1&%W2(2%#%1($D(*&D$83#%*$&(4&*D$83;AB(
e4#&(1%(#;B(<e4#&(1%(#;BE(+OOO?(:$&2*,181,(%"1(:$334&*:#%*$&(*&(34;%*@#'1&%(U0^2B(-22431(
%"#%(1#:"(#'1&%($&;A($.218912(H#8%($D(%"1(';$.#;(2A2%13(2%#%1B(-;%"$4'"(#'1&%2(,$("#91(%"1(
#.*;*%A( %$( :$334&*:#%1( C*%"( 1#:"( $%"18E( *%( *2( 424#;;A( 4&81#;*2%*:( D$8( %"1( #'1&%2( %$(
:$334&*:#%1(%"1*8(;$:#;(2%#%1(*&D$83#%*$&(%$(#;;(#'1&%2(#%(#;;(%*312E(.1:#421(:$334&*:#%*$&(
#:%*$&2( #81( #22$:*#%1,(C*%"( #( :18%#*&( :$2%B( f1%E( :$334&*:#%*$&( *2( :84:*#;( D$8( %"1( #'1&%2( %$(
:$$8,*&#%1(H8$H18;AB(L"181D$81E(%"1($H%*3#;(H$;*:A(D$8(1#:"(#'1&%(342%(.#;#&:1(%"1(#3$4&%(
$D(:$334&*:#%*$&(24:"(%"#%(%"1(*&D$83#%*$&(*2(24DD*:*1&%(D$8(H8$H18(:$$8,*&#%*$&(.4%(%"1(:$2%(
D$8(:$334&*:#%*$&(,$12(&$%($4%C1*'"(%"1(1IH1:%1,('#*&B((
M&( %"*2(H#H18E(C1(#22431(%"#%( %"181(#81(34;%*H;1('4&2(#&,(=->2( *&( %"1( ;#%%*:1B(L"1(=->2(
#&,('4&2(:#&(3$91(%$(%"1(&1*'".$8*&'(2*%12(#%(1#:"(,*2:81%1(%*31(2%1HB(L$(#9$*,(%"1(#%%#:52(
D8$3(%"1('4&2E(%"1(=->2(&11,(%$(D*'481($4%(%"1($H%*3#;(H#%"(%$(24::122D4;;A(81#:"(%"1(%#8'1%(
C*%"(#("*'"(H8$.#.*;*%AB(_$C1918E(#(=->(:#&&$%(,*81:%;A($.21891( %"1( ;$:#;( 2%#%12($D($%"18(
=->2E( C"*:"( #81( ,A&#3*:( *&D$83#%*$&B( M&2%1#,E( #( =->( "#2( #( :"$*:1( $D( H18D$83*&'( #(
:$334&*:#%*$&( .1%C11&( %C$(3$9*&'( #:%*$&2B( L"1( H48H$21( $D( %"1( :$334&*:#%*$&( D$8( $&1(
=->(*2( %$(5&$C(%"1(:4881&%( ;$:#;(2%#%1($D( %"1($%"18(=->2E( *B1BE( %"1( ;$:#%*$&(#&,( %"1(2%#%42(
<,1#,( $8( #;*91?B( bA( 42*&'( %"1( %8#,*%*$&#;(U0^( #HH8$#:"E(C1( :$&,4:%( #&( #&#;A%*:#;(3$,1;(
C"1&( %"181( #81( $&1( $8( %C$(=->2( $&( %"1( ;#%%*:1B(c1( 1I%1&,( *%( %$( #(34;%*@=->(3$,1;( .A(
,191;$H*&'(#("148*2%*:(#;'$8*%"3B(
L"1(813#*&,18($D(%"*2(H#H18(*2($8'#&*J1,(#2(D$;;$C2B(M&(Q1:%*$&(6E(C1(,18*91(%"1(H8$.#.*;*%A(
%8#&2*%*$&(3#%8*I($D('4&2(.A(D$834;#%1(%"1(#:%*$&($D('4&2(#2(#(U#85$9(H8$:122B(c"1&(%"181(
#81($&;A($&1($8(%C$(=->2(*&(%"1(;#%%*:1E(C1(#&#;AJ1(%"1(3$,1;(#2(#&(U0^B(M&(Q1:%*$&(aE(C1(
:$&,4:%(1I%1&2*91(&4318*:#;(:$3H4%#%*$&2B((c1(,191;$H(#&(#;'$8*%"3(%$(,18*91(%"1(3$9*&'(
,*81:%*$&2( D$8( %"1( 34;%*@=->( :#21B( -( 2#3H;1( H#%"( %1:"&*F41( *2( 421,( %$( :#;:4;#%1( %"1(
H8$.#.*;*%A(%"#%(81#:"*&'(%"1(%#8'1%(*2(24::122D4;B(K*&#;;A(*&(Q1:%*$&(SE(C1(:$&:;4,1(C*%"(%"1(
2433#8A($D(8124;%2(#&,(24''12%*$&2(D$8(%"*2(3$,1;(#&,(%"1(D4%481(8121#8:"B((

2. MDP Models 

2.1 The probability transition matrix of guns 

M&(%"*2(24.21:%*$&E(C1(,*2:422(%"1(#:%*$&($D(%"1('4&2(*&(%"1(;#%%*:1B(c1(#22431(%"#%(%"1(2*J1($D(

;#%%*:1(*2( 21 mm × B()1%( ( ){ }10,10:, 21 −≤≤−≤≤= mjmijiA (.1(%"1(21%($D(#;;(2*%12(*&(%"1(;#%%*:1B(

G#:"(2*%1( A∈! *2(#22$:*#%1,(%"1(&43.18($D('4&2( t
!δ (C"*:"(:#&(#22431( 1+q (,*DD181&%(9#;412(

( )q,,1,0 !=!δ ( #%( %*31( t B( -( :$3H;1%1( 21%( { }0,, ≥∈ tAt !!δ ( $D( ;#%%*:1( 9#8*#.;12( 2H1:*D*12( #(

:$&D*'48#%*$&($D(%"1('4&(2A2%13B(
Q*&:1('4&2(3$91(%$(%"1*8(&1*'".$82(8#&,$3;A(*&(1#:"(2%1H(C*%"$4%(,1H1&,*&'($&(%"1*8(H#2%(
H$2*%*$&2E(C1(:#&(,18*91(%"1(H8$.#.*;*%A(%8#&2*%*$&(3#%8*I($D('4&2(.A(:$&2%84:%*&'(#(U#85$9(
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:"#*&B(c"1&(%"1(;#%%*:1(*2(;#8'1E("$C1918E(%"1(2*J1($D(%"1(2%#%1(2H#:1(.1:$312(2$(.*'(%"#%(%"1(
:$3H4%#%*$&($D(%"1(%8#&2*%*$&(H8$.#.*;*%*12(*2(:$3H;*:#%1,B(K$8%4&#%1;AE(%"1(&43.18($D('4&2(
*&(#(:18%#*&(2*%1($&;A(,1H1&,2($&( %"1(H819*$42(2%#%12($D( %"*2(2*%1(#&,(*%2(&1*'".$82B(C1(:#&(
,*81:%;A( ,18*91( %"1( H8$.#.*;*%A( $D( "#9*&'( '4&2( *&( #( :18%#*&( 2*%1( .A( 42*&'( 2$31( 81:482*91(
D$834;#1B(
c1(#22431(%"#%(1#:"('4&("#2(O(H$22*.;1(,*81:%*$&2(%$(3$91(*&:;4,*&'(%"1(:4881&%(2*%1B(c1(
,1&$%1( %"1( 21%( $D( %"1( ,*81:%*$&2( .A( 42*&'( #( %C$@,*31&2*$&#;( 91:%$8( 21%(

( ){ }1,0,1,:, −==Φ hkhk (<211(K*'B(6?B(

(

K*'481(6B(c#;5*&'(,*81:%*$&2($D(%"1(=->2(#&,('4&2(

M&(H8#:%*:1E(%"181(C$4;,(&$%(.1(%$$(3#&A('4&2(;$:#%1,(#%($&1(2*%1(#%(%"1(2#31(%*31B(M&($8,18(
%$(#%%#:5(=->2(3$81(1DD1:%*91;AE(C1(#22431(%"#%(%"1('4&2(&1'$%*#%1(C*%"(1#:"($%"18(*D(%"181(
*2( 3$81( %"#&( $&1( '4&2( ;$:#%1,( *&( %"1( 2#31( 2*%1B( L"#%( *2E( %"1A( C$4;,( &$%( '$( %$( %"1( 2#31(
,*81:%*$&(*&(%"1(&1I%(2%1HB(L$("#&,;1(%"1(3$,1;(3$81(1#2*;AE(C1(812%8*:%(%"#%(%"181(#81(#%(3$2%(
O('4&2(#%(1#:"(2*%1B(
MD( %"181( *2($&;A($&1('4&(*&(#(2*%1E( %$(2*3H;*DA(%"1(3$,1;E(C1(#22431(%"#%(%"1('4&(3$912(%$(

#&A(,*81:%*$&(C*%"(%"1(2#31(H8$.#.*;*%A($D( 91 (*&:;4,*&'(%"1(:#21(%"#%(%"1('4&(,$12&W%(3$91(

#%( #;;B( (N.9*$42;A( %"1(H8$.#.*;*%A( %"#%(#('4&(3$912( %$(#&A(,*81:%*$&( *2( ( ) 9,, NNhkpr = ( *D(

%"181(#81( N ('4&2(*&(%"1(2*%1( ( )9≤N B(

01&$%1( ( )( )nt ,!ρ ( #2( %"1( H8$.#.*;*%A( %"#%( %"181( #81( n ( '4&2( *&( 2*%1( ! ( #%( %*31( t E( C"181(

( )21, aa=! B((Q4HH$21(C1(5&$C( ( )( )n,0 !ρ E( 9≤n B(()1%W2(211("$C(%$(:#;:4;#%1( ( )( )nt ,!ρ (C"1&(

1≥t (.A(42*&'(81:482*91(1F4#%*$&2B(

Q4HH$21( %"181( #81( j ( '4&2( #%( 2*%1( ( )haka ++ 21 , ( #%( %*31( 1−t E( %"1&( %"181( 1I*2%2( $&1( '4&(

3$9*&'(%$(2*%1( ! (C*%"(H8$.#.*;*%A( 9j B((L"181D$81E(%"1(H8$.#.*;*%A(%"#%(%"181(1I*2%2($&1('4&(

3$9*&'(D8$3(2*%1( ( )haka ++ 21 , (%$(2*%1( ( )21, aa (*2( ( ) ( )( )'
=

− ++
9

1
21

1 9,,
j

t jhakajρ B(

L"181(C*;;( .1( n ( '4&2( *&( 2*%1( ! ( *D( %"181( #81( hkn , ( '4&2(3$9*&'( D8$3( 2*%1( ( )haka ++ 21 , E(

C"181( nn
hk

hk ='
−= 1,0,1,

, (#&,( 0, =hkn $8(1 B(c1(,1D*&1((
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ρ

( <+?(

M%(*2(1#2A(%$(211(%"#%(C1("#91(%"1(D$;;$C*&'(81:482*91(1F4#%*$&2g((

( ( )( )nt ,!ρ h ( )'
'
−=

= −=
Π

1,0,1,
,

,
1,0,1,

hk
hk nn

nk
hk

nB ( <6?(

#&,(%"1(2%#%*$&#8A(H8$.#.*;*%A(,*2%8*.4%*$&( ( )n,!π (1I*2%2g(

( ( )( ) ( )nnt
t

,,lim !! πρ =
∞→

( <a?(

L"#%(31#&2E(%"181(1I*2%2(#(&43.18( 0T E(C"1&( 0Tt > E( !∀ (#&,( 0≥n E(

( ( )( ) ( )( )nn Tt ,, 0 !! ρρ ≈ ( <S?(

2.2 A general MDP model on UAVs 
Q*&:1(=->2(#81(#'1&%@.#21,E(%"1A(,1%183*&1(%"1*8(H#%"2(*&,1H1&,1&%;A(#;%"$4'"(%"1A("#91(
%"1( 2#31( ';$.#;( $./1:%*91(C"*:"( *2( %$(3#I*3*J1( %"1( 24::122D4;( H8$.#.*;*%A( $D( #%( ;1#2%( $&1(
=->( 81#:"*&'( %"1( %#8'1%B( ( -( =->( C$4;,&W%( 5&$C( %"1( 2%#%42( $D( $%"18W2( 4&;122( %"1A(

:$334&*:#%1(C*%"(1#:"($%"18B(c1(#22431(%"#%(%"181(#81(%$%#;;A( N (=->2E( 10 ,, −NXX ! ( *&(

%"1(;#%%*:1E(C"181( N (*2(#(D*&*%1(&43.18B()1%( tm (.1(#( N2 (,*31&2*$&#;(91:%$8(2%#&,*&'(D$8(#;;(

:$334&*:#%*$&( #:%*$&2( $D( =->2B( ( c1( 421( +( #&,( \( %$( 81H8121&%( :$334&*:#%*&'( $8( &$%(

.1%C11&( %C$(=->2B(L"1&( tm ( *2( #( :$3.*&#%*$&($D( \( #&,(+B( ( )1%( ( )1−t
t
i mx ( .1( %"1( #:%*$&($D(

=->( iX ( #%( %*31( t E( 1,,0 −= Ni ! B( ()1%( tδ ( .1( %"1(2%#%1($D( %"1('4&2(#%( %*31( t B( (Q*&:1( %"1(

9#;412( $D( ( )1
1

1
0 ,, +

−
+ t

N
t xx ! E( #&,( 1+tδ ( $&;A(,1H1&,($&( %"1(9#;412( $D( ( )t

N
t xx 10 ,, −! E( tm ( #&,(

tδ E( { }Ttmxx t
t

t
N

t ,,1,0,,,,, 10 !! =− δ ( :$&2*2%2(#(U#85$9(,1:*2*$&(H8$:122( *&(#( D*&*%1("$8*J$&(

T B(
c1(:#&(,1D*&1(#(918A( 2*3H;1(';$.#;( 81C#8,( D4&:%*$&( r g( #&A(3$91( *2( D811( #&,( 81:1*912(&$(

81C#8,B( MD( $&1( $D(=->2( 81#:"12( %"1( %#8'1%( *&( t ( %*31( 4&*%2E( %"1( %183*&#;( 81C#8,( *2( Rtβ E(

C"181( R (*2(%"1(H8$.#.*;*%A($D(81#:"*&'(%"1(%#8'1%(#&,( 10 ≤≤ β (*2(#(%*31(,*2:$4&%(D#:%$8B(MD(#%(

%*31( T (&$&1($D(%"1(=->2(81#:"(%"1(%#8'1%E(%"1(%183*&#;(81C#8,(*2(\B((G#:"(:$334&*:#%*$&(
:$2%2(#(:$&2%#&%( c B(

01&$%1( ( ) ( ) ( )( )tsmxmxM s
s
Ns

st ≤≤−−− 1,,, 1110 ! ( .1( %"1( H8$.#.*;*%A( $D( 81#:"*&'( %"1( %#8'1%(

C*%"*&( t (%*31(4&*%2E( Tt ≤ B(L"1&(%"1($./1:%*91(*2((
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C"181( " (*2(#(:$;43&(91:%$8(*&(C"*:"(#;;(1;131&%2(#81(+B(

=&D$8%4&#%1;AE( :#;:4;#%*&'( $H%*3#;( ,1:*2*$&( D$8( ( )5 ( *2( &$%( '$*&'( %$( .1( :$3H4%#%*$&#;;A(

D1#2*.;1( 2*&:1( %"1( :$3.*&#%*$&($D( %"1(,1:*2*$&(H$;*:A( *2("4'1B(L"42E(C1( 2115( %$( 81,4:1( %"1(
2*J1( $D( %"1( H$;*:A( .A( ,1D*&*&'( #HH8$I*3#%*$&( H$;*:*12( 42*&'( "148*2%*:( #HH8$#:"12B( c1(
:$&2*,18( %C$(D$;,2B(K*82%;AE(C1(:$&2*,18( %"181(#81($&;A( %C$(=->2( *&( %"1( ;#%%*:1B(=->2(:#&(
:$334&*:#%1(#%(1918A(2%#'1(81'#8,;122($D(%"1("*2%$8AB([;$.#;(2%#%12(#81(5&$C&(%$(.$%"(=->2(
#%( #;;( %*312E( #&,( %"42( C1( :#&( 81'#8,( *%( #2( #( :1&%8#;*J1,( H8$.;13(C"181( ';$.#;( 2%#%12( #81(
$.2189#.;1B(N&:1(C1(5&$C("$C(%$(,1#;(C*%"(%"1(3$,1;($D($&1($8(%C$(=->2E(C1(:#&(,191;$H(
#(2:"131(%$("#&,;1(%"1(34;%*@=->(3$,1;B(c1(C*;;(#&#;AJ1(*%(;#%18B(
i$C(;1%W2(:$&2*,18(%"1(3$,1;(C*%"(%C$(=->2B(-2(#(.AH8$,4:%E(C1(C*;;(211(%"#%(%"1(3$,1;(
C*%"(#(2*&';1(=->(*2(#(2H1:*#;(:#21($D(%"1(3$,1;(C*%"(%C$(=->2B(

K*82%( $D( #;;E( ;1%W2( *&%8$,4:1( %"1( :$&:1H%( $D( %"1( ,*2%#&:1( .1%C11&( %C$( 2*%1( ( )21, aa=! ( #&,(

( )21, bb=# (C"*:"(*2((

( ( ) { }.,max 2211 baba,S −−=#! ( <P?(

c1(2#A(#(91:%$8( # (*2(#(&1*'".$8($D(91:%$8( ! E(*D( ( ) 1≤#!,S B(c1(,1&$%1(%"1(21%($D(91:%$8( 2!′ (
&1*'".$82(.A( ( ) ( ){ }1: ≤= #!# ,Sa! B(

01&$%1( ( )( )$%,V t (#2(%"1(3#I*343(H8$.#.*;*%A(%"1(=->2(24::122D4;;A(81#:"(%"1(%#8'1%(C*%"*&(
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C"181(T *2(%"1(;*D1%*31($D(%"1(=->(#%(%*31(\B(
c1(,1&$%1(%"1(#;'$8*%"3(.#21,($&(%"1(#.$91(D$834;#(#2()*+#,"-.)/B(=24#;;AE(C1("#91(%$(
421(%"1(:;#22*:#;(,A&#3*:(H8$'8#33*&'(%$(2$;91(%"1(#.$91(U0^(H8$.;13B(i$%1(%"#%($&;A(%"1(
D*82%(2%1H(*2($H%*3#;(.1:#421(C1(#22431(%"#%(%"1(=->2(:$334&*:#%1(#;;(%"1(%*31B(N&:1(D*&*2"(
%"1( D*82%( 2%1HE( %"1A( "#91( %$( D*'481( $4%( %"1( 2%#%42( $D( 1#:"( $%"18( <,1#,( $8( #;*91?( #'#*&B(
N.9*$42;AE(%"1('#31(*2($918(*D(.$%"(=->2(,*1B(MD(.$%"(#81(2%*;;(#;*91E(C1(:#&(81H1#%(%"1(#.$91(
U0^( %$( $.%#*&( %"1( $H%*3#;( H#%"2B( MD( $&;A( $&1(=->( *2( #;*91E(C1(C*;;( 421( <O?( %$( $.%#*&( %"1(
$H%*3#;(H#%"(D$8(%"*2(=->B(
QH1:*#;;AE(C"1&(%"181(*2($&;A($&1(=->(*&(%"1(;#%%*:1(#%(%"1(.1'*&&*&'E(C1(:#&(:#;:4;#%1(%"1(
$H%*3#;(H#%"(#&,(%"1(3#I*343(24::122D4;(H8$.#.*;*%A($&;A(.A(42*&'(<X?(#&,(<O?B(c1(:#;;(%"1(
#;'$8*%"3( .#21,( $&( $&1(=->( #(012&,"-.)/B( G91&( %"181( #81(3$81( %"#&( $&1(=->( *&( %"1(
;#%%*:1E(C1(2%*;;(:#;;(*%(Q*&';1@U0^(.#21,(#HH8$#:"(*D($&;A(%"1A(D*&,(%"1*8(3$9*&'(,*81:%*$&2(
*&,1H1&,1&%;A(#::$8,*&'(%$(%"1*8($C&(;$:#;($./1:%*912B(
M&%4*%*91;AE(%"1(=->2(#DD1:%(1#:"($%"18($&;A(C"1&(%"1A(#81(:;$21E(D$8(*&2%#&:1E(C"1&(%"1A(#81(
&1*'".$82B( ( _1&:1( C1( :#&( ,191;$H( #&( "148*2%*:( #;'$8*%"3( *&( C"*:"E( =->2( :$334&*:#%1(
C*%"(1#:"($%"18($&;A(C"1&(%"1A(#81(&1*'".$82B(Q*&:1(%"1(#'1&%(.#21,(=->2(5&$C(1#:"($%"18(
#%(%"1(.1'*&&*&'E(#&,(%"1A(421(%"1(2#31(0$4.;1@U0^(#HH8$#:"12E(%"1A(2"$4;,(5&$C(C"1&(
%"1A(#81(&1*'".$82(#%(%*31(\($8(#%(%"1(%*31($D(%"1*8(;#2%(:$334&*:#%*$&B(
K48%"183$81E(C1(:#&(*3H8$91(%"1(#.$91(#;'$8*%"3(.A(1I%1&,(%"1(,1D*&*%*$&($D(&1*'".$8(D$8(
=->2E(*&(C"*:"E(%"1(=->2(:$334&*:#%1(C*%"(1#:"($%"18($&;A(C"1&(%"1A(#81(&1*'".$82B(

Definition 1.(E0!-$)!(F*!61G-! '*%$(02! ./! ! !$/2! # !$40!/0.?DH*4-! .+! (D0.4!2.-($/%0! ( ) dS ≤#!3 5!

FD040! d .-!$!/*/I/0?$(.70!./(0?04J!
c"1&( 0=d E(%"1(=->2(:$334&*:#%1(C"1&(%"1A(#81(*&(%"1(2#31(2*%1`((

c"1&( 1=d E( %"1( =->2( :$334&*:#%1( C"1&( %"1A( #81( *&( %"1( 2#31( 2*%1( $8( %"1A( #81( j81#;k(

&1*'".$82`(

c"1&( md > (C"181( mm× (*2(%"1(2*J1($D(%"1(;#%%*:1E(%"1(=->2(:$334&*:#%1(C*%"(1#:"($%"18(

*&(#;;(2%1H2B(

L$(19#;4#%1( %"1(#.$91(#;'$8*%"3(#&,(:"$$21(#(24*%#.;1( d E(C1("#91( %$(:#;:4;#%1(24::122D4;(
H8$.#.*;*%*12( D$8( 1#:"( d B( =&D$8%4&#%1;AE( *%( *2( "#8,( %$( $.%#*&( %"1( 24::122D4;( H8$.#.*;*%*12(
#&#;A%*:#;;AB(c"#%(C1(#81('$*&'(%$(,$(*2(%$(:#;:4;#%1(%"1(24::122D4;(%*312(.A(:$3.*&*&'(%"1(
U0^(#&,( 2#3H;1(H#%"( %1:"&*F41B(c1('1&18#%1( %"1('4&W2( 2%#%42( <'4&2( 1I*2%( $8(&$%?( $&( %"1(
;$:#%*$&($D( %"1(=->2(#::$8,*&'( %$( %"1( %8#&2*%*$&(H8$.#.*;*%A($D('4&2B( MD( %"181(1I*2%('4&2( *&(
%"1(;$:#%*$&($D(#(=->E(%"1(=->(*2(5*;;1,B(MD(.$%"($D(=->2(,*1(.1D$81(%"1(81#:"(%"1(%#8'1%E(C1(
2#A(%"1(=->2(D#*;E($%"18C*21E(C1(2#A(%"1(=->2(24::122B(

2.3 Negotiation between UAVs 
b12*,12(0$4.;1@U0^(#HH8$#:"E(C1(:#&(#;2$( :$&2*,18( %"#%( %C$(=->2(,18*91( %"1*8(3$9*&'(
,*81:%*$&2( .A( 42*&'( Q*&';1@U0^B( L"1A( 3#A( &1'$%*#%1( C*%"( 1#:"( $%"18( C"1&( %"1A( #81(
&1*'".$82(.A(:"#&'*&'(,*81:%*$&2B((L"1(.#2*:(*,1#(*2(;1%(%"1(=->2(&1'$%*#%1(C"1&(%"1A("#91(
%"1(2#31($H%*3#;(,*81:%*$&(*&(%"1(&1I%(2%1HB(c1(:#;;(%"*2(Q*&';1@U0^(.#21,(#HH8$#:"(4"&*-
.)/B( Q*&:1( i1'$@U0^( *2( #;2$( #( $&1@,*31&2*$&#;( U0^E( *%( 2"$4;,( .1( 34:"( D#2%18( %"#&(

0$4.;1@U0^(%$($.%#*&(%"1(&4318*:#;(8124;%2B(-22431(%"#%(.$%"(=->2( A (#&,( B ("#91(%"1(
2#31( D*82%( :"$*:1( 5 ( #%( %*31( t B( L"1( 24::122D4;( H8$.#.*;*%*12( #81( ( )5pA. ( #&,( ( )5pB. (

812H1:%*91;AB( A #&, B "#91( %"1( 21:$&,( :"$*:12( ! ( #&,( # ( <211( K*'481( a?B( L"1( 24::122D4;(
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H8$.#.*;*%*12( #81( ( )!pA. ( #&,( ( )#pB. ( 812H1:%*91;AB( ( )1%( ( )( )0,1 %+tρ ( .1( %"1( H8$.#.*;*%A( $D(

"#9*&'(&$('4&(*&(%"1(H$2*%*$&( % (#%(%*31( 1+t B(c1(,1D*&1(%"1(D$;;$C*&'(H8$.#.*;*%*12B(

(

K*'481(aB(i1'$%*#%*$&(-&#;A2*2(

1P g(%"1(24::122D4;(H8$.#.*;*%A($D(.$%"( A (#&,( B ('$*&'(%$(2*%1( 5 (#%(%"1(%*31( 1+t B(

2P g(%"1(24::122D4;(H8$.#.*;*%A($D( A ('$*&'(%$(2*%1( 5 (#&,( B ('$*&'(%$(2*%1(# (#%(%*31( 1+t B(

3P g(%"1(24::122D4;(H8$.#.*;*%A($D( A ('$*&'(%$(2*%1( ! (#&,( B ('$*&'(%$(2*%1( 5 (#%(%*31( 1+t B(

c1("#91(
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(2%#&,2(D$8(%"1(24::122D4;(H8$.#.*;*%A(D$8(#*8:8#D%( A (2%#8%*&'(D8$3(2*%1( ! (#%(

%*31( t (C"1&(%"1(*&*%*#;('#2(*2( AT B(

7$3H#8*&'(#3$&'(%"121(%"811(H8$.#.*;*%*12E(C1(:"$$21(%"1(:$8812H$&,*&'(#:%*9*%A(C"1&(%"1(
24::122D4;(H8$.#.*;*%A(*2(3#I*343(<211(K*'B(S?B(L"#%(*2E((

7#21(+g( 1P (*2(%"1(3#I*343E(.$%"( A (#&,( B ('$(%$(2*%1( 5 (B(

7#21(6g( 2P (*2(%"1(3#I*343E( A ('$12(%$( 5 E( B ('$12(%$(2*%1( # B(

7#21(ag( 3P (*2(%"1(3#I*343E( A ('$12(%$( ! (#&,( B ('$12(%$(2*%1( 5 B(



Performance Evaluation of an Unmanned Airborne Vehicle Multi-Agent System 

(

405 

(

(

(

K*'481(SB(i1'$%*#%*$&(-&#;A2*2(

N&:1(C1("#91(%"1(8124;%2($D(2*&';1(=->(#&,(,$4.;1(=->(3$,1;2E(C1(:#&(#HH;A(%"1(Q*&';1@
U0^E(i1'$@U0^(#&,(0$4.;1@U0^(%$(%"1(34;%*@=->(3$,1;(&4318*:#;;AB((c1(C*;;(,*2:422(
%"#%(*&(,1%#*;(*&(%"1(&1I%(21:%*$&B((

3. Numerical Analysis 

M&( %"1( 21:%*$&E( C1( #&#;AJ1( %"1( =->( 3$,1;( &4318*:#;;AB( c1( D*82%;A( ,*2:422( %"1(
:$334&*:#%*$&( *2241( *&( %"1( :#21( C*%"( %C$( =->2B( L"1&( C1( :$3H#81( %"1( 24::122D4;(
H8$.#.*;*%*12(#3$&'(%"1(Q*&';1@U0^E(i1'$@U0^(#&,(0$4.;1@U0^(#HH8$#:"( *&( %"1(34;%*@
=->(3$,1;B((

M&(%"1(D$;;$C*&'(1I#3H;12E(C1(#22431(%"#%(%"1(2*J1($D(%"1(;#%%*:1(*2( mm× E(C"181( 15=m E(#&,(

%"1(%#8'1%(*2(;$:#%1,(#%( ( )1,1 −−= mm& B(L"1(#3$4&%($D(%"1('#2(*&(1#:"(=->(*2(6\(4&*%2B(c1(

#22431( 1#:"( 4&*%( %*31( %"1( =->( &11,2( %$( 2H1&,( #( 4&*%( '#2B( L"1(

H8$.#.*;*%A ( ) .1,0,1,,91, −=∀= hkhkpr (

-(7ll(H8$'8#3(*2(C8*%%1&(%$(:#;:4;#%1(%"1(24::122D4;(H8$.#.*;*%*12(#&,(%"1($H%*3#;(H#%"B(K*82%(

$D( #;;E( C1( :#;:4;#%1( ( )( )0,!tρ ( #&,( 2#91( %"13( #2( #&( #88#A( H\mInmAnm%nB( c1( %"1&( :#;:4;#%1(

( )( )!tU (#&,( ( )( )$%,tV (.A(42*&'(<Y?E(<X?E(<O?(#&,(<+\?E(#&,(2#91(%"13(#2(#88#A2( [ ][ ][ ]tyxU (#&,(

[ ][ ][ ][ ][ ]tyxyxV 2211 (812H1:%*91;AB((

3.1 Double-MDP in the two-UAV model 
M&(%"*2(24.21:%*$&E(C1(#22431(%"#%(%"181(#81($&;A(%C$(=->2(*&(%"1(;#%%*:1B((bA(42*&'(0$4.;1@
U0^( #;'$8*%"3E( C1( #81( '$*&'( %$( ,1%1:%( "$C( %"1( 24::122D4;( H8$.#.*;*%*12( #81( ,*DD181&%(
.1%C11&(:$334&*:#%*$&($8(&$&@:$334&*:#%*$&B((

L"1(=->2(2%#8%(D8$3(%"1(2*%12( ( )posi,0 (#&,( ( )0posi, E(C"181( 1−≤ mposi B(Q*&:1(C1(#22431(

%"#%(%"1(=->2(5&$C(1#:"($%"18(#%(%"1(.1'*&&*&'E(%"1A(:#&(:#;:4;#%1(%"1(C"$;1(3$9*&'(H#%"(
D$8( .$%"( =->2( *&,*9*,4#;;A( .1:#421( %"1A( #81( 42*&'( %"1( 2#31( #;'$8*%"3B( c"1&( %"1A( #81(
&1*'".$82E(%"1A(C*;;(:$334&*:#%1(C*%"(1#:"($%"18(%$(211(%"1(2%#%42($D(%"1($%"18(=->(<,1#,(
$8(#;*91?B(c1('1&18#%1( %"1(&43.18($D('4&2(#%(#( :18%#*&(2*%1(#::$8,*&'( %$( %"1(H8$.#.*;*%A($D(
"#9*&'('4&2(#%(%"*2(2*%1(%$(,1%183*&1(C"1%"18(%"1(=->2(#81(,1#,($8(&$%B(L"1('#31(*2($918(
C"1&( #;;( =->2( ,*1( $8( #%( ;1#2%( $&1( =->( 81#:"( %"1( %#8'1%B( bA( 42*&'( %"1( 2#3H;1( H#%"(
%1:"&*F41E(C1(:#&(2*34;#%1(%"1(C"$;1(H8$:1,481B(b1;$C(*2(%"1(H214,$@:$,1(%$(,12:8*.1("$C(
%"1(=->2(D*&,(%"1(H#%"(%$(81#:"(%"1(%#8'1%B(
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((((((((:>"()*+#,"-.)/(!2K(J*C"(*2"(6:"I9(

((((((((L"2"G!:"(:>"(6:!:+6(*F(&+26(*2(:>"(,*5!:1*26(*F(#*:>(@AB69(

(((M(

(((",6"E(

((((((((H#:!12(:>"(*I:1J!,(K1G"5:1*2(F*G(:>"(!,1C"(@AB(!55*GK12&(
((((((((:*(:>"(012&,"-.)/(!2K(J*C"(*2"(6:"I9(

((((((((L"2"G!:"(:>"(6:!:+6(*F(&+26(*2(:>"(,*5!:1*2(*F(:>"(@AB9(

(((M(

((((1F?A:(,"!6:(*2"(@AB(G"!5>"6(:>"(:!G&":DE(

((((((((#G"!N9(

((((M(

((((",6"E(

(((((((((&!6OO9(:OO9(

(((M(

M(

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@(

'4&(8#%1(h(\B\O(

2(o(H$2*( \( +( 6( a( S( V( P( Y( X(

\( \BVPX( \BVSa( \BVSa( \BaVY( \BaY\( \BaOY( \BS6Y( \BSVV( \BSPO(

+( \BVXP( \BVP6( \BVP6( \BV6V( \BaY\( \BaOY( \BS6Y( \BSVV( \BSPO(

6( \BVXP( \BVP6( \BVP6( \BV6O( \BaY\( \BaOY( \BS6Y( \BSVV( \BSPO(

a( \BVXP( \BVP6( \BVP6( \BV6O( \BaY\( \BaOY( \BS6Y( \BSVV( \BSPO(

S( \BVXP( \BVP6( \BVP6( \BV6O( \BaY\( \BaOY( \BS6Y( \BSVV( \BSPO(

'4&(8#%1(h(\B+6(

\( \BSX+( \BSVV( \BSVV( \BS6Y( \B66Y( \B6+V( \B6+X( \B6aa( \B6VY(

+( \BV\\( \BSYP( \BSYP( \BSSa( \B66Y( \B6+V( \B6+X( \B6aa( \B6VY(

6( \BV\\( \BSYP( \BSYP( \BSSY( \B66Y( \B6+V( \B6+X( \B6aa( \B6VY(

a( \BV\\( \BSYP( \BSYP( \BSSY( \B66Y( \B6+V( \B6+X( \B6aa( \B6VY(

S( \BV\\( \BSYP( \BSYP( \BSSY( \B6aY( \B6+X( \B6+X( \B6aS( \B6VP(

'4&(8#%1(h(\B+V(

\( \BS6V( \BS\\( \BS\\( \BaP\( \B+YP( \B+PS( \B+PO( \B+X+( \B6\\(

+( \BSSP( \BS6+( \BS6+( \BaYV( \B+YP( \B+PS( \B+PO( \B+X+( \B6\\(

6( \BSSP( \BS6+( \BS6+( \BaYO( \B+YP( \B+PS( \B+PO( \B+X+( \B6\\(

a( \BSSP( \BS6+( \BS6+( \BaYO( \B+YP( \B+PS( \B+Y\( \B+X6( \B6\\(

S( \BSSP( \BS6+( \BS6+( \BaYO( \B+YP( \B+PV( \B+Y+( \B+X6( \B6\+(

L#.;1(+B(Q4::122D4;(H8$.#.*;*%*12(D$8(2A331%8*:(=->2(
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c1(:$&2*,18(%C$(,*DD181&%(:#212(D$8('4&2(#%(%*31 t g(2A331%8*:(#&,(#2A331%8*:(:#212B(M&(%"1(

2A331%8*:(:#21E(C1(#22431( [ ][ ][ ] 15.0,12.0,09.000 oryxp = D$8(#;;( ( )yx, (C"181( [ ][ ][ ]00 yxp (*2(

%"1(H8$.#.*;*%A( %"#%( %"181( *2(&$('4&(#%(2*%1( ( )yx, (#%( %*31(\B(c1(:#;;( %"121(H8$.#.*;*%*12(&+2(

G!:"6B( M&( %"1( #2A331%8*:( :#21E( C1( #22431( 09.0,06.0,03.0 orrategun = $&;A( C"1& yx > B(

[ ][ ][ ] 0.000 =yxp ( D$8( %"1( $%"18 ( )yx, B( c1( :$&2*,18( %"1( &1*'".$8( 31%18( 43,2,1,0 ord = B( -%(

%*31( \E( %"1( =->2( #81( ;$:#%1,( #%( ( )posi,0 ( #&,( ( )0,posi E( C"181( 8,,1,0 !=posi B( G#:"(

2*34;#%*$&E( C1( %#51( a\( ,*DD181&%( 211,2E( #&,( 84&( V\\( 81H;*:#%*$&2( D$8( 1#:"( 211,E( %"1&( C1(
:#;:4;#%1( %"1(#918#'12(#&,(%"1(:$1DD*:*1&%2($D( %"1(24::122D4;(H8$.#.*;*%AB(c1(D$4&,(%"#%( %"1(
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24::122D4;(H8$.#.*;*%A($D(i1'$@U0^(*2(:;$21(%$(%"1(24::122D4;(H8$.#.*;*%A($D(Q*&';1@U0^B(M&(
%"*2(:#21E(C1(81:$331&,(%$(421(,$4.;1(U0^B(K8$3(K*'B(++E(C1(:#&(211(%"#%(%"1(24::122D4;(
H8$.#.*;*%A(D$8(%"1(0$4.;1@U0^(*2(*&:81#2*&'(:$&:#91(D4&:%*$&($D(%"1(=->(;#4&:"*&'(8#%1E(
C"*:"( 31#&2( %"#%( %"1( 24::122D4;( H8$.#.*;*%*12( C$4;,( &$%( *&:81#21( 2*'&*D*:#&%;A( C"1&( %"1(
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K*'481(+aB(T4&&*&'(%*31(:$3H#8*2$&(#3$&'(Q*&';1@U0^E(i1'$@U0^(#&,(0$4.;1@U0^(

4"Summary and Future Work 
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3.2 Results 
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4. Decision making: Choosing the right landing site 
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4.2 Multiple Objectives 
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5. Trajectory Planning and Tracking: Commanding the platform to land in the 

right place 
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5.1 Vision-based Navigation in the Literature 
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5.2 Preliminary Results in Dynamic Path Planning using a Fixed-Wing UAV 
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5.2.2 Path Planning 
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5.3 Remodelled Path Planning and Tracking Algorithm 
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5.3.1 Improved Path Planning  
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Design Considerations for Long Endurance 
Unmanned Aerial Vehicles 
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3. Electrical Power Sources for Long Endurance UAV Applications   
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#&3)! D(&(*%@(! (3(-@*.-%3! B#G(*! 01*.&D! 0%)3.D$@! $#1*/! G$.-$! &(-(//.@%@(/! @$(! 1/(! #9! (&(*D)!
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/@#*%D(!5(0.15/A!!J(-#&03)!B$#@#E#3@%.-!-(33!(99.-.(&-)!./!*%@$(*!3#G!.&!@$(!*%D(!#9!Nae!@#!Nfe!

9#*!-#55(*-.%33)!%E%.3%?3(!@(**(/@*.%3!D*%0(!-(33/A!JB%-(!D*%0(!-(33/!$%E(!(99.-.(&-.(/!%/!$.D$!%/!

Lae!=^1K1(!_!F(D(01/+!LMM`>A! !8$(!0(B(&0(&-(!#&!@$(!%@5#/B$(*.-!-#&0.@.#&/!5%7(/!/#3%*!

(&(*D)!%!3#@!3(//!B*(0.-@%?3(!%&0!/(%/#&%3!E%*.%@.#&/!G.33!%99(-@!@$(!0(/.D&A!

3.2 Lithium Polymer Cells 
^.@$.15!B#3)5(*!-(33/!%*(!-#&/@*1-@(0!1/.&D!%!93(C.?3(+!9#.3H@)B(!-%/(!-#&@%.&.&D!%&!#*D%&.-!

/#3E(&@A!!W&!3.@$.15H.#&!-(33/!%!*.D.0!-%/(!B*(//(/!@$(!(3(-@*#0(/!%&0!@$(!/(B%*%@#*!#&@#!(%-$!

#@$(*!G$(*(%/!.&!B#3)5(*!-(33/!(C@(*&%3!B*(//1*(!./!&#@!*(K1.*(0!?(-%1/(!@$(!(3(-@*#0(!/$((@/!

%&0!@$(!/(B%*%@#*!/$((@/!%*(!3%5.&%@(0!#&@#!(%-$!#@$(*!^.@$.15!B#3)5(*!?%@@(*.(/+!@$(!&(C@!

D(&(*%@.#&!B#G(*! /#1*-(! =E%&!J-$%37G.]7!(@! %3A+! LMML>! /.&-(!&#!5(@%3!?%@@(*)! -(33! -%/.&D! ./!

&((0(0+! @$(!G(.D$@! #9! @$(! ?%@@(*)! ./! *(01-(0! %&0! .@! -%&! ?(! 9#*5(0! @#! /$%B(A! ! 8$(! 0(&/(*!

B%-7%D.&D! G.@$#1@! .&@(*! -(33! /B%-.&D! %&0! @$(! 3%-7! #9! 5(@%3! -%/.&D! .&-*(%/(/! @$(! (&(*D)!

0(&/.@)! #9! ^.H2#! ?%@@(*.(/! @#! ! #E(*! LMe! $.D$(*! @$%&! @$%@! #9! %! -3%//.-%3! ^.H.#&! ?%@@(*.(/A!!

^.@$.15!B#3)5(*!-(33/!%*(!-#&/.0(*(0!9133)!-$%*D(0!G$(&!@$(!-(33! @(*5.&%3!E#3@%D(!*(%-$(/!

aAL!<!%&0!%*(!9133)!0./-$%*D(0!G$(&!@$(!-(33!@(*5.&%3!E#3@%D(/!0(-*(%/(/!@#!%!E#3@%D(!#9!`AM!

<A! =E%&! J-$%37G.]7! (@! %3A+! LMML>A! ! ;! E%*.(@)! #9! ^.H2#! ?%@@(*.(/! %*(! -#55(*-.%33)! %E%.3%?3(!

-#&/./@.&D! #9! 0.99(*(&@! /(*.(/! %&0! B%*%33(3! -#&9.D1*%@.#&! #9! -(33/! 5%7.&D! 1B! @$(! *(K1.*(0!

?%@@(*)!E#3@%D(!%&0!-1**(&@!-$%*%-@(*./@.-/A!!!

3.2.1 Lithium Polymer Cell Advantages 
W&!:;<!%BB3.-%@.#&/!@$(!#?E.#1/!?(&(9.@!#9!1/.&D!^.H2#!?%@@(*.(/!./!@$(!$.D$(*!(&(*D)!0(&/.@)!

#99(*(0A!!;0E%&@%D(/!#9!^.H2#!?%@@(*.(/!-%&!?(!/155%*.V(0!%/!9#33#G/O!

• F.D$!(&(*D)!0(&/.@)R!

• ^#G!/(39H0./-$%*D(!B*#B(*@.(/R!

• 8$(!93(C.?3(!-%/.&D!#9!@$(!B#3)5(*!?%@@(*.(/!%33#G!9#*!0(/.D&!9*((0#5!.&!@(*5/!#9!B*#9.3(!

@$.-7&(//(/R!%&0!

• ^#G!5%.&@(&%&-(A!

3.2.2 Lithium Polymer Cell Disadvantages 
^.@$.15! B#3)5(*! -(33/! $%E(! /B(-.%3! *(-$%*D.&D! B*#-(01*(/! &(-(//.@%@.&D! @$(! 1/(! #9!

/B(-.9.-%33)!0(/.D&(0!-$%*D(*/A!6$%*D.&D!^.@$.15!-(33/! ./! @$(!5#/@!$%V%*0#1/!%/B(-@!#9! @$(!

?%@@(*.(/A! !6(33! -#1&@!%&0! @(*5.&%3!E#3@%D(!%*(!#9!1@5#/@! .5B#*@%&-(!G$(&!-$%*D.&D!^.H2#!

?%@@(*.(/A! ! W@! ./! .5B#*@%&@! &#@! @#! (C-((0! ?#@$! @$(! $.D$! E#3@%D(! 3.5.@! #9! aAL! <! %&0! @$(! 3#G!

E#3@%D(! 3.5.@!#9!`AM!<A! !IC-((0.&D! @$(/(! 3.5.@/!-%&!B(*5%&(&@3)!$%*5!@$(!?%@@(*)!%&0!5%)!

*(/13@!.&!%!9.*(!$%V%*0A!!4$(&!/(*.(/!-(33/!-#&9.D1*%@.#&/!%*(!(5B3#)(0!@#!#?@%.&!@$(!*(K1.*(0!

?%@@(*)! @(*5.&%3! E#3@%D(! -(33! ?%3%&-.&D! -.*-1.@/! %*(! *(K1.*(0! @#! (&/1*(! %&! (E(&! E#3@%D(!

0./@*.?1@.#&! #E(*! @$(! -(33! /@%-7A! ! ,%.31*(! @#! ?%3%&-(! @$(! /(*.(/! -(33! /@%-7! 5%)! -%1/(!

#E(*-$%*D.&D!#9!.&0.E.01%3!-(33/!G.@$!@$(!%//#-.%@(0!9.*(!$%V%*0/A!!^.@$.15!B#3)5(*!?%@@(*.(/!

%*(!%3/#!/1?](-@!@#!%D(.&D!(99(-@/+!01(!@#!@$./!@$(!(CB(-@(0!3.9(@.5(!#9!/1-$!?%@@(*.(/!./!3.5.@(0A!!

c./%0E%&@%D(/!#9!^.@$.15!B#3)5(*!?%@@(*.(/!-%&!?(!/155%*.V(0!%/!9#33#G/O!

• JB(-.%3!-$%*D.&D!-.*-1.@/!*(K1.*(0!@#!5%.&@%.&!-(33!E#3@%D(!G.@$.&!/%9(!3.5.@/R!

• J1?](-@!@#!%D.&DR!

• J1?](-@!@#!-(33!?%3%&-.&D!9#*!/(*.(/!/@%-7!-#&9.D1*%@.#&/R!

• F.D$!B*#-1*(5(&@!-#/@R!%&0!

• T(K1.*(/!/B(-.%3!0./B#/%3!B*#-(//(/A!
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3.3 Hydrogen Fuel Cells 
2#3)5(*!(3(-@*#3)@(!5(5?*%&(!91(3!-(33/!=2I',6>!%*(!-#&/@*1-@(0!1/.&D!%!/#3.0!B#3)5(*!%/!

(3(-@*#3)@(+! %?/#*?(&@! (3(-@*#0(/! -#5?.&(0! G.@$! %! B3%@.&15! -%@%3)/@A! ! F)0*#D(&! D%/! ./!

*(-#5?.&(0!G.@$!#C)D(&!D%/!B*#01-.&D!(3(-@*.-.@)!G.@$!G%@(*!E%B#1*!%/!(5.//.#&A!!U&?#%*0!

/@#*%D(!#9!@$(!$)0*#D(&!G#130!?(!*(K1.*(0!9#*!:;<!%BB3.-%@.#&/A!!;3@(*&%@.E(3)+!$)0*#D(&!

5%)!?(!5%&19%-@1*(0!#&?#%*0! @$(!:;<!9*#5!(3(-@*#3)/./!#9!G%@(*!1/.&D!/#3%*!(&(*D)A! !;!

-3#/(0! 3##B! /)/@(5! -#130! ?(! #B(*%@(0! G$(*(?)! @$(! G%@(*! 9*#5! #9! @$(! 2I',6! -%&! ?(!

(3(-@*#3)V(0!.&@#!#C)D(&!%&0!$)0*#D(&!9#*!3%@(*!*(H1/(A!!UC)D(&!./!D(&(*%33)!#?@%.&(0!9*#5!

@$(! /1**#1&0.&D! %.*A! ! UB(*%@.&D! @(5B(*%@1*(/! %*(! *(3%@.E(3)! 3#G! %*#1&0! fM! g6+! (&%?3.&D!

K1.-7! /@%*@.&D! %&0! *(01-(0! G(%*A! ! 23%@.&15! -%@%3)/@/! %*(! *(K1.*(0! 9#*! #B(*%@.#&! %&0! @#!

*(01-(!-#**#/.#&A!!!2#3)5(*!(3(-@*#3)@(!5(5?*%&(!91(3!-(33/!%*(!%?3(!@#!0(3.E(*!$.D$!(&(*D)!

0(&/.@.(/!%@!3#G!G(.D$@!%&0!E#315(+!.&!-#5B%*./#&!@#!#@$(*!91(3!-(33/!=[%*?.*+!LMMQ>A!

3.3.1 Fuel Cell Advantages 
8$(!%0E%&@%D(/!#9!1/.&D!2I',6/!-%&!?(!/155%*.V(0!%/!9#33#G/O!

• T(3%@.E(!$.D$!(99.-.(&-)R!

• F.D$!(&(*D)!0(&/.@)R!

• ^#G!&#./(R!

• S#&!-%*?#&!B*#01-.&D!#&3)!G%@(*!(5.//.#&R!%&0!

• ^#G!5%.&@(&%&-(A!

3.3.2 Fuel Cell Disadvantages 
8$(!?.DD(/@!0./%0E%&@%D(/!#9!1/.&D!2I',6/!%*(!@$(!.&.@.%3!B*#-1*(5(&@!-#/@!%&0!@$(!/%9(@)!

.//1(/! *(D%*0.&D! @$(! /@#*%D(! #9! @$(! #&?#%*0! $)0*#D(&! D%/A! ! 2I',6/! %3/#! /199(*! 9*#5! %!

3.5.@(0!3.9(@.5(A!

3.4 Super-Capacitors 
J1B(*! -%B%-.@#*/+! =J6>! #*! :3@*%H-%B%-.@#*/! %*(! %3/#! 7&#G&! %/! I3(-@*.-! c#1?3(! ^%)(*!

6%B%-.@#*/! =Ic^6>A! ! J1B(*! -%B%-.@#*/! $%E(! %! 0#1?3(! 3%)(*! -#&/@*1-@.#&! -#&/./@.&D! #9! @G#!

-%*?#&! (3(-@*#0(/! .55(*/(0! .&! %&! #*D%&.-! (3(-@*#3)@(A! ! c1*.&D! -$%*D.&D+! .#&/! .&! @$(!

(3(-@*#3)@(!5#E(!@#G%*0/!(3(-@*#0(/!#9!#BB#/.@(!B#3%*.@)R! @$./! ./!-%1/(0!?)!%&!(3(-@*.-! 9.(30!

?(@G((&! @$(! (3(-@*#0(/! *(/13@.&D! 9*#5! @$(! %BB3.(0! E#3@%D(A! ! 6#&/(K1(&@3)+! @G#! /(B%*%@(!

-$%*D(0! 3%)(*/! %*(!B*#01-(0A! ! ! IE(&! @$#1D$! @$(! -%B%-.@#*/!$%E(! %! /.5.3%*! -#&/@*1-@.#&! @#!

?%@@(*.(/+!@$(.*!91&-@.#&.&D!0(B(&0/!#&!(3(-@*#/@%@.-!%-@.#&A!!S#!-$(5.-%3!%-@.#&!./!*(K1.*(0R!

@$(!(99(-@!#9!@$./!./!%&!(%/.3)!*(E(*/.?3(!-)-3(!G.@$!%!3.9(@.5(!#9!/(E(*%3!$1&0*(0/!#9!@$#1/%&0/!

#9!-)-3(/!=6#&G%)+!Nhhh>A!

3.4.1 Super-Capacitors Advantages 
8$(!%0E%&@%D(/!#9!J1B(*!-%B%-.@#*!(&(*D)!/#1*-(/!-%&!?(!/155%*.V(0!%/!9#33#G/O!

• F.D$!-(33!E#3@%D(/!%*(!B#//.?3(+!?1@!@$(*(!./!%!@*%0(H#99!G.@$!/@#*%D(!-%B%-.@)R!!

• F.D$!B#G(*!0(&/.@)R!

• S#!/B(-.%3!-$%*D.&D!#*!E#3@%D(!0(@(-@.#&!-.*-1.@/!*(K1.*(0R!

• <(*)!9%/@!-$%*D(!%&0!0./-$%*D(!-%B%?.3.@)R!%&0!

• ^.9(!-)-3(!#9!5#*(!@$%&!QMM+MMM!-)-3(/!#*!NMHNL!)(%*!3.9(!@.5(A!
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3.4.2 Super-Capacitors Disadvantages 
c./%0E%&@%D(/!#9!J1B(*!-%B%-.@#*/!-%&!?(!/155%*.V(0!%/!9#33#G/O!

• ^#G!(&(*D)!0(&/.@)R!

• ^#G!B#G(*!@#!G(.D$@!*%@.#!G$(&!-#5B%*(0!@#!-1**(&@!?%@@(*)!@(-$&#3#D)R!

• '#0(*%@(!.&.@.%3!B*#-1*(5(&@!-#/@R!%&0!

• F.D$!/(39!0./-$%*D(!*%@(A!

3.5 Electrical Power Source Comparison 
4$(&!-#&/.0(*.&D!%&!(3(-@*.-%3!(&(*D)!/#1*-(!9#*!B#G(*.&D!#9!%&!:;<!@$(!?(9#*(!5(&@.#&(0!

%0E%&@%D(/! %&0! 0./%0E%&@%D(/!51/@! ?(! -#5B%*(0A! ! 8$(! 7()! B(*9#*5%&-(! B%*%5(@(*/! 9#*!

(&(*D)!/#1*-(/!.&!:;<!%BB3.-%@.#&/!G(*(!.0(&@.9.(0!%/O!

• I&(*D)!0(&/.@)!=4$i7D>R!

• I&(*D)!1&.@!-#/@!=4$ij>R!%&0!!

• ^.9(/B%&!=)(%*/>A!

,.D1*(! L! /$#G/! %! -#5B%*./#&! #9! @$(! 7()! B(*9#*5%&-(! B%*%5(@(*/! 9#*! @$(! (&(*D)! /#1*-(/!

-#&/.0(*(0A!

!

!
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,.D1*(!LA!S#*5%3./(0!-#5B%*./#&!#9!@$(!7()!B(*9#*5%&-(!B%*%5(@(*/!9#*!@$(!(&(*D)!/#1*-(/!

-#&/.0(*(0!

;&!%3D#*.@$5!G%/!0(/.D&(0!G$.-$!./!-%B%?3(!#9!0(@(*5.&.&D!@$(!5#/@!%BB3.-%?3(!/(3(-@.#&!#9!

@$(! (&(*D)! /#1*-(+! 9*#5! @$(! /#1*-(/! -#&/.0(*(0! 9#*! %! D.E(&! :;<! %BB3.-%@.#&A! 8$(! :;<!

%BB3.-%@.#&!./!K1%&@.9.(0!?)!@$(!1/(*!.&B1@!#9!@$(!9#33#G.&D!B%*%5(@(*/O!

• 8$(!(3(-@*.-%3!B#G(*!*(K1.*(0!?)!@$(!%BB3.-%@.#&R!

• 8$(!5%C.515!%33#G(0!G(.D$@!#9!@$(!B#G(*!/#1*-(R!

• 8$(! *(K1.*(0! @.5(! 01*%@.#&! 9#*! @$(! /1BB3)! #9! (3(-@*.-%3! B#G(*A! ! 8$./! -%&! %3/#! ?(!

-#&/.0(*(0!%/!@$(!93.D$@!01*%@.#&R!%&0!

• 8$(!5%C.515!-#/@!3.5.@!9#*!@$(!B#G(*!/1BB3)A!

8$(!*(/13@/!9*#5!@$(!/(3(-@.#&!%3D#*.@$5!%*(!B*(/(&@(0!.&!8%?3(!LA!
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,3.D$@!c1*%@.#&!

=$>!

2#G(*!J#1*-(!4(.D$@!

=7D>!

T(K1.*(0!2#G(*!

=4>!
J#31@.#&!N! J#31@.#&!L!

L! ! Q! aM! 2<! ^.H2#!

NM! ! a! LM! ^.H2#! ,6!

NL! ! NM! NQM! ,6! 2<H^.H2#!

LN! ! NM! LMM! 2<H^.H2#! S#&(!

La! ! LM! LMM! ,6! 2<H^.H2#!

8%?3(!LA!;BB3.-%?3(!(&(*D)!/#1*-(!9#*!E%*.#1/!:;<!%BB3.-%@.#&!*(K1.*(5(&@/!

,#*5! 8%?3(! L! 9#33#G/! 9#*! 3#&D(*! 93.D$@! 01*%@.#&/! %&0! $.D$! B#G(*! *%@.&D/! @$(! B*(9(**(0!

/#31@.#&! ./! $)0*#D(&! 91(3! -(33/! #*! %! B$#@#E#3@%.-P3.@$.15! B#3)5(*! ?%@@(*)! $)?*.0! B#G(*!

/1BB3)A!!,#*!3#G(*!B#G(*!/1BB3)!G(.D$@!?10D(@/!%&0!*(3%@.E(3)!/$#*@!93.D$@!@.5(!01*%@.#&/!

@$(! 0(5%&0/! %*(! 5(@! ?)! 1/.&D! B$#@#E#3@%.-! -(33/! #*! 3.@$.15! B#3)5(*! ?%@@(*)! /1BB3.(/A!!

F)?*.0!/#31@.#&/!%*(!B*(9(**(0!%?#E(!@$(!91(3!-(33!/#31@.#&!%@!3#G(*!G(.D$@!*(K1.*(5(&@/!01(!

@#!@$(!B$#@#E#3@%.-!-(33/!%0E%&@%D(!.&!B#G(*!0(&/.@)+!?1@!@$(!.&.@.%3!-#/@/!(C-((0!@$%@!#9!91(3!

-(33/A!!F#G(E(*!-#&/.0(*.&D!@$(!3.9(!(CB(-@%&-)!#9!@$(!$)?*.0!/#31@.#&/!@$./!#B@.#&!?(-#5(/!

5#*(!%@@*%-@.E(A!!;!91(3!-(33!/#31@.#&!./!%&0!%33!*#1&0!D##0!#B@.#&!%&0!@$(!*(3%@.E(!/.5B3.-.@)!

#9!/1-$!%!/)/@(5!5%7(/!@$./!#B@.#&!E(*)!%@@*%-@.E(A!!

,*#5!@$(!*(/13@/!B*(/(&@(0!.&!8%?3(!L!#&(!#9! @$(!.0(%3!B#G(*!/#31@.#&/!9#*! 3#&D!(&01*%&-(!

:;<! 93.D$@/! ./! @$(! $)?*.0! /#31@.#&! ?(@G((&! @$(! B$#@#E#3@%.-! -(33/! %&0! ^.H2#! ?%@@(*.(/A!!

6#&/.0(*%@.#&/! 9#*! .5B3(5(&@%@.#&! #9! $)?*.0! B$#@#E#3@%.-! -(33/! %&0! ^.H2#! ?%@@(*.(/! %*(!

B*(/(&@(0!.&!@$(!&(C@!/(-@.#&A!

3.6 Considerations for the Implementation of a Hybrid PV-LiPo UAV Power Source 
6$%*D.&D!#9!%!^.H2#!?%@@(*)!*(K1.*(/!@$(!%BB3.-%@.#&!#9!%!aAL!<!E#3@%D(!/#1*-(!%-*#//!(%-$!-(33!

.&!@$(!?%@@(*)!G.@$!@$(!-1**(&@!3.5.@(0!@#!@$(!6!*%@.&D!#9!@$(!?%@@(*)A! !8$./!./!*(9(**(0!@#!%/!

-#&/@%&@! E#3@%D(+! -#&/@%&@! -1**(&@! -$%*D.&DA! ! W&! ^.H2#! ?%@@(*.(/! @$(! .&0.E.01%3! -(33/! %*(!

-#&&(-@(0!.&!%!/(*.(/!-#&9.D1*%@.#&!.&!#*0(*!@#!%-$.(E(!@$(!0(/.*(0!?%@@(*)!@(*5.&%3!E#3@%D(A!!

8$(!/(*.(/!-#&&(-@.&D!#9!-(33/!*(K1.*(/!@$%@!@$(!-(33/!%*(!%33!.0(&@.-%3!.&!-%B%-.@)!%&0!/@%@(!#9!

-$%*D(A!8$./!5%)!&#@!%3G%)/!?(!@*1(A!F.D$!0./-$%*D(!*%@(/!-%&!-%1/(!-(33!.5?%3%&-(/!%/!0#(/!

-(33!%D.&DA!!J(*.(/!-#&&(-@.#&!#9!^.H2#!-(33/!.&!?%@@(*.(/!5%)!3(%0!@#!-(33!0*.9@.&D+!G$.-$!B#/(/!

/(*.#1/!0%&D(*/!G$(&!-$%*D.&DA!!8$(!B*#B#/(0!/#31@.#&!./!@$(*(9#*(!@#!-#&&(-@!%33!@$(!^.H2#!

-(33/!.&!B%*%33(3!9#*-.&D!@$(!-(33/!@#!@$(!/%5(!/@%@(!#9!-$%*D(A!!8$(*(!%*(!%00.@.#&%3!?(&(9.@/!#9!

$%E.&D!@$(!-(33/!.&!B%*%33(3!/1-$!%/O!
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4.1 Navigation Systems  
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4.1.1 Navigation 
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4.1.1.1 Navigation Algorithm 
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@$(!W':!./!9.C(0!@#!@$(!?#0)!#9!@$(!%.*-*%9@A!!8$(!D)*#/-#B(/!@$(*(9#*(!5(%/1*(!@$(!%&D13%*!
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U&(!#9!@$(!0./%0E%&@%D(/!#9!X2J!@$%@!?(-%5(!-3(%*!.&!*(-(&@!)(%*/!01*.&D!@$(!;9D$%&./@%&!

%&0!W*%K!G%*/!./!.@!-%&!?(!]%55(0+!(.@$(*!9*#5!/B(-.9.-%33)!0(/.D&(0!]%55.&D!(K1.B5(&@!#9!

?)! %--.0(&@! ?)! @*%&/5.@@(*/! #B(*%@.&D! ! .&! @$(! X2J! 9*(K1(&-)! ?%&0A! ! 8$./! $%/! 5#@.E%@(0!

/.D&.9.-%&@! *(/(%*-$! .&@#! @$(! 1/(! #9! %3@(*&%@.E(! /(&/#*/! 9#*! &%E.D%@.#&! %.0.&DA! ! 8$(! 1/(! #9!

#B@.-%3!/(&/#*/!%/!E./.#&H?%/(0!&%E.D%@.#&!%.0/!./!*(-(.E.&D!51-$!%@@(&@.#&!01(!@#!@$(!/(&/#*!

?(.&D! .&0(B(&0(&@! #9! (C@(*&%3! @*%&/5.@@(*/! 3.7(!X2JA! ! 8$(! %0E(&@! #9! $.D$HB#G(*(0! .5%D(!

B*#-(//.&D!$%*0G%*(!./!-#&@*.?1@.&D!@#!@$(!.&-*(%/(0!5#5(&@15!#9!@$./!5(@$#0!#9!%.0.&DA!!

W5%D.&D!/(&/#*/!%*(!1/(0!%/!%.0.&D!/(&/#*/!.&!@$(!9#33#G.&D!-#&9.D1*%@.#&/O!

• UB@.-%3!%3@.5(@(*+!G$(*(!@G#!#*!5#*(!-%5(*%/!%*(!1/(0!@#!0(E(3#B!%&!%3@.5(@(*!@$*#1D$!

/@(*(#!E./.#&R!

• ,(%@1*(!0(@(-@.#&!.&!J.513@%&(#1/!^#-%3.V%@.#&!%&0!'%BB.&D!=J^;'>+!G$(*(!@$(!.5%D(!

./!B*#-(//(0! @#!0(@(*5.&(! @$(! 3#-%@.#&!#9! 9(%@1*(/! .&! @$(! /-(&(/!%&0! @$(/(! 9(%@1*(/!%*(!

(.@$(*! -#**(3%@(0!G.@$!7&#G&! 3#-%@.#&/! #9! 9(%@1*(/! #*! 1/(0! @#!0(E(3#B! %!5%B!1/(0! @#!

1B0%@(!@$(!&%E.D%@.#&%3!.&9#*5%@.#&R!

• T%&D(!/(&/#*!@$*#1D$!/@(*(#!E./.#&+!G$(*(!@$(!/(&/#*!./!&#@!B1*(3)!1/(0!%/!%&!%3@.5(@(*+!

?1@! G$(*(! 0./@%&-(! @#! .0(&@.9.(0! 9(%@1*(/! .&! @$(! .5%D(! ./! 0(@(*5.&(! 9*#5! @$(!

-#5?.&%@.#&!#9!513@.B3(!.5%D(/R!%&0!

• ;&D13%*!*%@(!/(&/#*+!G$(*(! @$(!/)/@(5\/!%&D13%*!*%@(!-%&!?(!0(@(*5.&(0!1/.&D!#B@.-%3!

93#G!@(-$&.K1(/A!

;B%*@!9*#5!X2J!%&0!#B@.-%3!/(&/#*/+!#@$(*!/(&/#*/!9*(K1(&@3)!1/(0!.&!&%E.D%@.#&%3!%.0.&D!#&!

:;</!%*(O!

• '%D&(@#5(@(*+! 1@.3./.&D! @$(! I%*@$\/! 5%D&(@.-! 9.(30! @#! 0(@(*5.&(! #*.(&@%@.#&! %&0!

/#5(@.5(/!B#/.@.#&!.&9#*5%@.#&R!

• [%*#5(@*.-!/(&/#*/+!1/.&D!%.*!B*(//1*(!@#!0(@(*5.&(!@$(!%.*-*%9@!%3@.@10(R!

• ^%/(*!%3@.5(@(*/+!B*#E.0.&D!E(*)!$.D$!%--1*%-)!%3@.@10(!5(%/1*(5(&@/R!%&0!

• T%0%*+! %! D*#1&0H?%/(0! /(&/#*! B*(0#5.&%&@3)! 1&0(*! 5.3.@%*)! -#&@*#3! ?1@! /#5(@.5(/!

%E%.3%?3(!9#*!-.E.3.%&!1/(A!!!
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4.1.2 Calibration and alignment 
8G#! -*.@.-%3! @%/7/! %//#-.%@(0! G.@$! .&(*@.%3! &%E.D%@.#&! @$%@! -%&! /(E(*(3)! .&931(&-(! @$(!

&%E.D%@.#&!%--1*%-)!%*(!@$(!-%3.?*%@.#&!%&0!%3.D&5(&@!#9!@$(!WSJA!!6%3.?*%@.#&!./!@$(!B*#-(//!

G$(*(?)!@$(!(**#*/!%//#-.%@(0!G.@$!@$(!W':!%*(!0(@(*5.&(0!%&0!/@#*(0!.&!/#9@G%*(!9#*!1/(!

.&! %&!#&3.&(! -#5B(&/%@.#&! *#1@.&(A! ! W':!-%3.?*%@.#&! ./! %&! (C@*(5(3)! /B(-.%3.V(0! %*(%! @$%@!

*(K1.*(/!(CB(&/.E(!@(/@!(K1.B5(&@A!!8$./!./!%&!%*(%!@$%@!/$#130!?(!E(&@1*(0!.&@#!G.@$!D*(%@!

-%*(! %&0! .@! ./! @$(*(9#*(! /1DD(/@(0! @$%@! B*(H-%3.?*%@(0! .&(*@.%3! /(&/#*/! ?(! 1/(0! G$(&(E(*!

B#//.?3(A! ! [)! 9#33#G.&D! @$./! %BB*#%-$! @$(! .&&(*! @(-$&.-%3!G#*7.&D/! #9! @$(! W':! ./! $.00(&!

9*#5! @$(! %BB3.-%@.#&! (&D.&((*! G$#! /.5B3)! G%&@! @#! 1/(! @$(! /(&/#*! %/! %! ?3%-7H?#C!

5(%/1*(5(&@!0(E.-(A!!!

;3.D&5(&@! ./! @$(! B*#-(//! G$(*(?)! @$(! .&.@.%3! B#/.@.#&! %&0! #*.(&@%@.#&! #9! @$(! W':! ./!

0(@(*5.&(0! @#! %-@! %/! .&.@.%3! -#&0.@.#&/! 9#*! @$(! WSJ! .&@(D*%@.#&! (K1%@.#&/A! ! 8*%0.@.#&%33)+!

/@*%B0#G&! .&(*@.%3! /)/@(5/! 0(B(&0(0! #&! D)*#-#5B%//! %3.D&5(&@! =%3/#! 7&#G&! %/! /@%@.-!

%3.D&5(&@! #*! D*#1&0! %3.D&5(&@>! #9! @$(! /)/@(5! %/! 0(/-*.?(0! ?)! =[*.@@.&D+! NhbN>A! ! W&! @$./!

5(@$#0!@$(!%--(3(*#5(@(*/!%*(!1/(0!@#!0(@(*5.&(!@$(!.&.@.%3!(/@.5%@(!#9!@.3@!=*#33!%&0!B.@-$>!

%&D3(/!#9!@$(!%.*-*%9@!@$*#1D$!%!B*#-(//!7&#G&!%/!%&%3)@.-%3!%3.D&5(&@A!!U&-(!@$(!@.3@!%&D3(/!

%*(! 7&#G&+! @$(! *#@%@.#&%3! /B((0! #9! @$(! I%*@$! ./!5(%/1*(0! ?)! @$(! D)*#/! @#! 0(@(*5.&(! @$(!

$(%0.&D!#9!@$(!W':A!!8$(!.&.@.%3!%3.D&5(&@!*(/13@/!%*(!*(9.&(0!1/.&D!%!l%35%&!9.3@(*!G$.3(!@$(!

$(%0.&D! -#&E(*D(/! @#! @$(! %-@1%3! E%31(A! ! 8$(! G$#3(! B*#-(//! 1/1%33)! @%7(/! %?#1@! NM! @#! NQ!

5.&1@(/A!!2#/.@.#&!./!(.@$(*!0(@(*5.&(0!?)!B#/.@.#&.&D!@$(!%.*-*%9@!%@!%!7&#G&!B#/.@.#&!#&!@$(!

*1&G%)+! #*! 9*#5! %! $.D$! %--1*%-)! X2J! B#/.@.#&! 5(%/1*(5(&@A! ! c./%0E%&@%D(/! #9! @$./!

%BB*#%-$!@#!%3.D&5(&@!./!@$%@!@$(!D)*#/!&((0!@#!?(!K1.@(!%--1*%@(!=%@!3(%/@!.&!@$(!$.D$!(&0!#9!

@$(! /1?H.&(*@.%3! D*%0(! /(&/#*/>! @#! 0(@(-@! @$(! *#@%@.#&%3! *%@(! #9! @$(! I%*@$! B(*9#*5.&D! @$(!

$(%0.&D!%3.D&5(&@A! !W&!9%-@+!@$(!&((0!9#*!%--1*%@(!$(%0.&D!%3.D&5(&@!./!@$(!?.DD(/@!0*.E.&D!

9%-@#*!G$(&!/B(-.9).&D!%--1*%-)!#9!@$(!D)*#/!.&!@$(!W':A!!W9!%3@(*&%@.E(!%3.D&5(&@!@(-$&.K1(/!

%*(!1/(0+!D)*#! *(K1.*(5(&@/! -%&!?(! /.D&.9.-%&@3)! *(01-(0+! @$(*(?)! *(01-.&D! @$(! @#@%3! W':!

-#/@A! ! =,%**(33+! LMMf>! B*(/(&@/! /#5(! %3@(*&%@.E(/! 9#*! %3.D&5(&@! G.@$! @$(! 1/(! #9! %!

5%D&(@#5(@(*!@#!0(@(*5.&(!@$(!$(%0.&D!%&D3(!?(.&D!@$(!5#/@!G.0(3)!1/(0!5(@$#0!9#*!3#GH

D*%0(!W':/!G$.-$!./!&#@!/(&/.@.E(!(&#1D$!@#!0(@(-@!@$%@!I%*@$\/!*%@(!#9!*#@%@.#&A!

4.1.3 Design Considerations: Long Endurance Navigation 
,*#5!@$(!0./-1//.#&!#&!&%E.D%@.#&!B*(/(&@(0!.&!@$(!B*(E.#1/!/(-@.#&/+!@$(!9#33#G.&D!0(/.D&!

-#&/.0(*%@.#&/!-%&!?(!$.D$3.D$@(0!9#*!3#&D!(&01*%&-(!5.//.#&/O!

• 2*#B(*! -%3.?*%@.#&! #9! @$(! &%E.D%@.#&! /(&/#*/! %&0! $.D$! %--1*%-)! %3.D&5(&@! ?(9#*(! @$(!

/@%*@!#9! @$(!5.//.#&!%*(!#9!1@5#/@! .5B#*@%&-(!@#!(&/1*(!D##0!&%E.D%@.#&!0%@%!9#*! 3#&D!

(&01*%&-(!5.//.#&/A!

• ^#G!D*%0(!.&(*@.%3!/(&/#*/!-%&&#@!?(!1/(0!@#!B(*9#*5!%1@#&#5#1/!&%E.D%@.#&!G.@$#1@!

?(.&D!%.0(0!?)!%&!%00.@.#&%3!/(&/#*A!!X2J!./!@$(!3#D.-%3!-$#.-(!9#*!%.0.&D!@$(!3#G!D*%0(!

W':/!?)!5(%&/!#9!l%35%&!9.3@(*!5(-$%&.V%@.#&A!

• ;!$.D$!%--1*%-)!*(3.%?3(!X2J!*(-(.E(*!./!(//(&@.%3!.9!3#G(*!%--1*%-)!.&(*@.%3!/(&/#*/!%*(!

1/(0A!

• ;3@$#1D$! &#@! 0./-1//(0! $(*(+! @$(! &%E.D%@.#&! -#5B1@%@.#&/! %&0! @$(! 5(@$#0! %&0!

/(K1(&-(! .&!G$.-$! @$(/(! -#5B1@%@.#&/! %*(! B(*9#*5(0! #&! @$(! &%E.D%@.#&! -#5B1@(*! ./!

E(*)! .5B#*@%&@! %/! %&)! 0(3%)/! .&! 0%@%! *(/13@.&D! .&! /7(G.&D! #*! /@%3(! 0%@%! -#130! ?(!

-%@%/@*#B$.-!@#!@$(!/)/@(5!B(*9#*5%&-(A!!!
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4.2 Aircraft Control Systems 
8$(!W&@(*&%@.#&%3!;(*.%3!T#?#@.-/!6#5B(@.@.#&N!=W;T6>!$%/!?((&!B3%).&D!%!/.D&.9.-%&@!*#3(!.&!

%--(3(*%@.&D! @$(!0(E(3#B5(&@! #9!:;</! %&0! /B(-.9.-%33)! .&! @$(! %0E%&-(5(&@! #9! @$(! -#&@*#3!

/@*%@(D.(/A! ! W&.@.%33)! G$(&! @$(! -#5B(@.@.#&! /@%*@(0! .&! NhhN+! @$(! 9#-1/!G%/! /@*#&D3)! #&! @$(!

0(E(3#B5(&@!#9! @$(! -#&@*#3! %3D#*.@$5/+!?1@! /.&-(! @$(&! @$(! -#&@*#3! /)/@(5/! @(-$&#3#D)!$%/!

5%@1*(0! @#! /1-$! %! 0(D*((! @$%@! @$(! -#&@*#3! /)/@(5! ./! 1/1%33)! *(D%*0(0! %/! %! Y$.00(&!

@(-$&#3#D)Z! G.@$! 5#*(! 9#-1/! ?(.&D! B3%-(0! #&! @$(! 0(E(3#B5(&@! #9! @$(! B%)3#%0! /(&/#*/+!

/(&/#*! .&@(33.D(&-(+! %1@#&#5#1/! 5.//.#&! B3%&&.&D! %&0! -#33%?#*%@.#&! ?(@G((&! 513@.B3(!

E($.-3(!/)/@(5/A!!8$(!-#&@*#3!/)/@(5!0(E(3#B5(&@/!#--1**(0!%/!B%*@!#9!@$(!W;T6!$%E(!$%0!%!

/.D&.9.-%&@!.5B%-@!#&!@$(!-#&@*#3!/)/@(5/!#9!-#55(*-.%3!B*#01-@/!%/!5%&)!#9!@$(!%3D#*.@$5/!

0(E(3#B(0!$%E(!5%@1*(0!.&@#!1/%?3(!B*#01-@/A!!!

;!E%/@!%**%)!#9!-#&@*#3!%3D#*.@$5/!(C./@!@$%@!$%E(!?((&!.5B3(5(&@(0!G.@$!E%*).&D!0(D*((/!#9!

/1--(//A!!W&!D(&(*%3!@$(/(!-#&@*#3!/@*%@(D.(/!-%&!?(!0.E.0(0!.&@#!@$(!%*(%/!#9!-3%//.-%3+!5#0(*&!

%&0!/@%@(H/B%-(!-#&@*#3!%/!B*(/(&@(0!.&!@$(!9#33#G.&D!@$*((!/1?/(-@.#&/A!

4.2.1 Classical Control 
8$(! @(*5!-3%//.-%3! -#&@*#3! *(9(*/! @#! @$(!#30(/@! %&0!5#/@! (/@%?3./$(0!5(@$#0!#9! -#&@*#3A! !;!

&15?(*!#9! @(-$&.K1(/!9%33! .&! @$./!-%@(D#*)!G$.-$!-#&/./@/!#9!%!-#&@*#3! 3##B!?(.&D!0(/.D&(0!

B(*!-#&@*#33(0!E%*.%?3(+!*(/13@.&D!.&!%!3%*D(!&15?(*!#9!.&0(B(&0(&@3)!0(/.D&(0!-#&@*#3!3##B/!

9#*!3%*D(!513@.HE%*.%?3(!/)/@(5/A!!!

8$(!-3%//.-%3!%BB*#%-$!@#!9.C(0HG.&D!:;<!-#&@*#3!-%&!?(!0.E.0(0!.&@#!%!&15?(*!#9!%-@.#&/+!

?(.&DO!

• ;@@.@10(!/@%?.3.V%@.#&R!

• ^#&D.@10.&%3!-#&@*#3R!%&0!!

• ^%@(*%3!-#&@*#3A!

6#&@*#33(*/!%*(!%BB3.(0! @#!B(*9#*5!(%-$!#&(!#9! @$(/(!%-@.#&/!?)!5(%&/!#9!513@.B3(!-#&@*#3!

3##B/A!!8$(!%@@.@10(!/@%?.3.V%@.#&!3##B!./!1/1%33)!@$(!.&&(*5#/@!3##B!G.@$!@$(!$.D$(/@!-#&@*#3!

?%&0G.0@$A!!8$(!3%@(*%3!%&0!3#&D.@10.&%3!-#&@*#3!3##B/!*(K1.*(!3#G(*!?%&0G.0@$!%-@.#&/!%&0!

@$(/(!%*(!-3#/(0!%*#1&0! @$(!%@@.@10(! 3##B! @#! -#&@*#3! @$(!%.*-*%9@! %3@.@10(+!E(3#-.@)+!B#/.@.#&!

%&0! $(%0.&DA! ! ,.D1*(! h! %&0! 9.D1*(! NM! B*(/(&@! @$(! -3%//.-%3! %1@#B.3#@! 513@.H3##B!

-#&9.D1*%@.#&/! 9#*! @$(! 3#&D.@10.&%3! =%3@.@10(! $#30>! %&0! 3%@(*%3! =$(%0.&D! $#30>! 5#0(/+!

*(/B(-@.E(3)A!!W&!?#@$!@$(/(!/)/@(5/+!@$(!.&&(*5#/@!3##B/!/@%?.3.V(!@$(!%.*-*%9@!*%@(/!=K!./!@$(!

B.@-$!*%@(!%&0!B!./!@$(!*#33!*%@(>+!9#33#G(0!?)!@$(!%.*-*%9@!#*.(&@%@.#&!=@$(@%!./!@$(!B.@-$!%&D3(!

%&0!B$.!@$(!*#33!%&D3(>A! !8$(!#1@(*5#/@!3##B/!-#&@*#3!@$(!@*1(!B%*%5(@(*/!#9!.&@(*(/@+!?(.&D!

@$(!%3@.@10(!.&!@$(!3#&D.@10.&%3!5#0(!%&0!@$(!$(%0.&D!.&!@$(!3%@(*%3!5#0(A!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!

N!$@@BOii.%*-A%&D(3H/@*.7(A-#5i!R!

$@@BOii(&AG.7.B(0.%A#*DiG.7.iW&@(*&%@.#&%3n;(*.%3nT#?#@.-/n6#5B(@.@.#& 
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,.D1*(!hA!63%//.-%3!%3@.@10(!$#30!%1@#B.3#@!/)/@(5!

!

,.D1*(!NMA!63%//.-%3!$(%0.&D!$#30!%1@#B.3#@!/)/@(5!

2*#?%?3)!@$(!5#/@!B*(E%3(&@!-#&@*#3!/@*%@(D)!%5#&D/@!%33!%*(%/!#9!-3#/(0H3##B!-#&@*#3!./!@$(!

B*#B#*@.#&%3HB31/H.&@(D*%3HB31/H0(*.E%@.E(! =2Wc>! @)B(! #9! -#&@*#33(*/! 9#*! G$.-$! @$(! ?3#-7!

0.%D*%5! ./! B*(/(&@(0! .&! ,.D1*(! NNA! ! 8$(! -#&@*#33(*! -#&/./@/! #9! @$*((! @(*5/! @$%@! -%&! ?(!

-#5?.&(0! #*! 3(9@! #1@! %/! *(K1.*(0A! ! 8$(! %0E%&@%D(! #9! 2Wc! -#&@*#3! %&0! @$(! *(%/#&! @$%@! @$./!

@(-$&.K1(! ./! /#! G.0(3)! 1/(0! ./! @$(! 9%-@! @$%@! @$(! 2! =B*#B#*@.#&%3>+! W! =.&@(D*%3>! %&0! c!

=0(*.E%@.E(>!@(*5/!-%&!?(!E(*)!(99(-@.E(3)!Y@1&(0Z!.&!%!E(*)!/$#*@!@.5(!@#!#?@%.&!%!-#&@*#33(*!

@$%@! G.33! B(*9#*5! %&! %0(K1%@(! -#&@*#3! %-@.#&A! ! 8$(! Y@1&.&DZ! #9! @$(! -#&@*#33(*! -%&! ?(!

B(*9#*5(0! G.@$#1@! %! 0)&%5.-/! 5#0(3! #9! @$(! /)/@(5! #*! G.@$#1@! %&)! 7&#G3(0D(! #9! @$(!

0)&%5.-/! #9! @$(! /)/@(5A! ! '#*(! 9#*5%3! 5(@$#0/! -#130! %3/#! ?(! 1/(0! @#! 0(@(*5.&(! @$(!

-#&@*#33(*! B%*%5(@(*/+! ?1@! @$(! (CB(*.(&-(H?%/(0! @1&.&D! #9! @$(! -#&@*#33(*! @(*5/! ?%/(0! #&!

/#5(!$(1*./@.-!*13(/!./!5#/@!-#55#&3)!9#33#G(0A!

8$(/(!$(1*./@.-!*13(/!-%&!?(!0(9.&(0!%/!9#33#G/LO!

• 8$(! B*#B#*@.#&%3! @(*5! l2! ./! 1/(0! @#! *(01-(! @$(! /)/@(5! *./(! @.5(! %&0! @#! *(01-(! @$(!

/@(%0)!/@%@(!(**#*!#9!@$(!/)/@(5+!?1@!.@!-%&&#@!?(!1/(0!@#!-#5B3(@(3)!(3.5.&%@(!@$(!(**#*A!!

:/(0!#&!.@/!#G&+!.@!./!@$(!/.5B3(/@!B#//.?3(!-#&@*#33(*!%&0!#9@(&!*(/13@/!.&!%&!%0(K1%@(!

/)/@(5!*(/B#&/(A!

• 8$(! .&@(D*%3! @(*5! lW! ./! 1/(0! @#! (3.5.&%@(! @$(! /@(%0)H/@%@(! (**#*+! ?1@! @$(! (CB(&/(! #9!

0*%5%@.-%33)!/3#G.&D!0#G&!@$(!/)/@(5!*(/B#&/(!%&0!B#//.?3)!(E(&!5%7.&D!@$(!/)/@(5!

1&/@%?3(A!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!

L!$@@BOiiGGGA(&D.&A15.-$A(01iD*#1Bi-@5i2Wci2WcA$@53!
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• 8$(!0(*.E%@.E(! @(*5!lc!$%/!%! /@%?.3.V.&D!(99(-@!#&! @$(!/)/@(5!*(/B#&/(!?)!0(-*(%/.&D!

@$(! /(@@3.&D! @.5(! %&0! @$(! #E(*/$##@! #9! @$(! /)/@(5A! ! W@! 0#(/! &#@! $%E(! %&)! /.D&.9.-%&@!

.5B%-@!#&!@$(!/@(%0)H/@%@(!(**#*A!

8$(/(!D1.0(3.&(/!%*(!D(&(*%33)!-#**(-@+!?1@!0(E.%@.#&/!9*#5!@$(5!-%&!?(!(CB(*.(&-(0!G$(&!

%&)!#9! @$(! @$*((!B%*%5(@(*/! ./!-$%&D(0+! @$(*(?)! .&931(&-.&D!@$(!?%3%&-(!?(@G((&!@$(!@$*((!

@(*5/A! ! ;9@(*! /#5(! @*.%3! %&0! (**#*+! %! D(&(*%3! 5(@$#0! 9#*! @1&.&D! @$(! 2Wc! @(*5/! -%&! ?(!

0(@(*5.&(0A! ! ;! D1.0(3.&(! #9@(&! 9#33#G(0+! ./! @#! @1&(! @$(! B*#B#*@.#&%3! @(*5! 1&@.3! /%@./9.(0+!

@$(&!%00!.&@(D*%3!-#&@*#3!%&0!9.&%33)!%00!@$(!0(*.E%@.E(!-#&@*#3!%/!&(-(//%*)A!

!

,.D1*(!NNA!;!2Wc!-#&@*#33(*!

;&#@$(*! -3%//.-%3! @(-$&.K1(! ./! @$(! 3(%0H3%D! @)B(! #9! -#&@*#33(*! G$.-$! ./! 5#*(! #9! %! B1*./@!

%BB*#%-$! @#! 2Wc! -#&@*#3! G.@$! 5#*(! #B@.#&/! 01*.&D! @$(! -#&@*#3! %BB*#%-$A! ! ^(%0H3%D!

-#&@*#33(*/!%*(!1/1%33)!0(/.D&(0!1/.&D!9#*5%3!0(/.D&!5(@$#0/!/1-$!%/!@$(!9*(K1(&-)!0#5%.&!

@(-$&.K1(/! =1/.&D![#0(!B3#@/>!#*! @$(! *##@! 3#-1/!5(@$#0A! !8$(/(! @(-$&.K1(/!%*(!?%/(0!#&!%!

B*#B(*!0)&%5.-/!5#0(3!#9!@$(!/)/@(5A!!!

8$(!?##7!#9! =,*%&73.&! (@A! %3A+! LMMd>! ./! %&! (C-(33(&@! .&@*#01-@#*)! /#1*-(! #9! .&9#*5%@.#&! %&0!

@##3/! #&! @$(! 0(/.D&! #9! -3%//.-%3! %&0! /@%@(! /B%-(! -#&@*#3! /)/@(5/A! ! =J@(E(&/!_! ^(G./+! LMM`R!

T#/7%5+!NhbhR!'-T1(*!(@A!;3+!Nhb`R![3%7(3#-7+!NhhN>!B*(/(&@!%!0(@%.3(0!0./-1//.#&!#9!E%*.#1/!

%/B(-@/!#9!%.*-*%9@!-#&@*#3!9*#5!@$(!-3%//.-%3!B(*/B(-@.E(A!

4.2.1.1 Dynamics model 
8$(!1/(!#9!@$(!B*#B#*@.#&%3HB31/H.&@(D*%3HB31/H0(*.E%@.E(!=2Wc>!-#&@*#3!/@*%@(D)!#&!3#GH-#/@!

:;<!/)/@(5/!.&!*(-(&@!)(%*/!$%/!*(/13@(0!.&!3(//!(5B$%/./!?(.&D!B3%-(0!#&!@$(!0(E(3#B5(&@!

#9!%!0)&%5.-/!5#0(3!9#*!@$(!%.*-*%9@!%/!%&!%0(K1%@(!-#&@*#33(*!-%&!?(!#?@%.&(0!@$*#1D$!@$(!

@1&.&D! #9! @$(! -#&@*#33(*! B%*%5(@(*/A! ! F#G(E(*+! 5#/@! 5(@$#0/! #9! -#&@*#3! /)/@(5! 0(/.D&!

0(B(&0!$(%E.3)!#&! @$(!%E%.3%?.3.@)!#9! %&!%--1*%@(!0)&%5.-/!5#0(3!#9! @$(!%.*-*%9@A! !;!$.D$!

9.0(3.@)!0(@(*5.&./@.-! 93.D$@! -#&@*#33(*! -%&&#@! ?(! #?@%.&(0!G.@$#1@!1/.&D! /1-$! %!5#0(3A! !;!

0(@%.3(0!@*(%@./(!#&!0)&%5.-!%&0!%(*#0)&%5.-!5#0(33.&D!#9!%.*-*%9@!./!?()#&0!@$(!/-#B(!#9!

@$./!-$%B@(*A!!W@!./!%!9%.*3)!-#5B3(C!9.(30!-#5?.&.&D!7&#G3(0D(!9*#5!%!&15?(*!#9!0./-.B3.&(/!

@#!0(*.E(!@$(!5#0(3!@#!?(!1/(0!.&!@$(!0(E(3#B5(&@!#9!@$(!-#&@*#3!/)/@(5!%&0!.&!%!-#5B1@(*!

/.513%@.#&! @#! @(/@! @$(! -#&@*#3! /)/@(5A! ! =J@(E(&/! %&0! ^(G./+! LMM`>! B*(/(&@/! %! @$#*#1D$!

0./-1//.#&!#&! @$(!0(E(3#B5(&@! #9! @$(! -#5B3(@(!0)&%5.-! %&0! %(*#0)&%5.-!5#0(3!&((0(0!

9#*!@$(!0(/.D&!#9!%!9.C(0!G.&D!%1@#B.3#@A!!=T#/7%5+!Nhbh>!3##7/!.&!5#*(!0(@%.3!%@!@$(!5(@$#0/!

1/(0!@#!#?@%.&!@$(!/@%?.3.@)!0(*.E%@.E(/!1/(0!@#!0(/-*.?(!%(*#0)&%5.-!9#*-(/!%&0!5#5(&@/!#&!
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@$(!%.*-*%9@A! ! W@!51/@!?(!(5B$%/.V(0! @$%@!%!B*#B(*!D*%/B!#9! @$(! 9.(30/!#9!%.*-*%9@!5#0(33.&D!

%&0!/.513%@.#&!%*(!&((0(0!@#!0(/.D&!@*1/@G#*@$)!%.*-*%9@!%1@#B.3#@!/)/@(5/A!!!

4.2.2 Modern Control 
J.&-(!@$(!NhdM\/!@$(!0(E(3#B5(&@!#9!3%*D(*+!5#*(!-#5B3(C!/)/@(5/!$%E(!&(-(//.@%@(0!@$%@!@$(!

5(@$#0/! #9! -#&@*#3! 0(/.D&! ?(! 1B0%@(0! @#! %--#55#0%@(! @$(/(! /)/@(5/A! ! 8$(! /@%@(H/B%-(!

%BB*#%-$!@#!-#&@*#3!/)/@(5!0(/.D&!=D(&(*%33)!7&#G&!%/!5#0(*&!-#&@*#3!.&!-#5B%*./#&!@#!@$(!

@*%0.@.#&%3! 5(@$#0/! @$%@! G%/! 7&#G&! %/! -3%//.-%3! -#&@*#3>! G%/! 0(E(3#B(0! @#! %00*(//! @$./!

.//1(A!!;!&15?(*!#9!0(/.D&!@(-$&.K1(/!?%/(0!#&!@$(!/@%@(H/B%-(!%BB*#%-$!./!.&!#B(*%@.#&!#&!

B*%-@.-%3!/)/@(5/A!!!!!

8$(! &#&H3.&(%*! &%@1*(! #9! @$(! 9133! %.*-*%9@! 0)&%5.-/! 5#0(3! 5(%&/! @$%@! (.@$(*! @$(! $.D$!

-#5B3(C.@)! &#&H3.&(%*! 0(/.D&! @(-$&.K1(/! G.33! &((0! @#! ?(! 9#33#G(0+! #*! @$%@! %! 3.&(%*!

%BB*#C.5%@.#&! @#! @$(! &#&H3.&(%*! 5#0(3! ?(! 0(@(*5.&(0A! ! 8$(! 3%/@! #B@.#&! ./! 1/1%33)! @%7(&!

G$(*(!%!&15?(*!#9!3.&(%*!/)/@(5!5#0(3/!%*(!.0(&@.9.(0!?)!3.&(%*.V.&D!@$(!&#&H3.&(%*!5#0(3!

%@! %! -#1B3(! #9! #B(*%@.&D! B#.&@/! @$%@! *(B*(/(&@! @$(! %-@1%3! #B(*%@.#&%3! -#&0.@.#&/! #9! @$(!

%.*-*%9@A! !;!/(B%*%@(!(!/(@!#9!-#&@*#33(*!D%.&/! ./!0(@(*5.&(0!9#*!(%-$!#B(*%@.&D!B#.&@!G.@$!%!

0.99(*(&@!-#&@*#33(*!?(.&D!/(3(-@(0!?%/(0!#&!@$(!#B(*%@.#&%3!-#&0.@.#&/!P!%!B*#-(//!7&#G&!%/!

D%.&!/-$(013.&DA!

8$(!^oT!@(-$&.K1(/!=J.&$%+!LMMbR!J7#D(/@%0!_!2#/@3(@$G%.@(+!LMMQR!J@(E(&/!_!^(G./+!LMM`>!

./!#&(!@(-$&.K1(!@$%@!%*(!1/(0!%/!B%*@!#9!/1-$!%!D%.&!/-$(013.&D!/@*%@(D)A!!W@!*(K1.*(/!@$%@!%!

*(3%@.E(!$.D$!%--1*%-)!/)/@(5!5#0(3!?(!%E%.3%?3(! 9#*! @$(!-#&@*#3!/)/@(5!0(/.D&A! ![%/(0!#&!

@$(!&#./(!B*#B(*@.(/!#9! @$(!/)/@(5!5#0(3!%&0!@$(!5(%/1*(5(&@/+!#B@.5%3! 9((0?%-7!-#&@*#3!

D%.&/!%*(!0(@(*5.&(0!@$%@!G.33!*(/13@! .&!@$(!9%/@(/@!B#//.?3(!/)/@(5!*(/B#&/(!G$.3(!3.5.@.&D!

@$(! *(K1.*(0! -#&@*#3! (99#*@! &((0(0! @#! %-$.(E(! @$./! B(*9#*5%&-(A! ! J@(E(&/! _! ^(G./+! LMM`!

B*(/(&@/!%!0(@%.3(0!0./-1//.#&!#9! @$(!%BB3.-%@.#&!#9! @$./! @(-$&.K1(! @#! @$(!0(/.D&!#9!%.*-*%9@!

-#&@*#3! /)/@(5/!G$(*(! @$(! -#5B3(C.@)! #9! @$(! /)/@(5/! %&0! @$(! &15?(*! #9! B%*%5(@(*/! @$%@!

&((0!@#!?(!@1&(0!*(K1.*(!5#0.9.-%@.#&/!@#!@$(!/@%&0%*0!^oT!@(-$&.K1(/A!

,#*! /#5(! .5B3(5(&@%@.#&/! 1&-(*@%.&@)! (C./@/! .&! @$(! /)/@(5! 5#0(3! #*! .&! @$(! #B(*%@.#&%3!

(&E.*#&5(&@! .&!G$.-$! @$(! -#&@*#33(*!G.33! ?(! 1/(0A! !:&0(*! @$(/(! -#&0.@.#&/! *#?1/@! -#&@*#3!

0(/.D&!@(-$&.K1(/!%*(!1/(0A!!8$(!5#/@!G.0(3)!1/(0!*#?1/@!-#&@*#3!@(-$&.K1(/!%*(!@$(!3.&(%*!

K1%0*%@.-! *(D13%@#*!i! 3##BH@*%&/9(*! *(-#E(*)! =^oTi^8T>!%&0! @$(!FHW&9.&.@)! =FH.&9!#*!F!>!
@(-$&.K1(/A!J.&$%+!LMMbR!J7#D(/@%0!_!2#/@3(@$G%.@(+!LMMQR!%&0!J@(E(&/!_!^(G./+!LMM`!0./-1//!

@$(/(!@(-$&.K1(/!9*#5!?#@$!@$(#*(@.-%3!%&0!B*%-@.-%3!B(*/B(-@.E(/A!!8$(!FHW&9.&.@)!==FH.&9!#*!

F!>>! 0(/.D&! @(-$&.K1(! ./! %! *#?1/@! 9*(K1(&-)H0#5%.&!5(@$#0! #9! 0(/.D&.&D! -#&@*#33(*/! 9#*!
/)/@(5/! @$%@! (C$.?.@! 1&-(*@%.&@)! (.@$(*! .&! @(*5/! #9! @$(! /)/@(5!5#0(3! 1/(0! @#! 0(/.D&! @$(!

-#&@*#33(*+!#*!.&!@(*5/!#9!@$(!#B(*%@.#&%3!(&E.*#&5(&@A!!8$(!^oTi^8T!%BB*#%-$!./!?%/(0!#&!

@$(! /(B%*%@.#&! #9! @$(! -#&@*#33(*! 0(/.D&! .&@#! %! l%35%&! 9.3@(*! #?/(*E(*! %&0! @$(&! %! /@%@(!

9((0?%-7!-#&@*#33(*A!!8$(!%0E%&@%D(!#9!@$./!%BB*#%-$+!G$.-$!./!E(*)!B#B13%*!%5#&D/@!%.*-*%9@!

0(/.D&(*/+! ./! @$%@! @$(! /@%@(! 9((0?%-7! -#&@*#33(*! =@$(! 3.&(%*! K1%0*%@.-! *(D13%@#*>! $%/! /#5(!

.&$(*(&@!B*#B(*@.(/!@$%@!*(/13@!.&!%!*#?1/@!-#&@*#33(*!G$.-$!./!%.0(0!G.@$!@$(!^8T!@(-$&.K1(A!!

J@(E(&/!_!^(G./+!LMM`!0./-1//(/!@$(!%BB3.-%@.#&!#9!@$./!@(-$&.K1(!@#!@$(!%1@#B.3#@!0(/.D&!#9!

9.C(0HG.&D!%.*-*%9@A!

4.2.4 Control system hardware 
U&!5#/@!:;</!@$(!@)B(!#9!#&?#%*0!/)/@(5/!%&0!/(&/#*/!%*(!-#&/@*%.&(0!.&!@(*5/!#9O!

• J.V(R!
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• 4(.D$@R!%&0!

• I3(-@*.-%3!B#G(*!*(K1.*(5(&@/A!

X.E(&!@$(!@#@%3!/)/@(5!-#/@!%&!.5B#*@%&@!0*.E.&D!9%-@#*!#&!5#/@!:;</+!@$(!/(3(-@.#&!#9!@$(!

%-@1%3!%E.#&.-/!%&0!/(&/#*!$%*0G%*(!%*(!#9!-*.@.-%3!.5B#*@%&-(A!!8$./!/(-@.#&!G.33!%@@(5B@!@#!

%00*(//!/#5(!#9!@$(!%E%.3%?3(!#B@.#&/!.&!@(*5/!#9!-#5B1@(*!$%*0G%*(!%&0!/(&/#*/!%E%.3%?3(!

9#*!&%E.D%@.#&!1/(!#&!%!9.C(0HG.&D!:;</A!!;&!.&E%31%?3(!/#1*-(!#9!.&9#*5%@.#&!./!@$(!:;JH

W&9#!G(?/.@(`!-#&@%.&.&D!@$(!%&&1%3!B1?3.-%@.#&!#9!@$(!:<JHW&@(*&%@.#&%3!p(%*?##7A! !;B%*@!

9*#5! %*@.-3(/! #9! D(&(*%3! .&@(*(/@+! @$(! )(%*?##7/! -#&@%.&! /#*@(0! 3./@/! #9! %E%.3%?3(! W':/+!

%1@#B.3#@/+!-#5B3(@(!:;<!/)/@(5/+!B%)3#%0!/(&/#*/+!B#G(*!B3%&@/!%&0!51-$!5#*(A!

4.2.4.1 Inertial Sensors 
W&!D(&(*%3! @$(!%--1*%-)!#9!%&!%.*-*%9@! .&(*@.%3!/(&/#*/! ./!0.*(-@3)!B*#B#*@.#&%3! @#! @$(!-#/@!#9!

@$(!/(&/#*/A!!8$(!&15?(*!#9!5%&19%-@1*(*/!#9!?#@$!.&(*@.%3!%&0!#@$(*!/(&/#*/!%*(!/#!E%/@!@$%@!

%! 0./-1//.#&! ./! ?()#&0! @$(! /-#B(! #9! @$./! -$%B@(*A! ! T(9(*(&-(/! 9#*! %E%.3%?3(! /(&/#*/! %&0!

/1?/)/@(5/!%*(!@$(!T(9(*(&-(!J(-@.#&!#9!@$(!:<JHW&@(*&%@.#&%3!p(%*?##7a!1&0(*!@$(!$(%0.&D!

;1@#B.3#@/!_!W&(*@.%3!'(%/1*.&D!:&.@/!%&0!@$(!;//#-.%@.#&!9#*!:&5%&&(0!<($.-3(!J)/@(5/!

W&@(*&%@.#&%3!=;:<JW>!G(?/.@(Q!%&0!@$(.*!5#&@$3)!5%D%V.&(!:&5%&&(0!J)/@(5/A!!!

8$(! .&(*@.%3! /(&/#*! B%-7! ./! B*#?%?3)! @$(! 5#/@! -*.@.-%3! %/B(-@! D#E(*&.&D! @$(! @#@%3! :;<!

&%E.D%@.#&%3!%&0!B#/.@.#&.&D!B(*9#*5%&-(A!!W@!G.33!%3/#!?(!@$(!5#/@!(CB(&/.E(!-#5B#&(&@!#&!

@$(! :;<+! #&3)! @#! ?(! /1*B%//(0! ?)! E(*)! $.D$! K1%3.@)! .&@(D*%@(0! (3(-@*#H#B@.-%3! /(&/#*!

/)/@(5/A!!8$(!&#*5%3!0(/.D&!-#&/@*%.&@/!#9!G(.D$@+!B#G(*!%&0!/.V(!B3%)!/3.D$@3)!3(//!#9!%!*#3(!

G$(&!.@!-#5(/!@#!@$(!.&(*@.%3!/(&/#*/!%/!/#5(!%--#55#0%@.#&!G.33!?(!5%0(!@#!?(!%?3(!@#!$#/@!

@$(!/(&/#*!G$.-$!D1%*%&@((/!5.//.#&!/1--(//A!W5B#*@%&@!9%-@#*/!@#!-#&/.0(*!G$(&!?1).&D!@$(!

.&(*@.%3!/(&/#*/!%*(!3./@(0!?(3#GO!

• W/!@$(!W':!B*(H-%3.?*%@(0kR!

• W/! @$(! /(&/#*HB%-7! %--1*%@(! (&#1D$! @#! %33#G! 9#*! D)*#H-#5B%//! %3.D&5(&@k! ! W9! &#@+! %&!

%00.@.#&%3! 5%D&(@#5(@(*! #*! %! /(&/#*! #9! (K1.E%3(&@! B(*9#*5%&-(! .&-310.&D! %!

5%D&(@#5(@(*!G.33!?(!*(K1.*(0A!!

• c#(/!@$(!/(&/#*!B%-7!$%E(!/199.-.(&@!0)&%5.-!*%&D(!9#*!@$(!@)B(!#9!%BB3.-%@.#&k!

• W/! @$(!(&E.*#&5(&@%3! /B(-.9.-%@.#&!#9! @$(! /(&/#*!B%-7!-#5B%@.?3(!G.@$! @$(!#B(*%@.#&%3!

0#5%.&! #9! @$(! %.*-*%9@k! ! ;/B(-@/! @#! -#&/.0(*! %*(! /$#-7! %&0! E.?*%@.#&+! @(5B(*%@1*(+!

5#./@1*(!%&0!#B(*%@.#&%3!*%&D(!.&!@(*5/!#9!$(.D$@!%?#E(!/(%!3(E(3A!!!

• c#(/!@$(!/)/@(5!$%E(!%0(K1%@(!.&@(*9%-(!-#&&(-@#*/!9#*!@$(!@)B(!#9!%BB3.-%@.#&k!!J#5(!

*(K1.*(5(&@/!-#130!?(!5#./@1*(!B*##9+!01/@B*##9!#*!E.?*%@.#&!B*##9!-#&&(-@#*/A!

• W/! @$(!0%@%H*%@(! #9! @$(! /(&/#*! #1@B1@! -#5B%@.?3(!G.@$! @$(! *(K1.*(5(&@/! #9! @$(! -#&@*#3!

/)/@(5k!

• W/! @$(!/(&/#*!0%@%!@.5(H@%DD(0!#*! ./! @$(!0%@%H3%@(&-)!/1-$!@$%@! .@!-%&!?(!.D&#*(0!.&!@$(!

/)/@(5! 0(/.D&k! ! c(3%)/! .&! .&(*@.%3! 5(%/1*(5(&@/! G$.-$! -%&&#@! ?(! B*(-./(3)!

-$%*%-@(*./(0!*(/13@/!.&!0(D*%0(0!/)/@(5!B(*9#*5%&-(A!!!

8$(*(!%*(!9#1*!@)B(/!#9!.&(*@.%3!/(&/#*/!%E%.3%?3(!%&0!3./@(0!.&!#*0(*!#9!*(01-.&D!-#/@!%*(!*.&D!

3%/(*! D)*#/+! 5(-$%&.-%3! D)*#/+! 9.?*(H#B@.-! D)*#/! %&0! 'I'J! ='.-*#H'%-$.&(0!

I3(-@*#'(-$%&.-%3! J)/@(5/>A! !c1(! @#! @$(! $.D$! %--1*%-)! .&(*@.%3! /(&/#*/! ?(.&D! %&! (&%?3.&D!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!
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@(-$&#3#D)! 9#*! @$(! 0(E(3#B5(&@! #9! :;</! %&0! 9#*! D1.0(0! G(%B#&/! %3.7(+! $.D$! %--1*%-)!

.&(*@.%3! /(&/#*/! %*(! D#E(*&(0! ?)! W8;T! =W&@(*&%@.#&%3! 8*%0.&D! .&!;*5/!T(D13%@.#&/>A! ! 8$(!

*(/13@! ./! %! /.D&.9.-%&@! %5#1&@! #9! @.5(! %&0! (99#*@! 1/1%33)! $%E(! @#! ?(! /B(&@! @#! #?@%.&! @$(!

&(-(//%*)!(CB#*@!B(*5.@/!%&0!(&0H1/(*!-(*@.9.-%@(/!?(9#*(!@$(!/)/@(5/!%*(!*(-(.E(0!9*#5!@$(!

5%&19%-@1*(*A!!,#*@1&%@(3)!@$(!-#5?.&%@.#&!#9!X2J!G.@$!%!3#GH-#/@!WSJ!1/1%33)!*(/13@/!.&!%!

/)/@(5!#9!/199.-.(&@!%--1*%-)A!!U&-(!%D%.&+!@$(!-#5?.&%@.#&!#9!@$(/(!@G#!/(&/#*/!5%)!%3/#!?(!

/1?](-@!@#!W8;T+!3(%E.&D!@$(!(&0H1/(*!&#!#@$(*!#B@.#&!@$%&!?1).&D!%!3#GH-#/@!W':!#*!;FTJ+!

-#&E(*@! @$./! .&@#! %&! WSJ+! %&0! @$(&! *(5#E.&D! @$(! .&%--1*%-.(/! .&! @$(! /)/@(5! @$*#1D$! @$(!

-#5?.&%@.#&!G.@$!X2J!#*!#@$(*!/(&/#*/A!

,#*! @$(! #@$(*! /(&/#*/! %-@.&D! %/! %.0.&D! /(&/#*/! .&! @$(! /)/@(5+! @$(! /%5(! @)B(! #9! 0(/.D&!

-#&/.0(*%@.#&/! %/! 9#*! @$(! .&(*@.%3! /(&/#*/! -%&! ?(! 1/(0+! G.@$! @$(! 5#/@! (5B$%/./! B*#?%?3)!

?(.&D!B3%-(0!#&O!

• W&@(*9%-(!-#&&(-@#*!.&@(D*.@)R!

• c%@%!.&@(*9%-(!B*#@#-#3!%&0!0%@%!3%@(&-)R!

• J(&/#*!%--1*%-)R!

• 4(.D$@+!B#G(*!%&0!/.V(R!%&0!

• I&E.*#&5(&@%3!*#?1/@&(//A!

4.2.4.2 Control Processor 
U&(! #9! @$(! 0(/.D&! -#&/.0(*%@.#&/! 9#*! %! :;<! ./! G$(@$(*! @$(! -#5B3(@(! /)/@(5! G.33! ?(!

0(/.D&(0!#*!G$(@$(*!5%@1*(!?1.30.&D!?3#-7/!G.33!?(!1/(0!@#!0(E(3#B!@$(!/)/@(5A!!4$(&!@$(!

$%*0G%*(! 9#*! @$(! 93.D$@!5%&%D(5(&@!%&0!93.D$@!-#&@*#3!/)/@(5!./!-#&/.0(*(0+! @$(!Y?1)Z!#*!

Y0(E(3#BZ!.//1(!B3%)/!%!E(*)!.5B#*@%&@!*#3(A!!c(/.D&.&D!%&!.&H$#1/(!B*#-(//#*!?#%*0!9#*!@$(!

-#&@*#3! %&0! &%E.D%@.#&! /)/@(5! 0#(/! $%E(! @$(! %0E%&@%D(! #9! @.D$@! -#1B3.&D! ?(@G((&! @$(!

B*#-(//#*! %&0! @$(! E%*.#1/! /(&/#*! /)/@(5/+!B#@(&@.%3! 3#G!B#G(*! *(K1.*(5(&@/+! 3#G!G(.D$@!

%&0!-1/@#5!9#*5!9%-@#*/+!?1@! /1-$!-1/@#5H?1.3@!$%*0G%*(!-#130!(%/.3)! *(/13@! .&! .55%@1*(!

$%*0G%*(A! !6#5?.&(! @$(! .55%@1*(!$%*0G%*(!G.@$! -#&@*#3! %&0!&%E.D%@.#&!%3D#*.@$5/! @$%@!

%*(!.@/(39!/@.33!1&0(*!0(E(3#B5(&@!%&0!@$(!*(/13@!-#130!?(!@$(!/)/@(5!*(/B#&/.?3(!9#*!@$(!/%9(!

(C(-1@.#&! #9! %! 5.//.#&! %-@1%33)! B1@@.&D! @$(! 5.//.#&! .&! 0%&D(*A! ! W@! /1DD(/@(0+! 1&3(//! @$(!

G(.D$@+! B#G(*! =?#@$! -#5B1@%@.#&%3! %&0! (3(-@*.-%3>! %&0! B$)/.-%3! /.V(! *(K1.*(5(&@/!

%?/#31@(3)!&(-(//.@%@(/!.@+!@$(!0(-./.#&!/$#130!*%@$(*!?(!5%0(!@#!?1)!5%@1*(!$%*0G%*(!%&0!

.5B3(5(&@!@$(!=B(*$%B/!.55%@1*(>!%3D#*.@$5/!#&!.@A!!!

;! &15?(*! #9! 0.99(*(&@! $%*0G%*(! B*#01-@/! %*(! %E%.3%?3(! 9#*! 1/(! %/! #&?#%*0! B*#-(//.&D!

/)/@(5/! #&! @$(! :;<A! ! 8$(! 5#/@! G.0(3)! 1/(0! %&0! 5#/@! 5%@1*(! -#55(*-.%33)! %E%.3%?3(!

$%*0G%*(!B3%@9#*5!./!B*#?%?3)!@$(!26iNMa!%*-$.@(-@1*(!/.&D3(!?#%*0!-#5B1@(*/!=J[6/>A!!;&!

(C%5B3(!#9!%!93.D$@!-#5B1@(*!?%/(0!#&!@$(!26iNMa!%*-$.@(-@1*(!0(E(3#B(0!%@!@$(!:&.E(*/.@)!

#9!J@(33(&?#/-$!.&!J#1@$!;9*.-%d!./!B*(/(&@(0!.&!9.D1*(!NLA!!U&(!#9!@$(!B*.5%*)!%0E%&@%D(/!#9!

@$(! 26iNMa! %*-$.@(-@1*(! ./! .@! $%/! %! /@%&0%*0! 9#*5! 9%-@#*A! ! 8$(! 26iNMa! ?1/! =#*! (C@(&/.#&/!

@$(*(#9! .&! @$(! 9#*5! #9! @$(! 26iNMaq! #*! 26WiNMa! ?1//(/>! 9#*5/! @$(!5%.&! -#551&.-%@.#&/!

?%-7?#&(!(&%?3.&D!E%*.#1/!-%*0/!G.@$!@$(!/%5(!9#*5!9%-@#*+!?1@!0.99(*(&@!91&-@.#&%3.@)+!@#!?(!

/@%-7(0! @#D(@$(*! ?1.30.&D! %! 5#*(! -#5B%-@! -#5B1@(*! /)/@(5! G.@$! $.D$(*! 91&-@.#&%3!

-%B%?.3.@)!@$%&!G$%@!-#130!$%E(!?((&!9.@@(0!#&@#!%!/.&D3(!-%*0A!!8$(!/@%-7.&D!#9!@$(!E%*.#1/!

26iNMa! 9#*5! 9%-@#*! -%*0/! -%&! ?(! /((&! .&! ,.D1*(! NLA! ! 8$(! @$*((! 3%*D(*! -%*0/! /$#G&! .&! @$(!

.5%D(!%*(!26iNMa!-%*0/A!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!
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J#5(!#9!@$(!26iNMa!-%*0/!%E%.3%?3(!.&-310(O!

• 8$(!5%.&!B*#-(//#*!?#%*0R!

• 2#G(*!/1BB3)!?#%*0/R!

• ;&%3#D!@#!0.D.@%3!-#&E(*@(*!-%*0/!@$%@!1/1%33)!.&-310(!0.D.@%3!@#!%&%3#D!-#&E(*@(*/!G.@$!

/#5(!0.D.@%3!.&B1@i#1@B1@!B.&/!%/!G(33R!

• 6#1&@(*!i!@.5(*/!-%*0/R!

• c.*(-@!/(*E#!-#&@*#33(*!-%*0/!1/(0!@#!0.*(-@3)!B#G(*!@$(!-#&@*#3!/)/@(5!%-@1%@#*/R!

• J(*.%3!B#*@!(CB%&/.#&!-%*0/R!

• 6;S!-#&@*#33(*!-%*0/R!%&0!

• 4.*(3(//!-#551&.-%@.#&!%&0!X2J!-%*0/A!

;!$1D(!&15?(*!#9!B#//.?3(!5%&19%-@1*(*/!%&0!0./@*.?1@#*/!#9!26iNMa!?%/(0!$%*0G%*(!(C./@!

G#*30G.0(A! ! W@! ./! /1DD(/@(0! @$%@! %! 3#-%3! %D(&@!G.@$! %! D##0! @*%-7! *(-#*0! %/! %! @*1/@G#*@$)!

/1BB3.(*!#9!%!G(33H7&#G&!.&@(*&%@.#&%3!?*%&0!?(!1/(0!@#!/1BB3)!@$(!$%*0G%*(A!!!

;&#@$(*! @#B.-! #9! D*(%@! .5B#*@%&-(! G$(&! 0(-.0.&D! #&! @$(! $%*0G%*(! @#! ?(! 1/(0+! ./! @$(!

#B(*%@.&D! /)/@(5! 1/(0! #&?#%*0! @$(! 93.D$@! -#&@*#3! #*! &%E.D%@.#&! -#5B1@(*A! ! W9! 0(0.-%@(0!

$%*0G%*(!./!0(/.D&(0+!@$(!%3D#*.@$5/!%*(!1/1%33)!.5B3(5(&@(0!1/.&D!%//(5?3)!3%&D1%D(!#*!

@$(!6!B*#D*%55.&D!3%&D1%D(A! !8$./!%BB*#%-$!$%/!@$(!%0E%&@%D(!#9!0.*(-@!-#&@*#3!#E(*!@$(!

%3D#*.@$5! /(K1(&-(! #9! (C(-1@.#&+! ?1@+! %/! G%/! B*(E.#1/3)! /%.0+! .@! -#130! ?(! %@! @$(! -#/@! #9!

.55%@1*(!$%*0G%*(A!

!

,.D1*(!NLA!26iNMa!?%/(0!93.D$@!-#5B1@(*!0(E(3#B(0!%@!@$(!:&.E(*/.@)!#9!J@(33(&?#/-$+!J#1@$!

;9*.-%b!

!'#/@! $%*0G%*(! E(&0#*/! B*#E.0(! %! E(*/.#&! #9! (5?(00(0! *(%3H@.5(! ^.&1C! -1/@#5.V(0! @#!

G#*7! #&! @$(.*! *(/B(-@.E(! $%*0G%*(! B3%@9#*5/A! ! 8$(! 1/(! #9! %! $.D$H3(E(3! #B(*%@.&D! /)/@(5!

B#/(/! /.D&.9.-%&@! %0E%&@%D(/+! (/B(-.%33)! G$(&! .&@(*9%-.&D! @#! -#5B3(C! &%E.D%@.#&%3! /(&/#*!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!
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/)/@(5/A!!!8$(!%E%.3%?.3.@)!#9!%!*(%3@.5(!#B(*%@.&D!/)/@(5!./!%!/(*.#1/!-#&/.0(*%@.#&!G$(&!@$(!

0(-./.#&!9#*!@$(!93.D$@!-#5B1@(*!$%*0G%*(!./!5%0(A!!W&0(B(&0(&@!*(%3@.5(!#B(*%@.&D!/)/@(5/!

/1-$!%/!oSr+!<C4#*7/!%&0!4.&*.E(*!^.&1C!0#!(C./@+!?1@!@$(/(!%*(!1/1%33)!(CB(&/.E(!%&0!.@!

./!&#@!D1%*%&@((0!9#*!@$(!/#9@G%*(!@#!G#*7!G.@$!%33!(5?(00(0!$%*0G%*(A!!!

=<%3%E%&./+! LMMb>! B*(/(&@/! ! %! 0./-1//.#&! #&! @$(! 0(E(3#B5(&@! #9! %&! (5?(00(0! B*#-(//.&D!

/)/@(5! 9#*! %! :;<! ?%/(0! #&! -#55(*-.%33)! %E%.3%?3(! $%*0G%*(A! ! ;3@$#1D$! &#@! %00*(//(0!

$(*(+!@$(!B%-7%D.&D!#9!/1-$!%!B*#-(//.&D!/)/@(5!./!E(*)!.5B#*@%&@!@#!(&/1*(!@$%@!@$(!/)/@(5!

G.33!-#&@.&1(!@#!#B(*%@(!1&0(*!%33!(&E.*#&5(&@%3!-#&0.@.#&/A!

4.2.5 Commercial Solutions 

4.2.5.1 Autopilots 
,#*! @$(! -#5B%&)! @$%@! ./!5#*(! .&@(*(/@(0! .&! @$(!5.//.#&! %&0! @$(! D%@$(*.&D! #9! @$(!B%)3#%0!

0%@%!@$%&!.&!@$(!%-@1%3!0(E(3#B5(&@!#9!@$(!-#&@*#3!%&0!&%E.D%@.#&!/)/@(5+!.@!./!%&!#B@.#&!@#!

-#&/.0(*! #&(! #9! @$(! 9#33#G.&D! -#55(*-.%3H#99H@$(H/$(3E(! =6U8J>! %1@#B.3#@! /)/@(5/A! ! ;&!

%35#/@! (C$%1/@.E(! 3./@!#9! %E%.3%?3(!:;<!%1@#B.3#@/! ./!B1?3./$(0! .&! @$(! *(9(*(&-(! /(-@.#&!#9!

@$(!:<JHW&@(*&%@.#&%3!p(%*?##7fA!!8$(!%E%.3%?3(!/)/@(5/!E%*)!.&!5%@1*.@)!%&0!*(3.%?.3.@)!#9!

@$(!%3D#*.@$5/!%&0! @$(!$%*0G%*(!G.@$! 9.C(0!G.&D!%1@#B.3#@/!D(&(*%33)!?(.&D!5#*(!5%@1*(!

@$%&!@$(!$(3.-#B@(*!%1@#B.3#@/!#9!@$(!/%5(!-#5B%&.(/A!!!

J#5(! %1@#B.3#@! 5%&19%-@1*(*/! (5?(0! @$(! .&(*@.%3! /(&/#*/! G.@$.&! @$(! %1@#B.3#@! /)/@(5+!

@$(*(?)! (3.5.&%@.&D! @$(! &((0! 9#*! %&! %00.@.#&%3+! (C@(*&%3! /(&/#*! /)/@(5A! ! ;3@$#1D$! @$(!

.&(*@.%3!/(&/#*/!#9! @$(! .&@(D*%@(0!%1@#B.3#@!/#31@.#&/! ./!&#@!&(-(//%*.3)! @$(!$.D$(/@!D*%0(!#9!

/(&/#*/+!@$(!@.D$@!.&@(D*%@.#&!/-$(5(!?(@G((&!@$(!%1@#B.3#@!%&0!@$(!/(&/#*!/)/@(5!*(/13@!.&!

%0(K1%@(!B(*9#*5%&-(A!!'#/@!$.D$!K1%3.@)!-#55(*-.%3!%1@#B.3#@/!0#!B*#E.0(!@$(!-%B%?.3.@)!

@#!.&@(D*%@(!(C@(*&%3!.&(*@.%3!/(&/#*/!G.@$!@$(!%1@#B.3#@A!!!8$(!%?.3.@)!#9!@$(!/)/@(5!@#!$%&03(!

(C@(*&%3!.&(*@.%3!/(&/#*/!/$#130!?(!%&!.5B#*@%&@!0(/.D&!-#&/.0(*%@.#&!.9!@$(!%--1*%-)!D%.&(0!

9*#5! @$./! %BB*#%-$! ./! -*1-.%3! @#! @$(! /)/@(5! B(*9#*5%&-(A! ! IC@(*&%3! .&(*@.%3! /(&/#*/! #9@(&!

.&@(D*%@(0! G.@$! @$(! %1@#B.3#@! .&-310(! $.D$! %--1*%-)! 0.99(*(&@.%3! X2J! /)/@(5/+! 3%/(*!

%3@.5(@(*/!#*!3%/(*!/-%&&(*/+!#B@.-%3!/(&/#*!.&9#*5%@.#&!#*!E%*.#1/!#&?#%*0!#*!D*#1&0H?%/(0!

*%0%*! 5(%/1*(5(&@! /(&/#*/A! ! 8$(! .&(*@.%3! /(&/#*! .&@(D*%@.#&! -#/@! -#130! ?(! (C-(//.E(! %&0!

/$#130!?(!%00*(//(0!01*.&D!@$(!&(D#@.%@.#&!%&0!?10D(@.&D!B$%/(/A!

;/!G#130!?(!(CB(-@(0+!5#/@!-#55(*-.%3!/#31@.#&/!%*(!@$(!B*#01-@/!9*#5!-#5B%&.(/!.&!@$(!

:J;A!!8$./!9%-@!$%/!@$(!%00(0!0./%0E%&@%D(!#9!@$(!B*#01-@!B#@(&@.%33)!?(.&D!/1?](-@!@#!W8;T!!

G$.-$!-#130!5%7(!.@!E(*)!0.99.-13@!9#*!/#5(!-#5B%&.(/!%&0!-#1&@*.(/!#9!D%.&.&D!%--(//!@#!@$(!

@(-$&#3#D)A!!S#@!%33!:J;!?%/(0!%1@#B.3#@/!%*(!W8;T!*(D13%@(0!%&0!9#*@1&%@(3)!%!&15?(*!#9!

$.D$!K1%3.@)!%1@#B.3#@! /)/@(5/!%*(!0(E(3#B(0!?)!&#&H:J;!-#5B%&.(/!G$.-$!%*(!D(&(*%33)!

%E%.3%?3(!9#*!-#55(*-.%3!:;<!%BB3.-%@.#&/A!!!

J#5(!#9!@$(!5#*(!G(33H7&#G&!%&0!-#55#&3)!1/(0!%1@#B.3#@!/)/@(5/!9#*!9.C(0HG.&D!:;<!

%.*-*%9@!%*(O!

• '.-*#B.3#@!P!6%&%0%!

• G(6#&@*#3!P!JG.@V(*3%&0!!

• :;<!S%E.D%@.#&!P!JB%.&!!

• 63#10-%B!P!:J;!!

• '.-*#?#@.-/!P!:J;!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!
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• '%E.#&.-/!H!X(*5%&)!

8$(/(! /)/@(5/! %*(! *(3%@.E(3)! 5%@1*(! %&0! B*(/(&@! %! /.D&.9.-%&@! E%*.%@.#&! .&! -#/@! %&0!

B(*9#*5%&-(A! ! 8$(! 9#33#G.&D! %/B(-@/! /$#130! ?(! -#&/.0(*(0! 01*.&D! @$(! /(3(-@.#&! #9! %!

-#55(*-.%3!#9!@$(!/$(39!=6U8J>!%1@#B.3#@O!

• 4(.D$@!%&0!/.V(!#9!@$(!$%*0G%*(R!

• 2#G(*!*(K1.*(5(&@/R!

• 8$(!/)/@(5\/!%?.3.@)!@#!$%&03(!E.?*%@.#&+!/$#-7!%&0!@$(!(C-(//.E(!@(5B(*%@1*(/A!!<(*)!$.D$!

@(5B(*%@1*(/!%*(!/#5(@.5(/!(CB(*.(&-(0!.&/.0(!@$(!:;<!%E.#&.-/!?%)!#&!@$(!*1&G%)+!

9#33#G(0!?)!E(*)!3#G!@(5B(*%@1*(/!%!9(G!5.&1@(/!3%@(*!%@!$.D$!%3@.@10(/R!

• 6#&@*#3!%3D#*.@$5!1/(0!%&0!@$(!%--1*%-)!@$(*(#9!?#@$!.&!@(*5/!#9!B#/.@.#&.&D!%&0!%.*-*%9@!

/@%?.3.V%@.#&R!!

• 8$(!5(@$#0!#9!%.*-*%9@!-$%*%-@(*.V%@.#&!%&0!%1@#B.3#@!%0%B@%@.#&!@#!@$(!%.*9*%5(R!

• ;1@#&#5#1/!Y*(@1*&!@#!$#5(Z!91&-@.#&%3.@)!.&!-%/(!#9!3#/@!#9!-#551&.-%@.#&!G.@$!@$(!

D*#1&0!/@%@.#&R!

• 8$(!%E%.3%?.3.@)!#9!%!-#5B%@.?3(!D*#1&0!-#&@*#3!/@%@.#&!=X6J>!9#*!@$(!%1@#B.3#@!%&0!

G$(@$(*!@$(!/)/@(5!.&-310(/!@$(!&(-(//%*)!-#551&.-%@.#&!0%@%!3.&7!@#!-#&&(-@!@$(!

%1@#B.3#@!G.@$!@$(!X6JR!%&0!

• 8$(!*%&D(!#9!%3@.@10(/!1&0(*!G$.-$!@$(!/)/@(5!-%&!#B(*%@(A!

8$(!/)/@(5\/!*(3.%?.3.@)!-%&!?(!0(@(*5.&(0!9*#5!%E%.3%?3(!#B(*%@.#&%3!0%@%+!.9!%E%.3%?3(A!!W@!./!

.5B#*@%&@!@#!3##7!%@!@$(!9#33#G.&D!%/B(-@/O!

• S15?(*!#9!#B(*%@.#&%3!1&.@/R!

• 8#@%3!%5#1&@!#9!93.D$@!$#1*/!D%.&(0!?)!@$(/(!1&.@/R!

• '(%&!@.5(!?(@G((&!9%.31*(/!1&0(*!&#*5%3!#B(*%@.#&%3!-#&0.@.#&/R!%&0!

• S15?(*!#9!-*%/$(/!01*.&D!#B(*%@.#&%3!1/(A!

4$(&! @$(! 3#&D! (&01*%&-(! 93.D$@! *(K1.*(5(&@! ./! -#&/.0(*(0! @$(! 9#33#G.&D! -#&-(B@/! /$#130!

*(-(.E(!%@@(&@.#&O!

• ;?/#31@(!/(&/#*!%--1*%-)!%&0!@$(!0*.9@!.&!@$(!@#@%3!&%E.D%@.#&!/#31@.#&!%*(!.5B#*@%&@!@#!

-#&/.0(*A!!!

• 8(5B(*%@1*(!%&0!-##3.&D!*(K1.*(5(&@/!-#130!B3%)!%!/.D&.9.-%&@!*#3(!01*.&D!3#&D!93.D$@/!

%/!@$(!(CB#/1*(!#9!%!/)/@(5!@#!$.D$!@(5B(*%@1*(/!9#*!3#&D!B(*.#0/!#9!@.5(!1/1%33)!3(%0/!

@#!-#5B#&(&@!9%.31*(A!

• 8$(!%DD*(//.E(&(//!#9!@$(!%1@#B.3#@!-#&@*#3!/@*%@(D)A!!;!E(*)!%DD*(//.E(!-#&@*#3!/@*%@(D)!

-#130! *(/13@! .&! *(01-(0! :;<! 91(3! (99.-.(&-)! *(/13@.&D! .&! *(01-(0! 01*%@.#&! #9! @$(!

5.//.#&A!

W@!./!.5B#*@%&@!@#!&#@(!@$(!B1*-$%/(!#9!%!6U8J!%1@#B.3#@!/)/@(5!/$#130!%3G%)/!?(!-#5?.&(0!

G.@$! /#5(!7.&0!#9! /1BB#*@! -#&@*%-@A! !6#&@*%-@/!1/1%33)! 3%/@! 9#*!%!B(*.#0!#9!#&(!)(%*! 9*#5!

0%@(! #9! B1*-$%/(+! ?1@! /#5(! -#5B%&.(/! B*#E.0(! /1BB#*@! 9#*! @$(! 3.9(@.5(! #9! @$(! B*#01-@A!!

;3#&D!G.@$!@$(!-#&@*%-@!.@!./!.5B#*@%&@!@#!&(D#@.%@(!@$(!@(*5/!%&0!-#&0.@.#&/!%//#-.%@(0!G.@$!

@$(!-1/@#5.V%@.#&!#9!@$(!%1@#B.3#@!@#!@$(!%.*9*%5(A!!8$(!%1@#B.3#@!/(@1B!./!1/1%33)!B(*9#*5(0!

?)!@$(!5%&19%-@1*(*!#*!@$(.*!%D(&@!%&0!@$(!-#/@!%//#-.%@(0!G.@$!@$(!/(@1B!%3#&(!-#130!?(!1B!

@#!QMe!#9!@$(!%-@1%3!%1@#B.3#@!-#/@+!(C-310.&D!@*%E(3!%&0!%--#55#0%@.#&!9((/A!!W@!./!@$(*(9#*(!

%0E./(0! @$%@! @$(! -#5B3(@(! B*#01-@! 3.9(-)-3(! -#/@! ?(! -#&/.0(*(0! ?(9#*(! %! 9.&%3! /)/@(5! ./!

/(3(-@(0A!!8$(!%/B(-@/!&((0(0!@#!?(!-#&/.0(*(0!%&0!?10D(@(0!9#*!%*(O!

• ;-@1%3!/)/@(5!$%*0G%*(!-#/@R!

• J)/@(5!5%.&@(&%&-(!=*(B%.*>!9((/R!

• ;&&1%3!3.-(&/.&D!9((/!=.9!%BB3.-%?3(>R!
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• 6#/@!%//#-.%@(0!G.@$!-1/@#5.V%@.#&!#9!@$(!/@%&0%*0!/)/@(5+!/1-$!%/!cX2J!.&@(D*%@.#&!#*!

/B(-.9.-!0%@%!-%B@1*.&D!*(K1.*(5(&@/R!

• W&/@%33%@.#&!%&0!/(@1B!9((/R!%&0!

• 8*%E(3!%&0!%--#55#0%@.#&!-#/@!9#*!@$(!(&D.&((*/!B(*9#*5.&D!@$(!.&/@%33%@.#&!%&0!/(@1BA!

W@! ./! *(-#55(&0(0! @$%@!%! @(%5!#9! @(-$&.-.%&/!#9! (&D.&((*/!?(!%33#-%@(0! @#! @%7(!B%*@! .&! @$(!

/(@1B!B*#-(//!%&0!%!@(-$&#3#D)!@*%&/9(*!%**%&D(5(&@!?(!5%0(!G.@$!@$(!%1@#B.3#@!/1BB3.(*!@#!

@*%.&! @$(! @(%5! 9#*! %&)! .&/@%33%@.#&/! #9! 91@1*(! /)/@(5/A! ! 8$(! @(%5!51/@! %3/#! ?(! -%B%?3(! #9!

B(*9#*5.&D! %33! @$(!5%.&@(&%&-(! %&0! /1BB#*@! #&! @$(! /)/@(5+! @$(*(?)! *(01-.&D! @$(! -#/@! #9!

/1-$!(C(*-./(/A!!W&!%00.@.#&!@#!@$(/(!-#55(&@/+!.@!/$#130!%3/#!?(!&#@(0!5#/@!-#5B%&.(/!%*(!

#B(&! @#! &(D#@.%@.#&/! #&! @$(! 1&.@! B*.-(! .9!513@.B3(! 1&.@/! %*(! B1*-$%/(/A! !;-%0(5.-! B*.-.&D!

/@*1-@1*(/!%*(!%3/#!1/1%33)!%E%.3%?3(!.9!@$(!B*#01-@!./!1/(0!9#*!*(/(%*-$!%BB3.-%@.#&/A!!!

4.2.5.2 Complete UAV solutions 
U&-(! @$(! /-#B(! #9! @$(! B*#](-@! %&0! @$(! 3(E(3! #9! @(-$&.-%3! 0(B@$! @$(! -#5B%&)! ./!G.33.&D! @#!

B1*/1(!%/!B%*@!#9!@$(!:;<!0(E(3#B5(&@!$%E(!?((&!0(@(*5.&(0+!.@!./!/#5(@.5(/!9#1&0!@#!?(!

@$(!5#/@!3#D.-%3!%&0!-#/@!(99(-@.E(!#B@.#&!@#!?1)!@$(!-#5B3(@(!:;<!/)/@(5!%&0!.&@(D*%@(!@$(!

3#-%33)! 0(E(3#B(0! B%)3#%0!G.@$! @$(! %.*9*%5(A! ! 8$(! -#5B3(@(! /)/@(5!G#130! -#&/./@! #9! @$(!

%.*9*%5(+!-#551&.-%@.#&+!-#&@*#3!%&0!&%E.D%@.#&!%&0!@$(!B#G(*!/1BB3)!%&0!G#130!B*#E.0(!

@$(!-%B%?.3.@)!@#!/.5B3)!.&@(D*%@(!@$(!/-.(&@.9.-!#*!-#55(*-.%3!B%)3#%0!G.@$!@$(!:;<A!!!

;&!(C%5B3(!#9!/1-$!%&!%BB*#%-$!@$%@!B*#E(0!@#!?(!E(*)!/1--(//913!./!@$(!'%30.E(/!;:;<!

6%5B%.D&h! B(*9#*5(0! ?)! @$(! J-*.BB/! W&/@.@1@(! #9! U-(%&#D*%B$)! .&! @$(! :J;A! ! W&! @$./!

(CB(*.5(&@!%!/-.(&@.9.-!B%)3#%0!0(E(3#B(0!?)!J-*.BB/!G%/!.&@(D*%@(0!G.@$!%!'%&@%!:;<NM!@#!

0(@(*5.&(! @$(! -#&-(&@*%@.#&! #9! %(*#/#3/! .&! @$(! E%*.#1/! %@5#/B$(*.-! 3%)(*/! %?#E(! @$(!

'%30.E(/!W/3%&0/A!!8$(!#?](-@.E(!G%/!@#!B(*9#*5!@$(!/-.(&@.9.-!(CB(0.@.#&!G.@$#1@!$%E.&D!@#!

B(*9#*5! %! @(-$&.-%3! E(&@1*(! .&@#! @$(! 1&7&#G&! 9.(30! #9! :;</+! *(/13@.&D! .&! @$(! ?1)! %&0!

.&@(D*%@(!B$.3#/#B$)!@$%@!G%/!9#33#G(0A!

8$(!;(*#/#&0(!:;<NN!0(E(3#B(0!?)!@$(!;;W!6#*B#*%@.#&+!;1/@*%3.%+!$%/!%3/#!?((&!7&#G&!

@#!?(!1/(0!9#*!/-.(&@.9.-!#B(*%@.#&/A!!W@!G%/!@$(!9.*/@!:;<!@#!-*#//!@$(!;@3%&@.-!U-(%&+!@$(*(?)!

0.*(-@3)!5((@.&D!@$(!3#&D!(&01*%&-(!*(K1.*(5(&@/!3%.0!#1@!.&!@$./!-$%B@(*A!!W@!$%/!%3/#!?((&!

1/(0! @#!D%@$(*!0%@%!#&!$1**.-%&(/+! @*#B.-%3!-)-3#&(/+! -%**)!%!S;J;!5.-*#/B(-@*#5(@(*! 9#*!

@$(!D%@$(*.&D!#9!$.D$!*(/#31@.#&!%@5#/B$(*.-!0%@%!%&0!@#!93)!(C@(&/.E(!/-.(&@.9.-!5.//.#&/!.&!

@$(!;*-@.-!*(D.#&A!

;/!G.@$! @$(!%1@#B.3#@/!%&0! @$(! .&(*@.%3! /(&/#*/+! @$(!:<JHW&@(*&%@.#&%3!p(%*?##7NL!B*(/(&@/!

%&! %35#/@! (C$%1/@.E(! 3./@! #9! %E%.3%?3(! :;<! /#31@.#&/! .&! @$(! T(9(*(&-(! J(-@.#&! 1&0(*! @$(!

$(%0.&D! 6.E.3i6#55(*-.%3+! T(/(%*-$! _! c1%3! 21*B#/(! :;JA! ! W@! ./! /1DD(/@(0! @$%@! :;<!

5%&19%-@1*(*/! G.@$! /)/@(5/! #9! .&@(*(/@! ?(! -#&@%-@(0! 0.*(-@3)! @#! 0(@(*5.&(! $#G! B*#01-@/!

-#5B3)!G.@$!@$(!D1.0(3.&(/!/(@!#1@!.&!@$./!-$%B@(*A!!W@!/$#130!?(!*(5(5?(*(0!@$(!%?1&0%&-(!

#9!0.99(*(&@!:;<!5%&19%-@1*(*/! %&0!0(/.D&/! %*(!B*(0#5.&%&@3)!01(! @#!0.99(*(&@!5.//.#&/!

%&0!#B(*%@.#&%3!*(K1.*(5(&@/A!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!

h!$@@BOiiGGGH%?-H%/.%A1-/0A(01i';6i/(-1*(iW&0(CA$@5!

NM!$@@BOiiGGGA%-*@1-/#&A-#5i:;<i5%&@%i.&0(CA$@5!

NN!$@@BOiiGGGA%(*#/#&0(A-#5!

NL!$@@BOiiGGGA1E/H.&9#A-#5!
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4.3 Certification 
;&#@$(*!%/B(-@!@$%@!./!#9@(&!#E(*3##7(0!G$(&!%!6U8J!%1@#B.3#@!#*!%!-#5B3(@(!/)/@(5!./!@$(!

.//1(! #9!:;<! -(*@.9.-%@.#&! 9#*! #B(*%@.#&! .&! -.E.3.%&! %.*/B%-(A! ! 8$./! @#B.-! ./! #9! 7()! -#&-(*&!

G$(&(E(*! :;<! #B(*%@.#&/! %*(! ?(.&D! B3%&&(0! %/! %1@#&#5#1/! %.*-*%9@! %*(! D(&(*%33)!

-#&/.0(*(0! @#! ?(! %! /%9(@)! *./7! @#! -#55(*-.%33)! #B(*%@(0! %.*-*%9@A! ! W&! %33! -.*-15/@%&-(/! @$(!

3#-%3! -.E.3! %E.%@.#&! %1@$#*.@)! /$#130! ?(! -#&@%-@(0! @#! 0(@(*5.&(! @$(! /)/@(5! #B(*%@.#&%3!

*(K1.*(5(&@/A! !4#*30G.0(!@$(!#B(*%@.#&%3!*(K1.*(5(&@/!%*(!/@.33!?(.&D!9#*513%@(0!%&0!@$(!

%BB*#E%3! #9! %! :;<! #B(*%@.#&! ./! 1/1%33)! B(*9#*5(0! #&! %! -%/(H?)H-%/(! ?%/./A! ! 8$(! &#*5%3!

B*#-(//!./!@#!3%)!0#G&!%!/%9(@)!-%/(!9#*!@$(!#B(*%@.#&!#9!@$(!B3%&&(0!:;<!%&0!@#!B*#E(!G.@$!

@$(!/%9(@)!-%/(!@$(!*./7!@#!@$(!B1?3.-!%&0!@#!-.E.3.%&!%E.%@.#&!$%E(!?((&!%0(K1%@(3)!*(01-(0!

@$*#1D$! @$(!%00.@.#&!#9! *(01&0%&@! /(&/#*!/)/@(5/+! -(*@.9.-%@.#&!#9! @$(!%1@#B.3#@! /)/@(5!#*!

@$*#1D$!E(*)!/@*.-@!#B(*%@.#&%3!B*#-(01*(/A!!!

J#5(!3#&DH*%&D(!:;</!#B(*%@.&D!.&!-.E.3.%&!%.*/B%-(!%*(!@$(!X3#?%3!F%G7+!2*(0%@#*!%&0!@$(!

;(*#/#&0(! /)/@(5/A! ! !^##7.&D!%@! @$(/(! /)/@(5/+! .@! %BB(%*/! @$(!G$#3(! -(*@.9.-%@.#&!B*#-(//!

-#130!?(!(%/(0!.9!@$(!9#33#G.&D!?1.30.&D!?3#-7/!%*(!B*(/(&@!.&!@$(!:;<O!

• T2<!=T(5#@(3)!2.3#@(0!<($.-3(>!5#0(+!G$(*(!%!D*#1&0H?%/(0!B.3#@!-#&@*#3/!@$(!%.*-*%9@!

B#/.@.#&! %&0! E(3#-.@)! %&0! @$(! %1@#B.3#@! %-@/! .&! %&! %//./@.E(! 5#0(! @#! /@%?.3.V(! @$(!

%.*9*%5(!G$.3(!&#@!?(.&D!D*%&@(0!-#5B3(@(!-#&@*#3!#E(*!@$(!/)/@(5\/!5#@.#&A!!8$./!./!%!

D*(%@!%0E%&@%D(!9#*!3.&(H#9H/.D$@!#B(*%@.#&/!.&!B%*@.-13%*!$.D$H*./7!%*(%/R!

• 8$(! %E%.3%?.3.@)! #9! %! @*%&/B#&0(*! =?#@$! %! *%0.#! 9#*! E#.-(! -#551&.-%@.#&! %&0! %&! W,,!

=W0(&@.9.-%@.#&!,*.(&0!#*!,#(>>!/)/@(5!@#!.0(&@.9)!@$(!%.*-*%9@!G.@$.&!@$(!-.E.3.%&!%.*/B%-(R!

%&0!!

• 8$(! -(*@.9.-%@.#&! #9! @$(! %1@#B.3#@! ?)! @$(! 3#-%3! -.E.3! %E.%@.#&! %1@$#*.@)! .&! @$(! -#1&@*)!

G$(*(!.@!G%/!0(/.D&(0A!

;B%*@!9*#5!@$(/(!D1.0(3.&(/+!.@!51/@!?(!*(5(5?(*(0!@$%@!@$(!G$#3(!-(*@.9.-%@.#&!.//1(!./!/@.33!

51-$!0(?%@(0!%&0!&#!9.&%3!%D*((5(&@!$%/!?((&!*(%-$(0!%/!@#!G$(&!%!:;<!./!-#&/.0(*(0!@#!

?(!/%9(!9#*!%1@#&#5#1/!#B(*%@.#&!.&!-.E.3.%&!%.*/B%-(A!

5. Image Based Payload Systems     

!^#&D! (&01*%&-(! :;</! %*(! (C@*(5(3)! G(33! /1.@(0! 9#*! %BB3.-%@.#&/! G$(*(! @$(! B%)3#%0!

-#&/./@/!#9!#B@.-%3!.5%D(!/(&/#*/A!F#G(E(*+!.&!0(/.D&.&D!%&!.5%D(H?%/(0!B%)3#%0!/)/@(5!9#*!

%&! (&01*%&-(H?%/(0! :;<! %BB3.-%@.#&+! -(*@%.&! %00.@.#&%3! *(K1.*(5(&@/! &((0! @#! ?(!

-#&/.0(*(0A!W&!@$./!/(-@.#&!G(!G.33!-#&/.0(*!@$(/(!*(K1.*(5(&@/!.&!5#*(!0(@%.3A!!,.*/@!G(!G.33!

B*#E.0(!%!/$#*@!#E(*E.(G!#9!@$(!@)B.-%3!.5%D(H?%/(0!%BB3.-%@.#&/!9#*!:;</!.&!D(&(*%3+!?1@!

5#*(! /B(-.9.-%33)! @$#/(! %BB3.-%?3(! @#! (&01*%&-(! :;</A! ! 8$./! G.33! ?(! 9#33#G(0! ?)! %!

0./-1//.#&!#&!@$(!0.99(*(&@!%/B(-@/!@#!?(!-#&/.0(*(0!.&!@$(!0(/.D&!#9!.5%D(H?%/(0!B%)3#%0/A!

8$(!:J!c(B%*@5(&@!#9!c(9(&/(!=c#c>!-%@(D#*.V(/!B%)3#%0/!=c(B%*@5(&@!#9!c(9(&-(+!LMMQ>!

.&@#!@$(!9#1*!D(&(*%3!-%@(D#*.(/O!

• J(&/#*/!=(3(-@*#H#B@.-%3+!*%0%*+!/.D&%3/+!5(@(#*#3#D.-%3+!-$(5H?.#>R!

• T(3%)!=-#551&.-%@.#&/+!&%E.D%@.#&!/.D&%3/>R!

• 4(%B#&/R!%&0!!

• 6%*D#!=3(%93(@/+!/1BB3.(/>+!#*!-#5?.&%@.#&/!#9!@$(/(A!

;35#/@!%33!:;<!%BB3.-%@.#&/!*(B#*@(0!/B#*@!%&!.5%D(H?%/(0!B%)3#%0!.&!#&(!9#*5!#*!%&#@$(*A!!

8$(! *%&D(! #9! %BB3.-%@.#&/! #9! @$(/(! .5%D(H?%/(0!B%)3#%0/! ./! E%*.(0+! 9*#5! /1*E(.33%&-(! %&0!

*(-#&&%.//%&-(! %BB3.-%@.#&/! @#! *(5#@(! /(&/.&D! %BB3.-%@.#&/A! ! F#G(E(*+! .5%D(H?%/(0!
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&%E.D%@.#&!%&0!@*%-7.&D!./!?(-#5.&D!5#*(!B*(E%3(&@+!G.@$!@$(!.5%D.&D!/)/@(5!%//./@.&D!G.@$!

@$(!&%E.D%@.#&!#9! @$(!:;<!%/!%&!%00.@.#&%3!/(&/#*! .&B1@! @#! @$(!#@$(*!&%E.D%@.#&%3!/(&/#*/!

=(ADA!X2J!%&0!.&(*@.%3!/)/@(5>A!!

T(/(%*-$!.&!@$(!B%/@!$%/!9#-1/(0!#&!3#GH3(E(3!-#&@*#3!-%B%?.3.@)!G.@$!@$(!D#%3!#9!0(E(3#B.&D!

-#&@*#33(*/!G$.-$!/1BB#*@!@$(!%1@#&#5#1/!93.D$@!#9!%!:;<!9*#5!#&(!G%)HB#.&@!@#!%&#@$(*!

=c#$(*@)+! LMMa>A! ! ,#-1/! #&! *(/(%*-$! $%/! 5#E(0! 9*#5! 3#GH3(E(3! -#&@*#3! @#G%*0/! %!

-#5?.&%@.#&! #9! 3#GH3(E(3! %&0! 0(-./.#&H3(E(3! -#&@*#3! .&@(D*%@(0! .&! /#B$./@.-%@(0! /#9@G%*(!

%*-$.@(-@1*(/A!

W5%D(H?%/(0! B%)3#%0/! $%E(! .&-*(%/(0! .&! /#B$./@.-%@.#&+! 91&-@.#&%3.@)! %&0! %3D#*.@$5!

-#5B3(C.@)A! !8$(!(E(*!0(-*(%/.&D!/.V(!%&0!-#/@!#9!/(&/#*/!%&0!.&-*(%/.&D!B*#-(//.&D!B#G(*!

$%E(!(&/1*(0!@$%@!5#*(!91&-@.#&%3.@)!-%&!?(!B*#E.0(0!9#*!@$(!G(.D$@!%&0!B#G(*!?10D(@/A!

,#*!/(&/#*!@(-$&#3#D)+!5.&.%@1*./%@.#&!#9!%!/B(-.9.-!/(&/#*!@(-$&#3#D)!./!%!9#*(*1&&(*!@#!-#/@!

.5B3#/.#&A! ! U&-(! /(&/#*/! D(@! -$(%B+! @$(! -#&/15(*! 5%*7(@! *(%B/! @$(5! 1B! .&! -#&/15(*!

B*#01-@/! %&0! B#//.?3)! @$(! $.D$HE#315(! 5.3.@%*)! 5%*7(@! =.&9%&@*)>! =4.3/#&+! LMML>A! ! 8$(!

%1@#5#@.E(! .&01/@*)! =%! $.D$! E#315(! 5%*7(@! #9! %BB*#C.5%@(3)! dM! 5.33.#&! -%*/! B*#01-(0!

(E(*)!)(%*>! ./!1/1%33)! @$(! 3%/@!%0#B@(*+!?(-%1/(! .@! *(B*(/(&@/! @$(!G#*/@!-#5?.&%@.#&!#9! 3#G!

-#/@!%&0!$.D$!*(3.%?.3.@)A!!

J.@1%@.#&%3! %G%*(&(//! .&! @$(! %1@#5#@.E(!5%*7(@! .&E#3E(/! %33! 7.&0/! #9! /(&/#*/A! ! J(&/#*/!G.@$!

.&@(D*%@(0! 3%/(*/! 9#*! `c! .5%D.&D! #*! *%&D.&D! G.33! ?(-#5(! /.D&.9.-%&@+! %/! -%&! ?(! /((&! .&! @$(!

B%*7.&DH0./@%&-(!/(&/#*/!&#G!%E%.3%?3(!.&!5#/@!E($.-3(/+!%&0!@$(!.&9*%*(0!&.D$HE./.#&!0(@(-@#*/!

1/(0! ?)! /#5(! -%*/! 9#*! -#33./.#&! %E#.0%&-(A! ! ,#*!6U8J!0(/.D&! .&E#3E.&D! /(&/#*/+! #&(! /$#130!

@$(*(9#*(!-%*(9133)!-#&/.0(*!@$(!3.9(H-)-3(!#9!/(&/#*!@(-$&#3#D)!.&!@$(!%1@#5#@.E(!.&01/@*)A!

4.@$! @$(! &15?(*! #9! /(&/#*/! B(*! /)/@(5! =.&-310.&D! :;</>! .&-*(%/.&D+! @$(! 9.&.@(! 9%.31*(!

B*#?%?.3.@)!B(*!-$%&&(3! =1&-(*@%.&@.(/!B(*!-$%&&(3>!-#130!-#&-%@(&%@(! .&! @$(!(&0!1&@.3!)#1!

-%&\@! @*1/@! @$(! #1@B1@A! ! J1-$! %!513@.H/(&/#*! %BB*#%-$! *(K1.*(/! %! &(G! /)/@(5!%*-$.@(-@1*(A!!

U&(!$%/!@#!-%3.?*%@(!9*#5!%!/)/@(5/!B#.&@!#9!E.(G+!G$(*(!%&)!-#5?.&%@.#&!#9!/(&/#*/!-%&!9%.3!

%&0!@$(!/)/@(5!G.33!/@.33!91&-@.#&!%--1*%@(3)A!!8$(!/)/@(5!51/@!?(!@%1D$@!@$(!&(@!(**#*+!*%@$(*!

@$%&! -#5B%*@5(&@%3./.&D! @$(! 1&-(*@%.&@)+! %&0! $#G! @#! %--#55#0%@(! .@! G.@$! -#**(-@.#&!

%3D#*.@$5/A!!W@!./!/5%*@!/(&/#*/!-#5?.&(0!G.@$!/5%*@!/)/@(5/!0(/.D&!=4.3/#&+!LMML>A!

W&!-#&/.0(*.&D!@$(!0(/.D&!#9!%!3#&DH(&01*%&-(!:;<+!@$(!0(/.D&!#9!@$(!.5%D(H?%/(0!B%)3#%0!

/)/@(5!/$#130!?(!-%*(9133)!-#&/.0(*(0!@#!9.@!.&@#!@$(!#E(*%33!0(/.D&!/B(-.9.-%@.#&!#9!@$(!3#&DH

(&01*%&-(! :;<A! ! ;/! G%/! B*(E.#1/3)! /@%@(0+! @$(! 5%]#*! 9%-@#*/! .&! @$(! 0(/.D&! #9! %! 3#&D!

(&01*%&-(!:;<!./!B#G(*!(99.-.(&-)!%&0!G(.D$@A!

W&@(33.D(&@!:;</!G.33!B3%)!%&!(K1%33)!.5B#*@%&@!*#3(!.&!-.E.3!%BB3.-%@.#&/A!!8$(*(!./!%!0(/.*(!

9#*!5#*(! /#B$./@.-%@(0!:;<! B3%@9#*5/!G$(*(! @$(! (5B$%/./! ./! B3%-(0! #&! 0(E(3#B5(&@! #9!

.&@(33.D(&@! -%B%?.3.@.(/! %&0! #&! %?.3.@.(/! @#! .&@(*%-@! G.@$! $15%&! #B(*%@#*/! %&0! %00.@.#&%3!

*#?#@.-!B3%@9#*5/A!

6.E.3.%&! %&0! -#55(*-.%3! 5.//.#&/! #9! :;</! G.33! 0*.E(! @$(! /)&@$(/./! #9! :;<! @(-$&#3#D.(/!

=(/B(-.%33)!.5%D(H?%/(0!B%)3#%0/>!@#!(&/1*(!%!$.D$!0(D*((!#9!/%9(@)+!9%-.3.@%@.&D!@$(!.&@(D*%@.&D!

#9!:;</!G.@$.&!@$(!%.*!@*%99.-!5%&%D(5(&@!/)/@(5!=U7*(&@+!LMMa>A!8$./!./!%&!.5B#*@%&@!B#.&@!@#!

-#&/.0(*!.9!:;</!%*(!@#!?(!%0#B@(0!#&!%!3%*D(!/-%3(!9#*!1/(!.&!%!-#55(*-.%3!/(&/(A!

:;<! 5%@1*.@)! /$#130! ?(! 1&0(*/@##0! %@! %! &15?(*! #9! 3(E(3/O! .5B*#E(5(&@! .&! 5.//.#&!

*(3.%?.3.@)!%&0!*(%0.&(//+!.&!#B(*%@.#&%3!/%9(@)!%&0!.&-*(%/(0!%1@#&#5#1/!#B(*%@.#&!G$.3(!%@!

@$(!/%5(!@.5(!(CB(*.(&-.&D!%!/.D&.9.-%&@!*(01-@.#&!.&!-#/@A!
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5.1 Overview of Applications 
[(9#*(!-#&/.0(*.&D!@$(!0(@%.3(0!0(/.D&!-#&/.0(*%@.#&/!9#*!3#&D!(&01*%&-(!.5%D.&D!B%)3#%0/+!

.@! ./! &(-(//%*)! @#! (E%31%@(! @$(! *%&D(! #9! %BB3.-%@.#&/! 9#*! @$(! .5%D.&D! /)/@(5+! G$(*(! (%-$!

%BB3.-%@.#&! 0*.E(/! .@/! #G&! 0(/.D&! *(K1.*(5(&@/A! ! 8$(! 3./@! #9! .5%D(H?%/(0! %BB3.-%@.#&/! 9#*!

:;<!B%)3#%0/!B*(/(&@(0!$(*(! ./! ?#1&0! @#! .&-*(%/(! .&! @$(! 91@1*(! %&0!?(-#5(!#1@! #9! 0%@(!

?(9#*(! B1?3.-%@.#&+! ?1@! .@! ./! G#*@$G$.3(! @#! 3./@! /#5(! #9! @$(! .5%D(H?%/(0! %BB3.-%@.#&/!

-1**(&@3)! *(B#*@(0! .&! @$(! 3.@(*%@1*(A! J#5(! /B(-.9.-! %BB3.-%@.#&/! %*(! (3%?#*%@(0! #&! 5#*(!

-#5B3(@(3)!@#!.0(&@.9)!7()!0(/.D&!.//1(/A!

5.1.1 Scientific Missions 
;! &15?(*! #9! *(/(%*-$(*/! @$*#1D$#1@! @$(! G#*30! $%E(! 0#-15(&@(0! @$(! 1/(! #9! :;</! @#!

B(*9#*5! /-.(&@.9.-! .&E(/@.D%@.#&! #9! *(5#@(! %*(%/! %&0! %(*.%3! /1*E()/! 9#*! /B(-.9.-!5.//.#&/! H!

3%&0!5%BB.&D+! @*#B#/B$(*.-!/%5B3.&D!(@-A! =S.*%&]%&! +!LMMb>A! !U&(!#9! @$(!(//(&@.%3! @%/7/! 9#*!

%&)!%(*.%3!(CB3#*(*!./!@#!?(!%?3(!@#!B(*9#*5!/-.(&@.9.-%33)!E%31%?3(!.5%D.&D!/1*E()/A!8$(!$.D$H

3(E(3!#9!5#?.3.@)+!%&0!1&.K1(!#?/(*E%@.#&%3!B(*/B(-@.E(+!B*#E.0(0!?)!%(*.%3!E($.-3(/!5%7(/!

@$(5!B#@(&@.%33)!(C@*(5(3)!E%31%?3(!@##3/A!

J-.(&@.9.-!*(/(%*-$!#9!%&)!&%@1*(!=(&E.*#&5(&@%3+!%@5#/B$(*.-+!%*-$%(#3#D.-%3+!B#331@.#&+!(@-A>!

-%&!?(!-%**.(0!#1@!?)!:;</!(K1.BB(0!G.@$!@$(!%BB*#B*.%@(!B%)3#%0/A!!;&!.&-#&-31/.E(!3./@!

#9!/-.(&@.9.-!%BB3.-%@.#&/!*(B#*@(0!%*(!@$(!9#33#G.&D!=U7*(&@+!LMMaR!J%**./+!LMMN>O!

• ;@5#/B$(*.-!*(/(%*-$R!

• X(#3#D.-%3!/1*E()/R!

• F1**.-%&(!(E#31@.#&!%&0!*(/(%*-$R!

• U-(%&#D*%B$.-!#?/(*E%@.#&/R!

• <#3-%&#(/!/@10)!%&0!(*1B@.#&!%3(*@R!

• 4(%@$(*!9#*(-%/@.&DR!

• ;*-$%(#3#D.-%3!/1*E()/R!

• F.D$!%--1*%-)!@(**%.&!5%BB.&D!

• ;@5#/B$(*.-!$(%@.&D!5(%/1*(5(&@!B*#D*%55(/R!

• 63#10!/@10)!B*#D*%55(/R!

• X3%-.(*!%&0!.-(!/$((@!B*#D*%55(/R!

• T.E(*!93#G!%&0!0./-$%*D(!5.//.#&/R!

• UV#&(!3%)(*!/@10.(/!%&0!5#&.@#*.&DR!

• %&0!5%&)!#@$(*/A!

8$(! B%)3#%0! 9#*! /-.(&@.9.-! %BB3.-%@.#&/! ./! #9@(&! 5#*(! @$%&! ]1/@! %! E./.?3(! .5%D.&D! /)/@(5+!

.&-310.&D!513@./B(-@*%3!.5%D.&D+!^Wc;T+!%&0!#@$(*!@)B(/!#9!/(&/#*/+!5#/@3)!.&!-#5?.&%@.#&A!

J%@(33.@(/! %*(! @$(! B*#E(*?.%3! G#*7! $#1/(! G$(&! .@! -#5(/! @#! /-.(&@.9.-! .5%D(H?%/(0!

%BB3.-%@.#&/+!(/B(-.%33)!G.@$!*(D%*0/!@#!5#&.@#*.&D!%&0!%&%3)V.&D!@$(!&%@1*%3!(&E.*#&5(&@A!!

F#G(E(*+!/%@(33.@(/!%&0!F.D$!;3@.@10(!^#&D!I&01*%&-(!=F;^I>!:;</!$%E(!-#5B3(5(&@%*)!

%BB3.-%@.#&/O! J%@(33.@(/! B*#E.0(! G#*30G.0(! -#E(*%D(! G$.3(! F;^I! :;</! B*#E.0(! *(D.#&%3!

%&0! 3#-%3! %BB3.-%@.#&/A! F;^I! :;</! %3/#! $%E(! 3#G(*! %3@.@10(+! %&0! @$(*(9#*(! B*#E.0(! @$(!

#BB#*@1&.@)!#9!$.D$(*!*(/#31@.#&/+!@)B.-%33)!NM-5!@#!Q-5A!

'#/@!/-.(&@.9.-!/@10.(/!1@.3./.&D!:;</!*(K1.*(!0%@%!-#33(-@.#&!#E(*!(C@(&0(0!B(*.#0/!#9!@.5(!

%&0!%*(!@$(*(9#*(!G(33!/1.@(0!@#!3#&D!(&01*%&-(!:;</!=;G%&+!LMMb>A!!

:,#-#*'(22%-'05&'%5#'/0)*&#;&('5,(%#"#*05("&$0-%$&
;*-$%(#3#D.-%3! /.@(! *(-#*0.&D/! #9@(&! 1/(! B$#@#D*%55(@*.-!5(@$#0/! @#! #?@%.&! %--1*%@(! `c!

5#0(3/A!!2$#@#D*%55(@*)!./!%!*(/(%*-$!%*(%!-#&-(*&(0!G.@$!#?@%.&.&D!*(3.%?3(!%&0!%--1*%@(!
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5(%/1*(5(&@/! 9*#5! &#&-#&@%-@! .5%D.&D! =,./$(*+! LMMQ>A! 8$(/(! %BB3.-%@.#&/! *(K1.*(! %!

-#5?.&%@.#&! #9! X2JiWSJ! /@%?.3./(*/! 9#*! @$(! .5%D.&D! B3%@9#*5! 9#*! $.D$3)! *(3.%?3(! .5%D(!

%-K1./.@.#&! =I./(&?(.//+! LMMd>A! ! J@%&0%*0! $(3.-#B@(*/! #*! %.*B3%&(/! G.@$! B$#@#D*%55(@*.-!

-%5(*%/!%*(!@##!(CB(&/.E(!%&0!0#!&#@!%33#G!93).&D!-3#/(!@#!#?](-@/!#*!$%E(!@$(!-%B%-.@)!9#*!

-#5B3.-%@(0! 5%&#(1E*.&DA! ! 4$.3(! @$(! X2JiWSJ! 1&.@! (&%?3(/! /(5.H%1@#5%@.-! &%E.D%@.#&!

%3#&D!%!B*(0(9.&(0!93.D$@!B%@$+!@$(!/@%?.3./(*/!(&/1*(!%!/@%?3(!93.D$@!%@@.@10(!%&0!@$1/!%!$.D$3)!

*(3.%?3(!.5%D(!%-K1./.@.#&!=I./(&?(.//+!LMMQ>A!

W&! %! *(-(&@! *(B#*@! =[(&0(%%+! LMMb>! %&! %*-$%(#3#D.-%3! /.@(! /1*E()! G%/! 0#-15(&@(0A! ! 8$(!

/1*E()! G%/! -#&01-@(0! %@! %&! %3@.@10(! #9! NMM5A! ! I%-$! B$#@#D*%55(@*.-! 93.D$@! B3%&! G%/!

0(/.D&(0!/(@@.&D!@$(!:;<!/B((0!%@!NQ!5i/+!G$.-$!5(%&@!%!/$##@.&D!@.5(!.&@(*E%3!#9!%?#1@!

N+Q!/!=dM!5>!%&0!L+Q!/!=NMM!5>!@#!D(@!%0(K1%@(!9*%5(!#E(*3%B/A!

,#*! %&)! B$#@#D*%55(@*)! %BB3.-%@.#&! -%5(*%! -%3.?*%@.#&! ./! #9! D*(%@! .5B#*@%&-(! 9#*! @$(!

%--1*%-)!#9! @$(! 9.&%3!B*#01-@A! !8$./!$%/!%&! .5B3.-%@.#&! .&! @$(!0(/.D&!#9!%!:;<+!(/B(-.%33)!

G$(&!#99H@$(H/$(39! -%5(*%/! %*(!1/(0! =(ADA!c.D.@%3! J^T! -%5(*%/!G.@$! V##5!-%B%?.3.@.(/>+! %/!

E.?*%@.#&!?(-#5(/!%!9%-@#*+!%/!G(33!%/!3(&/!5#E(5(&@!01*.&D!V##5.&D!#B(*%@.#&/A!

8$(! .&@(*&%3! #*.(&@%@.#&!B%*%5(@(*/! =9#-%3! 3(&D@$+! -##*0.&%@(! #9!B*.&-.B%3!B#.&@! %&0! *%0.%3!

3(&/!0./@#*@.#&>!#9!@$(!-%5(*%!G%/!(/@.5%@(0!1/.&D!%!/(39H-%3.?*%@.#&!%BB*#%-$A!!;&!%!B*.#*.!

(/@.5%@.#&!G%/!B(*9#*5(0!1/.&D!%! /(39H0(E(3#B(0!-%3.?*%@.#&! /#9@G%*(+!?1@! .@!G%/! 9#1&0!%!

&#&!/@%?.3.@)!#9!@$(!*%0.%3!0./@#*@.#&!B%*%5(@(*/A!!8$./!G%/!B*#?%?3)!01(!@#!@$(!9%-@!@$%@!@$(!

3(&/!./!*(@*%-@%?3(+!@$%@!5(%&/!.@!5#E(!.&!%&0!#1@!01*.&D!/G.@-$.&D!#&i#99!#B(*%@.#&/A!!

;! -#5B%*./#&! ?(@G((&! $.D$! %3@.@10(! %&0! 3#G! %3@.@10(! :;</! 9#1&0! @$%@! %! $.D$(*! $(.D$@!

%33#G/!@$(!B.3#@!@#!?(@@(*!-#&@*#3!@$(!:;<!/B((0!%&0!@#!9#33#G!%!/@*%.D$@!3.&(A!!U&!@$(!#@$(*!

$%&0! 3#G! %3@.@10(! .5%D(/! %*(! 5#*(! 0(@%.3(0+! %33#G.&D! %&! .5B*#E(5(&@! #9! @$(! %--1*%-)!

01*.&D! @$(! `c! 9(%@1*(! (C@*%-@.#&A! !8$(!#?@%.&(0!`c!%--1*%-)!G%/! 9#1&0! @#!?(! /1.@%?3(! 9#*!

%*-$%(#3#D.-%3!(E.0(&-(/!5%BB.&D!%@!%!E(*)!3%*D(!5%B!/-%3(A!!

5.1.2 Emergency Missions 
:;</! %*(! G(33! /1.@(0! @#! (5(*D(&-)! 5.//.#&/A! ! T(B#*@/! #&! :;</! 1/(0! 9#*! (5(*D(&-)!

5.//.#&/! %35#/@! %3G%)/! .&-310(! .5%D.&D! B%)3#%0/+! #9@(&!G.@$! *(%3H@.5(! E.0(#! /@*(%5.&DA!!

J#5(!@)B.-%3!%BB3.-%@.#&/!*(B#*@(0!%*(!@$(!9#33#G.&D!=9*#5!=U7*(&@+!LMMa>>O!

• c./%/@(*!#B(*%@.#&/!5%&%D(5(&@R!

• ,.*(!9.D$@.&DR!

• U.3!/3.-7!#?/(*E%@.#&/R!

• ,3##0!G%@-$R!

• <#3-%&#!5#&.@#*.&DR!

• 6%@%/@*#B$.-!/.@1%@.#&!%//(//5(&@R!

• J(%*-$!%&0!*(/-1(!=3##7.&D!9#*!/1*E.E#*/!9*#5!/$.BG*(-7/+!%.*-*%9@!%--.0(&@/+!(@-A>R!

• F1**.-%&(!G%@-$R!

• I%*@$K1%7(!5#&.@#*.&DR!%&0!

• S1-3(%*!*%0.%@.#&!5#&.@#*.&DA!

'#/@! #9! @$(/(!5.//.#&/! *(K1.*(! (C@(&0(0! @.5(! .&! @$(! %.*+! %&0! %3/#! *(%3H@.5(! E.0(#! @#! @$(!

D*#1&0! -#&@*#3! /@%@.#&A! ! 8$./! .5B3.(/! %! D##0! -#551&.-%@.#&/! 3.&7! G.@$! *(3%@.E(3)! 3%*D(!

?%&0G.0@$+!G$.-$!.5B%-@/!#&!@$(!B#G(*!?10D(@!#9!@$(!:;<A!

<#'%$-&;0'%&/%-%5-0#)&()/&2#)0-#'0)*&
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,#*(/@! 9.*(! 9.D$@.&D! #9@(&! $%BB(&/! .&! *#1D$! @(**%.&/! G$.-$! &((0! .55(0.%@(! 3.&(H#9H/.D$@!

-#551&.-%@.#&/! @#! 9.*(! 9.D$@(*/A!:;</! %*(! /@%*@.&D! @#! ?(! (5B3#)(0! .&! /1BB#*@.&D! @$(! 9.*(!

9.D$@.&D!(99#*@/!=;G%&+!LMMbR!'(*.&#+!LMMLR!'(*.&#+!LMMd>A!

,*(K1(&@!1B0%@(/!-#&-(*&.&D!@$(!B*#D*(//!#9!%!9#*(/@!9.*(!%*(!(//(&@.%3!9#*!(99(-@.E(!%&0!/%9(!

9.*(! 9.D$@.&DA! ! ,.*(! 9.D$@(*/! &((0! 9*(K1(&@! %&0! $.D$! K1%3.@)! .&9#*5%@.#&! #9! %! 9.*(\/!

0(E(3#B5(&@! @#! -#&01-@! %&! (99(-@.E(! %&0! /%9(! 9.*(! 9.D$@.&D!5.//.#&! =6%/?((*+! LMMQ>A! ! ^#G!

%3@.@10(!:;</!-%&!-%B@1*(!$.D$!*(/#31@.#&!.5%D(*)!%&0!?*#%0-%/@!9*(K1(&@!1B0%@(/!@#!9.*(!

-*(G/A! W&! 9.*(!5#&.@#*.&D!5.//.#&/+! @$(! #?](-@.E(! ./! @#! .5%D(! @$(!B(*.5(@(*! #9! @$(! 9.*(! %&0!

1B3#%0! @$(! 3#-%@.#&! #9! @$(! 9.*(! B(*.5(@(*! =G.@$! %//#-.%@(0! .5%D(*)>! @#! @$(! ?%/(! /@%@.#&! %/!

9*(K1(&@3)!%/!B#//.?3(A!

J.&-(!9.*(!./!D*#G.&D!%&0!-$%&D.&D!0.*(-@.#&/+!:;</!&((0!.&@(33.D(&@!B%@$!B3%&&.&D!%?.3.@)!

1/.&D! 3.5.@(0! *(%3H@.5(! .&9#*5%@.#&A! 8$()! %3/#! &((0! @$(! .&@(33.D(&-(! @#! *(@1*&! @#! ?%/(!

=6%/?((*+!LMMQ>A!

,.*(! 9.D$@.&D!5#&.@#*.&D! *(K1.*(/! @$%@! @$(!:;<!$%E(! 3#&D! (&01*%&-(A! !c(B(&0.&D! #&! @$(!

%*(%! @#! ?(! -#E(*(0+! %! $.D$! /B((0! -#551&.-%@.#&/! 3.&7! G.33! ?(! *(K1.*(0! #E(*! *(%/#&%?3(!

0./@%&-(/A!!8$./!$%/!%!0.*(-@!.5B%-@!#&!@$(!B#G(*!?10D(@!#9!@$(!(&01*%&-(!:;<A!
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• ;!B*#-(//!3%)(*!9#*!.5%D(!B*#-(//.&D!%&0!93.D$@!-#&@*#3R!

• ;!*(%-@.E(!3%)(*!@$%@!B(*9#*5/!/.@1%@.#&H0*.E(&!@%/7!(C(-1@.#&R!%&0!

• ;!0(3.?(*%@.E(!3%)(*!5%.&3)!-#&-(*&(0!G.@$!B3%&&.&D!%&0!5#&.@#*.&DA!

[%**.(*/! @#! @$(! G.0(! /-%3(! %0#B@.#&! #9! :;</! .&! 1&*(/@*.-@(0! %.*! /B%-(! %*(! @$(! 3%-7! #9!

/@%&0%*0/!%&0!*(D13%@.#&/! .&@(*&%@.#&%3! .&! @$(!E%*.#1/!-.E.3!%E.%@.#&!%1@$#*.@.(/A! !8$(!,;;!

*(K1.*(/! :;</! @#! $%E(! #&?#%*0! Y0(@(-@+! /((! %&0! %E#.0Z! -%B%?.3.@.(/! @#! B*(E(&@! .&H%.*!

-#33./.#&/A!!;!9%.3H/%9(!#B@.#&!9#*!@$(!5.//.#&!51/@!%1@#5%@.-%33)!%BB3)!.9!@$(!D*#1&0!@#!:;<!

-#551&.-%@.#&/! 3.&7! 9%.3/A! ! ,1*@$(*+! @$(! -#551&.-%@.#&/! *(D13%@#*)! (&E.*#&5(&@/! %3/#!

*(D13%@(! @$(! 3.-(&/.&D! #9! /B(-@*15+! G$.-$!5%)! .&$.?.@! @$(! *(%3H@.5(! @*%&/5.//.#&! #9! $.D$!

K1%3.@)!.5%D(/!01(!@#!%!3%-7!#9!?%&0G.0@$A!!

[%/(0! #&! @$(! %?#E(! 0./-1//.#&+! /#5(! #9! @$(! 9#33#G.&D! #?/(*E%@.#&/! -%&! ?(! 5%0(! =9*#5!

=S#*0?(*D+!LMML>>O!

• 8*%-7.&D!*(K1.*(/!%!-(*@%.&!%5#1&@!#9!B3%&&.&D!@#!?(!5%0(!?)!$.D$(*!3(E(3/!#9!/)/@(5!@#!

B*(0.-@!G$(*(!%&0!$#G!%!E($.-3(!./!D#.&D!@#!5#E(!#&!@$(!D*#1&0+!5%&%D(!#--31/.#&/!#&!

@$(!D*#1&0+!(@-A!

• ;&#@$(*! /-(&%*.#! ./! @#! 5%7(! @$(! :;<! %//./@! %! D*#1&0! E($.-3(! @#! (.@$(*! .&@(*-(B@! %!

@*%-7(0! E($.-3(! #*! @#! D(@! %! /B(-.9.-! 3#-%@.#&! .&! %&! 1*?%&! %*(%!G.@$! @*%99.-! ]%5/A! ! 8$./!

*(K1.*(/! @$(!:;<!@#!?(!%?3(! @#!0(@(-@!%&0!(/@.5%@(! @$(!/.V(!#9! @$(! @*%99.-! ]%5/+!%&0! @#!

9.&0!9*((!B%@$/!%*#1&0!.@A!

• ;! :;<! /$#130! ?(! %?3(! @#! %1@#&#5#1/3)! &%E.D%@(! ?(@G((&! B#.&@/+! @*%-7! D*#1&0!

E($.-3(/+!%&0!(/@.5%@(!E%*.#1/!9(%@1*(/!%&0!0(@(-@!(E(&@/!*(3%@(0!@#!.&0.E.01%3!E($.-3(/!

#*!B%.*/!#*!(E(&!3%*D(!/(@/!#9!E($.-3(/A!
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• ;0E%&-(0!.5%D(!B*#-(//.&D!@%/7/!=*#%0!0(@(-@.#&!=l.5+!LMMQ>+!3%&05%*7!@*%-7.&D+!%&0!

5#@.#&! 0(@(-@.#&>! *(K1.*(! /B%@.%3! #*! /B%@.#H@(5B#*%3! 9.3@(*.&D! #9! @$(! -%5(*%! .5%D(/A!!

8$./! .&-310(/! 9.3@(*.&D! 9#*! 0(@(-@.#&! #9! 3.&(/i(0D(/+! (/@.5%@.#&! #9! @$(.*! #*.(&@%@.#&+!

0(@(-@.#&!#9!-#*&(*/!%&0!#@$(*!3#-%3!/)55(@*.(/A!!

5.1.4 Communications Missions 
8$(!3#&D!(&01*%&-(!&%@1*(!#9!:;</!G.@$!$.D$!%3@.@10(!-%B%?.3.@.(/!5%7(!:;</!/1.@%?3(!@#!

%-@!%/!-#551&.-%@.#&!*(3%)!/@%@.#&/!=U7*(&@+!LMMa>A!!J#5(!%BB3.-%@.#&/!.&!@$./!*(D%*0!%*(O!

• [*#%0?%&0!-#551&.-%@.#&/R!

• X2J!%1D5(&@%@.#&!/)/@(5R!

• 8(3(-#551&.-%@.#&!*(3%)!/(*E.-(R!%&0!

• 2/(10#!/%@(33.@(A!

5.1.5 Industrial Applications 
4.@$!@$(!-#55(*-.%3./%@.#&!#9!:;<!%.*9*%5(/+!@$(!3#G(*!-#/@!#9!6U8JH?%/(0!E./.#&!B%)3#%0/!

%&0!.&-*(%/.&D!(CB(*.(&-(+!.@!./!@#!?(!(CB(-@(0!@$%@!.&01/@*.%3!%BB3.-%@.#&/!/$#130!9#33#GA!!J#5(!

(C%5B3(/!#9!.&01/@*.%3!%BB3.-%@.#&/!%*(!@$(!9#33#G.&D!=U7*(&@+!LMMaR!J%**./+!LMMN>O!

• 6*#B!/B*%).&DR!

• S1-3(%*!9%-@#*)!/1*E(.33%&-(R!

• '.&.&D!%&0!(CB3#*%@.#&R!

• 2#G(*!3.&(!5#&.@#*.&DR!

• 2.B(!3.&(!5#&.@#*.&DR!%&0!

• ;D*.-13@1*%3!%BB3.-%@.#&/A!

J#5(!0./-1//.#&!#&!/#5(!#9!@$(/(!.&01/@*.%3!%BB3.-%@.#&/!G.33!&#G!?(!B*#E.0(0O!

@0*,&?#"-(*%&=#A%'&"0)%&2#)0-#'0)*&&
2#G(*! 3.&(/! &((0! @#! ?(! 5#&.@#*(0! 9#*! /(E(*%3! *(%/#&/+! (ADA! 0(@(-@.&D! -*%-7/! .&! ./#3%@#*/+!

5#&.@#*.&D!1&0(*D*#G@$!@#!B*(E(&@!93%/$#E(*/!01(!@#!9.*(/+!(@-A!!

'#/@!#9@(&!B#G(*!3.&(!5#&.@#*.&D!./!0#&(!?)!9##@!B%@*#33.&D!#*!?)!1/.&D!$(3.-#B@(*/A!![#@$!#9!

@$(/(! 5(@$#0/! *(K1.*(! 5%&B#G(*! %&0! @.5(+! ?#@$! -#/@3)A! ! F(3.-#B@(*/! %*(! 1/(0! 9#*! @$./!

B1*B#/(R!$#G(E(*!@$./! ./!%!0%&D(*#1/!%&0!-#/@3)!#B@.#&A!,#*!@$(/(!5.//.#&/+!B.3#@/!$%E(!@#!

93)!@$(!$(3.-#B@(*!%@!3#G!%3@.@10(!%&0!-3#/(!@#!@$(!B#G(*!3.&(/A! !8$./!./!%!@(0.#1/! ]#?!G.@$!%!

$.D$! 3(E(3!#9! 9%@.D1(!%/! @$(!B.3#@!$%/! @#!7((B! @$(!$(3.-#B@(*!#&!%! 9.C(0!%3@.@10(A! !:;</!%*(!

E(*)!G(33!/1.@(0!@#!@$./!=%&0!/.5.3%*>!7.&0!#9!B*#?3(5!=;G%&+!LMMb>A!

,#*! B#G(*! 3.&(! 5#&.@#*.&D! 5.//.#&/+! .5%D(/! %*(! 1/1%33)! *(-#*0(0! ?)! @$(! :;</! E.0(#!

-%5(*%!%&0! @*%&/5.@@(0! @#! @$(!D*#1&0!/@%@.#&+!G$(*(! @$(!#B(*%@#*! -%&! .&@(**1B@! @$(! 93.D$@!

B3%&!%@!%&)!@.5(!@#!-$%&D(!@$(!V##5!#9!@$(!B#G(*!3.&(!5#&.@#*.&D!-%5(*%!=J%**./+!LMMN>A!

8$(! .5%D(H?%/(0!B%)3#%0!B3%)/!%&! .5B#*@%&@!B%*@! .&! @$(/(!5.//.#&/A! !J#5(!#9! @$(! .//1(!@#!

-#&/.0(*!%*(!@$(!9#33#G.&D!9#*!@$(/(!7.&0/!#9!5.//.#&/O!

• I&01*%&-(A!!8$(!B#G(*!3.&(/!@#!?(!5#&.@#*(0!5%)!?(!@(&/!@#!$1&0*(0/!#9!7.3#5(@*(/!.&!

3(&D@$+!%&0!-#&/@%&@!*(91(33.&D!#*!-$%*D.&D!5%)!0(3%)!@$(!B*#-(//A!

• ;1@#5%@(0!93.D$@A! !;/!%!*(/13@!#9! @$(!0./@%&-(/!%&0!@.5(/!.&E#3E(0+!@$(!*(K1.*(5(&@! ./!

@$%@!&%E.D%@.#&!&((0!@#!?(!%1@#5%@(0!=@$*#1D$!X2J!G%)HB#.&@/>+!?1@!G.33!%3/#!.&-310(!

E./1%3!@*%-7.&D!#9!@$(!B#G(*!3.&(/A!

• m##5!3(E(3/A!!8*%-7.&D!#9!@$(!B#G(*!3.&(/!*(K1.*(!E./.#&!%@!/#5(!0./@%&-(A!!W/#3%@#*/!%&0!

B#//.?3(!-*%-7/!&((0!@#!?(!.&E(/@.D%@(0!51-$!-3#/(*A!
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• '13@./B(-@*%3! .5%D.&DA! ! 8$(! .5%D.&D! B%)3#%0! 9#*! @$./! %BB3.-%@.#&! 5%)! *(K1.*(!

513@./B(-@*%3! .5%D.&D! 9#*! E%*.#1/! B1*B#/(/+! .A(A! E./1%3! .5%D.&D! 9#*! &%E.D%@.#&! %&0!

D(&(*%3! .&/B(-@.#&+! 13@*%HE.#3(@! @#! 0(@(-@! -#*#&%! (99(-@/+! (@-A! WT! -%&! %3/#! ?(! 1/(0! 9#*!

@*%-7.&D!B1*B#/(/A!

• ;1@#5%@.#&!#9!E./1%3!5#&.@#*.&D!%&0!0(@(-@.#&A!!8$(!3(E(3!#9!*(B(@.@.E(&(//!9#*!@$./!7.&0!

#9!5.//.#&! ./!$.D$+!G.@$! @$(! *(/13@! @$%@! %*@(9%-@/!#9! .5B#*@%&-(!5%)!?(!5.//(0!01(! @#!

9%@.D1(!%&0!?#*(0#5!#9!%&!#B(*%@#*A!

• ^%*D(! #&H?#%*0! B*#-(//.&D! B#G(*! %&0! 5(5#*)A! ! 8$(! .5%D(! B*#-(//.&D! %3D#*.@$5/!

.&E#3E(0!%*(!-#5B3(C+!.&!%00.@.#&!@#!@$(!$.D$!*(/#31@.#&!*(K1.*(0A!8$./!G.33!.5B%-@!#&!

@$(!B*#-(//.&D!B#G(*!%&0!@$(!5(5#*)!#&H?#%*0!@$(!%(*.%3!B3%@9#*5A!

+1'?%0""()5%&#;&=0=%"0)%$&
2.B(3.&(! -#&0.@.#&/! %*(! -%1/.&D! 0%5%D(! %&0! (&E.*#&5(&@%3! .//1(/+! G.@$! %&! .&-*(%/.&D!

0(5%&0! 9#*!/#5(! 9#*5!#9! .&/B(-@.#&! @(-$&#3#D)A! !2.B(3.&(/!%*(!%3/#!E13&(*%?3(! @%*D(@/! 9#*!

@(**#*./@/!%&0!@$(*(9#*(!&((0!@#!?(!5#&.@#*(0!9*#5!%!/(-1*.@)!B#.&@!#9!E.(G!=;G%&+!LMMb>A!

J.5.3%*! @#! @*%99.-! 5#&.@#*.&D! 5.//.#&/+! /%@(33.@(! 5#&.@#*.&D! #9! B.B(3.&(/! B*(/(&@/! /#5(!

B*#?3(5/A! ! ;&! %00.@.#&%3! B*#?3(5! ./! @$%@! @$(! B315(/! =5(@$%&(>! 3(%7(0! 9*#5! B.B(! 3.&(/!

0./B(*/(! .&@#! @$(! %@5#/B$(*(! *%B.03)! G.@$#1@! ?(.&D! B*#B(*3)! 0(@(-@(0A! ! 8$(*(9#*(! :;</!

5%)!?(!@$(!?(/@!#B@.#&!@#!B(*9#*5!@$./!@%/7A!!2*(/(&@3)+!5#/@!#9!@$(!B.B(3.&(/!%*(!5#&.@#*(0!

G.@$!$(3.-#B@(*/! #*! D*#1&0! .&/B(-@.#&/A! !'%&)!D%/! -#5B%&.(/! .&! @$(!:J;+!T1//.%+! ,*%&-(!

%&0!X(*5%&)!%*(!1/.&D!:;</!9#*!B.B(3.&(!5#&.@#*.&D!#&!%&!(CB(*.5(&@%3!?%/./A!

8$(! 0(/.D&! -#&/.0(*%@.#&/! 9#*! 5#&.@#*.&D! B.B(3.&(/! %*(! /.5.3%*! @#! @$%@! #9! B#G(*! 3.&(!

5#&.@#*.&D+!%3@$#1D$!@$(*(!5%)!?(!/#5(!0.99(*(&-(/!.&!@$(!513@./B(-@*%3!.5%D.&D!%&0!.5%D(!

B*#-(//.&D!%3D#*.@$5/A!

8$(*(! %*(! E%*.#1/! (&E.*#&5(&@%3! %&0! $15%&! %-@.E.@.(/! @$%@! &((0! @#! ?(! 5#&.@#*(0! #&! %!

*#1@.&(! ?%/./! @#! (&/1*(! @$(! /%9(@)! #9! @$(! $1D(! .&E(/@5(&@! .&! D%/! B.B(3.&(/A! J#5(! #9! @$(!

5#&.@#*.&D!%-@.E.@.(/!%*(O!

• 6#&/@*1-@.#&!4#*7R!

• I%*@$!'#E(5(&@!%&0!IC-%E%@.#&R!

• ^).&D!#9!B.B(/+!-%?3(/!(@-AR!

• I*(-@.#&!#9!?1.30.&D/R!

• J#.3!1B$(%E%3!%&0!(*#/.#&R!

• 4%@(*!3#DD(0!/1*9%-(/R!

• 23%&@%@.#&!#9!/$*1?/!%&0!@*((/R!%&0!

• c./-#3#1*.&D!#9!E(D(@%@.#&A!

8$(!B1*B#/(!#9!%&!%(*.%3!.5%D.&D!B3%@9#*5!.&!/1-$!%!/-(&%*.#!./!@#!B(*9#*5!#?](-@!0(@(-@.#&!

%&0! 3#-%@.#&+! %&0!5#E.&D!E($.-3(/A!8$(! /B%@.%3! *(K1.*(5(&@! 9#*!%(*.%3! .5%D(/! @*%&/3%@(/! @#!

@$(!9#33#G.&DO!

• '#&.@#*.&D!/@*.B!#9!LMM5!

• '(@%33.-!5%-$.&(*)!L5!r!N5!

• U?](-@/!(ADA!B.B(/!MAL!5!r!Q!5!

• IC-%E%@.#&/!MAQ5!r!Q5!MAQ5!

• 8*((!@#B/!0.%5(@(*!O!5#*(!@$%&!L!5!

• ^#-%@.#&!%--1*%-)!O!Q5!

8$(!:;<!B3%@9#*5!/$#130!%3/#!(&/1*(!G(%@$(*!.&0(B(&0(&-)!%&0!/1*E(.33%&-(!9*(K1(&-)!#9!

5#*(!@$%&!#&-(!.&!%!G((7A!

&
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.0)%'("&%B="#'(-0#)&()/&%B="#0-(-0#)&
8$(! *(5#@(! /(&/.&D! B%)3#%0! %?.3.@)! #9! /#5(! :;</! $%/! (&%?3(0! .@! @#! -#33(-@! 0%@%! 9#*!

(CB3#*%@.#&!#9!5.&(*%3/!0(B#/.@/!=;G%&+!LMMb>A!

C*'051"-1'("&(=="05(-0#)$&
:;</!G.@$!WT!%&0!E./.?3(H3.D$@!#B@.-%3!/(&/#*!B%)3#%0/!@%7(!.5%D(/!#9!-*#B/A!!8$(/(!.5%D(/!

%*(!-#5?.&(0!.&@#!-#3#1*!D*%B$.-/! @#!/$#G!$#G!@$(!-*#B! ./!D*#G.&D!%&0! .&0.-%@(!%*(%/!#9!

?3.D$@A!!W&!%00.@.#&!@#!@$(!%?#E(+!5#./@1*(!3(E(3/!.&!@$(!/#.3!%&0!@$(!%5#1&@!#9!B3%&@!3.9(!-%&!

%3/#!?(!5(%/1*(0A&

W&!"%B%&+!:;</!%*(!1/(0!(C@(&/.E(3)!9#*!@$(!B1*B#/(!#9!-*#B!/B*%).&DA!!

5.1.6 Navigation 
8$(! %1@#B.3#@/! 9#1&0! .&! 5#/@! #9! @$(! *(B#*@(0! %1@#&#5#1/! #*! /(5.H%1@#&#5#1/! :;</!

*(K1.*(! *(%3! @.5(! .&9#*5%@.#&! #9! @$(! :;<! @#! %--#5B3./$! @$(.*! @%/7/+! (ADA! @$(! %@@.@10(+!

E(3#-.@)+!B#/.@.#&!%&0!%--(3(*%@.#&A!!8$./!0%@%!./!@$(&!B%//(0!#&!@#!@$(!93.D$@!-#&@*#3!/)/@(5!

G$.-$+!?%/(0!#&!%!2Wc!-#&@*#3! 3%G+!%-@1%@(! @$(!/(*E#/! @#!0(93(-@! @$(!-#&@*#3!/1*9%-(/A! ! W@! ./!

.5B#*@%&@! @$%@! .9! #&?#%*0! B*#-(//.&D! #9! B%)3#%0! ./! *(K1.*(0! @$%@! @$(*(! ./! *(01&0%&@!

B*#-(//#*!%3#&D!G.@$!93.D$@!-#&@*#3!B*#-(//#*!=S.*%&]%&!+!LMMb>A!

W&! -(*@%.&! (&E.*#&5(&@/! =1*?%&! #*! .&! 9#*(/@/>+! /%@(33.@(! E./.?.3.@)!5%)! ?(! 3.5.@(0A! ! W&! @$(/(!

-%/(/+! @$(! X2J! %--1*%-)! 5%)! ?(! &(D%@.E(3)! .5B%-@(0A! ! W&! /1-$! -%/(/+! .@! ./! &(-(//%*)! @#!

0(@(*5.&(! B#/.@.#&! %&0! %@@.@10(! @$*#1D$! #@$(*! 5(%&/+! /1-$! %/! @$*#1D$! E./1%3! 5(%&/!

=6%?%33(*#+!LMMQ>A!!;&!(C%5B3(!#9!/1-$!%&!%BB3.-%@.#&!G.33!?(!@$%@!#9!%!'%*/!*#E(*A!

W5%D(!B*#-(//.&D!5(@$#0/!%*(!%3/#!1/(0!9#*!/%9(!3%&0.&D+!#&!/@%@.#&%*)!?%/(/!#*!#&!5#E.&D!

@%*D(@/!/1-$!%/!/$.B/A!

5.2 Design Considerations for Image-Based Payload Systems 

5.2.1 General Considerations 
W&!0(/.D&.&D! .5%D(H?%/(0!B%)3#%0!/)/@(5/!9#*!:;<!%BB3.-%@.#&/+!#&(!/$#130!-#&/.0(*! @$(!

9#33#G.&D!D(&(*.-!.//1(/O!

• ,3(C.?.3.@)!P!@$(!%?.3.@)!#9!%&!:;<!/)/@(5!@#!B(*9#*5!&#@!#&3)!.@/!#*.D.&%3!5.//.#&+!?1@!

%00.@.#&%3!5.//.#&/!G$.-$!G(*(!&#@!#*.D.&%33)!(&E./.#&(0A!!8$./!/$#130!?(!0#&(!G.@$#1@!

-$%&D(!@#!@$(!/)/@(5R!

• ;0%B@%?.3.@)!P!@$(!%?.3.@)!#9!%!/)/@(5!@#!B(*9#*5!&#@!#&3)!.@/!#*.D.&%3!5.//.#&R!

• :BD*%0(%?.3.@)!P!@$(!%?.3.@)!#9!%!/)/@(5!@#!?(!-$%&D(0!=#*!*(-#&9.D1*(0>!(&%?3.&D!.@!@#!

B(*9#*5!%00.@.#&%3!5.//.#&/R!

• T(3.%?.3.@)!P!@$(!%?.3.@)!#9!%!/)/@(5!@#!?(!93(C.?3(+!%0%B@%?3(!%&0i#*!1BD*%0(%?3(!G$.3(!

/@.33!?(.&D!%?3(!@#!#B(*%@(!9#*!5%&)!)(%*/R!%&0!

• J-%3%?.3.@)!P!@$(!%?.3.@)!#9!%!/)/@(5!@#!B(*9#*5!.@/!#*.D.&%3!5.//.#&!@#!%!51-$!D*(%@(*!#*!

/5%33(*!(C@(&@A!
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5.2.4 Image and Video Compression 
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-#551&.-%@.#&/!3.&7A!!;/!@$(!*(/#31@.#&!.&-*(%/(/+!@$(!?%&0G.0@$!*(K1.*(5(&@/!.&-*(%/(A!!W&!

E.0(#!/(K1(&-(/+!%&!%00.@.#&%3!-#&/.0(*%@.#&!./!@$(!9*%5(H*%@(A! !8$(!$.D$(*!9*%5(H*%@(!5%)!

*(K1.*(!$.D$(*!?%&0G.0@$+!?1@!5%)!?(!*(K1.*(0!@#!0(@(-@!9%/@H5#E.&D!%*@(9%-@/A!!

J#5(!0(/.D&!-#&/.0(*%@.#&/!9#*!@$(!-#551&.-%@.#&/!3.&7!G.@$!*(D%*0!@#!@$(!.5%D(!B%)3#%0!

%*(!@$(!9#33#G.&DO!

• 6#&/.0(*! 1/.&D! #&3)! @$(! &(-(//%*)! 9*%5(! *%@(! 9#*! E.0(#! &(-(//%*)A! ! 8$./! G.33! ?(!

0(@(*5.&(0! ?)! @$(! *(K1.*(5(&@/! #9! @$(! %BB3.-%@.#&+! (ADA! /%5B3.&D! *%@(! #9! #?](-@!

5#E(5(&@+!%E(*%D.&D!#9!9*%5(/+!(@-A!
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• 6#&/.0(*! 1/.&D! @$(! &(-(//%*)! *(/#31@.#&A! !;D%.&+! @$./! 0.*(-@3)! .5B%-@/! @$(! ?%&0G.0@$!

*(K1.*(5(&@/!#9!@$(!0%@%!3.&7R!

• 2(*9#*5!/#5(! .5%D(!B*#-(//.&D!#&?#%*0! @#! 3#G(*! @$(! @*%&/5.//.#&!*(K1.*(5(&@/A! !;/!

%&!(C%5B3(+!(E(&@!0(@(-@.#&!-%&!?(!1/(0!@#!#&3)!@*%&/5.@!/(K1(&-(/!#9!.&@(*(/@R!%!*(D.#&!

#9! .&@(*(/@! -%&! ?(! 0(@(*5.&(0! #&H?#%*0! @#! @*%&/5.@! #&3)! @$#/(! %*(%/! @#! @$(! D*#1&0!

/@%@.#&R!

• 6#&/.0(*!@$(!1/(!#9!.5%D(!-#5B*(//.#&+!@#D(@$(*!G.@$!@$(!@*%0(H#99!*(K1.*(0R!

• W9! *(%3H@.5(! .5%D.&D! ./! &#@! *(K1.*(0+! -#&/.0(*! .&-*(%/.&D! @$(! #&H?#%*0! 5(5#*)! 9#*!

/@#*%D(!#9!3%*D(!/(K1(&-(R!

• W9!*(%3H@.5(!.5%D.&D!./!*(K1.*(0+!0(@(*5.&(!@$(!0(3%)+! .5%D(!K1%3.@)+!(@-A!*(K1.*(0!%&0!

.&-#*B#*%@(!.@!.&@#!@$(!-#551&.-%@.#&!3.&7!0(/.D&R!

• 6#&/.0(*! @$(! E%*.#1/! 5#013%@.#&! /-$(5(/+! -#551&.-%@.#&/! B*#@#-#3/+! %/! G(33! %/!

'(0.15!;--(//!^%)(*!=';6>!B*#@#-#3/!9#*!#B@.5%3!1/%D(!#9!@$(!%E%.3%?3(!9*(K1(&-.(/R!

• IE%31%@(! @$(!0.99(*(&@! 9*(K1(&-)!?%&0/!%E%.3%?3(! 9#*!1/(! .&! @$(!*(D.#&+! .A(A! @$(!E%*.#1/!

WJ'H?%&0!9*(K1(&-.(/+! @$(!?%&0G.0@$!%99#*0(0!%&0! @$(! @*%&/5.//.#&!B*#B(*@.(/!#9! @$(!

?%&0A!

W&! 5#/@! -%/(/+! %! -#5?.&(0! @*%0(H#99! G.33! &((0! @#! ?(! 5%0(+! @%7.&D! %! 513@.! #?](-@.E(!

#B@.5./%@.#&!%BB*#%-$A!

5.2.6 Processing Considerations&
W5%D(! B*#-(//.&D! %3D#*.@$5/! ?)! &%@1*(! %*(! B*#-(//.&D! .&@(&/.E(A! ! W5%D(! B*#-(//.&D!

%3D#*.@$5/! %*(! %3/#! 0(B(&0(&@! #&! .5%D(! *(/#31@.#&A! ! ;/! @$(! -#5B3(C.@)! #9! %3D#*.@$5/!

.&-*(%/(+!@$(!*(K1.*(5(&@!9#*!B*#-(//.&D!B#G(*!-%&!%3/#!?(!(CB(-@(0!@#!.&-*(%/(A!!

8$(! @)B.-%3! /(3(-@.#&! #9! @$(! B*#-(//.&D! 1&.@! 9#*! .5%D(! B*#-(//.&D! %BB3.-%@.#&/! %*(! 1/1%33)!

5%0(! 9*#5!E%*.#1/! 9%5.3.(/!#9!c.D.@%3!J.D&%3!2*#-(//#*/! =cJ2/>+!,.(30!2*#D*%55%?3(!X%@(!

;**%)/!=,2X;/>+!%&0!6(&@*%3!2*#-(//.&D!:&.@/!=62:/>A!!!

8$(!(CB(-@%@.#&/!%*(!@$%@!'##*(\/!3%G!G.33!-#&@.&1(!9#*!%@!3(%/@!@$(!&(C@!Q!@#!NM!)(%*/+!%&0!

B*#E.0(!.&-*(%/.&D3)!-%B%?3(!B*#-(//.&D!$%*0G%*(!=[%**#G/+!LMML>A!

:('(""%"&='#5%$$0)*&
W@! ./! G(33! 7&#G&! @$%@! 5#/@! .5%D(! B*#-(//.&D! %3D#*.@$5/! %*(! G(33! /1.@(0! @#! B%*%33(3!

B*#-(//.&D! %*-$.@(-@1*(/A! ! '%//.E(3)! B%*%33(3! 0.D.@%3! B*#-(//.&D! ./! &#! 3#&D(*! (C#@.-! ?1@!

5%.&/@*(%5+!%&0!G.33!?(-#5(!(E(&!5#*(!.5B#*@%&@!.&!@$(!91@1*(A!!8$(!3#G(*!-#/@!#9!B%*%33(3!

%*-$.@(-@1*(/!./!0*.E(&!?)!$.D$(*!E#315(/A!!S#@(!@$%@!?)!1/.&D!B%*%33(3!B*#-(//.&D+!'##*(\/!

^%G!D*#G@$!*%@(!./!0#1?3(0A!!F#G(E(*+!@$./!.&-*(%/(!./!#&3)!%-$.(E(0!.9!@$(!%BB3.-%@.#&/!%*(!

.5B3(5(&@(0! @#! 1@.3.V(! B%*%33(3! %*-$.@(-@1*(/! =[%**#G/+! LMML>A! ! ;! /.5B3(! .&-*(%/(! .&!

B*#-(//.&D! -#*(/! =%/! 0#&(! .&! @$(! W&@(3! %&0! ;'c! B*#-(//#*/>! .&-*(%/(/! @$(! .&@(*HB*#-(//!

-#551&.-%@.#&/! ?1*0(&A! ! 8$(! @$*(%0! B*#-(//.&D!5#0(3! .&@*#01-(/! %! 3(E(3! #9! -#5B3(C.@)+!

%&0!*1&!.&@#!/-%3.&D!B*#?3(5/A!

J.&-(!51-$! #9! .5%D(!B*#-(//.&D! -#&/./@/! #9! *(B(%@.&D! @$(! /%5(! .&/@*1-@.#&! #E(*! %&0! #E(*!

%D%.&!#&!0.99(*(&@!0%@%+!.@!5%7(/!/(&/(!@#!1/(!B%*%33(3!%*-$.@(-@1*(/!.&!91@1*(!5%-$.&(!E./.#&!

/)/@(5/A!!8$(*(!*(5%.&/!@$(!-$%33(&D(!#9!7&#G.&D!G$%@!%3D#*.@$5/!@#!.5B3(5(&@!.&!/1-$!%!

B*#-(//#*!9#*!%!D.E(&!%BB3.-%@.#&A!

W&! @$(! B%/@! 9(G! )(%*/+! @$(! 1/(! #9! X*%B$.-/! 2*#-(//.&D! :&.@/! =X2:/>! 9#*! D(&(*%3! B1*B#/(!

B*#-(//.&D!$%/!/@(%0.3)!.&-*(%/(0A!!8$(!*(-(&@!=LMMf>!B#B13%@.#&!#9!X2:!%*-$.@(-@1*(/!%*(!%33!

?%/(0! #&! /@*(%5!B*#-(//.&D! %*-$.@(-@1*(/! %&0! E(*)!G(33! /1.@(0! @#! .5%D(! B*#-(//.&DA! ! 8$(!

3.@(*%@1*(!#&!.5%D(!B*#-(//.&D!%3D#*.@$5/!#&!X2:/!./!(CB3#0.&D!G.@$!5#/@!B%B(*/!*(B#*@.&D!
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%@!3(%/@!%&!#*0(*!#9!%!5%D&.@10(!=#*!@G#>!]15B!.&!/B((0A!!X2:!@(-$&#3#D)!./!0*.E(&!?)!@$(!

D%5.&D! 5%*7(@+! G$.-$! $%/! (CB3#0(0! .&! @$%@! B%/@! @G#! )(%*/! 01(! @#! @$(! B*#3.9(*%@.#&! #9!

D%5.&D!-#&/#3(/A!!8$(!.5B3.-%@.#&!#9!@$(/(!$.D$!E#315(/!./!@$(!3#G!-#/@!#9!@$(/(!X2:!-%*0/A!!

8$(!.&@(*(/@.&D!-#&/(K1(&-(!#9!@$./!./!@$(!*(%3H@.5(!(C(-1@.#&!#9!-#5B3(C!%3D#*.@$5/A!!

F#G(E(*+!@$(*(!%*(!%!9(G!-%E(%@/!@#!-#&/.0(*!?(9#*(!/(3(-@.&D!X2:!@(-$&#3#D)+!(/B(-.%33)!%/!

.@!*(3%@(/!@#!3#&D!(&01*%&-(!:;</!=4#/)31/+!LMMf>O!

• X2:/!%*(!%BB*#%-$.&D!@$(!L!8,^U2/!=NMNL!93#%@.&D!B#.&@!#B(*%@.#&/!B(*!/(-#&0>!#&!%!

/.&D3(!-%*0!%@!%!3#G!-#/@+!B*#E.0.&D!.&!5#/@!-%/(/!5#*(!B*#-(//.&D!B#G(*!@$%&!*(K1.*(0A!!

F#G(E(*+! @$(! B#G(*! *(K1.*(5(&@/! #9! @$(/(! -%*0/! %*(! (C@*(5(3)! 3%*D(! =NQM! G%@@/! #*!

5#*(>+!%&0!0(9.&.@(3)!&#@!/1.@%?3(!9#*!5#/@!3#&D!(&01*%&-(!:;<!%BB3.-%@.#&/R!

• 2*#D*%55.&D! 9#*! X2:! %*-$.@(-@1*(/! ./! &#@! /.5B3(! %&0! *(K1.*(/! %! 9%.*! %5#1&@! #9!

*(@*%.&.&DA!!2#*@.&D!%3D#*.@$5/!@#!@$(!X2:!-%&!?(!@.5(!-#&/15.&D!%&0!-#/@3)R!

• J@%&0%*0!X2:!-%*0/!9#*!-#&/15(*!D%5.&D!-#5B1@(*/!%*(!#9@(&!0./-#&@.&1(0!%9@(*!]1/@!%!

9(G!5#&@$/+!@$./!?(.&D!@$(!@)B.-%3!3.9(-)-3(!9#*!/@%&0%*0!-#5B1@(*!?#%*0/!.&@(&0(0!9#*!

@$(! -#&/15(*! 5%*7(@A! ! 8$./! $%/! /(*.#1/! .5B3.-%@.#&/! #&! 3#&D! @(*5! /1BB#*@! %&0!

5#013%*.@)R!

• 8$(! .5%D(!B*#-(//.&D!?#@@3(&(-7!G.33!B*#?%?3)!&#@!?(!?%/(0!#&! @$(!B*#-(//.&D!B#G(*!

%&)5#*(+!?1@!#&!@$(!0%@%!93#G!?(@G((&!/(&/#*/+!62:!%&0!@$(!X2:R!

• T(3.%&-(!#&!B*#01-@/!9*#5!@$(!-#&/15(*!5%*7(@!=/1-$!%/!X2:!-%*0/>+!G.33!?(!*(G%*0(0!

?)! /.D&.9.-%&@! (CB(&0.@1*(! 01*.&D! @$(! B*#01-@\/! 3.9(-)-3(O! 9*(K1(&@! 0*.E(*! 1B0%@(/+!

3.5.@(0!*(3.%?.3.@)!01(!@#!9%&!9%.31*(/R!

• 8$(!B$)/.-%3!0.5(&/.#&/! #9! -#&/15(*! ?#%*0/! %&0! @$(.*! -##3.&D!0(/.D&/! #9@(&! -#&93.-@!

G.@$! @$(! (5?(00(0! B*.&-.B3(/! #9! -#5B%-@! 0.5(&/.#&/+! /.5B3.9.(0! -##3.&D! %&0!

/@%&0%*0./(0!9#*5!9%-@#*/R!%&0!

• 8$(! #B@.#&! #9! 0(/.D&.&D! B*#B*.(@%*)! D*%B$.-/! -%B%?.3.@.(/! ./! (E(&! 5#*(! B*#?3(5%@.-+!

/.&-(! @$(! -#5B#&(&@/! 1/(0! -#130! ?(! 0./-#&@.&1(0! ?(9#*(! @$(! 9.&./$(0! 0(/.D&! D#(/! @#!

5%*7(@A!

8#!1@.3./(!@$(!B#G(*!#9!X2:/!@$(!9#33#G.&D!/1DD(/@.#&/!%*(!5%0(O!

• 6#&/.0(*! @$(! /(3(-@.#&!#9!&(G(*!(5?(00(0!?#%*0/! @$%@!%*(! *(3(%/(0!G.@$!26WH(!B#*@/+!

%33#G.&D!9#*!@$(!.&@(D*%@.#&!#9!X2:H?%/(0!?#%*0/!.&@#!@$(!0(/.D&R!

• ^#G(*!B#G(*!E(*/.#&/!#9!X2:!-%*0/!%*(!%E%.3%?3(+!?1@!G.@$!%! /1?/(K1(&@!0(-*(%/(! .&!

B*#-(//.&D! B#G(*A! ! 8$*#1D$! (CB(*.5(&@%@.#&+! 0(@(*5.&(! @$(! 5.&.515! 3(E(3! #9!

B*#-(//.&D!*(K1.*(0!%&0!/(3(-@!@$%@!X2:!-%*0!P!@$./!G.33!3.5.@!@$(!B#G(*!*(K1.*(5(&@/R!

• c(E(3#B! %3D#*.@$5/! #&! %&! #B(&! B3%@9#*5! =G(! /1DD(/@! UB(&X^>! @#! D%.&! %/! 51-$!

$%*0G%*(! .&0(B(&0(&-(! %/! B#//.?3(A! ! 8$./! G.33! %3/#! B*#E.0(! /#5(! B*#@(-@.#&! 9*#5!

$%*0G%*(! -$%&D(/! %&0! &(G(*! E(*/.#&/! #9! @$(! /@%&0%*0+! %/! UB(&X^! ./! ?%-7G%*0/!

-#5B%@.?3(R!

• J#5(! (5?(00(0!B*#-(//.&D! ?#%*0/! %*(! *(3(%/(0!G.@$! %&! .&@(D*%@(0+! 3#G!B#G(*!X2:!

#&?#%*0+!G$.-$!%*(!UB(&X^!-#5B3.%&@R!%&0!

• c./@*.?1@(! @$(!B*#-(//.&D!#9! @$(! %3D#*.@$5/! .&! /1-$!%!G%)! @$%@! @$(! -#5B1@(! .&@(&/.E(!

%3D#*.@$5/! *1&! #&! @$(! D*#1&0! /@%@.#&!G$(*(! %!X2:! -%&! ?(! .&@*#01-(0+!G$.3(! 3.D$@(*!

B*#-(//.&D!@%/7/!@%7(/!B3%-(!#&H?#%*0!@$(!:;<A!!F#G(E(*+!@$./!@*%&/3%@(/!@$(!B*#?3(5!

9*#5! %! B*#-(//.&D! B*#?3(5! .&@#! %! -#551&.-%@.#&/! B*#?3(5+! .A(A! @$(! $.D$! ?%&0G.0@$!

*(K1.*(0! @#! @*%&/5.@! @$(! E.0(#! /@*(%5! @#! @$(! D*#1&0! /@%@.#&A! ! 8$./!G.33! #?E.#1/3)! ?(!

0.-@%@(0!?)!@$(!/B(-.9.-!%BB3.-%@.#&A!!;3D#*.@$5/!.&@(&0(0!9#*!&%E.D%@.#&%3!B1*B#/(/+!%/!
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G.33!?(!/%9(@)!%&0!%E#.0%&-(!@%/7/!G.33!5#/@!3.7(3)!/@%)!#&H?#%*0+!G$.3(!5#*(!5.//.#&H

*(3%@(0!%3D#*.@$5/!5%)!?(!@*%&/5.@@(0!@#!@$(!D*#1&0!/@%@.#&!9#*!B*#-(//.&DA!

,#*! 3#&D!(&01*%&-(!:;<!B%)3#%0/+! @$(!B*#-(//.&D!B#G(*!$%/!%!0.*(-@!%99(-@!#&!@$(!B#G(*!

-#&/15B@.#&A!

5.2.7 Mounting 
W&!@$(!0(E(3#B5(&@!%&0!/(3(-@.#&!#9!%&!.5%D(H?%/(0!B%)3#%0!/)/@(5+!/B(-.%3!%@@(&@.#&!51/@!

?(! D.E(&! @#! @$(!5#1&@.&D!#9! @$(!:;<!B%)3#%0+! %/! @$(! .5B#*@%&-(! #9!5#1&@.&D! -%&&#@! ?(!

/@*(//(0!(&#1D$!=l%$&+!LMMN>A!

J#5(!*(%/#&/!@#!*(D%*0!@$(!5#1&@.&D!#9!@$(!B%)3#%0!/)/@(5!%*(!@$(!9#33#G.&DO!

• ;!D##0!5#1&@!G.33!/%E(!@$(!/)/@(5!9*#5!9%.31*(!5%&)!@.5(/!#E(*R!

• ;!D##0!5#1&@!G.33!5%7(!@$(!(3(-@*#&.-/!*1&!5#*(!*(3.%?3(R!%&0!!

• ;!D##0!5#1&@!0(/.D&!51/@!?(!@(/@(0!?)!(C@(&/.E(!(CB(*.5(&@%@.#&A!

;/!B%*@!#9!%!3#&D!(&01*%&-(!5.//.#&+!@$(!B%)3#%0!G.33!?(!/1?5.@@(0!@#!B*#3#&D(0!%&0!$.D$!

3(E(3/!#9!E.?*%@.#&A!!,#*!%!E./.#&H?%/(0!B%)3#%0+!@$(!E.?*%@.#&!5%)!%0E(*/(3)!%99(-@!@$(!?%/.-!

91&-@.#&.&D+! ?1@! %3/#! @$(! %--1*%-)! #9! @$(!0(E.-(/A! ! ,#*! @$./! *(%/#&+! #&(!&((0! @#! -#&01-@! %!

G.0(! *%&D(! #9! E.?*%@.#&! @(/@/! #9! -#5B#&(&@/! %&0!5#013(/! @#! D(@! %&! .0(%! #9! @$(! 3(E(3! #9!

E.?*%@.#&!(%-$!0(E.-(!-%&!G.@$/@%&0A!!8$(!B%)3#%0!E.?*%@.#&!5#1&@!51/@!@$(&!?(!0(/.D&(0!

@#!5((@!@$(!&((0/!#9!@$(!5#/@!/(&/.@.E(!0(E.-(A!!

;!*13(!#9! @$15?!./! @#! @*)! @#!5%7(!@$(!0(E.-(! @$%@! ./! @#!?(!0%5B(0!%/!$(%E)!%/!B#//.?3(! @#!

.&-*(%/(!.@/!.&(*@.%!=l%$&+!LMMN>A!8$(!5#*(!@$(!.&(*@.%+!@$(!5#*(!9#*-(!./!&((0(0!@#!%--(3(*%@(!

@$(! ?#CA! ! 8$./! 3%*D(! .&(*@.%! G#*7/! G.@$! @$(! 0%5B.&D! 5%@(*.%3! @#! ./#3%@(! @$(! $%*0G%*(A!!

8$(*(9#*(+!9*#5!%!E.?*%@.#&!0%5B.&D!B#.&@!#9!E.(G!.@!./!%0E./%?3(!@#!B3%-(!0(E.-(/!@#D(@$(*!

.&!%!/.&D3(!?#C!=@#! .&-*(%/(!G(.D$@>!%&0!@$(&!@#! ./#3%@(! @$(!?#C!%/!%!G$#3(A! !F#G(E(*+! @$./!

5%)!.&@*#01-(!%00.@.#&%3!I'W!B*#?3(5/A!

8$(!5%@(*.%3/! @#! ?(!1/(0! .&! @$(!5#1&@! /$#130! %3/#! ?(! /(3(-@(0!0(B(&0.&D! #&! @$(! 3(E(3! #9!

0%5B.&D! &((0(0A! 8$(! 0%5B.&D! 5%@(*.%3! 1&0(*! -#&/.0(*%@.#&! /$#130! $%E(! @G#! 7()!

B*#B(*@.(/O!

• J@*#&D!%&0!@(%*!*(/./@%&@R!%&0!

• J#9@!%&0!93(C.?3(A!

;00.@.#&%3! -#&/.0(*%@.#&/! 9#*! @$(!5#1&@.&D! #9! @$(! 3#&D! (&01*%&-(! :;<! B%)3#%0! %*(! @$(!

9#33#G.&DO!

• W@! /$#130!B*#E.0(!D##0!/@%?.3.@)+! (/B(-.%33)! .9!%--1*%@(!5(%/1*(5(&@! /(&/#*/!%*(! @#!?(!
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5.2.10 Human-Machine Interface 
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5.2.12 Geo-referencing 
2$#@#D*%55(@*)!.&!D(&(*%3!0(%3/!G.@$!@$(!@$*((!0.5(&/.#&%3!#?](-@!*(-#&/@*1-@.#&!9*#5!@G#!
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8$(/(!-1**(&@!%BB*#%-$(/!*(K1.*(!0(0.-%@(0!(K1.B5(&@!G$.-$!G#130!.&-*(%/(!@$(!0.99.-13@)!

#9! 9.(30! -%3.?*%@.#&/A! ! W&! %00.@.#&+! @$(/(! Y-%B@.E(Z! @(-$&.K1(/! /(B%*%@(! @$(! -%3.?*%@.#&! %&0!
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30(,",:)R!JB*.&D(*+!WJ[S!P!hbfHNHaMLMHdNN`Ha+!c#*0*(-$@+!8$(!S(@$(*3%&0/!

<%&!J-$%37G.]7+!4A!;A!_!J-*#/%@.+![A!=LMML>R!39$."5%'*#"*8#(-#0:X#,"*/.((%&#%'R!JB*.&D(*R!WJ[S!

M`Mdab`Qdh+!hbfM`Mdab`QdL!



Aerial Vehicles 

!

496 

<(@$+!'AR!;&0(*/#&+!TAR!4(??(*+!,A!_!S.(3/(&+!'A! =LMMf>R! !8.D$@3)H6#1B3(0! WSJ+!X2J+!%&0!

W5%D.&D!J(&/#*/!9#*!2*(-./.#&!X(#3#-%@.#&+!<&,5%%9#"1'*,4*(-%*BEE[*@.(#,".8*6%5-"#5.8*

;%%(#"1*,4*(-%*D"'(#(0(%*,4*@.$#1.(#,"+!"%&1%*)!Lf!H!`M+!LMMf+!J%&!c.(D#+!6%3.9#*&.%!

4(/@%33+! 2AR! 6%*&.(+! TA"AR! U\J$(%+! 2AR! F*%?%*+! JA! _!4%37(*+! TA;A! =LMMb>R! <./.#&H?%/(0!:;<!

5%*.@.5(! /(%*-$! %&0! *(/-1(! 1/.&D! B#.&@! @%*D(@! 0(@(-@.#&+! <&,5%%9#"1'* ,4* (-%* CB(-*

30'(&.8#."*D"(%&".(#,".8*3%&,'>.5%*?,"1&%''+!NhHLL!'%*-$!LMMb!

4.3/#&+! "ATA=LMML>R! 8$(! W&-*(0.?3(! J$*.&7.&D! J(&/#*+! ;#8#(.&)* _* 3%&,'>.5%* G8%5(&,"#5'*

;.1.`#"%+!'%*-$!LMML!

4#/)31/+! ;A! =LMMf>R! F.D$H(&0! D*%B$.-/! -#&K1(*/! (5?(00(0! -#5B1@.&D! %BB3.-%@.#&/+! W&!

a,.&9'* _* 2,80(#,"'* X* 6-%* G0&,>%."* G:/%99%9* ?,:>0(#"1* ;.1.`#"%+! <#3AL+! BBAdHNM+!

;B*.3!LMMf!

m%*-$%&+! 2A! _!'1/#99+! FA! =LMMQ>R! S0"9.:%"(.8'* ,4* N.8:."* S#8(%&#"1b* 3* <&.5(#5.8* 3>>&,.5-! P!

J(-#&0!I0.@.#&R!;5(*.-%&!W&/@.@1@(!#9!;(*#&%1@.-/!%&0!;/@*#&%1@.-/R!WJ[S!P!NHQd`H

abdhaHMR!T(/@#&+!<;+!:J;!

!



23 

Tracking a Moving Target from a Moving 
Camera with Rotation-Compensated Imagery 

!"#$%&'%('%)#*#+,-.%./0%1,*23%4#.+%
!"#$%$&$'()*(+,#$'-#(."/(0)1)$%2#(3(4"%5'6#%$,()*(7)%-16.(

8)6$&9.:(

1. Introduction    

5/% ,"*% 6*37#,"+% 8,*9% :)#*#+,-.% ./0% 4#.+;% <==>?;% )#*#+,-.% ./0% 4#.+;% <==@A;% ,*#3/B.B#,/%
C3.+"*3C3/B+% D*,C% ./% EBB#B"03% F3.0#/2% G3D3*3/H3% IJ+B3C% KEFGIL% H,C63/+.B30% BM3%
*,B.B#,/.-% 032*33+% ,D% D*330,C% ,D% BM3%C,B#,/% ,D% BM3% *3C,B3-J% H,/B*,--30% .#*+M#6% ,D% N#2'% O'%
N#*+B-J;% BM3% #C.23+% 83*3% *36*,P3HB30% #/% .% 23,Q*3D3*3/H30% 7#*B".-% M,*#$,/B.-% 6-./3'% R"*3%
B*./+-.B#,/% C,03-+% 83*3% BM3/% "+30% B,% *3H,73*% BM3% H.C3*.% B*.P3HB,*J% D*,C% #C.23+% ,D% .%
M,*#$,/B.-%6-./.*%.*3.;%./0%BM3J%83*3%D,"/0%B,%?3%3+63H#.--J%+"#B.?-3% D,*% BM3%3+B#C.B#,/%,D%
BM3%M3#2MB%H,C6,/3/B%,D% BM3%B*.P3HB,*J'%5/%BM#+%6.63*;% BM3%6"*3%B*./+-.B#,/%C,03-%8#BM%?3+B%
63*D,*C./H3%#+%"+30%B,%*3H,73*%BM3%H.C3*.%B*.P3HB,*J%8M#-3%#B%#C.23+%.%B.*23B%#/0363/03/B-J%
C,7#/2%#/%BM3%2*,"/0%6-./3'%SM3%B.*23B%B*.P3HB,*J%#+%BM3/%*3H,73*30%./0%B*.H930%"+#/2%,/-J%
BM3% ,?+3*7.B#,/+% C.03% D*,C% .% C,7#/2% H.C3*.% ./0% BM3% EFGI% 3+B#C.B30% ,*#3/B.B#,/;%
#/H-"0#/2%BM3%H.C3*.%./0%EFGI%,/?,.*0%BM3%.#*+M#6;%.+%#B%#+%+M,8/%#/%N#2'%<K?L;%./0%*3+"-B+%
#/% .% "*?./% 63,6-3% +"*73#--./H3% H,/B3TB% 8#BM% 9/,8/% 2*,"/0% B*"BM'% S,% H,C6.*3% ,"*% 6"*3%
B*./+-.B#,/%C3BM,0%8#BM%./%#C.23Q,/-J%C3BM,0;%BM3%H.C3*.%B*.P3HB,*J%#+%.-+,%*3H,73*30%?J%
BM3%"+".-%M,C,2*.6MJ%3+B#C.B#,/%./0%03H,C6,+#B#,/%C3BM,0;%./0%BM3%B.*23B%#+%.-+,%B*.H930%
D*,C%BM3%H,**3+6,/0#/2%H.C3*.%6,+3+'%%
&RI% .-+,% H./% ?3% "B#-#$30% B,% *3H,73*% BM3% .#*+M#6% B*.P3HB,*J;% ?"B% &RI% 6,+#B#,/% D#T3+% .*3%
/,B,*#,"+-J% -3++% .HH"*.B3% #/% BM3% .-B#B"03% BM./% #/% BM3% -.B#B"03% ./0% -,/2#B"03% .T3+;% ./0% BM#+%
"/H3*B.#/BJ% #+% 73*J% +#2/#D#H./B% D,*% BM3% 73*J% -,8% .-B#B"03% 0.B.+3B% "+30% #/% BM#+% 6.63*'%
U/H3*B.#/BJ% #/% BM3% H.C3*.% ,*#3/B.B#,/% 3+B#C.B3% #+% BM3% C,+B% #C6,*B./B% +,"*H3% ,D% 3**,*% #/%
B*.H9#/2% ,D% 2*,"/0% ,?P3HB+% #C.230% ?J% ./% .#*?,*/3% H.C3*.% :G300#/2% 3B% .-';% <==VA;% ./0% #B+%
6*,P3HB#,/%#/%BM3%<4%2*,"/0%6-./3%#+%"+".--J%./#+,B*,6#H%373/%#D%BM3%,*#2#/.-%0#+B*#?"B#,/%#+%
#+,B*,6#H'% SM3%U/+H3/B30% S*./+D,*C% :1"-#3*% ./0%UM-C.//;% OWW>A;% 8M#HM% M.+% ?33/% "+30% B,%
-,H.-#$3% +B.B#H% B.*23B+% ,/% BM3% 2*,"/0% :)3*#/,% 3B% .-';% <==XA;% #+% BM"+% "+30% B,% 6*,P3HB% BM3%
"/H3*B.#/BJ%,/%BM3%H.C3*.%,*#3/B.B#,/%3+B#C.B3%B,%BM3%<4%2*,"/0%6-./3;%B.9#/2%#/B,%.HH,"/B%
#B+%./#+,B*,6#H%6*,P3HB#,/'%
Y.-C./%N#-B3*+%.*3%"B#-#$30%B,%D#-B3*%BM3%*3H,73*30%B*.P3HB,*#3+%,D%?,BM%H.C3*.%./0%BM3%B*.H930%
B.*23B'% 5/% BM3% .#*+M#6% +H3/.*#,;% BM3% 7#+".-% ,0,C3B*J% ./0% &RI% 6,+#B#,/% D#T3+% H./% ?3% D"+30%
B,23BM3*% ?J% BM3% Y.-C./% N#-B3*% B,% *3H,73*% BM3% .#*+M#6% B*.P3HB,*J'% SM3% B.*23B% B*.P3HB,*J% #+%
*36*3+3/B30;% B*.H930;% ./0% D#-B3*30% #/% <4% H,,*0#/.B3+'% 5/% BM#+%8.J% BM3% D"--% 23,C3B*J% ,D% BM3%
H.C3*.%./0%B.*23B%C,B#,/%#+%H,/+#03*30%./0%BM3%D#-B3*+%#/7,-730%C.J%"B#-#$3%H,7.*#./H3+%./0%
H,/+B./B+% +3B% B,% BM3%6MJ+#H.-% -#C#B+%,D% BM3% H.C3*.%./0% B.*23B%C,B#,/% #/% .HB".-%C3B*#H%"/#B+%
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./0%H,,*0#/.B3%+J+B3C+'%SM#+%+M,"-0%.--,8%D,*%C,*3%.HH"*.B3%B*.H9#/2%BM./%8M3/%,/-J%6#T3-%
H,,*0#/.B3+%#/%BM3%#C.23+%.*3%"B#-#$30'%

%

N#2"*3%O'%E/%"/C.//30%.#*+M#6%./0%03B.#-30%#C.23+%,D%BM3%7#+#,/QEFGI%+J+B3C%./0%BM3%
&RI%*3H3#73*%C,"/B30%,/B,%BM3%2,/0,-.%

1.1 Experimental Platforms 
SM3%M.*08.*3%"+30%#+%+M,8/%#/%D#2'%O'%SM3%EFGI%"+30%.*3%Z+3/+%)S#%:ZI3/+%S3HM';%<==>A%D,*%
BM3%.#*+M#6%3T63*#C3/B%./0%.%Z+3/+%)S(QW%D,*%BM3%63,6-3%B*.H9#/2%3T63*#C3/B'%(,BM%EFGI%
C,03-+% "+3% .% H,C?#/.B#,/% ,D% [Q.T3+% .HH3-3*,C3B3*+;% 2J*,+H,63+% ./0%C.2/3B#H% +3/+,*+% B,%
,"B6"B% 3+B#C.B3+% ,D% BM3#*% ,8/% ,*#3/B.B#,/% #/% 23,Q*3D3*3/H30% H,,*0#/.B3+'% SM3J% ,"B6"B% .%
*,B.B#,/%C.B*#T%;!<=0+\%% % 8M#HM% *32#+B3*+% BM3%EFGI% +3/+,*% D*.C3%8#BM% BM3% /,*BMQ3.+BQ"6%
.T3+'%SM3%H.C3*.% #+%.%R,#/B%&*.J%N-3.%:R,#/B%&*3J%5/H';%<==>A;%8M#HM%H.6B"*3+% #C.23+%8#BM%
*3+,-"B#,/%,D%O=<]%^%>V@%6#T3-+;%.B%X%D6+'%SM3%H.C3*.%#+%H.-#?*.B30%./0%#B+%#C.23+%.*3%H,**3HB30%
D,*% -3/+%0#+B,*B#,/% :(,"2"3B;% <==VA;% #B+% #/B*#/+#H% 6.*.C3B3*%C.B*#T%"% #+% 9/,8/;% ./0( *% #+% #B+%
D,H.-% -3/2BM'% S,% 3+B.?-#+M% 6#T3-% H,**3+6,/03/H3+% #/% BM3% #C.23+% BM3% IUGN% #/B3*3+B% 6,#/B%
-#?*.*J%#+%"+30%:(.J%3B%.-';%<==VA'%

1.2 Definitions of Reference Frames 
SM3%H.C3*.%6*,7#03%#/B3/+#BJ%#C.23+%#>?@(,AB%%8M3*3%?%./0%,%.*3%6#T3-%H,,*0#/.B3+%./0%%%#+%.%
B#C3%#/03T'%(3+#03+%BM3%6*,P3HB#73%H.C3*.%D*.C3%.++,H#.B30%8#BM%BM3%*3.-%H.C3*.%K_E)L%./0%
BM3%H,,*0#/.B3%+J+B3C%03D#/30%?J%BM3%C3.+"*3C3/B%.T3+%,D% BM3%EFGI;% BM3%D,--,8#/2%,BM3*%
*3D3*3/H3%D*.C3+%.*3%03D#/30`%

• a,*-0%N*.C3%b!"c`%E%!!E%K!.B#B"03%!,/2#B"03%E-B#B"03L%D*.C3;%8M3*3%BM3%6-./3%CDE%#+%
BM3%2*,"/0%6-./3'%5B%#+%,*#2#/%#+%./%.*?#B*.*J%6,#/B'%

• d#*B".-% 4,8/8.*0+% _.C3*.% b#" cB%`% SM#+% #+% .% 6*,P3HB#73% H.C3*.% D*.C3;% 8M#HM% M.+% #B+%
,*#2#/%#/%BM3%H3/B*3%,D%6*,P3HB#,/%,D%BM3%*3.-%H.C3*.;%?"B%#B+%,6B#H.-%.T#+%6,#/B+%0,8/;%#/%
BM3%0#*3HB#,/%,D%2*.7#BJ;%./0% #B+%,BM3*%.T3+%K#'3';% BM3% #C.23%6-./3L%.*3%.-#2/30%8#BM% BM3%
/,*BM%./0%3.+B%0#*3HB#,/+'%
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K.L%SM3%7#*B".-%M,*#$,/B.-%6-./3%H,/H36B%

%

K?L%S.*23B%,?+3*7.B#,/+%6*,P3HB30%#/%BM3%2*,"/0%
N#2"*3%<'%S*.H9#/2%./%#/0363/03/B-J%C,7#/2%B.*23B%8#BM%,?+3*7.B#,/+%D*,C%.%C,7#/2%
H.C3*.%

1.3. Camera-AHRS Calibration and a Virtual Horizontal Plane 
SM3% H.C3*.% ./0%EFGI% .*3% D#T30% *#2#0-J% B,23BM3*% ./0% BM3% H,/+B./B% *,B.B#,/% ?3B833/% ?,BM%
+3/+,*%D*.C3+%<=0+!7<F'%#+%D,"/0%?J%BM3%_.C3*.Q5/3*B#.-%_.-#?*.B#,/%S,,-9#B%:!,?,%./0%4#.+;%
<==>A'%%
SM3%B*./+-.B#,/%?3B833/%?,BM%+3/+,*+%D*.C3+%#+%/32-#2#?-3%./0%H,/+#03*30%.+%$3*,'%SM3%EFGI%
3+B#C.B3+% ,D% #B+% ,8/% ,*#3/B.B#,/% .*3% BM3/% "+30% B,% 3+B#C.B3% BM3% H.C3*.% ,*#3/B.B#,/% .+%%%%
!!7<F\%%D%!!<=0+\%%e%<=0+!7<F'%SM3%9/,8-3023%,D%BM3%H.C3*.%,*#3/B.B#,/%.--,8+%BM3%#C.23+%
B,%?3%6*,P3HB30%,/%3/B#B#3+%03D#/30%,/%./%.?+,-"B3%fg4%Kf,*BM%g.+B%4,8/L%D*.C3;%+"HM%.+%.%
7#*B".-%M,*#$,/B.-%6-./3%K8#BM%/,*C.-%6.*.--3-%B,%2*.7#BJL;%.B%.%0#+B./H3%D%?3-,8%BM3%H.C3*.%
H3/B3*;%.+%+M,8/%#/%N#2'%<K.L'%R*,P3HB#,/%*.J+%D*,C%[4%6,#/B+%B,%BM3%H.C3*.%H3/B*3% #/B3*+3HB%
BM#+%6-./3;%6*,P3HB#/2%BM3%[4%6,#/B%#/B,%BM3%6-./3'%SM#+%6*,P3HB#,/%H,**3+6,/0+%B,%BM3%#C.23%
,D%.%7#*B".-%H.C3*.%+"HM%.+%03D#/30%#/%I3HB'%O'<'%5B%#+%63*D,*C30%?J%BM3%#/D#/#B3%M,C,2*.6MJ%
:F.*B-3J%./0%h#++3*C./;%<===A;%8M#HM%0363/0+%,/%BM3%H.-H"-.B#,/%,D%BM3%*,B.B#,/%?3B833/%BM3%
*3.-%./0%7#*B".-% H.C3*.% D*.C3+`%#!7<F\%%D%#!!% e%!!7<F\%% %8M3*3% BM3% *,B.B#,/%?3B833/% BM3%%%%
b#"cB%%./0%b!"c%D*.C3+%#+;%?J%03D#/#B#,/;%2#73/%?J`%
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1.4. Recovering the Camera Trajectory with a Pure Translation Model 
I"66,+3%.%+3i"3/H3%,D%.3*#.-%#C.23+%,D%.%M,*#$,/B.-%2*,"/0%6.BHM;%./0%BM.B%BM3+3%#C.23+%.*3%
*36*,P3HB30%,/%BM3%7#*B".-%M,*#$,/B.-%6-./3%.+%6*3+3/B30%#/%+3HB#,/%O'['%_,**3+6,/0#/2%6#T3-+%
.*3% 03B3HB30% ?3B833/% 3.HM% #C.23% ./0% BM3% /3TB% ,/3% #/% BM3% B3C6,*.-% +3i"3/H3'% SM3% 7#*B".-%
H.C3*.+% M.73% M,*#$,/B.-% #C.23% 6-./3+% 6.*.--3-% B,% BM3% 2*,"/0% 6-./3'% SM3/;% 3.HM%
H,**3+6,/0#/2%6#T3-%#+%6*,P3HB30%#/B,%BM3%2*,"/0%6-./3;%23/3*.B#/2%.%[4%6,#/B;%.+%+M,8/%#/%
D#2"*3%[K.L'%S8,%+3B+%,D%[4%6,#/B+%.*3%23/3*.B30%D,*%B8,%+"HH3++#73%7#38+;%./0%BM3+3%+3B+%.*3%
0#*3HB-J% *32#+B3*30% #/% +H3/3% H,,*0#/.B3+'% 5/0330;% .+% .--% 6,#/B+% ?3-,/2% B,% BM3% +.C3% 2*,"/0%
6-./3;% BM3% *32#+B*.B#,/% #+% +,-730% #/% <4% H,,*0#/.B3+'% N#2"*3% [K?L% +M,8+% .% 0#.2*.C% ,D% BM#+%
6*,H3++'%

%

K.L%

%

K?L%
N#2"*3%['%N#/0#/2%BM3%B*./+-.B#,/%?3B833/%+"HH3++#73%H.C3*.%6,+3+%?J%[4%+H3/3%*32#+B*.B#,/ 

g.HM%H,**3+6,/0#/2%6#T3-%6.#*%>$@!$EA%#+%6*,P3HB30%?J%3i".B#,/%K<L%J#3-0#/2%.%6.#*%,D%[4%6,#/B+%
>%;%&A;%03D#/30%#/%BM3%b#%cB%%%D*.C3`%
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K<L
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8M3*3%$%j%:??;%?,;%GAS%;%$&%j%:?k?;%?k,;%GAS;%.2.#/%#/%#/M,C,23/3,"+%D,*C;%%H%#+%BM3%H.C3*.%M3#2MB%
.?,73%BM3%2*,"/0%6-./3;%'%#+%03D#/30%.+%.%D,"*%3-3C3/B%M,C,23/,"+%73HB,*%'%j%:$?@($,@($C@($IAS%'%
SM3% '% 7.-"3%8M#HM% B"*/+%%kK'L%j%%% #+% BM3% B*./+-.B#,/%8M#HM% *32#+B3*+% BM3% J#" KB%% ./0% J#" KB%LG(%
D*.C3+;% ./0% 8M#HM% C"+B% ?3% 03B3*C#/30'% 5D% BM3*3% .*3% /% H,**3+6,/0#/2% 6#T3-% 6.#*+;% BM#+%
6*,P3HB#,/%J#3-0+%B8,%+3B+%,D%[4%6,#/B+;%$"D((J%MBM(D(G(N(N(N("K%./0%$%l%j%J%OMBM(D(G(N(N(N("KN(
E/% #/#B#.-;% #/M,C,23/3,"+;%7.-"3% D,*% '=% #+%H.-H"-.B30%?J% BM3%R*,H*"+B3+% *32#+B*.B#,/% *,"B#/3%
:&,83*%./0%4#P9+B3*M"#+;%<==]A'%5B%D#/0+%BM3%<4%B*./+-.B#,/%./0%+H.-3%D.HB,*%8M#HM%*32#+B3*%BM3%
B8,%6,#/B%+3B+%B.93/%.+%<4%6,#/B+;%J#3-0#/2%3+B#C.B3+%BM3%?%./0%,%H,C6,/3/B+%,D%'=%./0%,D%BM3%
+H.-3%D.HB,*%)E'%SM3%#/6"B+%D,*%BM3%R*,H*"+B3+%*,"B#/3%.*3%BM3%H,/D#2"*.B#,/+%$%%./0%$%lK(L'%%
N*,C% )E% ./0% BM3% H"**3/B% 3+B#C.B3% ,D% BM3% H.C3*.% M3#2MB% ./% #/#B#.-% 3+B#C.B3% BM3% 73*B#H.-%
H,C6,/3/B%,D%'=%H./%?3%H.-H"-.B30;%.+%)E%j(>H%(/$CAPH%'%m"B-#3*+%#/%BM3%6#T3-%H,**3+6,/03/H3+%.*3%
*3C,730%?J%3C?300#/2%BM3%R*,H*"+B3+%*,"B#/3%#/%.%GEfIE_%6*,H30"*3'%SM3/%'=%#+%"+30%.+%
./% #/#B#.-% 3+B#C.B3% D,*% ./% ,6B#C#$.B#,/% *,"B#/3% 8M#HM% C#/#C#$3+% BM3% *32#+B*.B#,/% 3**,*%
?3B833/%$%%./0%$%lK'L;%3+B#C.B#/2%./%"60.B30%./0%D#/.-%7.-"3%D,*%''%
SM3%,6B#C#$.B#,/%7.*#.?-3+%.*3%BM3%D,"*%3-3C3/B+%,D%';%8#BM%3i".B#,/%K<L%"+30%B,%"60.B3%$%lK'L'%
SM3%D"/HB#,/%B,%C#/#C#$3%#+`%

% %
K[L
%

SM3%+.C3%6*,H3++%H,"-0%?3%63*D,*C30%8#BM%./%#/M,C,23/3,"+;%BM*33%3-3C3/B%''%("B;%.+%#B%#+%
BM3%H.+3%8#BM%M,C,2*.6MJ%3+B#C.B#,/;%BM3%,73*Q6.*.C3B3*#$.B#,/%#C6*,73+%BM3%.HH"*.HJ%,D%
BM3% D#/.-% 3+B#C.B3% ./0% +,C3B#C3+% 373/% BM3% +6330% ,D% H,/73*23/H3'% 5/% BM#+% H.+3% BM3% 3TB*.%
0#C3/+#,/%.--,8+%BM3%-3/2BM%,D%BM3%B*./+-.B#,/%B,%HM./23%8#BM,"B%HM./2#/2%#B+%0#*3HB#,/'%
N,*% 0.B.+3B+% 8M3*3% BM3% .HB".-% H.C3*.% ,*#3/B.B#,/% #+% .-C,+B% H,/+B./B% ,*% BM3% 3**,*% #/% BM3%
,*#3/B.B#,/% 3+B#C.B3% #+% -3++% +#2/#D#H./B;% BM3% .-23?*.#H% R*,H*"+B3+% 6*,H30"*3% ,?B.#/+% 2,,0%
*3+"-B+%.-,/3;%8#BM%/,%,6B#C#$.B#,/%.B%.--'%5/0330;%#D%BM3%.++"C6B#,/+%,D%M.7#/2%?,BM%#C.23%
./0% 2*,"/0% 6-./3+% 6.*.--3-% ./0% M,*#$,/B.-% .*3% *3.--J% B*"3;% 8#BM% ,"B-#3*+% *3C,730;% ./0%
H,/+#03*#/2%#+,B*,6#H%3**,*%#/%BM3%H,**3+6,/0#/2%6#T3-%H,,*0#/.B3+;%BM3/%#B%H./%?3%6*,730%BM.B%
BM3%R*,H*"+B3+%+,-"B#,/%#+%BM3%?3+B%+,-"B#,/%#/%.%-3.+B%+i".*3+%+3/+3'%("B%BM3%,6B#C#$.B#,/%+B36%
+M,"-0%#C6*,73%*,?"+B/3++%./0%*3+#-#3/H3%B,%3**,*+;%,"B-#3*+%./0%037#.B#,/+%D*,C%BM3%C,03-;%
./0% +B#--% 3T6-,#B% BM3% .7.#-.?-3% ,*#3/B.B#,/% 3+B#C.B3% B,% *3H,73*% BM3% *3-.B#73% 6,+3% C,*3%
.HH"*.B3-J%BM./%./%#C.23Q,/-J%C3BM,0'%
),*3% 03B.#-+% ./0% ,BM3*% 6"*3% B*./+-.B#,/%C,03-+% .*3% +M,8/% #/% :)#*#+,-.% ./0% 4#.+;% <==>?;%
)#*#+,-.%./0%4#.+;%<==@A%

1.5. Filtering the Camera Pose 
SM3% H.C3*.% B*.P3HB,*J% #+% *3H,73*30% .+% .% +3i"3/H3% ,D% B*./+-.B#,/% 73HB,*+% B;% H,/+#03*30% .+%
73-,H#BJ% C3.+"*3C3/B+% 8M#HM% .*3% D#-B3*30% ?J% .% Y.-C./% N#-B3*% 8#BM% .% a#3/3*% 6*,H3++%
.HH3-3*.B#,/%C,03-% :(.*QIM.-,C% 3B% .-';% <==OA'% SM3% D#-B3*% +B.B3% H,/B.#/+% BM3% H.C3*.%6,+#B#,/;%
73-,H#BJ%./0%.HH3-3*.B#,/'%SM3%D#-B3*%+M,"-0%*30"H3%BM3%#/D-"3/H3%,D%+6"*#,"+%C3.+"*3C3/B+%
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./0% 23/3*.B3% .% +C,,BM3*% B*.P3HB,*J'% SM3% 6*,H3++% 3**,*% H,/+#03*+% .%C.T#C"C% .HH3-3*.B#,/%
#/H*3C3/B% ,D% ='[X% Cn+<;% ./0% BM3% +3i"3/H3% ,D% B*./+-.B#,/% 73HB,*+% #+% H,/+#03*30% .+% .%
C3.+"*3C3/B% ,D% BM3% .#*+M#6% 73-,H#BJ;% .0P"+B30% ?J% BM3% +.C6-#/2% 63*#,0% ,D% ='<% +'% SM3%
C3.+"*3C3/B%3**,*%#+%H,/+#03*30%.+%.%$3*,%C3./%&."++#./%7.*#.?-3%8#BM%+B./0.*0%037#.B#,/%
,D% ]%Cn+% #/% BM3%M,*#$,/B.-% .T3+% ./0% O%Cn+% #/% BM3%73*B#H.-% .T#+'% SM3% H.C3*.%6,+3%!%_K%L% #+%
B.93/%D*,C%BM3%D#-B3*%+B.B3%.DB3*%BM3%D#-B3*#/2'%

2. Tracking of Moving Targets 

m/H3% BM3% H.C3*.% 6,+3% #+% 9/,8/;% .% C,7#/2% B.*23B% #+% +3-3HB30% ,/% 3.HM% *36*,P3HB30% #C.23'%
R*,?-3C+%+"HM%.+%#C.23%+32C3/B.B#,/%,*%,?P3HB%03B3HB#,/%.*3%,"B%,D%BM3%+H,63%,D%BM#+%6.63*'%
f373*BM3-3++;%B,%B*.H9%#B+%6,+#B#,/%,/%BM3%6-./3;%BM3%B.*23B%H,,*0#/.B3+%,/%BM3%7#*B".-%#C.23%
C"+B%?3%6*,P3HB30%,/%BM3%*3D3*3/H3%b!%c%D*.C3;%H,/+#03*#/2%BM3%3**,*%#/%BM3%H.C3*.%6,+#B#,/%
./0%,*#3/B.B#,/'%N#2"*3%]%+"CC.*#$3+%BM#+%6*,H3++%8M#HM%#+%03B.#-30%#/%BM#+%+3HB#,/'%

%

N#2"*3%]'%E%?-,H9%0#.2*.C%,D%BM3%B*.H9#/2%6*,H3++%

2.1. Target Pose Measurement: Projecting from Image to World Frame 
SM3%B.*23B%H,,*0#/.B3+%#/%BM3%#C.23%.*3%6*,P3HB30%#/B,%BM3%2*,"/0%6-./3%?J%3i".B#,/%K<L;%./0%
BM3/% BM3+3% H,,*0#/.B3+% .*3% B*./+D,*C30% #/B,% BM3% b!% c% D*.C3% ?J% BM3% .66*,6*#.B3% *,B.B#,/% Q%

3i".B#,/%KOL%Q%./0%B*./+-.B#,/%KBM3%,*#2#/%,D%BM3%b#%c%D*.C3%#+%!$_%#/%BM3%b!c%D*.C3L'%
SM3%.HB".-%23/3*.B#,/%,D%*36*,P3HB30%#C.23+%#/%BM3%7#*B".-%M,*#$,/B.-%6-./3%0,3+%/,B%?J%#B+3-D%
#C6*,73% BM3% C3.+"*3C3/B% ,D% BM3% B.*23B% 6,+#B#,/% ,/% BM3% 2*,"/0'% 5/B3*3+B% 6,#/B% C.BHM#/2%
H,"-0% ?3% 63*D,*C30% 8#BM% BM3% ,*#2#/.-% #C.23+;% ./0% ,/-J% BM3% H,,*0#/.B3+% ,D% BM3% C.BHM30%
#/B3*3+B% 6,#/B+% /330% B,% ?3% .HB".--J% *36*,P3HB30% ,/% BM3% 7#*B".-% M,*#$,/B.-% 6-./3% #/% ,*03*% B,%
.66-J%BM3%6"*3%B*./+-.B#,/%C3BM,0'%f373*BM3-3++;% #/B3*3+B%6,#/B%C.BHM#/2% #+% D.+B3*%,*%C,*3%
*,?"+B%#D%BM3%*,B.B#,/QH,C63/+.B30%#C.23+%.*3%"+30%:)#*#+,-.%./0%4#.+;%<==>.;%)#9,-.PH$J9%
3B%.-';%<==XA;%./0%BM3%*36*,P3HB30%#C.23+%H./%?3%0*.8/%,/%BM3%2*,"/0%6-./3%D,*C#/2%.%C.6%.+%
#/%D#2"*3+%X%./0%V'%%
SM3%C3.+"*3C3/B% ,D% BM3% 6,+#B#,/% ,D% .% B.*23B% #C.230% ,/% BM3% 2*,"/0% #+% 9/,8/% B,% ?3% 73*J%
+3/+#B#73%B,%3**,*+%#/%BM3%H.C3*.%,*#3/B.B#,/%:G300#/2%3B%.-';%<==VA'%SM3*3D,*3%BM3%"/H3*B.#/BJ%
,D%BM3%H.C3*.%V4%6,+3%#+%6*,6.2.B30%8#BM%BM3%U/+H3/B30%S*./+D,*C;%8M#HM%M.+%.-*3.0J%?33/%
"+30%B,%3+B#C.B3%BM3%6,+#B#,/%,D%+B.B#H%B.*23B+%,?+3*730%D*,C%.%-,8%.-B#B"03%UEd%:)3*#/,%3B%
.-';%<==X;%G300#/2%3B%.-';%<==VA'%SM3%.HB".-%3**,*+%#/%BM3%H.C3*.%6,+#B#,/%./0%,*#3/B.B#,/%.*3%
"/9/,8/'%SM3%H,7.*#./H3%D,"/0%?J%BM3%YN%,D%+3HB#,/%O'X%.*3%"+30%D,*%BM3%H.C3*.%6,+3;%./0%
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BM3% H.C3*.% ,*#3/B.B#,/% 3+B#C.B3% #+% +"66,+30% B,% M.73% $3*,% C3./% &."++#./% 3**,*% 8#BM%
+B./0.*0%7.*#.B#,/%,D%Xo'%
SM3*3D,*3;% 2#73/% .% +3i"3/H3% ,D% H.C3*.% 6,+3+% 8#BM% BM3% *3+63HB#73% #C.23+% ./0% ./% ,?P3HB%
03B3HB30% ,/% BM3+3% #C.23+;% BM#+% 6*,P3HB#,/% 23/3*.B3+% .% +3i"3/H3% ,D% <4% H,,*0#/.B3+% 8#BM%
./#+,B*,6#H%H,7.*#./H3%3--#6+3+%D,*%BM3%B.*23B%6,+3%,/%BM3%2*,"/0%6-./3'%

2.2. Filtering of Target Pose 
SM3%B.*23B%6,+3%#+%B*.H930%#/%BM3%<4%*3D3*3/H3%D*.C3;%./0%D#-B3*30%?J%.%Y.-C./%N#-B3*%+#C#-.*%
B,%BM3%D#-B3*%03+H*#?30%#/%+3HB#,/%O'X;%.-BM,"2M%BM3%+B.B3%6,+#B#,/;%73-,H#BJ%./0%.HH3-3*.B#,/%.*3%
/,8%<4'%SM3%6*,H3++%3**,*%H,/+#03*+%.%C.T#C"C%.HH3-3*.B#,/%#/H*3C3/B%,D%O%Cn+<;%./0%BM3%
U/+H3/B30% S*./+D,*C% +"66-#3+% C3.+"*3C3/B+% ,D% BM3% B.*23B% 6,+#B#,/% 8#BM% H,7.*#./H3%
C.B*#H3+%8M#HM%.*3%H,/+#03*30%.+%BM3%C3.+"*3C3/B%3**,*'%%
SM3% B.*23B% ,?+3*7.B#,/+% 6*,P3HB30% #/% BM3% 2*,"/0%6-./3% M.73% M#2M% D*3i"3/HJ% /,#+3;% 0"3% B,%
3**,*+% #/% BM3% H.C3*.%6,+#B#,/%./0%,*#3/B.B#,/%3+B#C.B3;% ./0% #/% BM3% B.*23B%03B3HB#,/% #/%3.HM%
#C.23'%SM#+%#+%H-3.*-J%+33/%#/%BM3%B*.P3HB,*#3+%,D%N#2'%OO%8M3*3%BM3%2*,"/0%B*"BM%B*.P3HB,*J%#+%.%
+3i"3/H3% ,D% +B*.#2MB% -#/3+'% SM3+3% 3**,*+% .*3% .HH,"/B30% D,*% ?J% BM3%U/+H3/B30%S*./+D,*C% B,%
3+B#C.B3% .% H,7.*#./H3% D,*% BM3% B.*23B% ,?+3*7.B#,/;% ?"B% /373*BM3-3++;% BM3% ,*#2#/.-% B.*23B%
B*.P3HB,*J%#+%D#-B3*30%?J%.%-,8%6.++%D#-B3*%?3D,*3%BM3%#/6"B%,D%BM3%Y.-C./%N#-B3*'%E/.-J$#/2%BM3%
+63HB*"C%,D%BM3%B*.P3HB,*J%,D%BM3%8.-9#/2%63*+,/;%C,+B%,D%BM3%3/3*2J%#+%H,/H3/B*.B30%?3-,8%%%
O%F$'%E+%BM3%D*3i"3/H#3+%#/7,-730%.*3%B,,%+C.--;%.%-,8%6.++%D#-B3*%8#BM%B,,%-.*23%.BB3/".B#,/%
,*% B,,% +C.--% H"B% D*3i"3/HJ%8,"-0% D#-B3*% ,"B% B*"3% +#2/.-% D3.B"*3+% +"HM% .+% 2,#/2% D*,C% $3*,%
73-,H#BJ% B,%C,B#,/% #/% BM3%?32#//#/2%,D% BM3%C,73C3/B;%./0% #/B*,0"H3%03-.J+% #/% BM3% D#-B3*30%
+#2/.-%.DB3*%H"*73+'%SM3*3D,*3%.DB3*%3C6#*#H.-%B3+B#/2;%BM3%-,8%6.++%D#-B3*%6.*.C3B3*+%83*3%+3B%
B,%.%H"B%D*3i"3/HJ%,D%<%F$%./0%.BB3/".B#,/%,D%=O=%0('%SM"+%BM3%#/6"B%,D%BM3%Y.-C./%N#-B3*%#+%.%
?3BB3*%H,/0#B#,/30%+#2/.-;%./0%BM3%D#/.-%B*.P3HB,*J%#+%+C,,BM3*'%

3. Results 

3.1 Tracking of a Moving Target from Airship Observations 
N#*+B-J;%./%,?P3HB%,D%9/,8/%0#C3/+#,/+% #/% BM3%2*,"/0%8.+%,?+3*730;%./0%BM3%M3#2MB%,D% BM3%
H.C3*.% 3+B#C.B30% D*,C% #B+% #C.23% 0#C3/+#,/+;% 3-#C#/.B#/2% BM3% +H.-3% .C?#2"#BJ% #/M3*3/B% B,%
*3-.B#73% 6,+3% *3H,73*J% D*,C% #C.23+% .-,/3'% SM#+% 8.+% 0,/3% .% D38% +3H,/0+% #/% BM3% #C.23%
+3i"3/H3%?3D,*3%BM3%#C.23+%+M,8/'%SM3/%BM3%.#*+M#6%B*.P3HB,*J%8.+%*3H,73*30%?J%BM3%C,03-%
,D% I3HB'% O']'% m/-J% BM3% R*,H*"+B3+% 6*,H30"*3% 8.+% /3H3++.*J% .+% BM3% ,6B#C#$.B#,/% 0#0% /,B%
#C6*,73%BM3%*3+"-B+'%
N#2"*3% XK.L% +M,8+% BM3% *3H,73*30% .#*+M#6% B*.P3HB,*#3+% "+#/2% BM3%C3BM,0% ,D% +3HB#,/% O']% K*30%
H#*H-3+L% ./0% ?J% BM3% +B./0.*0% M,C,2*.6MJ% 3+B#C.B#,/% ./0% 03H,C6,+#B#,/% C3BM,0% K2*33/%
H*,++3+L'%SM3%?-"3% +i".*3+% +M,8% BM3%&RI%C3.+"*30% B*.P3HB,*J'% 5/% BM3%2*,"/0% BM3% B.*23B% K.%
C,7#/2% H.*L% B*.P3HB,*J% 03*#730% D*,C% BM3% .#*+M#6% B*.P3HB,*J% *3H,73*30% ?J% ,"*% C3BM,0% #+%
+M,8/%.+%?-"3%+B.*+'%
SM3% B*.P3HB,*#3+% *3H,73*30% ?J% BM3% R*,H*"+B3+% C3BM,0% .*3% +M,8/% .2.#/% #/% D#2"*3% XK?L'% SM3%
#C.23+%6*,P3HB30%#/%BM3%2*,"/0%6-./3%?J%"+#/2%3i".B#,/%K<L%B,%D#/0%BM3%H,,*0#/.B3+%,D%BM3#*%
H,*/3*+% #/% BM3%2*,"/0%6-./3%./0%0*.8#/2% BM3% #C.23% #/% BM3%H./7.+%.HH,*0#/2-J'%m/3%373*J%
BM*33%#C.23+%#+%0*.8/'%
N#2"*3% V% +M,8+% .% <4% 7#38% ,D% BM3% B.*23B% B*.P3HB,*J% ,/% BM3% 2*,"/0% ,73*% BM3% H,**3+6,/0#/2%
#C.23+% D,*% BM3% 6"*3% B*./+-.B#,/% K.L% ./0% #C.23Q,/-J% K?L% C3BM,0+'% SM3% 3**,*% #/% M3#2MB%
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3+B#C.B#,/% D,*% BM3% #C.23%,/-J%C3BM,0% #+% .66.*3/B% #/% D#2"*3%VK?L%.+%./%3T.223*.B#,/% #/% BM3%
+#$3%,D%BM3%-.+B%#C.23+')SM3%+.C3%-,8%6.++%./0%Y.-C./%D#-B3*+%83*3%"+30%8#BM%?,BM%C3BM,0+'%

%

%

%

%

K.L)

%

%

K?L%

N#2"*3%X'%E%[4%7#38%,D%BM3%*3H,73*30%B*.P3HB,*#3+`%K.L%E#*+M#6%B*.P3HB,*#3+%D*,C%&RI;%6"*3%
B*./+-.B#,/%./0%#C.23Q,/-J%C3BM,0'%S.*23B%B*.P3HB,*J%03*#730%D*,C%6"*3%B*./+-.B#,/%.#*+M#6%
B*.P3HB,*J'%K?L%S*.P3HB,*#3+%*3H,73*30%?J%BM3%6"*3%B*./+-.B#,/%C3BM,0;%8#BM%*32#+B3*30%#C.23+%
0*.8/%,/%BM3%2*,"/0%6-./3%
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%

K.L%R"*3%B*./+-.B#,/%C3BM,0)

%

K?L%5C.23Q,/-J%C3BM,0%

N#2"*3%V'%S*.H9#/2%.%H.*%D*,C%BM3%.#*+M#6%8#BM%BM3%6"*3%B*./+-.B#,/%./0%BM3%#C.23%,/-J%
C3BM,0+'%SM3%2*33/%H#*H-3+%.*3%BM3%B.*23B%B*.P3HB,*J%8#BM%,/3%+B./0.*0%037#.B#,/%3--#6+3+%
0*.8/%#/%*30%

3.2. Tracking after fusing GPS and Visual Odometry 
5/%BM#+%3T63*#C3/B;%BM3%H.*%M.+%?33/%0*#73/%#/%.%H-,+30%-,,6%#/%BM3%2*,"/0%8M#-3%BM3%.#*+M#6%
8.+%D-J#/2%.?,73%#B'%S,%*3H,73*%BM3%.#*+M#6%B*.P3HB,*J;%BM3%B*./+-.B#,/%*3H,73*30%?J%BM3%7#+".-%
,0,C3B*J%8.+%D"+30%8#BM%&RI%6,+#B#,/%D#T3+%#/%.%Y.-C./%N#-B3*%8#BM%.%H,/+B./B%.HH3-3*.B#,/%
C,03-% :(.*QIM.-,C% 3B% .-';% <==OA'% SM3% "+.23% ,D% BM#+% C,03-% 0,3+% /,B% #C6-J% BM.B% BM3% .HB".-%
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.HH3-3*.B#,/%,D%BM3%73M#H-3%,*%B.*23B%#+%H,/+B./Bp%#B%#+%P"+B%BM3%.66*,T#C.B#,/%"+30%?J%BM3%D#-B3*'%
SM3%&RI%,"B6"B+%+B./0.*0%037#.B#,/%7.-"3+%D,*%#B+%6,+#B#,/%D#T3+%K+M,8/%.+%BM3%*30%3--#6+3+%
./0% *30% 6,#/B+% #/% N#2'% >L;% ./0% BM3% B*./+-.B#,/% 73HB,*+% D*,C% BM3% 7#+".-% ,0,C3B*J% .*3%
#/B3*6*3B30%.+%.%73-,H#BJ%C3.+"*3C3/B%?3B833/%3.HM%6.#*%,D%+"HH3++#73%H.C3*.%6,+3+;%8#BM%.%
C./".--J% +3B% H,7.*#./H3% +C.--3*% #/% BM3% 73*B#H.-% .T#+% BM./% #/% BM3% M,*#$,/B.-% ,/3+'% SM3%&RI%
.?+,-"B3%6,+#B#,/%D#T3+%9336%BM3%3+B#C.B30%.#*+M#6%6,+#B#,/%D*,C%0#73*2#/2;%8M#-3%BM3%7#+".-%
,0,C3B*J% C3.+"*3C3/B+% #C6*,73% BM3% B*.P3HB,*J% -,H.--J'% SM3% D"+30% .#*+M#6% B*.P3HB,*J% #+%
+M,8/%.+%2*33/%H*,++3+%#/%D#2"*3%>;%8M#-3%BM3%B.*23B%,?+3*7.B#,/+%.*3%+M,8/%.+%?-"3%6,#/B+%#/%
BM3%2*,"/0%6-./3'%SM3%B.*23B%H,"-0%/,B%?3%H,/B#/","+-J%,?+3*730;%BM3*3D,*3%BM3%+B*.#2MB%-#/3+%
KD,*%3T.C6-3%BM3%+B*.#2MB%-#/3+%H*,++#/2%BM3%6.BML%#/0#H.B3%8M3*3%,?+3*7.B#,/+%83*3%C#++#/2%
./0%*3+"C30%.B%+,C3%,BM3*%6,#/B%,D%BM3%6.BM'%

%

N#2"*3%>'%SM3%.#*+M#6%B*.P3HB,*J%D*,C%&RI%./0%D*,C%BM3%D"+#,/%,D%&RI%./0%7#+".-%,0,C3B*J;%
8#BM%BM3%B.*23B%,?+3*7.B#,/+%+M,8/%#/%BM3%2*,"/0%6-./3%

N#2"*3%@K.L% +M,8+% BM3% B.*23B% B*.P3HB,*J%0*.8/%,73*%.%+.B3--#B3% #C.23%,D% BM3% D-#2MB%.*3.'%SM3%
.#*+M#6%B*.P3HB,*J%8.+%B.93/%0#*3HB-J%D*,C%&RI'%N#2"*3%@K?L%+M,8+%BM3%+.C3%B.*23B%B*.P3HB,*J%
,?B.#/30% 8M3/% BM3% .#*+M#6% B*.P3HB,*J% #+% *3H,73*30% ?J% .% Y.-C./% N#-B3*% D"+#/2% ?,BM% 7#+".-%
,0,C3B*J% ./0% &RI'% 5/% ?,BM% D#2"*3+;% BM3% +i".*3+% +M,8% BM3% H,,*0#/.B3+% ,D% BM3% B.*23B%
,?+3*7.B#,/+% #/% BM3%2*,"/0%6-./3;% BM3%H#*H-3+%+M,8%BM3% B.*23B% B*.P3HB,*J% D#-B3*30%?J% #B+%,8/%
Y.-C./% N#-B3*;% ./0% BM3% H*,++3+% #/0#H.B3% BM.B% BM3% B.*23B% #+% q-,+Br'% SM3% .#*+M#6% H./% /,B% 9336%
,?+3*7#/2% BM3% B.*23B% H,/B#/","+-J;% BM"+%8M3/% BM3*3% .*3% /,B% ,?+3*7.B#,/+% D,*% ./% 3TB3/030%
63*#,0% ,D% B#C3% BM3% B*.H930% B*.P3HB,*J% 0#73*23+'% 5D% BM3% B.*23B% 6,+#B#,/% +B./0.*0% 037#.B#,/%
?3H,C3+%-.*23*%BM./%[=%C%BM./%BM3%B.*23B% #+%03H-.*30%q-,+Br%./0%BM3%D#-B3*%#+%*3#/#B#.-#$30%.B%
BM3% /3TB% 7.-#0% ,?+3*7.B#,/'% N"+#/2% BM3% 7#+".-% ,0,C3B*J%8#BM% &RI% *3+"-B30% #/% .% +C,,BM3*%
B*.P3HB,*J%D,*%BM3%B*.H930%B.*23B'%%

3.3. Tracking People with a Moving Surveillance Camera 
SM3%C3BM,0%03+H*#?30% #/% I3HB'% <%8.+% .66-#30% B,% B*.H9% .%63*+,/%C,7#/2%,/% .%6-./.*% J.*0;%
#C.230% ?J% .% M#2M-J% 6-.H30% H.C3*.% 8M#HM% #+% C,730% ?J% M./0'% SM3% H.C3*.% B*.P3HB,*J% 8.+%
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*3H,73*30%?J%BM3%R*,H*"+B3+%C3BM,0%8#BM%BM3%,6B#C#$.B#,/%03+H*#?30%?J%3i".B#,/%K[L%8M#HM%
#C6*,730%BM3%*3+"-B+%KBM3%EFGI%8.+%BM3%-3++%.HH"*.B3%)S(QW%C,03-L'%SM3%-.*23%+i".*3+%#/%
BM3%D-,,*%6*,7#03%.%2*,"/0%B*"BM%C3.+"*3;%.+%BM3%63*+,/%8.+%.+930%B,%8.-9%,/-J%,/%BM3%-#/3+%
?3B833/% +i".*3+'% SM3% 2*,"/0% B*"BM% B*.P3HB,*#3+% ,D% BM3% H.C3*.% ./0% BM3% B.*23B% 63*+,/% .*3%
M#2M-#2MB30% #/% N#2'% WK.L;% ./0%N#2'% WK?L% +M,8+% BM3% *3H,73*30% B*.P3HB,*#3+%8#BM% BM3% *32#+B3*30%
#C.23+% #/% BM3% B,6'%SM3%H.C3*.%M3#2MB%.?,73% BM3%2*,"/0%8.+%.*,"/0%@'V%C;%./0%3.HM%D-,,*%
+i".*3%C3.+"*3+%O'<%C'%

)

K.L%
)

K?L%

N#2"*3%@'%SM3%B.*23B%B*.P3HB,*J%,73*%.%+.B3--#B3%#C.23%,D%BM3%D-#2MB%.*3.'%SM3%H.*%D,--,830%BM3%
0#*BJ%*,.0+'%5/%K.L;%BM3%.#*+M#6%B*.P3HB,*J%8.+%B.93/%D*,C%&RI;%#/%K?L%.%Y.-C./%N#-B3*%
3+B#C.B30%BM3%.#*+M#6%B*.P3HB,*J%?J%D"+#/2%&RI%./0%7#+".-%,0,C3B*J%

N#2"*3%O=%+M,8+%BM3%B.*23B%,?+3*7.B#,/+%6*,P3HB30%#/%BM3%2*,"/0%6-./3%?3D,*3%K+i".*3+L%./0%
.DB3*%KH#*H-3+L%.66-J#/2%.%-,8%6.++%D#-B3*%B,%BM3%0.B.'%N#2"*3%OOK.L%+M,8+%.%H-,+3*%7#38%,D%BM3%
B.*23B%B*.P3HB,*J%B,%?3%H,C6.*30%8#BM%N#2'%OOK?L'%5/%BM3%-.BB3*%H.+3;%BM3%H.C3*.%B*.P3HB,*J%8.+%
*3H,73*30%?J%BM3%M,C,2*.6MJ%C,03-'%SM3%*30%3--#6+3+%.*3%O%+B./0.*0%037#.B#,/%3--#6+3+%D,*%
BM3%H,7.*#./H3%,D%BM3%B.*23B%6,+#B#,/%.+%3+B#C.B30%?J%BM3%Y.-C./%N#-B3*'%5/%?,BM%D#2"*3+;%BM3%
-.*23%H,7.*#./H3+%#/%BM3%?,BB,C%*#2MB%,D%BM3%#C.23%.663.*%?3H."+3%BM3%B.*23B%8.+%,"B%,D%BM3%
H.C3*.%D#3-0%,D%7#38%#/%.%D38%D*.C3+;%./0%BM3*3D,*3%#B+%3+B#C.B30%6,+#B#,/%H,7.*#./H3%2*38%
8#BM%BM3%Y.-C./%D#-B3*%6*30#HB#,/%+B.23'%aM3/%BM3%B.*23B%H,C3+%?.H9%#/%BM3%H.C3*.%D#3-0%,D%
7#38% BM3% B*.H9#/2% *3+"C30'% SM3% +,-#0% J3--,8% -#/3+% .*3% BM3% 9/,8/% 2*,"/0% B*"BM;% C.*930%
0#*3HB-J% ,73*% BM3% D-,,*% +i".*3% B#-3+% #/% BM3% #C.23'% _,C6.*#/2% BM3% +M.63% ,D% BM3% B*.H930%
B*.P3HB,*#3+% #+%C,*3%+#2/#D#H./B% BM./% P"+B% BM3%.?+,-"B3%0#DD3*3/H3% B,% BM3%2*,"/0%B*"BM;%.+% BM3%
#C.23% *32#+B*.B#,/% #B+3-D% M.+% 3**,*+'% SM3% B*.H930% B*.P3HB,*J% .DB3*% *3H,73*#/2% BM3% H.C3*.%
B*.P3HB,*J% 8#BM% BM3% 6"*3% B*./+-.B#,/% C,03-% .663.*+% C,*3% .HH"*.B3% BM./% 8M3/% BM3%
M,C,2*.6MJ%C,03-%#+%"+30'%SM3%+.C3%-,8%6.++%D#-B3*%./0%Y.-C./%N#-B3*%83*3%"+30%B,%D#-B3*%
BM3%B.*23B%,?+3*7.B#,/+%#/%?,BM%H.+3+%23/3*.B#/2%BM3%B.*23B%B*.P3HB,*#3+%+M,8/'%
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)

K.L%
)

K?L%

N#2"*3%W'%E%6M,B,%8#BM%M#2M-#2MB30%B*.P3HB,*#3+%,D%H.C3*.%./0%B.*23B%63*+,/%K.L'%E%[4%7#38%,D%
BM3%*3H,73*30%B*.P3HB,*#3+;%"+#/2%BM3%6"*3%B*./+-.B#,/%C3BM,0%B,%*3H,73*%BM3%H.C3*.%B*.P3HB,*J%
K?L%

4. Conclusions and Future Work 

m"*% 6*37#,"+% 8,*9% ,/% H.C3*.% B*.P3HB,*J% *3H,73*J% 8#BM% 6"*3% B*./+-.B#,/% C,03-+% 8.+%
3TB3/030;%8#BM%BM3%+.C3%#C.23+%?3#/2%"+30%B,%*3H,73*%BM3%C,7#/2%H.C3*.%B*.P3HB,*J%./0%B,%
B*.H9% ./% #/0363/03/B-J% C,7#/2% B.*23B% #/% BM3% 2*,"/0% 6-./3'% SM3% ?3BB3*% .HH"*.HJ% ,D% BM3%
H.C3*.%B*.P3HB,*J%*3H,73*J;%,*%,D%#B+%M3#2MB%H,C6,/3/B;%*3+"-B30%#/%?3BB3*%B*.H9#/2%.HH"*.HJ'%
SM3%D#-B3*#/2%+B36+%83*3%63*D,*C30%#/%BM3%.HB".-%C3B*#H%H,,*0#/.B3%D*.C3%#/+B3.0%,D%#/%6#T3-%
+6.H3;% ./0% BM3% D#-B3*% 6.*.C3B3*+% H,"-0% ?3% *3-.B30% B,% BM3% H.C3*.% ./0% B.*23B% C,B#,/%
HM.*.HB3*#+B#H+'%%
a#BM%.%-,8%.-B#B"03%UEd;%&RI%"/H3*B.#/BJ%#+%73*J%+#2/#D#H./B;%6.*B#H"-.*-J%.+%"/H3*B.#/BJ%#/%
#B+%.-B#B"03%3+B#C.B3%#+%6*,P3HB30%.+%"/H3*B.#/BJ%#/%BM3%6,+#B#,/%,D%BM3%B*.H930%,?P3HB;%BM3*3D,*3%
*3H,73*#/2% BM3% B*.P3HB,*J% D*,C% 7#+".-% ,0,C3B*J% H./% *30"H3% BM3% "/H3*B.#/BJ% ,D% BM3% H.C3*.%
6,+3;%3+63H#.--J%#/%BM3%M3#2MB%H,C6,/3/B;%./0%BM"+%#C6*,73%BM3%B*.H9#/2%63*D,*C./H3'%%
d#+".-%m0,C3B*J%H./%.-+,%?3%D"+30%8#BM%&RI%6,+#B#,/%D#T3+%#/%BM3%.#*+M#6%+H3/.*#,;%./0%BM3%
#C6*,73C3/B+% #/% BM3% *3H,73*30% .#*+M#6% B*.P3HB,*J% B*./+-.B3% #/% .% +C,,BM3*% *3H,73*30%
B*.P3HB,*J% D,*% BM3%C,7#/2% B.*23B% #/% BM3%2*,"/0'%E+% BM3%&RI%6,+#B#,/% D#T3+%9336% BM3% +J+B3C%
D*,C%0#73*2#/2;%BM3%B*.H9#/2%H./%?3%63*D,*C30%,73*%3TB3/030%63*#,0+%,D%B#C3'%
5/% BM3%"*?./% +"*73#--./H3% H,/B3TB% BM3+3%C3BM,0+% H,"-0%?3% .66-#30% B,%63*D,*C%+"*73#--./H3%
8#BM%.%H.C3*.%H.**#30%?J%.%C,?#-3%*,?,B;%3TB3/0#/2%BM3%H,73*.23%.*3.%,D%.%/3B8,*9%,D%+B.B#H%
H.C3*.+'% SM3% 7#+".-% ,0,C3B*J% H,"-0% .-+,% ?3% D"+30% 8#BM% ,BM3*% +3/+,*+% +"HM% .+% 8M33-%
,0,C3B*J%,*%?3.H,/Q?.+30%-,H.-#$.B#,/%+J+B3C+'%
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%

N#2"*3%O='%E%-,8%6.++%D#-B3*%#+%.66-#30%B,%BM3%,?+3*730%B.*23B%B*.P3HB,*J%?3D,*3%BM3%#/6"B%,D%BM3%
Y.-C./%N#-B3*%

)

K.L%
)

K?L%
N#2"*3%OO'%SM3%B*.H930%B*.P3HB,*J%,D%BM3%B.*23B%63*+,/'%5/%K.L%BM3%H.C3*.%B*.P3HB,*J%8.+%
*3H,73*30%?J%BM3%6"*3%B*./+-.B#,/%C3BM,0;%#/%K?L%?J%BM3%#C.23Q,/-J%C3BM,0%

5. References 

(.*QIM.-,C;%s';%!#;%Z'%G';%t%Y#*"?.*.P./;%S'% K<==OL'%Q#$%-.$%)"( (I%$H(<RR:%2.$%)"#( $)(S6.2M%"9(
."/(T.5%9.$%)"'%1,M/%a#--3J%t%I,/+;%5/H'%%

(.J;%F';% S"JB3-..*+;% S';%t%7./%&,,-;% !'% K<==VL'% IUGN`% I633030%U6%G,?"+B% N3.B"*3+'% !"( $H'(
T%"$H(Q&6)R'."(7)"*'6'"2'()"(7)-R&$'6(U%#%)";%&*.$;%E"+B*#.'%%

(,"2"3B;% 1'% K<==VL'% 7.-'6.( 7.:%16.$%)"( S)):1)?( *)6( F.$:.1'%
MBB6`nn888'7#+#,/'H.-B3HM'30"n?,"2"3BPnH.-#?u0,Hn#/03T'MBC-'%

&,83*;%1'%_'%t%4#P9+B3*M"#+;%&'%('%K<==]L'%R*,H*"+B3+%R*,?-3C+N(V?*)6/(+$.$%#$%2.:(+2%'"2'(+'6%'#'%
mTD,*0%U/#73*+#BJ%R*3++'%
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F.*B-3J;%G'%t%h#++3*C./;%E'% K<===L'%F&:$%R:'(U%'I(W')-'$6,( %"(7)-R&$'6(U%#%)"N%_.C?*#023%
U/#73*+#BJ%R*3++;%_.C?*#023;%UY'%

1"-#3*;% I'% 1'% t% UM-C.//;% 1'% Y'% KOWW>L'% E% /38% 3TB3/+#,/% ,D% BM3% 9.-C./% D#-B3*% B,% /,/-#/3.*%
+J+B3C+'%!"(!"$'6".$%)".:(+,-R)#%&-(%"(<'6)#R.2'PX'*'"#'(+'"#%"9@(+%-&:N(."/(7)"$6):#;%
m*-./0,;%N!;%UIE'%

!,?,;% 1'% t% 4#.+;% 1'% K<==>L'% G3-.B#73% 6,+3% H.-#?*.B#,/% ?3B833/% 7#+".-% ./0% #/3*B#.-% +3/+,*+'%
!"$'6".$%)".:(Y)&6".:()*(0)1)$%2#(0'#'.62H;%<VKVL`%XVOQX>X'%

)3*#/,;%!';%_.?.--3*,;% N';%03%4#,+;% 1';%t%m--3*,;%E'% K<==XL'%_,,63*.B#73% D#*3%03B3HB#,/%"+#/2%
"/C.//30% .3*#.-% 73M#H-3+'( 5/( !QQQ( !"$'6".$%)".:( 7)"*'6'"2'( )"( 0)1)$%2#( ."/(
<&$)-.$%)";%6.23+%O@WVQOW=O;%(.*H3-,/.;%I6.#/'%

)#9,-.PH$J9;%Y';%S"JB3-..*+;%S';%IHMC#0;%_';%h#++3*C./;%E';%).B.+;%1';%IHM.D#.-#B$9J;%N';%Y.0#*;%
S';% t% 7./% &,,-;% !'% K<==XL'% E% H,C6.*#+,/% ,D% .DD#/3% *32#,/% 03B3HB,*+'( !"$'6".$%)".:(
Y)&6".:()*(7)-R&$'6(U%#%)";%VXK>L`][%Q%><'%

)#*#+,-.;% !'% &'% ('% t% 4#.+;% 1'% K<==>.L'% gT6-,#B#/2% #/3*B#.-% +3/+#/2% #/% C,+.#H#/2% ./0% 7#+".-%
/.7#2.B#,/'% !"( Z$H( ![<7( +,-R)#%&-( )"( !"$'::%9'"$( <&$)")-)&#( U'H%2:'#@( S,"-,"+3;%
N*./H3%

)#*#+,-.;% !'% &'% ('% t% 4#.+;% 1'% K<==>?L'% S*.P3HB,*J% *3H,73*J% ./0% [0% C.66#/2% D*,C% *,B.B#,/%
H,C63/+.B30% #C.23*J% D,*% ./% .#*+M#6'( 5/( !QQQ( !"$N( 7)"*N( )"( 0)1)$#( ."/( +,#$'-#(
>!0V+E\A;%I./%4#32,;%_E;%UIE'%

)#*#+,-.;%!'%&'%('%t%4#.+;%1'%K<==@L'%gT6-,B#/2%#/3*B#.-%+3/+#/2%#/%7#+#,/%?.+30%/.7#2.B#,/%8#BM%
./%.#*+M#6'%Y)&6".:()*([%':/(0)1)$%2#'%K+"?C#BB30%D,*%6"?-#H.B#,/L'%

R,#/B%&*3J%5/H'%K<==>L'%888'6B2*3J'H,C'%
G300#/2;%1';%)H!.#/;%S';%(3.*0;%G';%t%S.J-,*;%_'%K<==VL'%d#+#,/Q?.+30%B.*23B%-,H.-#$.B#,/%D*,C%

.% D#T30Q8#/2%C#/#.B"*3% .#*% 73M#H-3'%<-'6%2."( 7)"$6):( 7)"*'6'"2'@(F%""'.R):%#;%)f;%
UIE'%

ZI3/+%S3HM'%K<==>L'%888'T+3/+'H,C'%
%
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An Open Architecture for the Integration  

of UAV Civil Applications 

!"#$%&'()*#+"#,%))%-(*#$"#.(/(*#0"#1(234#%5-#!"#6%5'%7%)8%#
!"#$%&'()#*$"+&,+-./$"-$*+"0&1"-.2/-34&52/6"+7/$8&(9&'3$34(2/3&:5;'<&

=#3/2&

1. Introduction 

9:3#;<))35'#=57%553-#>3)8%?#@3:8;?3&#A=>@&B#'3;:5(?(C/#(DD3)&#D3%&8E?3#'3;:58;%?#&(?<'8(5&#
D()#%8)D)%73&*#D?8C:'#;(5')(?*#;(77<58;%'8(5&*#%5-#E%&3#&'%'8(5&"#F5#%--8'8(5*#':3#3G(?<'8(5#(D#
'3;:5(?(C/#8&#7858%'<)8485C#7(&'#&35&()&#<&3-#85#%8)E()53#%22?8;%'8(5&"#H35;3*#&35&()&#?8I3#
J3%':3)# )%-%)&*# 6>.*# 7<?'8# &23;')<7# ?853K&;%5# -3G8;3&*# 3';"# 85# %--8'8(5# '(# G8&<%?# %5-#
':3)7%?#;%73)%&#%)3#E385C#<&3-#%&#2%/?(%-#(5#E(%)-#=>@&"#>&#%# )3&<?'#=>@&#%)3# &?(J?/#
E3;(785C# 3DD8;835'# 2?%'D()7&# ':%'# ;%5# E3# %22?83-# 85# &;835'8D8;L;(773);8%?# )37('3# &35&85C#
%22?8;%'8(5&#A&33#M8C"#N#D()#':3#7(&'#;(77(5#&<E&/&'37&#85#%5#=>@B"#
=>@&#7%/#(DD3)#85'3)3&'85C#E353D8'&#85#'3)7&#(D#;(&'*#D?3O8E8?8'/*#35-<)%5;3*#3';"#!G35#)37('3#
&35&85C# 85# -%5C3)(<&# &8'<%'8(5&# -<3# '(# 3O')373# ;?87%'8;# ;(5-8'8(5&# AJ85-*# ;(?-*# :3%'B# %)3#
5(J#&335#%&#2(&&8E?3#E3;%<&3#':3#:<7%5#D%;'()#(5#E(%)-#':3#%8)E()53#2?%'D()7#8&#5(#?(5C3)#
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2. System Overview 

9:8&# &3;'8(5# -3&;)8E3&# ':3# %);:8'3;'<)3# J3# 2)(2(&3# D()# 3O3;<'85C# =>@# ;8G8?# 78&&8(5&S# %#
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2.1 Distributed Embedded Architecture 
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2.2 Service Oriented Approach 
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3O'35&8E8?8'/#(D#':3#-3&8C53-#&/&'37#%5-#(D#':38)#85-8G8-<%?#&3)G8;3&"#F5#':3#872?3735'%'8(5#
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2.3 Middleware 

U8--?3J%)3KE%&3-#&(D'J%)3#&/&'37&#;(5&8&'#(D#%#53'J()I#(D#;((23)%'85C#;(72(535'&*#85#(<)#
;%&3#':3#&3)G8;3&*#J:8;:#872?3735'#':3#E<&853&&#?(C8;#(D#':3#%22?8;%'8(5"#9:3#78--?3J%)3#8&#
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%)3# 3O3;<'85C"# >5/# &3)G8;3# ;%5# E3# %# 2<E?8&:3)*# &<E&;)8E3)*# ()# E(':# &87<?'%53(<&?/"# 9:8&#
2<E?8&:K&<E&;)8E3# 7(-3?# 3?8785%'3&# ;(72?3O# 53'J()I# 2)(C)%7785C# D()# -8&')8E<'3-#
%22?8;%'8(5&"#9:3#78--?3J%)3#(DD3)&#':3#?(;%?84%'8(5#(D#':3#(':3)#&3)G8;3&#%5-#:%5-?3&#':38)#
-8&;(G3)/"#9:3#78--?3J%)3# %?&(#:%5-?3&# %??# ':3# ')%5&D3)# ;:()3&S#73&&%C3# %--)3&&85C*#-%'%#
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2.4 Communication Primitives 
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3. USAL: UAV Service Abstraction Layer 
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3.1 USAL Service Types 
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3.2 Mission Services 
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3.3 Flight Services 
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':38)#3DD3;'8G3#85'3C)%'8(5#J8':#':3#78&&8(5#%5-#2%/?(%-#;(5')(?#85&8-3#':3#=>@S#

• !O2?(8'85C# ':3# (5KE(%)-# %<'(28?('# '3?373')/# E/# (':3)# %22?8;%'8(5&# 8&# ;(72?3O# %5-#
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%;'<%?# %<'(28?('# <&3)&"# M)(7# ':3# 78&&8(5L2%/?(%-# &<E&/&'37&# 2(85'# (D# G83J*# @>6# 8&# %#
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3.4 Awareness Services 
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7%5%C3735'#85#5()7%?#;(5-8'8(5&#J:8?3#':3#>J%)353&&#63)G8;3&#%)3#85#;:%)C3#(D#7(58'()85C#
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3.5 Payload Services 
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4. The Virtual Autopilot System (VAS) 
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4.1 VAS Functional Overview 
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4.2 VAS Architecture 
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4.3 Flight Monitoring Services 
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4.4 Navigation Services 
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4.6 VAS Operational States 
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5. Mission Aware Flight Planning 

$)3G8(<&#&3;'8(5&#:%G3#85')(-<;3-#':3#2)(2(&3-#=>@#%);:8'3;'<)3"#F5#':8&#&3;'8(5#J3#-3'%8?#':3#
&23;8D8;%'8(5#73;:%58&7#':%'#J8??#E3#<&3-#'(#-3&;)8E3#':3#=>@#D?8C:'#2?%5&"#U(&'#;<))35'#=>@#
%<'(28?('#&/&'37&#)3?/#(5#?8&'&#(D#J%/2(85'&#%&#':3#73;:%58&7#D()#D?8C:'#2?%5#&23;8D8;%'8(5#%5-#
3O3;<'8(5"#9:8&#%22)(%;:#:%&#&3G3)%?#872()'%5'#?878'%'8(5&S#ANB#F'#8&#-8DD8;<?'#'(#&23;8D/#;(72?3O#
')%R3;'()83&#%5-#8'#-(3&#5('#&<22()'#;(5&')<;'&#&<;:#%&#D()I&#()#8'3)%'8(5&"#AVB#F'# 8&#5('#D?3O8E?3#
E3;%<&3# &7%??# ;:%5C3&#7%/# 872?/#:%G85C# '(#-3%?#J8':#%# ;(5&8-3)%E?3#%7(<5'#(D#J%/2(85'&#
%5-# AWB# 8'# 8&# <5%E?3# '(# %-%2'# '(# 78&&8(5# ;8);<7&'%5;3&"# ,3&8-3&# AXB# 8'# ?%;I&# ;(5&')<;'&# D()#
C)(<285C#%5-#)3<&85C#D?8C:'#2?%5#D)%C735'&"#F5#&:()'*#;<))35'#%<'(28?('&#&23;8%?843#85#?(J#?3G3?#
D?8C:'#;(5')(?#%5-#5%G8C%'8(5#8&#?878'3-#'(#G3)/#E%&8;#C(#'(#J%/2(85'#;(77%5-&"#
^3#E3?83G3#':%'#8'#8&#53;3&&%)/#'(#872)(G3#;<))35'#=>@#(23)%'8(5#J8':#:8C:3)#?3G3?#;(5&')<;'&*#
J8':#)8;:3)#&37%5'8;&*#%5-#J:8;:#35%E?3#D?8C:'#2)(C)3&&#'(#E3#%J%)3#(D#78&&8(5#G%)8%E?3&#7<&'#
E3#85')(-<;3-"#M()#':%'#)3%&(5#%#53J#D?8C:'#2?%5#&23;8D8;%'8(5#73;:%58&7#8&#85')(-<;3-"#

5.1 Flight Plan Overview 
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5.2 Detailed Leg description 
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5.3 Flight Plan Manager 
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Design, Implement and Testing of a Rotorcraft 
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2%A.6.5*' $7.' 8%#$5%-' %>' H3;<' )9' 1)>>)8"-$B' ;-$7%"&7' 9%4.' 8%#$5%-' ,-&%5)$749' 7,6.' F..#'
@5%@%9.1':/,#1.59'.$',-B*'JKKL*'M,55,$$'.$',-B*'NOOP*'Q##9'.$',-B*'NOOO*'R)S#.#9'.$',-B*'NOOT*'U%%'
.$' ,-B*' JKKL*' !),#&' .$' ,-B*' NOOV=*' 4%9$' %>' $7.4'A.5.' 6.5)>).1' F?' 9)4"-,$)%#' )#9$.,1' %>' 5.,-'
.D@.5)4.#$9B'W#.'5.,9%#'>%5'$7)9')9'1".'$%'$7.'8%4@-)8,$.*'#%#-)#.,5',#1')#7.5.#$-?'"#9$,F-.'
1?#,4)89*'A7)87'7,9'85%99'8%"@-)#&'F.$A..#'4,)#',#1'$,)-' 5%$%5*',#1'-%$9'%>' $)4.E6,5?)#&'
,.5%1?#,4)8'@,5,4.$.59B';#%$7.5'5.,9%#')9'$7,$'$7.'>-)&7$'$.9$')9')#'7)&7'5)9GB'X>','H3;<'-%9$'
)$9'8%#$5%-*')$'A%"-1'#.6.5'F.'9$,F)-)Y.1B'
/7.#?,#&' X#9$)$"$.'%>';"$%4,$)%#*'Z7)#.9.';8,1.4?'%>'/8).#8.9' :/X;*'Z;/=',9','#,$)%#,-'
5.9.,587')#9$)$"$.'>%8"9')$9'>"$"5.'5.9.,587'%#'H3;<'T'?.,59',&%B'3#$)-'#%A*'A.'7,6.'P'$?@.9'
%>' .D@.5)4.#$,-' @-,$>%549' >%5' ,16,#8.1' 8%#$5%-' ,-&%5)$74' 5.9.,587' 1.4%#9$5,$)%#B'
/.56%2.-)ENO' :[)&BJ=' )9' ,' 4%1.-' 8-,99' @-,$>%54' A7)87' 7,9' NO' G)-%&5,49' $,G.%>>' A.)&7$B'
/.56%2.-)E\O':[)&BN=',#1'/.56%2.-)EJJO':[)&BP=',5.'.#&)#..5)#&'8-,99'@-,$>%549'>%5'7)&7A,?'
@,$5%-*' .-.8$5)8,-' -)#.' @,$5%-' ,#1' @7%$%&5,@7?B' C7.?' 7,6.' \O' ,#1' JJO' G)-%&5,49' $,G.%>>'
A.)&7$' ,#1' 7,6.' >)#)97.1' >"--' ,"$%#%4%"9' >-)&7$' 8%#$5%-' .D@.5)4.#$,-' 1.4%#9$5,$)%#B' X#'
/X;*' $7.' 8%#$5%-' ,-&%5)$74' 5.9.,587' %#' H3;<' )#6%-6.9' )#' #,6)&,$)%#*' ,16,#8.1' >-)&7$'
8%#$5%-*'P+'@,$7'@-,##)#&',#1'>,"-$'$%-.5,#$'8%#$5%-B'
C7)9'@,@.5'1.$,)-9'$7.'1.6.-%@4.#$'%>',#'"#4,##.1'7.-)8%@$.5'$.9$F.1']'/.56%2.-)ENO':()'.$'
,-B*'NOOV=':[)&BP=*',#1'$7.'.D@.5)4.#$9'@.5>%54.1'$%A,51',87).6)#&'>"--',"$%#%4%"9'>-)&7$B'
C7.'F5).>'%>'$7)9'@,@.5')9',9'>%--%A^'$7.'/.56%2.-)ENO'@-,$>%54')9')#$5%1"8.1')#'/.8$)%#'XXB'C7.'
)#$5%1"8$)%#' %>' 9.#9%5' @,8G,&.' )9' )#' /.8$)%#' XXXB' C7.' 4%1.-)#&' %>' $7.' H3;<' 9?9$.4' )9'
@5.9.#$.1' )#' $7.' /.8$)%#' X<B' X#' /.8$)%#' <*' A.' )#$5%1"8.' ,#' )#1.@.#1.#$E87,##.-' 8%#$5%-'
987.4.' ,9' ,' F,9.-)#.' 8%#$5%-' %>' $7.' @-,$>%54B' X#' /.8$)%#'<X*' ,#' %6.56).A' %>' >,"-$' $%-.5,#$'
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8%#$5%-' 5.9.,587' )9'@5.9.#$.1B' X#' $7.' .#1*'A.' 8%#8-"1.'%"5'A%5G' ,#1'1)98"99' 9%4.' >"$"5.'
5.9.,587')99".9B'
'

'

[)&"5.'JB'/.56%2.-)ENO',)5>5,4.'
'

'

[)&"5.'NB'/.56%2.-)E\O',)5>5,4.'
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[)&"5.'PB'/.56%2.-)EJJO',)5>5,4.'

2. ServoHeli-20 Platform Description 

;9' $7.' F,9)8' ,)5>5,4.' %>' $7.' H3;<' 9?9$.4*' A.' 87%9.' $7.' 94,--E98,-.1' 4%1.-' 7.-)8%@$.5'
A7)87')9',6,)-,F-.')#'$7.'4,5G.$B'/"87','87%)8.')9'.,9?'>%5'"9'$%'.D87,#&.'$7.',88.99%5).9',#1'
8%9$'-%A'@5)8.B'
/.56%2.-)ENO',.5),-'6.7)8-.':[)&B\=')9','7)&7'_",-)$?'7.-)8%@$.5'A7)87')9'87,#&.1'F?'"9'"9)#&'
,'HZ'4%1.-'7.-)8%@$.5'%@.5,$)#&'A)$7','5.4%$.'8%#$5%--.5B'C7.'4%1)>).1'9?9$.4',--%A9'$7.'
@,?-%,1'%>'4%5.' $7,#'T'G)-%&5,49*'A7)87' )9' 9">>)8).#$' $%' $,G.' $7.'A7%-.',)5F%5#.',6)%#)89'
F%D',#1'$7.'8%44"#)8,$)%#'"#)$9B'C7.'>"9.-,&.'%>'$7.'7.-)8%@$.5')9'8%#9$5"8$.1'A)$7'9$"51?'
;R/'8%4@%9)$.'F%1?',#1'$7.'4,)#'5%$%5'F-,1.9',5.'5.@-,8.1'A)$7'7.,6?E1"$?'8,5F%#'>)F.5'
5.)#>%58.1'%#.9'$%',88%44%1,$.'.D$5,'@,?-%,19B'C7.'6.7)8-.')9'@%A.5.1'F?','KOE8-,99'&-%A'
@-"&' .#&)#.' A7)87' &.#.5,$.9' PBO7@' ,$' ,F%"$' JTOOO' 5@4*' ,' 1)9@-,8.4.#$' %>' J\BKT88' ,#1'
@5,8$)8,-',#&"-,5'5,$.'5,#&)#&'N*OOO'$%'JV*OOO'5@4B'C7.'>"--'-.#&$7'%>'$7.'>"9.-,&.')9'JNVO44'
,9'A.--',9'$7.'>"--'A)1$7'%>')$')9'JVO44B'C7.'$%$,-'7.)&7$'%>'$7.'7.-)8%@$.5')9'\JO44*'$7.'4,)#'
5%$%5')9'JVOO44',#1'$7.'$,)-'5%$%5')9'NVO44B'
+.9)&#)#&' $7.' ,6)%#)89' F%D' ,#1' @,8G)#&' $7.' F%D' ,@@5%@5),$.-?' "#1.5' $7.' >"9.-,&.' %>' $7.'
7.-)8%@$.5' ,5.' $A%'4,)#' $,9G9' $%' )4@-.4.#$' %>' $7.' 3;<' 7.-)8%@$.5' 9?9$.4B' X#' $7.' ,8$",-'
>-)&7$' .#6)5%#4.#$*' $7.' A.)&7$' ,#1' $7.' 9)Y.' %>' $7.' ,6)%#)89' F%D' ,5.' 9$5)8$' -)4)$.1B' W"5'
,)5F%5#.' 8%#$5%-' F%D*' A7)87' )9' 97%A#' )#' [)&BT*' )9' ,' 8%4@,8$' ,-"4)#"4' ,--%?' @,8G,&.'
4%"#$.1'%#'$7.'-,#1)#&'&.,5B'C7.'8.#$.5'%>'&5,6)$?'%>'$7.'F%D'-).9'%#'$7.'X`3'1.6)8.'A7.5.'
)9'#%$'$7.'&.%4.$5?'8.#$.5'%>'$7.'9?9$.4'$7,$'.#9"5.'$7.'#,6)&,$)%#'1,$,'>%54'X`3',88"5,$.B'
C7.'1)&)$,-'8%4@,99',#1'$7.'X`3'A7)87',5.'$,G.#',9'$7.'7%5)Y%#$,-'8.#$.5'%>'$7.'&5,6)$?'%>'
$7.',6)%#)89'9?9$.4'$%'-%8,$.',#1'$7.'%$7.5'8%4@%#.#$9',5.')#9$,--.1'%#'$7.'9,4.'-)#.B'
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[)&"5.'\B'X4@-.4.#$.1'5%$%585,>$'3;<'

'

[)&"5.'TB'C7.',6)%#)89'8%#$5%-'9?9$.4'

C7.' %5)&)#,-' -,#1)#&' &.,5' %>' $7.'4%1.-' 7.-)8%@$.5' )9' @-,9$)8*'A7)87' )9' #%' .#%"&7' 5%%4' $%'
)#9$,--'$7.'1.9)&#.1',6)%#)89'9?9$.4')#'$7.'>"9.-,&.'%>'$7.'7.-)8%@$.5B'a7)-.*'A.'5.E1.9)&#','
-,#1)#&'&.,5'A)$7',-"4)#"4',--%?',#1'4,G.','-,5&.5'5%%4'"#1.5'$7.'>"9.-,&.'%>'$7.'4%1.-'
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7.-)8%@$.5' >%5' $7.' 8%#$5%-' F%DB' C%' ,6%)1' $7.' 1)98)@-)#,5?' 6)F5,$)%#' ,F%"$' NO2Y' 8,"9.1' F?'

87,5,8$.5)9$)8'%>'$7.'7.-)8%@$.5*'QbX+XbQ',6),$)%#'A)5.'5%@.')9%-,$%59'A7)87',5.'4%"#$.1'
F.$A..#'$7.',6)%#)89'F%D',#1'$7.'87,#&.1'-,#1)#&'&.,5',5.'87%9.#B'C7.?',5.'8%4@5)9.1'%>'
9$,)#-.99'9$..-'9$5,#1.1'8,F-.*'$75.,1.1'$75%"&7',-"4)#"4',--%?'5.$,)#)#&'F,59*'85)4@.1',#1'
4%"#$.1'>%5'.>>.8$)6.'6)F5,$)%#')9%-,$)%#B'

3. Flight Control System of the ServoHeli-20 

3.1 Flight Control Computer 
C7.' %#F%,51' ,6)%#)89' 9?9$.4' )9' 5.9@%#9)F-.' >%5' $7.' %6.5,--' H3;<c9' 4,)#' 4,#,&.4.#$9'
)#8-"1)#&' #,6)&,$)%#*' ,"$%#%4%"9' 8%#$5%-*' 8%44"#)8,$)%#' ,#1' 9%' %#B' C7.' dZEJO\' >-)&7$'
8%4@"$.5*' 8%44"#)8,$)%#' 8%4@%#.#$9' ,#1' 9.#9%5' "#)$9' )#8-"1)#&' )#.5$),-' 4.,9"5.' "#)$*'
&-%F,-' @%9)$)%#' 9?9$.4' :Md/=*' 1)&)$,-' 8%4@,99*' ,)5E@5.99' ,-$)4.$.5*' "-$5,9%#)8' 9.#9%5' ,5.'
)#9$,--.1'%#F%,51B'
X#' %"5' 5.9.,587' )#' $7.' @5%S.8$*' dZEJO\' 8%4@"$.5' 9?9$.4' )9' "9.1' ,9' $7.' %#F%,51' 8%4@"$.5'
A7)87')9'97%A#')#'[)&BVB'

'

[)&"5.'VB'dZEJO\'8%4@"$.5'9?9$.4'

C7.' >-)&7$' 8%4@"$.5' )#9$,--.1' )#' ,6)%#)89' F%D' )9' ,' $?@)8,-' )#1"9$5),-' .4F.11.1' 8%4@"$.5'
9?9$.4*' 9%E8,--.1' dZEJO\'A7)87' $7.'A7%-.' 9?9$.4' )9' G.@$' ,9' 8%4@,8$' ,#1' -)&7$EA.)&7$' ,9'

@%99)F-.B'C7.'dZEJO\'7,9' $7.'X/;'%5'dZX'F"9'A7)87'>.,$"5.9','JOLBN84!JJTBOV84'>%%$@5)#$'

8)58")$' F%,51B'W"5' >-)&7$' 8%4@"$.5' 9?9$.4' 8%#9)9$9' %>' ,'4,)#'Zd3'F%,51' ,#1' 9%4.' %$7.5'
@.5)@7.5,-' F%,519' 9"87' ,9' +ZE+Z' @%A.5' 9"@@-?' F%,51*' LE87,##.-' 9.5),-' 8%44"#)8,$)%#'
1.6)8.',#1'da`'&.#.5,$)%#'F%,51B'
C7.' 4,)#' Zd3' F%,51' 7,9' ,' Z.-.5%#' @5%8.99%5' ,$' \OO`2Y' A)$7' NTV`R' /+H;`*' >"--?'
8%4@,$)F-.' A)$7' $7.' 5.,-E$)4.' %@.5,$)%#' 9?9$.4' 9"87' ,9' (beB' 2,51' 15)6.' %5' %$7.5'
._")6,-.#$'4,99E9$%5,&.' 1.6)8.' >%5' F%%$)#&' ,#1' 5"##)#&' ,#' %@.5,$)%#' 9?9$.4' ,#1' 9$%5)#&'
"9.>"-' 9.#9%5' 1,$,' )9' #..1.1' $%' $7.' >-)&7$' 8%4@"$.5B' C7.' Z%4@,8$' [-,97' :Z[=' 8,51' F?'

U)#&/$%#.')9','JMR'>-,97'H;`'1.6)8.',#1')9'9")$,F-.'>%5',)5'.#6)5%#4.#$B'C7.'Q"5%$.87'
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dZEJO\'@5%8.99%5'F%,51'7,9'%#-?'$A%'9.5),-'@%5$9*'A7)87',5.'#%$'.#%"&7'>%5'8%--.8$)%#'1,$,'
>5%4'4%5.' $7,#' $A%' 9.#9%59' $7,$' 8%44"#)8,$.'A)$7' 9.5),-' @%5$B';9' ,' 5.9"-$*' ,' 9.5),-' @%5$'
.D@.#1.5')9'@,8G.1'A)$7'$7.'4,)#'Zd3'F%,51'@5%6)1)#&'H/ENPN'I'\LT'8%44"#)8,$)%#9B'X#'

%51.5'$%'8%#$5%-'$7.'["$,F,'4%1.-'7.-)8%@$.5'9.56%9*','da`'&.#.5,$)%#'F%,51')9'#..1.1B'
C,G.'@5)8.',#1'5.-),F-.',9'8%#9)1.5,$)%#*'+/d'F%,51' )9'87%9.#' $%'&.#.5,$.'TE87,##.-'da`'
9)&#,-',9'A.--',9'8,@$"5.'$7.'da`'9)&#,-'.#8%1.1'F?'5.4%$.'8%#$5%--.5'A7.#'$7.'9?9$.4'5"#'
,$' 4,#",-' 4%1.B' /"87' ,' 1.9)&#' )9' $%' .#9"5.' $7,$' $7.' 9?9$.4' 8,#' 5"#' )#1.@.#1.#$-?' ,$'
4,#",-'4%1.*'A7)87' $7.' 8-%9.' -%%@' %>' $7.' 9.56%' 8%#$5%-' )9' #%$' $75%"&7'dZEJO\' @5%8.99%5'
.D8.@$' >%5' 5.8.)6)#&' $7.' 8%44,#19' %>' 9.56%9' >5%4' 9.5),-' @%5$B' 0)EX%#' F,$$.5?' 9.56.9' ,9' ,'
@%A.5'9"@@-.4.#$'$%'$7.'%6.5,--'%#F%,51'9?9$.4'9"87',9'>-)&7$'8%4@"$.5'9?9$.4*'9.#9%59*'

8%44"#)8,$)%#' "#)$9' ,#1' 9.56%9' $75%"&7' +ZE+Z' 8%#6.5$.5B' Q"5%$.87' ;Z/' +ZE+Z'
8%#6.5$.5' )9' 4%"#$.1' $%' 4..$' $7.' 9?9$.4' 1.9)&#' 5._")5.4.#$' %>' 8%#6.5$)#&' ,' KE\O<' +Z'
)#@"$'6%-$,&.'$%'4"-$)E6%-$,&.'@%A.5'%"$@"$9')#8-"1)#&'fT<*'fPBP<',#1'fJN<'A)$7'%6.5-%,1'
@5%$.8$)%#B';#' %@$)%#,-' %#F%,51'4)85%@5%8.99%5'4%#)$%59' $7.' $.4@.5,$"5.' %>' $7.'4%1"-.'
,#1'@5%$.8$9')$'F?'$"5#)#&'$7.'4%1"-.'%>>'A7.#'$.4@.5,$"5.9'.D8..1'LT'8.#$)&5,1.E1.&5..B'
C7.'@%A.5'9"@@-.4.#$'%>'$7.'%6.5,--',6)%#)89'9?9$.4',9'A.--',9'>)6.'9.56%9'$7,$'8%#$5%-'$7.'
7.-)8%@$.5')9'@%A.5.1'F?','0)EX%#'F,$$.5?'@,8G'A7)87'7,9'$7.'8,@,8)$?'%>'gLa2',$'$7.'%"$@"$'
%>'JK<B'

3.2 QNX Real-Time Operation System 
C%' %"5' >-)&7$' 8%#$5%-' 9?9$.4*' ,' 5.,-E$)4.' %@.5,$)%#' 9?9$.4' :HCW/=' )9' 5._")5.1' >%5' $7.'
%#F%,51' 8%4@"$.5' 9?9$.4B' ;>$.5' 8,5.>"--?' 8%#9)1.5,$)%#' ,#1' 8%4@,5)9%#*' (be'b."$5)#%'
HCW/' )9' 9.-.8$.1' ,9' $7.' %@.5,$)%#' 9?9$.4*' A7)87' )9' )1.,-' >%5' .4F.11.1' 5.,-E$)4.'
,@@-)8,$)%#9B'X$'8,#'F.'98,-.1'$%'6.5?'94,--'9)Y.',#1'@5%6)1.9'4"-$)$,9G)#&*'$75.,19*'@5)%5)$?E
15)6.#'@5..4@$)6.' 987.1"-)#&*' ,#1' >,9$' 8%#$.D$E9A)$87)#&' ]' ,--' .99.#$),-' )#&5.1).#$9' %>' ,#'
.4F.11.1' 5.,-E$)4.' 9?9$.4B' C7.' ,@@-).1' @5%&5,4' 8,#' F.' 8%1.1' ,#1' 1.F"&&.1' )#' $7.'
5.4%$.' A)#1%A9E7%9$' 8%4@"$.59' ,#1' 8,#' F.' .D.8"$.1' )#' $7.' ,)5F%5#.' 8%4@"$.5' 9?9$.4'
)#1.@.#1.#$-?*' A7)87' @5%6)1.9' &5.,$' 8%#6.#).#8.' 1"5)#&' $7.' >-)&7$' .D@.5)4.#$9' A)$7%"$'
4%1)>?'$7.'@5%&5,4')#'%#F%,51'8%4@"$.5B'

3.3 Ground Control Station 
C7.'&5%"#1'9$,$)%#'4,)#-?')#8-"1.9'$7.'&5%"#1'8%#$5%-'8%4@"$.5*'$7.'&5%"#1'1.6.-%@4.#$'
8%4@"$.5*' 4%1.-' 7.-)8%@$.5' 5.4%$.' 8%#$5%--.5*' A)5.-.99E0;b' ,88.99' @%)#$*' 6)1.%' 9)&#,-'
5.8.)6.5*'$7.',#$.##,9'%>'$7.'8%44"#)8,$)%#'1.6)8.9',#1'&5%"#1'@%A.5'9%"58.B'C7.'5%-.'%>'
$7.' &5%"#1' 9$,$)%#' )9' $%' )99".' 8%#$5%-' 8%44,#19' $%' $7.' %#F%,51' ,6)%#)89' 9?9$.4' ,#1'
4%#)$%5' )$9' 5.,-E$)4.' 9$,$"9B' C7.' @5.E987.1"-.1' $5,S.8$%5?' ,#1' 8%44,#19' ,9' A.--' ,9' $7.'
9?#875%#)Y.1'9.#9%5'1,$,',5.'$5,#94)$$.1',#1'5.8.)6.1'F?'A)5.-.99';d9B'
C7.' &5%"#1' 8%#$5%-' 8%4@"$.5' )9' ,' -,@$%@*'A7)87' 9.#19' $7.'@5.E987.1"-.1' 8%44,#19' ,#1'
$5,S.8$%5?'$%' $7.',)5F%5#.'>-)&7$'8%4@"$.5B'C7.'@5%&5,4'%>' $7.'&5%"#1'8%#$5%-'8%4@"$.5' )9'
1.6.-%@.1'F?'<)9",-'ZffBC7.')#$.5>,8.'%>')$')9'@5.9.#$.1')#'$7.'[)&BgB'C7.'A7%-.'@)8$"5.'%>'
&5%"#1'9$,$)%#')9'97%A#')#'$7.'[)&BLB'
C7.'1.6.-%@4.#$'8%4@"$.5')9'"9.1'>%5'$7.'%#F%,51'9%>$A,5.'1.6.-%@4.#$'%>'(be'b."$5)#%'
HCW/' ,9' A.--' ,9' $7.' +/d' @5%8.99%5B' (be' `%4.#$)89' X+Q' A7)87' )9' ,#' )#$.&5,$.1'
1.6.-%@4.#$'.#6)5%#4.#$'%>' $7.'(be'9?9$.4' )9' )#9$,--.1' )#' $7.' 8%4@"$.5',9','A)#1%A9E
7%9$' $%'4%1)>?' $7.' 5.4%$.' >-)&7$' 8%4@"$.5' @5%&5,44.B';9' $7.' 9,4.' $%' $7.'(be' 9?9$.4*'
Z%1.'Z%4@%9.5'/$"1)%'X+Q':ZZ/=')9',-9%'9.$"@')#'$7.'1.6.-%@4.#$'8%4@"$.5'$%'87,#&.'$7.'
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@5%&5,44.')#'$7.'+/d'A7)87' )9'$7.'da`'9)&#,-'&.#.5,$%5' )#',6)%#)89'F%DB'C7.'KE87,##.-'
HZ'8%#$5%--.5'A7)87' )9' ,$' gN`2Y' 5,1)%' 8%44"#)8,$)%#' 9)&#,-' )9'"9.1' )#'4,#",-'4%1.' )#'
9?9$.4'4%1.--)#&B'

'

'

[)&"5.'gB'X#$.5>,8.'%>'$7.'&5%"#1'8%#$5%-'8%4@"$.5'

'

'
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3.4 Sensors for Attitude and Position Estimation 
X#' %51.5' $%' #,6)&,$.' >%--%A)#&' ,' 1.9)5.1' $5,S.8$%5?' A7)-.' 9$,F)-)Y)#&' $7.' 6.7)8-.*' $7.'
)#>%54,$)%#',F%"$'7.-)8%@$.5'@%9)$)%#*'6.-%8)$?*',88.-.5,$)%#*',$$)$"1.*',#1'$7.',#&"-,5'5,$.9'
97%"-1' F.' G#%A#' $%' $7.' &")1,#8.' ,#1' 8%#$5%-' 9?9$.4B' C7.' 5%$%585,>$' 3;<' 9?9$.4' )9'
._")@@.1' A)$7' 9.#9%59' )#8-"1)#&' )#.5$),-' 9.#9%5' "#)$*' Md/*' 1)&)$,-' 8%4@,99*' 5%$%5' 9@..1'
9.#9%5*',)5E@5.99',-$)4.$.5',#1'"-$5,9%#)8'9.#9%5'$%'%F$,)#',F%6.',88"5,$.')#>%54,$)%#',F%"$'
$7.'4%$)%#'%>'$7.'7.-)8%@$.5')#',99%8),$)%#'A)$7'.#6)5%#4.#$,-')#>%54,$)%#B'
C7.'Z5%99F%A'X`3POO*'A7)87')9'97%A#')#'[)&BK*')9','9)DE,D)9'4.,9"5.4.#$'9?9$.4'1.9)&#.1'
$%' 4.,9"5.' $7.' -)#.,5' ,88.-.5,$)%#' ,-%#&' $75..' %5$7%&%#,-' ,D.9' ,#1' 5%$,$)%#' 5,$.' ,5%"#1'
$75..'%5$7%&%#,-',D.9B'X$'.4@-%?9'%#'F%,51'1)&)$,-'@5%8.99)#&'$%'@5%6)1.',@@-)8,$)%#E9@.8)>)8'
%"$@"$9' ,#1' $%' 8%4@.#9,$.' >%5' 1.$.54)#)9$)8' .55%5' 9%"58.9' A)$7' )#' $7.' "#)$B' /%-)1E9$,$.'
`Q`/'9.#9%59'4,G.'$7.'X`3POO'@5%1"8$'5.9@%#9)6.',#1'5.-),F-.B'

'

[)&"5.'KB'Z5%99F%A'X`3'

2.4)9@7.5.' Md/*' A7)87' )9' 97%A#' )#' [)&BJO*' )9' ,' 9@,8.EF,9.1' 9,$.--)$.' 5,1)%' #,6)&,$)%#'
9?9$.4' 1.6.-%@.1' F?' ,' Z,#,1,' 8%4@,#?B' Md/' @5%6)1.9' $75..E1)4.#9)%#,-' @%9)$)%#' ,#1'
$)4.' A)$7' $7.' 1.1"8.1' .9$)4,$.9' %>' 6.-%8)$?' ,#1' 7.,1)#&B' C7.' Md/' @5%6)1.9' @%9)$)%#'
.9$)4,$.9',$'"@'$%'JO'2YB'[%5'%@.5,$)%#*' $7.'Md/',#1'$7.',#$.##,',5.' )#9$,--.1'%#'$7.'7%9$'
,.5),-'6.7)8-.B'

'
[)&"5.'JOB'2.4)9@7.5.'WQ`'Md/'

2`HPOOO'1)&)$,-' 8%4@,99*'A7)87' )9'@5.9.#$.1' )#' [)&BJJ*' )9' ,#' .-.8$5%#)8' 8%4@,99'4%1"-.'
$7,$' @5%6)1.9' 7.,1)#&*' @)$87' ,#1' 5%--' %"$@"$' >%5' #,6)&,$)%#' ,#1' &")1,#8.' 9?9$.49B' C7)9'
8%4@,99'@5%6)1.9'>,9$'5.9@%#9.'$)4.'"@'$%'NO'2Y',#1'7)&7'7.,1)#&',88"5,8?'%>'OBT'1.&5..'
A)$7'OBJ'1.&5..'5.9%-"$)%#B'
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'

[)&"5.'JJB'2`HPOOO'1)&)$,-'8%4@,99'

X#'%51.5'$%'&.$'$7.',88"5,$.',-$)$"1.')#>%54,$)%#'%>'$7.'6.7)8-.*',#',)5E@5.99"5.',-$)4.$.5'$7,$'
8%--.8$)#&' 1,$,' 7)&7.5' $7,#' T' 4.$.59' ,9' A.--' ,9' ,#' "-$5,9%#)8' 9.#9%5' $7,$' &.$$)#&' $7.'
)#>%54,$)%#'%#'%$7.5'9)$",$)%#9')9'._")@@.1'"#1.5'$7.',6)%#)89'F%DB'
C7.' "@1,$.' 5,$.' %>' ,--' 9.#9%59' )9' 5,#&)#&' >5%4' JOEJOO2Y*' A7)87' )9' .#%"&7' >%5'
)4@-.4.#$,$)%#'>%5',16,#8.1'8%#$5%-',-&%5)$749B'

3.5 Passive and Active Vibrations Isolation 
X#'%"5',6)%#)89'F%D*'A.'"9.'5,$.'&?5%9',#1',88.-.5%4.$.59'$%'4.,9"5.'5,$.9',F%"$'$75..',D.9*'
,#1',88.-.5,$)%#9',-%#&'P',D.9h'@5%8.99%5')9'"9.1'$%'.D$5,8$',F9%-"$.'5%--',#1'@)$87B'2%A.6.5*'
)#'$7.'5.,-'>-)&7$'.#6)5%#4.#$*'$7.'9.#9%59'A)--'9"FS.8$.1'$%'5%$%5'>5._".#8?'6)F5,$)%#9h'F%$7'
$7.'5,$.',#1',88.-.5,$)%#'5.,1)#&9',5.'&5%99-?')#,88"5,$.h'8%#9._".#$),-*'9%'$%')9'$7.',$$)$"1.'
.9$)4,$)%#B''
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X#'%51.5' $%' )9%-,$.' $7.'"#)$' >5%4'$7.9.'>5._".#8).9*'A.'"9.' $7.'@,99)6.',#1',8$)6.' )9%-,$)%#'
4.$7%1B'C7.'@,99)6.'4.$7%1')9'$7,$'$7.'9.#9%59',5.'9@5)#&'4%"#$.1')#9)1.'$7.'4,)#',6)%#)89'
F%DB'a)$7'$7.'>%,4'1,4@)#&')#8-"1.1*'$7.')9%-,$)%#'8,#',8$',9','@,99)6.'.>>.8$B'2%A.6.5*'$7.'
,8$)6.'4.$7%1')9'$7.'U,-4,#'>)-$.5'A,?'$%')9%-,$.'$7.'6)F5,$)%#9',#1'F),9.9B';'$?@)8,-'@-%$'%>'
$7.'>%5A,51',#1'-,$.5,-'6.-%8)$).9'F.>%5.',#1',>$.5')9%-,$)%#')9'&)6.#')#'[)&BJNB'

4. Rotorcraft UAV Modelling 

[%5'.>>.8$)6.'7%6.5)#&')1.#$)>)8,$)%#*'$7.'%5)&)#,-'4%1.-')#'5.>.5.#8.':`.$$-.5'.$',-B*'NOO\=')9'
1.8%4@%9.1')#$%'$75..'&5%"@9':-%#&)$"1)#,-*'-,$.5,-*',#1'?,AE7.,6.'8%"@-)#&=*',#1','9.4)E
1.8%"@-.1'4%1.-')9'%F$,)#.1B'Q,87'&5%"@'7,9','1.8%"@-.1'9?9$.4'4,$5)D*',#1'$7.'8%"@-)#&'
87,5,8$.5)9$)89' )9' @5.9.#$.1' %#-?' )#' $7.' 8%#$5%-' 4,$5)DB' C7"9*' $7.' #"4F.5' %>' "#G#%A#'
@,5,4.$.59',#1'8%#$5%-')#@"$9',5.'5.1"8.1',#1'$7.'8%#$5%-'-%%@9',5.'9.4)E1.8%"@-.1B'C7.#*'
$%' )1.#$)>?' $7.' "#G#%A#' @,5,4.$.59' )#' $7.' `X`W' 9.4)E1.8%"@-.1' 4%1.-*' ,' #.A' 8%9$'
>"#8$)%#' )9'@5%@%9.1' $%'4,G.' $7.' $5,1)$)%#,-'4.$7%1'%>'/X/W'9?9$.4'>5._".#8?'.9$)4,$)%#'
:R.#1,$'.$',-B*'JKKP=',@@-)8,F-.'$%'$7.'`X`W'9$,$.E9@,8.'4%1.-9B'C7.'@5%@%9.1'8%9$'>"#8$)%#'
)9' @5.9.#$.1' )#' $7.' ,11)$)%#' >%54' %>' $7.' >5._".#8?' .55%5' %>' .6.5?' )#@"$E%"$@"$' @,)5' >%5'
$5,#9>.5' 4,$5)D*' ,#1' $7.' @,5,4.$.59' ,5.' )1.#$)>).1' F?' 4)#)4)Y)#&' $7.' 8%9$' >"#8$)%#B' C7.'
9)4@-)>).1'4%1.-',#1'@5%@%9.1')1.#$)>)8,$)%#'4.$7%1'>5..'$7.'9.-.8$)%#'%>')#)$),-'.9$)4,$)%#'
,#1'8%#9$5,)#$')9'#%$'5._")5.1B'
C,G.'$7.'?,A']'7.,6.'4%1.-'>%5'.D,4@-.B'a.'7,6.'&%$'$7.'#"4.5)8,-'4%1.-*',#1'$7.#'%$7.5'
9.5),-' %>' )#@"$' 1,$,' A,9' 6.5)>).1' "9)#&' $7.' @5%@%9.1' 4%1.-B' C7.' F-".' -)#.' )9' $7.'
4.,9"5.4.#$'%>'$7.'?,A'5,$.'>5%4'$7.'5.,-'>-)&7$',9'A.--',9'$7.'5.1'-)#.')9'8,-8"-,$.1'F?'$7.'
#"4.5)8,-'4%1.-',#1'$7.'5.,-'>-)&7$')#@"$B';9')9'97%A#')#'$7.'[)&JP*'$7.'.9$)4,$)%#'%"$@"$')9'
9)4)-,5' $%' $7.'5.,-' >-)&7$'1,$,',#1'A.'8,#'8%#8-"1.' $7,$' $7.'@5%@%9.1'4%1.-)#&'4.$7%1' )9'
"9.>"-'$%'$7.'5%$%585,>$'3;<B'

'
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5. Independent-Channel Control Scheme 

/)4"-,$)%#' 9$"1).9' 7,6.' 97%A#' $7,$' ,' F.$$.5' 9$5,$.&?' >%5' $7.' 8%#$5%-' %>' ,' 94,--E98,-.1'
7.-)8%@$.5' )9' $%'"9.' $7.' >-)&7$'8%#$5%--.5',9'8%#9)9$)#&'%>' $A%'8,98,1.1'8%#$5%--.59^',#' )##.5'
-%%@' ,#1' ,#' %"$.5' -%%@B' C7.' )##.5' -%%@*' $7,$' 7,9' $7.' >,9$.5' 1?#,4)89*' )9' 1.9)&#.1' ,9' $7.'
,$$)$"1.'8%#$5%--.5'A7)87'$,G.9'1.9)5.1',$$)$"1.',#&-.9',9')#@"$9',#1'&.#.5,$.9'$7.',8$",$%5'
8%44,#19'$7,$'A)--'5.9"-$')#'$7.'1.9)5.1',$$)$"1.B'C7.'%"$.5E-%%@'8%#$5%--.5*'A7)87'8%#$5%-9'
$7.' 9-%A.5' $5,#9-,$)%#,-' 5,$.' 6,5),F-.9*' $,G.9' 1.9)5.1' 6.-%8)$?' %5' @%9)$)%#' ,9' )#@"$' ,#1'
&.#.5,$.9' 1.9)5.1' ,#&.-9' $%' $7.' )##.5' -%%@B' C7.' %6.5,--' >-)&7$' 8%#$5%-' 987.4.' )9' 97%A#' )#'
[)&BJ\*'A7)-.' >)6.' -)#.,5'8%#$5%--.59',5.'1.9)&#.1' $%' 8%#$5%-' $7.'.#&)#.' 9@..1*'7.)&7$*'?,A*'
-,$.5,-',#1'-%#&)$"1)#,-'4%$)%#B'

'

[)&"5.'J\B'W6.5,--'>)&7$'8%#$5%-'987.4.'

5.1 Engine Speed Control 
C7.'.#&)#.'9@..1'1"5)#&'$7.'7%6.5E.#6.-%@.'>-)&7$9')9'4,)#$,)#.1',$'JNOO'5@4',9','5.9"-$'%>'
$7.' .D@.5)4.#$9' )#' 4,#",-' 4%1.B' C%' &.$' ,' 9$.,1?' 5%$,5?' 9@..1' %>' $7.' .#&)#.*' ,' dX+'
8%#$5%--.5')9'"9.1')#'>..1F,8G'8%#$5%-'A7)87'>5%4'$7.'9@..1'9.#9%5'$%'$7.'$75%$$-.'1.4,#19B'
a7.#'8%--.8$)6.'@)$87'87,#&)#&*'$7.'@%A.5'%>'$7.'.#&)#.'A)--'87,#&.',9','5.9"-$'%>')$B';'>..1'
>%5A,51' $.54' >5%4' $7.' 8%--.8$)6.' @)$87' )9' )#$5%1"8.1' $%' 8%4@.#9,$.' >%5' $7.' .D$5,' -%,1)#&'
.D@.5).#8.1B'C7.'.#&)#.'8%#$5%-'987.4.')9'97%A#')#'[)&BJTB'

'

[)&"5.'JTB'Q#&)#.'9@..1'8%#$5%-'987.4.'

5.2 Height Control 
C7.' 7.)&7$' 8%#$5%-' )9' ,' %#.' -%%@' 987.4.' A7)87' ,' dX' 8%#$5%--.5' "9)#&' >..1F,8G' >5%4' $7.'
7.)&7$'9.#9%5'&.#.5,$.9'8%--.8$)6.'@)$87'1.4,#19')#'[)&BJVB''
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'
[)&"5.'JVB'2.)&7$'8%#$5%-'987.4.'

5.3 Yaw Control 
C7.'?,A'8%#$5%-' $A%' -%%@'9$5"8$"5.' )9'@5.9.#$.1' )#'[)&BJgB';9' )9' 97%A#' )#' $7)9' >)&"5.*' $7.'
)##.5' -%%@' )9' ,' ?,A' 5,$.' 9$,F)-)Y,$)%#' -%%@' A7)87' @5%@%5$)%#,-' 8%#$5%-' "9)#&' ?,A' 5,$.'
>..1F,8G' >5%4' $7.' X`3'%"$@"$'1.4,#19' $%' $7.' 5"11.5' 9.56%' ,#1' $7.' %"$.5' -%%@'"9.9' $7.'
987.4.'>5%4'$7.'1)&)$,-'8%4@,99'%"$@"$'$%'$7.'?,A'5,$.')#@"$B'

'
[)&"5.'JgB'i,A'8%#$5%-'987.4.'

5.4 Lateral and Longitudinal Motion Control 
/)4)-,5'$%'$7.'?,A'8%#$5%-'987.4.*'X`3*'1)&)$,-'8%4@,99',#1'Md/',5.'"9.1',9'$7.'>..1F,8G'
9.#9%59' $%'4,)#$,)#' $7.' -,$.5,-' ,#1' -%#&)$"1)#,-'@%9)$)%#'A)$7' 9)4@-.'@5%@%5$)%#,-' ,#1'dX'
8%#$5%--.59B'C7.' )##.5' -%%@')9'@)$87'I'5%--'5,$.'9$,F)-)Y,$)%#'8%4@%#.#$',9'A.--',9' $7.'%"$.5'
-%%@'9.56.9',9'$7.'@%9)$)%#'>..1F,8G'"#)$'A7)87')9'97%A#')#'[)&BJLB'

'
[)&"5.'JLB'H%--'8%#$5%-'987.4.'
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5.5 Autonomous Flight Result 
;' $A%E-%%@' 8%#$5%-' 987.4.' >%5' $7.' 5%$%585,>$' 3;<' 9?9$.4'A,9' 1.9)&#' ,#1' $.9$.1' "9)#&' $7.'
/.56%2.-)ENO'@-,$>%54B'a.'1.9)&#'9%4.'9@.8)>).1'$5,S.8$%5).9'$%'F.'>-%A#B'C7.9.'$5,S.8$%5).9'A.5.'
9.-.8$.1' )#' %51.5' $%' .6,-",$.' $7.' )##.5' -%%@' ,#1' %"$.5' -%%@' 5.9@%#9.' %6.5' 9.6.5,-' 1)>>.5.#$'
9._".#8.9'%>' )#@"$9B'a.'9.-.8$.1',' $"##.-'A,?' $%'F.' >%--%A.1*',9' )9' 97%A#' )#' $7.'[)&BNJB'C7.'
@5%@%9.1'8%#$5%--.5'7,#1-.1' $7)9' >-)&7$' $5,S.8$%5?'A)$7'4)#)4,-'.55%5*'[)&BNNB'[)&BJK',#1'[)&BNO'
97%A'$7,$'$7.',#&-.9',#1'6.-%8)$).9'A7)87'8%#$5%--.1'F?')##.5'-%%@9',5.',-9%'&.$','9$,F-.'5.9@%#9.B'
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'

[)&"5.'NJB'C5,S.8$%5?')#'$7.'M%%&-.'`,@'
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6. Fault Tolerant Control Research on Rotorcraft UAV 

6.1 Fault Tolerant Control Architecture for RUAV 
[)&BNP' )9' $7.' %6.5,--' ,587)$.8$"5.' >%5' H3;<' >,"-$' $%-.5,#$' 8%#$5%-B' C7.' A7)$.' @,5$' )9' $7.'
8%#6.#$)%#,-' PE-,?.5' 3;<' 8%#$5%-' ,587)$.8$"5.' A7)87' )#8-"1)#&' 4)99)%#' @-,##)#&*' @,$7'
@-,##)#&',#1'5%F"9$'>-)&7$'8%#$5%-B'R,9.1'%#'$7)9'@,5$*'A.')#$5%1"8.'$7.'4)99)%#'5.E@-,##)#&'
,#1' @,$7' 5.E@-,##)#&' $%' $7.' "@@.5' ,#1' 4)11-.' -.6.-' ,9' A7)-.' ,9' ,' 5.8%#>)&"5,F-.' >-)&7$'
8%#$5%-' $%' $7.' -%A.5' -.6.-B' X#' $7)9' 9.8$)%#*' A.' @5%@%9.' $7.' 9.#9%59' ,#1' ,8$",$%59' >,)-"5.'
1.$.8$)%#',-&%5)$749',#1'1.4%#9$5,$.'$7.)5'.>>.8$)6.#.99'A)$7'9)4"-,$)%#9B''

'

'

[)&"5.'NPB'W6.5,--'>)&7$'8%#$5%-'987.4.'

6.2 Wavelet Transform Based Sensors Failure Detection Algorithms 
R?'"9.'%>'A,6.-.$' $5,#9>%549'$7,$',88"5,$.-?' -%8,-)Y.' $7.'87,5,8$.5)9$)89'%>','9)&#,-'F%$7' )#'
$7.'$)4.',#1'>5._".#8?'1%4,)#9*'$7.'%88"55)#&')#9$,#$9'%>',F#%54,-'9$,$"9'%>','9.#9%5')#'$7.'
%"$@"$' 9)&#,-' 8,#' F.' )1.#$)>).1' F?' $7.' 4"-$)98,-.' 5.@5.9.#$,$)%#' %>' $7.' 9)&#,-B' W#8.' $7.'
)#9$,#$9' ,5.' 1.$.8$.1*' $7.' 1)9$5)F"$)%#' 1)>>.5.#8.9' %>' $7.' 9)&#,-' .#.5&?' %#' ,--' 1.8%4@%9.1'
A,6.-.$'98,-.9'%>' $7.'9)&#,-'F.>%5.',#1',>$.5'$7.')#9$,#$9',5.'"9.1'$%'8-,)4',#1'8-,99)>?'$7.'
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6.3 Adaptive Filter Based Actuators Failure Tolerant Control Algorithms 
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7. Conclusions 
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Attitude and Position Control of a Flapping 
Micro Aerial Vehicle 
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1. Introduction    

:2.;&073$ '0-<$ =17$ 2"=50"#$ '#&>1=*$ =17$ '#";;&2>$/&,0-$ ?70&"#$ @71&,#7.$ A/?@B$ ,-<C&27$ =17$
"3D"2=">7.$-'$=17$0-="06$"23$'&E73$"&0'-&#.F$G176$"07$"C#7$=-$",1&7D7$D70=&,"#$="H&2>$-''$"23$
#"23&2>*$.="=&-2"06$'#&>1=$"23$"07$,1"0",=70&I73$C6$=17&0$1&>1$<"275D70"C&#&=6*$.-'=$2-&.7$"23$
5.7$=17$52.=7"36$"70-362"<&,.$&2$-0370$=-$37D7#-;$1&>170$#&'=$'-0,7$"23$=17-07=&,"##6$0735,7$
=17&0$ 7270>6$ ,-2.5<;=&-2F$ G176$ "#.-$ >7=$ C727'&=$ '0-<$ =17&0$ C&-<&<7=&,$ .1";7$ &2$ -0370$ =-$
7E7,5=7$3&.,07=7$<&..&-2.F$G17$<"&2$3&."3D"2=">7.$-'$.5,1$"&0'-&#.$07<"&2$=17$,-<;#7E&=6$-'$
"2"#6I&2>$=17$<7,1"2&.<.$"3-;=73$C6$&2.7,=.$350&2>$'#&>1=$"23$<"275D70.$AJ53#76*$9KK9B$
C7.&37.$ =17$ =7,12-#->&,"#$ 07;0-35,=&-2$ -'$ =17.7$ =7,12&L57.$ -2$ '#6&2>$ 0-C-=.$ A!730&,H$ M$
J"2&7#*$ 9KKNBF$ $ G17&0$ 37D7#-;<72=$ &.$ ,-2.=0"&273$ C6$ =17$ 27,7..&=6$ -'$ 5.&2>$ #-O$
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07.,5&2>*$ >"<&2>B*$ <&#&="06$ ";;#&,"=&-2.$ O1707$ &=.$ 3&.,07=&-2$ =1"2H.$ =-$ &=.$ C&-<&<7=&,$
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#&H7$/"0.$AG1"H--0$7=$"#F*$9KKPBF$
%7.7"0,17.$ &2$ '#";;&2>$ '#&>1=$ 3-<"&2$ "==0",=$ C&-#->6*$ "70-2"5=&,*$ 0-C-=&,$ "23$ "D&-2&,$
,-<<52&=&7.F$ G17$ ;0->07..$ &2$ <&,0-7#7,=0-2&,$ =7,12-#->&7.*$ <"=70&"#.*$ .72.-0.*$ ",=5"=-0.*$
7<C73373$,-<;5="=&-2"#$ .6.=7<.*$ ,-<<52&,"=&-2$ =--#.*$ 7=,F$ &.$17#;&2>$ =17$ '7".&C&#&=6$"23$
37D7#-;<72=$-'$=17.7$"&0,0"'=.F$$
G1707'-07*$ '#";;&2>$<&,0-$"70&"#$D71&,#7.$"07$ &2$"$ '5##$ 0&.7$2-O"3"6.Q$3&''7072=$;0-R7,=.$"07$
17#3$"##$-D70$=17$O-0#3F$G17$;07.72=$O-0H$#&7.$O&=1&2$=17$.,-;7$-'$=17$S072,1$;0-R7,=$T@/:)$
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$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ $$$$$$$$$$$$$$$$$$$$$$$$$
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.="C&#&I"=&-2$.1-5#3$C7$7.="C#&.173F$
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&.$ =7.=73$ &2$ AJ72>$7=$ "#F*$ 9KKPBF$ Y="=7$ '773C",H$,-2=0-##70.$"07$;0-;-.73$ &2$ AY,172"=-$7=$ "#F*$
9KK9CQ$ Y,172"=-$ 7=$ "#F*$ 9KK[BF$ +-=7$ =1"=$ .-<7$ -'$ =17.7$ ,-2=0-#$ #"O.$ "07$ ,-<;5=73$ 5.&2>$
.72.-0.$<7".507<72=.$ #&H7$1"#=707.*$ -,7##&*$<">27=-<7=70$ "23$-;=&,$ '#-O$.72.-0.$ AJ72>$7=$
"#F*$9KKN"BF$?$.72.-0\.$<7".507<72=.$C".73$,-2=0-#$ #"O$&.$,-<;5=73$&2$A%7&.70$7=$"#F*$9KK[B$
O&=1&2$ 5;O&23$ '#-OF$ G17$ ;-.&=&-2$ ,-2=0-#$ -'$ '#";;&2>$/?@$ &.$ =07"=73$ &2$ AY,172"=-$ 7=$ "#F*$
9KK9"B$=10-5>1$=17$,-2=0-#$-'$=17$D70=&,"#$'-0,7$"23$=17$=-0L57.]$=17$,-2=0-#$#"O$&.$C-52373$
"23$,-<;5=73$5.&2>$"$;-#7$;#",7<72=$C".73$-2$ =17$ #&27"0&I73$362"<&,.$-'$ =17$.6.=7<F$?$
.="=7$'773C",H$,-2=0-#$",=&2>$3&07,=#6$-2$=17$;-.&=&-2$&.$,-<;5=73$&2$AY,172"=-$7=$"#F*$9KK)BF$
?$ #&27"0$ L5"30"=&,$ 4"5..&"2$ ,-2=0-#$ &.$ ;0-;-.73$ &2$ AJ72>$ 7=$ "#F*$ 9KKNCB$ C".73$ -2$ .-<7$
.72.-0.$<7".507<72=.F$AJ&,H.-2$7=$"#F*$9KKNB$1"D7$;0-;-.73$"$,-2=0-#$#"O$5.&2>$"$'773C",H$
-'$"2>5#"0$"23$#&27"0$D70=&,"#$D7#-,&=&7.$5.&2>$-;=&,$ '#-O$.72.-0\.$<7".507<72=$ &2$-0370$=-$
"D-&3$-C.=",#7.$&2$"$=5227#F$G&<7$"23$3&.="2,7$-;=&<"#$,-2=0-#.$"07$;0-;-.73$&2$AY0&0"<$7=$
"#F*$9KK^B$"&<&2>$=-$,-2=0-#$=17$/?@$<-D7<72=$&2$"$1-0&I-2="#$;#"27F$?2$-;=&<"#$,-2=0-#$&.$
"#.-$ ;0-;-.73$ &2$ AG"2"H"$ 7=$ "#F*$ 9KKNB$ &2$ -0370$ =-$ ,-2=0-#$ =17$<-D7<72=$ -'$ =17$ C-36$ &2$ "$
D70=&,"#$;#"27F$_",H.=7;;&2>$,-2=0-#$#"O.$"07$37D7#-;73$&2$A%"H-=-<"<-2R6*$9KKNB$&2$-0370$
=-$.="C&#&I7$.7;"0"=7#6$=17$'-0O"03*$D70=&,"#$"23$;&=,1$<-D7<72=.$-'$"$'#";;&2>$"70-'-&#F$
+7D70=17#7..*$ =17$,-2=0-#$ #"O.$37D7#-;73$&2$ =17$ #&=70"=507$;07.72=$.-<7$#&<&="=&-2.F$W&27"0$
,-2=0-#$ #"O.$"07$2-=$ 0-C5.=$O&=1$ 07.;7,=$ =-$ 7E=702"#$3&.=50C"2,7.$ AO&23*$ 0"&2$30-;*$ .1-,H*$
7=,FBF$ G1707'-07*$ 2-2#&27"0$ ,-2=0-#$ .1-5#3$ C7$ 5.73F$ GO-$ =7,12&L57.$ "07$ O&37#6$ 5.73]$ =17$
&2;5=X-5=;5=$ #&27"0&I"=&-2$ "23$ =17$ C",H.=7;;&2>F$ `1&#7$ =17$ '&0.=$ -27$ C0&2>.$ =17$ ;0-C#7<$
C",H$=-$=17$#&27"0$,".7*$=17$.7,-23$37;723.$-2$=17$.6.=7<\.$&270=&"F$/-07-D70*$=17$;0-;-.73$
,-2=0-#$#"O.$"07$2-=$C-52373*$7E,7;=$&2$AY,172"=-$7=$"#F*$9KK9"BF$!-O7D70*$&2$=17$#"==70*$=17$
,-2=0-#$ &.$,-<;5=73$5.&2>$=17$#&27"0&I73$362"<&,.$"23*$,-2.7L572=#6*$3-7.$2-=$72.507$=17$
>#-C"#$.="C&#&=6$-'$=17$.6.=7<F$$
:2$ =17$ ;07.72=$O-0H*$ C-52373$ .="=7$ '773C",H$ 2-2#&27"0$ ,-2=0-#$ #"O.$ -'$ =17$ '#";;&2>$ C-36U.$
;-.&=&-2$"23$-0&72="=&-2$"07$;0-;-.73F$G176$"07$C-52373$ &2$-0370$ =-$ 07.;7,=$ =17$<"E&<5<$
#&<&=$-'$=17$",=5"=-0.$30&D&2>$=17$'#";;&2>$O&2>.F$/-07-D70*$=176$"07$D706$.&<;#7$"23$1"D7$"$



Attitude and Position Control of a Flapping Micro Aerial Vehicle 

$

557 

#-O$,-<;5="=&-2"#$,-.=*$O1&,1$<"H7.$=17<$.5&="C#7$'-0$7<C73373$&<;#7<72="=&-2.F$_7.&37.*$
=176$"07$&237;72372=$'0-<$=17$<-37#\.$;"0"<7=70.$#&H7$=17$&270=&"$<"=0&E*$'-0$7E"<;#7F$
G17$ ,-2=0-#$ #"O.$ "07$ 37.&>273$ 5.&2>$ =17$ "D70">73$ <-37#$ -D70$ "$ O&2>$ C7"=$ ;70&-3$ "23$
";;#&73$=-$=17$=&<7$D"06&2>$.6.=7<F$G1&.$.=0"=7>6$&.$7''&,&72=$'-0$1&>1X'07L572,6$.6.=7<.$#&H7$
'#";;&2>$ <&,0-$ "70&"#$ D71&,#7.]$ =17$ "70-362"<&,$ '-0,7.$ "23$ =-0L57.$ "''7,=$ =17$ "&0,0"'=U.$
C71"D&-0$ -2#6$ C6$ =17&0$<7"2$ D"#57.$ .&2,7$ =17$ C-36U.$ 362"<&,.$ "07$<5,1$ .#-O70$ =1"2$ =17$
'#";;&2>$O&2>.U$-27.F$$
G17$,1";=70$&.$-0>"2&I73$".$'-##-O.F$:2$.7,=&-2$9*$.-<7$<"=17<"=&,"#$C",H>0-523$&.$07,"##73F$$
:2$ .7,=&-2$ P*$ "$ .&<;#&'&73$ <-37#$ -'$ "$ '#";;&2>$ /?@$ &.$ ;0-;-.73F$ G17$ "D70">7$ <-37#$ &.$
,-<;5=73$&2$-0370$=-$37=70<&27$"23$=7.=$=17$,-2=0-#$#"O.F$G17$;0-C#7<$&.$.="=73$&2$.7,=&-2$[F$
:2$.7,=&-2$^*$"$C-52373$,-2=0-#$#"O$&.$;07.72=73$&2$-0370$=-$.="C&#&I7$=17$C-36\.$"==&=537F$G17$
,-2=0-#$-'$ =17$;-.&=&-2$&.$37D7#-;73$&2$.7,=&-2$NF$G17$3&<72.&-2.$-'$=17$'#";;&2>$/?@$"07$
>&D72$ &2$ .7,=&-2$ aF$ G17$ 07.5#=.$ -'$ .&<5#"=&-2.$ "23$ .-<7$ 0-C5.=27..$ =7.=.$ "07$ ;07.72=73$ &2$
.7,=&-2$bF$S&2"##6*$.7,=&-2$c$;07.72=.$.-<7$,-2,#5.&-2.$"23$&2=0-35,7.$'5=507$O-0H.F$

2. Mathematical Background 

:2$=17$;07.72=$;"0">0";1*$.-<7$37'&2&=&-2.$"23$;0-;70=&7.$5.73$&2$=1&.$O-0H$"07$07,"##73F$
G17$ C-36\.$ "==&=537$ &.$ 07;07.72=73$ C6$ L5"=702&-2$ AY15.=70*$ )ccPBF$ :=$ &.$ "$ D7,=-0$ -'$ '-50$

7#7<72=.$37'&2&2>$"$0-="=&-2$"C-5=$"2$"E&.$
%
7 -'$"2$"2>#7 ν F$:=$&.$>&D72$C6$$

$
K

,-.
L9L
L

.&2 7
9

ν& #
$ ! & #
$ != = $ !ν$ ! % "
$ !
% "

%
%

$ $A)B$

G17$L5"=702&-2$07.;7,=.$"$52&=$2-0<$37'&273$C6$=17$!"<&#=-2$.;",7$

$ 9 G
KdLeL L L )f= + =
% %

! $ A9B$

G17$&2D70.7$-'$"$52&=$L5"=702&-2$ L $&.$37=70<&273$C6$

$
GX) G

KL g L * X L( ), -
%

$ APB$

G17$;0-35,=$-'$=O-$L5"=702&-2.$ L $"23h *$07;07.72=73$C6⊗ *$&.$37'&273$C6$

$
G

G G
K K K KL h g AL h X L hB* AL h ih LiL hB( )⊗ ∧, -

% % %% % %
$ A[B$

G17$L5"=702&-2$700-0$37'&2&2>$=17$700-0$C7=O772$"$,50072=$-0&72="=&-2$>&D72$C6$"$L5"=702&-2$

L "23$"$37.&073$-27$>&D72$C6$ 3L &.$37=70<&273$C6$

$ X)
7 3L g L L⊗ $ A^B$

G17$0-="=&-2$<"=0&E$07;07.72=&2>$=17$0-="=&-2$-'$"2>#7 ν "C-5=$"E&. %7 &.$7E;07..73*$'52,=&-2$-'$
=17$L5"=702&-2*$C6$

$ $ ˆ9 G G
K P K%ALB g AL X L LB: i 9ALL iL LB
% % % %

$ ANB$
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`1707$$

$ PEP G%ALB YTAPB g d%ALB ] % ALB%ALB g :* 37=%ALB g )f∈ ∈" $ AaB$

?$L5"=702&-2$ L $"23$&=.$-;;-.&=7$ −L $37'&27$=17$."<7$"==&=537]$=176$1"D7$=17$."<7$0-="=&-2$
<"=0&EF$!72,7*$ =176$ 07;07.72=$ =O-$ 0-="=&-2.$ "C-5=$ "E&.

%
7 *$ -27$-'$ "2>#7$ ν "23$ =17$-=170$-'$

"2>#7$ ( )π − ν9 F$

?$.&>2$'52,=&-2$&.$37'&273$".$

$
) &' E K

.&>2AEB
) &' E K

≥.
= 1− <3

$ AbB$

?$,#"..&,"#$."=50"=&-2$'52,=&-2$&.$37'&273$C6$A/ &.$=17$."=50"=&-2$C-523B$

$ /

E &' E /
."= AEB g

/.&>2AEB &' E j/

. ≤0
1
03

$ AcB$

?$3&''7072=&"C#7$'52,=&-2*$C-52373$C7=O772$ 1± &.$37'&273$C6$

$
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9
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AEB g
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`1707$
9

) 9 P

) ) ) X 9 )
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= = + =

µ µ µ
F$ :'$ =17$ '52,=&-2$ &.$ C-52373$ C7=O772$ ±/ *$ =172$

/A B / A Bσ ⋅ = σ ⋅ F$
G17$370&D"=&D7$-'$σ &.$>&D72$C6$

$
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.
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?$#7D7#$'52,=&-2$&.$37'&273$C6$

$
/ &' E j W

AE*W*/B g
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.
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$ A)9B$

?2$&2=7>0"=-0$,1"&2$&.$"$.6.=7<$-'$=17$'-0<$

$
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1
3

'

'
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2
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Y6.=7<$A)PB$,"2$C7$,-2=0-##73$5.&2>$"$C-52373$,-2=0-#$#"O$ − ≤ ≤( (5 5 5 5.&2>$G77#\.$";;0-",1$

AG77#*$)cc9BF$G17$,-2=0-#$#"O$&.$=172$>&D72$C6$

$
2 2X) 9 )/ 2 / 2X) / 9 / )5 X."= A6 ."= A6 ."= A6 ."= A6 BB BB= + + …+ + … $ A)[B$

`1707$ H6 &.$37'&273$C6$

$
R

2X R 2 X&
&gK

Rl
6 g E

&lAR X &Bl
' $ A)^B$

G17$,-2=0-#$A)[B*$C-52373$C7=O772$ 2/± $>#-C"##6$.="C&#&I7$=17$.6.=7<$A)PB$'-0$ +<R R )
)

/ /
9

$

O&=1$ }{∈ −0R )* *2 ) *$=17$;-#7.$-'$=17$.6.=7<$"07$ ( )− −0)* * ) F$

G1&.$,-2=0-#$1".$C772$>7270"#&I73$C6$A/"0,1"23*$9KKPB$5.&2>$D"0&"C#7$."=50"=&-2$C-523.F$

$
2 2X) 2 2 2X) 9 P P 9 ) 9 9 )/ 2 A6 *W */ B 2 X) A6 *W */ B 9 A6 *W */ B )5 X."= A6 ."= A6 ."= A6 ."= A6 BB BBγ γ γ= + +…+ + … $ A)NB$

`1707$ γ R *$ }{∈ −0R )* *2 ) *$ &.$=17$#7D7#$'52,=&-2$37'&273$C6$A)9B*$O&=1$ = (2/ ] 5 *$ =R RW ] / '-0$

}{∈ 0R 9* *2 $"23$ +=R R )
)

/ W
)FKKKK)

'-0$ }{∈ −0R )* *2 ) *$ 2 &.$=17$&2=7>0"=-0$,1"&2$-0370F$

G17$ ,-2=0-#$ #"O$ A)PB$ 1".$ "#.-$ C772$>7270"#&I73$C6$ Am-12.-2$ "23$n"22"2*$ 9KKPB$ '-0$ "$;-#7$

;#",7<72=$"= ( )− − −0) 9 2" * " * * " F$G17$,--03&2"=7$=0"2.'-0<"=&-2$,"2$C7$O0&==72$".$

$
R

2 X R Ri) 2X&
&gK

6 g " ZAR*&BE R dK*k*2 X )f∈' $ A)aB$

`1707$ ZA R*&B &.$ "$ '52,=&-2$ 07;07.72=&2>$ =17$ .5<$ -'$ ;0-35,=$ ,-<C&2"=&-2$ -'$ =17$ .6.=7<\.$

;-#7.$Am-12.-2$"23$n"22"2*$9KKPBF$$

3. Micro Aerial Vehicle Model 

G17$ >-"#$ -'$ =1&.$ O-0H$ &.$ =-$ 37D7#-;$ #-O$ ,-<;5="=&-2"#$ ,-.=$ ,-2=0-#$ #"O.$ .5&="C#7$ '-0$
7<C73373$&<;#7<72="=&-2F$G17$,-<;#7=7$<-37#$-'$"$'#";;&2>$O&2>$/?@$O&##$C7$;07.72=73$
"=$'&0.=F$G172*$=1&.$<-37#$&.$.&<;#&'&73$.5,1$=1"=$&=$&.$C".73$-2#6$-2$=17$.=7"36$"70-362"<&,.$
"23$ -2$ "$ .&<;#7$ O&2>$ <-D7<72=$ ;"0"<7=70&I"=&-2F$ G17$ .&<;#&'&73$ <-37#$ &.$ "D70">73*$
=1707"'=70*$"23$5.73$=-$,-<;5=7$=17$,-2=0-#$#"O.F$$

3.1 Wings movement parameterization 

G17$'#";;&2>$O&2>$&.$,-2.&37073$".$"$0&>&3$C-36$"..-,&"=73$=-$"$'0"<7 OA0* = *2* * * Bψ φ θ
%% %

! $$A.77$

S&>F$)BF$G17$"E&.$
%
0 $&.$-0&72=73$'0-<$=17$O&2>$C".7$=-$&=.$=&;Q$=17$"E&.$

%
= $&.$;"0"##7#$=-$=17$O&2>$

,1-03*$-0&72=73$'0-<$=0"&#&2>$=-$ #7"3&2>$73>7$"23$=17$"E&.$
%
2 $&.$;70;723&,5#"0$ =-$ =17$O&2>$

;#"27$-0&72=73$.-$=1"=$=17$=1077X.&373$'0"<7$
%% %

A0* = *2B $&.$3&07,=F$G17$"2>#7.$ A * * Bψ φ θ $"07$5.73$
=-$ .;7,&'6$ =17$ ;-.&=&-2$ -'$ =17$ O&2>$ =10-5>1$ =1077$ 0-="=&-2.$ "C-5=$ =17$ O&2>.$ "E7.$
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%% %
A0* = *2B 07.;7,=&D7#6F!G17$'#";;&2>$"2>#7$ φ37'&27.$"2$5;$"23$3-O2$<-D7<72=$-'$=17$O&2>F$
G17$ 0-="=&-2$ "2>#7$ ψ 37'&27.$ "$ 0-="=&-2$ -'$ =17$ O&2>$ "C-5=$ &=.$ #-2>&=53&2"#$ "E&.$ "23$ =17$
37D&"=&-2$ "2>#7$ θ37'&27.$ =17$ -0&72="=&-2$ -'$ =17$ .=0-H7$ ;#"27F$ S50=170<-07*$ =17$ O&2>$ &.$
,1"0",=70&I73$ C6$ -=170$ ,-<;#7E$ ;172-<72"$ #&H7$ =17$ '#7E&-2$ "23$ =17$ =-0.&-2F$ S#7E&C&#&=6$
"##-O.$=17$O&2>$=-$C7$<-07$07.&.="2=$=-$=50C5#72,7$"23$;0-D&37.$"$>72=#70$'#&>1=$=1"2$"$."<7$
.&I7$ 0&>&3$ O&2>F$ G-0.&-2$ "##-O.$ =17$ O&2>$ =-$ =O&.=$ "23$ ;0-D&37.$ "70-362"<&,$ .="C&#&=6$
O&=1-5=$=17$2773$-'$"$="&#F$

G17$ O&2>.$ '0"<7.$ .1-5#3$ C7$ &237E73$ #7'=$ O
# # # # # # #A0 * = *2 * * * Bψ φ θ

%% %
! $ "23$ 0&>1=$

O
0 0 0 0 0 0 0A0 * = *2 * * * Bψ φ θ

%% %
! $'-0$=17$#7'=$"23$0&>1=$O&2>.$07.;7,=&D7#6F$

?2>#7.$ φ "23$ ψ $ "07$ "..5<73$ =-$ D"06$ ",,-03&2>$ =-$ ."O$ =--=1$ "23$ ;5#.7$ '52,=&-2.$
07.;7,=&D7#6*$.-$=1"=$=17$O&2>$,1"2>7.$&=.$-0&72="=&-2$"=$=17$723$-'$7",1$1"#'$.=0-H7$A.77$S&>F$
9BF$:2$-0370$=-$5.7$",=5"=-0.$'-0$9$37>077.$-'$'0773-<$-2#6*$=17$O&2>.$"07$.5;;-.73$=-$C7"=$&2$

=17$<7"2$ .=0-H7$ ;#"27Q$ =1707'-07$ "2>#7$ θ $ &.$ ="H72$ =-$ I70-F$ G17$ =7<;-0"#$ D"0&"=&-2$ -'$ =17$
O&2>.$"2>#7.$&.$>&D72$C6$A)bBF$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
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O1707$ .&>2 &.$37'&273$C6$AbB*$ G &.$=17$O&2>C7"=$;70&-3*$ κ &.$=17$0"=&-$-'$3-O2.=0-H7$350"=&-2$
=-$=17$O&2>C7"=$;70&-3*$ Kφ "23$ ψK "07$07.;7,=&D7#6$=17$"<;#&=537.$-'$'#";;&2>$"23$0-="=&-2$
"2>#7.F$G17$ #".=$ =O-$;"0"<7=70.$,-2.&37073$ '-0$ C-=1$ #7'=$ "23$ 0&>1=$O&2>.$O&##$ C7$ ="H72$ ".$
,-2=0-#$D"0&"C#7.*$".$7E;#"&273$&2$=17$'-##-O&2>F$
+-=7$=1"=$=1&.$.1-5#3$2-=$C7$52370.=--3$".$=17$07"#$<-D7<72=$-'$=17$O&2>*$C5=$".$"$07'7072,7$
&2;5=$-'$=17$",=5"=-0.F$G17$",=5"=-0.$=1"=$7E&.=$-2$=17$<"0H7=*$&2$;"0=&,5#"0$=17$;&7I-7#7,=0&,$
-27.*$1"D7$"$D706$ '".=$362"<&,.Q$ =17&0$ &2'#572,7$-2$ =17$/?@\.$<-D7<72=$ &.$ ,-2.7L572=#6$
"#<-.=$ 2-=$ 37=7,="C#7F$ G176$ -;70"=7$ &2$ "$ 07.-2"2=$ <-37*$ =15.$ 72.50&2>$ =17$$
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3.2 Aerodynamic Forces and Torques 
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3.3 Body’s dynamics 
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C-36$ &.$ =15.$ .5CR7,=$ =-$ =17$ "70-362"<&,$ '-0,7$ "23$ =-0L57*$ =17$ D&.,-5.$ "23$ >0"D&="=&-2"#$
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3.5 Saturation set 
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6.2 Stabilization of the lateral and vertical movements 
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`1707$$ A Bσ ⋅ &.$37'&273$C6$A)KBF$ 6D( "23 ID( .1-5#3$D70&'6$

$ 9 9
1 6 ID g D iAD i)B( ( ( $$$$$$$ A^NB$

1D( .1-5#3$ 07.;7,=$ =17$ ."=50"=&-2$ .7=$
E 1' * '

Ω &2$ -0370$ =-$ >5"0"2=77$ "3<&..&C#7$ O&2>.$ "2>#7.$

"<;#&=537.$ Kφ "23$ Kψ F$ S&2"##6*$ &2$ -0370$ =-$ 7D"#5"=7$ =17$ 37.&073$ "2>5#"0$ D7#-,&=6*$ =17$

370&D"=&D7$-'$ 6D "23 ID "07$,-<;5=73$
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$$A^bB$

A Bσ ⋅' $&.$37'&273$&2$A))B*$$ 60 "23$ I0 "07$,-<;5=73$C6$

$
6 1 )

I 1 )

0 g XD .&2A B

0 g D ,-.A B X )

η
η

$$$$$$$ A^cB$

G17$ ".6<;=-=&,$ .="C&#&=6$ -'$ [ cA; * *; B0 &.$ ;0-D73$ C".73$ -2$ Am-12.-2$ "23$ n"22"2*$ 9KKPQ$

/"0,1"23*$9KKPBF$

?;;#6&2>$ =17$ ;0-;-.73$ ,-2=0-#$ #"O*$ 38 8 K− → "23$ 3@ @ K− → F$ _6$<7"2.$ -'$ G17-07<$ )*$$

P8 8 H G− <
%

"23$ [@ @ H G− <
%

$'-0$ dP*[fH K> "23$G$=17$O&2>C7"=$;70&-3F$

7. MAV dimensions 

J&;=70"$&2.7,=$AJ53#76*$9KK9B$&.$=17$<-37#$"3-;=73$'-0$.&<5#"=&-2.F$:=$1".$"$<"..$-'$9KK<>$"23$
"$O&2>C7"=$ '07L572,6$ -'$ )KK!IF$ :=.$<"E&<5<$ '#";;&2>$ "2>#7$ "<;#&=537$ &.$ NKtF$ G17$O&2>$ &.$
.5;;-.73$ =-$ 0-="=7$ 5;$ =-$ cKt$ "C-5=$ &=.$ .;"2XO&.7$ "E&.F$ G17$O&2>.;"2$ "23$O&2>.$ .50'",7$ "07$

"..5<73$07.;7,=&D7#6$=-$9WgP,<$"23 9
O9Y )F)[,<= *$.-$=1"=$"$D70=&,"#$".,723"2=$<-D7<72=$

,"2$C7$",1&7D73$5.&2>$'#";;&2>$"2>#7.$"<;#&=537.$#-O70$=1"2$=17$<"E&<5<$D"#57.F$r.&2>$=17.7$

25<70&,"#$D"#57.*$"3<&..&C#7$.7=.$'-0$,-2=0-#$'-0,7.$
E 1' * '

Ω "23$=-0L57.$
) P*τ τΩ ,"2$C7$37'&273$APPBF$
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) P*τ τΩ 1".$ C772$ ";;0-E&<"=73$ =-$ =17$ #"0>7.=$ 7##&;.7$ 0V =1"=$ '&=.$ &2.&37$
) P*τ τΩ A.77$ S&>F$ ^B$ '-0$

,-<;5="=&-2$ .&<;#&'&,"=&-2$ 07".-2.F$ G1707'-07*$ =17$ ,-2=0-#$ =-0L57.$ .1-5#3$ 07.;7,=$ "2$

7##&;.-&3"#$"3<&..&C#7$ 0V .7=$37'&273$C6$

$ [ ] [ ]G) P 0 ) P8 )τ τ τ τ ≤ $$$$$$$ ANKB$

O1707$ 08 &.$;-.&=&D7$37'&2&=7$<"=0&E$07;07.72=&2>$=17$7##&;.7\.$.7<&X"E7.F$80",=&,"##6*$&'$ ) )τ ≥ τ( $
A[)B*$ )τ ,-5#3$C7$."=50"=73$=-$ )τ( "23$ P Kτ = F$G-$"D-&3$"$25##$6"O$,-2=0-#$=-0L57$&2$=1&.$,".7*$

aKp$-'$ )τ( $O&##$C7$"==0&C5=73$=-$ )τ *$ Pτ $O&##$C7$,-<;5=73$C6$ANKB$37'&2&2>$=172$"$.7=$ 0Ω $A.77$S&>F$

^BF$G1&.$,1-&,7$&.$R5.=&'&73$C6$=17$27,7..&=6$=-$C0&2>$=17$/?@$-2$=17$'#"=$A1-0&I-2="#$;#"27B$'&0.=F$

G17$"3<&..&C#7$.7=$-'$=105.=$"23$#&'=$'-0,7.$
E 1' * '

Ω &.$30"O2$&2$S&>F^F$:=$,"2$C7$";;0-E&<"=73$=-$

=17$ #"0>7.=$ .7<&X7##&;.7$ =V =1"=$ '&=.$ &2.&37$ A =V "#<-.=$ ,-&2,&37.$O&=1$
E 1' * '

Ω B*$ A =8 &.$ ;-.&=&D7$

37'&2&=7$<"=0&E$07;07.72=&2>$=17$7##&;.7\.$.7<&X"E7.B$

$

G

E 1 = E 1

1

' ' 8 ' ' )

' K

( ) ( ) ≤, - , -

≥
$$$$$$$ AN)B$

?$ '&E73$ ."=50"=&-2$ #7D7#$ &2.&37$ =V &.$ "==0&C5=73$ =- 1' .&2,7$ &=$O&##$ C7$37,-<;-.73$ &2$ 6<>D $

"23$ I<>D $ A'-0$ ,-<;5="=&-2$ .&<;#&'&,"=&-2$ 07".-2.BF$ G17$ ."=50"=&-2$ C-523$ &.$ ,-<;5=73$

.5,1$=1"=$<-07$;-O70$&.$"==0&C5=73$=-$=17$#&'=$.&2,7$&=$&.$"..-,&"=73$=-$=17$0-##$<-D7<72=$Accp$

-'$ =V \.$ D70=&,"#$ .7<&X"E&.$ &.$ "==0&C5=73$ =-$ 1<>D B]$ =17$/?@$ &.$ C0-5>1=$ =-$ =17$ 1-0&I-2="#$

;#"27$ 0";&3#6F$ G17$ ."=50"=&-2$ C-523
E<>D $ -'$ =17$ =105.= E' ."=&.'&7.$ =17$ .7<&X7##&;.7U.$

7L5"=&-2F$G17$."=50"=&-2$.7=$-'$=17$,-2=0-#$'-0,7.$&.$ =Ω F$

$ $

S&>507$^F$u"O$=-0L57$D70.5.$0-##$=-0L57$A#7'=B*$37'&2&2>$=17$."=50"=&-2$.7=$
) P*τ τΩ $A3".173$C#57$

#&27B$";;0-E&<"=73$=-$"2$7##&;.7$
0V $A073$3-=X3".173$#&27B$=172$=-$"$.7=$

0Ω $A>0772$,-2=&25-5.$

#&27BF$W&'=$D70.5.$=105.=$A0&>1=B*$37'&2&2>$=17$."=50"=&-2$.7=$
E 1' * '

Ω ";;0-E&<"=73$=-$"$.7<&X

7##&;.7$ =V *$=1"=$"#<-.=$,-&2,&37.$O&=1$
E 1' * '

Ω $A073$3-=X3".173$#&27B*$=172$=-$=17$.7=$ =Ω $A>0772$

,-2=&25-5.$#&27B$
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8. Simulations and robustness tests 

G17$,-2=0-#$#"O.$"07$=7.=73$&2$.&<5#"=&-2.$5.&2>$=17$,-<;#7=7$<-37#F$G17$&2&=&"#$;-.&=&-2$&.$
A)<*$)<*$X)<B$"23$=17$&2&=&"#$-0&72="=&-2$AX[Kt*$X9^t*$^KtBF$G17$,1-&,7$'-0$=17$;-#7.$;#",7<72=$

&.$ =17$ '-##-O&2>]$
E E E) 9 PA " * " * " B A P* P* PB− − − = − − − $ '-0$ =17$ '-0O"03$ 3&<72.&-2*$

6 6 6) 9 PA " * " * " B A PF^* PF^* PF^B− − − = − − − $'-0$=17$#"=70"#$-27*$"23$
I I I) 9 PA " * " * " B A 9F^* 9F^* 9F^B− − − = − − − $

'-0$=17$D70=&,"#$-27F$
G17$7D-#5=&-2$-'$=17$#&27"0$;-.&=&-2$"23$D7#-,&=6$"23$=17$,-2=0-#$'-0,7.$"07$.1-O2$&2$S&>F$NF$
J57$ =-$ =17$ ;-#7.$ ;#",7<72=*$ =17$ .6.=7<\.$ 362"<&,.$ "07$ ",,7#70"=73$ O1&,1$ ,"5.7.$ "2$

-D70.1--=F$G17$."=50"=&-2$C-523$-'$=17$,-2=0-#$=105.=$ E' 37;723.$-2$=17$D"#57$-'$=17$,-2=0-#$

#&'=$ 1' F$_7.&37.*$ 1' 3-7.$2-=$,-2D70>7$=-$K$C5=$=-$<>$&2$-0370$=-$C"#"2,7$=17$/?@\.$O7&>1=$

A&2$ 1-D70&2>$ <-37BF$ G17$ 0-##*$ ;&=,1$ "23$ 6"O$ "2>#7.*$ "2>5#"0$ D7#-,&=&7.$ "23$ =17$ ,-2=0-#$
=-0L57.$"07$;#-==73$-2$S&>F$aF$G17$37;72372,7$-'$=17$0-##*$#"=70"#$"23$D70=&,"#$<-D7<72=.$,"2$
C7$,#7"0#6$2-=&,73F$G17$O&2>.$"2>#7.$"<;#&=537.$"07$;07.72=73$-2$S&>F$bF$

8.1 Robustness with respect to external disturbances!!
G17$7E=702"#$3&.=50C"2,7.$"07$"..&<&#"=73$=-$7E=702"#$'-0,7.$"23$=-0L57.$";;#&73$=-$=17$C-36F$
G17$ /?@$ &.$ ;70=50C73$ "=$ =ga.$ 350&2>$ )K$ O&2>C7"=$ ;70&-3.F$ G17$ <">2&=537$ -'$ =17$

3&.=50C"2,7.*$ -D70$ =17$ =1077$ "E7.*$ &.$ P P PA^F)K *^F)K *PF)K B+− − − '-0$ =17$ '-0,7.$ "23$

^ ^ ^APF)K *PF)K *PF)K B+ <− − − ⋅ '-0$=17$=-0L57.*$D"#57.$,-2.&37073$&2$ <
! $F$+-=7$=1"=$"$0"&2$30-;$

O7&>1.$"C-5=$ N^F)K +− A"#<-.=$)KKK$=&<7.$#&>1=70$=1"2$=17$3&.=50C"2,7BF$Y5,1$1&>1$D"#57.$-'$

=17$3&.=50C"2,7.$"07$.&<5#"=73$=-$.1-O$=17$&<;-0="2,7$-'$=17$."=50"=&-2.$&2$=17$3&D70>72,7$
"D-&3"2,7F$VD72$=1-5>1$=17$3&.=50C"2,7$&.$=17$#-O7.=$"#-2>$=17$D70=&,"#$"E&.*$&=.$&2'#572,7$-2$
=17$ D70=&,"#$<-D7<72=$ &.$ =17$ 1&>17.=$ AS&>F$ cBF$ G17$ ,-2=0-#$ =-0L57.$ "23$ '-0,7.$ ,--;70"=7$ &2$
-0370$=-$-D70,-<7$=17$3&.=50C"2,7.$"23$72.507$.="C&#&=6F$G176$07",1$=17$."=50"=&-2$C-523.$
&2$-0370$ =-$5.7$ =17&0$<"E&<5<$;-O70$ AS&>F$c*$)K$"23$))BF$G17$7D-#5=&-2$-'$ =17$"2>#7.$"23$
"2>5#"0$ D7#-,&=6$ AS&>F$ )KB$ I--<73$ "0-523$ =17$ ."=50"=&-2$ AS&>F$ ))B$ .1-O.$ =1"=$ =17$ /?@$
7E7,5=7.$<"26$ =502.$ "0-523$ &=.$ "E7.*$ =17$ "2>5#"0$ D7#-,&=6$ 07",17.$ D706$ 1&>1$ D"#57.F$ G17$
07#"=&-2$C7=O772$ =17$ 0-##$ "23$ =17$6"O$ ."=50"=&-2$C-523.$ &.$ .1-O2$ ,#7"0#6$ -2$S&>F$ ))F$G17$
3&.=50C"2,7$&.$"#.-$37=7,="C#7$-2$=17$O&2>.$"2>#7.$"<;#&=537.$O1&,1$."=50"=7$AS&>F$)9BF$$

8.2 Robustness with respect to aerodynamic errors 
G17$ 0-C5.=27..$ -'$ =17$ ,-2=0-#$ #"O$ &.$ "#.-$ =7.=73$ '-0$ "$ C"3$ 7.=&<"=&-2$ -'$ =17$ "70-362"<&,$
,-7''&,&72=$ Z*$ H2-O2$ =-$ C7$ 3&''&,5#=$ =-$ &372=&'6F$ G1&.$ ;0-;70=6$ &.$ 7..72=&"#$ '-0$ 07"#$ =&<7$
&<;#7<72="=&-2$ O1707$ =17$ '#";;&2>$/?@$ ,"2$ 7E7,5=7$<&..&-2.$ &2$ 3&''7072=$ "07".$ 1"D&2>$
3&''7072=$"70-362"<&,$,1"0",=70&.=&,.F$?2$"33&=&D7$700-0$&.$&2=0-35,73$=-$Z$$

$ 3&.=Z Z Z= − ∆ $$$$$$$ AN9B$

O1707$ Z∆ $&.$"$.=-,1".=&,$;"0"<7=70$.5CR7,=$=-$"$52&'-0<$3&.=0&C5=&-2*$.5,1$=1"=$Z3&.=$D"0&7.$

O&=1&2$=17$&2=70D"#$v9*$PF^wF$?$3&''7072=$D"#57$-'$ Z∆ $&.$";;#&73$"=$7",1$O&2>C7"=$;70&-3F$Y5,1$

"$ L5&,H$ D"0&"=&-2$ -'$ =17$ "70-362"<&,$ ,-7''&,&72=$ &.$ 2-=$ 07"#&.=&,Q$ &=$ &.$ .&<5#"=73$ -2#6$ =-$
7<;1".&I7$ =17$ ,-2=0-#$ #"O$ 0-C5.=27..F$ G17$ &2'#572,7$ -'$ =17$ "70-362"<&,$ ,-7''&,&72=$
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D"0&"=&-2$ &.$ .1-O2$ &2$ S&>F$ )P$ "23$ )[F$ G17$ .=-,1".=&,$ ".;7,=$ ,"2$ C7$ .772$ -2$ =17$ D70=&,"#$

;-.&=&-2$8I$"23$D7#-,&=6$@I$C7.&37.$=17$#&'=$'-0,7$ 1' F$G17$,-2=0-#$#&'=$1".$=172$"$>07"=70$D"#57$

( )1' <>> $"=$,-2D70>72,7$&2$-0370$=-$C"#"2,7$=17$0735,=&-2$-'$=17$"70-362"<&,$,-7''&,&72=F$

9. Conclusions and future works 
G17$;07.72=$,1";=70$1".$;07.72=73$"$27O$.=0"=7>6$-'$,-2=0-##&2>$'#";;&2>$/?@.F$:=$&.$C".73$
-2$ "$ C-52373$ .="=7$ '773C",H$ ,-2=0-#$ -'$ =17$ '-0,7.$ "23$ =17$ =-0L57.F$G17$ ,-2=0-#$ ="H7.$ &2=-$
,-2.&370"=&-2$=17$."=50"=&-2$-'$=17$",=5"=-0.$30&D&2>$=17$'#";;&2>$O&2>.F$G176$"07$C".73$-2$
=17$=17-06$-'$,".,"37*$"&<&2>$=-$.="C&#&I7$=17$"==&=537$-'$=17$/?@*$O1&#7$30&D&2>$=17$C-36$=-$
"$37.&073$;-.&=&-2*$"..-,&"=&2>$=17$=0"2.#"=&-2"#$<-D7<72=$=-$=17$0-="=&-2"#$-27F$G17$,-2=0-#.$
"07$ 7E=07<7#6$ #-O$ ,-.=*$ =1707'-07$ .5&="C#7$ '-0$ "2$ 7<C73373$ &<;#7<72="=&-2F$ G176$ "07$
,-<;5=73$5.&2>$"$.&<;#&'&73$<-37#$-'$"$'#";;&2>$/?@$A"D70">73$-D70$"$O&2>C7"=$;70&-3BF$
G1&.$<-37#$&.$C".73$-2#6$-2$=17$.=7"36$"70-362"<&,.F$G17$,-2=0-#$#"O.$"07$";;#&73$"=$7",1$
O&2>C7"=$ ;70&-3F$ J&''7072=$ 0-C5.=27..$ =7.=.$ "07$ ;70'-0<73*$ 7.;7,&"##6$ O&=1$ 07.;7,=$ =-$ =17$
.&<;#&'&,"=&-2.$ "3-;=73$ &2$ =17$ ;0-;-.73$ <-37#*$ C7.&37.$ 7E=702"#$ 3&.=50C"2,7.*$ <-37#&2>$
700-0.*$;"0"<7=70.$52,70="&2=&7.*$7=,F$

$

$

$

S&>507$NF$G17$#&27"0$;-.&=&-2$A#7'=B$"23$D7#-,&=6$A0&>1=B$-'$=17$/?@$"23$=17$,-2=0-#$'-0,7.$
AC-==-<B*$=17$."=50"=&-2$C-523.$"07$;#-==73$O&=1$=17$073$3".173$#&27$

S5=507$O-0H.$ ,-2.&.=$ -'$ 37D7#-;&2>$ C-52373$ ,-2=0-#$ #"O.$ C".73$ 3&07,=#6$ -2$ "$<&2&<5<$
25<C70$-'$.72.-0.$<7".507<72=.$&2$-0370$=-$72.507$=17$.="C&#&=6$&2$=1077$3&<72.&-2.F$
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$

S&>507$aF$G17$0-##*$;&=,1$"23$6"O$"2>#7.$A#7'=B*$"2>5#"0$D7#-,&=6$A<&33#7B$"23$=17$,-2=0-#$
=-0L57.$A0&>1=B$-'$=17$/?@F$G17$;&=,1$"23$6"O$,-<;-272=.$"07$I--<73$=-$=17$'&0.=$9.$

$

$

$

$

S&>507$bF$G17$72D7#-;.$-'$=17$'#";;&2>$"23$0-="=&-2$"2>#7.$"<;#&=537.$



Aerial Vehicles 

$

576 

$

S&>507$cF$%-C5.=27..$O&=1$07.;7,=$=-$7E=702"#$3&.=50C"2,7.]$VD-#5=&-2$-'$=17$#&27"0$;-.&=&-2$
A#7'=B$"23$D7#-,&=6$A0&>1=B$"23$=17$,-2=0-#$'-0,7.$AC-==-<B$

$

$

$

S&>507$)KF$%-C5.=27..$O&=1$07.;7,=$=-$7E=702"#$3&.=50C"2,7.]$VD-#5=&-2$-'$=17$0-##*$;&=,1$"23$
6"O$"2>#7.$A#7'=B*$=17$"2>5#"0$D7#-,&=&7.$A<&33#7B$"23$=17$,-2=0-#$=-0L57.$A0&>1=B$
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$

S&>507$))F$%-C5.=27..$O&=1$07.;7,=$=-$7E=702"#$3&.=50C"2,7.]$VD-#5=&-2$-'$=17$0-##*$;&=,1$"23$
6"O$"2>#7.$A#7'=B*$=17$"2>5#"0$D7#-,&=&7.$A<&33#7B$"23$=17$,-2=0-#$=-0L57.$A0&>1=B$I--<73$
"0-523$=17$3&.=50C"2,7$

$

S&>507$)9F$%-C5.=27..$O&=1$07.;7,=$=-$7E=702"#$3&.=50C"2,7.]$G17$72D7#-;.$-'$=17$O&2>.$
"2>#7.$"<;#&=537.$
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$

S&>507$)PF$%-C5.=27..$O&=1$07.;7,=$=-$=17$"70-362"<&,$,-7''&,&72=]$VD-#5=&-2$-'$=17$#&27"0$
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2. MILP as a method for trajectory planning of UAVs  
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2.1 Dynamic constraints 
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2.2 Obstacles avoidance constraints 
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2.3 Target reaching constraints 
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2.4 Radars avoidance constraints 
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2.5 Constraints for targets within radar zone 

m>70% E>7% A2B% <(#E% -7/?>% /% E/-J7E% H=E>=0% /% -/1/-% )"07+% E>7% 17E7?E="0% -=#P% <(#E% D7%
<=0=<=)71&% X"% /11-7##% #(?>% /% #=E(/E="0% H7% >/37% (#71% /% <"17.% D/#71% "0% =17/.=)=0J%
J7"<7E-=?/.%/01%I>G#=?/.%A2B%I-"I7-E=7#%@:(-I>7G%7E%/.&+%8MM_C&%X>7%<"17.%/##(<7#%E>/E%=0%
E>7%-/1/-%)"07%E>7%A2B%/II-"/?>7#% E"%E>7% E/-J7E%>".1=0J%/% F=S71%>7=J>E% @0C&%X>7%17E7?E="0%
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-=#P%"%=#%I-"I"-E="0/.%E"%E>7%A2Bn#%';U+' σ +%-7?=I-"?/.%E"%E>7%F"(-E>%I"H7-%"F%E>7%1=#E/0?7%
D7EH770%E>7%A2B%/01%E>7%-/1/-+% E- /01%=017I70170E%"F%E>7%A2B%#I771%@]=J(-7%_C&%%

% σ= Nc E" - % @oC%

X>7% A2B% =#% ?"0#=17-71% E"% D7% /0% 7..=I#"=1% H=E>% E>7% /S=#% "F% #G<<7E-G% 17E7-<=0=0J% E>7%
1=-7?E="0%"F%E>7%A2B%E-/67?E"-G%@:(-I>7G%7E%/.&+%8MM_C&%%
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%
+%/#%#>"H0%=0%]=J(-7%_&%X>7-7F"-7+%E>7%E*=%=#%J=370%DGZ%

% σ = L= % @*MC%

m>7-7% k %17I701#%"0%E>7%-/1/-%E7?>0=?/.%?>/-/?E7-=#E=?#+%/01%=% =#% E>7%7..=I#"=1n#%I-"67?E="0%
J=370%DG%aO0&**&%

% π β β= +8 8 8 8#=0 ?"#= 2 C % @**C%

'%%=#%E>7%/0J.7%D7EH770%37?E"-#%
%
E- /01%

%
9 !"37."?=EGC!"/01%E>7%7..=I#"=1%=#%17F=071%DG%#7<=K/S=#%

2%/01%C&%2#%E>7%/.E=E(17%=#%F=S71%@0N+%'%%H=..%D7%/%F(0?E="0%"F%I+%:+%9I+%/01%9:+%E>70%E>7%17E7?E="0%
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1

" 2 I % C : % / 9 % 4 9 % # % % @*_C%
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X>7% ?"7FF=?=70E#% /-7% ?/.?(./E71% DG% #7.7?E=0J% F=37% I"=0E#% "37-% E>7% >GI7-K#(-F/?7% "F%"+% /01%
#".3=0J%E>7%?"--7#I"01=0J%#G#E7<%"F%7O(/E="0#&%]=J&%N%#>"H#%E>7%"-=J=0/.%F(0?E="0%"%/01%E>7%
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I=7?7H=#7%%/II-"S=</E="0%%"P&%X>7%-7./E=37%7--"-%"F'"%/?>=7371%H=E>%E>=#%/II-"S=</E="0%H/#+%
F"-%E>7%=<I.7<70E71%0(<D7-%"F%.=07/-=)/E="0+%(017-%`r&%

%

]=J(-7%N&%'/1/-%17E7?E="0%F(0?E="0%Q@S+GC%/01%=E#%.=07/-=)71%-/1/-%F(0?E="0%Q[@S+GC%

3. Trajectory generation using A* 

YE% =#%H7..%P0"H0% E>/E% E>7%2\% =#% /%J707-/.%2Y% #7/-?>%/.J"-=E><%H>=?>% =#%>=J>.G%?"<I7E=E=37%
H=E>%"E>7-%I/E>%F=01=0J%/.J"-=E><#+%/01%G7E%37-G%7/#G%E"% =<I.7<70E%@:7.?>="-%7E%/.&+%8MM_d%
U)?)7-D/%7E%/.&+%8MMMd%X-"3/E"+%*oo^C%&%]"-%A2BR#%E-/67?E"-G%J707-/E="0%=E%>/#%E>7%/13/0E/J7%E"%
I-7#70E%/%J""1%I7-F"-</0?7%H>70%E>7%E7--/=0%=#%O(=E7%=--7J(./-%/01%E>7%</0"7(3-7#%<(#E%D7%
1"07%?."#7%E"%E>7%J-"(01R#%#(-F/?7&%X>7%</=0%1-/HD/?P%=#%=E#%>=J>%?"<I(E/E="0/.%?"#E%=0%_Q%
I/E>% I./00=0J% I-"D.7<#+% D(E% =E% =#% -7/#"0/D.7% E"% 17/.% H=E>% E>=#% F/?E% H>70% /0% /II-"I-=/E7%
#?/.=0J%=#%1"07&%Y0%E>7%?/#7%(017-%#E(1G%E>7%2\%/.J"-=E><%>/#%D770%<"1=F=71%E"%/1/IE%=E%/01%
=<I-"37% =E#% ?/I/D=.=E=7#% E"% "IE=<=)7% E-/67?E"-=7#% F"-% A2B#% (017-% ?"01=E="0#% .=P7% 0"KF.=J>E%
)"07#+% #?/-I71% E7--/=0#+% /01% -/1/-#+% /.#"% ?/..71% 2QA#% @/=-% 17F70?7% (0=E#C% H>=?>% <=J>E%
/II7/-%1G0/<=?/..G%1(-=0J%E>7%F.=J>E&%X>7%<"1=F=?/E="0#%1"07%E"%E>7%"-=J=0/.%2\%/.J"-=E><%
/-7%</=0.G%."J=?/.%-7#E-=?E="0#%H>=?>%73/.(/E7%H>7E>7-%E>7%#(??7##"-#%"F%737-G%I"##=D.7%0"17%
"F% E>7% A2BR#% E-/67?E"-G% D(=.1% /%<=0=<(<% E(-0=0J% -/1=(#% ?(-37+% H>=.7% /3"=1=0J% I>G#=?/.%
"D#E/?.7#%/01%E>-7/E#&%

3.1 Flying direction constraint 
X>7%?"0#E-/=0E%=<I"#71%"0%E>7%F.G=0J%1=-7?E="0%=#%E>7%?"<I(E/E="0%"F%E>7%/0J.7%D7EH770%E>7%
/--=3=0J%1=-7?E="0%/01%737-G%I"##=D.7%17I/-E=0J%1=-7?E="0+%F"-%/..%E>7%0"17#%"F%E>7%E-/67?E"-G&%

X>7%/0J.7%φ =#%?/.?(./E71%#(II"-E71%DG%E>7%17F=0=E="0%"F%E>7%1"E%I-"1(?E%@*oC&%
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% @*oC%

,0.G% #(??7##"-#% H=E>% /0J.7% 3/.(7#% .7##% E>/0% /% E>-7#>".1% @#7E% E"% c8π % =0% E>=#% H"-PC% /-7%

/.."H71% 1(-=0J% E>7% 7SI/0#="0&% ]=J&% `% #>"H#% /% 8Q% 3=7H% "F% E>7% #I/?7% 7SI."-71% DG% E>7% 2\%
/.J"-=E><%H>70%I(E%(017-%E>=#%?"01=E="0&%



UAV Trajectory Planning for Static and Dynamic Environments 

%

589 

%

]=J(-7%`&%e"17#%7SI."-71%DG%E>7%_Q%2\%/.J"-=E><%

X>=#%<"1=F=?/E="0% 0"E% "0.G% =0E701#% E"% 7<(./E7% E>7% F=S71%H=0J#% /=-?-/FE% .=<=E/E="0% E"% E(-0%
=<<71=/E7.G% /-"(01% H>70% F.G=0J% /E% >=J>% #I771#+% D(E% /.#"% -71(?7#% E>7% ?"<I(E=0J% E=<7%
D7?/(#7%E>7%/.J"-=E><%7SI/01#%%.7##%0"17#%E>/0%"-=J=0/.%37-#="0&%

3.2 UAV’s inertia constraint 
X>7%7S=#E70?7%"F%H/GI"=0E#%=0%E>7%17#=J071%<=##="0#%.7/1#%(#%E"%=<I"#7%/%#7E%"F%?"01=E="0#%"F%
?"0E=0(=EG% "0% E>7<+% F"-% E>7% P=07</E=?/.% 7SI-7##="0#% "F% E>7% A2B% @8MC+% /01% "37-% /..% E>7%
I/##/J7#%F-"<%"07%#7?E="0%E"%E>7%07SE%"07&%
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X>=#%=#%<"17..71%H=E>=0%E>7%2\%/.J"-=E><%DG%?"0#E-/=0=0J%E>7%F=-#E%0"17%E"%7SI/01%F-"<%7/?>%
H/GI"=0E%/??"-1=0J%E"%E>7%=0=E=/.%?"01=E="0#&%X>(#+%E>7%=0=E=/.%F.G=0J%1=-7?E="0%=#%J=370%E"%E>7%
/.J"-=E><%#"%=E%?/0%I-"67?E%=E%"0E"%/..%E>7%I"##=D.7%1=-7?E="0#%E"H/-1#%E>7%7SI/0171%0"17#&%
X>7% I-"67?E="0% H=E>% E>7% >=J>7#E% 3/.(7% =#% #7.7?E71+% /01% 17E7-<=07#% E>7% 07SE% 0"17% E"% D7%
=0?"-I"-/E71%E"%E>7%E-/67?E"-G&%X>=#%<"1=F=?/E="0%"0%E>7%/.J"-=E><%E-=7#%E"%<"17.%E>7%A2BR#%
=07-E=/+% /01% E>7% D7>/3="-% "F% E>7% -7#(.E=0J% E-/67?E"-G% 17I701#% "0% E>7%2\% -7#".(E="0+%H>=?>%
#>"(.1%D7%I-"I7-.G%?/.=D-/E71%H=E>%E>7%#=)7%"F%E>7%#?70/-="%/01%E>7%A2BR#%#I771&%%

3.3 Refinement of the A* space 

X>7%-7#".(E="0%"F%E>7%2\%#I/?7%=#%-7./E71%E"%E>7%-/E="%D7EH770%E>7%E"E/.%0(<D7-%"F%0"17#%/01%

E>7% #=)7%"F% E>7% F.G=0J% #I/?7&%]"-%7S/<I.7+% /%17F=071% ."0J=E(1=0/.%170#=EG% 1ρ % /."0J% E>7% 1KE>%
/S=#%H=..%D7%E>7%E"E/.%0(<D7-%"F%0"17#%K1%?>"#70%E"%-7I-7#70E%E>/E%-7/.%1=<70#="0%=0E"%E>7%2\%
#I/?7+%"37-%E>7%E"E/.%.70JE>%P1%"F%E>7%#?70/-="%"0%E>=#%/S=#%@8*C&%
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]-"<%E>=#%17F=0=E="0%=E%=#%I"##=D.7%E"%=0F7-%E>/E%E>7%<"-7%E>7%0(<D7-%"F%0"17#%=0%E>7%2\%#I/?7%
E>7%>=J>7-%E>7%-7#".(E="0%"F%E>7%/.J"-=E><&%L"H737-+%E>7-7%=#%/0%=<I"-E/0E%.=<=E/E="0%F"-%E>7%
#7.7?E71%-7#".(E="0+%D7?/(#7%E>=#%"07%?/--=7#%/%?"<D=0/E"-G%"F%E>7%"-17-%sK1_%H>70%.""P=0J%
F"-%E>7%"IE=<(<%I/E>&%]"-%#I/?7#%H=E>%/II-"S=</E7.G%*MM%0"17#%I7-%1=<70#="0%E>=#%-7#(.E#%
=0% /% >=J>% ?"<I(E/E="0/.% ?"#E&% V(E% /% ."H7-% -7#".(E="0%<=J>E% D7% 0"E% 70"(J>%H>70% (#71% E"%
-7I-7#70E% /% #I/?7% H=E>% #(-F/?7% =--7J(./-=E=7#&% X"% #/37% ?"<I(E=0J% E=<7% H=E>"(E% .""#=0J%
=0F"-</E="0%"F%E>7%E7--/=0%H7%>/37%?/--=71%"(E%/%F=07%#/<I.=0J%D7EH770%7/?>%I/=-%"F%0"17#%
7SI/0171%DG%E>7%/.J"-=E><+%/#%#770%=0%]=J&%^&%

%

%

]=J(-7%^&%Y<I-"3=0J%E>7%-7#".(E="0%H=E>%/%F=07-%#/<I.=0J%D7EH770%0"17#%"F%E>7%2\%#I/?7%

X>7% #/<I.=0J% =0E-"1(?7#% /% ?"<D=0/E"-G% "F% E>7% "-17-% sK18% E"% E>7% #7/-?>=0J% E/#P% "F% E>7%
/.J"-=E><%E>/E+%E>/0P#%E"%E>=#%<"1=F=?/E="0%"0.G%.""P#%F"-%E>7%?""-1=0/E7#%"F%E>7%#I/?7%=0%E>7%
UVW% I./07+% /01% ?"<I/-7#% E>7% #/<I.=0J% I"=0ER#% >7=J>E%H=E>% E>7% /.E=E(17% "F% E>7% #(-F/?7+% E"%
1=#?-=<=0/E7% 0"17#% E>/E% ?"(.1% >=17% /D-(IE% ?>/0J7#% "F% E>7% #"=.R#% I-"F=.7+% .=P7% ?.=FF#% "-%
<"(0E/=0% I7/P#&% Y0% E>=#% H/G% E>7% /.J"-=E><% -7</=0#% ?"<I(E/E="0/..G% D7/-/D.7% H>=.7% E>7%
#(-F/?7%=#%=0?.(171%=0%E>7%I/E>%I./00=0J%H=E>%/0%/??7IE/D.7%-7#".(E="0&%

4. Modification of  trajectories in dynamic environments 

X>7% #?70/-="% (017-% #E(1G% =#%</17% (I% "F% "07%A2B+% 0"KF.=J>E% )"07#+% "D#E/?.7#% @D(=.1=0J#C+%
E7--/=0+%F=S71%2QA#+%/01%I"IK(I%2QA#%/#%1G0/<=?%7.7<70E#&%X>7%(0?7-E/=0%/II7/-/0?7%"F%
E>7#7% ./#E% 7.7<70E#% 70?"(-/J7#% E>7% #7/-?>%"F% /% -"(E=07% E"%"IE=<=)7%17?=#="0#%</17%1(-=0J%
I./00=0J%E=<7%/01+%=F%I"##=D.7+%"0%.=07+%17I701=0J%"0%>"H%E>7%<=##="0%=#%73".3=0J%=0%E=<7&%
]=J&% k% #>"H#% E>7% H/G% E>7% A2B% (I1/E7#% =0F"-</E="0% /D"(E% I-73="(#.G% P0"H0% 1G0/<=?%
7.7<70E#%/01%-7K./(0?>% E>7%17?=#="0%</P=0J% Y[5%-"(E=07% =F%077171+%"-%7370%1=#?"37-#%07H%
I"IK(I#% /01+% =F% =E% >/#% 70"(J>% ?"<I(E=0J% -7#"(-?7#+% -7K7S7?(E7#% E>7% I./00=0J% F-"<% E>7%
DGI/##=0J%(I%E"%E>7%17?=#="0%</P=0J%I-"?7##+%E-G=0J%E"%F".."H%/J/=0%E>7%</=0%E-/67?E"-G&%
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]=J(-7%k&%[/G"(E%"F%E>7%I/E>%J707-/E"-%

X>7% "-=J=0/.% E-/67?E"-G% =#% <"1=F=71% /??"-1=0J% E"% /% 17?=#="0% H>=?>% =#% </17% D/#71% "0% E>7%
F".."H=0J%E>-77%7.7<70E#Z%<7/0%-=#P+%F.G=0J%E=<7+%/01%F(7.%?"0#(<IE="0&%X>7%Y[5%F"-<(./E="0%
?"<I(E7#%E>7%"IE=<(<%/.E7-0/E=37#%E"%D7%?>"#70%@'()%7E%/.&+%8MMkC&%

4.1 Cumulative mean risk parameter 

m7%#E/-E%F-"<%E>7%?"<I(E/E="0%"F%E>7%P=..%I-"D/D=.=EG%@BOC%"0%7/?>%I"=0E%"F%/%E-/67?E"-G+%F-"<%
H>=?>%/%<7/#(-7%"F%E>7%?(<(./E=37%<7/0%-=#P%F"-%E>/E%I/-E=?(./-%E-/67?E"-G%=#%?"<I(E71&%X>=#%
?"<I(E/E="0%"F%E>7%I-"D/D=.=EG%"F%P=..%?/0%D7%</17%DG%/0G%/3/=./D.7%/0/.GE=?/.+%#E/E=#E=?/.+%"-%
7370%7<I=-=?/.%<"17.%"F%E>7%=0E7-/?E="0#%D7EH770%E>7%/=-?-/FE%/01%E>7%707<G%17F70?7%(0=E#+%
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4.2 Cumulative flying time parameter 
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4.3 Cumulative fuel factor parameter 
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4.4 Decision making module 

Y0%737-G%<=##="0%E>7%I/E>%17#=J07-#%<=J>E%?"(0E%H=E>%37-G%/??(-/E7%=0F"-</E="0%/D"(E%<"#E%
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6. Conclusions and future work 

m7%>/37%I-7#70E71% E>7% E-/67?E"-G%J707-/E="0%<"1(.7%"F%U52U2U+%/0% =0E7J-/E71%#G#E7<%F"-%
17F=0=E="0%"F% F.=J>E%#?70/-="#+% F.=J>E%I./00=0J+%#=<(./E="0%/01%J-/I>=?%-7I-7#70E/E="0%"F% E>7%
-7#(.E#%1737."I71%/E%;"<I.(E70#7%A0=37-#=EG%"F%:/1-=1&%X>7%<"1(.7%(#7#% EH"%/.E7-0/E=37%
<7E>"1#+%:Y[5%/01%/%<"1=F=?/E="0%"F% E>7%2\%/.J"-=E><+%/01%?"0#=17-#%#E/E=?%/01%1G0/<=?%
703=-"0<70E/.%7.7<70E#+%I/-E=?(./-.G%I"IK(I#&%V"E>%<7E>"1#%>/37%D770%=<I.7<70E71%/01%/%
:"0E7%;/-."%#=<(./E="0%H/#%1"07%E"%73/.(/E7%E>7%17?=#="0%</P=0J%#E-/E7JG%I-"I"#71&%%
X>7% -7#(.E#% #>"H71% E>7%/13/0E/J7#%"F% ?>""#=0J% E>7%"IE=<(<%17?=#="0%I./0% E>/E% ?"0#=17-#%
E>7% P0"H0% 3/.(7#% "F% E>7% I-"D/D=.=EG% "F% /II7/-/0?7% "F% I"IK(I% E>-7/E#% =0% E>7% F(E(-7&% X>7%
I"##=D=.=EG% E"% (I1/E7% E>7% =0F"-</E="0% ?"0?7-0=0J% E>7% I"IK(IR#% /II7/-/0?7% I-"D/D=.=E=7#+%
/3/=./D.7% F(7.+% E=<7+% /01% 7370% E>7% /##(<71% -=#P+% /01% E>70% -7K./(0?>% /% 17?=#="0% </P=0J%



UAV Trajectory Planning for Static and Dynamic Environments 

%

599 

-"(E=07%E"%"IE=<=)7%E>7%?>"#70%/.E7-0/E=37#%>/#%D770%I-"370+%#=0?7%E>7%Y[5%<"17.%I-"3=17#%/%
#".(E="0%/FF"-1/D.7%=0%-7/.%E=<7%@s*#C&%%
m>70% E>7%A2B%<(#E% -7/?>% /% E/-J7E%H=E>=0% /% -/1/-% )"07+% E>7% 17E7?E="0% -=#P% =#%<=0=<=)71%
(#=0J% /0% 7FF=?=70E%:Y[5% F"-<(./E="0% E>/E% /II-"S=</E7#% E>7% ?"0E=0("(#% -=#P% F(0?E="0%H=E>%
>GI7-KI./07#%=<I.7<70E71%H=E>%=0E7J7-%MK*%3/-=/D.7#&%%
]"-%E>7%F(E(-7+%H7%/-7%/.-7/1G%H"-P=0J%=0%E>-77%</=0%"D67?E=37#Z%@/C%E>7%(#7%"F%%-"E/-GKH=0J%
A2B#%%#(?>%/#%O(/1K-"E"-#+%%@DC%E>7%=0E-"1(?E="0%"F%3=17"%?/<7-/#%"0D"/-1%A2B#+%%/01%@?C%
E>7% 17#=J0% "F% ?""-1=0/E="0% /.J"-=E><#% F"-% /% F.77E% "F% A2B#&% '"E/-GKH=0J% A2B#% H=..%
=0?"-I"-/E7%<"-7%</07(37-/D=.=EG%E>/0%?"0370E="0/.%F=S71KH=0J%A2B+%#=0?7%E>7G%?/0%E/P7K
"FF% /01% ./01% =0% .=<=E71% #I/?7% /01% ?/0% 7/#=.G% >"37-% /D"37% /% E/-J7E&%;/<7-/#% "0D"/-1%H=..%
/.."H% E>7% (#7% "F% 3=#="0KD/#71% E7?>0=O(7#% F"-% ."?/E7% /01% E-/?P% 1G0/<=?% I7-=<7E7-#% /#% =#%
077171% =0% E/#P#% #(?>% /#% "=.% #I=..% =170E=F=?/E="0% "-% F"-7#E% F=-7#% E-/?P=0J&% ]=0/..G+% /% E7/<% "F%
A2B#%%H=..%J7E%/0%"D67?E=37%<"-7%7FF=?=70E.G%/01%<"-7%7FF7?E=37.G%E>/0%/%#=0J.7%A2B&%%

7. Acknowledgements 

X>=#% -7#7/-?>% H/#% F(0171% DG% E>7% ;"<<(0=EG% "F% :/1-=1+% I-"67?E% v;,UY;,[,4Yw% UK
M`M`cQ5YKM_o*+% DG% E>7% UI/0=#>% :=0=#E-G% "F% a1(?/E="0% /01% U?=70?7+% I-"67?E% v5./00=0J+%
#=<(./E="0%/01%?"0E-".% F"-%?""I7-/E="0%"F%<(.E=I.7%A2B#%/01%:2B#w%Q5Y8MM^K*`^^*K;M8K
M*+%/01%DG%a2QU@;2U2C+%I-"67?E%%_`_c8MM`&%%
X>7%/(E>"-#%H"(.1%.=P7%E"%E>/0P%%X"</#%5(?>7+%'=?/-1"%U/.J/1"+%Q/0=7.%5=0=../%/01%47<</%
V./#?"%F-"<%a2QU@;2U2C+%/01%V"0=F/?="%201-$#+%U7J(01"%a#E7D/0%/01%!"#$%[&%'=#?"%F-"<%
A;:+%F"-%E>7=-%?"0E-=D(E="0%E"%%U52U2U%I-"67?E&%%

8. References 

V7..=0J>/<+%!&%T%L"H+%!&%@8MM8C%'7?71=0J%L"-=)"0%;"0E-".%"F%2(E"0"<"(#%27-=/.%B7>=?.7#&%%
B-(/&'()'.+#-1/23'*(3%-(5'*(3)#-#3/#&%

V7-J+%V&%T%;>/=0+%:&% @8MMNC%:"0E7%;/-."% U=<(./E="0#% /01% E>7=-% UE/E=#E=?/.%20/.G#=#&%T(-54'
=/1#3%1)1/+%YUVe%ol*K%8_lKo_`KM&%

V"-E"+%U&% @8MMMC%5/E>%I./00=0J%F"-%A2B#&%B-(/##413@7'()' %0#'.+#-1/23'*(3%-(5'*(3)#-#3/#&%II&%
_^NK_^l%

L"H+%!&d%i=0J%a&%T%i(H/E/+%x&%@8MMNC%].=J>E%Q7<"0#E-/E="0#%"F%;""I7-/E=37%;"0E-".%F"-%A2B%
X7/<#&%2Y22%Z-4'83+233#4'8351+1%#4'G#/031/25'*(3)#-#3/#+%T(-L70($'234'?I01C1%&%

Y[,4+%Y0?&%Y[,4%;5[au%o&*%@8MM_C%A#7-R#%J(=17+%>EEIZccHHH&=."J&?"<cI-"1(?E#c?I.7S.%
i(H/E/+%x&%T%L"H+%!&%@8MMNC%X>-77%Q=<70#="0/.%'7?71=0J%L"-=)"0%;"0E-".%F"-%A2B#&%.A..'

[,1423/#6'K291@2%1(36'234'*(3%-(5'*(3)#-#3/#'234'?I01C1%&%
:7.?>="-+% 5&d% ,-#"0=+% V&d% % [/3=/..7% ,&d% 5"EG% 2&% T% ,(#E/."(I+% 2&% @8MM_C% ;"0#=17-/E="0% "F%

"D#E/?.7% 1/0J7-% .737.% =0% I/E>% I./00=0J% (#=0J%2\% /01% F/#EK</-?>=0J% "IE=<=#/E="0Z%
?"<I/-/E=37%#E(1G&%=1@325'B-(/#77&'B".&%l_+**+%II&%8_lkK8_o^&%

:(-I>7G+% '&d% A-G/#73+% U&% T% W/D/-/0P=0+% :&% @8MM_C% X-/67?E"-G% ,IE=<=)/E="0% =0% /% X>-7/E%
a03=-"0<70E&%E#7#2-/0%E#$(-%'<\\ZV]6'"#$2-%+#3%'()'A34,7%-125'^'=:7%#+7'?3@13##-13@&%
A0=37-#=EG%"F%]."-=1/&%

'=?>/-1#+%2&%T%L"H+%!&%@8MM8C%2=-?-/FE%X-/67?E"-G%5./00=0J%H=E>%;"..=#="0%23"=1/0?7%A#=0J%
:Y[5&%%B-(/##413@7'()'%0#'A???'.+#-1/23'*(3%-(5'*(3)#-#3/#&%II&%*o_^K*oN*&%



Aerial Vehicles 

%

600 

'()+% !&d% 2-$3/."+% ,&d% ;-()% !&% % T% % 5/6/-7#+% 4&% @8MM^C% A#=0J% :Y[5% F"-% A2B#% X-/67?E"-G%
,IE=<=)/E="0% (017-% '/1/-% Q7E7?E="0% '=#P&% B-(/&' ()' %0#' !!%0' A???' *(3)#-#3/#' (3'
?+#-@13@'G#/03(5(@1#7'234'X2/%(-:'.,%(+2%1(3&%aX]2RM^+%II&%o`kKo^M&%

'()+%!&d%2-73/."+%,&d%5/6/-7#+%4&%T%;-()+%!& (8MMkC Decision Making among Alternative Routes for 
UAVs in Dynamic Environments. ! !<%0' A???' *(3)#-#3/#' (3' ?+#-@13@' G#/03(5(@1#7' ^'
X2/%(-:'.,%(+2%1(3&%aX]2RMk+II&%ookK*MMN&%

U?>"(H70//-#+% X&d% :""-+% V&d% ]7-"0+% a&% T% L"H+% !&% @8MM*C%:=S71% Y0E7J7-% 5-"J-/<<=0J% F"-%
:(.E=KB7>=?.7% 5/E>% 5./00=0J&% B-(/##413@7' ()' %0#' ?,-($#23' *(3%-(5' *(3)#-#3/#&% II&%
8^M_K8^Ml%

U?>"(H70//-#+%X&d%L"H+%!&%T%]7-"0+%a&%@8MMNC%'7?71=0J%L"-=)"0%5/E>%5./00=0J%H=E>%Y<I.=?=E%
U/F7EG%4(/-/0E77#&%B-(/##413@7'()'.+#-1/23'*(3%-(5'*(3)#-#3/#&%II&%``k^K``l*&%

U)?)7-D/%'&d%4/.P"H#P=+%5&d%4.=?PE7=0+% Y&%T% %X7-0(.."+% %e&% @8MMMC%'"D(#E%/.J"-=E><% F"-% -7/.K
E=<7%-"(E7%I./00=0J&%A???'G-237&'.#-(7$&'?5#/%-(3&'=:7%&%B".&%_^+%_+%II&%l^oKlkl&%

X-"3/E"+%i&% @*oo^C%2\%5./00=0J% =0%Q=#?-7E7%;"0F=J(-/E="0%UI/?7#%"F%2(E"0"<"(#%UG#E7<#&%
B0"'4177#-%2%1(3&'2<#E7-1/<%A0=37-#=EG&%

W70J=0+% A&% T% Q"J/0+% 2&% @8MMNC% 5-"D/D=.=#E=?% X-/67?E"-G% 5./00=0J% F"-% A2B# =0% QG0/<=?%
a03=-"0<70E#&%B-(/&'()'.A..'Z-4'83+233#4'8351+1%#4 G#/031/25'*(3)#-#3/#6'T(-L70($'
234'?I01C1%&%II&%*K*8&%

%



28 

Modelling and Identification of Flight Dynamics 

in Mini-Helicopters Using Neural Networks 
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1. Introduction     
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2. Network Architectures for Modelling Dynamics Systems 
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2.2 Elman’s Network 
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2.3 Proposed Hybrid Network 
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3.2 Proposed Hybrid Network Architecture 
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<)$%)D26@'K"$',:6'+QZ',:6'*-8D6$'"B'6?";:3'%3'B%N6#'),'cH0HHH@'

4. Training Pattern Generation 

M:6'3-;;633'"B'3>3,683'%#6*,%B%;),%"*'#6?6*#3'"*')'&""#'6N?6$%86*,)2'86,:"#0'6<6*'8"$6'
3"'=%,:')'8"#62'D)36#'"*'*6-$)2'*6,="$O3@'+"$6"<6$0'%,'%3'=622'O*"=*',:),')'=%#6'$)*&6'"B'
B2%&:,' 3;6*)$%"3' %3'*66#6#' ,"'3-;;633B-22>' ,$)%*' ,:6'*6,="$O@'M:%3' %3'=:>' %,' %3' %8?"$,)*,' ,"'
;:""36' ,:6' B2%&:,' #),)' ;)$6B-22>' )*#' )33633' %,3' U-)2%,>@' M:6' #),)C);U-%3%,%"*' 6U-%?86*,' %3'
#63;$%D6#'D62"=0')*#'%,3';)?)D%2%,%63')$6'O*"=*@'X"=6<6$0',:6$6')$6'",:6$'%8?"$,)*,'B);,"$3'
,"' D6' ;"*3%#6$6#0' B"$' 6N)8?26d' 3)8?2%*&' %*,6$<)230' =%*#' 3?66#0' jZ(' ?$6;%3%"*' <)$%),%"*30'
:)$#=)$6' 8)2B-*;,%"*0' <%D$),%"*0' )%$' ,68?6$),-$60' 6,;@' K"$' )22' ,:636' $6)3"*3' 8)*>' #),)C
&),:6$%*&' B2%&:,3' )$6' *66#6#' ,"' &-)$)*,66' $6?$636*,),%<6' )*#' :%&:CU-)2%,>' 3)8?263' B"$'
#%BB6$6*,'O%*#'"B';"*#%,%"*3')*#');,%"*3'E,)O6C"BB0':"<6$0'6,;@J@'
M:6'8"#6226#'749'%3')*' %*C:"-36'?$",",>?6'=%,:')'I'O&'?)>2")#';)?);%,>')*#'68D6##6#'
)<%"*%;3')*#';"*,$"2'3>3,6830'D-%2,'=%,:')'G];;'56*/%*'M$)%*6$'$)#%"C;"*,$"226#':62%;"?,6$'D>'
9)$%"@'M:%3'749'=)3'#6<62"?6#'=%,:%*'Z$"`6;,'AZ_'GHHTCHRi]i'"B',:6'1#"#'.%&#,*(%*<(90)0#="*
6*5#%"0#)*,>*;:)#"@'
M:6'#>*)8%;' 3>3,68' ,"'D6'8"#6226#';"$$63?"*#3' ,"')' 3>3,68'=:%;:0' )B,6$' $6;6%<%*&' 3"86'

;"*,$"2';"88)*#30'8"#%B%63'%,3'),,%,-#6'Eθ, φ, ψJ')*#';"*36U-6*,2>0'%,3'?"3%,%"*'E!:&9:&@J'E)3'
3:"=*' %*' K%&@' T@RJ@' 5",:' ,:6' ),,%,-#6' )*#' ?"3%,%"*' )$6' );U-%$6#' )*#' ?$6C?$";6336#' D>' ,:6'
)<%"*%;3'=%,:' ,:$66' 36*3"$3d' )'+%$;$"%*B%*%,>'4TTIH+' _+7' E$6B6$6*,%)2' -*%,J0' )'X"*6>=622'
X+!THHH';"8?)33')*#')'V"<),62'F^+Cc'AZj('E;)?)D26'"B'-3%*&'!MCG';"$$6;,%"*3'B"$'G';8'
);;-$);>J@'M:6')<%"*%;3'3>3,68'%3'D-%2,')$"-*#')'Z1CRHc'D")$#0' ,:6'F;,)&"*Z1liiH'=%,:')'
RjX/'Z6*,%-8' ___'?$";633"$0' $-**%*&'!6#:),'Q%*-N'Y@H'=%,:')'Q%*-Nl!M'O6$*62@'Z"=6$' %3'
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3-??2%6#' D>' )*'XZP!RHcmX!'A1lA1' ;"*<6$,6$' )*#' ,="' cQZHIIHYHm?;' Rc0Y9CGHHH84:'
D),,6$>'?);O30'"BB6$%*&',="':"-$3'"B')-,"*"8>@'
M:6' 3>3,68L3' "-,?-,' E),,%,-#60' ?"3%,%"*' )*#' $62),6#' 2%*6)$l)*&-2)$' <62";%,%63' )*#'
);;626$),%"*3J')*#'%*?-,'E;"*,$"2';"88)*#3J'3%&*)23')$6'3,"$6#'3>*;:$"*"-32>'%*')'#),)'B%26@'
4##%,%"*)2' %*B"$8),%"*' %3')??6*#6#' E6@&@'jZ('3%&*)2'U-)2%,>0' 36$<"'ZP+'%*?-,0' 6,;@J' 3-;:'
,:),'#%BB6$6*,'B2%&:,'?:)363')*#');,%"*3'E,)O6C"BB0'2)*#%*&0'6,;@J';)*'D6'%#6*,%B%6#')*#'-36#',"'
D-%2#'#%BB6$6*,',$)%*%*&'?),,6$*3'B"$',:6'*6-$)2'*6,="$O'EV&->6*'['Z$)3)#0'RSSSJ@'

4.1 Acquisition Procedure 

M:6'6N?6$%86*,3')$6'?6$B"$86#'=%,:')':62%;"?,6$';"*,$"226#'D>'86)*3'"B')'$)#%"';"*,$"226$'
%*' ,:6' :)*#3' "B' )*' 6N?6$,' ?%2",' =:"' ;"88)*#3' ,:6' <6:%;26' ,:$"-&:' )' 36,' "B' ?$6#6B%*6#'
8)*"6-<$63@'
4'<)2%#),%"*'?$";6#-$6':)3'D66*'63,)D2%3:6#0'$6?6),6#'B"$'6);:'B2%&:,0' ,:),' %30'6336*,%)22>0' ,:6'
B%$3,'U-)2%,>'B%2,6$'B"$',:6'B2%&:,'#),)@'M:%3'?$";6#-$60'3:"=*'%*'K%&@'i0';"*3%3,3'"B')'?6$8)*6*,'
7%)-.7'6<)2-),%"*'"B',:6':62%;"?,6$W3':)$#=)$6')*#'3"B,=)$6@'73-)22>',:6':)$#=)$6'EK%&@'i@)J'%3'
<6$%B%6#'%*',:6'2)D'=%,:'$"-,%*6',63,3')*#'D6*;:8)$O3f'D),,6$%63')$6'B-22>';:)$&6#'B"$'6);:',63,'
)*#'?6$%"#%;)22>',63,6#@'4B,6$')'3-;;633B-2'D"",'"B',:6')<%"*%;3';"8?-,6$0',:6';"88-*%;),%"*'
2%*O3' D6,=66*' ,:6' :62%;"?,6$' )*#' ,:6' &$"-*#' 3,),%"*' )$6' <6$%B%6#' )*#' ,:6' AjZ(' U-)2%,>' %3'
)336$,6#'EK%&@'i@DJ@'M:6*',:6'?%2",'#"63')*'6N,6*3%<6'?$6CB2%&:,'<6$%B%;),%"*'E6@&@'$)#%"C;"*,$"226$'
$)*&60'36$<"';"*#%,%"*0'6,;@J@'_B')22',:6'$6U-%$686*,3')$6'86,0',:6'3>3,68'%3'$6)#>'B"$',)O6C"BB@'
M:6'8)%*'"D`6;,%<6'"B',:636',63,3'%3',"'&-)$)*,66'B2)=2633'"?6$),%"*'"B',:6':62%;"?,6$@'

'

K%&-$6'i@''A),)');U-%3%,%"*'?$";6#-$6'E)J'X)$#=)$6';:6;O%*&'%*',:6'2)D'EDJ'j$"-*#';:6;O'"B'
,:6';"88-*%;),%"*3')*#'?"3%,%"*'3>3,683'E;J'2"=':6%&:,'B2%&:,'E#J'#),)');U-%3%,%"*'

4'2"=C:6%&:,'B2%&:,'6*3-$63',:),')22'3-D3>3,683')$6'"?6$),%*&';"$$6;,2>')*#',:),'),8"3?:6$%;'
;"*#%,%"*3' )$6'=%,:%*' ?$6C63,)D2%3:6#' 2%8%,3' EK%&@' i@;J@' 43' ?)$,' "B' $"-,%*6' ;:6;O3' "$' =:6*'
:)$#=)$6l3"B,=)$6' 8)2B-*;,%"*' %3' 3-3?6;,6#0' ,:6' B2%&:,' #),)' %3' 3,"$6#' B"$' #6,)%26#'
6N)8%*),%"*'EK%&@'i@;J@'M:636',63,3'8)>'$6<6)2'3-D,26'?$"D26830'3-;:')3',:6'%*,6$8%,,6*,'2"33'
"B',:6'$)#%"'2%*O'=%,:',:6'&$"-*#'3,),%"*@'
F*;6',:6'3>3,68')*#'6*<%$"*86*,)2';"*#%,%"*3')$6';"*3%#6$6#'3),%3B);,"$>0',:6'3>3,68'%3'36,'
-?',"'"D,)%*',:6'6N?6$%86*,)2'#),)'EK%&@'i@#J'D)36#'"*',:6'B2%&:,'?2)*@'M:%3'?2)*'%*;2-#63'B%<6'
B2%&:,'3,)&63d'3,)$,0',)O6C"BB0'8)*"6-<$60'2)*#%*&')*#'6*#'E366'K%&@'YJ@'

'

K%&-$6'Y@'K2%&:,'3,)&63'3,"$6#'%*',:6',6N,'B%26@'E)J'3,)$,'EDJ',)O6C"BB'E;J'B2%&:,'E#J'2)*#%*&'E6J'6*#'
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;.)&.*'.)?%@'#),)'B$"8',:6':62%;"?,6$'3,)*#%*&'"*',:6'&$"-*#0'%*%,%)2';"*#%,%"*3@'E+","$'3,),6d'
"BBJ''
A)B%C,>>@'#),)'B$"8',:6'8"86*,',:),',:6':62%;"?,6$'%3'3,)*#%*&'"*',:6'&$"-*#'-*,%2'%,'$6);:63'
,:6' ;$-%36' :6%&:,0' D6B"$6' ?6$B"$8%*&' )*>' 8)*"6-<$6@' M:636' <)2-63' )$6' )BB6;,6#' D>' ,:6'
&$"-*#'6BB6;,@'
D-#?7.@'#),)'B$"8',:6'8)*"6-<$63';:"36*'B"$',:6';-$$6*,'3633%"*'E,:6'8)*"6-<$6'?2)*J@'
E)"(#"?@'#),)'B$"8',:6'8"86*,',:6'2)*#%*&'?$";6#-$6'3,)$,3'-*,%2' ,:6':62%;"?,6$'3,)*#3'"*'
,:6'&$"-*#')*#'3,"?3@'
<"(*'.)?%@'#),)')B,6$'2)*#%*&f',:%3'#),)')*#',:6'3,)$,'#),)')$6'*6;633)$>',"';:6;O',:6';"$$6;,'
"?6$),%"*'"B',:6'6U-%?86*,@'E+","$'3,),6d'"BBJ'

4.2 Data Selection Criteria 

K2%&:,'#),)'%3')*)2>36#')B,6$',:6'#),)');U-%3%,%"*'?$";633@'M:6'?-$?"36'"B',:636'%*3?6;,%"*3'%3'
,"'<)2%#),6'#),)'U-)2%,>'D6B"$6' ,:6'#),)' %3'-36#' ,"'D-%2#' ,:6' ,$)%*%*&'?),,6$*3@'M="'36,3'"B'
;$%,6$%)')$6'63,)D2%3:6#d' ,:6' B%$3,' %3' 3%&*)2'U-)2%,>0')2,6$6#'D>'6*<%$"*86*,)2';"*#%,%"*3')*#'
6U-%?86*,' 3,),6@' M:6' 36;"*#' 36,' %3' B"$8d' ,:6' ,>?6' "B' B2%&:,' ?6$B"$86#' )*#' ,:6' 3%8%2)$%,>'
D6,=66*',:6'#63%$6#'B2%&:,C8)*"6-<$6'?2)*')*#',:6');,-)2'B2%&:,@'
F9)-#.6* 0&#.%&#)@' ,:6'"D`6;,%<6':6$6' %3' ,"' 36?)$),6' 3)8?263' %*,"' 3-%,)D26' )*#'-*3-%,)D26@' _,' %3'
%8?"$,)*,' ,"' *",6' ,:),' 3-%,)D%2%,>' %3' #6B%*6#' D>' ,:6' $6U-%$686*,3' "B' #%BB6$6*,' ,)3O3@' K"$'
6N)8?260'3)8?263'8)>'D6'3-%,)D26'B"$'3%8-2),%"*'"$',$)%*%*&'"$'"D36$<),%"*0'#6?6*#%*&'"*'
,:6%$'U-)2%,>')*#'3%&*%B%;)*;6@'M:6'U-)2%,>';$%,6$%)')$6d'

• D/-CIQ6KJ3,M&$6?$636*,3',:6'$62%)D%2%,>'"B',:6'#),)'#6?6*#%*&'"*',:6'=6),:6$';"*#%,%"*3'
?$636*,'#-$%*&',:6');U-%3%,%"*'?$";6330'6@&@0'=%*#'3?66#@'

• NCI3/3C)&;H/H&SLHB3/<M' %*'&6*6$)2' ,:6'U-)2%,>'"B' ,:6'jZ('3"2-,%"*' B"$'?"3%,%"*'8-3,'D6'
D6,,6$',:)*'*)$$"='B2"),'EV"<),620'GHHGJ@'

• D//3/L;K&;H/H&SLHB3/<M'%*'"$#6$',"'6*3-$6',:6'$62%)D%2%,>'"B',:%3'#),)'36,0',:6'),,%,-#6'#),)'
"D,)%*6#'B$"8',:6'_+7'),',:6'3,)$,')*#'6*#'3,)&63'%3';"8?)$6#'EK%&@'Y@)')*#'K%&@'c@G@6J@'
1"*3%#6$%*&')' B2),'3-$B);6'B"$' ,:6' ,)O6C"BB')*#',:6' 2)*#%*&'8)*"6-<$630'$"22')*#'?%,;:'
8-3,'D6'3%8%2)$')*#';2"36',"'/6$"@'

• P3-3)R&SLHB3/<M' ,:%3';$%,6$%"*'<6$%B%63' ,:6'?6$%"#%;%,>'"B' ,:6'3)8?263' E%@6@' ,%863,)8?3J@'
M:6' 3)8?2%*&' ?6$%"#' %3' RHH' 83' )*#' <)$%"-3' 8)2B-*;,%"*' ;"*#%,%"*3' 8)>' 26)#' ,"'
3%&*%B%;)*,'#6<%),%"*3@'A),)'=%,:')'3)8?2%*&'?6$%"#'"B'8"$6',:)*'GHH'83'%3';"*3%#6$6#'
,"'D6'"B'2"='U-)2%,>@'

4*>'3)8?26' ,:),'#"63'*",' 3),%3B>')22'U-)2%,>';$%,6$%)' %3'8)$O6#'-*3-%,)D26' B"$' ,$)%*%*&')*#'
#%3;)$#6#'%886#%),62>@'
D,&G*0&#.%&#)@*,:636';$%,6$%)'#6B%*6',:6'6N?6$%86*,'"$',>?6'"B'B2%&:,@'V",')22'B2%&:,3')$6')%86#'),'
#),)');U-%3%,%"*'3%*;6',:6$6')$6',63,')*#',$)%*%*&'B2%&:,3'E366'K%&@'i'D')*#';J@'M:6$6')$6',:$66'
B2%&:,',>?63d'

• 8/H);HJ;3IH/3C)M';"$$63?"*#3',"',63,3',:),'D$%*&',:6'6U-%?86*,',"'%,3'$)*&63'2%8%,30'6@&@'
3%&*)2' 2%8%,3' B"$' 36*3"$3' "$' $)#%"' ;"*,$"226$@' _*'8"3,' ;)3630' ,:636' ,63,3' )$6' ;)$$%6#' "-,'
=:%26'"*',:6'&$"-*#@'

• PKI/& EB3R6/M' -36#' B"$' 3>3,68' )*)2>3%3@' M:6' #),)' %3' *",' 3,"$6#' B"$' B-$,:6$' ,$)%*%*&0'
3%8-2),%"*3' "$' 3,)*#)$#%3),%"*3f' %,' %3' "*2>' -36#' ,"' ;"$$6;,' )*#' 86)3-$6' );U-%3%,%"*'
6$$"$3'2%O60'B"$'6N)8?260'),8"3?:6$%;';"*#%,%"*3@'
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• G3IQBH,K-K)/I&H);&TCUKJ3)R&EB3R6/M' ;"$$63?"*#3' ,"' 2),6$)20' 2"*&%,-#%*)2')*#'<6$,%;)2'
#%3?2);686*,3' )*#' :"<6$%*&@' A%BB6$6*,' 8)*"6-<$63' 8)O6' %,' ?"33%D26' ,"' ,$)%*' ,:6'
*6,="$O'-*#6$'#%BB6$6*,';"*#%,%"*3')*#'3;6*)$%"3@'

4.3 Pattern Transformation 

(>3,68' %#6*,%B%;),%"*' =%,:' *6-$)2' *6,="$O3' $6U-%$63' ?$6C?$";633%*&' ,:6' B2%&:,' #),)d'
*"$8)2%/),%"*0'?6$%"#%;%,>')*#'>)=')#`-3,86*,3@'
H,&G)-#').#,"@'%*'&6*6$)2',$)*3B6$'B-*;,%"*3'"B'*6-$)2'*6,="$O3'"?6$),6'%*',:6'$)*&63'nCR'Ra'"$'
nH'Ra@'M:6$6B"$60',:6'?),,6$*'#),)'8-3,'D6'*"$8)2%36#@'^U-),%"*3'ERGJ')*#'ERTJ0'$63?6;,%<62>0'
*"$8)2%36'6);:'6*,$>'NO'"B'<6;,"$'!"#$%>$=>$)*'-3%*&',:6'8)N%8-8')*#'8%*%8-8'<)2-63'
"B'g@'

' 1
))min()(max(
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x k

normk ' ERGJ'
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))min()(max(

))min((
XX

Xx
x k

normk −
−= ' ERTJ'

+%&#,(#0#.6@' ,$)%*%*&' )' *6,="$O' %3' ;"*3%#6$6#' )' ?$";633' %*' #%3;$6,6' ,%86@' M:6$6B"$60' %,' %3'
*6;633)$>' ,:),' 3)8?263'D6'"D,)%*6#'?6$%"#%;)22>@'A-6' ,"'8)2B-*;,%"*0' ,:6'3)8?2%*&'?6$%"#'
8)>' *",' D6' ;"*3,)*,0' )*#' #6?6*#%*&' "*' ,:6' 36<6$%,>' "B' ,:6' #6<%),%"*0' 3)8?263' 8)>' D6'
#%3;)$#6#'E,%8%*&'U-)2%,>'B);,"$J'"$'%*,6$?"2),%"*l6N,$)?"2),%"*')2&"$%,:83'8)>'D6')??2%6#@'
I)J*&%>%&%"0%@'$"22')*#'?%,;:')$6'6)3%2>'<)2%#),6#'3%*;6',:6':62%;"?,6$W3'),,%,-#6'=:%26'3,)*#%*&'
"*')':"$%/"*,)2'3-$B);6'8-3,'D6'<6$>';2"36',"'/6$"@'M:6'>)='$6B6$6*;6'%3',:6'8)&*6,%;'*"$,:'
)*#'#"63'*",'*6;633)$%2>'D6&%*'"$'6*#'),'/6$"@'M"'3%8?2%B>',:6'*6,="$O',$)%*%*&0',:6'%*%,%)2'
>)='%3';"*3%#6$6#')3')*'"BB36,'3"',:6'%*%,%)2'<)2-63')$6';2"36',"'/6$"@'

5. Hybrid Network Algorithm Description 

M:6' ,$)%*%*&')*#'3%8-2),%"*')2&"$%,:83'=6$6'#6<62"?6#'=%,:'+4MQ450'-3%*&' ,:6'V6-$)2'
V6,="$O'M""2D"N'EA68-,:'['56)260'GHHcJ')*#'8)*>';-3,"8',""23',:),':)#',"'D6'#6<62"?6#'
3%*;6' 3,)*#)$#' ,""2D"N63' )$6' *",' 3-%,6#' ,"' "-$' ?)$,%;-2)$' )$;:%,6;,-$6' )*#' #>*)8%;'
;:)$);,6$%3,%;3'"B',:6'8"#6226#'3>3,68@'

5.1 Training Algorithm 

K%&@'S'3:"=3',:6',$)%*%*&'D2";O'B"$')':>D$%#'*6,="$O'-36#'+QZ')$;:%,6;,-$6@'42,:"-&:',:6'
,$)%*%*&' D2";O' "B' )' !5' *6,="$O' %3' 3%8%2)$' EK$668)*'[' (O)?-$)0' RSSRJ0' ,:6' ?$"?)&),%"*' %3'
#%BB6$6*,@'Z),,6$*'N'%3'"D,)%*6#'B$"8',:6'#),)')#)?,),%"*')2&"$%,:8')*#'%3'-36#'B"$',$)%*%*&'
,:6':>D$%#'*6,="$O@'M:6'B%$3,'3)8?263'"B',:6'3,),6'<)$%)D263'N')$6';"*3%#6$6#')3',:6'3>3,68W3'
%*%,%)2'<)2-63')*#',:6*',:6'%*?-,'<)2-63')$6'?$"?)&),6#'C'"$',:6%$'6U-%<)26*,'%*',:6';)36'"B',:6'
!5'*6,="$O@' M:6' 3>3,68'"-,?-,'90'=:%;:' %3' ;)2;-2),6#' B"$' ,:),' %*?-,' 3)8?260' 6*)D263' ,:6'
;)2;-2),%"*'"B',:6';"$$63?"*#%*&'6$$"$3'D6,=66*'9')*#',:6',$)%*'?),,6$*'P0'=:%;:')$6'3,"$6#'
%*' )' #62,)' 6$$"$' EV;J0' :"=6<6$' ,:6' *6,="$OW3' =6%&:,3' )$6' 26B,' -*;:)*&6#@' M:6*' ,:6' *6N,'
3)8?26' %3' "D,)%*6#' )*#' ,:6' 3,),6' <)$%)D263' )$6' $6?2);6#' =%,:' ,:6' "-,?-,' 9' ;)2;-2),6#'
?$6<%"-32>')*#'$63-2,'%*')'*6='?$"?)&),%"*@'M:6';>;26';"*,%*-63'-*,%2',:6'6*#'"B',:6'6?";:'
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6. Test and Results 
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6.2 Radial Basis vs. Multi-layer Perceptron 
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6.3 Decoupled Training vs. Daisy Chain Training 
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7. Conclusion 
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An Evasive Maneuvering Algorithm for UAVs  

in Sense-and-Avoid Situations 

!"#$%&'()*+,)-&.,$/&
!"#$%&

$'()*&!'+,-&

1. Introduction    

'$0,-(& ")12*2/2)3& )*/"**4%& "45$"-& #4,$+-43& 67893:& ;$--& *44%& "%#"*+4%& <-$0,1&
/"*"04/4*1& 3(314/3& 1,"1& ;$--& "+1$#4-(& 34*34& 1,4& 3)552)*%$*0& 4*#$52*/4*1& "*%& /"=4& "&
345$43&2<& $*14--$04*1&%4+$3$2*3&12&"++2/>-$3,& 1,4&0$#4*&/$33$2*&;$1,&/$*$/)/&$*145#4*1$2*&
<52/& 54/214-(& -2+"14%& ,)/"*& 2>45"1253?& @*& *4"5& <)1)54A& $1& $3& 4B>4+14%& 1,"1&7893&;$--& C4&
<2)*%& "3& "& )C$D)$12)3& 3)5520"14& <25& /"**4%& #4,$+-43& $*& 3)+,& <$4-%3& "3& "$5C25*4& 34*3$*0A&
>"(-2"%&%4-$#45(A& "*%&)-1$/"14-(&"45$"-& +2/C"1?& @*& 1,"1&>52+433A&7893&/)31&C4& $*1405"14%&
$*12&+$#$-$"*&25&/$-$1"5(&"$53>"+43&"-2*0&;$1,&21,45&/"**4%&"*%&)*/"**4%&"45$"-&#4,$+-43?&
'2;4#45A&3)+,&-4#4-&2<&")12*2/(&$3&(41&12&C4&<)--(&%4#4-2>4%?&E4>2514%-(A&"&F45/"*&1"+1$+"-&
789&*"/4%&G7H8&,"%&"&+-234&4*+2)*145&;$1,&"*&8<0,"*&8$5-$*4&8IJJKL&$*&1,4&3=(&2#45&
M"C)-A& 8<0,"*$31"*& 2*& 8)0)31& IJA& NJJL?& 8115$C)14%& 12& "& <"$-)54& 2<& 1,4& *4"5C(& "$5& 15"<<$+&
+2*152-&12;45&12&<2--2;&31"*%"5%&>52+4%)543A&1;2&#4,$+-43&2++)>$4%&1,4&3"/4&"$53>"+4&"1&1,4&
3"/4& 1$/4A& *2& <"51,45& 1,"*& OJ& /41453& ;,4*& +-23431?& P,4& 789& 2>45"125& /"*"04%& 12&
+2//"*%& "*& 4#"3$#4& /"*4)#45& Q)31& "& 3>-$1& 34+2*%& C4<254& $/>"+1?& P,4& 3152*0& ;"=4& 2<&
8IJJKL&C-4;&1,4&789&$*12&"*&)*54+2#454%&%$#4&"3&344*&C(&1,4&2*C2"5%&#$%42&3(314/&$*&R$0?&
S?& 83& 4B4/>-$<$4%& $*& 1,$3& 5"54& C)1& "-"5/$*0& 4#4*1A& 1,4& +2--$3$2*& "#2$%"*+4& ,"3& 12& C4&
$*+25>25"14%& $*12& 1,4& <-$0,1&/"*"04/4*1& 3(314/&43>4+$"--(&;,4*& 1,4&#4,$+-4& $3& <-($*0& $*&"&
+52;%4%&"$53>"+4& 25& "1& -2;&"-1$1)%43&;,454&/"*(&2C31"+-43& 3)+,& "3& 1455"$*& "*%&C)$-%$*03&
>234&1,54"1&12&3"<4&<-$0,1?&

&

R$0)54&S?&8&*4"5T/$33&$*+$%4*1&2<&"&789&"*%&8IJJ&"$5>-"*4&68)0)31&NJJL:&

P,454&"54&"-32&$*+54"3$*0-(&/"*(&2++"3$2*3&1,"1&7893&,"#4&12&<-(&"1&"&-2;45&"-1$1)%4&;,454&
1,4(&"54&*21&<544&<52/&+2--$3$2*3&<52/&2C31"+-43&3)+,&"3&1455"$*A&C)$-%$*03&25&>2;45&-$*43?&@*&
25%45& <25& "&789& 12& "#2$%&"*(& $//$*4*1& +2--$3$2*&;$1,&21,45&#4,$+-43&25& 3)+,&2C31"+-43A& $1&
3,2)-%& C4& +">"C-4& 2<& 34*3$*0& "*%& 15"+=$*0& 2<& 2CQ4+13A& +2--$3$2*& >54%$+1$2*A& %(*"/$+& >"1,&
>-"**$*0& "*%& 15"+=$*0?&U,4*& 1,4& 15"Q4+125$43& 2<& 2CQ4+13& 2*& >214*1$"-& +2--$3$2*& +2)5343& "54&
>54%$+14%A&"&+2--$3$2*T<544&15"Q4+125(&3,2)-%&C4&+2/>)14%&$*&54"-T1$/4?&P,454&"54&"&*)/C45&2<&
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5434"5+,& 543)-13& <25& 54"-T1$/4& >"1,& >-"**$*0& 6K4--$*0,"/& 41& "-A& NJJIV& !)*C"5& 41& "-A& NJJNV&
W$-"/& 41& "-A& NJJN:?& @*& 1,4& +2*14B1& 2<& 4/4504*+(& 4#"3$#4&/"*4)#45A& ,2;4#45A& 2*4& ;2)-%&
4B>4+1&1,"1&1,4&#4,$+-4&/"(&*44%&12&/"*4)#45&"1&$13&<)--&%(*"/$+&+">"C$-$1(A&$?4?A&/"B$/)/&
1)5*& 5"14A& "++4-45"1$2*X%4+4-45"1$2*A& 25& +-$/CX%43+4*1?& @*& 3)+,& +"343A& 1,4& $*>)13& 12& +2*152-&
3)5<"+43&/"(&3"1)5"14&25&1,4&#4,$+-4&31"143A&3)+,&"3&52--&"*0-4&25&+5)$34&#4-2+$1(A&/"(&54"+,&
1,4&"++4>1"C-4&-$/$13?&@*&25%45&12&+2/>)14&"&>-")3$C-4&15"Q4+125(&1,"1&1,4&#4,$+-4&+"*&"+1)"--(&
<-(& "-2*0&;$1,2)1& 4B+44%$*0& $13& %(*"/$+& 5"*04A& "& >52>234%&/41,2%& 3,2)-%& C4& +">"C-4& 2<&
1"=$*0& 3)+,& -$/$13& $*12& "++2)*1&;,4*& +2/>)1$*0& "*& 4#"3$2*& 15"Q4+125(?& @*& 1,$3& "51$+-4A&;4&
$*152%)+4& "& *2*-$*4"5& /2%4-& >54%$+1$#4& +2*152-& 6HWYZ:& C"34%& ">>52"+,A& ;,$+,& +"*& C4&
">>-$4%& 12& *2*-$*4"5& %(*"/$+& 3(314/3&;$1,& 31"14& +2*315"$*13& "*%& $*>)1& 3"1)5"1$2*A& )*-$=4&
/231&+2*152-&1,425$43&"#"$-"C-4&"3&*2;?&[*4&%5";C"+=&2<&WYZ&$3A&"3&2<14*&>2$*14%&2)1A&1,4&
,4"#(& *)/45$+"-& -2"%A& ;,$+,& $3& *2;& +2*3$%454%&;4--& ;$1,$*& 1,4& 54"+,& 2<& 1,4& -"1431& ZY7&
14+,*2-20(&"3&%4/2*315"14%&$*&6.,$/&\&."315(A&NJJ]:?&
@*& 1,$3& "51$+-4A&;4& >5434*1& "*&WYZTC"34%& +2--$3$2*& "#2$%"*+4& "-025$1,/& <25& 3"<4& 15"Q4+125(&
04*45"1$2*& "*%& +2*152-& 2<& +2*315"$*4%&*2*-$*4"5&%(*"/$+& 3(314/&;$1,& $*>)1& 3"1)5"1$2*& $*&
54"-T1$/4?&U4&"-32&$*152%)+4&"*&"+1$#4&34*3$*0&/41,2%&)3$*0&"&-"345&3+"**45?&&U4&+2*3$%45&"&
*)/C45&2<&3+4*"5$23&;$1,&/2#$*0&#4,$+-43&25&2C31"+-43& $*&1,4&3)552)*%$*03?&P,4&>52>234%&
">>52"+,&$3&#"-$%"14%&C(&"&345$43&2<&54"-$31$+&3$/)-"1$2*3&"*%&4B>45$/4*13&$*+-)%$*0&"&,4"%T
2*&+2--$3$2*&"*%&"&<-$0,1&$*&"*&)5C"*&+"*(2*?&

2. Real-time evasive Maneuvering using Model Predictive Control 

@*& 1,$3&34+1$2*A&;4&>5434*1& 1,4& <25/)-"1$2*&2<&"*&HWYZTC"34%&">>52"+,& <25& 54"-T1$/4&3"<4&
15"Q4+125(& 04*45"1$2*& %)5$*0& "*& 4#"3$#4& /"*4)#45& <25& "#2$%$*0& +2--$3$2*?& U4& +2*3$%45&
3+4*"5$23& 1,"1A&;,4*& "&789& <-$43& 12& "& 0$#4*&%431$*"1$2*A& "& +2--$3$2*&;$1,& *4"5C(& <-($*0& 25&
31"1$2*"5(&2C31"+-43&"54&"*1$+$>"14%?&P,4&>23$1$2*&$*<25/"1$2*&2<&2C31"+-43&$3&"33)/4%&12&C4&
%$54+1-(& /4"3)54%& 25& "#"$-"C-4& <52/& 21,45& 32)5+43& $*+-)%$*0& "+1$#4& +2//)*$+"1$2*& ;$1,&
+22>45"1$*0&"04*13&25&"*&4(4T$*T&1,4T3=(?&

2.1 NMPC Formulation 

.)>>234&;4&"54&0$#4*&"&*2*-$*4"5&1$/4T$*#"5$"*1&%(*"/$+&3(314/&3)+,&1,"1&&

& 6 S: 6 6 :A 6 ::. / 0 . / ( /+ = & 6S:&
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;,454& ∈ ⊂ ∈ ⊂A. (
3 3

. 4 ( 5 !3 3 &P,4&2>1$/"-&+2*152-&$*>)1&34D)4*+4&2#45&1,4&<$*$14&54+4%$*0&

,25$^2*&6&$3&2C1"$*4%&C(&32-#$*0&1,4&<2--2;$*0&*2*-$*4"5&>5205"//$*0&>52C-4/_&

& R$*%& `6 :A A???A S( / / 7 7 6= + − 3)+,&1,"1& 6I:&

`6 : "50/$* 6 A A :( / 8 . / (= &

;,454&&

&
S

6 A A : 6 6 :A 6 :: 6 6 ::
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7 /

8 . / ( 9 . 7 ( 7 : . / 6

+ −

=
= + +' & 6L:&
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;,454& 6 A :A9 . ( $3& "& >23$1$#4& %4<$*$14& +231& <)*+1$2*& "*%& :& $3& 1,4& 145/$*"-& +231?& '454$*A&
`6 :A( / A???A S/ 7 7 6= + − & $3& 1,4& 2>1$/"-& +2*152-& 34D)4*+4& 1,"1&/$*$/$^43& 6 A A :8 . / ( & 3)+,& 1,"1&
` `6 A : 6 A A 6 A :: 6 A A :8 . / 8 . / ( . / 8 . / (= ≤ A& 6 :( / 5∀ ∈ ?&P,4&+231&<)*+1$2*&145/&9&$3&+,234*&"3&

& ( ) ( )
S

S S
6 A : 6 : 6 A :

N N

'
3

%
+ + %

;

;

9 . ( . . < . . ( =( $ . > . η
=

= − − + + +' & 6O:&

P,4&<$531& 145/&>4*"-$^43& 1,4&%4#$"1$2*&<52/&1,4&25$0$*"-&+2)534?&P,4&34+2*%&145/&>4*"-$^43&

1,4&+2*152-&$*>)1?& 6 :$ . &$3&1,4&145/&1,"1&>4*"-$^43&"*(&31"143&*21&$*&4&"3&3)004314%&$*&6.,$/&41&

"-A&NJJI:?&R$*"--(A& 6 A :
? ;

> . η $3&12&$/>-4/4*1&1,4&+2--$3$2*&"#2$%"*+4&+">"C$-$1(&$*&1,$3&HWYZ&

<5"/4;25=_& 6 A :
? ;

> . η $3& "& <)*+1$2*& 1,"1& /2*212*$+"--(& $*+54"343& "3& 2|| || 0η− →v lx A& ;,454&

3
vx ∈3 $3& 1,4& >23$1$2*& 2<& 1,4& #4,$+-4& "*%& ηl & $3& 1,4& +225%$*"143& 25& ;T1,& 2)1& 2<& 121"-& on &

2C31"+-43&C4$*0&3$/)-1"*42)3-(&15"+=4%?&&
P,4&+2*152-&$*>)1&3"1)5"1$2*&+"*&C4&<"+$-$1"14%&C(&4*<25+$*0&&

&
max max

min min
( )

. >0= 1 <03

i i i
i

i i i

u if u u
u k

u if u u
& 6]:&

%)5$*0&2>1$/$^"1$2*?& @*& 1,$3&/"**45A& 2*4& +"*& <$*%& 1,4& +2*152-& $*>)1& 34D)4*+4& 1,"1&;$--& C4&
"-;"(3&;$1,$*&1,4&>,(3$+"-&-$/$1&2<&1,4&0$#4*&%(*"/$+&3(314/?&U4&4/>-2(&1,4&2>1$/$^"1$2*&
/41,2%&C"34%&2*&$*%$54+1&/41,2%&2<&G"05"*0$"*&/)-1$>-$45&3)004314%&$*&6.)112*&\&K$1/4"%A&
NJJJ:?&

!"#$%&"'()*+,$%-

'./0'-12"34$-53

./0'627$,$8+7$5*'/+7#'2&+**"3

9

:+4$;+7$5*'

<"*-53-

&

R$0)54&N?&R-$0,1&+2*152-&3(314/&"5+,$14+1)54&;$1,&WYZ&"*%&4B>-$+$1&<44%C"+=&-22>&

&U,4*&"*&2>1$/"-&+2*152-&34D)4*+4&$3&<2)*%&"1&4"+,&4>2+,&/A&1,4&+2*152-&-";&$3&0$#4*&"3&&

&& ( )` `6 : 6 : 6 : 6 :( / ( / ! 1 / 1 /= + − & 6a:&

;,454&!& $3&"&4B>-$+$1& <44%C"+=&+2*152-&0"$*A&;,$+,&+"*&C4& <2)*%&C(&">>52"+,43&3)+,&"3& $*&

6.,$/A& NJJJ:?&U$1,& `6 :A( / A???A S/ 7 7 6= + − A& 2*4& +"*& <$*%& `6 :1 / & C(& 32-#$*0& 54+)53$#4-(& 1,4&

0$#4*&*2*-$*4"5&%(*"/$+3&;$1,& J6 : 6 :. 7 . 7= & "3& 1,4& $*$1$"-& +2*%$1$2*?& @%4"--(A& $<& 1,4&%(*"/$+&

/2%4-&)34%&$*&1,4&>54%$+1$2*&$*&1,4&2>1$/$^"1$2*&>52C-4/&$3&$%4*1$+"-&12&1,4&"+1)"-&%(*"/$+3&
"*%& 1,454& $3&*2&%$31)5C"*+4A& 1,4&>-"*1&;2)-%&C4,"#4&"3&>54%$+14%?& @*& 1,4& 54"-&;25-%A& 3)+,&
"33)/>1$2*3& +"**21& C4& Q)31$<$4%& %)4& 12& 1,4& $*4#$1"C-4& /2%4-& /$3/"1+,A& %$31)5C"*+4A& "*%&
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/"*(& 21,45& 54"-$1(& <"+1253& 3"1$3<$4%?& P,454<254A& ;$1,& "& 15"+=$*0& <44%C"+=& +2*152--45& $*& 1,4&
<44%C"+=& -22>A& 1,4& 3(314/& +"*& 15"+=& 1,4& 0$#4*& 15"Q4+125(& 54-$"C-(& $*& 1,4& >5434*+4& 2<&
%$31)5C"*+4& 25& /2%4-$*0& 45525?& P,4& "5+,$14+1)54& 2<& 1,4& >52>234%& <-$0,1& +2*152-& 3(314/& $3&
0$#4*&$*&R$0?&N?&&

2.2 Obstacle Sensing  

R25& 4<<4+1$#4& +2--$3$2*&"#2$%"*+4A& $1& $3&#45(& $/>251"*1& 12&%414+1& 1,4& -2+"1$2*&2<&2C31"+-43&2<&
+2*+45*&$*&"*&"++)5"14&"*%&1$/4-(&/"**45?&.)+,&$*<25/"1$2*&+"*&C4&3)>>-$4%&C(&"&>54-2"%4%&
/">& 25& $*<25/"1$2*& 34*1& C(& 21,45& +22>45"1$#4& *4$0,C25$*0& #4,$+-43?& '2;4#45A& 3)+,&
$*<25/"1$2*&/"(&*21&C4&"++)5"14A&)>T12T%"14A&25&"-;"(3&"#"$-"C-4&$<&+2//)*$+"1$2*&$3&-231?&8&
-2+"-& 34*3$*0& $3& <"#254%& 3$*+4& $1& +"*&>52#$%4&)>T12T34+2*%& $*<25/"1$2*?&[C31"+-4&%414+1$2*&
+"*&C4&%2*4&)3$*0&"+1$#4&25&>"33$#4&34*3253&3)+,&"3&5"%"5A&-"345&3+"**453A&25&/2*2&25&314542&
+"/45"3&"*%&1,4&+,2$+4&%4>4*%3&2*&/"*(&<"+1253&3)+,&"3&2>45"1$*0&+2*%$1$2*A&"++)5"+(A&"*%&
%414+1$2*& 5"*04?& P,4& -"345& 3+"**$*0& +2/>)143& 1,4& %$31"*+4& 12& "*& 2CQ4+1& C(&/4"3)5$*0& 1,4&
1$/4&2<&<-$0,1&6P[R:&2<&1,4&-"345&C4"/&12&/"=4&"&52)*%&15$>&<52/&1,4&32)5+4&12&1,4&54<-4+14%&
>2$*1&2*&"*&2CQ4+1?&P,4&2>45"1$2*&$3&315"$0,1<25;"5%&"*%&1,4&/4"3)54/4*1&$3&#45(&"++)5"14A&
32&$1& $3&3)$1"C-4&<25&3,251T5"*04&%414+1$2*?&'2;4#45A&"3&1,4&%414+1$2*&5"*04&%4>4*%3&2*&1,4&
$*14*3$1(& 2<& 1,4& -$0,1& 1,"1& 5"%$"143& <52/& 1,4& -"345& 32)5+4A& 1,4& 5"*04& $3& -$/$14%& C(& 1,4&
/"B$/)/& "--2;"C-4& $*14*3$1(& 2<& 1,4& C4"/?& 8+1$#4& 5"%"5& ,"3& 3$/$-"5& "115$C)143& 3$*+4& $1&
2>45"143&$*&"&3$/$-"5&>5$*+$>-4?&P,4&5432-)1$2*&2<&5"%"5&34*3$*0&%4>4*%3&2*&1,4&;"#4-4*01,&
2<& 5"%$2&;"#4&)34%?&E4+4*1-(& 0$0",451^T5"*04& 5"%"53& "54& 2<14*& )34%& <25& $13&/254& "++)5"14&
$/"0$*0& +">"C$-$1(& "1& 1,4& 4B>4*34& 2<& 3,25145& %414+1$2*& 5"*04?& 8+1$#4& 34*3$*0&/"(& *21& C4&
%43$54%&;,4*&"&+2#451&2>45"1$2*&$3&54D)$54%?&&
Z"/45"TC"34%& %414+1$2*& $3& "115"+1$#4& "3& $1& $3& "& >"33$#4& %414+1$2*& "*%& 1,4& $/"0$*0& %4#$+4& $3&
)3)"--(&/)+,&+,4">45&"*%&3/"--45&1,"*&+2/>"5"C-4&5"%"5&25&-"345&34*3253?&'2;4#45A&+"/45"3&
%2&*21&%$54+1-(&0$#4&1,4&5"*0$*0&$*<25/"1$2*?&8&314542&+"/45"&3(314/&/"(&C4&)34%&12&/4"3)54&
1,4&%$31"*+4&C(&1,4&>"5"--"BA&C)1&$1&$3&)34<)-&2*-(&;,4*&1,4&2CQ4+13&"54&+-234&4*2)0,?&[>1$+&<-2;&
+"*& C4& "-32& )34%& <25& 3,251T5"*04& %414+1$2*& 6E(%450"5%A& NJJLV&'5"C"5A& NJJO:?& R25& -2*0T5"*04&
%414+1$2*A& 1,4& >$B4-& "54"& 2++)>$4%& C(& 1,4& 2C31"+-4& +"*& C4& 1,4& 2*-(& #$3)"-& +)4& 12& 34*34& 1,4&
4B$314*+4& "*%& 5"*04?& P,4& 543)-14%& "++)5"+(& $3& )3)"--(& /)+,& -2;45& 1,"*& 1,4& "+1$#4& 34*3$*0&
/41,2%3&/4*1$2*4%&"C2#4?&@*&1,$3&"51$+-4A&;4&+,2234&12&)34&"&-"345&3+"**45&<25&2C31"+-4&34*3$*0?&
8&-"345&5"*0$*0&34*325&+2*3$313&2<&"&-"345&32)5+4A&"&>,212T54+4>125&"*%&"&521"1$*0&/$5525&<25&
>-"*"5&3+"**$*0?&8*&"++)5"14&1$/$*0&%4#$+4&/4"3)543&1,4&1$/4&-">34&<52/&1,4&/2/4*1&1,4&
-"345& C4"/& $3& 4/$114%& 12& 1,4&/2/4*1& 1,4& -"345&C4"/& 54<-4+14%& 2*& "*& 2CQ4+1& 541)5*3& 12& 1,4&
54+4>125?& 8& 521"1$*0&/$5525& 54<-4+13& 1,4& -"345& C4"/& $*& "& +$5+)-"5& >-"*4A& "--2;$*0& <25& 1;2T
%$/4*3$2*"-&3+"**$*0?&&81&4"+,&3+"*A&1,4&34*325&54>2513&"&341&2<&/4"3)54/4*13&1,"1&3)>>-$43&
1,4&<2--2;$*0&/4"3)54/4*1&341_&

& { }6 A :A SA???A
9 3 3 @,-A
B C 3 6β= = & 6b:&

;,454& A
3 3
C β & "*%&

@,-A
6 & 54>5434*1& 1,4& %$31"*+4& <52/& "*& 2CQ4+1A& 1,4& "*0-4& $*& 1,4& 3+"**$*0&

>-"*4A&"*%&1,4&121"-&*)/C45&2<&/4"3)54/4*13&>45&3+"*A&543>4+1$#4-(?&c"+,&/4"3)54/4*1A&$?4?A&
1,4& 54-"1$#4& %$31"*+4& <52/& 1,4& -"345& 3+"**45& 12& "& 3+"**4%& >2$*1& $*& 1,4& -"345T3+"**45&
+225%$*"14&3(314/A&+"*&C4&;5$114*&$*12&"&#4+125&<25/&3)+,&1,"1&

& ( )X d +23 3$*9 9 9

D 9 3 3 3 3
C β β= +" # $ & 6e:&
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;,454& 9# & "*%& Lj & "54& 251,2*25/"-& )*$1& #4+1253& $*&49& "*%&B9& %$54+1$2*3& 2*& 1,4& 3+"**$*0&
>-"*4A& 543>4+1$#4-(?&DE& 9E& FE& "*%& $& 54>5434*1& 3+"**4%& %"1"A& -"345& 3+"**45A& #4,$+-4& C2%(&
+225%$*"14&3(314/A&"*%&3>"1$"-&+225%$*"14&3(314/A&543>4+1$#4-(&"3&3,2;*&$*&R$0?&I?&&

obstacle

SZ

SX

SY

/D LX
1 1( , )i id β+ +

( , )i id β
laser scanner

S
BX

BX

LX
LZ

BY

BZ

/L BX

LY

α

S
DX

&

&

R$0)54&I?&Z225%$*"14&15"*3<25/"1$2*&<25&-"345&3+"*&%"1"&6-4<1:A&"&3+"**$*0&-"345&/2)*14%&2*&"&
,4-$+2>145&789&65$0,1:&

P,4&+"-+)-"1$2*&2<&1,4&3>"1$"-&+225%$*"143&2<&%414+14%&>2$*13&$*#2-#43&"&345$43&2<&+225%$*"14&
15"*3<25/"1$2*3&"/2*0&1,544&+225%$*"14&3(314/3_&C2%(&+225%$*"14&3(314/3&"11"+,4%&12& 1,4&
-"345&3+"**45&"*%&12&1,4&,231&#4,$+-4A&"*%&1,4&3>"1$"-&+225%$*"14&3(314/A&12&;,$+,&1,4&#4,$+-4&
-2+"1$2*&"*%&"11$1)%4&"54&54<4554%?&&
c"+,&/4"3)54/4*1&#4+125&$*&1,4&-"345&3+"**45T"11"+,4%&+225%$*"143&$3&<$531&15"*3<25/4%&$*12&
1,4&#4,$+-4&C2%(&+225%$*"143&"*%&1,4*&1,4&3>"1$"-&+225%$*"14&3(314/&"3&<2--2;$*0_&

&

X
X X

X X
X6 :

$ $ 9 9

D 9 D 9

$ F F 9 9

D 9
α

=

=

" % "
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& 6SJ:&

X 6 :F 9 α% & $3& 1,4& 15"*3<25/"1$2*& /"15$B& <52/& 1,4& -"345& C2%(& +225%$*"14& 9& 12& #4,$+-4& C2%(&

+225%$*"14&F&;,454&α& $3& 1,4& 1$-1& "*0-4&;$1,& 543>4+1& 12&1,4&#4,$+-4&C2%(&+225%$*"14&3(314/?&
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X$ F% & %4*2143& 1,4& 15"*3<25/"1$2*& /"15$B& <52/& #4,$+-4& C2%(& +225%$*"143& 12& 3>"1$"-&
+225%$*"143?&&R$*"--(A&1,4&3>"1$"-&+225%$*"14&2<&1,4&2C31"+-4&$3&<2)*%&C(_&

&
X X

X X X
X X6 :

$ $ $ $

D D 9 9 F F

$ F F 9 9 $ F F $

D 9 9 F F
α

= + +

= + +

" " " "

% % " % " "
& 6SS:&

73$*0&6SS:A&2*4&+"*&<$*%&1,4&3>"1$"-&+225%$*"14&2<&3"/>-4%&>2$*13&2*&2C31"+-43&C(&+2/C$*$*0&
1,4&5";&/4"3)54/4*1&#4+125&;$1,&1,4&>23$1$2*A&,4"%$*0A&"*%&"11$1)%4&2<&1,4&#4,$+-4A&;,$+,&
"54&"#"$-"C-4& <52/&1,4&2*C2"5%&*"#$0"1$2*&3(314/&2<& 1,4&789?&@1&3,2)-%&C4&*214%&1,"1& 1,4&
%414+1$2*&"++)5"+(&$*&1,4&3>"1$"-&+225%$*"14&3(314/&*21&2*-(&%4>4*%3&2*&1,4&-"345&3+"**45f3&
"++)5"+(&$134-<A&C)1&"-32&2*&1,4&"++)5"+(&2<&1,4&#4,$+-4&31"143?&&
P2& 4*3)54& +2*<-$+1T<544& *"#$0"1$2*& $*& "*& "$53>"+4& <$--4%& ;$1,& 2C31"+-43A& 1,4& -"345& 3+"**45&
3,2)-%& 3+"*& 1,4& 3)552)*%$*03&;$%4&4*2)0,& 12&<$*%&+2*<-$+1T<544& 15"Q4+125(?&R25&4B"/>-4A& $<&
1,4& -"345&3+"**45& $3& $*31"--4%&12&3+"*&1,4&"54"&,25$^2*1"--(A&"*&"+1)"1$2*& $*&1,4&>$1+,&"B$3& $3&
*4+433"5(&32&1,"1&1,4&3+"**45&+"*&+2#45&1,4&<52*1"-&"54"&3)<<$+$4*1-(&,$0,45&1,"*&1,4&52125&%$3+&
>-"*4&"*%&-2;45&1,"*&1,4&-"*%$*0&04"5?&R$0?&I&3,2;3&"*&"+1)"14%&-"345&3+"**45&/2)*14%&2*&"&
,4-$+2>145& 789& 6.,$/& 41& "-A& NJJ]:?& P,4& 3+"**45& $3& /2)*14%& 2*& "& 1$-1& "+1)"125& ;$1,& "*&

4*+2%45A&;,$+,&>52#$%43&1,4&1$-1&"*0-4&α  $*& X 6 :F 9 α% ?&R$0?&L&3,2;3&#$3)"-$^"1$2*3&2<&-"345&3+"*&

%"1"A& ;,$+,& $3& 2C1"$*4%& C(& 6SS:?& 83& +"*& C4& 344*A& 1,4& 3,">43& 2<& 2CQ4+13& +"*& C4& "++)5"14-(&
%414+14%&"*%&54+2*315)+14%?&

&& &

R$0)54&L?&Y2$*1&+-2)%&2<&2C31"+-43&34*34%&C(&"&-"345&3+"**45&3,2;*&$*&R$0?&I&6-4<1_&3+"**$*0&2<&
052)*%TC"34%&2CQ4+13&2<&"54"&3,2;*&$*&1,4&$*341&$/"04V&&5$0,1_&3+"**$*0&2<&"&789&"$5C25*4:&

2.3 Trajectory Generation 

R25&+2--$3$2*&"#2$%"*+4A&;4&+,2234& 6 A :
? ;

> . η &$*&6O:&3)+,&1,"1&&

&
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η
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=
− − +

& 6SS:&
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N
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?
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;,4*&1,4&#4,$+-4&$3&<"5&4*2)0,&<52/&2C31"+-43?&P,4&+5)+$"-&%$<<454*+4&<52/&1,4&>214*1$"-&<$4-%&
">>52"+,&,454& $3& 1,"1&;4&2>1$/$^4&2#45&"& <$*$14& 54+4%$*0&,25$^2*A&*21&2*-(& <25& 1,4&+)554*1&
1$/4& "3& $*& 1,4& >214*1$"-& <$4-%& ">>52"+,?& R25& 2C31"+-4& "#2$%"*+4A&;4& +2*3$%45& 1;2& 1(>43& 2<&
3+4*"5$23_&S:&"&3$1)"1$2*&;,4*&1,4&#4,$+-4&*44%3&12&31"(&"3&<"5&"3&>233$C-4&<52/&1,4&2C31"+-43&
4#4*&$<&*2&%$54+1&+2--$3$2*&$3&"*1$+$>"14%&"*%&N:&"&3$1)"1$2*&;,4*&1,4&#4,$+-4&+"*&C4&"5C$15"5$-(&
+-234&12&1,4&2C31"+-4&"3&-2*0&"3&*2&%$54+1&+2*<-$+1&$3&+")34%?&R25&1,4&34+2*%&3$1)"1$2*A&6SS:&+"*&

C4& 4*"+14%& 2*-(&;,4*& /$*N?
. η σ− → A& ;,454& /$*σ & $3& 1,4&/$*$/)/& 3"<41(& %$31"*+4& <52/&

21,45&#4,$+-43?&
.$*+4&WYZ&"-025$1,/3&2>1$/$^4&2#45& 1,4&54+4%$*0& <$*$14&,25$^2*& $*12& <)1)54A& 1,4&>54%$+14%&

2C31"+-43f&15"Q4+125(&2#45& A???A S/ 7 7 6= + − $3&*44%4%&$*&6SS:?&@1&$3&"*1$+$>"14%&1,"1&1,4&$*+-)3$2*&

2<& >54%$+14%& 2C31"+-4& -2+"1$2*3& $*& 1,4& 2>1$/$^"1$2*& ;$--& >52%)+4& /254& 4<<$+$4*1& 4#"3$2*&
15"Q4+125(&$<&1,4&>54%$+1$2*&$3&54"32*"C-(&"++)5"14?&@<& 1,4& 2C31"+-4& %414+1$2*& 3(314/& $3&
+">"C-4&2<&431$/"1$*0&1,4&+)554*1&#4-2+$1(&$*&"%%$1$2*&12&1,4&>23$1$2*&2<&"*&2C31"+-4A&2*4&+"*&

>54%$+1& 6 :
;
/η &C(&4B15">2-"1$*0&$1&2#45&6I&314>3A&*"/4-(&I+,C7J)7'3&K'+7H'3A&)3$*0&"*&4D)"1$2*&

3)+,&1,"1&

& 6 : 6 : 6 :6 S:
; ; ;
/ 7 / )? / 7η η+ = + ∆ − & 6SN:&
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6U"1"*"C4&41&"-A&NJJO:&$<&1,4&%(*"/$+&+,"5"+145$31$+3&$3&=*2;*&"1&-4"31&>"51$"--(&$*&"%#"*+4?&&
@*& 1,$3& 5434"5+,A&;4&>52>234&"&%)"-T/2%4& 315"140(& <25& 1,4&WYZTC"34%&+2--$3$2*&"#2$%"*+4&
3(314/?& @*& *25/"-& +2*%$1$2*A& ;4& +,2234& "& >"5"/4145& 341& 1,"1& "+,$4#43& 022%& 15"+=$*0&
>45<25/"*+4?&U,4*&1,4&2C31"+-4&>54%$+1$2*&"-025$1,/&)3$*0&6SN:&>54%$+13&1,"1&"&C204(&/"(&
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6 : 6 :
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15"Q4+125(&C(& -2;45$*0&>4*"-1$43& 2*& 1,4& -"504&%4#$"1$2*& 6i15"+=$*0& 45525:& <52/& 1,4&25$0$*"-&
+2)534&25&"*&"005433$#4&/"*4)#45&;$1,&-"504&+2*152-&4<<251&$<&*4+433"5(?&P,4&+2*152-&4<<251&$3&
"-32& -433&>4*"-$^4%& 12&"--2;&<25&/254&"005433$#4&/"*4)#45?&P,$3&">>52"+,& $3& $--)315"14%& $*&
R$0?& O?& [>1$2*"--(A& $<& 1,4& >54%$+14%& <)1)54& 15"Q4+125$43& 2<& 1,4& ,231& #4,$+-4& "*%& C204(3& 041&
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@*&1,4&<2--2;$*0&34+1$2*A&;4&">>-(&1,4&>52>234%&WYZ&"-025$1,/&<25&6":&2*4&#4,$+-4&#453)3&"&
*2*T+22>45"1$*0&#4,$+-4&"*%&6C:&2*4&#4,$+-4&$*&"*&4*#$52*/4*1&;$1,&2C31"+-43?&

3. Simulation and experiment results 

3.1 One on One Situation 

@*& 1,$3& 3+4*"5$2A& ;4& +2*3$%45& "& 789& +5)$3$*0& "1& I/X3& "1& SJ& /41453& "C2#4& 1,4& 052)*%?&
U$1,2)1&-233&2<&04*45"-$1(A&;4&)34&"&%(*"/$+&/2%4-&<25&"&52125+5"<1&789&C"34%&2*&j"/","&
ETOJ&$*%)315$"-&,4-$+2>145&6.,$/A&NJJJ:A&;,234&3>4+$<$+"1$2*&$3&0$#4*&$*&P"C-4&S?&P,4&C204(3&
"54&31"04%&12&/2#43&"-2*0&"&315"$0,1&-$*4&"1&"&+2*31"*1&"-1$1)%4&"*%&3>44%&"1&#"5$2)3&$*+$%4*1&
"*0-43?&P,4&%414+1$2*&5"*04&$3&3$/)-"14%&12&C4&OJ&/41453&C"34%&2*&"&1(>$+"-&-"345&3+"**45&"*%&
SJJ& /41453& <25& "& ,(>21,41$+& #$3$2*TC"34%& 3(314/?& U4& $*#431$0"14& "& <5"+1$2*& 2<& 1,434&
+2/C$*"1$2*3&2<&1,4&<"+1253&/4*1$2*4%&"C2#4A&;,$+,&;2)-%&,$0,-$0,1&1,4&>45<25/"*+4&2<&1,4&
>52>234%& ">>52"+,& 32& 1,"1& ;4& /"(& ,"#4& 1,4& $*3$0,1& 12& 1,4& C4,"#$25"-& >"1145*3& "*%&
+,"5"+145$31$+3&2<&1,4&"-025$1,/&;$1,&"&54"-$31$+&%414+1$2*?&&
@*&1,$3&3+4*"5$2A&;4&+2*3$%45&1,4&+"34&;,4*&"&789&4*+2)*1453&"&C204(&"1&#"5$2)3&3>44%&"*%&
$*+$%4*1&"*0-4?&P,4&,25$^2*&6& $3&341& 12&SJJ&;$1,&LJ&/3&2<&3"/>-$*0&1$/4A&32& 1,4&>54%$+1$2*&
,25$^2*&3>"*3&2#45&L&34+2*%3?&R25&<$B4%&2C31"+-43A&31"1$2*"5(&2C31"+-43&SN&/41453&";"(&+"*&
C4& +2*3$%454%& $*& 1,4& 2>1$/$^"1$2*& ;,4*& +5)$3$*0& "1& I& /X3?& 83& 4B>4+14%A& 1,4& /2#$*0&
2C31"+-43&;$--&$/>234&/254&+,"--4*043&$*&%414+1$2*&"*%&<$*%$*0&"&3"<4&4#"3$2*&15"Q4+125(&$*&"&
3,251&1$/4?&&
R$531A&;4&+2*3$%45&1,4&<2--2;$*0&+"343_&"&C204(&+5)$3$*0&12;"5%3&1,4&789&"1&N&/X3A&O&/X3A&

SO& /X3& "*%& IJ/X3?& P,4& +")1$2*"5(& /"50$*& 50cσ = /& "*%& 1,4& "C32-)14& 3"<41(& /"50$*&

SJ
-

σ = /?&U4&Q)%04&1,4&#4,$+-43&+2--$%4&;,4*&1,4&%$31"*+4&<52/&4"+,&21,45&$3&-433&1,"*&O&/?&&

@*& R$0?& ]A& "*& 4B"/>-4&;,4*& "& C204(& +-2343& $*& "1& SJ&/X3A&;$1,& Jk& $*+$%4*1& "*0-4& 6,4"%T2*&

+2--$3$2*:?&83&+"*&C4&344*& $*& 1,4& <$0)543A& 1,4&,231&789&/"$*1"$*3&3)<<$+$4*1&/"50$*A&;,$+,&

%4+54"343&"3& -2;&"3&b&/X3A&;4--&"C2#4&1,4&/$*$/"-&%$31"*+4?&R25&+2/>"5$32*A&;4&+2*3$%45&

;,4*&1,4&,25$^2*&6&$3&/)+,&3,25145&12&%4/2*315"14&1,4&"%#"*1"04&2<&1,4&54+4%$*0&,25$^2*&

">>52"+,?& P,4& 3$/)-"1$2*& 543)-1& ;,4*& 6& $3& 3,2514*4%& 12& NJ& 6iJ?b34+:& "*%& "--& 21,45&

>"5"/41453& "54& <$B4%& "3& C4<254& $3& 0$#4*& $*& R$0?& O& "3&;4--?& P,4& 543)-1& 3,2;3& 1,"1& 1,4&789&

/"*"043&12&43+">4&1,4&+2--$3$2*A&C)1&1,4&#4,$+-4&0243&$*12&"&#$2-4*1&15"*3$4*1&/21$2*&%)5$*0&

1,4& +-234& <-(TC(& $*145#"-?& & @1& $3& "115$C)14%& 1,"1& 1,4& 3,251& ,25$^2*& -4*01,& %243& *21& "--2;& "&

3)<<$+$4*1& 1$/4& 12& >54%$+1& 1,4& +2--$3$2*& "*%& 1,4*& 31445& 1,4& #4,$+-4& ";"(& <52/& 1,4& +2--$3$2*&

+2)534?&U4&"-32&*214&1,4&,4"%$*0&2<&1,4&#4,$+-4&$3&$/>-$+$1-(&%4145/$*4%&C(&1,4&2>1$/$^"1$2*?&

@*& 1,4& <2--2;$*0&4B"/>-43A&;4&+2*3$%45&"& 341&2<&%$<<454*1&">>52"+,&#4-2+$1$43&"*%& $*+$%4*1&

"*0-43?&

@*& R$0?& aA& "& *)/C45& 2<& ">>52"+,& #4-2+$1$43& "54& 14314%?& @*& R$0?& aT6%:A& 1,4& #4,$+-4& >"3343& 1,4&
C204(& ;$1,& a/& %$31"*+4A& ;,$+,& $3& +2*3$%454%& "3& "& C"54& /$*$/)/?& & @1& $3& 4B>4+14%& 1,"1& "&
-2*045&,25$^2*&-4*01,&;$--&,4->&12&"#2$%&1,4&2C31"+-4&;$1,&"&/254&3)<<$+$4*1&/"50$*?&&@*&R$0?&
bA& 1,4&15"Q4+125(&>-"**45&3,2;3&"&54-$"C-4&>45<25/"*+4&$*&+2/>)1$*0&3"<4&15"Q4+125$43&;,4*&
1,4&C204(&<-$43&$*&"1&#"5$2)3&$*+$%4*1&"*0-43?&@*&2#45"--A&1,4&WYZTC"34%&+2--$3$2*&"#2$%"*+4&
"-025$1,/&%4/2*315"143&"&3"1$3<"+125(&>45<25/"*+4&$*&#"5$2)3&3+4*"5$23?&
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& & 6":&6iSJJ& & & & 6C:&6iNJ&
&
R$0)54&]?&8&,4"%T2*&+2--$3$2*&3+4*"5$2&;$1,&%$<<454*1&,25$^2*&-4*01,3A&6iSJJ&"*%&NJ?&&

&6 I/X3A
J+(7A,
8 = SJ/X3A iJ

L'2,1
8 α= & :&
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@*&25%45&12&#"-$%"14&1,4&>52>234%&"-025$1,/&4B>45$/4*1"--(A&1;2&,4-$+2>145&7893&6P"C-4&S:&
"54&%4>-2(4%&$*&"&+2--$3$2*&+2)534&6R$0?&e&"*%&SJ:?&P;2&#4,$+-43&"54&$*$1$"--(&<-2;*&/"*)"--(&
IJ&/41453&">"51& "*%&+2//"*%4%& 12& 15"%4& 1,4$5&>23$1$2*&;,$-4& <-($*0&"1& S?N&/X3?&P,4*& 1,4&
WYZ&"-025$1,/&5)**$*0&2*&"&*214C22=&+2/>)145&;$1,&Y4*1$)/&S?b&F'^&ZY7&+2/>)143&3"<4&
15"Q4+125$43&<25&4"+,&#4,$+-4& $*&W8PG8KX.$/)-$*=&4*#$52*/4*1?&81&4"+,&3"/>-$*0&1$/4&2<&
SJJ&/3A&4"+,&#4,$+-4&+2//)*$+"143&;$1,&1,4&+4*15"-$^4%&15"Q4+125(&>-"**45&C)1&*21&%$54+1-(&
4"+,& 21,45& 2#45& "& ;$54-433& +,"**4-& 12& 54>251& 1,4& +)554*1& >23$1$2*& "*%& 54+4$#4& "& *4;&
;"(>2$*1?&P,4&4B>45$/4*1&;"3&>45<25/4%&$*&<2)5&34>"5"14&2++"3$2*3&"*%&1,4&#4,$+-43&+2)-%&
<-(&12&1,4$5&2;*&%431$*"1$2*&;,$-4&"#2$%$*0&+2--$3$2*?&8*&4B>45$/4*1&543)-1&341& $3&3,2;*&$*&
R$0?&SJ?&@1&+"*&C4&344*&1,"1&1,4&34>"5"1$2*&$*&1,4&/$%%-4&;"3&"C2)1&SN&/41453&<52/&+4*145&12&
+4*145&2<&1,4&#4,$+-43&"*%&-433&1,"*&e&/41453&<52/&1$>T12T1$>?&&

&

R$0)54&e?&W$%T"$5&+2--$3$2*&"#2$%"*+4&C41;44*&1;2&52125+5"<1&7893&)3$*0&54"-T1$/4&WYZ&

&

R$0)54&SJ?&P5"Q4+125$43&2<&1;2&7893&cB>45$/4*1&543)-1&2<&P5"Q4+125$43&2<&2<&%(*"/$+&>"1,&
>-"**$*0&<25&+2--$3$2*&"#2$%"*+4&
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K"34&>-"1<25/& j"/","&ETOJ&@*%)315$"-&'4-$+2>145&&

!$/4*3$2*& J?a&/6U:&×&I?O&/&6G:&×&S?Jb&/&6':&

E2125&!$"/4145& I?JaJ&/&

U4$0,1&
LL&=0&6%5(&;4$0,1:&

NJ&=0&6>"(-2"%&$*+-)%$*0&"#$2*$+3:&

c*0$*4& SN&,>A&N&+(+-4&"$5T+22-4%&0"32-$*4&4*0$*4&

[>45"1$2*&P$/4
R)4-_&LJ&/$*)143&

8#$2*$+3_&NJJ&/$*)143&

[*C2"5%&
.(314/3&

ZY7_&8W!&M]&LJJW'^&YZSJL&
K24$*0&!l@THY&@H.&

H2#814-&FY.&W$--4*EPTN&
@ccc&bJN?SSC&U$54-433&c1,45*41&

7-15"32*$+&"-1$/41453&
.@ZM&-"345&5"*04&<$*%45&6GW.TNJJ:&

Z">"C$-$1$43&
Y54-2"%4%&;"(>2$*1&*"#$0"1$2*&
@*145"+1$#4&;"(>2$*1&*"#$0"1$2*&

P5"Q4+125(&15"+=$*0&/2%4&

P"C-4&S?&.>4+$<$+"1$2*&2<&"&1431C4%&789&&

3.2 Obstacle Avoidance 

@*&1,$3&34+1$2*A&;4&">>-(&1,4&>52>234%&WYZTC"34%&"-025$1,/&12&1,4&*"#$0"1$2*&>52C-4/&$*&"&
+-)11454%&4*#$52*/4*1&3)+,&"3&)5C"*&+"*(2*3?&8*&2C31"+-4&34*3$*0&3(314/&$3&"33)/4%&12&C4&
+2/C$*4%&;$1,&1,4&"#2$%"*+4&"-025$1,/?&@*&1,$3&3+4*"5$2A& $*&>-"+4&2<&)3$*0&1,4&+)554*1&"*%&
-$*4"5-(&4B15">2-"14%&>23$1$2*& $*<25/"1$2*&2<&/2#$*0&2C31"+-43A& 1,4&>23$1$2*&2<& 1,4&*4"5431&

2C31"+-4&$3&)34%&$*&6SS:?&&@*&21,45&;25%3A&;4&*44%&12&<$*%& /$*
M
" A&1,4&#4+125&<52/&1,4&+,0,+,3J,&

I'A7)7'3&12&1,4&*4"5431&>2$*1&2*&"*&2C31"+-4&3)+,&1,"1&

& /$*

N
6 : "50/$* ?

M 'LA

M +,0 M +,0

$∈
= −

"

" " " " & 6SI:&

U,$-31&1,4&>23$1$2*&2<&21,45&#4,$+-43&+"*&C4&154"14%&"3&"&>2$*1A&2C31"+-43&+"**21&C4&4<<4+1$#4-(&
%43+5$C4%&"3&"&>2$*1?&E"1,45A&1,4(&,"#4&+2/>-4B&3,">43?&8-32A&"3&1,4&WYZ&"-025$1,/&32-#43&
2#45& 1,4& <$*$14& ,25$^2*A& 1,4& *4"5431& 2C31"+-4& <52/& "& <)1)54& >23$1$2*& 2<& 1,4& #4,$+-4& $*& 1,4&
>54%$+1$2*&3433$2*&+,"*043?&P,42541$+"--(A&6SI:&%4/"*%3&"&>45<4+1&=*2;-4%04&2*&"--&2C31"+-43&
$*&1,4&3)552)*%$*0&4*#$52*/4*1A&;,$+,&"33)/43&"*&$%4"-&34*325&+">"C-4&2<&2/*$T%$54+1$2*"-&
3+"**$*0& ;$1,& $*<$*$14& %414+1$2*& 5"*04& 1,52)0,& "*(& 21,45& 2C31"+-43?& 8-32A& %)5$*0& 1,4&
2>1$/$^"1$2*A& "& ,(>21,41$+& 34*325& 3,2)-%& C4& /2#$*0& "-2*0& 1,4& 15"Q4+125(& 2<& 1,4& 31"14&
>52>"0"1$2*& 2#45& "& <$*$14& ,25$^2*& "1& 4"+,& $145"1$2*& 314>?& [C#$2)3-(A& "*(& 54"-$31$+& 34*3253&
;2)-%&*21&>52#$%4& 3)+,& $*<25/"1$2*?&R$*"--(A& $<& 1,4&WYZ&"-025$1,/& $3&)34%&"3&"& 54<454*+4&
15"Q4+125(&04*45"125A&%)4&12&1,4&$*4#$1"C-4&15"+=$*0&45525A&1,4&5"*04&%"1"&$3&/4"3)54%&"1&1,4&
>,(3$+"-& -2+"1$2*& 2<& 1,4& #4,$+-4A& *21& 2*& 1,4& 54<454*+4& 15"Q4+125(?& P,454<254A& $*& 25%45& 12&

>52#$%4& /$*
M
" &12&1,4&WYZTC"34%&15"Q4+125(&04*45"125&%)5$*0&1,4&2>1$/$^"1$2*A&$1&$3&$/>251"*1&

12&/"$*1"$*&"&-2+"-&2C31"+-4&/">&+"+,$*0&54+4*1&/4"3)54/4*13&<52/&2*C2"5%&34*3253?&
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Vehicle position and attitude

from the BEAR avionics

Raw scan data

from laser 

scanner

Filter out

inaccurate

measurements

Convert to

local  Cartesian

coordinates

Find the nearest

obstacle point

over future

time horizon

Sort and filter 

out small 

obstacles/noises

Find NC points

closest to 

the vehicle

&

R$0)54&SS?&R$*%$*0&*4"5431&>2$*13&"1&4"+,&31"14&>52>"0"1$2*&%)5$*0&>54%$+1$2*&6-4<1:&"*%&-2+"-&
/">&C)$-%$*0&/41,2%&<25&1,4&*4"5431T>2$*1&">>52"+,&"#2$%"*+4&65$0,1:&

81&4"+,&3+"*A& 1,4&34*325&>52#$%43&
@,-A

6 &/4"3)54/4*13&2<& 1,4&3+"*&>2$*13& <52/&1,4&*4"5C(&

2C31"+-43?&!)4& 12& 1,4& $/>45<4+1& +2#45"04& 2<& 1,4& 3)552)*%$*03&;$1,& >233$C-4&/4"3)54/4*1&

455253A& 4"+,& /4"3)54/4*1& 341& $
M
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UAS Safety in Non-segregated Airspace 
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1. Introduction     
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D=3% <'#:'"'60% +;% 6=3% .+((32.'#"% (#2/36% ;+2% 7!&% 3*)3.'#""0% '$% 6=3% .'<'"%(#2/36% '*% =3#<'"0%
43)3$43$6%+$%B$;3663234%#..3**%6+%6=3%*#(3%#'2*)#.3%#*%(#$$34%.'<'"'#$%+)32#6'+$*C%M='"*6%'6%
'*% 3**3$6'#"% 6=#6% 7!&% 43(+$*62#63% #$% 3LB'<#"3$6% "3<3"% +;% *#;360% .+()#234% 6+% (#$$34%
+)32#6'+$*%6=3%.B223$6%23AB"#6+20%;2#(3>+2/%=#*%3<+"<34%#2+B$4%6=3%.+$.3)6%+;%6=3%)'"+6G'$G
6=3G.+./)'6C% % D=323% '*% #% $334% 6+% 43<3"+)%7!&% *+"B6'+$*% 6=#6% #**B23% #$% 3LB'<#"3$6% "3<3"% +;%
*#;360% ;+2%7!&%+)32#6'+$*,%>='.=% '$% 6B2$%>'""%23LB'23%#4#)6#6'+$%+;% 6=3%.B223$6% 23AB"#6+20%
;2#(3>+2/% 6+% #""+>% ;+2% 6=3% .+$.3)6% +;% 6=3% )'"+6G$+6G'$G6=3G.+./)'6%>'6=+B6% .+()2+('*'$A%
6=3%*#;360%+;%+6=32%#'2*)#.3%B*32*C%%%
J$3% +;% 6=3% (#E+2% '**B3*% ;#.'$A% 7!&% +)32#6'+$*% '*% 6=3% 43(+$*62#6'+$% +;% 3LB'<#"3$.3% 8'$%
)#26'.B"#2% ;+2%&33% #$4%!<+'49% '$% 6=3% .+$63?6%+;% #$% 3<+"<'$A%!DH%3$<'2+$(3$6C% % F6% '*%<320%
'()+26#$6% 6+% B$432*6#$4% 6=#6% 6=3% .B223$6% !DH% 3$<'2+$(3$6% '*% $+6% *6#6'.C% % !.='3<'$A%
3LB'<#"3$.3% >'6=% (#$$34% +)32#6'+$*% '*% $+6% #% ;'?34% 6#2A36% #*% 6=323% #23% (#$0% *'A$';'.#$6%
.=#$A3*%)2+)+*34% 6=#6%#'(%6+% '()2+<3%+)32#6'+$#"%3;;'.'3$.0%#$4%)32;+2(#$.3%+2%3$=#$.3%
*#;360C% % J$% 6=3% >=+"3% )2+)+*34% .=#$A3*% 6+% 6=3% !DH% 3$<'2+$(3$6% .+B"4% :3% *33$% #*%
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#4<#$6#A3+B*% 6+%7!&%+)32#6'+$*%#*%(+23%#$4%(+23% ;B$.6'+$*%>'6='$% 6=3%3$<'2+$(3$6%#23%
#B6+(#634% 6=B*% 6=323% '*% #% *'A$';'.#$6% +))+26B$'60% ;+2% 6=3% 7!&% '$4B*620% 6+% '$;"B3$.3% 6=3%
*=#)3%+;%6=3%;B6B23%!DH%3$<'2+$(3$6%6+%*B))+26%>'432%7!&%+)32#6'+$*C%
!**B2'$A% 6=3% *#;360%+;%7!&%+)32#6'+$*% '$%$+$G*3A23A#634%#'2*)#.3%>'""% 6=323;+23% 23LB'23%#%
*'A$';'.#$6%B)4#63% 6+% /30% 3"3(3$6*% +;% 3?6#$6% 23AB"#6'+$*% #$4% *6#$4#24*C% %7!&%=#<3%036% 6+%
3*6#:"'*=% #% A++4% *#;360% 23.+24N% #$4% 6=323% #23% (#$0% .=#""3$A3*% :+6=% 23AB"#6+20% #$4%
63.=$+"+A'.#"%6+%:3%23*+"<34%:3;+23%*B.=%+)32#6'+$*%.#$%:3.+(3%.+((+$%)"#.3C%%M'6=+B6%#%
.+=323$6% 23AB"#6+20% ;2#(3>+2/% 8'C3C% 23AB"#6'+$*,% *6#$4#24*,% 36.C9% ;+2% .326';0'$A% 7!&% *B.=%
*0*63(*%(B*6%:3%#2AB34%#*%#..3)6#:"0%*#;3%>'6='$%6=3%.+$63?6%+;%6=3%>=+"3%+)32#6'+$#"%!'2%
D2#;;'.% 3$<'2+$(3$6OC% % P+>3<32,% 23AB"#6+2*% #23% 6#/'$A% *63)*% 6+>#24*% )2+<'4'$A% 6='*%
'$;2#*62B.6B23C%%M'432%#$4%(+23%436#'"34%23AB"#6'+$*%#$4%*6#$4#24*%>'""%"'/3"0%;+2(%#2+B$4%
6=3%63.=$+"+A'3*%6=#6%:3.+(3%#<#'"#:"3%6+%23*+"<3%6=3%+)32#6'+$#"%#$4%*#;360%'**B3*%6=#6%7!&%
+)32#6'+$*%(B*6%#4423**C%

2. Current Regulatory Framework 

2.1 Overview 

D=3%23AB"#6+20%.+$63?6%;+2%7!&%+)32#6'+$*%'$%$+$G*3A23A#634%#'2*)#.3%.#$%:3%*)"'6%'$6+%6=233%
(#'$% .+$*'432#6'+$*@% .326';'.#6'+$% +;% #'2% <3='."3% #'2>+26='$3**,% *#;3% )2+<'*'+$% +;% #'2% 62#;;'.%
*32<'.3*%#$4%"'.3$*'$A%+;%+)32#6+2*,%)'"+6*,%36.C%% %H+*6%+;%6=3%23AB"#6+20%>+2/%.#22'34%+B6%6+%
4#63%=#*%;+.B**34%+$%#'2>+26='$3**%.326';'.#6'+$%#*%>3""%#*%6=3%"'.3$*'$A%+;%7!&%Q'"+6*C%%D=323%
'*%#"*+%#%$334%;+2%23AB"#6'+$%6+%'$."B43%6=3%!'2%D2#;;'.%H#$#A3(3$6%3$<'2+$(3$6%#$4%;+2%6=3%
.+G+24'$#6'+$% +;% #""% 23AB"#6+20% #.6'<'6'3*,% #% )+'$6% $+634% :0% R!&!% '$% #% 23.3$6% 23AB"#6+20%
.+$*B"6#6'+$%)#)32%8R!&!%!GSQ!,%OTTU9%6+%3$*B23%6=3%*#;360%+;%#'2%62#<3"%#*%#%>=+"3C%
P+>3<32,% 6=3% 23AB"#6+20% ;2#(3>+2/% '*% .=#$A'$A% 2#)'4"0% 3*)3.'#""0% >'6=% 23*)3.6% 6+%
'$63A2#6'+$%+;%7!&% '$6+% 6=3%#'2% 62#;;'.%(#$#A3(3$6%3$<'2+$(3$6,% 8V3A#(+,%OTTW9%*BAA3*6*%
6=#6%>='"*6% 6=3%7$'634%&6#63*% "3#4*% '$%7!&% 63.=$+"+A0%43<3"+)(3$6*,% 6=30% #))#23$6"0% "#A%
:3='$4% 6=3%7X% #$4% RB2+)3% '$% "3A'*"#6'<3% #.6'<'6'3*% 23"#6'$A% 6+%7$(#$$34%!32'#"% -3='."3*%
87!-*9,% (+23% *)3.';'.#""0% 6=30% .B223$6"0% =#<3% $+% 23AB"#6'+$% +2% AB'4#$.3% ;+2% 7!&%
+)32#6'+$*@%8V3A#(+,%OTTW9%#"*+%)2+<'43*%#%A++4%:#./A2+B$4%+$%7!&%'**B3*%'$%A3$32#"C%%%

2.2 UK Regulations  

8Y!QZOO,% OTT[9% )2+<'43*% AB'4#$.3% ;+2% 7!&% +)32#6'+$*% '$% 7X% #'2*)#.3% #$4% =#*% :33$%
.+()'"34% :0% 6=3%Y'<'"%!<'#6'+$%!B6=+2'60% 8Y!!9%V'23.6+2#63% +;%!'2*)#.3% Q+"'.0% 8V!Q9% 6+%
.#632% ;+2% 6=3% A2+>'$A% .#)#:'"'6'3*% #$4% #$6'.')#634% '$.23#*3% +;% )'"+6"3**% #32'#"% <3='."3*C%
8Y!QZOO,%OTT[9%436#'"*%6=3%+<32#2.='$A%('"'6#20%#$4%.'<'"%23AB"#6'+$*%#))"'.#:"3%6+%7X%7!&%
+)32#6'+$C%
F$% #44'6'+$,% .'<'"% .326';'.#6'+$% #*)3.6*% +;% 7!&% #23% 6=3% 23*)+$*':'"'60% +;% 6=3% V3*'A$% #$4%
Q2+4B.6'+$%&6#$4#24*%V'<'*'+$%+;%6=3%Y!!%&#;360%\3AB"#6'+$%K2+B)%8&\K9C%%D=3'2%)+*'6'+$%
*36%+B6%>'6='$%8P#66+$%]%M='66#/32,%OTTO9%'*%6=#6%7!&%*=+B"4%:3%A2#$634%)32('**'+$%6+%;"0%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
N%D=3%.B223$6%7!-%#..'43$6%2#63%'*%NTT%6'(3*%6=#6%+;%(#$$34%#'2.2#;6C%%!..+24'$A%6+%7&%!'2%^+2.3%*6B4'3*%
8V3A#((+,%OTTW9% % 6=3%#..'43$6% 2#63% '*%UT% 6'(3*%A23#632% 6=#$% ;+2%^GN_,%7&%.+((32.'#"%#'2.2#;6%#..'43$6%
2#63%'*%TCT_%)32%('""'+$%;"'A=6%=+B2*%.+()#234%6+%K"+:#"%P#>/%#6%N,_TT%)32%('""'+$%;"'A=6%=+B2*@%<320%;3>%
+;%6=3*3%#..'43$6*%23*B"634%'$%6='24%)#260%"+**3*C%

O%M=3$%#%7!&%&3$*3%#$4%!<+'4%*)3.';'.#6'+$%'*%43;'$34%>'6='$%6=3%23AB"#6+20%;2#(3>+2/%6=3$%'6%>+B"4%

:3%*B;;'.'3$6%6+%.326';0%*B.=%*0*63(*%#A#'$*6%6='*%*)3.';'.#6'+$C%
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:0%LB#"';0'$A% ;+2%Y326';'.#63*%+;%!'2>+26='$3**%:0%43(+$*62#6'$A%.+()"'#$.3%>'6=%43;'$34%
#'2>+26='$3**%*6#$4#24*%.+()#2#:"3%6+,%#$4%432'<34%;2+(,%6=+*3%#))"'34%6+%(#$$34%#'2.2#;6C%%
D=3%)2'$.')"3*%+;%6=3%7X%Q+"'.0%;+2%7!&%#23%#*%;+""+>*`%

• D+%+)32#63%>'6='$%3?'*6'$A%#22#$A3(3$6*%#$4%23AB"#6'+$*%;+2%#'2%62#;;'.%

• S+%#B6+(#6'.%2'A=6%+;%#'2*)#.3%B*3%

• !$%3LB'<#"3$6%"3<3"%+;%.326';'.#6'+$%.+()"'#$.3%

• S+%'$.23#*34%2'*/%6+%3?'*6'$A%B*32*%

• J)32#6'+$*%(B*6%:3%a62#$*)#23$6bc%%6+%6=3%.+$62+""32%

• YB223$6"0%;"'A=6*%+B6*'43%V#$A32%!23#*%>'""%:3%'$%63()+2#20%*3A23A#634%#'2*)#.3%
F$% #44'6'+$% 6+% 6=3% "#632% )+'$6% 2B"3*% #))"0% ;+2% +)32#6'+$*% '$% $+$G*3A23A#634% #'2*)#.3,%
'$."B4'$A% .#22'#A3% +;% (#$4#634% 3LB')(3$6% #*% )32% (#$$34% #'2.2#;6% #$4% )2+<'*'+$% +;% #$%
#..3)6#:"3% *3$*3% #$4% #<+'4% *0*63(C% %J6=32% '()+26#$6% .+$*'432#6'+$*% '$."B43%7!&% .+$62+"%
"'$/%23"'#:'"'60%#$4%*3.B2'60C%

2.3 European Regulations 

&3<32#"%RB2+)3#$%#A3$.'3*%#23%3$A#A34%'$%#.6'<'6'3*%#'(34%#6%6=3%43<3"+)(3$6%+;%2B"3*%6=#6%
.#$% #..+((+4#63% 6=3% 5+'$6% !<'#6'+$% \3LB'23(3$6*% 85!\*9% #$4% *#6'*;0% (3(:32% $#6'+$*I%
.+$.32$*%+<32%7!&%*#;360%#$4%B*#A3C%%
Q2'+2%6+%6=3%;+2(#6'+$%+;%6=3%RB2+)3#$%!<'#6'+$%&#;360%!A3$.0%8R!&!9,% 6=3%5+'$6%!<'#6'+$%
!B6=+2'6'3*% 85!!9% >#*% #$% #**+.'#634% :+40% +;% 6=3% RB2+)3#$% Y'<'"% !<'#6'+$% Y+$;323$.3%
8RY!Y9% 23)23*3$6'$A% 6=3% .'<'"% #<'#6'+$% 23AB"#6+20% #B6=+2'6'3*% +;% #% $B(:32% +;% RB2+)3#$%
&6#63*%>=+%#A2334%6+%.+G+)32#63%'$%43<3"+)'$A%#$4%'()"3(3$6'$A%.+((+$%*#;360%23AB"#6+20%
*6#$4#24*%#$4%)2+.34B23*C%%J$3%+;%6=3%5!!*%/30%;B$.6'+$*%>#*%6+%43<3"+)%#$4%#4+)6%5+'$6%
!<'#6'+$% \3LB'23(3$6*% 85!\*9% '$% 6=3% ;'3"4*% +;% #'2.2#;6% 43*'A$% #$4% (#$B;#.6B23,% #'2.2#;6%
+)32#6'+$*% #$4%(#'$63$#$.3,% #$4% 6=3% "'.3$*'$A% +;% #<'#6'+$% )32*+$$3"C% % 5!\*% #))"'.#:"3% 6+%
7!&%+)32#6'+$*%'$."B43%85!\%Oc,%NddW%36%#"9C%
!% 5+'$6% 5!!eR7\JYJSD\Jf% '$'6'#6'<3% +$% 7!&% 8/$+>$% #*% 6=3% 7!-% D#*/G^+2.39% >#*%
3*6#:"'*=34% '$% &3)63(:32% OTTO% +$% 6=3% :#*'*% +;% #% E+'$6% 43.'*'+$% +;% 6=3% 5!!% #$4%
R7\JYJSD\Jf% A+<32$'$A% :+4'3*C% D='*% 43.'*'+$% >#*% 6#/3$% '$% 23#.6'+$% 6+% 6=3% A2+>'$A%
RB2+)3#$% 7!&% F$4B*620% #$4% 6=3% 23.+A$'*34% $334% ;+2% 6=3% #B6=+2'6'3*% 6+% .+((3$.3% >+2/%
"3#4'$A% 6+%RB2+)3#$% 23AB"#6'+$*% ;+2% .'<'"%7!&C%D=3%$+$G3?'*63$.3%+;% *B.=% 23AB"#6'+$*%>#*%
*33$% #*% #% (#E+2% +:*6#."3% ;+2% ;B26=32% 43<3"+)(3$6% +;% RB2+)3#$% 7!&% #))"'.#6'+$*C% % D=3%
;'$4'$A*% +;% 6=3% ^'$#"% \3)+26% +;% 6=3% 7!-GD#*/% ^+2.3% #23% 4+.B(3$634% '$%
85!!eR7\JYJSD\Jf,%OTTW9C%%
VB3% 6+% 6=3% *'A$';'.#$6% '$6323*6% '$%7!&% +)32#6'+$*% *=+>$% :0% R!&!,%R7\JYJSD\Jf,% 6=3%
RB2+)3#$% 7$'+$% #$4% +6=32% S#6'+$#"% J2A#$'*#6'+$*,% 6=3% RB2+)3#$% J2A#$'*#6'+$% ;+2% Y'<'"%
!<'#6'+$% RLB')(3$6% 8R7\JY!R9% *36% B)% #% M+2/'$A% K2+B)% 8MKGZc% 7$(#$$34% !32'#"%
-3='."3*9% 6+% 3*6#:"'*=% 23LB'234% 23.+((3$4#6'+$*% #$4% 63.=$'.#"% *6#$4#24*% ;+2% 7!&C% % D=3%
(#'$%+:E3.6'<3%+;%MKGZc,%#*%*36%+B6%'$%8R7\JY!R,%OTT_9,%'*%6+%3$*B23%6=#6%7!&%.#$%+)32#63%
*#;3"0% >'6='$% 6=3% #'2*)#.3% #$4% #23% .+()#6':"3% >'6=% 3?'*6'$A% '$;2#*62B.6B23% #$4% 23"#634%
*0*63(*%#$4%3LB')(3$6*C%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
c%!*%43;'$34%:0%8Y!QZOO,%OTT[9%a!%.+$62+""32%(B*6%$+6%:3%3?)3.634%6+%4+%#$06='$A%4';;323$6%B*'$A%\#4'+%
D3"3)=+$0%+2%"#$4"'$3*%6=#$%=3%>+B"4%;+2%+6=32%#'2.2#;6%B$432%='*%.+$62+"C%S+2%*=+B"4%=3%=#<3%6+%#))"0%
4';;323$6% 2B"3*% +2%>+2/% 6+% 4';;323$6% .2'632'#C%7!&%(B*6% :3% #:"3% 6+% .+()"0%>'6=% '$*62B.6'+$*% #$4%>'6=%
3LB')(3$6%23LB'23(3$6*%#))"'.#:"3%6+%6=3%."#**%+;%#'2*)#.3%>'6='$%>='.=%6=30%'$63$4%6+%+)32#63Cb%
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2.4 Future Air Traffic Management Environment 
F6%'*%<320%'()+26#$6%6+%B$432*6#$4%6=#6%6=3%#'2%62#;;'.%23AB"#6+20%;2#(3>+2/%'*%$+6%*6#6'.%#$4%
#.='3<'$A% 3LB'<#"3$.3% >'6=% (#$$34% +)32#6'+$*% '*% $+6% #% ;'?34% 6#2A36C% % D=3% #'2% 62#;;'.%
3$<'2+$(3$6% '*% .+$*6#$6"0% *B:E3.6% 6+% .=#$A3*% 6=#6% #'(% 6+% '()2+<3% +)32#6'+$#"% 3;;'.'3$.0,%
'$632+)32#:'"'60,% )32;+2(#$.3,% ;B$.6'+$#"'60% +2% 3$=#$.3% *#;360C% % D=3% 63.=$'.#"% .=#$A3*%
)2+)+*34%+$%6=3%>=+"3%.+B"4%:3%*33$%#*%#4<#$6#A3+B*%6+%7!&%+)32#6'+$*%#*%(+23%#$4%(+23%
;B$.6'+$*%>'6='$%6=3%3$<'2+$(3$6%#23%#B6+(#634C%%D=323%'*%#%*'A$';'.#$6%+))+26B$'60%;+2%6=3%
7!&%'$4B*620%6+%'$;"B3$.3%6=3%*=#)3%+;%6=3%;B6B23%#'2%62#;;'.%3$<'2+$(3$6%6+%*B))+26%>'432%
7!&% +)32#6'+$*C% % D=323% '*% #"*+% ."3#2% 3<'43$.3% 6=#6% 7!&% +)32#6'+$*% #23% :3'$A% .+$*'43234%
>'6='$%6=3%*.+)3%+;%*+(3%+;%6=3*3%.=#$A3*C%%
D=3% (+*6% .+()23=3$*'<3% )#./#A3% +;% .=#$A3*% )2+)+*34% +<32% 6=3% $3?6% NO% 03#2*% +2% *+% '*%
.#)6B234%:0%6=3%&'$A"3%RB2+)3#$%&/0%!DH%\3*3#2.=%+2%&R&!\%)2+A2#((3C%%D=3%.+$.3)6B#"%
.=#$A3*%)2+)+*34%:0%&R&!\%;+2%6=3%!DH%3$<'2+$(3$6%#23%*B((#2'*34%'$%6=3%!DH%D#2A36%
Y+$.3)6%8&R&!\%Vc,%OTTZ9C%%D=323%#23%(#$0%)2+)+*34%.=#$A3*,%6++%(#$0%6+%43*.2':3%=323,%
:B6% *+(3%(#0% 3<3$% #;;3.6% 6=3% ;B$4#(3$6#"% .+$.3)6*% '$% #'2% 62#;;'.% *32<'.3% )2+<'*'+$C% % D=3%
(+*6%*'A$';'.#$6%+;%6=3*3%#23`%

• &'()"';'.#6'+$%+;%6=3%."#**';'.#6'+$%+;%#'2*)#.3%'$6+%(#$#A34%#$4%B$(#$#A34,%#"6=+BA=%
(#$#A34%#'2*)#.3%>'""%#"*+%'$."B43%='A=G43$*'60%#23#*%83CAC%#2+B$4%#'2)+26*9,%40$#('.%
#$4% <#2'#:"3% #'2*)#.3% 23*32<#6'+$*% 8/$+>$% #*% aH+<'$A% !\R&b9% #$4% 43"3A#634%
*3)#2#6'+$%)2+<'*'+$%#22#$A3(3$6*C%

• F$62+4B.6'+$%+;%.+G+)32#6'<3%*3)#2#6'+$%)2+<'*'+$%#$4%*3";%*3)#2#6'+$%)2+<'*'+$%(+43*%
'$% .+$62+""34% #'2*)#.3% :#*34% +$% !'2:+2$3% &3)#2#6'+$% !**'*6#$.3% &0*63(*% 8!&!&9%
#))"'.#6'+$*C%

• K23#632%43.+$;"'.6'+$%.#)#:'"'6'3*,%>'6=%"3**%23"'#$.3%+$%Y+$62+""32*,%#""+>'$A%6=3%B*3%+;%
Q23.'*'+$%D2#E3.6+20%Y"3#2#$.3*,%.+(:'$34%>'6=%#B6+(#634%62#E3.6+20%.+$62+"%:0%*)334%
#4EB*6(3$6C%

• V3<3"+)(3$6% +;% Y+""'*'+$% !<+'4#$.3% *0*63(*% 6+% 6#/3% '$6+% #..+B$6% 6=3% .=#$A3*% 6+%
*3)#2#6'+$% )2+<'*'+$%(+43*% ='A="'A=634% #:+<3C% % R$=#$.3(3$6*% 6+%!'2:+2$3% Y+""'*'+$%
!<+'4#$.3%&0*63(%8!Y!&9%#$4%&=+26%D32(%Y+$;"'.6%!"326%8&DY!9%#23%3?)3.634%6+%6#/3%
#4<#$6#A3%+;% 6=3% #<#'"#:'"'60%+;%(+23%436#'"34%#'2.2#;6% '$;+2(#6'+$%#$4% 6=3% *=#2'$A%+;%
'$;+2(#6'+$%:36>33$%A2+B$4%#$4%#'2:+2$3%*B2<3'""#$.3%*0*63(*C%

D=3%43)"+0(3$6% 6'(3"'$3% ;+2% 6=3%&R&!\%.=#$A3*% '*%4+.B(3$634% '$% 6=3%!DH%V3)"+0(3$6%
&3LB3$.3%8&R&!\%VW,%OTT[9C%F6%*=+B"4%:3%$+634%6=#6%#""%+;%6=3*3%'43#*%#23%*6'""%'$%23*3#2.=%#$4%
6=3%.#*3%;+2%*#;360%=#*%036%6+%:3%(#43C%

3. Operations in Non-Segregated Airspace  

7!&% +)32#6'+$*% $334% 6+% :3% #..3)6#:"0% *#;3% '223*)3.6'<3% +;% 6=3% 60)3% +;% #'2*)#.3% >=323%
B$(#$$34% #'2% <3='."3*% #23% ;"+>$C% 7!&% +)32#6'+$*% '$% 43*'A$#634% #23#*% +;% #'2*)#.3,% ;2+(%
>='.=% +6=32% #'2% B*32*% #23% 3?."B434,% =+>3<32,% .#$% *'A$';'.#$6"0% *'()"';0W% 6=3% )2+:"3(% +;%
EB*6';0'$A% 6=#6% #$% #..3)6#:"3% "3<3"% +;% *#;360% '*% #.='3<34C% % D=3% EB*6';'.#6'+$% :3.+(3*% (+23%
.+()"3?% >=3$% 6=3% #'2% <3='."3% <3$6B23*% '$6+% #'2*)#.3% *=#234% >'6=% +6=32*,% /$+>$% #*% $+$G
*3A23A#634%#'2*)#.3C%D=3%;B$4#(3$6#"%4';;323$.3%'*%6=#6%'$%*3A23A#634%#'2*)#.3%6=3%a*0*63(b%
'$%>='.=%6=3%7!&%+)32#63*%.#$%:3%:+B$434,%.+$62+""34%#$4%'*%+;63$%B$'LB3%6+%6=3%7!&C%%F$%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
W%S+6>'6=*6#$4'$A% 6=#6% "3<3"*% +;% #'2>+26='$3**% #$4% )'"+6% .+()363$.3% *6'""% $334% 6+% :3% #**B234% ;+2% 6=3%
7!&,%'C3C%6=3%#'2%<3='."3,%'6*%.+$62+"%*0*63(%#$4%'6*%)'"+6%'$%.+((#$4C%
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$+$G*3A23A#634%#'2*)#.3%6=3%7!&%(B*6%'$63A2#63%>'6=%#$%#'2%62#;;'.%3$<'2+$(3$6%43<3"+)34%
+<32%43.#43*%6+%*B))+26%(#$$34%#'2.2#;6C%%%
D+% #44% 6+% 6=3% .+()"3?'60,% $+$G*3A23A#634% #'2*)#.3% '*% ;B26=32% ."#**';'34% '$6+% *3<3$% 60)3*@%
;2+(%Y"#**%!%6+%Y"#**%K,%#*%.B223$6"0%43;'$34%:0%8FY!J%!$$3?%O,%NddT9%#"6=+BA=%6='*%(#0%
.=#$A3% '$% 6=3% ;B6B23% #*% )#26% +;% 6=3% &'$A"3% RB2+)3#$% &/0% '$'6'#6'<3C% % D='*% (3#$*% 6=#6% '$%
#44'6'+$%6+%:#*3"'$3%#'2>+26='$3**%.326';'.#6'+$,%7!&%(B*6%43(+$*62#63%6=#6%6=30`%

• M'""%$+6%B$432('$3%6=3%*#;360%+;%6=3%)2+<'*'+$%+;%6=+*3%*32<'.3*%6+%6=3%7!&%+2%+6=32%#'2%
B*32*C%

• H336%6=3%2B"3*%+;%6=3%#'2%#))"'.#:"3%6+%6=3%(363+2+"+A'.#"%.+$4'6'+$*%#$4%."#**%+;%#'2*)#.3C%
&)3.';'.#""0%6='*%>+B"4%'$."B43%;+2%3?#()"3`%

• H336'$A%6=3%(#$4#6+20%3LB')(3$6%23LB'23(3$6*%;+2%6=3%."#**%+;%#'2*)#.3%6+%:3%;"+>$%'$%
8/$+>$%#*%H'$'(B(%!<'#6'+$%&)3.';'.#6'+$%Q32;+2(#$.39U%

• F$632;#.'$A%>'6=% 6=3% 3?'*6'$A% #'2% 62#;;'.% *32<'.3*% )2+<'434% '$% 6=#6% #'2*)#.3% 83A% ;B""% #'2%
62#;;'.%.+$62+",%;"'A=6%'$;+2(#6'+$%*32<'.3,%2#4#2%#4<'*+20%*32<'.3,%36.C9%

8FY!J%!DH%J)32#6'+$#"%Y+$.3)6%V+.B(3$6,%OTTc9%'43$6';'3*%6=233%(#'$%.+()+$3$6*%+;%!'2%
D2#;;'.% H#$#A3(3$6@% &62#63A'.% Y+$;"'.6% H#$#A3(3$6,% &3)#2#6'+$% Q2+<'*'+$% #$4% Y+""'*'+$%
!<+'4#$.3C% % &62#63A'.% Y+$;"'.6%H#$#A3(3$6% 3$.#)*B"#63*% #""% )23G;"'A=6% )"#$$'$A% #.6'<'6'3*%
6=#6%6#/3%)"#.3%6+%3$*B23%43(#$4,%.#)#.'60%#$4%.+$;"'.6*%#23%(#$#A34%)2'+2%6+%6=3%23#"%6'(3%
*'6B#6'+$C%%D=3%&62#63A'.%Y+$;"'.6%H#$#A3(3$6%.+()+$3$6%'$."B43*%)23G;"'A=6%)2+.3**3*%*B.=%
#*% #'2*)#.3% e% )2+.34B23% 43*'A$% #$4% ;"'A=6% )"#$% (#$#A3(3$6C% F6% '*% #$6'.')#634% 6=#6% 6='*%
.+()+$3$6% >'""% :3% '()"3(3$634% 6=3% *#(3% ;+2% (#$$34% #$4% B$(#$$34% +)32#6'+$*C% !%
;B$.6'+$#"%23)23*3$6#6'+$%+;%6=3%c%.+()+$3$6*% '*%*=+>$%'$%'A%N%:3"+>C% %D=3%.+$.3)6%+;%&33%
#$4%!<+'4%.+<32*%:+6=%*3)#2#6'+$%)2+<'*'+$%#$4%.+""'*'+$%#<+'4#$.3%#$4%'*%4'*.B**34%:3"+>%
#*%'6%23)23*3$6*%+$3%+;%6=3%(+*6%.=#""3$A'$A%#*)3.6*%+;%7!&%+)32#6'+$*C%

%

^'AB23%NC%P'A=G"3<3"%!'2%D2#;;'.%&32<'.3%^B$.6'+$#"%H+43"%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
U%D=3%#(+B$6%+;%3LB')(3$6%'()"'34%.+B"4%:3%>3""%'$%3?.3**%+;%6=3%>3'A=6%"'('6*%;+2%6=3%#'2%<3='."3%#$4%
6='*%(#0%:3%+$3%+;%6=3%(#E+2%"'('6#6'+$*%+$%6=3%60)3%+;%#'2%<3='."3%6=#$%.#$%B*3%$+$G*3A23A#634%#'2*)#.3C%
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!"# Separation Provision 

&3)#2#6'+$% )2+<'*'+$% '*% 6=3% 6#.6'.#"% )2+.3**% +;% /33)'$A% #'2.2#;6% #>#0% ;2+(% +6=32% #'2*)#.3%
B*32*%#$4%+:*6#."3*%:0%#6%"3#*6%6=3%#))2+)2'#63%*3)#2#6'+$%('$'(B(C%%V3)3$4'$A%B)+$%6=3%
60)3% +;% #'2*)#.3% #$4,% >=323% #))"'.#:"3,% 6=3% #'2% 62#;;'.% *32<'.3% :3'$A% )2+<'434,% *3)#2#6'+$%
)2+<'*'+$%.#$%:3%)32;+2(34%:0%#'2%62#;;'.%.+$62+""32*%+2%:0%6=3%)'"+6G'$G.+((#$4C%%M=323%#%
.+$62+""32% '*% 23*)+$*':"3% ;+2% )2+<'4'$A% *3)#2#6'+$% )2+<'*'+$,% 6=3% &3)#2#6'+$% Q2+<'*'+$%
H+$'6+2'$A% #$4% V3(#$4% ;+2% #$% #'2.2#;6% #23% )2+<'434% :0% 6=3% .+$62+""32% #$4% 6=3% )'"+6% '*%
23*)+$*':"3% ;+2% D2#E3.6+20% Y+()"'#$.3C% % M=323% 6=3% )'"+6% '*% 23*)+$*':"3% ;+2% &3)#2#6'+$%
Q2+<'*'+$,%#""%6=3*3%;B$.6'+$*%#23%)32;+2(34%:0%6=3%)'"+6%'$%#..+24#$.3%>'6=%6=3%\B"3*%+;%6=3%
!'2C%
7$432%-'*B#"%^"'A=6%\B"3*%8-^\9%'$%.326#'$%60)3*%+;%#'2*)#.3,%6=323%'*%.B223$6"0%$+%*)3.';'34%
('$'(B(%*3)#2#6'+$%4'*6#$.3%#$4%6=3%)'"+6%+;,%;+2%3?#()"3,%#%(#$$34%#'2.2#;6%#22#$A3*%='*%
62#E3.6+20%B*'$A%#'2:+2$3%2#4#2%#$4e+2%<'*B#"%(3#$*%6+%*3)#2#63%='*% ;"'A=6%)#6=%;2+(%+6=32%
#'2%B*32*C%F$%6=3*3%*.3$#2'+*%;+2%7!&%+)32#6'+$*%8R7\JYJSD\Jf%7!-GD^,%OTTZ9%43;'$3*%#%
('$'(B(% *3)#2#6'+$% 4'*6#$.3% +;% TCU$(% =+2'g+$6#""0% #$4% UTT;6% <326'.#""0C% % D=3% 632(%
&3)#2#6'+$%Q2+<'*'+$%*=+B"4%6=323;+23%:3%6#/3$%6+%'$."B43%6=3%#.6'+$*%$3.3**#20%6+%)2+<'43%
)=0*'.#"%*3)#2#6'+$%:36>33$%#%7!&%#'2%<3='."3%#$4%+6=32%#'2%B*32*%+;%#6%"3#*6%TCU$(%+2%UTT;6,%
3<3$%6=+BA=%$+%*3)#2#6'+$%('$'(#%'*%.B223$6"0%43;'$34%;+2%(#$$34%+)32#6'+$*C&

3.2 Collision Avoidance 

D=3% Y+""'*'+$% !<+'4#$.3% .+()+$3$6% .#$% :3% *3)#2#634% '$6+% )'"+6% #$4% .+""'*'+$% #<+'4#$.3%
*0*63(%;B$.6'+$*C% %H#$$34%#'2.2#;6%(#0%:3%;'6634%>'6=%.+""'*'+$%#<+'4#$.3%*0*63(*%*B.=%#*%
D2#;;'.% !"326% #$4% Y+""'*'+$% !<+'4#$.3% &0*63(% 8DY!&9% FF% +2% 3"3(3$6*% 6=323+;% *B.=% #*%
&3.+$4#20% &B2<3'""#$.3% \#4#2% 8&&\9% D2#$*)+$432*_C% Y+""'*'+$% #<+'4#$.3% *0*63(*% #23%
43*'A$34%6+%#.6'<#63%>=3$%*3)#2#6'+$%)2+<'*'+$%=#*%:33$%.+()2+('*34@%#"6=+BA=%#'2%62#;;'.%
.+$62+""32*%.#$%'$*6'A#63%.+""'*'+$%#<+'4#$.3%#.6'+$%;2+(%#%)'"+6,%6='*%(3.=#$'*(%>+B"4%$+6%
:3%#<#'"#:"3%6+%#$%#B6+$+(+B*%7!&C%%%
8&\Y%Q+"'.0%V+.B(3$6%O,%OTTc9%*6#63*%6=#6%.+""'*'+$%#<+'4#$.3%*0*63(*%823;32234%6+%#*%&#;360%
S36*9% #23% $+6% )#26% +;% *3)#2#6'+$% )2+<'*'+$% *+% (B*6% $+6% :3% '$."B434% '$% 43632('$'$A% 6=3%
#..3)6#:"3% "3<3"% +;% *#;360% 23LB'234% ;+2% *3)#2#6'+$% )2+<'*'+$C% P+>3<32,% 6=3% .+""'*'+$%
#<+'4#$.3%)32;+2(34%:0%#%)'"+6%+;% #%(#$$34%#'2.2#;6%(B*6%:3%)32;+2(34% 6+%#$%3LB'<#"3$6%
"3<3"%+;%*#;360%:0%6=3%7!&%>=36=32%)'"+634%+2%#B6+$+(+B*C%
D=3%&#;360%\3AB"#6'+$%Y+(('**'+$%8&\Y9%Q+"'.0%*6#63(3$6%'()"'3*%6=#6%7!&%(B*6%)2+<'43%
#$%3LB'<#"3$6%"3<3"%+;%'$632#.6'+$%>'6=%6=3%&3)#2#6'+$%Q2+<'*'+$%.+()+$3$6%#*%)2+<'434%:0%
)'"+6*C%%^B26=32(+23%6=3%7!&%*3)#2#6'+$%)2+<'*'+$%*0*63(%(B*6%(#'$6#'$%6=3%"3<3"%+;%*#;360%
8>'6=% 23*)3.6% 6+% 6=3% *.+)3% +;% 8R&!\\% W,% OTTN99% >'6=+B6% 6=3% $334% ;+2% #% &#;360% S36C% D='*%
'()"'3*%6=#6%7!&%$334%6+%)2+<'43%'$43)3$43$.3%:36>33$%*3)#2#6'+$%)2+<'*'+$%#$4%.+""'*'+$%
#<+'4#$.3%*0*63(*C%%

3.3 See and Avoid 

YB223$6%(#$$34%+)32#6'+$*%'$."B43%)2+<'*'+$*%;+2%)'"+6%a&33%#$4%!<+'4b%6+%'()"3(3$6%8+2%
#BA(3$6% 43)3$4'$A% +$% 6=3% ."#**% +;% #'2*)#.39% 6=3% *3)#2#6'+$% )2+<'*'+$% #$4% .+""'*'+$%
#<+'4#$.3% ;B$.6'+$*C%7!&%+)32#6'+$*%$334% 6+%)2+<'43%#$%3LB'<#"3$6% "3<3"%+;% *#;360%>'6=%#%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
_%H+43%!eY%#$4%&%D2#$*)+$432*%.#$%:3%B*34%:0%+6=32%#'2.2#;6%;'6634%>'6=%DY!&C%
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a&3$*3%#$4%!<+'4b%.#)#:'"'60%6+%+<32.+(3%6=3%"+**%+;%(#$$34%a&33%#$4%!<+'4b%.#)#:'"'60ZC%
P+>3<32,% '6% '*% '()+26#$6% 6=#6% *3)#2#6'+$%)2+<'*'+$% #$4% .+""'*'+$% #<+'4#$.3% #23% #4423**34%
'$43)3$43$6"0C%%
^'2*6"0,% ';% 6=3% &3)#2#6'+$% Q2+<'*'+$% .+()+$3$6% '*% >+2/'$A% $+2(#""0% 6=3$% 6=3% Y+""'*'+$%
!<+'4#$.3% .+()+$3$6% '*%$+6%B$432%43(#$4C% %D=323;+23% '$% 6='*% 3$<'2+$(3$6% 6=3%Y+""'*'+$%
!<+'4#$.3%.+()+$3$6%*=+B"4%+$"0%)2+<'43%*'6B#6'+$#"%#>#23$3**%'$;+2(#6'+$[C%%&3.+$4"0,%';%
&3)#2#6'+$% Q2+<'*'+$% ;#'"*% '$% *+(3% >#0% 6=3$% 6=3% $+2(#"% +)32#6'+$% ;+2% 6=3% Y+""'*'+$%
!<+'4#$.3%.+()+$3$6%'*%6+%#.6%6+%#<+'4%#$0%'(('$3$6%)+63$6'#"%.+""'*'+$*C%%^+2%6='*%6+%>+2/%
*B..3**;B""0% #% $B(:32% +;% .+$4'6'+$*% (B*6% :3% *#6'*;'34@% #*% #% ('$'(B(% 6=3% .+()+$3$6*%
*=+B"4%4+%#*%*=+>$%'$%D#:"3%NC%

$%&'()*&+
,*--).)*&+
/0*)12&'3+

435262()*&+
76*0).)*&+

13%#>#23%+;%#""%62#;;'.%'$%6=3%<'.'$'60% "# "#

F()"3(3$6% #$4% (#'$6#'$% #))2+)2'#63% *3)#2#6'+$% ('$'(#%
>'6=%#""%+6=32%62#;;'.%

# "#

P#<3% .2'632'#% ;+2% >=3$% 6+% '()"3(3$6% 62#;;'.% >#2$'$A*%
8*3)#2#6'+$% )2+<'*'+$% '*% )+63$6'#""0% #:+B6% 6+% ;#'"9% #$4%
23*+"B6'+$%>#2$'$A*% 8*3)#2#6'+$%=#*% ;#'"34%#$4% '((34'#63%
.+""'*'+$%#<+'4#$.3%#.6'+$%'*%23LB'2349%

"# #

13% #:"3% 6+% '43$6';0% 62#;;'.% 6=#6% '*% #% .+""'*'+$% 8+2%$3#2%('**9%
6=23#6,%3*6#:"'*=%#$%#))2+)2'#63%#<+'4#$.3%23*)+$*3,%6#/'$A%
'$6+% #..+B$6% +6=32% )+63$6'#"% 6#2A36*,% #$4% '()"3(3$6% 6=3%
23*)+$*3%';%6=3%7!&%)'"+6%'*%B$#:"3%6+%4+%*+%'$%6'(3%

"# #

D#:"3%NC%&3$*3%#$4%!<+'4%.+$4'6'+$*%

F$%#44'6'+$%*'$.3%6=3%7!&%(B*6%'$63A2#63%>'6=%6=3%3?'*6'$A%(#$$34%#'2.2#;6%3$<'2+$(3$6%'6%
(B*6% +)32#63%>'6=% 3?6#$6% .+G+)32#6'<3% #$4% $+$G.+G+)32#6'<3% *0*63(*% ;+2% *B2<3'""#$.3% #$4%
.+""'*'+$%#<+'4#$.3,%'$632%#"'#`%%

• J6=32%62#;;'.%(B*6%:3%#:"3%6+%h*33I%6=3%7!&%#'2%<3='."3%B$432%#""%6=3%.+$4'6'+$*%6=#6%+6=32%
(#$$34%#'2.2#;6%>+B"4%:3%4363.634%:0%#$+6=32%(#$$34%#'2.2#;6C%%

• S+$G.+G+)32#6'<3%*B2<3'""#$.3%*0*63(*% 83CAC%Q2'(#20%&B2<3'""#$.3%\#4#29%(B*6%:3%#:"3%
6+%h*33I%6=3%#'2%<3='."3C%

• D+%.#632% ;+2%#""%)+63$6'#"%#'2% 62#;;'.% *.3$#2'+*%#%7!&%&3$*3%#$4%!<+'4%*0*63(%(B*6%:3%
#:"3% 6+% 4363.6% .+G+)32#6'<3% 62#;;'.% 8#'2.2#;6% ;'6634% >'6=% 4#6#% "'$/% 43<'.3*,% 3CAC% H+43% &%
62#$*)+$432*9%#$4%$+$G.+G+)32#6'<3%62#;;'.%8B$;'66349C%%

3.4 UAS Characteristics 

D=3%7!&%3$.#)*B"#63*%$+6%+$"0%6=3%#'2%<3='."3%'6*3";,%:B6%6=3%3$6'2360%+;%3LB')(3$6,%)3+)"3%
#$4%)2+.34B23*%'$<+"<34%'$%6=3%"#B$.=,%.+$62+"%#$4%23.+<320%+;%6=3%#'2%<3='."3*C%%D+%3*6#:"'*=%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
Z%&3$*3%#$4%!<+'4%.#)#:'"'60%*=+B"4%#4423**%(#$0%+;%6=3%'**B3*%#**+.'#634%>'6=%)'"+6G$+6G'$G6=3G.+./)'6,%
=+>3<32,% .+$*'432#6'+$% #"*+% $334*% 6+% :3% A'<3$% 6+% %$)#/& 01%0,% 3(32A3$.0% 23*)+$*3*% #$4% +;;G636=32%
+)32#6'+$*,%36.C%
[%D='*%*=+B"4%$+6%:3% 6#/3$%6+% '()"0%6=#6% 6=3%Y+""'*'+$%!<+'4#$.3%.+()+$3$6%(B*6%$+6%:3%#.6'<3,%+$"0%
6=#6% >='"*6% 6=3% &3)#2#6'+$% Q2+<'*'+$% .+()+$3$6% '*% >+2/'$A% .+223.6"0% 6=3$% 6=3% Y+""'*'+$% !<+'4#$.3%
.+()+$3$6%*=+B"4%$+6%'$632;323C%
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6=3%)+63$6'#"%4';;323$.3*%'$%(#$$34%#$4%B$(#$$34%+)32#6'+$*,%'6%'*%'()+26#$6%6+%B$432*6#$4%
6=3%*)3.';'.%.=#2#.632'*6'.*%+;%7!&%6=#6%#23%)+63$6'#""0%#))"'.#:"3%6+%7!&%+)32#6'+$*C%%%
!% )2'$.')"3% .=#2#.632'*6'.% '*% )=0*'.#"% *3)#2#6'+$% +;% .+$62+"% +;% 6=3% #'2% <3='."3% ;2+(% 6=3% #'2%
<3='."3% '6*3";C% % D=3% 7!&% )'"+6% >'""% :3% 23(+63% ;2+(% 6=3% 7!-% 3'6=32% +$% 6=3% A2+B$4% +2% '$%
#$+6=32%#'2.2#;6C%%D=3%7!&%)'"+6%(#'$6#'$*%.+$62+"%+;%6=3%#'2%<3='."3%6=2+BA=%#%7!&%Y+$62+"%
&0*63(%<'#% #%7!&%Y+$62+"% f'$/C% % D=3% +)32#6'+$% +;% 6=3% .+$62+"% "'$/% .#$$+6% :3% AB#2#$6334%
B$432%#""%.+$4'6'+$*%*+%6=3%7!&%(B*6%:3%#:"3%6+%>+2/%*#;3"0%>'6=%+2%>'6=+B6%6=3%.+$62+"%"'$/@%
6='*%'*%23;32234%6+%#*%;"0'$A%+$%+2%+;;G636=32C%
D=3%/30%.=#2#.632'*6'.*%6=#6%.#$%#;;3.6%7!&%+)32#6'+$*%#23%#*%;+""+>*`%

• ,*&.5)'%)(8% i% 6=3% <'*':'"'60% +;% 6=3% #'2% <3='."3% 6+% +6=32% #'2*)#.3% B*32*% '*% #$% '()+26#$6%
.+()+$3$6% '$% 6=3% Y+""'*'+$% !<+'4#$.3% .+()+$3$6% #*% >3""% #*% >=3$% &3)#2#6'+$%
Q2+<'*'+$%'*%6=3%23*)+$*':'"'60%+;%6=3%7!&%)'"+6C%%D='*%.+B"4%:3%#$%'**B3%;+2%#'2%<3='."3*%
6=#6%#23%*(#""32%6=#$%(#$$34%#'2.2#;6,%+2%6=+*3%6=#6%)23*3$6%#%)++2%*'A$#6B23%;+2%Q2'(#20%
&B2<3'""#$.3%\#4#2C&

• /%(*&*9*%.+ :5362()*&.% i% J$3% +;% 6=3% /30% .=#2#.632'*6'.*% +;% 7!&I*% '*% 6=3% #:'"'60% 6+%
+)32#63%B$432%<#2'+B*%.+$4'6'+$*%>'6=+B6%=B(#$%'$632#.6'+$C%D=3%$3.3**'60%;+2%=B(#$%
'$632#.6'+$,% #"+$A% >'6=% +6=32% ;#.6+2*% *B.=% #*% *#;360,% ('**'+$% .+()"3?'60% #$4%
3$<'2+$(3$6#"% 4';;'.B"60% 43632('$3% 6=3% "3<3"% +;% #B6+$+(0% 6=#6% 6=3%7!&% .#$% #.='3<3C%
D=323% #23% <#2'+B*% 6#?+$+('3*% ;+2% ."#**';0'$A%7!&% #B6+$+(0% ;+2% 3?#()"3%!B6+$+(0%
f3<3"*% ^+2% 7$(#$$34% &0*63(*% 8PB'GH'$% PB#$A',% 36% #",% OTTU9C% P+>3<32,% '6% '*% $+6%
)+**':"3% 6+% 43;'$3% 7!&% +)32#6'+$% '$% $+$G*3A23A#634% #'2*)#.3% B$432% #$0% +$3%
."#**';'.#6'+$% #*%7!&%(#0% :3% 3?)3.634% 6+% +)32#63%>'6=% <#20'$A% 43A233*% +;% #B6+$+(0%
43)3$4'$A%+$%6=3%.'2.B(*6#$.3*C%

• /)6;*6(<)&3..% i% 7!&% #'2% <3='."3*% 8#$4% #*% #))"'.#:"3% .+$62+"% *6#6'+$*9%(B*6% :3% ;'6634%
>'6=% .326';'34% 3LB')(3$6% 3LB'<#"3$6% 6+% 6=#6% 23LB'234% ;+2% (#$$34% +)32#6'+$% '$% 6=3%
'$63$434% #'2*)#.3@% 6='*% (#0% )+*3% )2+:"3(*% ;+2% *(#""32% +2% "'A=632% #'2% <3='."3*% 4B3% 6+%
*)#.3%+2%>3'A=6%.+$*62#'$6*C%

• $-)=<(+ 736>*692&'3% i% 6=3% (#$+3B<2#:'"'60% +;% #% 7!&% #'2% <3='."3% '*% '()+26#$6% 6+%
B$432*6#$4C% % YB223$6"0,% !'2% D2#;;'.% Y+$62+""32*% #23% 23LB'234% 6+% B$432*6#$4% ;"'A=6%
)32;+2(#$.3% .=#2#.632'*6'.*% +;% 6=3% 60)3*% +;%#'2.2#;6% 6=#6% .+(3%B$432% 6=3'2% .+$62+"% #$4%
)2+<'43% *3)#2#6'+$% )2+<'*'+$% '$*62B.6'+$*% :#*34% +$% 6='*% B$432*6#$4'$AC% % D='*%
23LB'23(3$6% ;+2% B$432*6#$4'$A% >'""% #"*+% $334% 6+% #))"0% 6+% B$(#$$34% +)32#6'+$*% 6+%
3$*B23%!DY%'$*62B.6'+$*%.#$%:3%'()"3(3$634C%

4. A Definition of Acceptably Safe 

85!!eR7\JYJSD\Jf,%OTTW9%43;'$3*%#..3)6#:"0% *#;3% '$% 632(*%+;%#.='3<'$A%#$%3LB'<#"3$6%
"3<3"%+;%2'*/%>'6=%6=#6%;+2%(#$$34%#'2.2#;6C%

• +23&45#/0)%.$6&67011&$.)&%$8/#06#&)7#&/%69&).&.)7#/&0%/6508#&:6#/6&./&)7%/*&50/)%#6&
D='*%43;'$'6'+$%2'A=6"0%;+.B*3*%+$%6=3%3LB'<#"3$.3%'$%2'*/%#$4%$+6%*#;360%"3<3"*,%23AB"#6'+$%+2%
.326';'.#6'+$d% #$4% .B6*% #.2+**% 6=3% .B223$6% 43:#63% +$% 6=3% .326';'.#6'+$% <32*B*% *#;360% 6#2A36%
#))2+#.=%6+%#**B2'$A%7!&%*#;360,%#*%4'*.B**34%'$%8P#44+$%]%M='66#/32,%OTTO9%#$4%8R!&!%
!GSQ!,%OTTU9C%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
d% !.='3<'$A% 3LB'<#"3$.3% >'6=% (#$$34% #'2.2#;6% 6=2+BA=% 23AB"#6'+$e.326';'.#6'+$% #"+$3% (#0% :3%

'$#43LB#63%+2%+<32"0%)23*.2')6'<3%B$"3**%6=3%'()#.6%+$%6=3%2'*/%'*%;B""0%#**3**34C%
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P+>3<32,% '6% 4+3*% 23"0% +$% #% ;B$4#(3$6#"% #**B()6'+$% 6=#6% .B223$6%(#$$34% +)32#6'+$*% #23%
#..3)6#:"0%*#;3%#$4%4+3*% "#./% 6=3% "3<3"%+;%436#'"% 23LB'234% 6+%#))23.'#63% *+(3%+;% 6=3% '**B3*%
;#.'$A%7!&%+)32#6'+$*%'$%$+$G*3A23A#634%#'2*)#.3,%>='.=%'$."B43`%
#C D=3% "3<3"% +;% #..3)6#:"3% 2'*/% ;+2% (#$$34% #'2.2#;6% +)32#6'+$*% <#2'3*% 43)3$4'$A% +$% 6=3%

+)32#6'+$#"%.+$63?6C%
:C D=3%)B:"'.%)32.3)6'+$%+;%6=3%7!&%2'*/%(#0%43(#$4%#%=#2*=32%.+$*'432#6'+$%+;%2'*/%6=#$%

;+2%(#$$34%+)32#6'+$*C%
.C F$%#..+24#$.3%>'6=%RB2+)3#$%!DH%"3A'*"#6'+$%8R&!\\%c,%OTTT9,%6=3%2'*/%*=+B"4%#"*+%:3%

234B.34%#*%;#2%#*%23#*+$#:"0%)2#.6'.#:"3%8!^!\Q9C%
F$% #44'6'+$,% "3<3"*% +;% #'2% 62#;;'.% #23% )234'.634% #$4% 3?)3.634% 6+% '$.23#*3% +<32% 6=3% $3?6% ;3>%
43.#43*,% >='.=% >'""% #"*+% 23LB'23% #$% '$.23#*'$A% "3<3"% +;% *#;360C% % D=323% '*% #% *'A$';'.#$6%
43(#$4NT%6+%(#/3%'()2+<3(3$6*%6+%6=3%3?'*6'$A%!'2%D2#;;'.%3$<'2+$(3$6%6+%#.='3<3%6='*,%#$4%
6=3%+))+26B$'60%6=#6%7!&%63.=$+"+A0NN%(#0%)2+<'43%6+%*B))+26%6='*%*=+B"4%$+6%:3%'A$+234%
+2%+<32"++/34C%%

4.1 Public Perception of UAV Risk 

J$3%+;%6=3%/30%'$;"B3$.3*%6=#6%>'""%43632('$3%6=3%4'23.6'+$%#$4%*623$A6=%+;%6=3%7!&%(#2/36%
'*%#..3)6#$.3%:0%6=3%A3$32#"%)B:"'.C%%F6%'*%>3""%B$432*6++4%6=#6%#$0%)B:"'.%62B*6%#$4%*B))+26%
;+2%7!&%+)32#6'+$*%6=#6%3?'*6*%6+4#0%>'""%3<#)+2#63%#*%*++$%#*%#%7!&%#'2%<3='."3%'*%'$<+"<34%
'$%#$%#..'43$6,%23A#24"3**%+;%;#B"6C%
!%)B:"'.%+)'$'+$%*B2<30%B$4326#/3$%'$%6=3%7$'634%&6#63*%'$%OTTc,%6=3%;'$4'$A*%+;%>='.=%#23%
4+.B(3$634% '$% 8H#.&>33$GK3+2A3% ]% f0$$,% OTTc9,% ;+B$4% 6=#6% B)% 6+% _[j% +;% 6=3% )B:"'.%
*B))+26% .#2A+% #$4% .+((32.'#"% 7!&% #))"'.#6'+$*% #$4% (+*6% >323% $+6% .+$.32$34% :0% 7!&%
;"0'$A%+<32=3#4C% %P+>3<32,% 6=3%*B2<30%#"*+%;+B$4%6=#6% 6=3%(#E+2'60%+;% 23*)+$43$6*%>+B"4%
$+6%*B))+26%6=3%B*3%+;%7!&%6+%;"0%)#**3$A32*C%%
D=3% Y!!% V'23.6+2#63% +;% !'2*)#.3% Q+"'.0% 23.3$6"0% '$<'634% (3(:32*% +;% 6=3% 7X% #<'#6'+$%
'$4B*620%6+%#663$4%#%+$3%4#0%>+2/*=+)%8Y!!,%OTTU9%6+%4'*.B**%7!&%(#6632*%#$4%6=3%3;;3.6%
6=#6%3(32A'$A%*0*63(*%(#0%=#<3%+$%3?'*6'$A%#$4%;B6B23%(#$$34%#<'#6'+$%#.6'<'60C% %J$3%+;%
6=3% *0$4'.#63% *3**'+$*% #6% 6='*% >+2/*=+)% >#*% 6#*/34% >'6=% 4'*.B**'$A% )B:"'.% #$4% #<'#6'+$%
'$4B*620%)32.3)6'+$*,%6=3%;+""+>'$A%'**B3*%>323%'43$6';'34`%

• Q+63$6'#"% $3A#6'<3%)B:"'.%)32.3)6'+$%4B3% 6+% "#./%+;% /$+>"34A3%+2% .+$.32$*% +<32%7!&%
='*6+2'.#"%*#;360%23.+24*C%

• Q32.3)6'+$% ;2+(% 6=3% .B223$6% (#$$34% .+((B$'60% '$% 632(*% +;% "#./% +;% 62B*6% '$% *=#234%
#'2*)#.3C%

• QB:"'.%.+$.32$%+$%6=3%*#;360%#$4%*3.B2'60%'()"'.#6'+$*%+;%7!&C%

• f#./%+;%62B*6%'$%6=3%23AB"#6'+$%+;%'$4B*620C%
F6% '*% <'6#""0% '()+26#$6% 6=323;+23% 6+% *3.B23%)B:"'.% #..3)6#$.3% <'#% )+*'6'<3%)2+(+6'+$% +;% 6=3%
.#)#:'"'6'3*,% "'('6#6'+$*% #$4% *#;360% +;% 7!&% :0% #.6'<3% .+((B$'.#6'+$% >'6=% #""% #;;3.634%
*6#/3=+"432*C%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
NT% 7$432% RB2+)3#$% !'2*)#.3% \3AB"#6'+$,% !S&Q*% #23% 23LB'234% 6+% 234B.3% 2'*/% !*% ^#2% !*% \3#*+$#:"0%

Q2#.6'.#:"3%8R&!\\%c,%OTTT9C%
NN%J2%.+(:'$'$A%7!&%#$4%$3?6%A3$32#6'+$%(#$$34%63.=$+"+A0C%
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4.2 A Practical Safety Criteria 

^2+(% #% *#;360% )32*)3.6'<3% '6% '*% ."3#2% 6=#6% 6=3% #'(% +;% 6=3% 7!&% '$4B*620,% 23AB"#6+2*% #$4%
+)32#6+2*%(B*6% :3% 6+% 3$*B23% 6=#6% 6=3% *#;360% 2'*/% ;2+(%7!&% +)32#6'+$*% '$% $+$G*3A23A#634%
#'2*)#.3%*=#""%:3`%

• S+%A23#632%6=#$%;+2%(#$$34%+)32#6'+$*%'$%6=3%*#(3%+)32#6'+$#"%.+$63?6NO%

• ^B26=32%234B.34%!*%^#2%!*%\3#*+$#:"0%Q2#.6'.#:"3%
D='*% *B))+26*% 6=3% <'3>% )2+)+*34% :0% !'2% Y+((+4+23% D#0"+2% #*% 4+.B(3$634% '$% 8D#0"+2,%
OTTU9% :B6% #"*+% 6#/3*% '$6+% #..+B$6% 6=3% .+B$632% <'3>% 3?)23**34% :0% 8V3K#2(+,% OTTW9% #$4%
#""B434% 6+% >'6='$% 8Y!QZO,% OTT[9% :0% 3$.+B2#A'$A% 2#6=32% 6=#$%(#$4#6'$A% 3$=#$.34% *#;360%
+<32%#$4%#:+<3%(#$$34%+)32#6'+$*C%D='*%'*%6=3%:#*'*%+$%>='.=%8R7\JYJSD\Jf%7!-GD^,%
OTTZ9%>#*%#**3**34%'$%+2432%6+%43632('$3%6=3%*#;360%23LB'23(3$6*%;+2%*B.=%+)32#6'+$*C%

5. Safety Argument for UAS Operation in Non-segregated Airspace 

D=3%)B2)+*3%+;%6=3%*#;360%#2AB(3$6%)23*3$634%:3"+>%'*%6+%+B6"'$3%=+>%6=3%+<32#""%+:E3.6'<3%
+;%a3LB'<#"3$6% 2'*/b% .#$%:3%:2+/3$%4+>$% '$% 23"#6'+$% 6+%7!&%+)32#6'+$*% '$%$+$G*3A23A#634%
#'2*)#.3% 6+% #% "3<3"%>=323% 23AB"#6'+$*% .#$% :3% 43;'$34% 6=#6% 3$*B23% 6=#6% 6=3% 23*B"6#$6% 2'*/% '*%
#..3)6#:"3% '$% )2'$.')"3C% % F$% 43*.2':'$A% 6=3% *#;360% #2AB(3$6% *+(3% +;% 6=3% /30% '**B3*% #$4%
.=#""3$A3*%;#.'$A%6=3%4+(#'$%#23%43*.2':34C%%S+63%6=#6%6=3%*#;360%#2AB(3$6%'*%$+6%*)3.';'.%6+%
#%60)3%+2%."#**%+;%#'2%<3='."3%:B6%2#6=32%6+%6=3%.+$.3)6%+;%7!&%+)32#6'+$*%'$%$+$G*3A23A#634%
#'2*)#.3C%D='*%#))2+#.=%;#.'"'6#63*%'43$6';'.#6'+$%+;%*)3.';'.#6'+$*%6=#6%#23%2'A+2+B*%:B6%#<+'4%
:3'$A%'()"3(3$6#6'+$%*)3.';'.C%

5.1 Top-level Safety Argument (Claim 0) 
D=3%+<32#""%+:E3.6'<3%;+2%#**B2'$A%6=#6%7!&%+)32#6'+$*%>'""%:3%*#;3%'*%6+%*=+>%6=#6%6=30%#23%
#$4%>'""%.+$6'$B3%6+%:3%#..3)6#:"0%*#;3%8#*%43;'$34%'$%6=3%)23<'+B*%*3.6'+$9%>'6='$%#%."3#2"0%
43;'$34%.+$63?6C%%D=3%.+$63?6%(B*6%'$."B43`%

• 5B*6';'.#6'+$%;+2%6=3%'$63$434%+)32#6'+$#"%B*3C%

• !%43;'$'6'+$%+;% 6=3% +)32#6'+$#"% *.3$#2'+*% 8:+6=%('**'+$% #$4% #'2% 62#;;'.% *32<'.3% 23"#6349%
6=#6%#%7!&%(#0%;#.3C%

• S3.3**#20%#**B()6'+$*%83CAC%6=#6%.B223$6%3LB'<#"3$6%(#$$34%+)32#6'+$*%#23%#..3)6#:"0%
*#;39C%

J;%$3.3**'60%6=3%#2AB(3$6%(B*6%#"*+%.+$*'432%#""%)+63$6'#"%+)32#6'+$#"%)=#*3*C%%!$%3?#()"3%
*.3$#2'+%(+43"%;+2%6=3%"#6632%)=#*3%+;%;"'A=6%'*%*=+>$%'$%6=3%^'A%c%:3"+>C%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
NO%D='*%'*%#%23"#6'<3%#))2+#.=%6+%#**3**%2'*/C%%M'6='$%6=3%#'2%62#;;'.%(#$#A3(3$6%4+(#'$%#:*+"B63%*#;360%
6#2A36*% #23% *36% ;+2% !'2% D2#;;'.% &32<'.3% Q2+<'432*% '$% 8R&!\\% W,% OTTN9% :B6% 6=3% 23"#6'<3% #))2+#.=% '*% *6'""%
#))"'34%6+%(#$$34%+)32#6'+$*%#"6=+BA=%6='*%>'""%"'/3"0%.=#$A3%+<32%6'(3C%%!6%*+(3%)+'$6%'$%6=3%;B6B23%
8*++$32%;+2%*+(3%#))"'.#6'+$*%*B.=%#*%!23#%S#<'A#6'+$9%7!&%+)32#6'+$*%>'""%#"*+%$334%6+%:3%.+()"'#$6C%
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^'AB23%cC%R?#()"3%&.3$#2'+%H+43"%8N9%

D='*%6+)%"3<3"%A+#"%.#$%:3%*=+>$%6+%:3%(36%:0%43(+$*62#6'$A%;+B2%)2'$.')"3%*#;360%A+#"*`%
NC &#;360%23LB'23(3$6*%#23%*)3.';'34%*B.=%6=#6%6=3%*#;360%.2'632'#%#*%4'*.B**34%'$%*3.6'+$%WCO%

'*%*#6'*;'34%'$%)2'$.')"3C%
OC &#;360%23LB'23(3$6*%#23%;B""0%#4423**34%'$%6=3%23"3<#$6%23AB"#6'+$*%#$4%*6#$4#24*C%
cC &#;360%23LB'23(3$6*%#23%43<3"+)34%#6%#% "3<3"%.+((3$*B2#63%>'6=%6=3% "3<3"%+;%436#'"% '$%

23AB"#6'+$*%+2%*6#$4#24*C%
WC 7!&%+)32#6'+$*%'$%$+$G*3A23A#634%#'2*)#.3%;B""0%*#6'*;0%6=3%*#;360%23LB'23(3$6*%>'6='$%

6=3%23AB"#6'+$*%#$4%*6#$4#24*%'$%)2#.6'.3C%
UC 7!&% +)32#6'+$*% '$% $+$G*3A23A#634% #'2*)#.3% #23% (+$'6+234% 6+% 3$*B23% 6=#6% 6=3% *#;360%

.2'632'#%.+$6'$B3%6+%:3%*#6'*;'34%'$%+)32#6'+$C%
D=3*3%)2'$.')"3%A+#"*%#23%4'*.B**34%'$%6=3%;+""+>'$A%*3.6'+$*C%

5.2 Safety Requirements for UAS Operations (Claim 1) 
&#;360%23LB'23(3$6*%.#$%:3%43<3"+)34%#6%#"(+*6%#$0%"3<3"%+;%#:*62#.6'+$C%%^+2%6=3%)B2)+*3%+;%
*366'$A%23AB"#6'+$%+2%*6#$4#24%*)3.';'.#6'+$*%*#;360%23LB'23(3$6*%$334%6+%23;"3.6%6=3%"3<3"%+;%
436#'"%43632('$34%:0%6=3%*.+)3%#$4%)B2)+*3%+;%6=3%23AB"#6'+$%+2%*6#$4#24C%%F$%6B2$%6=3%*#;360%
23LB'23(3$6*%$334%6+%:3`%

• V3<3"+)34%#6%#%='A=G"3<3"%:B6%;+2(%#%$3.3**#2'"0%#$4%*B;;'.'3$6"0%.+()"363%*36%6+%*=+>%
6=3%*#;360%.2'632'#%#23%(36C%

• 1#*34%+$%<#"'4#634%(+43"*%+;%7!&%+)32#6'+$C%

• V32'<34% B*'$A% #$% #))2+)2'#63% *#;360% #**3**(3$6% (36=+4+"+A0% 6+% '$."B43% ;B$.6'+$#"%
*#;360%)2+)326'3*%#*%>3""%#*%'$63A2'60%23LB'23(3$6*C%

• \3#"'*#:"3% '$% '()"3(3$6#6'+$,% #"6=+BA=% .+$*'432#6'+$% #*% 6+%>=36=32% 6=3% 23LB'23(3$6*%
#23%.#)#:"3%+;%'()"3(3$6#6'+$%*=+B"4%$+6%:3%"'('634%:0%6=3%.#)#:'"'6'3*%+;%.B223$6%7!&%
63.=$+"+A0C%

D=3% *#;360% 23LB'23(3$6*% 432'<34% ;+2% 8R7\JYJSD\Jf% 7!-GD^,% OTTZ9% >323% :#*34% +$%
*"'A=6"0%(+23% 436#'"34%(+43"*% +;% 7!&% +)32#6'+$*% 6=#$% 6=+*3% 43*.2':34% '$% *3.6'+$% OC% % D=3%
)2'$.')"3%.+$."B*'+$*%+;%6='*%>+2/%>323`%
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• V3*)'63%6=3%<#2'360%+;%#'2*)#.3%."#**';'.#6'+$*,%#<#'"#:"3%!DH%*32<'.3*,%6=3%(B"6'6B43%+;%
)+**':"3%*.3$#2'+*%#$4%6=3%4';;323$6%)=#*3*%+;%;"'A=6%36.C%+$"0%6=233%(+43*%+;%+)32#6'+$%
$33434%6+%:3%.+$*'43234,%#*%;+""+>*`%

• M=323%!DY%'*%23*)+$*':"3%;+2%*3)#2#6'+$%)2+<'*'+$C%

• M=323%6=3%)'"+6%'$%.+((#$4%'*%23*)+$*':"3%;+2%*3)#2#6'+$%)2+<'*'+$C%

• M=323%6=3%#'2%<3='."3%'*%$+6%'$%.+$6#.6%>'6=%6=3%)'"+6%'$%.+((#$4%#$4%*+%)2+<'43*%
*3)#2#6'+$%)2+<'*'+$%;+2%'6*3";C%

• !6%6=3%#'2%62#;;'.%(#$#A3(3$6%;B$.6'+$#"%*#;360%"3<3"%$+%4'*6'$.6'+$%>#*%42#>$%:36>33$%
(#$$34%#$4%7!&%+)32#6'+$*,%'C3C%7!&%+)32#6'+$*%4+%$+6%'$62+4B.3%$3>%=#g#24*%6+%6=3%
4+(#'$C%

• K'<3$%6=3%$334%;+2% ;B26=32%23*3#2.=% '6%>#*%.+$*'43234%$3.3**#20%6+%(#$4#63% 6=#6%7!&%
)'"+6*% '$% .+((#$4%>'""% 23LB'23% 3LB'<#"3$6% )'"+6'$A% */'""*% 6+% 6=+*3% +;%(#$$34% #'2.2#;6%
>=3$% ;"0'$A% '$% $+$G*3A23A#634% #'2*)#.3C% % P+>3<32,% 6='*%>+B"4% :3% '$#43LB#63%>=323%
)'"+6*%'$%.+((#$4%#23%23*)+$*':"3%;+2%(+23%6=#$%+$3%7!&%#6%#%6'(3C%

• F**B3*%>'6=%23LB'23(3$6*%#.='3<#:'"'60%>323%'43$6';'34%#$4%#23%4'*.B**34%;B26=32%>'6='$%
*3.6'+$%UCW%:3"+>C%

8&\Y% Q+"'.0% V+.B(3$6% N,% OTTN9% *)3.';'3*% #% D#2A36% f3<3"% +;% &#;360% 8Df&9% ;+2% .'<'"% #'2.2#;6%
>='.=% '*% ;B26=32% #))+26'+$34%>'6='$%RB2+)3#$%!DH%\3AB"#6'+$% 8R&!\\%W,% OTTN9% 6+%!DH%
*)3.';'.% 2'*/*C% D=3*3% *#;360% 6#2A36*% *=+B"4% :3% ;B26=32% #))+26'+$34% :0% #'2*)#.3% B*32*,% !'2%
S#<'A#6'+$%&32<'.3%Q2+<'432*,% 36.C% '$%+2432% 6+% *36% 6#2A36*% ;+2% *)3.';'.%+)32#6'+$*C%!*% 6='*% '*%
+;63$% *33$% #*% 6++% .+()"3?% #% 6#*/,%(#$0% *#;360% .#*3*% ;+2% RB2+)3#$% #'2% 62#;;'.%(#$#A3(3$6%
.+$.3)6*%#$4%*0*63(*%23"0%+$%#%23"#6'<3%#2AB(3$6,%#"6=+BA=%$+6%#"",%3CAC% 8R7\JYJSD\Jf%
\S!-,%OTTW9,%36.C% F$% 6=3*3%.#*3*%7!&%+)32#6'+$*%*=+B"4%43(+$*62#63%.+()"'#$.3%>'6=%6=3%
*)3.';'.%43;'$34%#:*+"B63%6#2A36*%#$4%*#;360%23LB'23(3$6*C%

5.3 UAV Regulations and Standards (Claim 2) 
M='"*6% 6=323% '*% #% $334% ;+2% *)3.';'.% 7!&% 23AB"#6'+$*% #$4% *6#$4#24*% ;+2% )#26'.B"#2% 7!&%
63.=$+"+A'3*% (B.=% +;% 6=3% 23AB"#6'+$*% #$4% *)3.';'.#6'+$*% ;+2% $+$G*3A23A#634% #'2*)#.3%
+)32#6'+$*%#"23#40%3?'*6%>'6='$%6=3%(#$$34%#'2.2#;6%#$4%#'2%62#;;'.%23AB"#6'+$*%#*%+B6"'$34%'$%
*3.6'+$%OCOC%%%
D=3*3%)2+<'43%#%<'6#"%:#*'*%#*%#4<+.#634%:0%8P#44+$%]%M='66#/32,%OTTO9%;+2%6=3%.23#6'+$%+;%
7!&% *)3.';'.% 23AB"#6'+$*% #$4% *6#$4#24*C% 1B6% 23AB"#6'+$*% #$4% *6#$4#24*% $334% 6+% :3%
43<3"+)34%'$%#..+24#$.3%>'6=%432'<34%*#;360%23LB'23(3$6*%#$4%$+6%EB*6%:#*34%+$%6=3%.+$.3)6%
+;%a3LB'<#"3$.3bC%%%D=3%*#;360%#**3**(3$6%>+2/%.#22'34%+B6%;+2%8R7\JYJSD\Jf%7!-GD^,%
OTT_9%.#$%:3%*33$%#*%#%(+43"%;+2%6=3%43<3"+)(3$6%+;%+6=32%7!&%23AB"#6'+$*%#$4%*6#$4#24*%6+%
3$*B23%6=#6%6=3%+<32#""%+:E3.6'<3%+;%a3LB'<#"3$6%2'*/b%'*%#.='3<34C%
D=323%'*%#%$334%;+2%23AB"#6'+$*%#$4%*6#$4#24*%6+%:3%43<3"+)34%'$%6=3%.+$63?6%+;%.+((+$"0%
#A2334%*#;360%23LB'23(3$6*%:#*34%+$%#%>=+"3%a*0*63(%+;%*0*63(*b%(+43"%+;%7!&%+)32#6'+$*%
6+% 3$*B23% 6=#6% 3#.=% )32*)3.6'<3% '*% ;B""0% .+$*'43234% '$."B4'$A% )'"+6*,% '$4B*620,% !'2% D2#;;'.%
Y+$62+""32*,%J)32#6+2*,%H#'$6#'$32*% #$4% 23AB"#6+2*C% % F6% '*% +;% )#26'.B"#2% .+$.32$% 6=#6% #6% 6=3%
(+(3$6%7!&%*3.B2'60%'*%$+6%."3#2"0%.+<3234%:0%#$0%23AB"#6+20%#B6=+2'60,%036%3$*B2'$A%#$4%
(#'$6#'$'$A% 6=3% *3.B2'60% +;% .+$62+"% .3$623*,% 4#6#% "'$/*,% 36.C% '*% ;B$4#(3$6#"% 6+% 6=3%
*B:*6#$6'#6'+$%6=#6%+)32#6'+$*%#23%#..3)6#:"0%*#;360C%
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5.4 UAS Safety Requirements Implementation (Claim 3) 
D=3%)2'$.')"3%.+$."B*'+$*%>'6=%23A#24*%6=3%'()"3(3$6#6'+$%+;%*#;360%23LB'23(3$6*%;+2%7!&%
+)32#6'+$*%'$%$+$G*3A23A#634%#'2*)#.3%#23%#*%;+""+>*`%

• D=323% $334*% 6+% :3% '$43)3$43$.3% :36>33$% 6=3% '()"3(3$6#6'+$% +;% 6=3% *3)#2#6'+$%
)2+<'*'+$%8*62#63A'.9%#$4%6=3%'()"3(3$6#6'+$%+;%.+""'*'+$%#<+'4#$.3%86#.6'.#"%*3)#2#6'+$%
)2+<'*'+$9C%%%

• D='*% '*% 3#*'32% 6+% #.='3<3% >=3$% #$% #'2% 62#;;'.% .+$62+""32% '*% 23*)+$*':"3% ;+2% *3)#2#6'+$%
)2+<'*'+$%#$4%6=3%)'"+6%'$%.+((#$4%.#$%.+$62+"%6=3%#'2%<3='."3%#$4%'*%#>#23%+;%+6=32%#'2%
B*32*% 8*33% $3?6% :B""369,% *'$.3% 6=3% #'2% <3='."3% .#$% :3% ;'6634% >'6=% #% .+""'*'+$% #<+'4#$.3%
*0*63(% *'('"#2% 6+% DY!&% FFC% % P+>3<32,% 6=323% #23% B$23*+"<34% .+$.32$*% 23A#24'$A% 6=3%
3;;'.#.0%+;%DY!&%FF%"+A'.%#$4%7!&%+)32#6'+$*Nc%#$4%6=3%"3<3"%+;%2'*/%234B.6'+$%#.='3<34%
:0%DY!&%FF,%#))2+?'(#63"0%cTj%8R7\JYJSD\Jf%!Y!&,%OTTU9%(#0%:3%'$*B;;'.'3$6%6+%
#.='3<3%#$%3LB'<#"3$6%"3<3"%+;%2'*/C%

• D=323% #23% *6'""% *+(3% B$.326#'$6'3*% >'6=% '()"3(3$6#6'+$% +;% #B6+(#634% *62#63A'.% #$4%
6#.6'.#"%*3)#2#6'+$%)2+<'*'+$%*0*63(*%6+%23)"#.3%6=#6%.B223$6"0%)32;+2(34%:0%6=3%)'"+6NW,%
'C3C%6=3%a&3$*3%#$4%!<+'4b%'**B3C%

• D=3% *#;360% #**3**(3$6% .+$4B.634%+$% 6=3% 8R7\JYJSD\Jf%7!-GD^,% OTTZ9% .+$."B434%
6=#6%7!&%*3$*3%#$4%#<+'4% 63.=$+"+A0%+;;32*% 6=3%)+63$6'#"% 6+% '()2+<3% 6=23#6%4363.6'+$%
#$4%#<+'4#$.3%.#)#:'"'60,%3*)3.'#""0%A'<3$%.+$.32$*%>'6=%6=3%3;;3.6'<3$3**%+;%=B(#$%*33%
#$4% #<+'4% .#)#:'"'6'3*C% % !.='3<'$A% 3LB'<#"3$.3% +2% 3<3$% 3LB'<#"3$6% 2'*/% *33(*%
'$#43LB#63% '$% 6='*% .#*3C% !% .+()23=3$*'<3% 4'*.B**'+$% +;% 6=3% '**B3*% '*% )2+<'434% '$%
8V3K#2(+,%OTTW9C%

• 7!-%#$4%V#6#%f'$/%23"'#:'"'60%#23%/30%6+%('$'('*'$A%6=3%>+2/"+#4%'()#.6%+$%#'2%62#;;'.%
.+$62+""32*%#2'*'$A%;2+(%3?.3**'<3%'$*6'A#6'+$%+;%3(32A3$.0%+2%.+$6'$A3$.0%)2+.34B23*C%

• 7!&%+)32#6'+$*%(B*6%.+$*'432%6=3%*.3$#2'+%>=3$%6=3%.+((B$'.#6'+$%:36>33$%6=3%)'"+6%
'$% .+((#$4% #$4% 6=3% #'2% <3='."3% '*% B$#<#'"#:"3C% % F$% 6='*% *.3$#2'+% 6=3% #'2% <3='."3%(B*6%
.+$;+2(%6+%#%)2343;'$34%;"'A=6%)"#$%*+%6=#6%7!&%:3=#<'+B2%23(#'$*%#*%43632('$'*6'.%#*%
)+**':"3NUC%%%

• R(32A3$.0% Q2+.34B23*%(#0% $3.3**#2'"0% :3% 4';;323$6% ;+2% 7!&% +)32#6'+$*% #$4% #*% *B.=%
7!&%>'""%$334%6+%:3%#:"3%6+,%;+2%3?#()"3,%'$4'.#63%>=3$%7!&%#23%+)32#6'$A%'$%'*+"#6'+$%
;2+(% 6=3% )'"+6% '$% .+((#$4% 83CAC% #% B$'LB3% 62#$*)+$432% .+439,% >=3$% 6+% :3% )2+<'434%
'$.23#*34%*3)#2#6'+$%)2+<'*'+$,%36.C%

• ^+2%(+*6%+;%6=3%2'*/*%'43$6';'34%$+%#44'6'+$#"%2'*/%('6'A#6'+$%>#*%'43$6';'34%>'6='$%6=3%
#'2%62#;;'.%4+(#'$%6=#6%.+B"4%;B26=32%234B.3%6=3%2'*/%+<32%#$4%#:+<3%(#$$34%+)32#6'+$C%%
D='*%"3#<3*%6=3%.=#""3$A3%+;%#.='3<'$A%6=3%!^!\Q%*#;360%.2'632'#%6+%6=3%*6#$4#24*%:+4'3*%
#$4%7!&%'()"3(3$632*C%

• D=323% #23% +6=32% .=#""3$A3*% 6=#6% >'""% #2'*3% 4B2'$A% 6=3% '()"3(3$6#6'+$% +;% 6=3% *#;360%
23LB'23(3$6*,%'$632%#"'#`%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%
Nc% VB3% ;+2% 3?#()"3% 6+% 6=3% *'A$';'.#$6% 23"'#$.3% +$% 6=3% 6'(3"'$3**% +;% )'"+6% 23*)+$*3% 6+% \3*+"B6'+$%
!4<'*+2'3*%8\!9,%:B6%*B.=%.+$.32$*%$334%6+%:3%23*+"<34%'$%+2432%6+%3$*B23%6=#6%DY!&%FF%'*%*6'""%>+2/'$A%
#*%3;;3.6'<3"0%'$%*'$A"3%#$4%(B"6')"3%(#$$34%<*C%7!&%#'2%<3='."3%3$.+B$632*C%
NW% 5!\%dNCNNc%\'A=6*%+;%M#0%\B"3*% *6#63% 6=#6%a23A#24"3**%+;%>=36=32%#$%+)32#6'+$% '*% .+$4B.634%B$432%
'$*62B(3$634%;"'A=6%2B"3*%8F^\9%+2%<'*B#"%;"'A=6%2B"3*%8-^\9,%<'A'"#$.3%*=#""%:3%(#'$6#'$34%:0%3#.=%)32*+$%
+)32#6'$A%#$%#'2.2#;6%*+%#*%6+%*33%#$4%#<+'4%+6=32%#'2.2#;6bC%
NU%!DYJh*%.+$*B"634%4B2'$A%6=3%*#;360%#**3**(3$6%*BAA3*634%6=#6%322#$6%7!&%:3=#<'+B2%'*%)2+:#:"0%$+%
>+2*3%6=#$%(#$$34%('"'6#20%322#$6%:3=#<'+B2C%
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• D=3% '$#43LB#.0% +;% 6=3% .B223$6% '$63A2'60% +;% #32+$#B6'.#"% 4#6#% ;+2% 6322#'$% (#)*,%
+:*6#."3% =3'A=6*% KQ&% :#*34% $#<'A#6'+$% *0*63(*,% 36.C% #"6=+BA=% 6='*% '*% :3'$A%
#4423**34%6=2+BA=%6=3%RB2+)3#$%Y+(('**'+$%F$632+)32#:'"'60%H#$4#63*C%

• J)32#6'$A% .=#2#.632'*6'.*% +;% .B223$6% #$4% ;B6B23% 7!&% #'2% <3='."3*% 6=#6% (#0%
B$432('$3% )2'$.')"3% *#;360% #**B()6'+$*% '$% .B223$6% *#;360% .#*3*% ;+2% #'2% 62#;;'.%
+)32#6'+$*% +2% .+$.3)6*,% 3CAC% 6=3% 6'(3"'$3**% +;% )'"+6e7!&% '()"3(3$6#6'+$% +;%
.+$62+""32%'$*62B.6'+$*C%

5.5 Monitoring UAS Operations (Claim 4) 
!%)2+A2#((3%+;%*#;360%(+$'6+2'$A%#$4%'()2+<3(3$6%>'""%$334%6+%:3%'()"3(3$634%:0%*6#63%
23AB"#6+2*%#$4%+6=32%'$632$#6'+$#"%:+4'3*%6+%3$*B23%6=#6%7!&%+)32#6'+$*%'$%$+$G*3A23A#634%
#'2*)#.3% 23(#'$% #..3)6#:"0% *#;3C% % D=3% *#;360% #**3**(3$6% ;+2% 8R7\JYJSD\Jf% 7!-GD^,%
OTTZ9% 4'4% $+6% '43$6';0% #$0% (+$'6+2'$A% 23LB'23(3$6*% '$% #44'6'+$% 6+% 6=+*3% #"23#40%
23.+((3$434%;+2%(#$$34%J!D%+)32#6'+$*C%%%

6. Conclusions 

D=323%'*%."3#2"0%#%43*'23%'$%'$4B*620%6+%)2+4B.3%.+((32.'#""0%<'#:"3%7!&%#$4%.+$.32$%6=#6%
7!&%23AB"#6'+$*%4+%$+6%:3.+(3%+<32%:B243$*+(3%+2%'$;"3?':"3C%%M='"*6%6=323%'*%#%>3#"6=%+;%
3?'*6'$A%23AB"#6'+$%#$4%*6#$4#24*%;+2%(#$$34%+)32#6'+$*,%6=323%'*%*6'""%#%$334%6+%3$*B23%6=#6%
6=3%62#$*'6'+$%6+%7!&%+)32#6'+$*%'$%$+$G*3A23A#634%#'2*)#.3%4+3*%$+6%E3+)#24'*3%6=3%*#;360%+;%
+6=32% #'2*)#.3% B*32*,% #$4% )32=#)*% 3<3$% .+$62':B63*% 6+% #$% '()2+<34% "3<3"% +;% *#;360% '$%
#<'#6'+$,%4'23.6"0%#4423**'$A%'**B3*%>'6=%6=3%)B:"'.%)32.3)6'+$%+;%6=3%2'*/%;2+(%7!&C%
D=3%>+2/%;+2%R7\JYJSD\Jf%VKeHFf%=#*%*=+>$%6=#6%6=3%43<3"+)(3$6%#$4%*)3.';'.#6'+$%
+;% 23AB"#6'+$*% #$4% *6#$4#24*% .#$% :3% *B:E3.6% 6+% *#;360% #**3**(3$6,% >='.=% .#$% #**B23% 6=3%
.+()"363$3**% #$4% .+223.6$3**% +;% 6=3% *)3.';'.#6'+$*%>='"*6%)2+<'4'$A% 6=3% 2'A+2+B*% 3<'43$.3%
6=#6% 6=3% 23AB"#6'+$*% #$4% *6#$4#24*% .#)6B23% 6=3% *#;360% 23LB'23(3$6*% 23"3<#$6% 6+% 6=3% 6=3'2%
*.+)3%#$4%)B2)+*3C%%%
10%#))"0'$A% 6='*%)2+.3**% #6% #""% "3<3"*%+;%7!&% 23AB"#6'+$%#$4% *6#$4#24% *366'$A% '6%>+B"4%:3%
)+**':"3% 6+% 3$*B23% $+6% +$"0% #% .+=3*'<3% #))2+#.=% 6+% 7!&% 23AB"#6'+$% :B6% #"*+% 6=#6% 7!&%
+)32#6'+$*%>'""%$+6% '$.23#*3% 6=3%2'*/% 6+%+6=32%#'2*)#.3%B*32*%#$4% 6='24%)#26'3*C% %D=323% '*%#$%
#..3)634% #$4% 23.+A$'*34% $334% ;+2% 23AB"#6+20% :+4'3*% 6+% >+2/% 6+A36=32% 6+% 3$*B23% 6=#6% #""%
#*)3.6*% +;% 7!&% 23AB"#6'+$% '$."B4'$A% !'2% D2#;;'.% H#$#A3(3$6,% -3='."3% Y326';'.#6'+$,%
J)32#6'+$,% H#'$63$#$.3% #$4% f'.3$*'$A,% 36.C% '$632;#.3% .+223.6"0,% 6#/'$A% '$6+% #..+B$6% 6=3%
'()#.6% +;% '**B3*% >'6='$,% #$4% #**B()6'+$*% (#43% :0,% 3#.=% +;% 6=3% #*)3.6*% #*% >3""% #*% 6=3%
)2#.6'.#"'6'3*%#$4%.+((32.'#"%<'#:'"'60%+;%6=3%;'$#"%7!&%*+"B6'+$*C%
S+6>'6=*6#$4'$A% 6=#6% 23AB"#6'+$*% #$4% *6#$4#24*% .#$% :3% 43<3"+)34% +2% B)4#634% 6+%
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A vision-based steering control system for 
aerial vehicles 1 
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,>)$+"6%)F!6%+-7"3&)G)W&"(3(')HIINL.)3,--)FW('?7"('1(3?)HINNL)&'4)=&<)F/+7O()HIJJLB))

X') 7(6"+,') Q.) <() <+--) 4(763+1() ,03) -&"(7") &(3+&-) 3,1,".) <%+6%) %&7) 1((') 6&--(4) S!@\T) XXB)
S!@\T)XX)4+>>(37)>3,;)"%(),3+?+'&-)FS!@\T)XL)3,1,")F*+,--(")G)83&'6(76%+'+)QRRHL)+')"%&")+"7)
(=()+7)',)-,'?(3)51'>:/"':@@=)'#0+@1;)",)"%()1,4=Z)"%+7)6,'>+?03&"+,');&O(7)+")$,77+1-()>,3))"%()
?&A() ",) 1() &6"+:(-=) -,6O(4) ,'",) "%() "&3?(".) <%&"(:(3) 4+7"031&'6(7);&=) 1() &$$-+(4) ",) "%()
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3,1,"d7)1,4=B)X')!(6"+,')C.)<()<+--)4(763+1()"%()76%(;()0'4(3-=+'?)"%()>&7".)&6603&"()6,'"3,-)
,>) "%() f(=(D+'D%(&4g) &'?-(B) ) X') 7(6"+,') ^.)<()<+--) (U$-&+') %,<)<();(3?(4) &) ?&A() 6,'"3,-)
7=7"(;)FY@!L)<+"%)&)%(&4+'?)6,'"3,-)7=7"(;)FW@!LB)X')7(6"+,'7)K)&'4)_.)<()<+--)$3(7('")"%()
3,1,"d7) =&<) 6,'"3,-) 7"3&"(?=) &'4) 4(763+1() "%() ,0"7"&'4+'?) $(3>,3;&'6(7) &""&+'(4) 1=) "%()
,:(3&--)?&A()&'4)%(&4+'?)6,'"3,-)7=7"(;7.)<%+6%)&3()1,"%)&1-()",)6,0'"(3&6")'&7"=)"%0;$7)
4(-+:(3(4)",)"%()3,1,"d7)1,4=B)8+'&--=.)+')7(6"+,')J.)<()<+--)4+76077)&1,0")&)',:(-)1+,;+;("+6)
6,'"3,-)7"3&"(?=)<%+6%)6,;1+'(7)1,"%)?&A(),3+('"&"+,')&'4)-,6,;,"+,'B))

2. Eye-in-head or head-in-body movements : a key to forward visuomotor 
control 

a&'=) 7"04+(7) %&:() 1((') $01-+7%(4) ,') %,<) "%() ?&A() +7) %(-4) 7"+--) +') :(3"(13&"(7) &'4)
+':(3"(13&"(7.) 4(7$+"() "%() 4+7"031&'6(7) ",) <%+6%) "%() %(&4) F,3) 1,4=L) +7) 701M(6"(4B) 8,3)
(U&;$-(.)+')%0;&'7.)"%()T,"&"+,'&-)*(7"+10-,)S60-&3)T(>-(U)FT*ST.)Fa+-(7)HIINLL)"3+??(37)&)
6,;$('7&",3=)(=()3,"&"+,'),>)(V0&-)&'4),$$,7+"();&?'+"04()",)"%()%(&4)3,"&"+,'.)7,)"%&")"%()
-+'() ,>) 7+?%") F"%() ?&A(L) +7) 7"&1+-+A(4B) !"04+(7) ,') "%() %0;&') T*ST) %&:() 7%,<') "%&") "%+7)
+'(3"+&-) 7=7"(;) 3(7$,'47) (>>+6+('"-=)<+"%) &) -&"('6=) ,>) ,'-=) &1,0") HR;7) ",) 7+'07,+4&-) %(&4)
3,"&"+,'7)<+"%)>3(V0('6+(7),>)0$)",)^)WA)F[&1&O)G)@,--(<+M')HII^L),3)(:(')_WA)FY&0"%+(3)(")
&-B) HIN^L.) &7)<(--) &7) ",) 7"($) 3,"&"+,'7) Fa&&7)(") &-B) HINILB)T%(707);,'O(=7) 7%,<):(3=)%+?%)
*ST)$(3>,3;&'6(7)+')"%()RBKDKWA)F2(--(3)HIJN1L)&'4)(:(')KDQKWA)FW0"(3(3)G)@0--(')QRRQL)
>3(V0('6=) 3&'?(7.) <%+6%) ;(&'7) "%&") ;,'O(=7) &3() &1-() ",) 3(M(6") 1,"%) 7-,<) &'4) >&7")
4+7"031&'6(7)"%3,0?%,0")"%+7)<+4()3&'?(),>)>3(V0('6+(7B)[%()>-=)+"7(->)$,77(77(7)&')(UV0+7+"()
*STD-+O() 3(>-(U) 6,'"3,--+'?) "%() ,3+('"&"+,') ,>) +"7) %(&4) FW('?7"('1(3?) HINNLB) 8+?03() H)
+--07"3&"(7)"%(),0"7"&'4+'?)$(3>,3;&'6(7)&6%+(:(4)1=)"%()?&A()7"&1+-+A&"+,')7=7"(;7),>)"<,)
4+>>(3('")1+347)&'4)&)7&'4<&7$B) X') "%() -&""(3) 6&7(.) "%()&0"%,37)'+6(-=)7%,<(4)%,<)"%() 3,--)
6,;$('7&"+,') 3(>-(U) >0'6"+,'(4) +') &)<&7$) +') >3(() >-+?%") 1=);&+'"&+'+'?) "%() %(&4) >+U(4) +')
7$&6()+')7$+"(),>)43&;&"+6)1,4=)3,--7)F&;$-+"04()0$)",)HQRi)$(&O)",)$(&OL);&4()",)6,0'"(3)
&'=) -&"(3&-) 4+7$-&6(;('"7) Fj(+-.)5,31(3") P,(44(O(3)G)W(;;+) QRRNLB) @&'6(--+'?) %(&4) 3,--)
$3(:('"7) "%() <&7$e7) :+70&-) 7=7"(;) >3,;) 1(+'?) 7"+;0-&"(4) &'4) "%(3(>,3() 4+7"031(4) 1=)
3,"&"+,'&-);,:(;('"7B)

)

8+?03()HB)Y&A()7"&1+-+A&"+,')+')1+347)&'4)+'7(6"7)
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/(>"Z)\)'+?%")%(3,'.)5=6"+6,3&U)'=6"+6,3&U)F",$L)&'4)&)-+""-()(?3(".)9?3(""&)?&3A(""&)F1,"",;L)
7"&'4+'?),')&):(3"+6&--=),76+--&"+'?)$(36%B)5,"()"%()-,'?)$(3+,47),>)$(3>(6"-=)7"&1-()(=()
$,7+"+,'.)+'"(330$"(4)1=)13+(>)3(D$,7+"+,'+'?)%(&4);,:(;('"7)F83,;)F2&"A+3)(")&-B)QRRHLLB)
T+?%"Z)W,3+A,'"&-)?&A()4+3(6"+,')&'4)%(&4)3,--)7"&1+-+A&"+,')+')&)7&'4<&7$)FP(;1+U)7$LB)X'7(")
,')"%()3+?%")7%,<7)"%,3&U)&'4)%(&4)3,--);,:(;('"7)403+'?)&)>&7")7+4(<&=7)"3&'7-&"+,')",)"%()
-(>")F7(()$+6"03(7L)&'4)&)6,'6033('")7&66&4+6)?&A()7%+>")",)"%()3+?%")F83,;)Fj(+-.)P,(44(O(3)G)
W(;;+)QRRNLLB)8+?03()&'4)-(?('4)3($3,406(4)>3,;)j(+-)(")&-B)<+"%)$(3;+77+,')>3,;)9-7(:+(3)

X')7%,3".)?&A()7"&1+-+A&"+,')7((;7)",)1()&)6306+&-)&1+-+"=)>,3)(:(3=)&'+;&-)6&$&1-(),>)):+70&--=)

?0+4(4)1(%&:+,3B)9:(')$3+;+"+:()&'+;&-7)706%)&7)"%()1,U)M(--=>+7%)7((;)",)1()('4,<(4)<+"%)

&')(UV0+7+"();(6%&'+6&-)7"&1+-+A&"+,')7=7"(;)"%&")%,-47)"%()(=(7),3+('"(4)&-,'?)"%()>+(-4),>)

?3&:+"=)FY&3;)(")&-B)QRRJLB))

3. Description of the OSCAR II robot 

S!@\T) XX) +7) &) ;+'+&"03() FHRRD?3&;L) 6,34-(77) "<+'D('?+'() &(3+&-) 3,1,") (V0+$$(4) <+"%) &)
7+'?-(D&U+7)F=&<L),60-,;,",3);(6%&'+7;)F8+?B)QLB)
)

)

8+?03()QB)S!@\T)XX)+7)&)HRRD?3&;)&(3+&-)3,1,")"%&")+7)&1-()",)6,'"3,-)+"7)%(&4+'?)&1,0"),'()
&U+7)F"%():(3"+6&-.)=&<)&U+7L)1=)43+:+'?)+"7)"<,)$3,$(--(37)4+>>(3('"+&--=),')"%()1&7+7),>)<%&")+")
7((7B)[%()(=(),>)S!@\T)XX)+7);(6%&'+6&--=)0'6,0$-(4)>3,;)"%()%(&4.)<%+6%)+7)+"7(->)>+U(4)",)
"%()f1,4=g)\)?&A()6,'"3,-)7=7"(;)FY@!)+')8+?B)_L)('&1-(7)"%()3,1,")",)>+U&"()&)"&3?(")F&)
:(3"+6&-)<%+"(D4&3O)(4?()$-&6(4)H);("(3)&%(&4L)&'4)",)7"&1+-+A()+"7)?&A()4(7$+"()&'=)7(:(3()
4+7"031&'6(7)F?07"7),>)<+'4.)7-&$7L)"%&");&=)&>>(6")+"7)1,4=B)\)%(&4+'?)6,'"3,-)7=7"(;)FW@!)
+')8+?B)_L.)6,;1+'(4)<+"%)"%()Y@!.);&O(7)"%()3,1,"d7)%(&4+'?)6&"6%)0$)<+"%)"%()?&A(.)<%+6%)
7"&1+-+A(7)"%()%(&4+'?)+')"%()?&A()4+3(6"+,'B)S!@\T)XX)+7);,0'"(4),')&)-,<D>3+6"+,'.)-,<D
+'(3"+&)3(7,-:(3.)7,)"%&")+"7)%(&4+'?)6&')1();,'+",3(4)

[%() 3,1,") +7) &1-() ",) &4M07") +"7) %(&4+'?) &6603&"(-=) &1,0") "%() =&<) &U+7) 1=) 43+:+'?) +"7) "<,)
$3,$(--(37)4+>>(3('"+&--=):+&)&)607",;D;&4()40&-)7('7,3-(77)7$((4)?,:(3',3)F*+,--(".)2(3%0(-)
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G) 83&'6(76%+'+) QRRNLB) [%() 3,1,"d7) g1,4=g) 6,'7+7"7) ,>) &) 6&31,') 6&7+'?) 70$$,3"+'?) "%() "<,)
;,",37B)[%+7) 6&7+'?) +7)$3,-,'?(4),')(&6%)7+4()1=)&)%,--,<)6&31,')1(&;)<+"%+')<%+6%) "%()
$3,$(--(3) 43+:() 7%&>") 6&') 3,"&"() ,');+'+&"03() 1&--) 1(&3+'?7B) [%() 3,1,"d7) g%(&4g) +7) &) -&3?()
F4+&;("(3)HK;;L)6&31,')"01();,0'"(4):(3"+6&--=),')"%();,",3)6&7+'?B)c+"%+')"%()%(&4.)&')
+''(3)6&31,')g(=()"01(g);,0'"(4),')$+:,")1(&3+'?7)6&')"03')>3((-=)&1,0")"%()=&<)&U+7B))
[%() 3,1,"d7) (=() 6,'7+7"7) ,>) &);+'+&"03() -('7) F4+&;("(3) K;;.) >,6&-) -('?"%) NBK;;L.) 1(%+'4)
<%+6%)&')(-(;('"&3=)g3("+'&g)6,;$,7(4),>)&)7+'?-()$&+3),>);&"6%(4)`X5)$%,",4+,4(7)76&'7)
"%() 7033,0'4+'?7) &") &) >3(V0('6=) ,>) ) HRWA) 1=) ;(&'7) ,>) &) >&7") $+(A,) &6"0&",3) F`%=7+O)
X'7"30;('"(L)43+:(')1=)&'),'1,&34)<&:(>,3;)?('(3&",3) 6+360+") F>,3)4("&+-7.) 7(() F*+,--(")G)
83&'6(76%+'+)QRRKLLB)[%()3("+'&-);+63,76&''+'?);,:(;('")&4,$"(4)%(3()<&7)+'7$+3(4)1=),03)
>+'4+'?7),')"%()>-=e7)6,;$,0'4)(=()F83&'6(76%+'+)G)@%&?'(0U)HIIJLB)[%();+63,76&''+'?)),>)
"%()"<,)$%,",3(6($",37),66037)$(3$('4+60-&3-=)",)"%()-('7d)&U+7.);&O+'?)"%(+3)-+'(D,>D7+?%"7)
4(:+&"() $(3+,4+6&--=) +') 6,'6(3"B) 8,3) 4("&+-7) ,') "%()<%=7) &'4)<%(3(>,3(7) ,>) "%() $&3"+60-&3)
;+63,76&''+'?) -&<) &4,$"(4.) 3(&4(37) 6&') 6,'70-") ,03) ,3+?+'&-) &'&-=7(7) &'4) 7+;0-&"+,'7) ,>)
"%() S!@\T) 7('7,3) $3+'6+$-() F*+,--(") G) 83&'6(76%+'+) HIIILB) P&7+6&--=.) <() 7%,<(4) "%&") 1=)
&77,6+&"+'?)&')(U$,'('"+&-)76&')<+"%)&')9-(;('"&3=)a,"+,')E("(6",3)F9aEL.),'()6&'),1"&+')
&)?('0+'()A/B0@:$)C#("&"#/)61/(#$)"%&")+7)&1-()",)7('7()"%()$,7+"+,'),>)&')(4?(),3)&)1&3)<+"%)

?3(&") &6603&6=) <+"%+') "%() 3(-&"+:(-=) 7;&--) >+(-4D,>D:+(<) &:&+-&1-() F8S*) k) ±HB^i.) <%+6%) +7)
3,0?%-=)(V0&-)",)"%&"),>)"%()%0;&')>,:(&LB)X'"(3(7"+'?-=.)"%+7)7('7,3)1,&7"7)&)^RD>,-4)1(""(3)
&'?0-&3) 3(7,-0"+,') "%&') "%() +'"(3D3(6($",3) &'?-() +') "%() "&7O) ,>) -,6&"+'?) &') (4?(.) &'4) 6&')
"%(3(>,3()1()7&+4)",)1()('4,<(4)<+"%)%=$(3&60+"=)Fc(7"%(+;(3)HINHLB)803"%(3)4("&+-7)&1,0")
"%()$(3>,3;&'6(7)F&6603&6=.)6&-+13&"+,'L),>)"%+7);+63,76&''+'?):+70&-)7('7,3)&3()&:&+-&1-()+'))
F*+,--(")G)83&'6(76%+'+)QRRKLB)

4. Implementation of the robot's oculomotor system 

X')"%()%0;&'),60-,;,",3)7=7"(;.)"%()(U"3&D,60-&3);076-(7)F9SaL)&3(),>"(')4((;(4)",)7(3:()
6,'"3&4+6",3=) >0'6"+,'7B) S') "%() ,'() %&'4.) "%(=) &3() 3(V0+3(4) ",) O(($) "%() ?&A() &6603&"(-=)
>+U&"(4),'",) &) 7"(&4=) "&3?(") F!"(+';&')HI_JL.) &'4),') "%(),"%(3)%&'4.) "%(=) &3() 3(V0+3(4) ",)
3,"&"()"%()(=()<+"%)&):(3=)7;&--)3(7$,'7()"+;(Z)&)7&66&4(),>);,4(3&"()&;$-+"04()+7)"3+??(3(4)
<+"%+') ,'-=) &1,0") HRR);7) FP(6O(3) HIIHLB) 8+?03() C) 7%,<7) &) ",$) :+(<) 76%(;() ,>) "%() ',:(-)
;+'+&"03(),60-,;,",3)7=7"(;)<()%&:()10+-")&'4)+'7"&--(4)+')S!@\T)XX)F>+?03()QLB))
[%() %+?%) $(3>,3;&'6() %0;&') ,60-,;,",3) 7=7"(;) <&7) ;+;+6O(4) 1=) 6,'"3,--+'?) "%()
,3+('"&"+,'),>)"%()(=(D"01()<+"%)&')0'6,':('"+,'&-)(U"3&D,60-&3)&6"0&",3Z)&)*,+6()@,+-)a,",3)
F*@aL.)<%+6%)<&7) +'+"+&--=) $&3") ,>) &) %&34)4+7O);+63,43+:() FW+"&6%+LB)\)*@a) +7) ',3;&--=)
07(4)",)4+7$-&6()"%()3(&4D<3+"()%(&4)+')4+7O)43+:()6,'"3,-)7=7"(;7)F@%(')(")&-B)QRR_L)&'4)+")
<,3O7) <+"%,0") ;&O+'?) &'=) "3&4(D,>>) 1("<((') %+?%) $,7+"+,'&-) &6603&6=) &'4) >&7")
4+7$-&6(;('"B)
\7) *@a) 6,'"3,-) 3(V0+3(7) &') (>>+6+('") $,7+"+,') >((41&6O) -,,$B) c%(3(&7) &) 7+;$-() `XE)
6,'"3,--(3)<&7)07(4)+')"%(),3+?+'&-):(37+,')F2(3%0(-.)*+,--(")G)83&'6(76%+'+)QRRJL.)<()',<)
07(4)&)7"&"()7$&6()&$$3,&6%)1=)+'"(?3&"+'?)&)6,'"3,--(3)6,;$,7(4),>)&')(7"+;&",3)6&76&4(4)
<+"%) &) 7"&"(D&0?;('"(4) 6,'"3,-) ?&+') 2(R) F6>B) >+?03() ^L) 6,;$0"(4) <+"%) &) 6-&77+6&-) /lY)

;("%,4B) [%+7) 7"306"03() <&7) 07(4) ",) 7(3:,) "%() &'?0-&3) f(=() +') 3,1,"g) $,7+"+,') θ(3) ",) "%()
3(>(3('6()+'$0")θ(3m7("D$,+'")F7(()>+?03()^LB)θ(3)<&7);(&703(4)1=)$-&6+'?)&)"+'=)W&--)(>>(6")7('7,3)
+')>3,'"),>)&);+63,);&?'(")FH;;CL)?-0(4)",)"%()(=(D"01(d7)3,"&"+,')&U+7B)
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)

8+?03()CB)[%()S!@\T)XX),60-,;,",3);(6%&'+7;)F",$):+(<LB)[%()6('"3&-)(=()"01()F(V0+$$(4)
<+"%)+"7)"<,D$+U(-)$+(A,D76&''+'?)3("+'&.)',")7%,<')%(3(L)+7)+'7(3"(4)+'",)&)-&3?(3)6&31,')
"01()F"%()f%(&4gL.)<%+6%)+7);,0'"(4),'",)"%()3,1,"d7)1,4=B)[%()(=()"01()+7);(6%&'+6&--=)

0'6,0$-(4)>3,;)"%()%(&4)<+"%),'()4(?3((),>)>3((4,;)&1,0")"%()=&<)&U+7B)[%()&'?-()θ(3)
1("<((')"%()3,1,"d7)%(&4+'?)&'4)"%()4+3(6"+,'),>)"%()?&A()+7)>+'(-=)6,'"3,--(4)F:+&)"%()-+'O&?()
3,4)&'4)"%()6,'"3,-)%,3'L)1=)&);+63,)*,+6()@,+-)a,",3)F*@aL)"%&")<&7);+--(4),0")>3,;)&)

%&34)4+7O);+63,43+:(B)[%():+70&-)7('7,3d7),0"$0")+7)&)-+'(&3.)(:(')>0'6"+,'),>))θ")D)θ?&A(n)+")
4(-+:(37)R)*,-"7)<%(')"%()?&A()+7)&-+?'(4)<+"%)"%()"&3?(")F+B(B.)θ?&A()k)θ"LB)\4&$"(4)>3,;)
F2(3%0(-.)*+,--(")G)83&'6(76%+'+)QRRJL)

)

8+?03()^B)P-,6O)4+&?3&;),>)"%()*,+6()@,+-)a,",3)F*@aL)7(3:,)7=7"(;.)<%+6%)7(3:,(7)"%()

f(=()+')3,1,"g)&'?-()θ(3)F7(()>+?03()CL)",)"%()3(>(3('6()+'$0")θ(3m7("$,+'"B)X')"%()+'"(3'&-)7"&"()
7$&6();,4(-),>)"%()(=(.)1,"%)"%()6,;;&'4)o(FAL)&'4)"%();(&703(4)&'?-()θ(3FAL)7(3:()",)
(7"+;&"()"%()^)+'"(3'&-)7"&"(7),>)"%()(=(e7);,4(-.)+'6-04+'?)+"7)*@a)&6"0&",3B)[%()>+>"%)
(U"(3'&-)7"&"()+7)"%()+'"(?3&-),>)"%()(=(e7)$,7+"+,')(33,3B)\)A(3,)7"(&4=)7"&"()(33,3)+7)6-&77+6&--=)
,1"&+'(4)1=)&0?;('"+'?)"%()7"&"():(6",3)&'4)+'"(?3&"+'?)"%()3(70-"+'?)&'?0-&3)$,7+"+,')(33,3)
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[%()7"($)3(7$,'7()7%,<')+')8+?03()K)7%,<7)"%():(3=)>&7")4='&;+67),1"&+'(4)<+"%)"%()6-,7(4D

-,,$)6,'"3,-),>)"%()(=(D+'D3,1,"),3+('"&"+,'.)θ(3B)c()4("(3;+'(4)&)3+7()"+;()[3+7()&7)7;&--)&7)
HI;7) &'4) &) 7(""-+'?) "+;() [7(""-() &7) 7;&--) &7) QI;7) F&7) 6,;$&3(4) ",) ^^;7) +') "%() ,3+?+'&-)
:(37+,'LB) c+"%) &) ^KD4(?) 7"($) F',") 7%,<') %(3(L.) &) :(-,6+"=) $(&O) ,>) QCRRip7) <&7) 3(&6%(4.)
<%+6%)+7);06%)%+?%(3)"%&')"%()__Rip7)3(&6%(4)1=),03)>,3;(3)`XE)6,'"3,--(3)F2(3%0(-.)*+,--(")
G)83&'6(76%+'+)QRRJL)&'4);06%)%+?%(3) "%&') "%() 7&"03&"+,'):(-,6+"=) FNRRip7L),>) "%()%0;&')
(=();(&703(4)403+'?)&) 7&66&4() Fa&+'+) (") &-B) QRRNLB)o'-+O(),03) 3,1,"d7) ,60-,;,",3) 6,'"3,-)
7=7"(;) F<%+6%) +7) (77('"+&--=) -+'(&3L.) "%() %0;&') ,60-,;,",3) 6,'"3,-) 7=7"(;) +7) ','-+'(&3.)
7+'6()"%()3+7()"+;()+'63(&7(7)"=$+6&--=)<+"%)"%()7&66&4()&;$-+"04()FP(6O(3)HIIHLB)

)

8+?03()KB)@-,7(4D-,,$)7"($)3(7$,'7(),>)"%()q9=()+')T,1,"q)&'?0-&3)$,7+"+,')θ(3)",)&)-&3?()FHR)
4(?3((7L)7"($)+'$0")&$$-+(4)",)"%()3(>(3('6()+'$0")θ(3)7(")$,+'")F6>B)>+?03()^LB)[%():,+6()6,+-)
;,",3)&6"0&",3)+7)6,'"3,--(4):+&)&)>0--)7"&"()>((41&6O)6,'"3,--(3)"%&");&O(7)"%()7(""-+'?)"+;()

F[7(""-(L)&7)7;&--)&7)QI;7B)[%()&'?0-&3)$,7+"+,')θ(3)+7);(&703(4)<+"%)&);+'+&"03()W&--)7('7,3)
$-&6(4)+')>3,'"),>)&)"+'=);&?'(")?-0(4),'",)"%()(=(e7)&U+7)

5. A gaze control system that commands a heading control system 

5.1 The gaze control system (GCS) 
\)*ST)>((4>,3<&34)6,'"3,-)$&"%<&=)<&7)+;$-(;('"(4.)<%+6%.)-+O()+"7)'&"03&-)6,0'"(3$&3".))
&+;7)&")6,0'"(3&6"+'?)&'=)+':,-0'"&3=)6%&'?(7)+')%(&4+'?)4+3(6"+,'B)/+O()"%()7(;+)6+360-&3)
6&'&-7),>)"%()+''(3)(&3.)<%+6%)?+:()&')(7"+;&"(),>)"%()%(&4e7)&'?0-&3)7$((4)F@&3$('"(3)HINNL.)
&)a9a!)3&"()?=3,)F&'&-,?)4(:+6()\EX!H_HRRL);(&703(7) "%()3,1,"d7)1,4=)&'?0-&3):(-,6+"=B)

[%()*ST)3(>-(U);&O(7)θ(3)>,--,<)&'=)6%&'?()+')θ%(&4+'?)>&+"%>0--=)10")<+"%),$$,7+"()7+?'B)X')
"%() >3(V0('6=) 4,;&+'.) "%+7)<+--) ,6603) ,'-=) +>) "%() ?&+') &'4) $%&7() ,>) "%() "3&'7>(3) >0'6"+,')

3(-&"+'?) θ(3) ",) θ%(&4+'?) &3() %(-4) &") R4P) &'4) R4(?.) 3(7$(6"+:(-=.) ,:(3) "%() -&3?(7") $,77+1-()
>3(V0('6=)3&'?(B)[%+7)-(&47)",)"%()>,--,<+'?)"%(,3("+6&-)(U$3(77+,')>,3)@*STZ)

)
)
@*ST"% (7) =W?=3,

−H (7)W(=(
−H (7) ) FHL)
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!"&1+-+"=) $3,1-(;7) 6&07(4) 1=) "%() %+?%) 7"&"+6) ?&+') +'"3,406(4) 1=) "%() $7(04,) +'"(?3&",3)

))
W?=3,

−H (7) ) -(4) 07) ",) &4,$") &') &$$3,U+;&"+,') ',"(4) )(ˆ 7
H

?=3,
W

− B) [%() (U$3(77+,') ,>) ) @*ST)

"%(3(>,3()1(6,;(7Z)

) )()(ˆ)( 7W7W7@ H
(=(

H
?=3,*ST

−−= ) FQL)

8+?03()_)7%,<7)"%&")"%()6,'"3,-)7+?'&-)o(),>)"%()(=()3(70-"7)>3,;)"%()4+>>(3('6(),>)"<,)6,'"3,-)
7+?'&-7Z)

• o:).)&')&'?0-&3)$,7+"+,')7+?'&-)&3+7+'?)>3,;)"%()4"(0:@)F>((41&6OL)6,'"3,--(3B)

• o*ST.)&')&'?0-&3)$,7+"+,')7+?'&-)&3+7+'?)>3,;)"%()"/1$&":@)F>((4>,3<&34L)6,'"3,--(3)

)
8+?03()_B)P-,6O)4+&?3&;7),>)"%()"<,)+'"(34($('4('")6,'"3,-)7=7"(;7)F&')W@!)&'4)&)Y@!L))
+;$-(;('"(4),'1,&34)"%()S!@\T)XX)3,1,"B)[%()Y@!)O(($7)"%()?&A()F#?&A(L)-,6O(4),'",)&)
7"&"+,'&3=)"&3?(")F1(&3+'?)#"L.)4(7$+"()&'=)%(&4+'?)4+7"031&'6(7)F[$LB)[%+7)7=7"(;)+7)
6,;$,7(4),>)&):+70&-)>((41&6O)-,,$)1&7(4),')"%()S!@\T):+70&-)7('7,3)F<%+6%)&6"7)&7)&')
f&'?0-&3)$,7+"+,')7('7+'?)4(:+6(gL)&'4)&)>((4>,3<&34)6,'"3,-)7=7"(;)(;0-&"+'?)"%()
*(7"+10-,DS60-&3DT(!(U)F*STLB)[%()W@!)7(3:,(7)#%(&4+'?)",)#(3)1=)&4M07"+'?))"%()3,"&"+,'&-)
7$((47),>)"%()"<,)$3,$(--(37)4+>>(3('"+&--=B)!+'6()#%(&4+'?)+7)&-7,)&')+'$0")4+7"031&'6()",)"%()
Y@!.)&'=)6%&'?(7)+')%(&4+'?)F40()",)",3V0()4+7"031&'6(7)&$$-+(4)",)"%()3,1,"L)+7)
6,;$('7&"(4)>,3)1=)&)6,0'"(3D3,"&"+,'),>)"%()(=()F#(3)&'?-(LB)\)'0--):&-0(),>)#(3)<+--);(&')
"%&")#%(&4+'?)k)#?&A(B)5,"()"%&")"%()"<,)$3,$3+,6($"+:()7+?'&-7)#(3)&'4)5%(&4+'?)?+:(')1=)"%()W&--)
7('7,3)&'4)"%()3&"()?=3,)F6>B)8+?B)HL.)3(7$(6"+:(-=.)&3()07(4)+')1,"%)"%()Y@!)&'4)"%()W@!B)
\4&$"(4)>3,;)F2(3%0(-.)*+,--(")G)83&'6(76%+'+)QRRJL)

[%(3(>,3(.)+>)"%()3,1,"d7)%(&4+'?)+7)701M(6"(4)",)&)13+7O)3,"&"+,'&-)4+7"031&'6(.)"%()6%&'?()+')

θ%(&4+'?)<+--)+;;(4+&"(-=)1();(&703(4)&'4)6,;$('7&"(4)>,3)1=)"%()*ST)>((4>,3<&34)6,'"3,-)
7=7"(;B) [%() -&""(3)<+--) +;$,7() &) 6,0'"(3) 3,"&"+,') ,>) "%() (=() ,>) "%() 7+;+-&3) &;$-+"04() 10")
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,$$,7+"()7+?'B)X')8+?03()_.)+")6&')1()7((')"%&")θ%(&4+'?)&-7,)&6"7)&7)&') "/+0&);"(&0$%:/'1)",)"%()
?&A() 6,'"3,-) 7=7"(;) FY@!LB) [%() 6,'"3,-) 7+?'&-)o:)4(3+:(4) >3,;) "%():+70&-) 6,'"3,--(3)@:F7L)

&4M07"7)"%(),3+('"&"+,')θ(3),>)"%()(=()7,)&7)",)6,;$('7&"()>,3)"%+7)4+7"031&'6(.)"%07)%,-4+'?)
"%()?&A()θ?&A() (>>(6"+:(-=) +') "%()4+3(6"+,')θ") ,>) "%():+70&-) "&3?(") F"%&") +7.);&O+'?)εF7L)k)R) +')
8+?03()_.)1,"",;)3+?%"LB)

c()(7"&1-+7%(4))"%&")θ(3)+7)&1-()",)>,--,<)θ%(&4+'?)>&+"%>0--=),:(3)&):(3=)-&3?()>3(V0('6=)3&'?()
F1("<((')HWA)&'4)HHWA.)4&"&)',")7%,<')%(3(LB)[%(),'-=)-+;+"&"+,'7)&3()40()",)"%()6%&'?())
<() ;&4() +') @*ST) F>,3) "%() 7&O() ,>) 7"&1+-+"=L) &'4) "%() &$$3,U+;&"+,'7) ;&4() 403+'?) "%()
+4('"+>+6&"+,'),>)"%()"3&'7>(3)>0'6"+,'7)W?=3,F7L)&'4)W(=(F7LB)
\7) 4(763+1(4) +') 7(6"+,') I) F&$$('4+UL.) "%() :+70&-) 6,'"3,--(3) @:F7L) F7(() >+?03() _L) +7) &')
+'"(?3&",3B)[%+7);(&'7)"%&")"%():+70&-)6,'"3,--(3)6,$(7)<+"%)&'=)"&3?(")4+7$-&6(;('")<+"%,0")

+'"3,406+'?) &'=) 7"(&4=) 7"&"() (33,3) Fε) k) θ") D) θ?&A() +') >+?03() _LB) X') ,"%(3)<,347.) "%(3() +7) ',)
f3("+'&-)7-+$)(33,3g)+')"%()7"(&4=)7"&"(B)[,)$3(:('")30'&<&=),>)"%()(=()<%(')+")-,7(7)&)"&3?(".)
<()4(:(-,$(4)&)7$(6+&-)-+;+"(3)F*+,--(")G)83&'6(76%+'+)QRRHL.)<%+6%)<()%&:()6&--(4)&)j(3,D
!(""+'?)/+;+"(3)Fj!/L.)&'4)+'"3,406(4)+")0$7"3(&;)>3,;)"%():+70&-)6,'"3,--(3)F>+?03()_LB)[%()
$03$,7(),>)"%+7)','-+'(&3)1-,6O)+7)",)6-&;$)"%()(33,3)7+?'&-)1&6O)",)A(3,)<%('(:(3)"%()-&""(3)
1(6,;(7) %+?%(3) F,3) -,<(3L) "%&') &) 7$(6+>+(4) $,7+"+:() F,3) '(?&"+:(L) -(:(-B) \") &) 76&''+'?)
>3(V0('6=),>)HRWA.)"%()S!@\T)XX):+70&-)7('7,3)+'(:+"&1-=)+'"3,406(7)&)-&"('6=),>)HRR;7)+'",)
"%():+70&-)>((41&6O)-,,$B)[%+7)-&"('6=)+7)"%();&+')-+;+"+'?)>&6",3)+')"%()$3,6(77),>)3(M(6"+'?)
&'=) >&7") :+70&-) 4+7"031&'6(7) ",) <%+6%) "%() 3,1,") +7) (U$,7(4B) [%() *ST) 3(>-(U) &6"7) +') &)
6,;$-(;('"&3=) ;&''(3.) 43&;&"+6&--=) +;$3,:+'?) "%() 4='&;+67) ,>) ?&A() 7"&1+-+A&"+,'.) &'4)
"%07) $3(:('"+'?) "%() >+U&"(4) "&3?(") >3,;) 7"3&=+'?) ,0"7+4() "%() F'&33,<L) >+(-4D,>D:+(<) ,>) "%()
(=(B)

5.2 The heading control system (HCS) 
S'(),>)"%();,7")',:(-)>(&"03(7),>)"%()$3(7('")7"04=)+7)"%()>&6")"%&")"%():+70,D+'(3"+&-)3(>-(U)
4(763+1(4)&1,:()<&7)6,;1+'(4)<+"%)"%()%(&4+'?)6,'"3,-)7=7"(;),>)"%()S!@\T)XX)3,1,"B))[%()
W@!)<&7)4(7+?'(4)",)"&O()"%()3,1,"e7)=&<)4='&;+67.)?+:(')1=)"%()"3&'7>(3)>0'6"+,')Y3,1,"F7L.)

+'",)&66,0'"B)[%()W@!)+':,-:(7)F+L)&);(&703(;('"),>)"%()3,1,"d7)=&<)&'?0-&3)7$((4)Ω%(&4+'?)
F?+:(')1=)"%()3&"()?=3,L.)&'4)F++L)&)$3,$,3"+,'&-D+'"(?3&-)6,'"3,--(3)F+'6-04(4)+')@3,1,"F7LLB)X')

"%()7"(&4=)7"&"(.)"%()&'?-()θ(3)+7)'0--.)<%+6%);(&'7)"%&")"%()W@!);&O(7)θ%(&4+'?)(V0&-)",)θ?&A()
FA(3,) 7"(&4=D7"&"() (33,3LB) X') ,"%(3) <,347.) "%() 3,1,"e7) %(&4+'?) 6&"6%(7) 0$) <+"%) "%() ?&A()
4+3(6"+,'Z)"%()3,1,"),3+('"7)+"7(->)<%(3()+"7)(=()+7)-,,O+'?B)

[%() 07() ) ,>) "%()W@!) F",$) $&3") ,>) >+?03() _L) ;(&'7) "%&") "%() 3,1,"d7) ,3+('"&"+,') Fθ%(&4+'?L) +7)
7(3:,(4)",)"%()(=(D+'D3,1,"),3+('"&"+,')Fθ(3LB)[%(7()"<,)&'?-(7)&3()"%(3(>,3()&6"+:(-=)6,0$-(4B)
[%() >&6") "%&") "%() 3,1,") f6&33+(7) "%() (=(g) ;(&'7) "%&") θ%(&4+'?) 6,'7"+"0"(7) 1,"%) &') +'$0")
4+7"031&'6()",)"%()Y@!)1&7(4),')"%()S!@\T):+70&-)7=7"(;)&'4)&')+'$0")7+?'&-)",)"%()3&"()
?=3,B) X") +7)&-7,)<,3"%)',"+'?) "%&") "%()3&"()?=3,) +7) +':,-:(4)+')1,"%)"%()*ST)3(>-(U)&'4)"%()
7$((4)>((41&6O)-,,$),>)"%()W@!)F7(()>+?03()_LB))
[,) 70;;&3+A(.) 1,"%) "%() Y@!) &'4) "%() W@!) &6") +') 6,'6(3") &'4) 7%&3() "%() 7&;() "<,)

$3,$3+,6($"+:() 7('7,37Z) F+L) "%()W&--) 7('7,3) "%&")4(-+:(37)θ(3) &'4) "%() 3&"()?=3,) "%&")4(-+:(37)
Ω%(&4+'?B) ) \-"%,0?%) "%() Y@!) &'4) W@!) -,,$7) &3() 7"3,'?-=) +'"(34($('4('".) ,'-=) "%() W@!)
+':,-:(7) "%() 3,1,"d7) 4='&;+67B) [%+7);(&'7) "%&") "%() 6,'"3,--(37) $3(7('") +') "%()Y@!) 6&') 1()

"0'(4)1=)"&O+'?),'-=)"%()4='&;+67),>)"%()4+7"031&'6()θ%(&4+'?.)"%&")'((47)",)1()3(M(6"(4.)+'",)
&66,0'"B)[%+7)?3(&"-=)7+;$-+>+(7)"%()4(7+?'),>)"%(),:(3&--)6,'"3,-)7=7"(;B)
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6. High performance gaze stabilisation system 

[%() ,:(3&--) ?&A() 6,'"3,-) 7=7"(;)4,(7) ',") 3(V0+3() -&3?() 6,;$0"&"+,'&-) 3(7,036(7B) [%() "<,)
4+?+"&-)6,'"3,--(37)F,'()4(&-+'?)<+"%)"%()*@a)1&7(4)>((41&6O)6,'"3,-)7=7"(;.)&'4)"%(),"%(3)
<+"%)"%()$3,$(--(37)7$((4)6,'"3,-)7=7"(;)F*+,--(".)2(3%0(-)G)83&'6(76%+'+)QRRNLL)<(3()10+-")
07+'?)&)607",;D;&4()3&$+4)$3,","=$+'?)",,-)4(7+?'(4)>,3)07()<+"%)a+63,6%+$)47`X@B)\--)"%()
6,'"3,--(37)+':,-:(4)+')"%()*ST)&'4)"%():+70&-)>((41&6OD-,,$)<(3()4+?+"+A(4)07+'?)[07"+'e7)
;("%,4)&'4)+;$-(;('"(4)+')"%()4!`\@9)(':+3,';('"B)
[,) "(7") ,03) ;+'+&"03() ?&A() &'4) %(&4+'?) 6,'"3,-) 7=7"(;.) <() &$$-+(4) 43&7"+6) ",3V0()
$(3"031&"+,'7) ",) "%() 3,1,"d7) 1,4=B) 8,3) "%+7) $03$,7(.) <() 10+-") &) f7-&$$+'?) ;&6%+'(g)
6,'7+7"+'?),>)&)E@);,",3)&'4)&) -+?%")<,,4(')&3;B)[%()&3;) +7)&""&6%(4) ",) "%() 7%&>"),>) &')
(-(6"3,;&?'("+6) 6-0"6%B) S') $,<(3+'?) "%() 6-0"6%.) "%() E@);,",3) 7044('-=) 4(-+:(37) &) %+?%)
&66(-(3&"+,') "%0;$),'),'() 7+4(),>) "%() 3,1,"e7)1,4=B)[%() 7-&$$+'?);&6%+'()<&7)$-&6(4) 7,)
"%&") "%() &3;) <,0-4) %+") "%() 3,1,") &'4) 13+7O) "%0;$7) <(3() "%07) &$$-+(4) ",) "%() 3,1,")
3($("+"+:(-=)<&7)>+U&"+'?)&)6,'"3&7"+'?)(4?()$-&6(4)H;)>3,;)"%()(=(B)
\7)6&')1()7((')>3,;)"%()W@!)1-,6O)4+&?3&;)F>+?03()_.)",$L.)&'=)",3V0()$(3"031&"+,')[$)<+--)
1() 6,;$('7&"(4) >,3)1=) "%() 6,'"3,--(3)@3,1,"B)a(&'<%+-(.)%,<(:(3.) "%() ",3V0()$(3"031&"+,')

<+--)%&:()-(4)+'(:+"&1-=)",)&)6%&'?(),>)%(&4+'?B)!+'6()θ%(&4+'?)&6"7)&7)&')+'$0")4+7"031&'6()",)
"%()Y@!) F7(() >+?03() _.) ",$),>)Y@!L.) &'=) ",3V0()$(3"031&"+,') +7) &-7,) 6,;$('7&"(4) >,3)1=) &)

6,0'"(3)3,"&"+,'),>)"%()(=(D+'D3,1,")θ(3B)[%+7);(&'7)"%&")"%()3,1,")3(D,3+('"7)+"7)%(&4+'?)0'"+-)
θ(3)1(6,;(7)'0--)&?&+'.)"%07)&0",;&"+6&--=)13+'?+'?)"%()%(&4+'?)+')-+'()<+"%)"%()?&A(B)

)

8+?03()JB)T(&6"+,'),>)"%()3,1,"e7),3+('"&"+,')Fθ%(&4+'?L.)"%()f(=(D+'D3,1,"g)&'?-()Fθ(3L)&'4)"%()
?&A()Fθ?&A(L)",)&)7(V0('6(),>)C)"%0;$7)4(-+:(3(4)(:(3=)K)7(6,'47)F"%()"%+'):(3"+6&-)-+'(7)?+:()
"%()"+;+'?),>)(&6%)"%0;$LB)[%()7044(')=&<)$(3"031&"+,')6&')1()7((')",)%&:()1((')
6,0'"(3&6"(4)7<+>"-=.)<+"%+')QR;7)1=)"%()*ST)3(>-(U.)<%+6%)7066((4(4)+');&+'"&+'+'?)"%()

3,1,"d7)?&A()Fθ?&A(L)6-,7()",)"%()"&3?(")$,7+"+,'B)[%()3,1,")"%(')3(,3+('"(4)+"7(->);,3()7-,<-=)
F"&O+'?)&1,0")RB_)7(6,'47L)40()",)+"7)7-,<(3)1,4=)4='&;+67B)\4&$"(4)>3,;)F2(3%0(-.)*+,--(")
G)83&'6(76%+'+)QRRJL)

[%()3,1,")<&7);,0'"(4),'",)"%()7%&>"),>)&)-,<)>3+6"+,'.)-,<)+'(3"+&)3(7,-:(3)<%+6%);&4()+")

$,77+1-() ",)&6603&"(-=);,'+",3) "%()&A+;0"%&-),3+('"&"+,')θ%(&4+'?) ) F&'?0-&3)3(7,-0"+,'),>) "%()
3(7,-:(3Z)RBRIiL)D)+")7%,0-4)1()7"3(77(4)"%&")"%()3(7,-:(3)+7)',")+':,-:(4)+')&'=)6,'"3,-)7=7"(;)

<%&"7,(:(3B)\7)7%,<') +')8+?03()J.) "%()θ%(&4+'?)<&7):+,-('"-=) F&'4)3($3,406+1-=L)$(3"031(4)
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1=) "%3(() 7044(') 7-&$7B)[%() (=() 6&')1() 7((') ",)%&:() 7<+>"-=) 6,0'"(3) 3,"&"(4) +') "%() 3,1,"d7)

1,4=)F603:()θ(3L.)O(($+'?)"%()?&A()F603:()θ?&A(L):+3"0&--=)-,6O(4),'",)"%()"&3?(".)4(7$+"()"%+7)
0'",<&34)$(3"031&"+,'B)

)

8+?03()NB)a&?'+>+(4):(37+,'),>)"%()7(6,'4)"%0;$)&$$-+(4)",)"%()3,1,")+')>+?03()JB)[%()"+;()&")
<%+6%)"%()"%0;$)<&7)4(-+:(3(4)+7)?+:(')1=)"%()-(>"):(3"+6&-)-+'(B)[%()f(=(D+'D3,1,"g)$3,>+-()

Fθ(3)3(4)603:(L)7%,<7)"%&")"%()(=()3,"&"+,')+;;(4+&"(-=)6,0'"(3&6"7)"%()3,1,"e7)3,"&"+,')
Fθ%(&4+'?)1-0()603:(L.)7,)"%&")"%()?&A()Fθ?&A()1-&6O)603:(L)3(;&+'7)V0&7+D7"(&4=B)[%()3,1,"e7)
>&7")3("03')$%&7()F-&7"+'?)1("<((')R;7)&'4)HJJ;7L))+7);&+'-=)?('(3&"(4)1=)"%()=&<)3&"()

+''(3)-,,$)6,;1+'(4)<+"%)"%()&6"+,'),>)"%()*STB)[%()θ%(&4+'?)7-,<)3("03')$%&7()F-&7"+'?)
1("<((')HJJ;7)&'4)_KR;7L)3(70-"7)>3,;)"%()6,'"3,-)+'$0")7+?'&-)θ(3B)[%()*ST)3(>-(U)
,$(3&"(7)V0&7+D+'7"&'"&'(,07-=.)<%(3(&7)"%()3,1,"e7):+70&-)7=7"(;))%&7)&)3(-&"+:(-=)7-,<)
FHRWAL)3(>3(7%)3&"(B)\4&$"(4)>3,;)F2(3%0(-.)*+,--(")G)83&'6(76%+'+)QRRJL)

8+?03() N) 7%,<7) &) 6-,7(D0$) ,>) "%() 3,1,"d7) (=() &'4) ?&A() 3(7$,'7(7) ",) "%() 7(6,'4) "%0;$)
4(-+:(3(4)&7)7%,<')+')>+?03()JB)[+;()R7)6,33(7$,'47)%(3()",)"%()(U&6")"+;()<%(')"%()"%0;$)
<&7) &$$-+(4.) &7) 4("(3;+'(4) <+"%) &) ;+63,D&66(-(3,;("(3) ;,0'"(4) &") "%() "+$) ,>) "%() +'"(3D
$3,$(--(3)1(&;B)[%()3,1,"e7)3(7$,'7()6&')1()4(6,;$,7(4)+'",)"<,)$%&7(7Z)

• \)>&7")$%&7()F1("<((')R;7)&'4)HJJ;7L.)<%(')"%()$(3"031&"+,')<&7)3(M(6"(4.);,7"-=)1=)

"%()=&<)3&"()+''(3)-,,$)&'4)"%()*ST):+&)"%()3(>(3('6()+'$0")7+?'&-)θ(3)F6>B)>+?03()_LB)
• \)7-,<)$%&7()F-&7"+'?)1("<((')HJJ;7))&'4)_KR;7L.)<%(')"%()$(3"031&"+,')<&7)('"+3(-=)

3(M(6"(4)1=)1,"%)"%()*ST)&'4)"%():+70&-)>((41&6OD-,,$B)))

[%() (=() $,7+"+,') θ(3) 6&') 1() 7((') ",) 6,0'"(3&6") "%() 3,1,"d7) $,7+"+,')θ%(&4+'?) V0&7+) $(3>(6"-=)
F>+?03()NL)"%&'O7)",)"%()%+?%)7$((4)4='&;+67),>)"%()(=(d7),3+('"&"+,')>((41&6O)6,'"3,-)7=7"(;)

1&7(4),')"%()*@a)&6"0&",3B)[%()(=(d7)3,"&"+,')+7)>&7")(',0?%)",)O(($)"%()?&A()θ?&A() -,6O(4)
,'",) "%() "&3?("B) X") +7) ',") $,77+1-() ",);(&703() "%() 3,1,"d7) ?&A() Fθ?&A(L) 4+3(6"-=) ) F"%+7)<,0-4)
3(V0+3()&')(=()"3&6O(3),3)&);&?'("+6)7(&36%)6,+-LB)[%()?&A()<&7)"%(3(>,3()6&-60-&"(4),')"%()

1&7+7),>)"%(),>)"%()"<,);(&703&1-()7+?'&-7.)θ%(&4+'?)&'4)θ(3)F7(()>+?03()CLZ)

)
)
θ?&A( =θ%(&4+'? +θ(3 ) F^L)
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)

8+?03()IB)Y&A(),3+('"&"+,')Fθ?&A(L)6,;$&3(4)<+"%)θ:+7+,'.)"%()?&A(),3+('"&"+,')",)"%()"&3?("e7)
,3+('"&"+,'.)&7);(&703(4)1=)"%()S!@\T)7('7,3)F7(()1,"",;)-(>"),>)>+?03()_L.)403+'?)"%()
7(V0('6(),>)C)"%0;$7)$3(7('"(4)+')>+?03()JB)[%()"<,)%,3+A,'"&-)3(4)-+'(7)4(-+;+")"%()>+(-4),>)

:+(<)F±HB^iL),>)"%()(=(B)\))?&A():&-0()?3(&"(3)"%&')|HB^|i);(&'7)"%&")"%()"&3?(")%&7)<&'4(3(4)
,0"),>)"%()>+(-4),>):+(<B)[%()"+;()403+'?)<%+6%)"%()"&3?(")7"3&=(4),0"),>)"%():+70&-)>+(-4)+7)7,)
7%,3")FKR;7.)+B(B)"<+6()&7)7%,3")&7)"%():+70&-)3(>3(7%)$(3+,4L)"%&")+")4,(7)',")+;$&+3)"%()?&A()
7"&1+-+A&"+,')$(3>,3;&'6(7B)\4&$"(4)>3,;)F2(3%0(-.)*+,--(")G)83&'6(76%+'+)QRRJL)

8+?03()I)7%,<7)"%&")"%()6,'"3&7"+'?)"&3?(")F&)<%+"(D4&3O)(4?(L);&=)&6"0&--=)<&'4(3),0"),>)

"%()7;&--.)±HB^i)>+(-4),>):+(<),>)"%()(=()>,3)&):(3=)7%,3")"+;()FKR;7LB)[%()6,'"3&7"+'?)"&3?(")
O(($7)1(+'?)f7(('g)1=)"%()(=().)%,<(:(3.)&7)7%,<')1=)"%()θ:+7+,')7+?'&-B)[%()3(&7,')+7)"%&")"%()
"+;()403+'?)<%+6%) "%() "&3?(") 7"3&=7) ,0") ,>) "%() :+70&-) >+(-4) +7) 7,) 7%,3") FKR;7.) +B(B) "<+6() &7)
7%,3") &7) "%() :+70&-) 3(>3(7%) $(3+,4L) "%&") +") 4,(7) ',") +;$&+3) "%() ?&A() 7"&1+-+A&"+,')
$(3>,3;&'6(7B)

7. Steering by gazing : an efficient biomimetic control strategy. 

X') &44+"+,') ",) 4(763+1+'?) "%() 07() ,>) 70+"&1-=)4(7+?'(4) ,60-,;,",3) 3(>-(U(7) >,3) 7"&1+-+A+'?) &)
3,1,"e7)?&A(.) "%()&+;),>) "%+7)7"04=)<&7)",)$3(7('")&)',:(-)6,'6($") "%&")<()6&--) )f7"((3+'?)1=)
?&A+'?gB)a&'=)7"04+(7)%&:()&443(77(4) "%()V0(7"+,')&7) ",)%,<):(3"(13&"(7)&'4) +':(3"(13&"(7)
07()"%(+3)?&A()403+'?)-,6,;,"+,'B)[%(7()7"04+(7)%&:()7%,<')"%&")"%()-,6,;,",3)$3,6(77(7)&")
<,3O) +');&'=) 7$(6+(7) 706%) &7) %0;&'7) Fc&'')G) !<&$$) QRRRLF!6%01(3") (") &-B) QRRCL.) >-=+'?)
+'7(6"7) F@,--("") G) /&'4) HIJKLF!6%+-7"3&)G)W&"(3(') HIINLFj(+-.)5,31(3") P,(44(O(3)G)W(;;+)
QRRNL.)63&17)F`&0-.)P&3'(7)G)*&3M0)HIINL)&'4)(:(')1&"7)FY%,7()G)a,77)QRR_L)+':,-:()&) )?&A()
,3+('"&"+,')6,;$,'('"B)))
8+?03()HR)70;;&3+A(7)"%():&3+,07)>((4>,3<&34)&'4)>((41&6O)6,'"3,-)7=7"(;7)+':,-:(4)+')"%()
6,'"3,-),>)&)3,1,"+6)$-&">,3;)706%)&7)S!@\T)XXB)[%()6,'"3,-)7=7"(;)4($+6"(4)+')>+?03()HR)+7)&)

,'()+'$0")Fθ"&3?("L)&'4)"<,),0"$0"7)Fθ?&A()&'4)θ%(&4+'?L)7=7"(;B)[%()f7"((3+'?)1=)?&A+'?g)6,'"3,-)
7"3&"(?=)&+;7)&");&O+'?)θ?&A()&'4)θ%(&4+'?) F+B(B.) "%()6,;$-("()3,1,"L) ",) >,--,<)&'=):&3+&"+,') +')
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θ"&3?("B)[%();(6%&'+6&-)4(6,0$-+'?)1("<((')"%()(=()&'4)"%()1,4=)+7)%(3();,4(-(4)1=)"%()3,1,")
1-,6O)<%(3()"%()0'+V0()6,'"3,-)+'$0")7+?'&-)+7)7$-+")+'",),'()+'$0")3(>(3('6()>,3)6,'"3,--+'?)"%()
(=(e7),3+('"&"+,')&'4),'()(33,3)7+?'&-)>,3)6,'"3,--+'?)"%()3,1,"e7)%(&4+'?))F6>B)>+?03()HRLB)8,3)&)
7"&"+,'&3=)"&3?(".)"%()6,'"3,-)7=7"(;)<+--)6,;$('7&"()>,3)&'=)4+7"031&'6(7)&$$-+(4)",)"%()1,4=)
1=)%,-4+'?)"%()?&A()-,6O(4),'",)"%()"&3?("B)8,3)&);,:+'?)"&3?(".)"%()6,'"3,-)7=7"(;)<+--)6%&'?()
1,"%)"%()(=(e7),3+('"&"+,')&'4)"%()3,1,"e7)%(&4+'?)",)"3&6O)7;,,"%-=)"%()"&3?("B)
/(")07) -,,O)&") "%()$&"%) ) +':,-:+'?) "%()f:(7"+10-,D,60-&3) 3(>-(Ug) F*STL)&'4) "%()(=()1-,6O7) +')

>+?03()HRB)S')"%+7)$&"%.)"%()*ST)>((4>,3<&34)6,'"3,-)6&')1()+4('"+>+(4)1("<((')θ%(&4+'?)&'4))θ(3B)
[%();+'07)7+?')+')ΣQ);(&'7)"%&")&'=)3,"&"+,'),>)"%()%(&4)<+--)1()6,;$('7&"(4)>,3)1=)&)6,0'"(3)
3,"&"+,'),>)"%()(=(B)
[%()1-,6O)4+&?3&;)+')>+?03()HR)&-7,)7%,<7)"<,)>((41&6O)-,,$7)6,'"3,--+'?)1,"%)&)>&7")$-&'")F"%()
(=(L)&'4)&)7-,<)$-&'")F"%()3,1,"e7)1,4=LZ)

• "%() (=(e7) ,3+('"&"+,') +7) 6,'"3,--(4) 1=) "%() 4"(0:@) 211;%:'DE@##+) F0$$(3) 6-,7(4D-,,$) +')
>+?03()HRL))&'4)"%()211;2#F:$;)'#/&$#@)1&7(4),')"%()*ST)1-,6OB)

• "%() 3,1,"e7) %(&4+'?) +7) 6,'"3,--(4) 1=) &') "/1$&":@) 211;%:'DE@##+) F-,<(3) 6-,7(4D-,,$) +')
>+?03()HRL)1&7(4),')&')(7"+;&"(),>) "%()%(&4+'?)4(406(4)>3,;)"%()3,1,"e7) 3,"&"+,'&-)
7$((4);(&703(4)1=)&)3&"()?=3,B)

\7)7%,<')+')>+?03()HR.)"%(7()"<,)6,'"3,-)>((41&6OD-,,$7)&3();(3?(4)1=)07+'?)"%()70;;(3)ΣQ)
<%(3() "%() (7"+;&"(4) 3,1,"e7) %(&4+'?) F

headingθ̂ L) 1(6,;(7) &') "/+0&) ;"(&0$%:/'1) >,3) "%() :+70&-)

>((41&6OD-,,$.)<%(3(&7) "%() 3("+'&-) (33,3)1(6,;(7) &)$121$1/'1) "/+0&) Fθ%(&4+'?m3(>L) >,3) "%() +'(3"+&-)
>((41&6OD-,,$B)

)

8+?03()HRB)Y('(3+6)1-,6O)4+&?3&;),>)"%()f7"((3+'?)1=)?&A+'?g)6,'"3,-)7"3&"(?=B)[%+7)+7)&)

6,'"3,-)7=7"(;)<%(3()"%()+'$0")+7)"%()&'?0-&3)$,7+"+,'),>)"%()"&3?(")θ"&3?(")&'4)+"7)"<,),0"$0"7)
&3()"%()?&A(),3+('"&"+,')θ?&A()&'4)"%()3,1,"e7)%(&4+'?)θ%(&4+'?B)[%+7)7=7"(;)6&')1()4(763+1(4)+')
"(3;7),>))a&+'D*(3'+(3)-,,$7)F/03+()G)9'3+?%")QRRRL)<%(3()"%()3(>(3('6()+'$0"))3(6(+:(4)1=)

"%()7-,<)%(&4+'?)>((41&6OD-,,$))+7)"%()θ%(&4+'?m3(>)$3,:+4(4)1=)"%()>&7"):+70&-)>((41&6O)-,,$)
Fθ?&A(LB)[%+7)',:(-)6,'"3,-)7=7"(;);(("7)"%()>,--,<+'?)"<,),1M(6"+:(7Z)
D)O(($+'?)"%()?&A()-,6O(4),'",)"%():+70&-)"&3?(")+')7$+"(),>)"%()&(3,4='&;+6&-)4+7"031&'6(7)
F?07"7),>)<+'4.)?3,0'4)(>>(6"7.)("6BL)",)<%+6%)"%()3,1,")+7)701M(6"(4))

D)&0",;&"+6&--=)3(&-+?'+'?)"%()3,1,"e7)%(&4+'?)θ%(&4+'?)+')-+'()<+"%)"%(),3+('"&"+,'),>))+"7)?&A(B)))
[,) 70;;&3+A(.) "%() ?('(3&-) 6,'"3,-) 76%(;() $3(7('"(4) +') >+?03() HR) ('&1-(7) &'=) 7+?%"(4)
:(%+6-(Z)
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• ",)%,-4)+"7)?&A()-,6O(4),'",)&)6,'"3&7"+'?)"&3?(")706%)&7)&')(4?()

• ",) 7"&1+-+A() +"7) ?&A() 4(7$+"() &'=) 4+7"031&'6(7) ?('(3&"(4) 403+'?) +"7) -,6,;,"+,')
Ff?&A()7"&1+-+A&"+,'gL)

• ",)"3&6O)&);,:+'?)"&3?(")7;,,"%-=)Ff7;,,"%)$0370+"gL)

• ",),3+('"),3)3(,3+('")+"7)%(&4+'?)&0",;&"+6&--=)+')"%()-+'(),>)7+?%".)&'4)%('6()",<&34)
"%()"&3?(")Ff7"((3+'?)1=)?&A+'?gL)

8. Conclusion 

W(3()<()%&:()4(763+1(4)%,<)&);+'+&"03()"("%(3(4)&(3+&-)$-&">,3;)(V0+$$(4)<+"%)&),'(D&U+7.)
0-"3&>&7") &6603&"() ?&A() 6,'"3,-) 7=7"(;) +'7$+3(4) 1=) %+?%-=) $3,>+6+('".) -,'?) (U+7"+'?) '&"03&-)
1+,-,?+6&-) 7=7"(;7)<&7) 4(7+?'(4) &'4) +;$-(;('"(4B) [%() 7((;+'?-=) 6,;$-(U) ?&A() 6,'"3,-)
7=7"(;)F>+?03()_L)<&7)4(7+?'(4)",)%,-4)"%()3,1,"d7)?&A()>+U&"(4),'",)&)6,'"3&7"+'?),1M(6")+')
7$+"(),>)&'=);&M,3)4+7"031&'6(7)0'4(3?,'()1=)"%()1,4=B)X")<&7)(7"&1-+7%(4))"%&"))&>"(3)1(+'?)
4(7"&1+-+A(4)1=)&)'&7"=)"%0;$)&$$-+(4)",)+"7)1,4=)F6>B)>+?03(7B)J.N)&'4)IL.)"%()3,1,"Z)

• O(($7)>+U&"+'?)"%()"&3?(")F4(7$+"()"%()7;&--):+70&-)>+(-4),>)+"7)(=(.)<%+6%)+7)',)-&3?(3)
"%&')"%&"),>)"%()%0;&')>,:(&L)

• 3(,3+('"7)+"7)%(&4+'?)&6"+:(-=)0'"+-)+")+7)&-+?'(4)<+"%)"%()?&A()4+3(6"+,')
T(,3+('"&"+,')+7)&6%+(:(4)3&$+4-=.)<+"%+')&1,0")RB_)7(6,'47)F>+?03()NLB)[%()+;$,3"&'")$,+'")
%(3() +7) "%&") "%()?&A() +"7(->) +7) "%()>0'4&;('"&-) F90-(3+&'L)3(>(3('6()$&3&;("(3.),')<%+6%)&--)
"%()3(-(:&'");,",3)&6"+,'7)F,3+('"+'?)"%()q(=()+')3,1,"q)&'4)"%()q3,1,")+')7$&6(qL)&3()1&7(4B)
[%+7)7"04=)6,'7+4(3&1-=)(U"('47)"%()76,$(),>)&)>,3;(3)7"04=.)+')<%+6%)<()4(:(-,$(4)&)?&A()
6,'"3,-)7=7"(;)10")4+4)',")+;$-(;('")+"),'1,&34)&)3,1,"+6)$-&">,3;)F*+,--(")G)83&'6(76%+'+)
QRRKLB)P(7+4(7.)"%(),60-,;,",3);(6%&'+7;)<()&3()',<)07+'?)+7)&)',:(-):(37+,')1&7(4),')&)
:,+6()6,+-);,",3)F*@aL)"&O(')>3,;)&)%&34)4+7O);+63,43+:(B)[%+7)&6"0&",3.)<%+6%)+7)&1-()",)
,3+('") "%() ?&A()<+"%) &) 7(""-+'?) "+;() &7) 7%,3") &7) HI;7) F>+?03() KL) F+B(B.) >&7"(3) "%&') &) %0;&')
,60-&3)7&66&4(L.)<&7)"%()O(=)",)"%()4(:(-,$;('"),>),03)0-"3&>&7")?&A()7"&1+-+A&"+,')7=7"(;B))
)[%()"<,)6,'"3,-)7=7"(;7)FW@!)&'4)Y@!L)$3(7('"(4)+')>+?03()_)&3()7"3,'?-=)+'"(34($('4('"B)

[%()W@!)+7):'&"41@=)6,0$-(4)",)"%()Y@!):+&))"%()+'$0"7)θ(3)F&7);(&703(4)1=)"%()W&--)7('7,3L)
&'4)Ω%(&4+'?) F&7);(&703(4) 1=) "%() 3&"() ?=3,L) +") 3(6(+:(7B)\-"%,0?%) "%() (=() +7);(6%&'+6&--=)
0'6,0$-(4) >3,;)"%() 3,1,"d7)1,4=.) "%()Y@!) +7)+:(("41@=) 6,0$-(4) ",) "%()W@!)40() ",) "%() >&6")
"%&") "%() 3,1,") 6&33+(7) "%() <%,-() ,60-,;,",3) 7=7"(;) F&'4);&=) "%(3(>,3() 4+7"031) "%() ?&A()
,3+('"&"+,'LB) P=) 6,0$-+'?) "%() "<,) 6,'"3,-) 7=7"(;7) 1,"%) &6"+:(-=) &'4) $&77+:(-=.) <() %&:()
(7"&1-+7%(4) "%&") "%()%+?%)$(3>,3;&'6(7),>) "%() 3,1,"d7)%(&4+'?)6,'"3,-) 7=7"(;) FW@!L) 3(70-")
4+3(6"-=)>3,;)"%()%+?%)$(3>,3;&'6(7),>)"%()?&A()6,'"3,-)7=7"(;)FY@!LB)X'),"%(3)<,347.)&)>&7")
?&A()7"&1+-+A&"+,')+7)&)O(=)",)>&7")'&:+?&"+,'B)
S03)-+?%"<(+?%".)3,107")?&A()6,'"3,-)7=7"(;)6,0-4)$3,:+4()&)07(>0-)1&7+7)>,3)"%()?0+4&'6(),>)
;&''(4)&'4)0';&''(4)&+3):(%+6-(7)Fo\*7L)&'4)1('"%+6)0'4(3<&"(3)Foo*7L):(%+6-(7.)&'4)
(7$(6+&--=)>,3);+63,D&+3):(%+6-(7)Fa\*7L)&'4);+63,D0'4(3<&"(3):(%+6-(7)Fao*7L.)<%+6%)&3()
$&3"+60-&3-=) $3,'() ",) 4+7"031&'6(7) 40() ",) >&7") $+"6%) :&3+&"+,'7.) <+'?D1(&"7) F,3) 1,4=)
0'40-&"+,'7),3)>+'D1(&"7L.)<+'4)?07"7)F,3)7"3(&;7L.)?3,0'4)(>>(6"7.):,3"+6(7.)&'4);&'=),"%(3)
O+'47) ,>) 0'$3(4+6"&1-() &(3,4='&;+6) F,3) %=43,4='&;+6L) 4+7"031&'6(7B) P+,-,?+6&-) 7=7"(;7)
"(&6%)07)"%&")"%(7()4+7"031&'6(7)6&')1()V0+6O-=)6,;$('7&"(4)>,3)1=)$3,:+4+'?)3,1,"7)<+"%)&)
:+70&--=);(4+&"(4)?&A()7"&1+-+A&"+,')7=7"(;B)X')1+,-,?+6&-)7=7"(;7.)-,6,;,"+,')+7),>"(')1&7(4)
,') :+70&--=D?0+4(4) 1(%&:+,3) <%(3() "%() ?&A() ,3+('"&"+,') $-&=7) "%() 3,-() ,>) "%() $+-,"B) [%()
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?('(3+6)6,'"3,-)76%(;()F>+?03()HRL)$3(7('"(4)%(3()+7)+')&')&""(;$")",);,4(-)"%+7)1+,;+;("+6)
f7"((3+'?)1=)?&A+'?g)7"3&"(?=B)
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P,(44(O(3.)5B.)2(3'.)TB)G)9?(-%&&>.)aB.)QRRCB)@%&7+'?)&)40;;=)"&3?("Z)7;,,"%)$0370+")&'4)
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@&3$('"(3.)TBWB!B.)HINNB)a,:(;('"7),>)"%()(=(7.)Q'4)(4"B)X'))C.M8.)/,'4,'B)
@%('.)PBaB)(")&-B.)QRR_B)H:$;)*"(D)*$"41)61$4#)6=(&15()J/;)N;"&"#/.)!$3+'?(3.)P(3-+'B)
@-+>>,34.)TBcB.)2',<.)`B@B)G)E0"",'.)YB5B.) QRRRB)E,(7) (U"3&,60-&3);076-()$3,$3+,6($"+,')

+'>-0('6(),60-,;,",3)6,'"3,-)s)!$,)O,)M+>&:@5#@.)N^.)HRJHDHRJ^B)
@,--("".) [B!B) G) /&'4.)aB8B.) HIJKB) *+70&-) 6,'"3,-) ,>) >-+?%") 1(%&:+,03) +') "%() %,:(3>-=!=3+""&)

$+$+('7) /B) O#0$/:@) #2) 7#5+:$:&"41) C>=("#@#B=) AP) 810$#1&>#@#B=-) 61/(#$=-) 810$:@-) :/;)
!1>:4"#$:@)C>=("#@#B=.)IIFHL.)H>__B)

E&'6&07()5B.)aB) EB) [&=-,3.) 9B) rB) `-&0"A.) rB) EB) T&4(-.) [B)c%+""&O(3.) TB) rB) 504,) &'4)\B) YB)
8(-4;&'.) QRRJB) \) 7"3("6%) 3(>-(U) +') (U"3&,60-&3) ;076-(7) ,>) 7$(6+(7) $03$,3"(4-=)
-&6O+'?);076-()7$+'4-(7B)NQ+)!$:"/)91(.)HNRFHL.)HK>QHB)

83&'6(76%+'+.) 5B) G) @%&?'(0U.) TB.) HIIJB) T($("+"+:() 76&''+'?) +') "%() >-=) 6,;$,0'4) (=(B) X')
G#&&"/B1/)810$#%"#@,)7#/2,))Y,""+'?('.)$B)QJIB)

Y&3;) \B.) aB) Sd@,'',3.) ) /B) `&3O(>(-") &'4) ED9B) 5+-77,'.) QRRJB) *+70&--=) ?0+4(4) ,17"&6-()
&:,+4&'6()+')"%()1,U)M(--=>+7%)[3+$(4&-+&)6=7",$%,3&)&'4)@%+3,$7(--&)13,'A+(B)O)NQ+)
!"#@.)QHRF`")QRL.)C_H_>C_QCB)

Y&0"%+(3.)YBPB)(")&-B.)HIN^B)W+?%D>3(V0('6=):(7"+10-,D,60-&3)3(>-(U)&6"+:&"+,')"%3,0?%)>,36(4)
%(&4)3,"&"+,')+');&'B)A4":&)6+:'1)N/4"$#/)31;.)KKFHL.)H>JB)

Y%,7(.)2B)G)a,77.)@B8B.)QRR_B)!"((3+'?)1=)%(&3+'?Z)&)1&"d7)&6,07"+6)?&A()+7)-+'O(4)",)+"7)>-+?%")
;,",3),0"$0")1=)&)4(-&=(4.)&4&$"+:()-+'(&3)-&<B)O)810$#('".)Q_F_L.)HJR^>HJHRB)

W('?7"('1(3?.)TB.)HINNB)a(6%&',7('7,3=)6,'"3,-),>)6,;$('7&",3=)%(&4)3,--)403+'?)>-+?%")+')
"%()1-,<>-=)@&--+$%,3&)(3="%3,6($%&-&)a(+?B)O,)7#5+)C>=("#@)A.)H_C.)HKHDH_KB)

W0"(3(3.)aB)G)@0--('.)2B9B.)QRRQ&B)*(7"+10-,,60-&3)3(>-(U)4='&;+67)403+'?)%+?%D>3(V0('6=)
&'4) %+?%) &66(-(3&"+,') 3,"&"+,'7) ,>) "%() %(&4) ,') 1,4=) +') 3%(707) ;,'O(=B) O)
810$#+>=("#@.)NN.)HCDQNB)

2&"A+3.)YB)(")&-B.)QRRHB)W(&4)7"&1+-+A&"+,')+')%(3,'7B)O)7#5+)C>=("#@)RAS.)HNJF_L.)^QC>^CQB)
2(--(3.) 9B/B.) HIJNB) Y&+') ,>) "%() :(7"+10-,D,60-&3) 3(>-(U) +') ;,'O(=) &") %+?%) 3,"&"+,'&-)

>3(V0('6+(7B)T"(,)91(,.)HN.)CHHDHHKB)
2(3%0(-.)/B.)*+,--(".) !B)G)83&'6(76%+'+.)5B.) QRRJB)\)7+?%"(4)&(3+&-) 3,1,")<+"%) >&7")?&A()&'4)

%(&4+'?) 7"&1+-+A&"+,'B) X') ./&1@@"B1/&)9#%#&() :/;) 6=(&15(-) JLLK,) .9M6) JLLK,) .NNNU96O)
./&1$/:&"#/:@)7#/21$1/'1)#/B)$B)Q_C^>Q_^HB)

2(3'.) TB)G)*&3M0.)EB.) HIINB)*+70&-) $,7+"+,') 7"&1+-+A&"+,') +') "%() %0;;+'?1+34) %&<O);,"%.)
a&63,?-,770;)7"(--&"&30;)/B)O)7#5+)C>=("#@)A)VWJ.)QQKDQCJB)

/('A.) \B) (") &-B.) QRRNB) \') &4&$"+:() ?&A() 7"&1+-+A&"+,') 6,'"3,--(3) +'7$+3(4) 1=) "%() :(7"+10-,D
,60-&3)3(>-(UB)!"#"/(+"$)!"#5"5.)CFCL.)CKRRHB)

/(<+7.)\B.)HIIJB)*+70&-)'&:+?&"+,')+')&)3,1,")07+'?)j+?Dj&?)1(%&:+,3B)X')C$#'11;"/B()#2)810$:@)
./2#$5:&"#/()C$#'1(("/B)6=(&15()X8.C6YB)$$B)NQQDNQNB)

/+7O(.)9B.)HIJJB)[%()+'>-0('6(),>)%(&4)$,7+"+,'),')"%()>-+?%")1(%&:+,03),>)"%()>-=.)@&--+$%,3&)
93="%3,6($%&-&B)O,)./(1'&)C>=("#@.)QC.)CJKDHJIB)

/03+(.) PB) G) 9'3+?%".) `B.) QRRRB)7@:(("':@) 211;%:'D) '#/&$#@) F"&>)3:&@:%)aB) E(OO(3.) #4B.)a&36(-)
E(OO(3B)

a&&7) 9B) 8B.) cB) `B) W0(1'(3.) !B) WB) !(+4;&') &'4) TB) rB) /(+?%.) HINIB) P(%&:+,3) ,>) %0;&')
%,3+A,'"&-) :(7"+10-,D,60-&3) 3(>-(U) +') 3(7$,'7() ",) %+?%D&66(-(3&"+,') 7"+;0-+B) !$:"/)
91(.)^IIFHL.)HKC>HK_B)



A vision-based steering control system for aerial vehicles 

)

669 

a&+'+)9B.))a&'>3(4+)/B.)/&76%+)@B.)&'4)E&3+,)`B.)QRRNB)P+,+'7$+3(4):(-,6+"=)6,'"3,-),>)>&7")?&A()
7%+>"7),')&)3,1,"+6)&'"%3,$,;,3$%+6)%(&4B)A0&#/#5#0()9#%#&(.)QKFHL.)CJ>KNB)

a(=(3.) rBD\B.) ) Y0+--,") \B.) Y+3&34) PB.) 2%&;&77+) aB.) `+3+;) `B.) &'4) P(3"%,A) \B.) QRRKB) [%()
`7+O%&3$&U) $3,M(6"Z) ",<&347) 10+-4+'?) &') &3"+>+6+&-) 3&"B) 9#%#&"'() :/;) A0&#/#5#0()
6=(&15(.)KRF^L.)QHHDQQCB)

a+-(7.) 8B\B.) HIINB) [%() '(03&-) $3,6(77+'?) ,>) CDE) :+70&-) +'>,3;&"+,'Z) (:+4('6() >3,;) (=()
;,:(;('"7B)N0$)O)810$#('".)HRFCL.)NHH>NQQB)

a+=&06%+.)TB.)!%+3,;&.)5B)G)a&"70',.)8B.)QRRNB)@,;$&6")X;&?()!"&1+-+A&"+,')!=7"(;)o7+'?)
@&;(3&)`,7"03()X'>,3;&"+,'B)O)#2)2"1@;)$#%#&"'(.)QK.)Q_NDQNCB)

S-1(3?.) TBaB) (") &-B.) QRRJB) 9=() ;,:(;('"7) &'4) "&3?(") >+U&"+,') 403+'?) 43&?,'>-=) $3(=D
+'"(36($"+,') >-+?%"7B) O) 7#5+)C>=("#@)A)810$#1&>#@) 61/()810$:@) !1>:4) C>=("#@.) HICFJL.)
_NK>_ICB)

`&'(3&+.) 8B.)a(""&.) YB)G) !&'4+'+.) YB.) QRRQB) /(&3'+'?) :+70&-) 7"&1+-+A&"+,') 3(>-(U(7) +') 3,1,"7)
<+"%);,:+'?)(=(7B)810$#'#5+0&"/B.)^N.)CQCDCCJB)

`&'(3&+.)8B.)a(""&.)YB)G)!&'4+'+.)YB.)QRRRB)/(&3'+'?)*STD-+O()7"&1+-+A&"+,')3(>-(U(7)+')3,1,"7B)
X')N6A88ZJLLL)C$#'11;"/B(B))P30?(7.P(-?+0;.)$$B)IKDHRQB)

`&0-.) P&3'(7) G) *&3M0.) HIINB) T,-(7) ,>) (=(7.) -(?) $3,$3+,6($",37) &'4) 7"&",6=7"7) +') "%()
6,;$('7&",3=)(=();,:(;('"7),>)>3((-=)<&-O+'?)-&'4)63&17)F@&34+7,;&)?0&'%0;+L)
B)O)NQ+)!"#@.)QRH)F`")Q^L.)CCIK>C^RIB)

`3(077.)[B)G)W('?7"('1(3?.)TB.)HIIQB)!"306"03()&'4)O+'(;&"+67),>)"%()$3,7"(3'&-),3?&'7)&'4)
"%(+3) +'>-0('6(),')%(&4)$,7+"+,') +') "%()1-,<>-=)@&--+$%,3&)(3="%3,6($%&-&)a(+?B) O)
7#5+)C>=("#@)A)VKV.)^NCD^ICB)

!&'4(;&'.)EB.) HINRB)W(&4)a,:(;('"7) +') 8-+(7) F@&--+$%,3&L)`3,406(4)1=)E(>-(U+,'),>) "%()
W&-"(3(7B)O)NQ+)!"#@.)NKFHL.)^C>_RB)

!6%+-7"3&.)@B)G)W&"(3('.)rBWB*B.)HIINB)!"&1+-+A+'?)?&A()+')>-=+'?)1-,<>-+(7B)8:&0$1.)CIKF_JRCL.)
_K^B)

!6%01(3")aB.))@B)P,%'(3.)cB)P(3?(3.)aB)!$30'4(-)&'4)rB)9)r)E0=7('7.)QRRCB)[%()3,-(),>):+7+,')
+') ;&+'"&+'+'?) %(&4+'?) 4+3(6"+,'Z) (>>(6"7) ,>) 6%&'?+'?) ?&A() &'4) ,$"+6) >-,<) ,')
%0;&')?&+"B)NQ+)!$:"/)91(.)HKRFQL.)H_C>HJCB)

!%+1&"&)[B.)[&1&"&)WB).)!6%&&-)!B)&'4)2&<&",)aB.)QRRHB)P+,;+;("+6)?&A()7"&1+-+A&"+,')1&7(4)
,') >((41&6OD(33,3D-(&3'+'?) <+"%) ','$&3&;("3+6) 3(?3(77+,') '("<,3O7B) 810$:@)
81&F#$D(.)H^.)QRHDQH_B)

!"(+';&'.) TBaB.) HI_JB) *,-0'"&3=)@,'"3,-) ,>)a+63,7&66&4(7) 403+'?)a&+'"&+'(4)a,',60-&3)
8+U&"+,'B)6'"1/'1(.)HKK.)HKJJDHKJIB)

!"3&07>(-4.)5B.)HIJ_B)A&@:()#2):/)./(1'&)!$:"/.)!$3+'?(3D*(3-&?.)P(3-+'.)W(+4(-1(3?B)
[&1&O.)!B)G)@,--(<+M'.)WB.)HII^B)W0;&'):(7"+10-,D,60-&3)3(7$,'7(7)",)3&$+4.)%(-;("D43+:(')

%(&4);,:(;('"7B)NQ+)!$:"/)91(.)HRQFQL.)C_J>CJNB)
[<,;1-=.)tB.)P,=-(.)TB)G)@,-,;1&',.)!B.)QRR_B)\6"+:()!"&1+-+A&"+,'),>)X;&?(7)\6V0+3(4),')&)

c&-O+'?B) X')A;4:/'1() "/)4"(0:@) '#5+0&"/B,)C:$&) .E..) P)61'#/;) "/&1$/:&"#/:@) (=5+#("05-)
.6T7)JLL[B)$$B)NKHDN_RB)

*+,-&.)`B.)HINIB)5(03&--=)+'7$+3(4)$-&7"+6+"=)+'),60-,;,",3)$3,6(77(7B)X')C$#'11;"/B()#2)810$:@)
./2#$5:&"#/()C$#'1(("/B)6=(&15()X8.C6YB)$$B)QIRDQIJB)

*+,--(".) !B) G) 83&'6(76%+'+.) 5B.) QRRKB) \) %+?%) 7$((4) ?&A() 6,'"3,-) 7=7"(;) 1&7(4) ,') "%()
*(7"+10-,DS60-&3)T(>-(UB)9#%#&"'():/;)A0&#/#5#0()(=(&15(.)KR.)H^JDH_HB)



Aerial Vehicles 

)

670 

*+,--(".) !B) G) 83&'6(76%+'+.) 5B.) HIIIB) P+,-,?+6&--=D+'7$+3(4) :+70&-) 76&''+'?) 7('7,3) >,3)
7"&1+-+A&"+,') &'4) "3&6O+'?B) X') ./&1@@"B1/&) 9#%#&() :/;) 6=(&15(-) V\\\,) .9M6) Z\\,)
C$#'11;"/B(,)V\\\).NNNU96O)./&1$/:&"#/:@)7#/21$1/'1)#/B)$B)QR^>QRI:,-BHB)

*+,--(".)!B)G)83&'6(76%+'+.)5B.)QRRHB)!0$(3D&6603&"():+70&-)6,'"3,-),>)&')&(3+&-);+'+3,1,"B)X')
A0&#/#5#0()5"/"$#%#&()2#$)$1(1:$'>):/;)1;0&:"/51/&-)A3.9N,)

*+,--(".)!B.)2(3%0(-.)/B)G)83&'6(76%+'+.)5B.)QRRNB)\)HD?3&;)40&-)7('7,3-(77)7$((4)?,:(3',3)>,3)
;+63,D&+3):(%+6-(7B)X')7#/&$#@):/;)A0&#5:&"#/-)JLLW)V[&>)31;"&1$$:/1:/)7#/21$1/'1)#/B)
$B)HQJR>HQJKB)

c&?'(3.) TB.) W0'"(3.) XBcB) G) Y&-+&'&.) WB/B.) HIIQB) \) 8&7") T,1,"+6) 9=(p%(&4) !=7"(;Z) 9=()
E(7+?')&'4)`(3>,3;&'6(B)X')C$#',)#2).NNN)N/B"/11$"/B)"/)31;"'"/1):/;)!"#@#B=)6#'"1&=B)
$$B)HKN^DHKNKB)

c&''.)rB`B)G)!<&$$.)EB2B.)QRRRB)c%=)=,0)7%,0-4)-,,O)<%(3()=,0)&3()?,+'?B)8:&)810$#('".)
CFJL.)_^J>_^NB)

c(7"%(+;(3.)YB.)HINHB)T"(0:@)>=+1$:'0"&=.)P(3-+'Z)S"",7,'.)!('7,3=)`%=7+,-,?=)H.)!$3+'?(3B)
]&;&?06%+.)[B)G)]&;&7&O+.)WB.)HII^B)*(-,6+"=)P&7(4)*(7"+10-&3D*+70&-)X'"(?3&"+,')+')\6"+:()

!('7+'?)!=7"(;B)X')C$#',).NNN)./&1$/,)7#/2,)#/)30@&"(1/(#$)?0("#/):/;)./&1B$:&"#/)2#$)
./&1@@"B1/&)6=(&15B))/&7)*(?&7.)o!\.)$$B)_CID_^_B)

j(+-.)rB.)P,(44(O(3.)5B)G)W(;;+.)rBaB.)QRRNB)*+7+,')&'4)"%(),3?&'+A&"+,'),>)1(%&:+,03B)70$$)
!"#@.)HNFNL.)TCQR>TCQCB)

)



32 

Robust Path-Following for UAV Using Pure 
Pursuit Guidance 

!"#$%&'()"*"%"#'+(,'-./0#'(!"#"1.("12().-'"#'(3"4"(
!"#$%&"'()*+*&,*(-."/*01(
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1. Introduction 

!&'%( 5&"67$-( 6-$%$17%( "( 2$%5-'67'.1( .8( "( 90'2"15$( "12( 5.17-.:( %/%7$*( .1( -.40%7( 6"7&;
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6"7&;8.::.<'19( 8:'9&7( 8.-( =>?+(*.%7( 4"%$2( .1( "( 7-"5#'19;$--.-;5.--$57'.1( "66-."5&+( &"D$(
4$$1( %702'$2( 8.-( %$D$-":( /$"-%( @3:"E$-+( FGGHI( 3"4"( $7( ":B+( FGGJ+( KHHKI( L"*'1$-( $7( ":B+( FGGMI(
3./:$(N(O&"*'7.88+(FGGGI(P5&'($7(":B+(KHHKI(Q"-#($7(":B+(KHHRI(S/%2/#+(KHHJAB(,.<$D$-+(7&$%$(
%/%7$*%( 6-$%$17( 7&$( 2'88'50:7/( .8( 8.::.<'19( '1( :"-9$( 7-"5#'19;$--.-( %'70"7'.1%+( $B9B( %7$$6(
50-D$2( 6"7&;8.::.<'19( .-( 7-"5#'19( 012$-( <'12( 70-40:$15$+( <&'5&( *'9&7( 5"0%$( 5.17-.:(
%"70-"7'.1( .-( 2'D$-9$15$( 4$5"0%$( 7&$( 5.17-.:( 5.**"12( 7$12%( 7.( '15-$"%$( "%( 7&$( 7-"5#'19;
$--.-(4$5.*$%(:"-9$B(P1$(5."07&.-(6-.6.%$2("(D"-'"4:$(9"'1(*$7&.2(0%'19(80TT/(:.9'5(@3"4"(
N( !"#"1.+( FGGMA+( <&'5&( 9"7&$-%( "12( <$'9&%( .1( 5.17-.:( :"<%( "55.-2'19( 7.( 7-"5#'19;$--.-(
U0"17'7'$%B(V7(6$-8.-*$2(<$::+(407('7(<"%(1$5$%%"-/(7.(%$7(%.*$(2$%'91(6.'17%("12(7.(5.12057(
%$D$-":(9"'1(701'19%(4$8.-$("66:/'19(80TT/(:.9'5B(
!&'%(5&"67$-(6-$%$17%("(1.D$:+(%'*6:$+(/$7(-.40%7(90'2"15$(*$7&.2(8.-(6"7&;8.::.<'19(=>?(
@W"7.( $7( ":B+( KHHJI( )"*"%"#'( $7( ":B+( KHHXAB( !&$( *$7&.2.:.9/( 0%$%( 60-$( 60-%0'7( 90'2"15$(
'1%7$"2(.8( 7-"2'7'.1":( 7-"5#'19;$--.-(5.--$57'.1;4"%$2(*$7&.2%B(Q0-$(60-%0'7(90'2"15$( @$B9B(
Y"5&.:($7(":B+(FGJZA(2$*"12%(.1:/(.1$(9"'1;701'19B(V7(6-.205$%(90'2"15$(5.**"12%(7&"7("-$(
1.7( :"-9$+( <'7&( 1.( -$:"7'.1( 7.( 7-"5#'19( $--.-( U0"17'7'$%B( V7( 5"1( "D.'2( 5.17-.:( 2'D$-9$15$(
4$5"0%$(7&$(60-$(60-%0'7(90'2"15$(%/%7$*(9$1$-"7$%(90'2"15$(5.**"12%('1(-$:"7'.1(7.(7&$(
:'1$;.8;%'9&7("19:$(@7&$("19:$(8.-*$2(4/(7&$(=>?(D$:.5'7/(D$57.-("12(7&$(:'1$;.8;%'9&7(7.(7&$(
7"-9$7(6.'17A+(<&'5&('%+("7(*.%7+( π (-"2'"1B(!&"7("19:$(*'9&7(4$(*05&(:$%%(7&"1(7&$(7-"5#'19(
$--.-+( $B9B(FH(*B([.-( 7&"7( -$"%.1+("( -.40%7(6"7&;8.::.<'19(=>?(5"1(4$( -$":'T$2("%%'%7$2(4/(
60-$(60-%0'7(90'2"15$(@Q"-#($7(":B+(KHHXAB(>(7"-9$7(6.'17(8.-(7&$(=>?(7.(.-'$17('%(1$5$%%"-/(
8.-( "66:/'19( 60-$( 60-%0'7( 90'2"15$( 8.-( 6"7&;8.::.<'19B(\$( '17-.205$2( "( -$5$2'19( D'-70":(
<"/6.'17+(<&'5&('%(6:"5$2("7("(6-.6$-(6.'17(":.19("(2$%'-$2(7-"E$57.-/B(!&'%('%(7&$(6.'17(.8(
2'88$-$15$(8-.*(7&$($--.-;4"%$2(-$8$-$15$(6.'17(2$%5-'4$2('1(7&$(:'7$-"70-$(@Q"-#($7(":B+(KHHXAB(
!&$(2$%'-$2(6"7&(5"1(4$(6-.D'2$2($"%':/('1("(8.-*(.8("(80157'.1(.8(7&$(7-"E$57.-/("-5(:$197&(
0%'19( 504'5;%6:'1$( '17$-6.:"7'.1( 4"%$2( .1( %.*$( <"/6.'17%( 7&-.09&( <&'5&( 7&$( =>?( '%(
6-$%0*$2(7.(8:/B(P15$(7&$(6"7&('%(9$1$-"7$2('1(7&$(8.-*(.8(7&$(80157'.1(.8(7&$("-5(:$197&+(7&$(
-$5$2'19(D'-70":(<"/6.'17+(<&'5&('%(7&$(7"-9$7(6.'17(8.-(60-$(60-%0'7(90'2"15$+('%(5":50:"4:$(
0%'19( 7&$( 504'5;%6:'1$( 80157'.1( 4"%$2( .1( 7&$(=>?( 8:'9&7( "-5( :$197&( "22$2( "( 8$<( %$5.12%(
"&$"2(.8(7&$(8070-$(8:'9&7(6"7&(:$197&+("%('18$--$2(8-.*(7&$(=>?(2/1"*'5%B(!&'%("22$2(7$-*(
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1.1:'1$"-( 6"7&;8.::.<'19( "4':'7/( "12( 7.( *"'17"'1( &'9&( *"1$0D$-"4':'7/+( "-$( <$::;#1.<1(
5.17-.:( %5&$*$%(.8(1.1:'1$"-(2/1"*'5( %/%7$*%B(>(2/1"*'5( '1D$-%'.1( 7$5&1'U0$(<'7&( 7<.;
7'*$(%5":$(%$6"-"7'.1(@Y$1.1($7(":B+(FGMXI(W1$::($7(":B+(FGGKI(>T"*(N(W'19&+(FGGRA('%("66:'5"4:$(
8.-(=>?(5.17-.:+(<&'5&("::.<%(7&$(.-2$-(.8(7&$(2/1"*'5('1D$-%'.1(5.17-.::$-(7.(4$(%*"::B(!&$(
60-$(60-%0'7(90'2"15$(:$7%(7&$(=>?(&$"2(7.(7&$(7"-9$7("7("1/(7'*$B(3$5"0%$(7&$(60-$(60-%0'7(
90'2"15$( 5"1+( 4/( '7%( 1"70-$+( &$"2( 7.( "( 7"-9$7( 6.'17( .1:/( "12(1$D$-(<.-#%( 8.-( 7&$( D$:.5'7/(
5.17-.:(":.19(7&$(D$:.5'7/(D$57.-(2'-$57:/+("(D$:.5'7/(5.17-.:(%/%7$*('%(1$5$%%"-/(7.(*"'17"'1("(
2$%'-$2(2'%7"15$(8-.*(7&$(9'D$1(7-"E$57.-/B(!&$(D$:.5'7/(5.17-.::$-('%(2$%'91$2(4"%$2(":%.(.1(
7&$(2/1"*'5('1D$-%'.1("66-."5&+(5.1%'2$-'19(7&$("'-5-"87(2/1"*'5%B(
['-%7+( 7&$( 4.2/( "`$%( "-$( $`6:"'1$2( ":.19( <'7&( 80::+( -'9'2( 4.2/+( %'`;2$9-$$;.8;8-$$2.*+(
1.1:'1$"-( $U0"7'.1%(.8(*.7'.1B(!&$1(<$(<'::(2'%50%%( 7&$(90'2"15$("12( 5.17-.:( %/%7$*( 8.-(
=>?+(<&'5&( '%(4"%$2(.1( 7&$(60-$(60-%0'7(90'2"15$( :"<(<'7&("(-$5$2'19(D'-70":(<"/6.'17+(
"12(7&$(7<.;7'*$(%5":$2(2/1"*'5( '1D$-%'.1(7$5&1'U0$+(":.19(<'7&(D$:.5'7/(5.17-.:B(W$D$-":(
%'*0:"7'.1%( "-$( 5.12057$2( 7.( 2$*.1%7-"7$( '7%( 6"7&;8.::.<'19( -.40%71$%%( 012$-( %.*$(
-"12.*( <'12( 70-40:$15$( "12( %7$$6:/( 50-D$2( 6"7&;8.::.<'19( %'70"7'.1%B( \$( ":%.( %&.<( "(
5.*6"-'%.1(7.(7&$(7-"5#'19;$--.-;5.--$57'.1;4"%$2(*$7&.2B(

2. Symbols and Notations 

zyx ,, ( a( O.*6.1$17%(.8(6.%'7'.1(D$57.-(<B-B7B(4.2/("`$%+(b*c(

III zyx ,, a( O.*6.1$17%(.8(6.%'7'.1(D$57.-(<B-B7B('1$-7'":("`$%+(b*c(

wvu ,, ( a( O.*6.1$17%(.8("'-6:"1$(D$:.5'7/(":.19(7&$(`+(/+(T(4.2/("`$%+(-$%6$57'D$:/+(b*d%c(

rqp ,, ( a( O.*6.1$17%(.8("'-6:"1$("190:"-(D$:.5'7/("4.07(7&$(`+(/+(T(4.2/("`$%+(

-$%6$57'D$:/+(b-"2d%c(

ψθφ ,, ( a( -.::+(6'75&+("12(/"<("19:$+(-$%6$57'D$:/+(b-"2c(.-(b2$9c(

rae δδδ ,, ( a( ^$8:$57'.1(.8($:$D"7.-+("':$-.1("12(-022$-+(-$%6$57'D$:/+(b-"2c(.-(b2$9c(

L ( a( _'87+(bec(

D ( a( ^-"9+(bec(

ZYX FFF ,, a( C0'2"15$(8.-5$%(<B-B7B(4.2/("`$%+(bec(

ZYX FFF ~~~ ,, a( C0'2"15$(8.-5$%(<B-B7B(<'12("`$%+(bec(

TF ( a( !&-0%7+(bec(

dF ( a( ^$%'-$2(90'2"15$(8.-5$(D$57.-(

Dq ( a( ^/1"*'5(6-$%%0-$+(bed*Kc(

g,g ( a( >55$:$-"7'.1(.8(9-"D'7/+(b*d%Kc("12(9-"D'7/(D$57.-(

V,V ( a( S$%0:7"17(D$:.5'7/+(b*d%c("12(D$:.5'7/(D$57.-(

ρ ( a( >'-(2$1%'7/+(b#9d*fc(

m ( a( Y"%%+(b#9c(
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S ( a( \'19("-$"+(b*Kc(

cb, ( a( \'19(%6"1("12(<'19(*$"1("$-.2/1"*'5(5&.-2+(b*c(

h ( a( >:7'702$+(b*c(

0,αα ( a( >19:$(.8("77"5#(@>.>A("12(T$-.(:'87("19:$(.8("77"5#+(b-"2c(.-(b2$9c(

β ( a( W'2$(%:'6("19:$+(b-"2c(.-(b2$9c(

N ( a( e"D'9"7'.1(5.1%7"17(

φβα KKK ,, a( W:.<(*.2$(5.17-.::$-(9"'1%(

rqp KKK ,, a( ["%7(*.2$(5.17-.::$-(9"'1%(

da ( a( ^$%'-$2("55$:$-"7'.1(D$57.-(

DL CC , ( a( _'87("12(2-"9(5.$88'5'$17%(

αLC ( a( _'87;50-D$(%:.6$+(bd-"2c(

0DC ( a( g$-.(:'87(2-"9(5.$88'5'$17(

R,R ( a( S$:"7'D$(2'%7"15$+(b*c("12(:'1$(.8(%'9&7(@_PWA(D$57.-(

( )αβ −,E ( a( S.7"7'.1(*"7-'`(8-.*(7&$(4.2/("`$%(7.(7&$(<'12("`$%(

ZYX III ,, a( Y.*$17%(.8('1$-7'"+(b#9(*Kc(

ZYX CCC ,, a( >$-.2/1"*'5(8.-5$(5.$88'5'$17%(

nml CCC ,, (a( >$-.2/1"*'5(*.*$17(5.$88'5'$17%(

C][ ( a( O.15$-1$2(<'7&("(=>?(

d][ ( a( V12'5"7$%("(2$%'-$2(D":0$(.-(5.**"12(

W][ ( a( O.15$-1$2(<'7&(<'12("`$%(

⋅
][ ( a( !'*$(2$-'D"7'D$(

3. Equations of motion 

['90-$( F( 6.-7-"/%( 7&$( 5..-2'1"7$( %/%7$*(0%$2( 8.-( 7&'%( %702/B( !&$( 5.*6:$7$+( %'`;2$9-$$;.8;
8-$$2.*( @J^P[A+( 1.1:'1$"-+( -'9'2;4.2/(2/1"*'5%( 8.-( 8'`$2;<'19(=>?(<'7&( -$%6$57( 7.( 7&$(
4.2/;8'`$2( "`'%( %/%7$*( 2$6'57$2( '1( ['9B( F( "-$( *.2$:$2( 4/( 7&$( 8.::.<'19( FK( 8'-%7;.-2$-(
2'88$-$17'":($U0"7'.1%B(

(
m
F

m
SCq

gqwrvu TXD ++−−= θsin' ( @FA(

(
m
SCq

grupwv YD++−= φθ sincos' ( @KA(

(
m
SCq

gpvquw ZD++−= φθ coscos' ( @fA(

( l
X

D

X

XZ

X

ZY C
I

Sbq
pqr

I
I

qr
I

II
p +++−= )( '' ( @RA(

( m
Y

D

Y

XZ

Y

XZ C
I

cSq
pr

I
I

pr
I

II
q +−+−= )( 22' ( @ZA(
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( n
Z

D

Z

XZ

Z

YX C
I

Sbq
qrp

I
I

pq
I

II
r +−+−= )( '' ( @JA(

( θφθφφ tancostansin rqp ++=' ( @XA(

( φφθ sincos rq −=' ( @MA(

( θφθφψ seccossecsin rq +=' ( @GA(

(
)sinsincossin(cos)sincoscossin(sincoscos ψφψθφψφψθφψθ ++−+= wvuxI' ( @FHA(

(
)cossinsinsin(cos)coscossinsin(sinsincos ψφψθφψφψθφψθ −+++= wvuy I' ( @FFA(

(
θφθφθ coscoscossinsin wvuz I ++−='
( @FKA(

(

['90-$(FB(O..-2'1"7$(%/%7$*(

[.-( 7&$*+( <$( "%%0*$2( 7&$( "$-.2/1"*'5( 5.$88'5'$17%( "66$"-$2( '1( 7&$( "4.D$( $U0"7'.1%( "%(
8.::.<%B(

( !
"

#
$
%

&= eXX V
qc

CC δβα ,
2

,, ( @FfA(

( !
"

#
$
%

&= raYY V
br

V
bp

CC δδβα ,,
2

,
2

,, ( @FRA(

( !
"

#
$
%

&= eZZ V
qc

CC δβα ,
2

,, ( @FZA(

( !
"

#
$
%

&= rall V
br

V
bp

CC δδβα ,,
2

,
2

,, ( @FJA(
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( !
"

#
$
%

&= emm V
qc

CC δβα ,
2

,, ( @FXA(

( !
"

#
$
%

&= rann V
br

V
bp

CC δδβα ,,
2

,
2

,, ( @FMA(

hU0"7'.1%( @FifA+( hU%B( @RiJA+( hU%B( @XiGA+( "12( hU%B( @FHiFKA( -$%6$57'D$:/( -$6-$%$17( 8.-5$(
$U0"7'.1%+( *.*$17( $U0"7'.1%+( -.7"7'.1":( #'1$*"7'5( $U0"7'.1%+( "12( 1"D'9"7'.1( $U0"7'.1%B(
!&$( 8'-%7(1'1$($U0"7'.1%(9.D$-1( 7&$(2/1"*'5%B(!&$(1"D'9"7'.1($U0"7'.1%("-$(0%$2(.1:/( 8.-(
%'*0:"7'.1%(7.(5":50:"7$(7&$(=>?(6.%'7'.1(<'7&(-$%6$57(7.(7&$($"-7&(8-"*$B(

 
['90-$(KB(C0'2"15$("12(5.17-.:(4:.5#(2'"9-"*(

4. Guidance and Control System 

['90-$(K(6.-7-"/%("(4:.5#(2'"9-"*(.8(7&$(90'2"15$("12(5.17-.:(%/%7$*(8.-("(6"7&;8.::.<'19(
=>?+(<&'5&($*6:./%(7&$(60-$(60-%0'7(90'2"15$(:"<(8.-(5":50:"7'19(7&$(90'2"15$(5.**"12+(
'1( 5.1E0157'.1(<'7&( "( 7<.;7'*$;%5":$2(2/1"*'5( '1D$-%'.1(*$7&.2( @3"4"( $7( ":B+( FGGJ+( KHHKI(
W"7.($7( ":B+( KHHJI()"*"%"#'( $7( ":B+( KHHXA(5.1%'%7'19(.8("( %:.<;%7"7$("12("( 8"%7;%7"7$(2/1"*'5(
*.2$(7.(9$1$-"7$(90'2"15$(8.-5$%(8.-(1.1:'1$"-(2/1"*'5(*.7'.1%(.8(7&$(=>?B(!&'%(2'"9-"*(
2.$%(1.7('15:02$(7&$(D$:.5'7/(5.17-.:+(<&'5&('%(2'%50%%$2(:"7$-B(

4.1 Receding virtual waypoints 
>(2$%'-$2(7-"E$57.-/(*'9&7(4$(0%$2(7.(90'2$("(=>?(":.19("(6-$2$7$-*'1$2(6"7&(%05&("%("(
-01<"/( "66-."5&( "12( :"12'19B( V7( '%( 0%$80:( 7.( 9$1$-"7$( 7&$(2$%'-$2( 7-"E$57.-/( 8-.*( %$D$-":(
<"/6.'17%B([.-( 7&'%(%702/+( 7&$(504'5(%6:'1$(80157'.1( '%(0%$2(4$5"0%$( '7(9'D$%( 7&$(*'1'*0*(
50-D"70-$(@3:"E$-+(FGGHI(j"5#%.1(N(O-.05&+(FGGFAB(['90-$(f(6.-7-"/%("1('17$-6.:"7$2(7-"E$57.-/(
4/(7&$(504'5(%6:'1$(80157'.1B(!&$(5'-5:$%(:"4$:$2(k\>)QPVe!l('1(['9B(f("-$(<"/6.'17%(7&"7(
"-$(.1:/(0%$2(7.(9$1$-"7$("(%6:'1$('17$-6.:"7$2;7-"E$57.-/(8.-(5.1D$1'$15$B(!&$/(2'88$-(8-.*(
7&$(-$5$2'19(D'-70":(<"/6.'17(2$%5-'4$2(:"7$-B(
>( 7-"E$57.-/( 5":50:"7$2( 8-.*( 504'5( %6:'1$( 80157'.1( 5"1( 4$( -$6-$%$17$2( 0%'19( 5.17'10.0%(
80157'.1%( .8( 7'*$( .-( 7&$( "-5( :$197&( .8( 7&$( 7-"E$57.-/B( !&$( "-5( :$197&( '%( 5&.%$1( "%( 7&$(
'12$6$12$17(D"-'"4:$(@3"4"($7(":B+(FGGJ+(KHHKI(P5&'($7(":B+(KHHKI()"*"%"#'($7(":B+(KHHXA+(<&'5&(
$1"4:$%(7&$(=>?(7.(8:/("7(D"-'.0%(%6$$2%B(>(D'-70":(<"/6.'17(%&.0:2(4$(%$7("%(7&$(7"-9$7(8.-(
7&$(60-$(60-%0'7( 90'2"15$(.1( 7&$(9$1$-"7$2( 7-"E$57.-/( ":.19(<&'5&( 7&$( 7-"E$57.-/;7-"5#'19(
=>?("-$(7.(4$(90'2$2B(!&$(D'-70":(<"/6.'17+(<&'5&('%(*.D$2('1($"5&(7'*$(%7$6+('%(.47"'1"4:$(
0%'19( 7&$(504'5(%6:'1$( 80157'.1(.8("(2'%7"15$('1%7$"2(.8(0%'19( 7&$("-5( :$197&(.8( 7&$(2$%'-$2(
7-"E$57.-/B(!&$(2'%7"15$('%(5":50:"7$2(4"%$2(.1(7&$(=>?]%(8:'9&7(2'%7"15$("22$2(0%'19("(8$<;

^/1"*'5('1D$-%'.1(5.17-.::$-m((
Q0-$(60-%0'7(90'2"15$(
7.("(-$5$2'19(D'-70":(
<"/6.'17(

(
(
>'-5-"87+( "570"7.-+( "12(
$19'1$(2/1"*'5%(W:.<(*.2$

["%7(*.2$
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%$5.12%(*.-$(8070-$(8:'9&7(:$197&B(!&$-$8.-$+(7&'%(D'-70":(<"/6.'17(2$7$-*'1"7'.1("66-."5&(
0%$%(.1:/(7&$(8:'9&7(2'%7"15$('18.-*"7'.1("12(.4D'"7$%($`7-"('18.-*"7'.1(%05&("%(7&$(7-"5#'19(
$--.-(5.*6.1$17%(2$%5-'4$2('1(7&$(:'7$-"70-$(@Q"-#($7(":B+(KHHXAB(V8(7&$(=>?(2$D'"7$%(8-.*(7&$(
2$%'-$2(7-"E$57.-/+(7&$(D'-70":(<"/6.'17('%(%$7("7("(-$5$2$2(6.'17('1($"5&(7'*$(%7$6("55.-2'19(
7.(7&$(8:'9&7(2'%7"15$+('15:02'19("(8:'9&7(2'%7"15$(2$D'"7$2(8-.*(7&$(2$%'-$2(7-"E$57.-/+(<&'5&(
5"1("D.'2(-"6'2(5.--$57'.1(5.17-.:B(O.1%$U0$17:/+(7&'%(D'-70":(<"/6.'17('%(2$%'91"7$2("%(k"(
-$5$2'19(D'-70":(<"/6.'17Bl(Q0-$(60-%0'7(90'2"15$(<'7&(7&$(-$5$2'19(D'-70":(<"/6.'17(5"1(
"::$D'"7$( 5.17-.:( %"70-"7'.1+( 2'88$-$17( 8-.*( 7&$( 5"%$( .8( 7-"5#'19;$--.-;5.--$57'.1;4"%$2(
5.17-.:B(

(

(

['90-$(fB(V17$-6.:"7$2(7-"E$57.-/(0%'19(%6:'1$(80157'.1(.8(7&$("-5(:$197&(@5B8B(\>)QPVe!(
2'88$-%(8-.*(7&$(-$5$2'19(D'-70":(<"/6.'17A(

4.2 Pure pursuit guidance law 
C$1$-"::/+( 60-$( 60-%0'7( 90'2"15$( @QQCA( '%( 1.7( 0%$2( 7.( 90'2$( "( =>?( 8.-( -$12$TD.0%( .-(
'17$-5$67( 60-6.%$%( '8( 7&$(=>?(D$:.5'7/( 4$5.*$%( FBZ( 7'*$%( 9-$"7$-( 7&"1( 7&$( 7"-9$7( D$:.5'7/(
4$5"0%$( 7&$( 90'2"15$( 8.-5$%( 7$12( 7.( 4$( 2'D$-7$2( <&$1( 7&$( -$:"7'D$( 2'%7"15$( 4$7<$$1( 7&$(
=>?("12(7&$(7"-9$7(4$5.*$%(T$-.(@Y"5&.:($7(":B+(FGJZAB(,.<$D$-+( 7&.%$(6-.4:$*%(<'::(1.7(
.550-( 8.-( "( 6"7&;8.::.<'19( 60-6.%$( '1( #$$6'19( 7&$( -$:"7'D$( 2'%7"15$( 4$5"0%$( 7"-9$7( 6.'17%(
-$5$2$( "%( 7&$(=>?(*.D$%B( !&$( -$:"7'D$( 2'%7"15$( 5"1( 4$(*"'17"'1$2( "7( "( 8$<(2$9-$$%+( 1.7(
T$-.B( >:7&.09&( 7&$( 6-.6.-7'.1":( 1"D'9"7'.1( @QeA( 90'2"15$(*'9&7( ":%.( 4$( 5.1%'2$-$2+( 7&$(
$--.-(2'%7"15$(8-.*(7&$(2$%'-$2( 7-"E$57.-/( '%(6-.1$( 7.(-$*"'1("7(%.*$(8$<(2$9-$$%(4$5"0%$(
Qe(90'2"15$(7$12%(7.(#$$6("(:'1$(.8(%'9&7(@_PWA("19:$(5.1%7"17(@g"-5&"1+(KHHKAB(V1(5.17-"%7+(
60-$(60-%0'7(90'2"15$(":<"/%(90'2$%(7&$(=>?(7.(.-'$17('1(7&$(<"/6.'17(2'-$57'.1('1(%6'7$(.8(
4.7&(D$:.5'7'$%B(!&$-$8.-$+(<$(0%$(7&$(60-$(60-%0'7(90'2"15$(8.-(7&'%(%702/B(V8(7&$(7"-9$7(6.'17(
D$:.5'7/( '%( %$7( "%( T$-.+( 7&$( 5&"-"57$-'%7'5%( .8( Qe(90'2"15$("-$( ":*.%7( $U0":( 7.( 7&"7(.8(QQC(
<'7&(-$%6$57(7.(7&$(=>?(.-'$17"7'.1(2'-$57'.1B(>%%0*'19(7&"7(7&$(=>?(60-%0$%("(-$5$2'19(

D'-70":( <"/6.'17( <'7&( D$:.5'7/( .8( CV ( "%( 6.-7-"/$2( '1( ['9B( R+( 7&$( 8.::.<'19( $U0"7'.1( '%(
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%"7'%8'$2('8(7&$(:'1$(.8(%'9&7(@_PWA(D$57.-( R ("12(7&$(=>?]%(D$:.5'7/(D$57.-( CV ("-$(&$"2'19('1(

7&$(%"*$(2'-$57'.1B(

(
0RVC =×
( (@FGA(

!.( 90'2$( 7&$( =>?( '17.( 7&$( 60-$( 60-%0'7( 5.0-%$+( 7&$( 8.::.<'19( "55$:$-"7'.1( 8$$24"5#( '%(
1$$2$2(8.-(hUB(@FGAB(

(
RV

N

C

CC
d

VRV
a

××
=

)(

( @KHA(

!&$-$'1+(!( '%( 7&$(1"D'9"7'.1( 5.1%7"17B( V7%( D":0$( '%( %$7( "%( K( 8.-( 7&'%( %702/+( "%( '1( "(6-$D'.0%(
%702/( @Q"-#( $7( ":B+( KHHXAB( !&$( 8.::.<'19( $U0"7'.1(*'9&7( 4$( 6-$8$--$2( 7.( 0%'19( hUB( @KHA( 8.-(
'*6:$*$17"7'.1(60-6.%$%( '1( 7&$( -$":( %/%7$*+($%6$5'"::/( 8.-("( :"-9$(_PW("19:$+( '1("66:/'19(
7&$(-$":(_PW("19:$(8$$24"5#B(

(
σ

σ
sin

)(
, RV

N

C
real

CC
d

VRV
a

××
=

( @KFA(

V1( 7&"7( $U0"7'.1+( σ '%( 7&$(_PW( "19:$B( !&$( $U0"7'.1(*$"1%( 7&"7( 7&$(2$%'-$2( "55$:$-"7'.1( '%(
$`"57:/( 6-.6.-7'.1":( 7.( 7&$( _PW( "19:$+( "%( *$"%0-$2( 8-.*+( 8.-( $`"*6:$+( "( %$$#$-]%( "19:$B(
,.<$D$-+( <$( 0%$( hUB( @KHA( '1( 7&'%( %702/( 8.-( %'*6:'5'7/B( [-.*( e$<7.1]%( %$5.12( :"<+( 7&$(
-$U0'-$2(90'2"15$(8.-5$+(":.19(<'7&(7&$(9-"D'7/(5.*6$1%"7'.1+(5"1(4$($`6-$%%$2("%(

(
)( gaF −= dd m
+( @KKA(

<&$-$( D$57.-( g ( '%( "( 9-"D'7/( D$57.-( <'7&( -$%6$57( 7.( 7&$( 4.2/( "`$%B( !&$-$4/+( 7&$( 2$%'-$2(
90'2"15$(5.**"12%("-$(.47"'1$2B(

! "#$#%&'(!)&*+,-.!/-012&'+

R)3!
!

(

['90-$(RB(Q.%'7'.1(D'$<(.8(7&$(=>?("12(7&$(-$5$2'19(D'-70":(<"/6.'17(

4.3 Derivation of command values 
!&$(2$%'-$2(90'2"15$( 8.-5$%("-$(.47"'1$2(4/(5&"19'19( 7&$(2'-$57'.1("12(*"91'702$(.8( 7&$(
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4.5 Velocity control 
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"D"':"4:$B(
>%%0*67'.1%( F( "12( R( *'9&7( 4$( D'.:"7$2( '1( %.*$( %'70"7'.1%+( 407( -.40%71$%%( 8.-( *.2$:(
015$-7"'17'$%+($`7$-1":(2'%70-4"15$%+("12(*$"%0-$*$17(1.'%$(*'9&7(4$(5.*6$1%"7$2(<'7&(7&$(
'11$-( :..6( 2$%'91( .8( 7&$( 2/1"*'5( '1D$-%'.1( 5.17-.::$-( @W1$::+( FGGKI( 3-'1#$-(N(\'%$+( FGGJI(
3./:$(N(O&"*'7.88+( FGGGA( '1%7$"2( .8( 0%'19( 7&$( 6-.6.-7'.1":( 5.17-.:( "66$"-'19( '1( hUB( @RMA+(
":.19(<'7&+(8.-($`"*6:$+("1($`7$12$2(L":*"1(8':7$-+("%("66$"-'19('1(7&$(:'7$-"70-$(@!"1"#"($7(
":B+(KHHJAB(

Q"-"*$7$-%( ?":0$%(

Y"5&(10*4$-( HBJ(bY"5&c(
V1'7'":(6.%'7'.1( @HBH+(HBH+(KHHHBHA(b*c(
V1'7'":(&$"2'19( HBHb2$9c(

dR ( ZHH(b*c(

!( K(

φβα KKK ,, ( R(b-"2d%c(

rqp KKK ,, ( M(b-"2d%c(

>570"7.-(7'*$(5.1%7"17( HBF(b%c(

!"4:$(FB(W'*0:"7'.1(W$77'19%(
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5.1 Simulations in stationary atmosphere 

(

['90-$(MB(!-"5#'19(8:'9&7(":.19("(9$17:$(50-D$2(6"7&(

(

['90-$(GB(O.17-.:(5.**"12%(20-'19(6"7&;8.::.<'19(":.19(7&$(9$17:$(50-D$2(6"7&(@2$9A(
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(

['90-$(FHB(!-"5#'19(8:'9&7(":.19("(%&"-6:/(50-D$2(6"7&(

(

['90-$(FFB(O.17-.:(5.**"12%(20-'19(6"7&;8.::.<'19(":.19(7&$(%&"-6:/(50-D$2(6"7&(@2$9A(

['90-$%(MiFF(6.-7-"/(%'*0:"7'.1(-$%0:7%B(V1(['9B(M+(7&$(%.:'2(:'1$%(:"4$:$2(kWQ_Vehl(*"-#(7&$(
2$%'-$2(8:'9&7(7-"E$57.-'$%I(7&$(2"%&$2(:'1$%(:"4$:$2(k!hOl("12(7&$(4-.#$1(2.77$2(:'1$%(kQQCl(
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-$%6$57'D$:/( 6.-7-"/( 7&$( 5.1D$17'.1":( 7-"5#'19;$--.-;5.--$57'.1;4"%$2(*$7&.2( @3"4"+( FGGJA(
@!hOA( "12( 7&$( 60-$( 60-%0'7( 90'2"15$;4"%$2( *$7&.2( <'7&( 7&$( -$5$2'19( D'-70":( <"/6.'17(
@QQCA+(":.19(<'7&(7&$'-(@n+(&A;6:"1$("12(@)+(&A;6:"1$(6-.E$57'.1%B(['90-$(M(%&.<%(7&"7(4.7&(
!hO("12(7&$(6-.6.%$2(QQC(*$7&.2%(&"D$(9..2(7-"E$57.-/;7-"5#'19(5"6"4':'7/('1(7&$(9$17:$(
50-D$2(7-"E$57.-/B(['90-$(G(%&.<%(7&"7(1.(5.17-.:(%"70-"7'.1($`'%7%(7&-.09&.07(7&$(7-"5#'19(
8:'9&7B(,.<$D$-+('1(7&$(5"%$(.8("(%&"-6:/(50-D$2(7-"E$57.-/(7-"5#'19(8:'9&7+(7&$(6-.6.%$2(QQC(
*$7&.2( 6$-8.-*%( 7&$( &'9&( 7-"5#'19( "4':'7/+( ":7&.09&( 7&$( =>?( 2$D'"7$%( 9-$"7:/( 8-.*( 7&$(
2$%'-$2( 7-"E$57.-/( 7<'5$( <&$-$"%( 7&$( 5.1D$17'.1":( !hO;4"%$2(*$7&.2( 5"1( 1.7( 8.::.<( 7&$(
7-"E$57.-/(<&$1(7&$(=>?('%(2$D'"7$2(8-.*(7&$(7-"E$57.-/(@['9B(FHAB(['90-$(FF(%&.<%(7&"7(7&$(
!hO;4"%$2(*$7&.2(5"0%$%(5.17-.:(%"70-"7'.1+(":7&.09&(7&$(6-.6.%$2(QQC(*$7&.2(2.$%(1.7B(

5.2 Simulations in wind turbulence circumstance 
!&$(^-/2$1(<'12(70-40:$15$(*.2$:(@Q"--'%+(FGXZA('%(0%$2(8.-(<'12(6$-70-4"7'.1(9$1$-"7'.1B(
>(<'12(%&$"-(*.2$:('%("22$2(7.(7&$(<'12(70-40:$15$(8.-(%$77'19(%.*$("D$-"9$2(<'12(%6$$2B(
!0-40:$15$(%5":$%("12('7%('17$1%'7'$%("-$(2$7$-*'1$2(8-.*(6-'.-(%6$5'8'5"7'.1%(@YV_;[;MXMZO+(
FGMHA( "%%'%7$2( 4/( :'1$"-( '17$-6.:"7'.1( 8.-( 7&$( :"5#( .8( '18.-*"7'.1( -"19$B( !&$( <'12( %&$"-(
*.2$:( 6-$%$17$2( '1( 7&$( %6$5'8'5"7'.1%( @YV_;[;MXMZO+( FGMHA( '%( 0%$2( '1( 7&$( %'*0:"7'.1%( 8.-(
"D$-"9$2(<'12(%6$$2(9$1$-"7'.1B(>%('1(7&$(6-$D'.0%(%$57'.1+(7<.(%'*0:"7'.1%("-$(5.12057$2m(
"( 9$17:$( 50-D$2( 6"7&( 8.::.<'19( "12( "( %&"-6:/( 50-D$2( 6"7&( 5"%$B( !"4:$( K( %&.<%( 7&$(
70-40:$15$(*.2$:(%'*0:"7'.1(%$77'19%B(P7&$-(%$77'19%("-$("%('1(!"4:$(FB(

Q"-"*$7$-%( ?":0$%(

S$8$-$15$(":7'702$(8.-(70-40:$15$(%5":$%( FHHH(b*c(

!0-40:$15$('17$1%'7/( Y.2$-"7$(

V1'7'":(&$"2'19( HBH(b2$9c(

>D$-"9$2(<'12("7(JBF(b*c( JBZKM(b*d%c(

>D$-"9$2(<'12(2'-$57'.1(
h"%7(7.(\$%7(
@,.-'T.17":(4:.<A(

!"4:$(KB(W'*0:"7'.1(W$77'19%(

(

['90-$(FKB(!'*$(&'%7.-'$%(.8(<'12(70-40:$15$(<'7&(-$%6$57(7.(7&$(4.2/("`'%(5.*6.1$17%(
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['90-$( FK( 6-$%$17%( "1( $`"*6:$( .8( 9$1$-"7$2( <'12( 70-40:$15$( 5.*6.1$17%( -$:"7$2( 7.( 7&$(
4.2/("`$%+(<&'5&("-$($`$-7$2(7.(7&$(=>?(90'2$2(4/(7&$(!hO(*$7&.2("12(7&$(6-.6.%$2(QQC(
*$7&.2B(!&"7( 8'90-$( %&.<%( 7&"7( 7&$(<'12( 70-40:$15$(&"%(1.1;T$-.( "D$-"9$2(D$:.5'7/B(!&$(
<'12( D$:.5'7/( 5.*6.1$17%( "-$( 8-.T$1( 7.( 7&$( $"-7&( 8-"*$m( 7&$( <'12( D$:.5'7'$%( '1( $"5&(
%'*0:"7'.1( "-$( $U0":( <&$1( 7&$( =>?%( 8:/( 7&-.09&( 7&$( %"*$( 6"7&+( 407( $"5&( 5.*6.1$17( '%(
D"-'$2( .1( $D$-/( 8'$:2+( 7&$-$4/( 6-.205'19( 7&$( 2'88$-$17( D$:.5'7/( 5.*6.1$17%( "12( 2'88$-$17(
-$%0:7('1($"5&(%'*0:"7'.1B(

(
['90-$(FfB(!-"5#'19(8:'9&7(":.19("(9$17:$(50-D$2(6"7&(012$-(<'12(70-40:$15$(

(

['90-$(FRB(O.17-.:(5.**"12%(20-'19(6"7&;8.::.<'19(":.19(7&$(9$17:$(50-D$2(6"7&(012$-(
<'12(70-40:$15$(@2$9A(
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['90-$%(FfiFJ(%&.<(%'*0:"7'.1(-$%0:7%(012$-(<'12(70-40:$15$B(!&$(5.1D$17'.1":(!hO;4"%$2(
90'2"15$(*$7&.2( 8"':%( 7.( 8.::.<( 7&$(2$%'-$2( 7-"E$57.-/+( $D$1( '1(9$17:/( 50-D$2( 7-"E$57.-/( '1(
<'12( 70-40:$15$+(<&$-$"%( 7&$(6-.6.%$2(QQC(*$7&.2( 5"1( -$5.D$-( 8-.*( 7&$(2$D'"7'.1( "12(
8'1"::/( 8.::.<(7&$(7-"E$57.-/+($D$1( '1( 7&$(%&"-6:/(50-D$2(6"7&;8.::.<'19(5"%$B(!&$%$(8'90-$%(
%&.<(7&"7(7&$(QQC(*$7&.2(<'7&(7&$(-$%$$2'19(<"/6.'17(&"%(-.40%71$%%(-$:"7'D$(7.($`7$-1":(
<'12( 70-40:$15$( "12( 7.( 2$D'"7'.1( 8-.*( 7&$( 2$%'-$2( 7-"E$57.-/+( <&$-$"%( 7&$( 5.1D$17'.1":(
!hO;4"%$2(90'2"15$(*$7&.2(2.$%(1.7B(

(
['90-$(FZB(!-"5#'19(8:'9&7(":.19("(%&"-6:/(50-D$2(6"7&(012$-(<'12(70-40:$15$(

(

['90-$(FJB(O.17-.:(5.**"12%(20-'19(6"7&;8.::.<'19(":.19(7&$(%&"-6:/(50-D$2(6"7&(012$-(
<'12(70-40:$15$(@2$9A(
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6. Conclusions 

>(-.40%7(6"7&;8.::.<'19(90'2"15$("12(5.17-.:(%/%7$*(8.-("(=>?('%('17-.205$2B(Q0-$(60-%0'7(
90'2"15$(<'7&( "( -$5$2'19( D'-70":( <"/6.'17( '%( 6-.6.%$2( 7.( "5&'$D$( -.40%7( 6"7&;8.::.<'19(
5"6"4':'7/( 8.-( 7&$(=>?B(!&$( %/%7$*($1"4:$%( 7&$(=>?( 7.( -$5.D$-( 8-.*(&09$;7-"5#'19;$--.-(
%'70"7'.1%("::$D'"7'19(5.17-.:(%"70-"7'.1B(!&$(=>?(5"1(4$($U0'66$2(<'7&(-.40%71$%%(8.-("1/(
%&"-6:/(50-D$2(6"7&;8.::.<'19("12(<'12(70-40:$15$(5'-50*%7"15$%B(>1(.67'*":(1"D'9"7'.1(
5.1%7"17( "55.-2'19( 7.( "( 9'D$1( 6"7&( "12( "( 6-.6$-( -$5$2'19( D'-70":( <"/6.'17( 6.%'7'.1(
5.1%'2$-'19("(=>?(2/1"*'5%(%&.0:2(4$("1":/T$2('1(7&$(8070-$B(
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Flapping Wings with Micro Sensors and Flexible 

Framework to Modify the Aerodynamic Forces 

of a Micro Aerial Vehicle (MAV)1
 

!"#$%&'()*+,#$*
!"#$"%&'(%)*+,-)./'

!")0"%'

1. Introduction 

-)(* ./'$)0* 1.* 2'345* 13* '#5(605* ),5* .,56'#,0(4* 56)1/,35* ,#4* 7)85'6'505* .13* 9,#8* 6(#0"3'(5:*
;/,77'#$*910'1#<*,5*5)1=#*28*9,#8*#,0"3(*./8(35<*'5*0)(*9150*(..'6'(#0*=,8*1.*./8'#$*12>(605*
=)15(*5'?(*,3(*59,//(3*0),#*13*,31"#4*@*'#6)(5:*A#*0)'5*6),70(3<*0)(*,"0)13*'#0314"6(4*)1=*01*
"5(*914(3#*0(6)#1/1$8*01*.,23'6,0(*0)(*./,77'#$*='#$5*.13*9'631*,(3',/*B()'6/(5*CDEF5G*='0)*
./(H'2'/'08*,#4*59,30#(55:*-)(*0(39'#1/1$8*1.*DEF<*4(.'#(4*28*I(.(#5(*E4B,#6(4*J(5(,36)*
K31>(605*E$(#68*CIEJKEG<*4(#10(5*0)(*5'?(%/'9'0,0'1#*,#4*0)(*7(3.139,#6(*3(L"'3(9(#05*1.*
,'3*B()'6/(5*CE5)/(8<*MNNOG:*-)(*010,/*='#$57,#*1.*,*DEF*'5*(H7(60(4*01*2(*/(55*0),#*MP*69Q*
0)(*)'$)(50*B(/16'08*'5*,21"0*RO*S9T)3Q*0)(*3,#$(*1.*0)(*./'$)0*9'55'1#*'5*,21"0*MU*S9Q*,#4*
0)(*./'$)0*(#4"3,#6(*'5*,21"0*VU%MVU*9'#"0(5:*
-)(*(,3/'(50*./,77'#$*B()'6/(*C13*13#'0)170(3G*=,5*9,4(*28*W"50,B(*-31"BX*CY),#"0(<*MONRG:*
Z1*13#'0)170(3*=,5*4(B(/17(4*"5'#$*D[D\*0(6)#1/1$8*"#0'/*0)(*(#4*1.*0)(*/,50*6(#0"38:*E*
/'$)0(50* ./,77'#$* DEF* ='0)* ,* 010,/* 9,55* 1.* 1#/8* MM:@N* $3,95* =,5* 9,4(* 28* Y,/0(6)*
9'6319,6)'#'#$* /,2* '#*MNNN%VUUV*CK13#5'#%5'3'3,S<*VUUMQ*VUUVG:*-)(8*"5(4*0'0,#'"9%,//18*,5*
0)(*.3,9(*1.*./,77'#$*='#$5<*,#4*,55'$#(4*7,38/(#(<*,*71/89(3*9,0(3',/<*,5*0)(*61B(3'#$*5S'#*
1.* 0)(*,'3.1'/:*-)'5* '#0($3,0(4*503"60"3(*6,#*='0)50,#4*(H03(9(*B'23,0'1#*='0)* .3(L"(#68*1.*
913(* 0),#* ]U* ^?* ,#4* '0* =('$)05* 1#/8* U:]* $3,9:* -)(* Y,/0(6)* DEF<* _D'631%2,0`<* 6,#* 2(*
3(910(/8* 61#031//(4* ,5*='//* ,#4* 0)(* ./'$)0* (#4"3,#6(* '5*913(* 0),#* @*9'#"0(5:* a(5'4(5* 0)(*
=13S*1.*Y,/0(6)<*5(B(3,/*$31"75*'#*10)(3*"#'B(35'0'(5*4(B(/17(4*0)('3*./,77'#$*DEF5*='0)*
4'..(3(#0* 61#.'$"3,0'1#5* ,#4* ,60",0'1#* 73'#6'7/(5* Cb(25'0(* )007cTT===:,30'.'6',/9"56/(:*
619TG<* Cb(25'0(* )007cTT.1"3'(3:B"5(:B,#4(32'/0:(4"T6'9T731>(605T63,=/(3:)09G<* Cb(25'0(*
)007cTT===:$03':$,0(6):(4"T,0,5T0(,95T731>d(#019170(3:)09/G<* C\'00'<* VUUMQ* a,33(00<* VUUPQ*
&1#(5<* VUUPG:* ;13* '#50,#6(<*-e*I(/.0f5*DEF*_I(/./8`* 619715(4*1.* ,*7,'3* 1.*43,$1#./8%/'S(*
./(H'2/(* ='#$5* 3(6(#0/8* ,##1"#6(4* 0)('3* 5"66(55."/* )1B(3'#$* Ca,33(00<* VUUPG:* g0)(3='5(<* ,*

**************************************** *************************
M*-)(*9,>13*61#0(#0*1.*0)'5*6),70(3*'5*(H03,60(4*.319*0)(*,"0)13f5*.1//1='#$*0=1*7,7(35c*

!:&:*+,#$<*Y:h:*^5"<* &:+:*^1<* ,#4*Y:h:* ;(#$<* _;/,77'#$*b'#$5*='0)* KFI;*\(#5135* 01*D14'.8* 0)(*
E(3148#,9'6*;136(5*1.*,*D'631*E(3',/*F()'6/(<`*1+%-2,-'"%3'45.6".2,-'47'89/-)5":<*F1/:*M]N<*77:*NP%
MU]<*VUUi:*
!:&:* +,#$<* Y:h:*^5"<* ;:+:*^5',1<* Y:h:* ;(#$<* ,#4* +:h:* \)(#<* _E*D'631%E(3',/%F()'6/(* CDEFG*='0)*
;'$"3(%1.%['$)0*;/,77'#$*A#4"6(4*28*;/(H'2/(*b'#$*;3,9(5<`*EAEE*VUUN%UOiP:*
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.'H(4%='#$*087(*DEF*='0)*,*56'5513%/'S(*6/,77'#$*0,'/*0)3"50(3*9,4(*28*&1#(5*(0*,/:*1.*Z,B,/*
W3,4",0(*\6)11/:*-)(8*5)1=(4*0)(*/1#$*./'$)0*(#4"3,#6(*1B(3*VU*9'#*C&1#(5<*VUUPG:*
E/0)1"$)* 0)(* 73(B'1"5* '#0(3(50'#$* =13S5* 1.* DEF5* 9,#,$(4* 01* ./8* B',* ='3(/(55* 3(910(*
61#031/<* #1#(* 1.* 0)(* 731$3,95* ),5* 2((#* ,2/(* 01* ,6)'(B(* ,* /1#$* ,#4* 5"50,'#,2/(* ./'$)0:*
D13(1B(3<* 0)(* 4(0,'/(4* 9(6),#'59* 1.* 0)(* ./,77'#$* ./'$)0* '5* 50'//* "#4(3* 50"48* ,#4* 0)(*
"#50(,48*,(3148#,9'6*6),3,60(3'50'65*1.*0)(*./,77'#$*DEF5*,3(*"#6/(,3:*
K3(4'60'#$* 0)(* /'.0* .136(* 4"3'#$* ./'$)0* '5* ,* B(38* 63'0'6,/* '55"(* '#* 0)(* 4(5'$#* 1.* ,* DEF:*
D(,5"3'#$*0)(*'#50,#0,#(1"5*,(3148#,9'6*.136(*1#*,*./,77'#$*914(/*13*/'B(*'#5(60*3(9,'#5*,*
$3(,0* 6),//(#$(* '#* (H7(3'9(#0,/* ,(3148#,9'65:* -)(* (,3/8* 5"3B(85* 1.*9(,5"3'#$* ,B(3,$(4*
.136(*=(3(*9,4(*"5'#$*4(/'6,0(*2,/,#6(5*C^1//'6S<*MNRUQ*&(#5(#<*MNP@G:*g0)(3*73'13*3(5(,36)(5*
"5(4* 7'(?1(/(603'6* 7312(5* CY/1"7(,"<* MNiNG<* 503,'#* $,"$(5* C^1<* VUU]G* ,#4* 0)(* /,5(3*
'#0(3.(319(0(35* CI'6S'#51#<* MNN@G:* J(503'60(4* 28* 0)(* 5'?(* 1.* 9(,5"3'#$* 011/5<* '0* '5* "5",//8*
,55"9(4*0),0*,//*0)(*='#$5*2(),B(*'4(#0'6,//8*,#4*),B(*0)(*(L",/*.136(*61#03'2"0'1#*01*0)(*
./8'#$* 2148:* -)(3(.13(<* (..1305* 5)1"/4* 2(* .16"5(4* 1#* .,23'6,0'#$* 0)(* B(38* 4(4'6,0(* ,#4*
'4(#0'6,/*='#$*503"60"3(5*'#*0)(*61#B(#0'1#,/*4(B(/179(#0*1.*DEF:*
A#* 134(3* 01* $,0)(3* 913(* '#.139,0'1#* 4"3'#$* 0)(* ./,77'#$* 9,#("B(3<* =(* 9(,5"3(4* 0)(*
,(3148#,9'6*.136(*1.*,*Y,/0(6)%/'S(*DEF*28*0)(*61#B(#0'1#,/*/1,4%6(//5*'#*0)(*='#4%0"##(/<*
,#4*,/51*731715(4*0)(*'#0($3,0'1#*1.*KFI;*7'(?1(/(603'6*.1'/5*01*0)(*7,38/(#(*./,77'#$*='#$5*
1.* 0)(* DEF* 01* 7'6S* "7* 0)(* )%;-).6* /'.0* .136(:* b(* "5(4* D[D\* 0(6)#1/1$8* 01* .,23'6,0(* ,*
0'0,#'"9%,//18* ='#$* .3,9(* ,#4* ,* 5(0* 1.* $(,3%3(4"60'1#* 03,#59'55'1#* 61971#(#05<* ,#4*
4(715'0(4* 61#.139,/* 7,38/(#(* .'/9* 1#* 0)(*='#$* .3,9(* ,5* 0)(* ,'3.1'/* 5S'#* CK13#5'#%5'3'3,S<*
VUUMQ*VUUVG* C*b(25'0(*)007cTT7,38/(#(:619G:*-)(*,60",0'1#*.136(*13* 013L"(*,B,'/,2/(* .13* 0)(*
./,77'#$*='#$5*'5*43,'#(4*.319*0)(*$(,3%3(4"60'1#*03,#59'55'1#*5(0*61"7/(4*01*,*)'$)%57((4*
IY* 91013* 71=(3(4* 28* 6199(36',/* 71/8%/'0)'"9* 2,00(3'(5:* -)(* 7,38/(#(* ='#$* 5S'#* ,/51*
5(3B(5*,5*,#*(/(603'6,/* '51/,0'1#* /,8(3*2(0=((#* 0)(*KFI;*7'(?1(/(603'6*5(#5'#$*(/(9(#0*,#4*
0)(* 0'0,#'"9* .3,9(:* -)(* 1#%5'0(* /'.0* '#.139,0'1#* ,6L"'3(4* .319* ,* KFI;* 5(#5'#$* 5S'#* =,5*
41#(*28*0)(*,"0)135*1.* 0)'5*73(5(#0(4*=13S:*^(3('#<*=(*(97/18(4*.1"3%/'#S,$(*61#6(70* 01*
4(5'$#*,*03,#59'55'1#*9(6),#'59*.13*0)(*DEF:*E/0)1"$)*0)(*0=1*='#$5*1.*0)(*DEF*),B(*
0)(*5,9(*./,77'#$*,#$/(<*0)(3(*(H'505*"#,B1'4,2/8*,*9(6),#'6,/*7),5(*/,$*2(0=((#*0)(9*28*
B'30"(* 1.* 0)(* 03,#59'55'1#f5* 9(6),#'6,/* 73'#6'7/(* 1.* 17(3,0'1#:* -)(* 3(5"/0* '#* 0)'5* 6),70(3*
731715(5*,*#1B(/*,7731,6)*1.*'#0($3,0'#$*,*7,38/(#(%KFI;*)823'4*='#$*'#*,#*)%;-).6*=,8*01*
91#'013* 0)(* /'.0* .136(*1.*,* ./,77'#$*DEF* '#* 0)(*='#4%0"##(/* 0(50:*b(* .1"#4*,*#(=*4(5'$#*
9(0)141/1$8* 01* ,4>"50* 0)(* ,(3148#,9'6* 7(3.139,#6(* 1.*DEF*28* 6),#$'#$* 0)(* 7),5(* /,$*
2(0=((#*0)(*0=1*./,77'#$*='#$5*0)31"$)*.'#(*0"#'#$*1.*0)(*9(6),#'59*/'#S,$(5:*
E44'0'1#,//8<* 0)(* .'$"3(%1.%('$)0* 5031S(* 1.* )1B(3'#$* )"99'#$2'345* '5* 0)(* '4(,/* 03,>(60138*
=)'6)* 9,#8* 3(5(,36)(35* 1.* ./,77'#$* DEF5* )17(* 01* 7"35"(:* \(B(3,/* 517)'50'6,0(4*
9(6),#'595* 1.* ./,77'#$* ='#$5* =(3(* 6/,'9(4* 01* .'0* 0)'5* #,0"3,/* 9,#("B(3* 910'1#* '#* 0)(*
61#6(70",/*4(5'$#<*.13* '#50,#6(<* 0)(*a,#,/,*(0*,/:* '#*I(/,=,3(*e#'B(35'08*(97/18(4*,*P%2,3*
9(6),#'59*.13*$(#(3,0'#$*,*73(563'2(4*='#$*910'1#*0,S(#*.319*),=S910)*S'#(9,0'6*./'$)0*
4,0,*Ca,#,/,<*VUUPG:*-)(8*4(5'$#(4*,*9(6),#'59*.13*2',H',/*310,0'1#*1.*,*='#$*.13*,*)1B(3'#$*
DEF*CD6A#015)<*VUU@G:*D(,#=)'/(<*,#*'#5(60%/'S(*./,77'#$*='#$*9(6),#'59*=,5*731715(4*
28*Y3,#.'(/4*e#'B(35'08*C?2'S1=5S'<*VUUPQ*VUUPG*0)31"$)*0)(*#1B(/*'4(,*1.*,*41"2/(*57)(3'6,/*
\6106)*81S(:*E//* 0)(*,21B(*4(5'$#5*),B(* 50'//*#10*,B,'/,2/8*2((#*,77/'(4* 01* 0)(*VU%69*5'?(*
DEF*,#4* 0)(3(* (H'505* 56,36(/8* 5"66(55."/* (H,97/(5*1.* 0)'5*S'#4*,30'.'6',/*7,/9%5'?(*DEF5*
9,#".,60"3(4* 28* 61#B(#0'1#,/* 9,6)'#'#$:* ^(3('#<* ,* 2'19'9(0'6* .'$"3(%1.%('$)0* ./,77'#$*
'#4"6(4*28* 0)(* ./(H'2/(*='#$* .3,9(5*1.* 0)(*DEF5* '#* 0)'5*6),70(3*=(3(* .1"#4*,66134'#$/8:*
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-)(* ./'$)0* '#.139,0'1#* 120,'#(4* .319* ,* DEF* ='0)* 5"66(55."/* ./'$)0* 3(6134* 6,#* 2(* ,5* ,*
3(.(3(#6(*6197,3(4*01*#,0"3,/*./,77'#$*,#'9,/5<*,#4*$'B(*,*$"'4(/'#(*01*0)(*4(B(/179(#0*1.*
#(H0*$(#(3,0'1#*DEF*'#*,#*(97'3'6,/*9,##(3:*

2. DESIGN CONCEPT 

-)(*'55"(*1.*3(4"6'#$*=('$)05*.13*,#*,'3*B()'6/(<*(57(6',//8*.13*,*./,77'#$%='#$*./'$)0*B()'6/(*
)(3('#*4'56"55(4* '#* 0)'5* 6),70(3<* '5* ,*B(38* 63'0'6,/*7312/(9:*-)(* 6"33(#0* 03(#4* '5* 01*(97/18*
59,//<*7,/9%5'?(4*='#$*.1'/5:*^1=(B(3<*/'.0*,#4*0)3"50*.136(5*7314"6(4*28*0)(*91B(9(#0*1.*
='#$*./,77'#$*,/51*4(63(,5(4*='0)*5'?(*3(4"6'#$*1.*0)(*,'3.1'/<*,#4*0)(3(.13(*0)(*='#$*5'?(*
5)1"/4*2(*5"..'6'(#0/8*/,3$(:*;13*0)'5*3(,51#<*,4170'#$*0)(*0'0,#'"9%,//18*1.*)'$)*503(#$0)%01%
9,55*3,0'1*,5*0)(*,'3.3,9(*9,0(3',/*,#4*7,38/(#(*,5*0)(*5S'#*9,0(3',/*1.*./,77'#$%='#$*'5*,#*
,773173',0(*6197319'5(:*Z10(*0),0*,*/'$)0%=('$)0(4*,#4*)'$)%71=(3*2,00(38*'5*,/51*#((4(4:*
-1*120,'#* ,#* ,66"3,0(* 5'?(* 1.* ,* 0'0,#'"9%,//18* ,'3.3,9(*='0)*#1* 3(5'4",/* 503(55* '5* #10* (,58*
='0)* 0)(* 61#B(#0'1#,/*9,6)'#'#$*9(0)145:* A#0(3'13* 3(5'4",/* 503(55* 61"/4* 6,"5(* ,*=,37'#$*
4(.139,0'1#* '#* 0)(* 503"60"3(5* 1.* ,'3.3,9(5<* ,#4* (,5'/8*4'501305* 0)(* $(19(038* 1.* 0)(* ,'3.1'/:*
-)(3(.13(<*'#50(,4*1.*0)(*3($"/,3*9,6)'#'#$*0(6)#'L"(5<*=(0*(06)'#$*0(6)#'L"(*'5*(97/18(4*
01*0,'/13*0)(*,'3.3,9(*503"60"3(5*.319*,*0'0,#'"9%,//18*7/,0(*,#4*#1*,77,3(#0*3(5'4",/*503(55*
'5* .1"#4:* K,38/(#(* 61,0'#$* 0(6)#'L"(* '5* ,77/'(4* 01* /,8'#$* 0)(* ='#$* 5S'#* ,00,6)(4* 1#* 0)(*
0'0,#'"9* .3,9(:* -)(* .1//1='#$5* ,3(* 0)(* 4(5'$#* 4(0,'/5* 1.* 0)(* ,'3.3,9(* ,#4* ,* $(,3*
03,#59'55'1#*5850(9*,5516',0(4*='0)*0)(*,'3.3,9(:*

2.1 Design of the titanium-alloy airframe 

-)(* ./,77'#$%='#$* 91B(9(#0* 1.* ,* #,0"3(* 2'34* '#6/"4(5* ./,77'#$<* 0='50'#$<* .1/4'#$* ,#4*
$/'4'#$:*-)(5(*."#60'1#5*6133(/,0(*01*0)(*)'$)*(..'6'(#68*1.*./,77'#$*9(6),#'59:*A#*134(3*01*
3(,6)*B(38*/'$)0*=('$)0<*0)(*DEF*'#*0)'5*=13S*),5*./,77'#$*91B(9(#0*1.*1#/8*1#(*4($3((%
1.%.3((419*1#*7"3715(:*-)(3(.13(*'#*134(3*01*,6)'(B(*2(00(3*./'$)0*7(3.139,#6(<*0)(*./,77'#$*
='#$*9"50* 2(* ,2/(* 01* 5"50,'#* )'$)(3* ./,77'#$* .3(L"(#68* ,#4* 731B'4(* 5"..'6'(#0* .136(* .13*
./'$)0:*^'$)(3*./,77'#$*.3(L"(#68*'#B1/B(5*61#6(3#5*='0)*0)(*503"60"3,/*'#0($3'08:*I(5'$#'#$*
0)(*./,77'#$*='#$5*='0)*)'$)*503(#$0)*,#4*/1=*=('$)0*'5*,*63"6',/*'55"(:**

*

;'$"3(*M:*-=1*087(5*1.*./,77'#$%='#$*.3,9(*'#*=)'6)*0)(*0)'6S#(55*1.*-'%,//18*.3,9(*'5*VPU*
39*,#4*V*99*'#*='40)<*,#4*0)(*,3(,5*1.*b'#$*E*,#4*b'#$*a*,3(*@R:PU*69V*,#4*MUO:iP*69V<*
3(57(60'B(/8*
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b(* "5(* (H'50'#$*D[D\* 0(6)#1/1$8* .13* .,23'6,0'#$* 0)(* ='#$5* 01* (#5"3(* 0)(* ,66"3,0(* 5'?(*
61#031/* ,#4* 59,30#(55* 1.* 0)(* ./8'#$* 5850(9:*-)(*9,0(3',/* 1.* 0)(* ,'3.3,9(* '5* 0'0,#'"9%,//18*
C0)(*9(6),#'6,/*7317(30'(5*1.* 0'0,#'"9*$3,4(*Rc*4(#5'08*j*R:PR*$T69]Q*+1"#$f5*914"/"5*j*
MUR*WK,Q*0(#5'/(*503(#$0)*j*PPV*DK,G:*-)(*4(0,'/(4*4'9(#5'1#5*1.*0=1*087(5*1.*0)(*./,77'#$*
='#$5*,5*=(//*,5*0)('3*='#$*.3,9(5*,3(*5)1=#*'#*;'$:*M:*

2.2 Design of the gear transmission system 

-)(*$(,3*03,#59'55'1#*5850(9*.13*0)(*DEF*'5*619715(4*1.*,*$(,3%3(4"60'1#*5(0*,#4*,*.1"3%2,3*
/'#S,$(<* ,5* 5)1=#* '#* ;'$:* V:* b(* "5(* ,* i99%4',9(0(3* IAI[!* (/(603'6* 91013* 01* 43'B(* 0)(*
03,#59'55'1#* 5850(9:*-)(* $(,3* 5(0*='0)* ,* $(,3* 3,0'1* 1.* V@:@* ,4170(4* '#* 0)'5*=13S*731B'4(5* ,*
5"..'6'(#0*013L"(*.13*43'B'#$*0)(*./,77'#$*='#$5:*-)(*=)1/(*$(,3*5(0*,#4*0)(*91013*,3(*,33,#$(4*
1#*,#*,/"9'#"9*2,5(:*gE*'5*0)(*43'B'#$*/'#S,$(*,#4*0)(*.1//1='#$*/'#S,$(*aY*'5*61##(60(4*01*
0)(*='#$*503"60"3(:*-)(*43'B'#$*/'#S,$(*6,#*7(3.139*,*."//*3(B1/"0'1#*,#4*0)(*.1//1='#$*/'#S,$(*
"#4(3$1(5* ,* 316S'#$*910'1#:*-)(* /'#S5*gE<*aY*,3(*9,4(*1.* ,/"9'#"9*28*[IbY* C(/(603'6,/*
4'56),3$(*='3(* 6"00'#$G* Cb(//(3<* MNO]G<* ,#4* 0)(* /'#S*aY* '5*9,4(* 1.* 0'0,#'"9%,//18* 28*D[D\*
7316(55:* -)(*#14,/* 71'#0* '5* ,* M99%4',9(0(3* 50,'#/(55* 0"2(* 0),0* 61##(605* 0)(* ,/"9'#"9*2,5(*
3'$'4/8:*

*

;'$"3(*V:*W(,3*03,#59'55'1#*5850(9:*A#*='#4%0"##(/*0(505<*0)(*,/"9'#"9*2,5(*'5*,4170(4*,#4*
0)(*/'$)0*7/,50'6*2,5(*'5*5(/(60(4*.13*3(,/*./'$)0*

b(*6,#*(,5'/8*,6)'(B(*4'..(3(#0*5031S(*,#$/(5*,#4*./,77'#$*5899(038*C0)(*/,$*7)(#19(#1#*
2(0=((#*0)(*0=1*='#$5*'#*0)(*./,77'#$*910'1#G*28*,4>"50'#$*0)(*4'9(#5'1#5*1.*/'#S5*gE<*Ea*
,#4*aY:*-)(*5(/(60(4*/(#$0)5*.13*(,6)*/'#S5*,3(*gEjR*99*,#4*EajVM:P*99:*!'#S*aY*),5*,*
B,3',2/(* /(#$0)<*=)'6)* B,3'(5* .319* O*99* 01* MV*99<* ,#4*='0)* /(#$0)* B,3',0'1#* 1.* 5"6)* ,*
3,#$(<*0)(3(*,3(*6133(571#4'#$/8*/,3$(*6),#$(5*1.*5031S(*,#$/(5*,#4*7),5(*,#$/(*/,$5*C9,HG*
'#*./,77'#$*91B(9(#0<*,5*5((#*'#*0,2/(*M:*E/0)1"$)*0)(*0=1*='#$5*),B(*0)(*5,9(*./,77'#$*
,#$/(* 1.* ]N* 01* @M* 4($3((5<* 0)(3(* (H'505* "#,B1'4,2/8* ,* 9(6),#'6,/* 7),5(* /,$* 1.* V:P* 01* M]*
4($3((5* 2(0=((#* 0)(9* 4"(* 01* 0)(* $(,3%03,#59'55'1#f5* 73'#6'7/(* 1.* 17(3,0'1#* C5((* 0)(*
5'9"/,0(4*4,0,*'#*;'$:*]:G*
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;'$"3(*]:*\031S(*,#$/(5*1.*0=1*./,77'#$*='#$5*B5:*1#(*7(3'14*1.*0'9(*

2.3 Aerodynamic force measurement by PVDF 

K'(?1(/(603'6* 9,0(3',/5* ),B(* 2((#* ='/4/8* "5(4* '#* 9,#8* S(8* 0(6)#1/1$'(5<* '#6/"4'#$*
9'631(/(6031#'65<* 5'$#,/* 7316(55'#$<* 5(#5135* ,#4* ,60",0135:* E91#$* ,//* 7'(?1(/(603'6*
9,0(3',/5<*0)(*KFI;*9,0(3',/*6,#*2(*.,23'6,0(4*'#*,#8*5),7(*1.*0)'#*.'/9*,#4*'#0($3,0(4*='0)*
7,38/(#(*28*D[D\*0(6)#1/1$8:*-)"5<*,*./(H'2/(*0)'#*.'/9*1.*KFI;*'5*5"'0,2/(*'#*50"48'#$*0)(*
,(3148#,9'6*.136(*1.*./,77'#$*='#$5:*
-)(*9,0)(9,0'6,/*914(/* .13* /'.0* .136(*9(,5"3(9(#0* 28*KFI;* '5*4(563'2(4* ,5* .1//1=5:*b(*

,55"9(*0),0*0)(3(*'5*,*73(55"3(*4'..(3(#6(*4'503'2"0'1#*∆<=>?/?@A'2(0=((#*0)(*"77(3*,#4*0)(*
/1=(3*5'4(5*1.*0)(*./,77'#$*='#$:*!'.0*.136(*'5*6,/6"/,0(4*28*0,S'#$*0)(*'#0($3,/*1.*∆<'1B(3*0)(*
='#$*5"3.,6(*1c*

* * 55 ∆=
S

dAzyxpL ),,( * CMG*

b)(#*0)(*73(55"3(*4'..(3(#6(*∆<*1.*0)(*,'3*./1=*.'(/4*,605*1#*0)(*KFI;*.'/9<*>"50*/'S(*0)(*6,5(*
1.*$'B'#$*,*.136(*1#*,*5)(//*13*,*7/,0(<*0)(*KFI;*.'/9*,#4*='#$*5S'#*2(619(*4(.139(4*,#4*

503(06)(4:*b(* ,55"9(* 0)(* 7/,#(* 503(55* 4'503'2"0'1#* 1#* 0)(* ./,77'#$* ='#$* '5*σ>=>?/?@A* ,#4'
σ/=>?/?@A*=)'6)*,3(*3(/,0(4*01*∆<=>?/?@'A'28*0)(*.1//1='#$*/'#(,3*3(/,0'1#5)'7*C^11S(f5*/1=Gc**

* ),,(),,(),,(),,(),,( zyxzyxkzyxzyxkzyxp yyxx σσ ⋅=⋅=∆ * CVG*
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=)(3(*$>',#4'$/',3(*50'..#(55*."#60'1#5*,55"9(4*28*0)(*,"0)135:*J($,34'#$*KFI;*.'/9*,5*,#*
,'3*.1'/*.13*5(#5'#$*,(3148#,9'6*.136(<*=(*$(0*0)(*6),3$(*4(#5'08*&)'=)B>?/?@A*28*0)(*.1//1='#$*
7'(?1(/(603'6*03,#5.139,0'1#*3(/,0'1#5)'7*C!'"<*VUU@Gc**
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b(*,55"9(*0)(*./,77'#$*='#$*,5*,*7/,#(%503(55*7312/(9<* C*@'BDG:*-)(*6),3$(*4(#5'08*,/1#$*
0)(*k%4'3(60'1#*0)(3(.13(*6,#*2(*4(3'B(4*,5c*

* ),,(),,(),,( 3231 zyxdzyxdzyx yxz σσρ ⋅+⋅= ** CPG*

Y192'#'#$*[L5:*CV*01*PG<*=(*$(0*0)(*010,/*6),3$(*E*'#*0(395*1.*0)(*73(55"3(*4'..(3(#6(*∆<*,#4*
0)(*50'..#(55*."#60'1#*$*,5*.1//1=5c*

* 55 55
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*
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+⋅∆==

S S yx
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d

zyxpdAzyxQ
),,(),,(

),,(),,( 3231ρ * *C@G*

a(6,"5(*0)(*50'..*."#60'1#*$>*,#4*$/*,3(*#10*"#'.139*1B(3*0)(*='#$*5S'#*,3(,*1<*0)(*/'.0*.136(*F*
'#* [L:* CMG* 6,#* #10* 2(* 4'3(60/8* 5(7,3,0(4* .319* [L:* C@G:* b(* 0(9713,3'/8* ,#4* (L"'B,/(#0/8*
3(7/,6(*0)(*23,6S(0*'#*[L:*C@G*='0)*3G<*,#4*120,'#*0)(*.1//1='#$*(H73(55'1#c*

* LdQ ⋅= * ** *CiG*

A#*[L:* CiG<* 0)(* 010,/*6),3$(*E*6,#*2(*,/51*(H73(55(4*28*,*B1/0,$(*H*,63155* 0)(*7'(?1(/(603'6*
CKFI;G*6,7,6'013*I*28*0)(*3(/,0'1#5)'7*

* VCQ ⋅= ** COG*

Y192'#'#$*[L5:*CiG*,#4*COG<*0)(*/'.0*.136(*6,#*2(*4(0(39'#(4*/'#(,3/8*='0)*0)(*B1/0,$(*H:*

* **** V
d
C

d
Q

L )( ** == ** CNG*

-)(* 5'97/'.'(4* 914(/* 4(563'2(4* 28* [L* CNG* $'B(5* "5* ,* $"'4(/'#(* '#* 73'#6'7/(* 0),0* 0)(* /'.0*
'#.139,0'1#*6,#*2(*120,'#(4*(/(603'6,//8* .319* 0)(*B1/0,$(*$'B(#*28* 0)(*KFI;*7'(?1(/(603'6*
.'/9* '#* ,#* )%;-).6* =,8:* A#* ,44'0'1#<* 5"6)* ,#* 1"07"0* 5'$#,/* .319* 0)(* KFI;* .'/9* #((45*
6,/'23,0'1#* 13* L",#0'0,0'B(* 6197,3'51#* ='0)* 0)(* /1,4%6,//* 5(#5135* '#50,//(4* '#* 0)(* ='#4%
0"##(/*,B,'/,2/(*.13*0)(*0(50*1.*DEF5*'#*0)'5*=13S:*
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3. FABRICATION  

*

;'$"3(*R:*K316(55*./1=*1.*,*KFI;%7,38/(#(*='#$#C,GY/(,#*0)(*0'0,#'"9%,//18*5"2503,0(Q*
C2GY1,0*0)(*41"2/(*5'4(5*1.*0)(*0'0,#'"9%,//18*5"2503,0(*='0)*7)1013(5'50*CKJGQ*C6GK)101%
/'0)1$3,7)'6,//8*7,00(3#*0)(*KJ*1#*0)(*017*5'4(*,5*0)(*(06)'#$*9,5SQ*C4G*[06)*0)(*0'0,#'"9%
,//18*5"2503,0(*01*='#$*.3,9(5*28*^;*,6'4Q*C(G\03'7*KJ*,#4*6/(,#Q*C.GY1,0*0)(*.'350*7,38/(#(*
.'/9*,5*0)(*'#5"/,0(4*/,8(3Q*C$GK,50(*0'0,#'"9%,//18*.3,9(*='0)*KFI;Q*C)GY1,0*0)(*5(61#4*
7,38/(#(*.'/9*,//*1B(3*0)(*KFI;*,#4*='#$%.3,9(<*,#4*6197(0(*KFI;%7,38/(#(*='#$5*

-)(*.,23'6,0'1#*7316(55*1.*0'0,#'"9%,//18*D[D\*='#$5*='0)*5(#5'#$*KFI;*.'/9*'5*5)1=#*'#*
;'$:*R*,#4*4(563'2(4*,5*2(/1=:*

• \0(7*C,Gc*E*0'0,#'"9%,//18*5"2503,0(*'5*6/(,#(4*='0)*,6(01#(*,#4*'5173178/*,/61)1/*CAKEG:*
-)(#<*'0*'5*./"5)(4*='0)*4(%'1#'?(4*=,0(3*CIA*=,0(3:G*

• \0(7* C2Gc* a10)* 5'4(5* 1.* 0)(* 0'0,#'"9%,//18* 5"2503,0(* ,3(* 61,0(4*='0)* 7)1013(5'50* CKJG<*
EkR@VU<*28*,*57'#*61,0(3:*[H,60*61#031/*1.*0)(*310,0'1#*57((4*'5*(H(36'5(4*01*$(0*MU*39*
0)'6S*KJ<*5(3B'#$*,5*,*9,5S*/,8(3*.13*5"25(L"(#0*17(3,0'1#:*

• \0(7*C6Gc*-)(*"75'4(*KJ*'5*7,00(3#(4*28*,#*A%/'#(*eF*61#0,60*,/'$#(3:*-)'5*50(7*4(.'#(5*,*
7,00(3#*,5*,#*(06)'#$*9,5S'#$* .13* 0)(* 0'0,#'"9%,//18* .3,9(5*,$,'#50* 6)(9'6,/* (06),#0:*
-)(*4(B(/17(3*.13*0)(*EkR@VU*KJ*'5*EkRUUh:*

• \0(7* C4Gc* -)(* 0'0,#'"9%,//18* 5"2503,0(* '5* 4'77(4* '#* )8431./"13'6* C^;G* ,6'4* 01* (06)*
"#61B(3(4*0'0,#'"9*.13*PU*9'#"0(5:*E.0(3*0)(*(06)'#$*7316(55<*0)(*$(19(038*1.*0)(*='#$*
.3,9(5*,77(,35:*

• \0(7* C(Gc*-)(*5"2503,0(* 0)(#*7"0* '#*,6(01#(*51/"0'1#* 01*503'7*KJ*.319*210)*5'4(5*1.* 0)(*
0'0,#'"9%,//18*5"2503,0(:*E//*0)(*7,305*,3(*6/(,#(4*,#4*./"5)(4*='0)*IA*=,0(3:*

• \0(7* C.Gc* -)(* .'350* 7,38/(#(* 4',7)3,$9* '5* 4(715'0(4* 1#* 0)(* 0'0,#'"9%,//18* '#* 0)(* \Y\*
KI\%VUMU* 7,38/(#(* 61,0(3:* ;13* 0)'5* 50(7<* MP* $* 1.* 7,38/(#(* 4'99(3* 8'(/45* ,#*
,7731H'9,0(/8*MM:P*39*0)'6S*.'/9*,#4*0)'5*7,38/(#(*.'/9*'5*"5(4*,5*,#*'#5"/,0(4*/,8(3:*

• \0(7*C$Gc*E*VP*39*0)'6S*7'(?1(/(603'6*.'/9<*KFI;<*'5*7,50(4*1#*0)(*.3,9(5:*
• \0(7*C)Gc*-)(*KFI;*.'/9*,#4*0)(*='#$*.3,9(*,3(*61,0(4*='0)*0)(*5(61#4*7,38/(#(*/,8(3:**
^,B'#$*41#(*0)(*7316(55*9(#0'1#(4*,21B(<*=(*6,#*$(0*0)(*KFI;*./,77'#$*='#$5*5)1=#*'#*
;'$:*P:*-)(*7,38/(#(*./,77'#$*='#$5*='0)1"0*KFI;*5(#5'#$*.'/9*,3(*120,'#(4*28*0)(*5'9'/,3*
7316(55<* (H6(70* "5'#$* ,#10)(3* 7,50'#$* 0,7(* ,5* 0)(* 5"77130'#$* 50"..* '#* \0(7* C$G* ,#4*



Aerial Vehicles 

*

698 

4(/,9'#,0'#$*0)(*0,7(*,.0(3*7,38/(#(*61,0'#$:*a8*6,3(."/*.,23'6,0'1#*,#4*,55(92/8<*0=1*087(5*
1.*DEF5*'#*0)'5*=13S*,3(*5)1=#*'#*;'$:*@:*-)(*0=1%='#$*DEF*#,9(4*b'#$*E*CY,/0(6)%/'S(*
DEFG*),5*,*9,55*1.*i:NM$<*=)(3(,5*0)(*5'#$/(%='#$*DEF*b'#$*a*),5*,*9,55*1.*i:PV$:*-)(*
010,/*9,55*1.* 0)(*0=1*DEF5*,3(* '#63(,5(4*01*M]:NM*,#4*M]:PV*$3,95*3(57(60'B(/8*,.0(3*0)(8*
,3(*6192'#(4*='0)*(97(##,$(*,#4*71/8%/'0)'"9*2,00(3'(5*,44'0'1#,//8:*

* *

* C,G* C2G*
;'$"3(*P:*DEF*914(/5*'#*='#4%0"##(/c*C,G*-)(*6197/(0(4*KFI;%7,38/(#(*./,77'#$*='#$:*C2G*
\(0"7*.13*0(50'#$*0)(*./,77'#$*='#$5*='0)*KFI;*5(#5'#$*5S'#*'#*0)(*='#4%0"##(/*

* *

* C,G** C2G**
;'$"3(*@:*-)(*,77(,3,#6(*1.*0)(*./,77'#$*DEF5*C'#6/"4'#$*$(,3*03,#59'55'1#*5850(9<*='#$5<*
IY*91013<*."5(/,$(<*,#4*0,'/Gc*C,G*b'#$*E*='0)*9,55*1.*i:NM*$Q*C2G*b'#$*a*='0)*9,55*1.*i:PV*$*

4. TEST AND RESULTS 

4.1 Wind-tunnel test  
-)(*,(3148#,9'6*0(50'#$*1.*DEF5*'#*0)'5*=13S*=,5*61#4"60(4*'#*,*59,//*='#4%0"##(/:*-)(*
4'9(#5'1#*1.*0)(*0(50*5(60'1#*),5*,*57,6(*1.*]Ul]UlMUU*69]*,#4*0)(*'#/(0*61#03,60'1#*3,0'1*'5*
@:VP:*-)(*='#4*57((4*3,#$(4*.319*U*01*i*9T5<*9(,5"3(4*='0)*,*)10%='3(*,#(919(0(3:*-)(*
/1,4%6(//* Ca(30(6<*g^<*e\EG*='0)* 57(6'.'6,0'1#5* 1.* VUU*$* ,#4* MUU*$* ,3(* 3(571#5'2/(* .13* 0)(*
.136(*9(,5"3(9(#0*1.*/'.0*,#4*43,$<*3(57(60'B(/8:*A0*),5*0)(*9,H'9"9*(3313*U:Vm*1.*0)(*."//%
56,/(*5'$#,/*4"(*01*0)(*/'#(,3'08*13*)850(3(5'5:*A#*0)(*='#4*0"##(/*0(50'#$<*0)(*DEF*'5*7/,6(4*
1#* 0)(* /1,4%6(//* 4'3(60/8* 01* 120,'#* 0)(* 4,0,* 1.* /'.0* ,#4* 43,$* .136(5:* ;'$:* i* 5)1=5* 0)(*
(H7(3'9(#0,/*5(0"7:*
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* *

* C,G* *C2G*
;'$"3(*i:*-)(*='#4%0"##(/*0(50*5850(9c*C,G*!1=*57((4*='#4%0"##(/Q*C2G*!1,4%6(//*Ca(30(6*Y137:G*

-)(*56)(4"/(4*7316(55*1.*61//(60'#$*,*4,0,*71'#0*28*0)(*5(0"7*'#*;'$:i*'5*4(.'#(4*,5*2(/1=c*
M: U*5c*-"3#*1#*0)(*/1,4*6(//Q*
V: V*5c*J(5(0*0)(*/1,4%6(//Q*
]: P*5c*-"3#*1#*0)(*='#4%0"##(/Q*
R: MV*5c*\0,30*0)(*./,77'#$*1.*0)(*DEFQ*
P: MO*5c*\0,30*0)(*4,0,*61//(60'1#*1.*/'.0*,#4*0)3"50Q*
@: ]U*5c*\017*0)(*4,0,*61//(60'1#*C0)(*010,/*4,0,*61//(60'1#*0'9(*'5*MV*5:G*
-)(*4,0,%23((4'#$*3,0(*1.*0)(*/1,4%6(//* '5*5(0*,5*M<UUU*71'#05*7(3*5(61#4:*-)(#*=(*61//(60(4*
MV<UUU* 71'#05* 1.* 4,0,* '#* (B(38* ./,77'#$* 61#4'0'1#<* ,#4* '#0($3,0(* 0)(9* '#01* 0'9(%,B(3,$(4*
B,/"(5*1.*/'.0*!*,#4*0)3"50*":*-)(5(*MV<UUU*71'#0*4,0,*9,8*#10*2(*4'B'4(4*'#01*31"#4*#"92(3*
1.*686/(5*.13*4'..(3(#0*='#$2(,0*.3(L"(#6'(5*C.319*i:V*01*V]:@*^?G:*^1=(B(3<*0)(*(3313*4"(*01*
#1#'#0($(3*686/(5*1.*='#$2(,0'#$*'5*61#.'#(4*/(55*0),#*U:Ri*m:*
*
*

*

;'$"3(*O:*J(/,0'1#5)'7*1.*/'.0%.136(*B5:*='#4*57((4*='0)*#1*./,77'#$*
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A#*134(3*01*50"48*0)(*3(/,0'1#5)'7*2(0=((#*0)(*/'.0*.136(*,#4*0)(*='#4*57((4:*-)(*DEF5*='0)*
7,38/(#(*='#$5*,3(*5(0*,0*,#*,00,6S*,#$/(*01*VU*4($3((5:*b'#$*E*,#4*b'#$*a*=(3(*9(,5"3(4*
5"66(55'B(/8*='0)*#1*./,77'#$*'#*0)(*='#4%0"##(/*.'350:*b'0)*='#4*57((4*'#63(,5(4*.319*M*01*
i*9T5<* 0)(*/'.0* .136(* '#63(,5(*B'$131"5/8:*-)(*,6L"'3(4*4,0,*1.* /'.0* .136(*B(35"5*='#4*57((4*
,3(* 5)1=#* '#* ;'$:* O:* -)'5* 3(5"/0* 3(B(,/5* 0),0*b'#$*a* ),5* ,* $3(,0(3* /'.0* .136(* 0),#*b'#$*E*
CY,/0(6)%/'S(G*41(5*4"(*01*0)(*/,3$(3*='#$*,3(,:*a10)*1.*0)(9*),B(*0)(*3'$)0*0(#4(#68*0),0*/'.0*
.136(5*'#63(,5(*='0)*0)(*5L",3(*1.*='#4*57((4:*
-)(* ,(3148#,9'6* 7(3.139,#6(* 1.* 0)(* 0=1* ='#$5* 4"3'#$* ./,77'#$* =,5* ,/51* 50"4'(4:* A#* 0)(*
./,77'#$*0(50<*0)(*./,77'#$*.3(L"(#68*J*'5*61#031//(4*28*,*IY*91013*,#4*0)(*B1/0,$(*,77/'(4*
01*0)(*91013*=,5*5(0*.319*]*F*01*i*F*01*$(0*0)(*./,77'#$*.3(L"(#68*3,#$'#$*.319*i*^?*01*M@*

^?:* -)'5* 48#,9'6* (H7(3'9(#0*=,5* 61#4"60(4* ,0* 0)(*='#4* 57((4* U  1.* M* 01* P*9T5:* ;'$:* N*
5)1=5*0)(*(H7(3'9(#0,/*3(5"/05:*-)(*/'.0*,#4*0)3"50*61(..'6'(#05*6,#*2(*(H73(55(4*,5*.1//1=5c*

*
2

2
UA

L
CL ⋅⋅

=
ρ

** CMUG*

*
2

2
UA

T
CT ⋅⋅

=
ρ

** CMMG*

=)(3( L <T < ρ <U <* ,#4 A * ,3(* /'.0<* 03"50<* ,'3* 4(#5'08<* ./'$)0* 57((4<* ,#4* ='#$* ,3(,<*
3(57(60'B(/8:*-)(*,4B,#6(*3,0'1*K*'5*,/51*4(.'#(4*,5*0)(*3,0'1*1.*0)(*./'$)0*57((4*01*0)(*57((4*
1.*0)(*='#$0'7c*

*
bf

U
J

⋅⋅⋅
=

φ2
* *CMVG*

=)(3(*φ <* f *,#4* b *,3(*5031S(*,#$/(<*./,77'#$*.3(L"(#68<*,#4*5(9'%='#$*57,#<*3(57(60'B(/8:*
;13*0)(*$(#(3,/*6,5(*1.*"#50(,48%50,0(*./,77'#$*./'$)0<*0)(*,4B,#6(*3,0'1*K''5*/(55*0),#*M:*-)(*
,4B,#6(*3,0'1*K*,7731,6)(5*B(38*/,3$(*.13*0)(*6,5(*1.*,*.'H(4*='#$*C#1*./,77'#$G:*A#*0)'5*=13S<*
(B(#*='0)*,*61#50,#0*,#$/(*1.*0)(*,00,6S*'5*5(0*61#50,#0*CVU*4($3((5G<*=(*6,#*50'//*,4>"50*0)(*
./,77'#$*.3(L"(#68*,#4*0)(*='#4*57((4*01*$(0*B,3'1"5*B,/"(5*1.*K*'#*0)(*./,77'#$*C48#,9'6G*
0(50:*;319*0)(*3(5"/0*'//"503,0(4*'#*;'$:*N<*'#*0)(*3($'9(*=)(3(*K*/(55*0),#*1#(*C"#50(,48*50,0(G*
0)(*IF* '5* '#63(,5(4* 3,7'4/8:*b'0)* K* '#63(,5'#$<* 0)(*IF* ,7731,6)(5* 01* 0)(* 50,0'6* B,/"(*1.* U:M*
CKnRG*=)'6)*'5*,/9150*(L",/*01*0)(*B,/"(*1.*IF*1.*#1*./,77'#$*914(*'#*;'$:*O:*
-)(*3(5"/0*1.*;'$:*N*,/51*5)1=5*0),0*b'#$*E*CY,/0(6)%/'S(*DEFG*'5*5"7(3'13*01*b'#$*a*210)*'#*
$(#(3,0'#$*/'.05*,#4*03"505*4"3'#$*0)(*./,77'#$*./'$)0:*-)(*4,0,*,3(*3,0)(3*56,00(3'#$*#(,3*KjM:!
-)(*'55"(*'5*4"(*01*0)(*B(38*/1#$*0(50'#$*0'9(*C1B(3*MU*)1"35*.13*(H03,60'#$*PU*4,0,*71'#05*1.*
IF* ,#4* I!G* 1.* 1"3* DEF* '#* 0)(* ='#4* 0"##(/:* Y1#5(L"(#0/8<* 0)(* 503"60"3(* 1.* 1"3* DEF*
(#61"#0(35*0)(*,$'#$*7312/(9:*;13*(H,97/(<*9,#8*9(6),#'6,/*61971#(#05*1.*0)(*DEF*50,30*
01* 4(B',0(* .319* 0)('3* 13'$'#,/* 715'0'1#5<* ,#4* 61#5(L"(#0/8* 4($3,4'#$* 0)('3* ,(3148#,9'6*
7(3.139,#6(:! ;'$:* N* ,/51* 3(B(,/5* 0),0<* ,5* K* '5* /(55* 0),#* M<*b'#$*E* CY,/0(6)%/'S(G* $(#(3,0(5*
519(=),0*/,3$(3*/'.0*,#4*0)3"50*61(..'6'(#05*0),#*b'#$*a*'#*0)(*./,77'#$*914(*1.*./'$)0:*A0*'5*
.13*0)(*(H6"5(*0),0*b'#$*E*),5*'05*='#$*57,3<*='#$*6)134*,#4*='#$*3'2*5031#$(3*0),#*b'#$*
a<*,#4*5"6)*,*)'$)*50'..#(55*1.*./,77'#$*='#$*$(#(3,0(5*./'$)0*='0)*)'$)*57((4*,#4*./,77'#$*
.3(L"(#68:**
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* C,G* C2G*
;'$"3(*N:*-)(*"#50(,48*,(3148#,9'6*6),3,60(3'50'65*1.*b'#$*E*,#4*b'#$*a:*C,G*/'.0*
61(..'6'(#0*Q*C2G*0)3"50*61(..'6'(#0*

b(*,/51*,//1=(4*0)(*0=1*087(5*1.*./,77'#$*DEF5*01*7(3.139*0)('3*.3((*./'$)05<*':(:<*/(0*0)(9*
5"50,'#*0)(*./'$)0*28*71/8%/'0)'"9*2,00(3'(5*='0)1"0*3(910(*./'$)0*61#031/*1#*0)(*50,2'/'08*1.*
0)(*DEF* '#* 3(,/* 0'9(:* [B(#* 0)1"$)*b'#$*E* ),5* ,* 5"7(3'13* ,(3148#,9'6* 7(3.139,#6(* ,5*
9(#0'1#(4*,21B(<*'0*'5*),34*01*),B(*,*5"66(55."/*.3((*./'$)0:*-)(*3(,51#*9,8*2(*4"(*01*0),0*
0)(* 4'..'6"/08* '#* /16,0'#$* ,#4* ,4>"50'#$* 0)(* $3,B'0,0'1#* 6(#0(3* ,5*=(//* ,5* 0)(* ,(3148#,9'6*
6(#0(3* 1.* 0)'5* 0=1%='#$* DEF* 0),0* =(* 6,##10* (#5"3(* 0)(* 50,0'6* 50,2'/'08* 1.* 0)(* b'#$* E*
CY,/0(6)%/'S(G:*g#* 0)(* 61#03,38<*b'#$* a* ),5* ,* 5"66(55."/* .3((* ./'$)0*='0)* ,* ./'$)0* 3,#$(* 1.*
913(*0),#*MU*9(0(35:*
-)(* 1#%5'0(* /'.0* 1"07"0* .319* KFI;* 5(#5'#$* 5S'#* 1#* 0)(* DEF* '5* #1* 41"20* 0)(* 73'9,38*
B'(=71'#0*,#4*61#03'2"0'1#*1.*0)'5*=13S:!-)(*b'#$*E*='0)*KFI;%7,38/(#(*619715'0(*5S'#*'5*
,4170(4* .13* 0)'5* 0(50:* -)(* ,(3148#,9'6* 5'$#,/5* ,3(* 7'6S(4* "7* 5"66(55."//8* 28* KFI;* ,#4*

/1,4%6(//* 5'9"/0,#(1"5/8:*b)'/(* 0)(* /'#S*aY* '5*MM*99<" #)(*61//(60(4* /'.0*4,0,*,3(* 5)1=#* '#*

;'$:*MU:*A0*,77(,35*0),0*0)(3(*'5*,*7),5(*4(/,8*2(0=((#*0)(*KFI;*5'$#,/*C;'$:*MUC,GG*,#4*/1,4%
6(//* 5'$#,/* C;'$:* MUC2GG:*^1=(B(3* 0)'5* '5* 4"(* 01* 0),0* 0)(* /(.0*='#$* '5* 619715(4* 1.* ,* KFI;*
5(#5'#$*5S'#*,#4*0)(*3'$)0*='#$*'5*7"3(*7,38/(#(:*-)(*5'$#,/*.319*0)(*KFI;*.'/9*4(#10(5*0)(*
/'.0*'#.139,0'1#*1.*0)(*/(.0*='#$<*=)'6)*41(5*#10*'#6/"4(*0),0*1.*0)(*3'$)0*='#$:*D(,#=)'/(<*
0)(* 5'$#,/* .319* 0)(* /1,4%6(//* 5"95* "7* 0)(* $/12,/* .136'#$* (..(60* .319* 210)* ='#$5:* b'0)*
B,3',2/(*/(#$0)5*1.*/'#S*aY<*0)(*7),5(*/,$*1.*0)(*0=1*='#$5*3(5"/0(4*'#*0)(*6"3B(*1.*KFI;<*
=)'6)*'5*,)(,4*13*2()'#4*0)(*/1,4%6(//:*
*

*

* C,G* *C2G**
;'$"3(*MU:*!'.0*5'$#,/5*1.*0)(*DEFc*.319*C,G*KFI;*.'/9*,#4*C2G*/1,4%6(//*
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a8*5"7(3'9715'#$*,*5'9'/,3*6"3B(*1.*;'$:*MUC,G*='0)*,*7317(3*7),5(*/,$*CMM*4($3((G*'#01*;'$:*
MUC,G* '05(/.<*=(* 6,#*$(0* 0)(* _75("41`* 3(5"/0* '#*;'$:* MM*=)'6)*9,06)(4*='0)*;'$:* MUC2G*B(38*
=(//* '#* ,* L",/'0,0'B(* =,8:* -1* ,33'B(* ,0* 0)(* 7317(3* 7),5(* /,$* .13* 5"7(3'9715'0'1#<* =(*
,66"3,0(/8* 5"7(3'9715(* 28* 9,0)(9,0'6,/* 9(0)14<* .319* U* 01* Vi* 4($3((5<* ,#4* "5(* 0)(*
50,#4,34*4(B',0'1#*01*4(.'#(*0)(*5'9'/,3'08*2(0=((#*0)(*75("41*KFI;*,#4*/1,4%6(//*6"3B(:*
b(*.'#4*0)(*7),5(*/,$*1.*MM*4($3((5*'5*0)(*9150*.'00'#$*6,5(<*,5*5)1=#*'#*;'$:*MV:*

*

*

;'$"3(*MM:*-)(*_75("41*KFI;`*5'$#,/*619(5*.319*5"7(3'9715'#$*,*5'9'/,3*6"3B(*1.*;'$:*
MUC,G*='0)*,*7317(3*7),5(*/,$*CMM*4($3((G*'#01*;'$:*MUC,G*'05(/.*01*9,06)*=(//*='0)*/1,4*6(//*
5'$#,/*
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;'$"3(*MV:*a8*"5'#$*0)(*50,#4,34*4(B',0'1#*01*>"4$(*0)(*5'9'/,3'08*

g#(*1.*0)(*5'$#'.'6,#0*.'#4'#$5*.319*0)(*#(=*61#.'$"3,0'1#*1.*0)(*./,77'#$*='#$5*'5*0),0*0)(*
7),5(*/,$*1.*0)(*$(,3*03,#59'55'1#*5850(9*'5*'#(B'0,2/(*'#*0)(*9(6),#'6,/*4(5'$#:*-)(3(.13(*'0*
'5*'#50(,4*"5(4*01*(#),#6(*0)(*/'.0*2(),B'13*1.*DEF:*;13*(H,97/(<*=(*6,#*9,S(*0)(*/'.0*6"3B(*
59110)(3* 01* 5"50,'#* ,* 2(00(3* ,00'0"4(* 1.* 0)(* DEF* 4"3'#$* 0)(* ./,77'#$* 63"'5(:* E.0(3*
(50,2/'5)'#$* 0)(* 3(/,0'1#5)'7* 2(0=((#* 0)(* 7),5(* /,$5* .319* $(,3%03,#59'55'1#* ,#4* 0)(* /'.0*
3(571#5(* '#* ;'$:* M]<* =(* ='//* ,4>"50* 0)(* ,(3148#,9'6* 7(3.139,#6(* 1.* DEF* 3(/',2/8* 28*
6),#$'#$*0)(*7),5(*/,$*2(0=((#*0)(*0=1*./,77'#$*='#$5*0)31"$)*.'#(*0"#'#$*0)(*9(6),#'59*
/'#S,$(5*1.*0)(*$(,3*03,#59'55'1#*5850(9:*
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;'$"3(*M]:*I(4"6(4*7),5(*/,$*1.*/'.0*.136(*.319*0)(*KFI;*5(#513*B5:*4'..(3(#0*/,$5*1.*$(,3%
03,#59'55'1#*5850(95*

4.2 Improved flight performance 

a,5(4*1#*0)(*(H7(3'(#6(*1.*0)(*73(6(4'#$*.3((*./'$)0*0(505*1.*DEF5<*=(*.1"#4*0=1*7312/(95*
'#./"(#6'#$* 0)(* ./'$)0* 7(3.139,#6(:* ;'350<* 0)(* 03,#59'55'1#* 5850(9*#((45* 0=1*71/8%/'0)'"9*
2,00(3'(5* 1.* @:P* $* =('$)0* 01* 5"77/8* 0)(* 71=(3* .13* 5"50,'#'#$* 0)(* ='#$* ./,77'#$* ='0)* ,*
.3(L"(#68*1.*M@^?:*-)(*=('$)0*1.*0)(*2,00(3'(5*'5*,*63'0'6,/*'55"(*5'#6(*0)(8*61#03'2"0(4*),/.*
1.*0)(*DEFf5*010,/*=('$)0:*-)(*5(61#4*'55"(*'#B1/B(5*0)(*"#%2,/,#6(4*,#$"/,3*919(#0"9*
=)'6)*8'(/45* 0)(*5),S'#$*7)(#19(#1#*.319*0)(*$(,3*03,#59'55'1#*5850(9:*A0*='//*,/0(3* 0)(*
,00'0"4(*1.*0)(*DEF*,#4*3(5"/0*'#*,*4'5,5031"5*./'$)0*61#5(L"(#6(<*5"6)*,5*50,//:**

*

;'$"3(*MR:*-)(*,60",013*61##(605*0)(*."5(/,$(*,#4*0)(*0,'/*

A#*134(3*01*$(0*,*4(5'3(4*./'$)0*B',*='3(/(55*61#031/*1#*7"3715(<*/'$)0*=('$)0*9,0(3',/5*.13*0)(*
61971#(#05*1.*0)(*DEF*,#4*3(%4(5'$#*1.*0)(*$(,3*03,#59'55'1#*5850(9*'5*3(L"'3(4:*b(*5(0*0)(*
/(#$0)*1.*='#$57,#*01*2(*]U*69*,#4*O*69*'#*='#$*6134*,#4*0)(3(*'5*#1*3'2*7/,6(4*'#*0)(*,'3.1'/:*
a8*"0'/'?'#$*0)(*73(B'1"5*.,23'6,0'#$*(H7(3'(#6(*1.*DEF<*0)(*#(=*,638/'6*2,5(*,5*=(//*,5*0)(*
$(,3*03,#59'55'1#*5850(9*0),0*),5*,*$(,3*3,0'1*1.*V@:@*'5*'#50,//(4:*A#*,44'0'1#<*/'$)0*3(6('B(3*,#4*
,*9,$#(0'6*,60",013*=)'6)*,3(*1#/8*U:N*$*,#4*M:M*$<*3(57(60'B(/8*,3(*(97/18(4*'#*0)(*DEF*,5*
=(//:*-)(*3(6('B(3*),5*0=1*6),##(/5<*1#(*01*61#031/*0)(*310,0'#$*57((4*1.*0)(*IY*91013*,#4*0)(*
10)(3*01*,4>"50*0)(*0,'/*,60",013*,60'#$*,5*,*3"44(3*.13*,'37/,#(5:*A#*134(3*01*9,06)*0)(*,60",013*
1#*7"3715(<*0)(*61#503"60'1#*4(5'$#*1.*0)(*."5(/,$(*,#4*0)(*0,'/*,60",013*'5*5)1=#*'#*;'$:*MR:*

."5(/,$( 0,'/

,60",013
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;'#,//8<*=(*'#0($3,0(*,//* 0)(*61971#(#05* '#6/"4'#$*0)(*3(6('B(3*.13*0)(*3(910(*61#031/<* 0,'/<*
,60",013<* ,#4*1#(*71/8%/'0)'"9*2,00(38* '#01* 0)(*DEF:*-)(* 010,/*=('$)0*1.*DEF* '5* MU:@i$:*
-)(*DEF*#,9(4*,5*_[,$/(%AA`*'5*5)1=#*'#*;'$:*MP:*A#*0)(*./'$)0*0(50'#$*='0)*='3(/(55*,00'0"4(*
61#031/<*0)(*DEF*),5*,*5"66(55."/*./'$)0*='0)*,*3,#$(*1.*RU*9(0(35*,#4*,#*(#4"3,#6(*1.*MU*
5(61#45:* -)(* 4(0,'/(4* ./'$)0* 03,>(60138* 1.* 0)(* DEF* 73101087(* '5* 5)1=#* '#* ;'$:* M@:* b(*
,44'0'1#,//8*9(,5"3(4*0)(*,B(3,$(4*,(3148#,9'6*4,0,*1.*_[,$/(%AA`*,#4*5)1=#*'#*;'$:*Mi:*

*

;'$"3(*MP:*-)(*,77(,3,#6(*1.*914'.'(4*DEF*_[,$/(%AA`*='0)*0)(*61#.'$"3,0'1#*1.*b'#$*a*

*

;'$"3(*M@:*-)(*./'$)0*03,>(60138*1.*DEF*
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;'$"3(*Mi:*C,G*!'.0*61(..'6'(#0*Y!*,#4*C2G*0)3"50*61(..'6'(#0*Y-*1.*0)(*DEF*_[,$/(%AA`*B(35"5*
,4B,#6(*3,0'1*&*6133(571#4'#$*01*4'..(3(#0*.3((503(,9*B(/16'0'(5*e:*-)(*='#$*5S'#*1.*0)(*

,55(92/(4*DEF*_[,$/(%AA`*),5*2((#*6),#$(4*,5*7,38/(#(*.'/9*1.*VU%]U*µ9*0)'6S<*,#4*0)(*
/(,4'#$*(4$(*2(,9*'5*9,4(*1.*a,/5,*=114*,#4*'0*'5*L"'0(*50'..(#(4*6197,3(4*01*='#$*5S'#*



Aerial Vehicles 

*

706 

4.3 Modification of MAVs 

-)(*./,77'#$*5031S(*,#$/(*φ*'5*5(0*,5*]P°*.13*0)(*6,5(*1.*_[,$/(%AA`:*A0*'5*3(,//8*59,//*6197,3(4*
01*0)(*5031S(*,#$/(*1.*MVU°*.13*)"99'#$2'345*C9(#0'1#(4*'#*0)(*211S*1.*Z132(3$*CZ132(3$<*
MNNUGG*13*(B(#*0)(*6,5(*1.*@U°*13*913(*.13*10)(3*9(4'"9%5'?(*2'345:*-)'5*,#$/(*/'9'0,0'1#*1.*
1"3*DEF5*'5*4"(*01*0)(*61#5'4(3,0'1#5*1.*/'$)0*=('$)0*,#4*=(,3*6,7,2'/'08*.13*0)(*.1"3%2,3*
/'#S,$(*914"/(:*
-)(* /'.0* ,#4* 0)3"50* 61(..'6'(#05* Y!<* Y-* ,3(* (H03,60(4* .319* ,*='#4%0"##(/* 0(50* 1.* 0)(*DEF*
_[,$/(%AA`*='0)*,*5(9'%3'$'4*/(,4'#$*(4$(*5"2>(60*01*,*.'H(4*'#6/'#(4*,#$/(*1.*./,77'#$*7/,#(*

1.* VU°* C/,3$(3* 0),#* 0)(* 134'#,38* 50,//* ,#$/(%1.%,00,6S* MP°* .13* 0)(* .'H(4%='#$* 7/,#(5G* ,#4*
4'..(3(#0*,4B,#6(*3,0'15:*g.*61"35(<*0)(*,60",/*'#50,#0,#(1"5*,#$/(*1.*,00,6S*.13*0)(*./,77'#$*

./8(35*9,8* 2(* 6),#$'#$*='0)* 0'9(* ,#4* /,3$(3* 0),#* VU°:* [B(#* )'$)(50* ,#$/(* ,97/'0"4(* 1.*
,00,6S<*(:$:<*PU°<* .13* 0)(*"#50(,48*6,5(5*50'//*41(5*#10*6,"5(*6,0,50317)'6* ./1=*5(7,3,0'1#*13*
50,//<*3,0)(3*'#4"6(*2(00(3*"#50(,48*/'.0*.136(*28*7,8'#$*0)(*73'6(*1.*59,//(3*0)3"50:*-)'5*'5*0)(*
.,91"5*(..(60*0(39(4*,5*_4(/,8(4*50,//`*M]:*A#*$(#(3,/<*0)(5(*0'9(%,B(3,$(4*/'.0*61(..'6'(#0*Y!*
1.*0)(*DEF*/,3$(3*0),#*]:U*'#*0)(*3($'9(*1.*&*2(/1=*U:R*3(5(92/(5*0)(*(#1"$)*61"#0(32,/,#6(*
.136(* 01* 0)(*=('$)0* 1.* 0)(*DEF:* -)(* 0)3"50* 61(..'6'(#0* Y-* 5"2>(60* 01* &* B,/"(* 2(/1=* U:R* '5*
,/=,85* 715'0'B(* ,/51* 4(#10(5* 0)(* 61#0'#"1"5* .13=,34* 7"5)'#$* ='0)1"0* 57((4* 4(63(,5'#$*
4"3'#$*0)(*3(,/*./'$)0:*
^1=(B(3<*,.0(3*,*6(30,'#*7(3'14*1.*17(3,0'1#*0'9(*0)(*0)3"50*4,0,*'#*0)(*59,//*,4B,#6(%3,0'1*
13*)'$)* ./,77'#$%.3(L"(#68*3($'1#*3(B(,/* 0)(* 03(#4*1.*4'B(35'08*13*4,0,* ./"60",0'1#:*\"6)*,*
4'B(35'08*1.* 0)3"50*4,0,*=,5*03,6(4*2,6S*,#4*5"57(60(4*.319*0)(* '33($"/,3*17(3,0'1#*1.*0)(*
=13#* $(,3* 03,#59'55'1#* 914"/(:* A#* 10)(3* =1345<* 0)(* =(,3* 1.* 0)(* 71=(3* 03,#59'55'1#*
9(6),#'59* '97(4(5* 0)(* 59110)* ./,77'#$* ,#4* '#4"6(5* 0)(* 6133(571#4'#$* "#73(4'60,2/(*
,(3148#,9'6* .136(5:* ;'$"3(* MO* 5)1=5* 0)(* 4(0,'/(4* .1"3%2,3* C2/,6S* 4,5)* /'#(G* $(,3*
03,#59'55'1#* 914"/(* .13* 0)(* DEF* _[,$/(%AA`:* -)(* 5(3'1"5/8* =13#* C3(,9'#$G* 7130'1#* '5*
57(6'.'6,//8*9,3S(4*='0)* ,* 3(4* (//'75(* .13* 0)(*a,/5,* /(,4'#$%(4$(* .3,9(* C,#4* 0)(*91013* '5*
3(91B(4*'#*0)'5*.'$"3(:G*-)'5*S'#4*1.*3(,9'#$*1#*0)(*a,/5,*=114*#10*1#/8*4(#10(5*,#*,$'#$*
7312/(9*,$,'#50*$114*/'.(%0'9(*1.*1"3*DEF5*2"0*,/51*3(B(,/5*,*6(30,'#*"#61991#*_7(#,/08`*
.136(* 3(5"/0'#$* .319* 0)(* '97317(3* 9,06)'#$* 1.* 0)(* 5(9'%3'$'4* ='#$* 503"60"3(5* '#01* 1"3*
5'97/(*./,77'#$*9(6),#'59:*
-)(*h#1//(3%a(0?*(..(60*1.*0)3"50*$(#(3,0(4*28*9(,#5*1.*,*5'97/8*"7%,#4%41=#*./,77'#$*=,5*
125(3B(4*'#*0)(*/,50*6(#0"38*Ch#1//(3<*MNUNQ*a(0?<*MNMVG:*;13*0)(*61#B(#0'1#,/*3'$'4*5899(03'6*
='#$*='0)*B(38*/,3$(*2(#4'#$*919(#0*1.*'#(30',<*0)(*6133(571#4'#$*0)3"50*.136(*6,##10*3(,60*
='0)* ,77,3(#0* .13=,34* 4(.139,0'1#* 1#* 0)(*=)1/(*='#$* 503"60"3(:*E44'0'1#,//8<* 0)(* (H,60*
0'9(* /16,0'1#* .13* 0)(* 2'$$(50* 0)3"50* 4"3'#$* ,* ."//* ./,77'#$* 686/(* ),5* #10* 2((#* 71'#0(4* 1"0*
73(6'5(/8*28* 0)(*h#1//(3%a(0?*(..(60:*e#4(3* 0)(* 61#503,'#0*1.* 0)(*,/9150* 3'$'4*='#$* .3,9(5<*
0)(3(* 5((95* #1* =,8* 2"0* 01* 4(5'$#* ,* 6197/'6,0(4* ./,77'#$* 9(6),#'59* 01* .1//1=* 0)(* ]%I*
./,77'#$* 03,>(60138* /'S(* )"99'#$2'345* C13* (B(#* ),B'#$* 0)(* 03,>(60138* 1.* _6/,7%,#4%./'#$`*
'#5(605G* .13* 0)(* ,30'.'6',/* ='#$2(,0'#$* B()'6/(5:* A#* 0),0* 6/,55'6,/* 0)'#S'#$* 1.* 9(6),#'59*
4(5'$#<*011*9"6)*./(H'2'/'08*1.*0)(*='#$*.3,9(5*9(,#5*0)(*17(3,0'1#*.,'/"3(*13*9,/."#60'1#*
1.*0)(*./,77'#$*9,6)'#(5*9'9'6S'#$*0)(*2'1/1$'6,/*$(50"3(*1.*#,0"3,/*./8(35:*
-)(*4(5'$#*9(0)141/1$8*'#*0)'5*50"48<*1#*0)(*61#03,38<*'5*01*"5(*0)(*/'$)0(3*,#4*913(*./(H'2/(*
9,0(3',/5* ,5* 0)(* S(8* 503"60"3(5* .13* 1"3* #(=* B(35'1#* 1.* DEF5:* ;13* '#50,#6(<* =(* 03'(4* 01*
5)130(#* 0)(* ='#$57,#* .319* ]U* 69* 01* VM:@* 69* 01=,34* 0)(* 9'#',0"3'?,0'1#* 03(#4:* -)(*
6133(/,0(4*2148*9,55*3($"/,0(4*.319*0)(*56,/'#$*/,=*1.*2'345M]*'5*#1*913(*0),#*MU*$:*;13*0)(*
/'$)0* =('$)0* 61#5'4(3,0'1#<* =(* 3(7/,6(4* 0)(* a,/5,%=114* /(,4'#$* (4$(* .3,9(* ='0)* .'#(*
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6,321#%.'2(3*3145:*D(,#=)'/(<*0)(*.1"3%2,3*/'#S,$(*03,#59'55'1#*914"/(*'5*3(61#503"60(4*28*
0)(* (/(603'6,/%4'56),3$(%='3(%6"00'#$* C[IbYG* 1.* ,/"9'#"9%,//18* iUiP:* -)(* #(=* 71=(3*
03,#59'55'1#*914"/(*9,4(*1.*,/"9'#"9*,//18*iUiP*5)1=#*'#*;'$:*MN*5,B(5*"5*$3(,0/8*='0)*V*
$*'#*=('$)0*,0*/(,50:*-)'5*,21B(*2(/'(.*13*3(B(/,0'1#*.319*59,//*0(6)#1/1$8*'5*0),0*0)(*913(*
9'#',0"3'?(4*,30'.,605*9,8*3(#4(3*"5*='0)*2(00(3*503"60"3,/*50'..#(55*,#4*17(3,0'1#*/'.(*0'9(:*

*

;'$"3(*MO:*-)(*.1"3%2,3*C2/,6S*4,5)*/'#(G*$(,3*03,#59'55'1#*914"/(*.13*0)(*DEF*_[,$/(%AA`:*
-)(*5(3'1"5/8*=13#*7130'1#*'5*9,3S(4*='0)*,#*(//'75(*.13*0)(*a,/5,*/(,4'#$%(4$(*.3,9(*C,#4*
0)(*91013*'5*3(91B(4*0(9713,3'/8:G*

*

;'$"3(*MN:*-)(*=('$)0%3(4"6(4*.1"3%2,3*C2/,6S*4,5)*/'#(G*$(,3*03,#59'55'1#*914"/(*.13*0)(*
DEF*_W1/4(#*\#'06)`:*-)(*/(,4'#$%(4$(*2(,9*'5*9,4(*1.*U:@*99%4',9(0(3*6,321#%.'2(3*

2(,95*,#4*,/"9'#"9%,//18*2,35:*E*3'2*='0)*]U°*2,6S%5=(70*01*0)(*/(,4'#$*(4$(*2(,9*'5*
170'1#,//8*'#50,//(4:*E//*0)(*0'#8*,/"9'#"9*7,305*=(3(*73(6'5(/8*9,#".,60"3(4*28*(/(603'6,/%
4'56),3$'#$%='3(%6"00'#$*C[IbYG*
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*

;'$"3(*VU:*-)(*6197/(0(4*DEF*_W1/4(#*\#'06)`*='0)*0)(*6,321#%.'2(3*/(,4'#$%(4$(*
2(,9T3'2*,#4*7,38/(#(*5S'#:*E*i99%4',9(0(3*(/(603'6,/*91013*91"#0(4*'#*0)(*#(=/8*
4(B(/17(4*,/"9'#"9%,//18*)1/4(3*='0)*0)(*#(=*03,#59'55'1#*914"/(*'5*,60",0(4*28*,*71/8%
/'0)'"9*2,00(38*1.*]U%PU*9E):*-)(*010,/*9,55*'#6/"4'#$*./(H'2/(*='#$*.3,9(<*91013<*$(,3*
,55(92/8<*='#$<*."5(/,$(<*0,'/<*2,00(38*,#4*3(6('B(3*'5*1#/8*P:N*$*

b(*3(914(/(4*0)(*DEF*='0)*0)(*#(=*./(H'2/(*='#$*.3,9(5*,#4*0)(*#(=*$(,3*03,#59'55'1#*
914"/(* 9(#0'1#(4* ,21B(<* S(70* 3(4"6'#$* 0)(* 010,/* =('$)0* ,#4* ='#$57,#<* ,#4* .'#,//8*
120,'#(4*0)(*914'.'(4*DEF*#,9(4*,5*_W1/4(#*\#'06)`*C='#$57,#*j*VM:@*69<*2148*9,55*j*
P:N*$G*'#*;'$:*VU:*-)(*,(3148#,9'6*61(..'6'(#05*B(35"5*,4B,#6(*3,0'1*"*.13*0)(*DEF*_W1/4(#%
\#'06)`* =(3(* 9(,5"3(4* C;'$:* VMG:* -)(* 56)(4"/(4* 7316(55* 1.* 61//(60'#$* 4,0,* '#* 0)(* ='#4%
0"##(/*0(50'#$*'5*0)(*5,9(*,5*0)(*6,5(*1.*_[,$/(%AA`:*-)(*#(=*0(50'#$*3(5"/05*1.*,(3148#,9'6*
7(3.139,#6(* (..(60'B(/8* '9731B(* 0)(* 0)3"50* 4,0,* ='0)* ]P*m* '#63(,5'#$* '#*9,$#'0"4(* ,#4*
='0)1"0* 0)(*73(B'1"5*7312/(9*1.*"#73(4'60,2/(*4,0,* ./"60",0'1#:*-)(*4'5,77(,3,#6(*1.* 0)(*
503"60"3(* 3(,9'#$* 1#* 7'B10'#$* >1'#05* ,#4* 0)(* _7(#,/08`* .136(* .319* 0)(* "#50(,48* ./,77'#$*
73(B(#0*/105*1.*.3'60'1#*/155*,#4*9,8*2(#(.'0*0)(*3(,/*./'$)0*1.*1"3*#(=*DEF5:*;"30)(3913(<*
='0)*0)'5*$3(,0*4(63(,5(*1.*.3'60'1#*/155*'#*0)(*9(6),#'6,/*03,#59'55'1#*914"/(<*0)(*='#$2(,0*
.3(L"(#68*1.*0)(*DEF*_W1/4(#*\#'06)`*6,#*'#63(,5(*01*VU*^?*13*9"6)*.,50(3*0),#*2(.13(:*
*
*
*
*
*
*
*
*
*
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;'$"3(*VM:*C,G*!'.0*61(..'6'(#0*Y!*,#4*C2G*0)3"50*61(..'6'(#0*Y-*1.*0)(*DEF*_W1/4(#%\#'06)`*
B(35"5*,4B,#6(*3,0'1*&*6133(571#4'#$*01*4'..(3(#0*.3((503(,9*B(/16'0'(5*e*CV2jVM:@*69Q*

φj]O:N°Q*.*jMU:P%V]:@*^?:G*
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C,G*

*

C2G*

* *

C6G*

;'$"3(*VV:*_W1/4(#*\#'06)`*='0)*'05*./'$)0*(#4"3,#6(*"7*01*MVV*5*28*(#/,3$'#$*0)(*0,'/*,3(,*
,#4*4(63(,5'#$*0)(*6133(571#4'#$*0,'/*,#$/(c*C,G*0)(*.31#0*B'(=Q*C2G*0)(*5'4(*B'(=Q*C6G*0)(*3(,/*
7/,#(*

g#* 0)(* '55"(* 1.* (B,/",0'#$* 0)(* (..'6'(#68* 1.*9(6),#'6,/* 71=(3<* 0)(*9(3'0* 1.* 3(91B'#$* 0)(*
='#$*5S'#*1.*1"3*,30'.'6',/*DEF*28*0)(*61#503"60(3*6,#*)(/7*,*/10:*-)(3(.13(<*0)(*./,77'#$*1.*
0)(* 2,3(* 5S(/(01#*1.*='#$* .3,9(5* 6,#*2(* 3($,34(4* ,5* 0)(* 6,5(* .13* '#B(50'$,0'#$* 0)(*71=(3*
4'55'7,0'1#*4"(*01*0)(*.3'60'1#*'#*0)(*9(6),#'6,/*03,#59'55'1#*9(6),#'59:*A#*0)'5*=13S<*0)(*
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.3'60'1#*4'55'7,0'1#*1.*0)(*DEF*_[,$/(%AA`*61"#05*iUm*1.*0)(*010,/*(/(603'6,/*71=(3Q*=)(3(,5*
0)(* 914'.'(4* 9(6),#'59* 1.* 0)(* DEF* _W1/4(#* \#'06)`* 1#/8* 61#5"9(5* RPm* 1.* 0)(* 010,/*
71=(3:*
-)(* #(=* DEF* _W1/4(#* \#'06)`* (L"'77(4* ='0)* 0)(* ,21B(* #(=* 61#.'$"3,0'1#* ,#4*
6),3,60(3'?(4* ='0)* /'$)0* =('$)0* ,#4* )'$)* ./(H'2'/'08* ),5* ,* .,3* 913(* 1"050,#4'#$* ./'$)0*
7(3.139,#6(* 0),#* 0)(* 5(9'%3'$'4*_[,$/(%AA:`*b'0)* 56,36(/8* 3(,/%0'9(*,4>"509(#0*28* 3(910(*
61#031/*_W1/4(#*\#'06)`*,60",//8*9,4(*,*5"66(55."/*./'$)0*3(6134*1.*Ri*5*,0*/(,50<*23(,S'#$*0)(*
MM* 5* 3(6134* 1.* _[,$/(%AA`* 01* ,* $3(,0* (H0(#0:*b'0)1"0* 0)(* #($,0'B(* (..(60* 1.* 5'4(* $"50*='#4<*
_W1/4(#*\#'06)`*=1"/4*/'S(*01*./8*31"$)/8*,/1#$*0)(*B'30",/*2,33(/*5"3.,6(*1.*,#*'9,$'#,38*
68/'#43'6,/* 61/"9#* ='0)* 0)(* 4',9(0(3* 1.* 5(B(3,/* 9(0(35* '.* 0)(* )13'?1#0,/* 0,'/* $(#(3,0'#$*
#($,0'B(*/'.0*'5*1#/8*"5(4*01*50,2'/'?(*0)(*DEF:*J(6(#0/8<*=(*,44'0'1#,//8*.1"#4*0),0*_W1/4(#*

\#'06)`*6,#*731/1#$*'05*./'$)0*(#4"3,#6(*"7*01*MVV*5*28*'#63(,5'#$*0)(*5031S(*,#$/(*φ*01*2(*PV°*
,#4*(#/,3$'#$* 0)(* 0,'/*,3(,* /'S(*;'$:*VV:* A#* 0)'5*#(=* 0,'/*4(5'$#* 0)(*6(#0(3*1.*$3,B'08*1.* 0)(*
DEF*91B(5*2,6S=,345<*,#4*)'$)*/'.0*166"35*.13*0)(*715'0'B(*/'.0*61#03'2"0(4*28*0)(*./,77'#$*
='#$*,#4*0)(*)13'?1#0,/*0,'/*5'9"/0,#(1"5/8:*A0*,44'0'1#,//8*5)1=5*0)(*)'$)%/'.0*914(*,5*=(//*
,5*0)(*)'$)%EgE*914(*1.*_W1/4(#*\#'06)`*=)'6)*./'(5*"7*,#4*41=#*,/1#$*0)(*/1#$'0"4'#,/*
4'3(60'1#*B'$131"5/8:*

4.4 MAVs with flexible wing frame 

-),#S5*01*0)(*'#03'#5'6,//8*./(H'2/(*='#$*503"60"3(*1.*_W1/4(#*\#'06)`*)(3('#<*0)'5*DEF*6,#*
./8*'#*.3((*./'$)0*='0)1"0*9"6)*(#(3$8*/155*'#*3(5'50'#$*,$,'#50*0)(*5"331"#4'#$*,'3:*E#4*=(*
/"6S'/8*.1"#4*0),0*,*503(,9='5(*B'23,0'1#*1.*0)(*6,321#%.'2(3* /(,4'#$*(4$(*'5*6),3,60(3'?(4*

28*='#$2(,0*.3(L"(#68*.319*MP:@*01*VM:i*^?*.13*0)(*='#$5*='0)*]U°%3'25:*-),0*.3(L"(#68*'5*
9"6)* 59,//(3* 0),#* 0)(* #,0"3,/* .3(L"(#68* 1.* OP*^?* .13* 0)(*='#$* 503"60"3(:* CA0*9(,#5* 0)'5*
57(6',/*B'23,0'1#*),5*#1*9,00(3*='0)* 0)(* 3(51#,#6(*1.* 0)(*='#$* .3,9(:G*a8*6192'#'#$* 0)'5*
'#4"6(4* 61)(3(#0* 503(,9='5(* B'23,0'1#* 1.* 0)(* ='#$* .3,9(* ,#4* 0)(* B(30'6,/* 3(6'7316,0'#$*
./,77'#$*910'1#* '#*;'$:*V]<*,*50(3(1* .'$"3(%1.%('$)0* ./,77'#$*910'1#*1.* 0)(*DEF*12B'1"5/8*
5)1=5*"7*,#4*6,#*2(*5((#*(B(#*28*)"9,#*#,S(4*(8(5'$)0:*-)'5*'5*>"50'.'(4*73(/'9'#,3'/8*28*,*
0(6)#'L"(* 1.* ![I* '//"9'#,0'1#* 5)1=#* '#* ;'$:* VR:* -)'5* 503(,9='5(* B'23,0'1#* 1.* 0)(* ='#$*
.3,9(* 6,#* 2(* 13'$'#,0(4* .319* 0)(* .13(9(#0'1#(4* h#1//(3%a(0?* (..(60* ,#4* '#0(373(0(4* ,5* ,*
61)(3(#0* .13=,34* /161910'1#<*2"0* 0)(* (H,60*919(#0*1.* 0)(*2'$$(50* 0)3"50*13* 0)(*B'23,0'1#*
,97/'0"4(* 913(1B(3* 166"35* ,0* 0)(* B(38* '#50,#05* 1.* 5031S(* 3(B(35,/5<* ':(:<* 0)(* )'$)(50* ,#4*
/1=(50*71'#05*1.* 0)(*./,77'#$*910'1#:*b(*2(/'(B(*0),0*0)'5*2'19'9(0'6*.'$"3(%1.%('$)0*='#$*
0'7*03,>(60138*$(#(3,0(4*28*,*5'97/(*./,77'#$*9(6),#'59*'#*./(H'2/(*DEF5*'5*.'350*0'9(*2((#*
.1"#4*,#4*3(7130(4*)(3('#:*
-)(* 134'#,38* B'4(1* 6,9(3,*='0)* ]U* .3,9(5* 1.* '9,$(5* 7(3* 5(61#4* 1#/8* 731B'4(5* 011* 5/1=*
57((4*.13*4(7'60'#$*4(0,'/(4*B'(=$3,7)5*1.*,*."//%686/(*./,77'#$*S'#(9,0'65*'#*0)'5*=13S:*-)(*
61#0'#"1"5* 2/'#S5* 1.* 0)(* .'$"3(%1.%('$)0* 03,>(60138* 1.* 0)(* ='#$* 0'7* =(3(* 0)(#* 0,S(#* ,#4*
6(30'.'6,0(4*28*,*)'$)*57((4*YYI*6,9(3,*CK),#019*B:*R:VG*.13*0)(*DEF*_W1/4(#*\#'06)`*'#*
L"'(0*,92'(#0:*b(*'#50,//(4*0)'5*DEF*'#*0)(*='#4%0"##(/*,#4*6,70"3(4*0)(*3(,/%0'9(*'9,$(5*

1.*0)(*./,77'#$*='#$5*5"2>(60(4*01*6,5(5*='0)*,#4*='0)1"0*0)(*]U°%3'2*'#*;'$:*VP:*-)(*5"3.,6(*
9137)1/1$8*1.*0)(*='#$*5S'#*5)1=5*0)(*=,B8*731.'/(*.319*0)(*/(,4'#$*(4$(*01*03,'/'#$*(4$(*
,#4* .319* 0)(* ='#$* 0'7* 01* '##(3* ='#$* 3110* 5'9"/0,#(1"5/8<* =)'6)* ,661345* 0)(* 5"7715(4*
./(H'2/(* ='#$* 4(5'$#* ='0)* ,* 5'#"51'4,/* 6),#$(* 1.* 0)(* /(,4'#$%(4$(* ,#$/(%1.%,00,6S:* D13(*
,44'0'1#,//8<*=(* B(3'.'(4* 0)(* 5'9'/,3* 7)(#19(#,* 1.* .'$"3(%1.%('$)0* ./,77'#$* .13* 0)(*DEF*
_W1/4(#*\#'06)`*5"2>(60(4*01*4'..(3(#0*.3((503(,9*B(/16'08*=)'6)*'5*5(0*.319*U:R*01*]:U*9T5:*
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;'$"3(*V]:*-)(*5"7715(4*6,3011#*1.*0)(*61#0'#"1"5*."//%686/(*./,77'#$*910'1#*1.*0)(*DEF5*
='0)*,*3'$'4*.1"3%2,3*03,#59'55'1#*914"/(c*C,G*4(#10(5*0)(*#("03,/*715'0'1#Q*C2G*01*C6G*4(#10(*
0)(*41=#5031S(Q*C4G*01*C(G*4(#10(*0)(*"75031S(Q*0)(*2'34f5%(8(*B'(=5*.319*C.G*01*C>G*,3(*
6133(571#4'#$*01*0)(*.31#0*5'4(*B'(=5*.319*C,G*01*C(G<*3(57(60'B(/8*
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;'$"3(*VR:*b'#$*0'7*03,>(60138*28*![I*'//"9'#,0'1#:*M%]*,3(*0)(*'#50,#0,#(1"5*'9,$(5*1.*,*
.'$"3(%1.%('$)0*0,S(#*28*,*4'$'0,/*B'4(1:*-)(*3'$)0*'9,$(*6192'#(5*0)(*/(.0*]*'9,$(5*

4.5 Analogous relationship in scaling laws for flapping flyer   

J,0)(3*0),#*4(7'60'#$*0)(*,#,019'6,/*,#,/85'5*1#*0)(*='#$*.3,9(5*1.*./,77'#$*./8(35<*)(3('#*
=(*73(.(3*01*6,0($13'?(*0)(*DEF*='0)*.'$"3(%1.%('$)0*./,77'#$*'#01*519(*,#'9,/*$31"75*,#4*
61#B(#0'1#,/* DEF5* ,66134'#$* 01* 0)('3* 3(,/'50'6* ='#$57,#5* ,#4* 0)(* ='#$2(,0* .3(L"(#6'(5*
='0)* 3(57(60* 01* 4'..(3(#0* 2148* 9,55(5:* a,5(4* 1#* Z132(3$* CZ132(3$<* MNNUG<* W3((#(=,/0*

CW3((#(=,/0<*MNiPG<*,#4*\)88f5*C\)88<*MNNNG*61//(60'#$*'#.139,0'1#<*0)(*4(#10'#$*57105*1.*0)(*
DEF5*_[,$/(%AA`* C='#$57,#*j*]U*69<*2148*9,55*j*MM*$<*='#$2(,0* .3(L"(#68*j*M@^?G*,#4*
_W1/4(#*\#'06)`* C='#$57,#*j*VM:@*69<*2148*9,55*j*P:N*$<*='#$2(,0* .3(L"(#68*j*VU^?G* '#*
0)'5*=13S*=(3(* '#5(30(4* '#01* 0)(*73(B'1"5*7/105*1.*='#$%57,#*B(35"5*2148%9,55*,5*;'$:*V@*
,#4* ='#$2(,0%.3(L"(#68* B(35"5* 2148%9,55* ,5* ;'$:* Vi:* _[,$/(%AA`* '5* 50'//* ,//16,0(4* 1#* 0)(*
9,3$'#* 1.* 61#B(#0'1#,/* DEF5* ,#4* 59,//* #,0"3,/* ./8(35<* =)(3(,5* _W1/4(#* \#'06)`* ='0)*
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.13* ./,77'#$* DEF5* _[,$/(%AA`* ,#4* _W1/4(#* \#'06)`* '#* 0)'5* 6),70(3* 0(#45* 01* 731B'4(* ,*
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)'$)%57((4*6,9(3,<*0)(*.'$"3(%1.%('$)0*03,>(6013'(5*1.*0)(*='#$*0'75*1.*_W1/4(#*\#'06)`*=(3(*
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1. Introduction    
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09%-2$'*-%*5%*%9#(3-)0(%09%705)-)0(>%%?2)5%30(3'7-%)5%7*$-)3#.*$.:%#5'9#.%)(%+'9)()(";%)(%*%5)(".'%
9$*8'<0$M;%4*$)0#5%-:7'5%09%-2$'*-5%5#32%*5%06Z'3-5%0$%.03*-)0(5%-2*-%(''+%-0%6'%*40)+'+%*5%
9*$% *5% 7055)6.';% 065-*3.'5% 0$% $'5-$)3-'+% *$'*5% -2*-% 520#.+% (0-% 6'% '(-'$'+>% ?2)5% 7$06*6).)5-)3%
8*7%)5%(0-%8'*(-%-0%7$04)+'%-2'%*3-#*.%8*7%09%-2'%*$'*%09%07'$*-)0(;%6#-%-0%7$04)+'%*%<*:%-0%
7.*(% -2'% -$*Z'3-0$:%09%*%!,V%-0%*40)+%065-*3.'5%*(+%*33087.)52% -2'%")4'(%8)55)0(%5#32%*5%
7*-2% 7.*(()("% *(+% -*$"'-% -$*3M)(">% %,..% -2'% -2$'*-% 50#$3'5% B'>">% 'A705#$'% -0% '('8:% $*+*$;%
065-*3.'5;% *(+%(0X9.:% =0('5% 0$% $'5-$)3-'+% *$'*5F% *$'% 32*$*3-'$)='+% )(% -2'% 5*8'%7$06*6).)5-)3%
9$*8'<0$M% #5)("% -2'% 5#8% 09% 7$06*6).)-:% +)5-$)6#-)0(5% 09% -2$'*-5;% 065-*3.'5% *(+% $'5-$)3-'+%
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*$'*5>% %,5%8'(-)0('+% '*$.)'$;% )9% *% -2$'*-% )5% 32*$*3-'$)='+% 6:% *%C*#55)*(% 45,;% -2'$'% *$'% -<0%
7*$*8'-'$5% (''+'+% -0% 9#..:% 57'3)9:% -2'% -2$'*-K% -2'%8'*(% 4*.#'% 57'3)9)'5% -2'% 30(3'(-$*-)0(%
70)(-% B.03*-)0(F%09% -2'% -2$'*-%50#$3'%*(+%-2'%4*$)*(3'%57'3)9)'5%20<%-2'% -2$'*-%3*(%2*4'%*(%
*$'*% B0$% 40.#8'% 90$% NX/% 3*5'F% 09% '99'3-)4'('55>% ?2'% 8'*(% 4*.#'5% *(+% 4*$)*(3'5% 09% '*32%
C*#55)*(% 9#(3-)0(% *$'% 57'3)9)'+% 5#32% -2*-% -2'% 065-*3.'5;% $'5-$)3-'+% *$'*5;% (0X9.:% =0('5% *(+%
-2$'*-5% )(% -2'% *$'*% 09% 07'$*-)0(% *$'% *..% $'7$'5'(-'+>% %C*#55)*(%+)5-$)6#-)0(% 3*(%6'%#5'+% -0%
80+'.%'('8:%$*+*$5%0$%8)55).'5%*5%<'..%*5%065-*3.'5%*(+%$'5-$)3-'+%*$'*5>%%S0-'%-2*-%-2'$'%)5%
(0-% ('3'55*$).:% 0('X-0X0('% 30$$'570(+'(3'% 6'-<''(% -2'% *3-#*.% 065-*3.'5Y$'5-$)3-'+X
*$'*5Y-2$'*-5%*(+% -2'%C*#55)*(% 9#(3-)0(5%#5'+% )(% -2'%30(5-$#3-)0(>%,(%*3-#*.%065-*3.';% 90$%
'A*87.';% 8*:% $'@#)$'% 8#.-)7.'% C*#55)*(% 9#(3-)0(5% <2).'% *% C*#55)*(% 9#(3-)0(% 8*:% 6'%
'(0#"2%-0%$'7$'5'(-%*%-2$'*-%*(+%$'5-$)3-'+%*$'*;%-0"'-2'$>%

%

%

L)"#$'%\>%P$06*6).)5-)3%-2$'*-%'A705#$'%8*7%09%*(%07'$*-)0(%*$'*%

i(3'% P?aU% )5% 30(5-$#3-'+;% -2'$'% )5% (0% (''+% -0% +)5-)("#)52% 6'-<''(% -2'% -:7'5% 09% -2$'*-5;%
065-*3.'5;% 0$% (0X9.:% =0('5% *(+% -2'% #5'% 09% -2'% 7$06*6).)5-)3% 8*7% )5% 5#99)3)'(-% 90$% +'3)5)0(%
8*M)(">%?2)5% )5%6'3*#5'%-2'%8*7%*.$'*+:%30(-*)(5%-2'%)(90$8*-)0(%0(%-2'%7'(*.-:%09%9.:)("%
3.05'%-0%*%50#$3'%09%-2$'*-%0$%*%$'5-$)3-'+%*$'*>%?2'%P?aU%@#*(-)9)'5%-2'%-2$'*-%'A705#$'%.'4'.%
*-%*%")4'(%705)-)0(%)(%-2'%*$'*%09%07'$*-)0(>%%,%705)-)0(%)(%-2'%*$'*%09%07'$*-)0(%)5%+'9)('+%6:%

)-5% 4'3-0$; r ;% $'.*-)4'% -0% -2'% 0$)")(% 09% *% $'9'$'(3'% 300$+)(*-'% 5:5-'8>% % e'-% r % 6'% -2'%

$'7$'5'(-*-)0(%09%4'3-0$% r ;%)>'>% [ ]Tyx  r = ;%<2'$'% x %*(+% y %*$'%-2'%30870('(-5%09%4'3-0$% r %
*.0("%-2'%AX%*(+%:X%*A'5%09%-2'%$'9'$'(3'%9$*8'>%%?2'%5*8'%(0-*-)0(%<)..%6'%#5'+%90$%*..%-2'%

0-2'$% 4'3-0$5% *(+% -2')$% $'7$'5'(-*-)0(% -2$0#"20#-% -2)5% 32*7-'$;% )>'>% v % )5% *% 4'3-0$%<)-2% )-5%

$'7$'5'(-*-)0(% v %)(%-2'%$'9'$'(3'%9$*8'>%%h:%#5)("%-2)5%(0-*-)0(;%P?aU%'@#*-)0(%09%*(%*$'*%
09%07'$*-)0(;%80+'.'+%6:%C*#55)*(%+)5-$)6#-)0(5;%3*(%6'%<$)--'(%*5j%

% dt)-r(K)-r(
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<2'$'% iµ % *(+% iK % *$'% -2'% 8'*(% 4'3-0$% *(+% -2'% 304*$)*(3'% 8*-$)A% 09% -2'% thi % -2$'*-;%

$'57'3-)4'.:%*(+%+'9)('+%*5%

%
+
+
-

)

*
*
,

(
=+

-

)
*
,

(
=

iy

ix

iY

ix
i

,
2

,
2

i
,

,

0

0
K  ,

σ
σ

µ
µ

µ % B\\F%

S0-'%-2*-;% -2$'*-5%80+'.'+%6:%C*#55)*(%+)5-$)6#-)0(5%*$'%32*$*3-'$)='+%6:%-2'%<'..XM(0<(%
U#.-)+)8'(5)0(*.% C*#55)*(% e*<>% L)">\% 520<5% *% 5*87.'% P?aU% 30(5-$#3-'+% 6:% *% 5'-% 09%
C*#55)*(% 45,5>% % S0-'% -2*-% )9% -2'% 7*$*8'-'$5% 09% 45,5% *$'% 30(5-*(-5;% -2'(% P?aU% )5% -)8'X
)(4*$)*(->%,(:%0-2'$%45,*3*(%6'%#5'+%-0%30(5-$#3-%-2'%8*7%*5%.0("%*5%)-%)5%+)99'$'(-)*6.'>%

2.3 Restricted Regions Formulation 
h*5'+%0(%-2'%4*.#'%09%P?aU;%$'5-$)3-'+%$'")0(5%<2'$'%-2'%!,V%520#.+%('4'$%'(-'$%3*(%6'%

+'9)('+%)(%-2'%*$'*%09%07'$*-)0(>% %E#32%$'")0(5%*$'%@#*(-)9)'+%6:%*%.0<'$%.)8)-%B rf F;%<2'$'%

-2'%4*.#'%09%P?aU%)5%"$'*-'$%-2*(%0$%'@#*.%-0 rf >%%S*8'.:;%%

% { }rr ffA ≥= (r) :r(t) % B\IF%

S0-'%-2*-;%-2'5'%$'")0(5%*$'%(0-%9)A'+%04'$%-)8'%)(%-2'%*$'*%09%07'$*-)0(%)9%-2'%7$06*6).)5-)3%
8*7%)-5'.9%)5%-)8'X4*$)*(-%<)-2%$'57'3-%-0%705)-)0(%*(+%'99'3-)4'('55%*$'*>%%S'4'$-2'.'55;%)9%-2'%
705)-)0(%*(+%'99'3-)4'('55%*$'*%09%-2'%-2$'*-5%*$'%9)A'+%6#-%-2'%'99'3-5%09%-2'%-2$'*-5%*$'%5-)..%
-)8'X4*$)*(-;%'>">%-2'%.'4'.%09%-2$'*-%'A705#$'%09%-2'%!,V%)(3$'*5'5%*5%)-%5-*:5%.0("'$%)(%-2'%
*$'*%09%07'$*-)0(;%-2'5'%$'")0(5%<)..%6'%9)A'+%04'$%-)8'>%%

2.4 Gradient Search on PTEM 
W9% -2'%P?aU%)5%+)99'$'(-)*6.';% )>'>% -2'%*$'*%09%07'$*-)0(% )5%*..%80+'.'+%6:%C*#55)*(5%0$%*(:%
0-2'$% +)99'$'(-)*6.'% +)5-$)6#-)0(% 9#(3-)0(5;% -2'% "$*+)'(-% 5'*$32% *77$0*32;% <2)32% )5%
'A-'(5)4'.:%#5'+%)(%$060-)35%*(+%07-)8)=*-)0(%.)-'$*-#$'%B^0(0.)"';%\]]`K%D20)%Q%e'';%\]]`K%
U)-32'..%Q%E*5-$:;%IJJNK%i"$'(%'-%*.>;IJJRF%3*(%6'%'87.0:'+>%%?2)5%+'-'$8)('5%-2'%+)$'3-)0(%
09% 8)()8#8% )(3$'*5'% 0$% 5-''7'5-% +'53'(-% 09% -2'% P?aU>% % W(% 0-2'$% <0$+5;% )-% 3*(% 6'% '*5).:%
+'-'$8)('+%)(%<2)32%+)$'3-)0(%-2'%!,V%520#.+%804'%-0%8)()8)='%-2'%-2$'*-%'A705#$'%.'4'.%
0$%8*A)8)='%-2'%.)M'.)200+%09%*40)+)("%*%$'5-$)3-'+%$'")0(%0$%*%30..)5)0(>%%E)(3'%-2'%P?aU%)5%
30(5-$#3-'+% *5% -2'% 5#8% 09% +)99'$'(-)*6.'% 9#(3-)0(5;% -2'% +'-'$8)(*-)0(% 09% "$*+)'(-% 0$% -2'%
52*$7'5-X+'53'(-% +)$'3-)0(% 3*(% 6'% 3*$$)'+% 0#-% 6:% #-).)=)("% -2'% 5#8% 09% b+)$'3-)0(*.c%

+'$)4*-)4'5%09% (r)f %")4'(%)(%B\JF%*.0("%-2'%*A'5%09%-2'%$'9'$'(3'%300$+)(*-'%5:5-'8%09%320)3'>%%

e'-% u %6'%*%+)$'3-)0(;%*-%705)-)0(% r ;%<205'%*(".'% 9$08%-2'%705)-)4'%AX*A)5% )5%ψ >% %?2#5;% -2'%

4'3-0$%+'9)()("%+)$'3-)0(% u )5%

% JI
55

 sin cosu ψψ += % B\NF%

<2'$'% JI
55

, %%*$'%-2'%#()-%4'3-0$5%09%AX%*(+%:X*A'5%09%-2'%$'9'$'(3'%9$*8';%$'57'3-)4'.:>%?2'(;%

-2'%+)$'3-)0(*.%+'$)4*-)4'%09% (r)f %*.0("%+)$'3-)0(% u %*-%705)-)0(% r %)5%

% ψψ (r)sin+(r)cos=(r)u yx fffD % B\RF%



Autonomous Guidance of UAVs for Real-Time  
Target Tracking in Adversarial Environments 

%

725 

<2'$'% (r)xf % *(+% (r)yf % % *$'% -2'% 7*$-)*.% +'$)4*-)4'5% 09% (r)f <)-2% $'57'3-% -0% x *(+% y ;%
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-exp
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(r)
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iyix

iy yxy
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σσ
σµσµ

σπσ
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% B\`F%

,-% *% ")4'(% 705)-)0(;% -0% 9)(+% -2'% +)$'3-)0(% *.0("%<2)32% -2'% -2$'*-% 'A705#$'% )5% $'+#3'+% -2'%
805-;% )>'>% -2'%5-''7'5-%+'53'(-;% -2'%+)$'3-)0(*.%+'$)4*-)4'% )(% B\RF%520#.+%6'%8)()8)='+%04'$%

*(".'%ψ >%S*8'.:;%b-2'%8)()8)=)("%+)$'3-)0(c;% minu ;%*-%705)-)0(% r %)(%-'$85%09%)-5%*(".'%9$08%

-2'%705)-)4'%AX*A)5%)5%

% )r(minarg)r( umin fDψψ = % B\fF%

<2)32%:)'.+5%b-2'%8)()8)=)("%*(".'c%*-%705)-)0(% r %*5%

%
+
+
-

)

*
*
,

(

−
−

= −
)r(

)r(
tan)r( 1

min
x

y

f

f
ψ % B\gF%

?2'(;%-2'%4'3-0$%$'7$'5'(-)("%-2'%8)()8)=)("%+)$'3-)0(%)5%

% JI
55

minminmin sincosu ψψ += % B\]F%

S0-';%9#$-2'$;%-2*-%-2'%"$*+)'(-%09% (r)f %)5%Be*$50(%'-%*.>;%IJJIF%

% JfIff yx
55

(r)(r)(r) +=∇ % BIJF%

W(%-'$85%09%-2'%"$*+)'(-;%-2'%8)()8#8%4*.#'%09%-2'%+)$'3-)0(*.%+'$)4*-)4'%)5%")4'(%6:%

% (r)(r)min u ffD ∇−= % BI\F%

S0-'%-2*-%-2)5%)5;%)(%9*3-;%-2'%4*.#'%09%-2'%+)$'3-)0(*.%+'$)4*-)4'%*.0("%+)$'3-)0( minu ;%)>'>%

% minminminuu (r)sin(r)cos(r)(r)min ψψ yx fffDfD +== % BIIF%

3. Gradient Search Guidance Algorithm 

?2'% 8*)(% "0*.% 09% "$*+)'(-% 5'*$32% "#)+*(3'% *."0$)-28% )5% -0% "'('$*-'% 9'*5)6.'% 57''+% *(+%
2'*+)("% 3088*(+5% 90$%!,V5% -0% 5*9'.:% 7#$5#'% *%804)("% -*$"'-% )(% *(% *$'*%<)-2%8#.-)7.'%
50#$3'5% 09% -2$'*-5% *(+Y0$% $'5-$)3-'+% =0('5>% ?2)5% "0*.% $'@#)$'5% *% -$*+'X099% 6'-<''(% -2$''%
7055)6.:% 30(9.)3-)("% 06Z'3-)4'5% ")4'(% )(% -2'% 0$+'$% 09% -2')$% 7$)0$)-)'5jB)F% -0% *40)+% $'5-$)3-'+%
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$'")0(5%*(+%065-*3.'5%B))F%-0%8*)(-*)(%-2'%7$0A)8)-:%09%-2'%-*$"'-;%B)))F%-0%8)()8)='%-2'%.'4'.%09%
-2$'*-%'A705#$'>%%%?2#5;%-2'%5-$*-'":%520#.+%"#)+'%-2'%!,V%*#-0(080#5.:%-0%M''7%)-%<)-2)(%
*%7$'X57'3)9)'+%7$0A)8)-:%09%-2'%-*$"'-%*5%<'..%*5%-$:)("%-0%8)()8)='%-2'%-2$'*-%'A705#$'%*-%
*(:%-)8'%<2).'%*40)+)("%$'5-$)3-'+%*$'*5>%

3.1 Target Following Strategy 
?2'% 5-$*-'":% "#)+'5% *%!,V%6:% "'('$*-)("% 3088*(+'+% 2'*+)(";% cmdψ ;% *(+% 57''+;% cmdV >%%

12).'%"'('$*-)("%-2'5'%3088*(+5;% -2'%5-$*-'":%-*M'5% -2'%+:(*8)3%30(5-$*)(-5%09% -2'%!,V%
)(-0%*330#(->%%,(0-2'$%$'@#)$'8'(-%90$%-2'%5-$*-'":;%*++$'55'+%)(%-2)5%*."0$)-28;%)5%-2*-%-2'%
5-$*-'":%*."0$)-28%6'%'A'3#-'+%0(X.)('%+#$)("%-2'%7#$5#)-%0(%*(%0(X60*$+%3087#-'$Y8)3$0X
7$03'550$>% ?2#5;% -2'% 5-$*-'":% 520#.+% 6'% 3087#-*-)0(*..:% 9'*5)6.'% $'"*$+)("% -2'% 9.)"2-%
32*$*3-'$)5-)35%09%-2'%!,V%*(+%-2'%30(9)"#$*-)0(%09%-2'%0(X60*$+%7$03'550$Y3087#-'$>%

3.1.1 Preliminary Definitions!
W(%-2)5%5'3-)0(;%8*-2'8*-)3*.%*(+%"'08'-$)3%7$'.)8)(*$)'5%*$'% )(-$0+#3'+%-0%9*8).)*$)='%-2'%
$'*+'$%<)-2%30(3'7-5;%7*$*8'-'$5%*(+%30(5-$*)(-5%#5'+%90$%-2'%+'53$)7-)0(%*(+%90$8#.*-)0(%

09%-2'%5-$*-'":>%%S0-'%-2*-%-2$0#"20#-%-2'%32*7-'$% C ;D %*(+%V $'9'$%-0%3)$3.';%+)5M%*(+%30(';%

$'57'3-)4'.:>%e'-% sT %6'%-2'% %b"#)+*(3'%#7+*-'%7'$)0+c%G;% )>'>;% -2'%3088*(+'+%2'*+)("%*(+%

57''+%*$'%#7+*-'+%0(.:%<2'(%-)8'% skT=t ;%% { }00,1,2,  k ∈ >%?2'%705)-)0(5%09%-2'%!,V%*(+%-2'%

-*$"'-% *$'%+'9)('+% $'.*-)4'% -0% -2'% 9)A'+% $'9'$'(3'% 9$*8'%<2'$'% -2'%P?aU% )5%7$'5'(-'+%*5% *%
9#(3-)0(%09%705)-)0(>%%

%

L)"#$'%I>%P$0A)8)-:%Q%5'(50$%3)$3.'5;%[D%Q%[/D%30('5;%*(+%eiE%4'3-0$%

,5% 5''(% 9$08% L)">I>;% -2'% 705)-)0(% 4'3-0$5% 09% -2'% !,V% *(+% -2'% -*$"'-% *$'% +'9)('+% -0% 6'%

UAVr *(+% tr %<)-2% ( )uu yx , *(+% ( )tt yx , % 300$+)(*-'5;%$'57'3-)4'.:>%?2'%2'*+)("5%09% -2'%!,V%

*(+%-2'%-*$"'-%*$'%*(".'5%8'*5#$'+%9$08%705)-)4'%AX*A)5%*5% UAVψ *(+% tψ ;%$'57'3-)4'.:>%e'-%
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L ;% __.)('%09% 5)"2-GG% BeiEF%4'3-0$;% 6'% -2'%705)-)0(%4'3-0$%09% -*$"'-%<)-2% $'57'3-% -0%!,V%*(+%
<$)--'(%*5%

% ( ) ( )JyyIxxL utut
55

−+−= % BINF%

?2#5;%-2'%eiE%*(".';% LOSψ ;%3*(%6'%3087#-'+%*5%
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−= −
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k 1tan)(ψ % BIRF%

?2'(;%-2'%-)8'%$*-'%09%32*("'%09% LOSψ )5%3*.3#.*-'+%*5%

%
( )( ) ( )( )

( ) ( )22
)(

utut

utututut
LOS

yyxx

yyxxxxyy
k

−+−
−−−−−=

''''
'ψ % BITF%

6&+.#7#()*8#&81%;% )(Cp k ;%+'(0-'5%*%3)$3.';%*-%-2'% thk %B3#$$'(-F%#7+*-'%)(5-*(-;%3'(-'$'+%*-%-2'%

7$'+)3-'+% -*$"'-%705)-)0(%*-% -2'% thk )1( + % B('A-F%#7+*-'% )(5-*(-%*(+%<)-2%*%57'3)9)'+%$*+)#5;%

pr %B5''%L)">I>F>%S*8'.:;%

% { }p
:2

p r)1(r̂:)(C =+−ℜ∈= kzzk t % BI`F%

E)8).*$.:;%6&+.#7#()*5#'9;% )(Dp k ;%)5%+'9)('+%-0%6'%-2'%$'")0(%60#(+'+%6:% )(Cp k ;)>'>%

% { }p
:2

p r)1(r̂:)(D ≤+−ℜ∈= kzzk t % BIfF%

)(Dp k )5% )(-$0+#3'+%-0%+'9)('%-2'%7$0A)8)-:%09%-2'% -*$"'-%*(+%-2#5%)-% )5%*%+'5)"(%7*$*8'-'$%

-2*-%@#*(-)9)'5%20<%3.05'%-0%-2'%-*$"'-%-2'%5-$*-'":%520#.+%M''7%-2'%!,V%+#$)("%-2'%7#$5#)->%
S0-'%-2*-%-2'%7$0A)8)-:%09%-2'%-*$"'-%)5%-2'%06Z'3-)4'%09%-2'%5-$*-'":%<)-2%-2'%5'30(+%2)"2'5-%
7$)0$)-:>%%i(3'%-2)5%06Z'3-)4'%)5%5'3#$'+;%-2'%5-$*-'":%520#.+%-$:%-0%*32)'4'%-2'%.*5-%06Z'3-)4';%

8)()8)=)("%-2'%-2$'*-%'A705#$'%.'4'.>%%W(%-2)5%$'"*$+;% )(Dp k %@#*(-)9)'5%-2'%-$*+'X099%6'-<''(%

-2'5'% -<0%06Z'3-)4'5>%E)8).*$% -0% )(Cp k ;% %:%/8;/<#1#()*8#&81%;% )(Cr k ;% )5%+'9)('+% -0%6'%*%3)$3.';%

3'(-'$'+%*-%-2'%3#$$'(-%!,V%705)-)0(%B5''%L)">NF%*(+%2*5%*%$*+)#5%+'-'$8)('+%6:%-2'%57''+%09%

-2'%!,V%*(+%-2'%"#)+*(3'%#7+*-'%7'$)0+;% sT j%%

% { })()(r:)(C :2
r kVTkzzk UAVsUAV ×=−ℜ∈= % BIgF%

<2'$'% )(r kUAV *(+% )(kVUAV *$'% -2'% 5*87.'5% 09% -2'% !,V% 705)-)0(% *(+% 57''+% *-% -2'%
thk %

#7+*-'%)(5-*(-;%$'57'3-)4'.:>%S0-'%-2*-% )(Cp k %)5%3'(-'$'+%*-%-2'%7$'+)3-'+%-*$"'-%705)-)0(%*-%

-2'%('A-%#7+*-'% )(5-*(-%<2).'% )(Cr k )5%3'(-'$'+%*-% -2'%!,V%705)-)0(%*-% -2'%3#$$'(-%#7+*-'%

)(5-*(->%%?2#5;%-2'5'%-<0%3)$3.'5%*$'%#5'+%-0%+'-'$8)('%B)F%<2'-2'$%)-%)5%7055)6.'%5-*:%<)-2)(%

)(Dp k #(-).% -2'%('A-%#7+*-'% )(5-*(-%*(+%B))F% )9%(0-;% -2'%$*("'%09%+)$'3-)0(5% -2*-%<0#.+%5-''$%

-2'%!,V%-0<*$+5% )(Dp k >%h*5'+%0(% )(kHDCψ %9$08%L)">I;%[/D%B=%/5#"2*>#,,%&%"8%*?+"'(&/#"(F%

D0('%B HDCV F% )5%+'9)('+%-0%6'% -2'%$*("'%09%2'*+)("5%-2*-%*$'%30(5)+'$'+%-0%6'%3.05'% -0% -2'%

'5-)8*-'+%2'*+)("%09%-2'%-*$"'-% tψ5 >%%?2#5;%*5%520<(%)(%L)">I;% HDCV %804'5%<)-2%-2'%-*$"'-;%
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%
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)5%3'(-'$'+%*-% )-5%'5-)8*-'+%2'*+)("%*(+%'A7*(+5% )(%60-2%3.03M<)5'%*(+%30#(-'$X3.03M<)5'%

+)$'3-)0(5%6:% )(kHDCψ >%E)8).*$.:;%[D%B=%/5#"2*?+"'(&/#"(F%D0(';% HCV ;%+'9)('5%-2'%$*("'%09%

2'*+)("5%-2*-%*$'%*+8)55)6.'%<2'(%0(.:%-2'%+:(*8)35%09%-2'%!,V%)5%30(5)+'$'+>%% HCV ;%*5%

520<(% )(% L)">I;% 804'5% <)-2% -2'% !,V;% )5% 3'(-'$'+% *-% )-5% 2'*+)("% *(+% 'A7*(+5% )(% 60-2%

3.03M<)5'%*(+%30#(-'$X3.03M<)5'%+)$'3-)0(5%6:% maxψ >%%

12'(%-2'%!,V%)5%0#-5)+'%-2'%7$0A)8)-:%+)5M;% )(Dp k ;%)-%)5%+'5)$*6.'%-0%M(0<%B)F%<2'-2'$%)-%)5%

7055)6.'% -0% 804'% )(-0% )(Dp k *-% -2'% 3#$$'(-% 57''+% *(+% B))F% )9% )-% )5;% -2'% $*("'% 09% 9'*5)6.'%

2'*+)("5%-2*-%<0#.+%5-''$%-2'%!,V%-0<*$+5% )(Dp k >%%?0%6'%*6.'%-0%*(5<'$%-2'%9)$5-%@#'5-)0(;%

-2'%PH%BP$0A)8)-:%H*("'F%D0(';% PRV ;%)5%30(5-$#3-'+;%*5%520<(%)(%L)">N;%6:%-2'%)(-'$5'3-)0(%

70)(-5%09% )(Cr k %*(+% )(Cp k >%%

%

L)"#$'%N>%C'('$*.%7$0A)8)-:%+)5M%30('%

%

L)"#$'%R>%PH%30('%)(%4*$)0#5%3*5'5%09%705)-)0(%09% rC $'.*-)4'%-0% pC ;%B*F% )(D)(C pr kk ⊄ %%*(+%

∅=∩ )(C)(C pr kk ;%B6F;B3F% )(D)(C pr kk ⊄ %*(+% ∅≠∩ )(C)(C pr kk ;%B+F% )(D)(C pr kk ⊂ *(+%

∅=∩ )(C)(C pr kk %
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i64)0#5.:;% )9% )(D)(C pr kk ⊄ % *(+% ∅=∩ )(C)(C pr kk % BS0-'% -2*-% ∅ %+'(0-'5% -2'% '87-:% 5'-F;%

-2'(% PRV k∅ % *(+% -2#5% -2'% *(5<'$% -0% @#'5-)0(% B)F% )5% ('"*-)4'% B5''% B*F% 09% L)">RF>% 12'(%%

)(D)(C pr kk ⊄ % *(+% ∅≠∩ )(C)(C pr kk % B5''% B6F%*(+% B3F%09%L)">RF;%20<'4'$;% -2'% 9'*5)6).)-:%09%

PRV % 520#.+%6'% )(4'5-)"*-'+%6:%+'-'$8)()("% )-5% )(-'$5'3-)0(%<)-2% HCV >% W9% ∅=∩ PRHC VV ;%

-2'(% -2'% *(5<'$% -0% @#'5-)0(% B)F% )5% 5-)..% ('"*-)4'>% % 12'( ∅≠∩ PRHC VV ;% -2'% *(5<'$% -0%

@#'5-)0(%B)F%)5%*99)$8*-)4';%*(+%-2'%*(5<'$%-0%@#'5-)0(%B))F%)5%-2'%)(-'$5'3-)0(%30(';%<2)32%)5%

+'9)('+% -0% 6'% LPH% BL'*5)6.'% P$0A)8)-:% H*("'F% D0(';% )>'>% PRHCFPR VVV ∩= % *5% 520<(% )(%

L)">N>%%12'(% )(D)(C pr kk ⊂ ;%*5%5''(%)(%B+F%09%L)">R;% ∅=∩ )(C)(C pr kk >%

[0<'4'$;% )(% -2)5% 57'3)*.% 3*5';% 2V ℜ=PR 5)(3'% *(:%+)$'3-)0(%<)..% .'*+% -0% )(Dp k ;% *(+% -2#5;%

FPRV k HCV >%?2'%06Z'3-)4'%09% -2'%5-$*-'":%<)-2% -2'%2)"2'5-%7$)0$)-:% )5% -0%*.<*:5%*40)+% -2'%

$'5-$)3-'+%*$'*5>% %?0%6'%*6.'% -0%+0%50;% -2'%$*("'%09% -2'%2'*+)("5%-2*-%<0#.+%5-''$% -2'%!,V%
-0<*$+5% *% $'5-$)3-'+% *$'*;% '57'3)*..:% <2'(% -2'% $'5-$)3-'+% *$'*% )5% 3.05'X6:;% 520#.+% 6'%
+'-'$8)('+>% % ?2)5% 3*(% 6'% *33087.)52'+% 6:% #-).)=)("% -2'% +)$'3-)0(5% -2*-% *$'% -*("'(-% -0% -2'%
.'4'.%3#$4'%09%-2'%P?aU%-2*-%7*55'5%-2$0#"2%*%")4'(%!,V%705)-)0(>%%S0-'%-2*-%-2'%-*("'(-%

+)$'3-)0(5% *$'% *.<*:5% (0$8*.% -0% -2'% "$*+)'(-;% )(min kψ >% ?2'% *(".'5% 09% -2'% -<0% -*("'(-%

+)$'3-)0(5% *$'% $'9'$$'+% -0% *5% )(
Rtg kψ *(+% )(

Ltg kψ *5% 520<(% )(% L)">T>% % ?2'(;% E[H% BE*9'%

['*+)("% H*("'F% D0(';% SHRV ;% )5% +'9)('+% -0% 6'% -2'% $*("'% 09% +)$'3-)0(5% <)-2)(% -2'% HCV %

-2$0#"2%<2)32%-2'%+)$'3-)0(*.%+'$)4*-)4'%09%-2'%P?aU%)5%='$0%0$%('"*-)4'>%%

%

L)"#$'%T>%E[H%30('%

3.1.2 Decision Factors and Strategy States 
?2'% )(-'..)"'(-% 5-$*-'":% 9)$5-% 3087#-'5% -2'% b+'5)$'+c% 2'*+)("% *(+% 57''+% *5% <'..% *5% -2'%
b*+8)55)6.'c%$*("'5%09%2'*+)("%*(+%57''+>%?2'%+'5)$'+%5)"(*.5%*$'%3087#-'+%)(%*330$+*(3'%
<)-2% -2'% -2$''% 06Z'3-)4'5% 09% -2'% 5-$*-'":% <)-20#-% 30(5)+'$)("% -2'% +:(*8)3% *(+% 5-$*-'":X
)8705'+%30(5-$*)(-5>%%,-%-2'%5*8'%-)8';%-2'%*+8)55)6.'%$*("'5%*$'%+'-'$8)('+%6*5'+%0(%-2'%
5-*-'5% 09% -2'%!,V;% -2'% .03*.% P?aU% *(+% -2'% 30(5-$*)(-5>% % ?2'(;% -2'% 5-$*-'":% "'('$*-'5% -2'%
3088*(+'+% 5)"(*.5% B2'*+)("% *(+% 57''+F% 6:% 30(5)+'$)("% -2'% +'5)$'+% 5)"(*.5% *(+% -2')$%
$'57'3-)4'% *+8)55)6.'% $*("'5>% %12'(% *% +'5)$'+% 5)"(*.% )5% <)-2)(% -2'% $'57'3-)4'% *+8)55)6.'%
$*("';% -2'(%064)0#5.:% -2'%+'5)$'+%5)"(*.% )5%*55)"('+%*5% -2'%3088*(+'+%5)"(*.>%i-2'$<)5';%
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%
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-2'%60#(+*$:%09%-2'%*+8)55)6.'%$*("'%-2*-%)5%3.05'5-%-0%-2'%+'5)$'+%5)"(*.%)5%5'.'3-'+%-0%6'%-2'%
3088*(+'+%5)"(*.>%%?2)5%5'3-)0(%09%-2'%32*7-'$%)(-$0+#3'5%-2'%+'3)5)0(%9*3-0$5%*(+%+'3)5)0(%
5-*-'5%-2*-%*$'%+'9)('+%6*5'+%0(%-2'%5-$*-'":%06Z'3-)4'5%*(+%-2')$%*55)"('+%7$)0$)-)'5%*(+%#5'+%
6:% -2'% 5-$*-'":% -0% )(9'$% -2'% +'5)$'+% 2'*+)(";% +'5)$'+% 57''+% *(+% -2')$% *+8)55)6.'% $*("'5>%
?2'$'%*$'%90#$%+'3)5)0(%9*3-0$5%-2*-%*$'%#5'+%-0%+'-'$8)('%-2'%+'3)5)0(%5-*-'5j%
@/8(+&Aj% ?2)5% 9*3-0$% +'-'$8)('5% <2'-2'$% -2'% !,V% )5% )(% *% $)5M% 09% "'--)("% )(-0% *% $'5-$)3-'+%

$'")0(>% W-% )5% @#*(-)9)'+% 6:% #5)("% SHRV % *(+% '4*.#*-)("% -2'% P?aU% *-% -2$''% 705)-)0(5% -2*-%

<0#.+% 6'% -2'%705)-)0(5% 09% -2'%!,V% )(% %"% #7+*-'% 7'$)0+5% *2'*+% )9% )-% 9.)'5%<)-2% )-5% 3#$$'(-%

57''+%)(%-2'%3#$$'(-;%8*A)8#8%$)"2-%*(+%8*A)8#8%.'9-%2'*+)("%+)$'3-)0(5%B }3,2,1{i,i =ψ F>%%%

?2#5;%-2'5'%-2$''%7$057'3-)4'%705)-)0(5%*$'%3*.3#.*-'+%*5%

% )(cosT)(V+=)+( isi knkxnkx cc ψ %% BI]F%

% )(sinT)(V+=)+( isi knkynky cc ψ % BNJF%

<2'$'%"%)5%-2'%(#86'$%09%#7+*-'%7'$)0+5%-2*-%<0#.+%-*M'%90$%-2'%!,V%-0%8*M'%*%]J%+'"$''X

-#$(%6:%#-).)=)("% -2'%8*A)8#8%*4*).*6.'% -#$(% $*-'>% % W-% )5% 3087#-'+%6:% )]2/([ maxψπceiln = %

<2'$'%8%#1% )5% *% 9#(3-)0(% -2*-% $0#(+5%*% $'*.%(#86'$% -0% -2'%('*$'5-% )(-'"'$% -0<*$+5%705)-)4'%
)(9)()-:>%

?2'(;%-2'%P?aU%)5%'4*.#*-'+%*-%-2'5'%-2$''%705)-)0(5>%W9%*..% ),( ii yxf *$'%"$'*-'$%-2*(%0$%'@#*.%

-0% rf ;% -2'(% -2'%!,V% )5% )(%[WC[%$)5M% 5)(3'% *..% -2'%2'*+)("5% 5-''$% -2'%!,V% -0% *% $'5-$)3-'+%

*$'*>% W9% 0(.:% 508'%09% ),( ii yxf % )5% "$'*-'$% -2*(% rf % *(+% ∅=SHRV % % -2'(% -2'%!,V% )5% 5-)..% )(%

[WC[%$)5M%5)(3' ∅=SHRV %8'*(5% -2*-% -2'%'(-)$'% HCV % )5%+)$'3-'+%3087.'-'.:% -0<*$+5% -2'%

$'5-$)3-'+% *$'*>% W9% ∅≠SHRV % *(+% -2'$'% *$'% 508'% ),( ii yxf % .'55% -2*(% rf ;% -2'(% -2'%!,V% )5%

30(5)+'$'+%-0%6'%)(%ei1%$)5M>%W9%*..% ),( ii yxf %*$'%.'55%-2*(% rf ;%-2'(%-2'%$)5M%)5%SiSa%5)(3'%

(0('%09%-2'%+)$'3-)0(5%5-''$5%-2'%!,V%-0%-2'%$'5-$)3-'+%*$'*>%
@/8(+&*Bj%?2)5%9*3-0$%+'-'$8)('5%<2'-2'$%-2'%!,V%<)..%6'%<)-2)(%-2'%7$0A)8)-:%09%-2'%-*$"'-%

*-% -2'% ('A-% #7+*-'% )(5-*(->% % ?2)5% )5% @#*(-)9)'+% 6:% '87.0:)("% PRV ; HCV % *(+% SHRV %

+'7'(+)("%0(%-2'%*(5<'$%-0%L*3-0$%\>% %12'(%L*3-0$%\% )5%SiSa%B)>'>%(0%$)5M%09%"'--)("%)(-0%

rA F;%-2'%)(-'$5'3-)0(%09% PRV %*(+% HCV %)5%-*M'(>%W9%

% ∅≠∩ PRHC VV % BN\F%

-2'(% -2'% *(5<'$% )5%laE;% )>'>% )-% )5% 9'*5)6.'% 90$% -2'%!,V% -0%6'%<)-2)(% )1(Dp +k >% %i-2'$<)5';%

L*3-0$%I%)5%Si>%%12'(%L*3-0$%\%)5%ei1;% HCV %)5%$'7.*3'+%6:% SHRV %)(%%BN\F>%%S0-'%-2*-%)(%-2'%

3*5'%<2'(% 2V ℜ=PR ;%)>'>% )(Cr k %)5%3087.'-'.:%)(% )(Dp k ;%L*3-0$%I%)5%*.<*:5%laE%<2'(%L*3-0$%

\%)5%SiSa%0$%ei1>%%12'(%L*3-0$%\%)5%[WC[;%-2'%*(5<'$%-0%L*3-0$%I%)5%(0-%+'9)('+>%
@/8(+&*Cj%?2)5%9*3-0$%+'-'$8)('5%<2'-2'$%-2'%2'*+)("5%09%-2'%!,V%*(+%-2'%-*$"'-%*$'%3.05'>%

?2)5%)5%@#*(-)9)'+%6:%-2'%)(-'$5'3-)0(%09% HCV %*(+% HDCV <2'(%L*3-0$%\%)5%SiSa>%

W9%

% ∅≠∩ HDCHC VV % BNIF%
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-2'(%-2'%*(5<'$%)5%laE;%)>'>%-2'%!,V%*(+%-2'%-*$"'-%2'*+)("5%*$'%3.05';%0-2'$<)5'%-2'%*(5<'$%

)5%Si>%12'(%L*3-0$%\%)5%ei1;% HCV %)5%$'7.*3'+%6:% SHRV %)(%%BNIF>%

@/8(+&* Dj% ?2)5% 9*3-0$% +'-'$8)('5% <2'-2'$% -2'% !,V% )5% 2'*+)("% -0<*$+5% )(Dp k 0(.:% <2'(%

L*3-0$% \% )5% SiSa% 0$% ei1;% L*3-0$% I% )5% Si% *(+% L*3-0$% N% )5% laE>% ?2)5% )5% @#*(-)9)'+% 6:%

3087*$)("% )(LOS kψ !<)-2%B HDCHC VV ∩ F%0$%B HDCSHR VV ∩ F>%%12'(%L*3-0$%\%)5%SiSa%*(+%

% ( )HDCHCk VV)(LOS ∩⊂ψ % BNNF%

-2'(%-2'%*(5<'$%)5%laE;%(*8'.:%-2'%!,V%)5%2'*+)("%-0<*$+5% )(Dp k ;%0-2'$<)5'%-2'%*(5<'$%)5%

Si>%12'(%L*3-0$%\%)5%ei1;% HCV )5%$'7.*3'+%6:% SHRV %)(%BNIF%*5%+0('%)(%L*3-0$5%I%*(+%N>%

%%%%%%/aDWEWiS%L,D?iHE%%
%E?,?aE% \% I% N% R%

\% SiSa% Si% laE% laE%

I% SiSa% Si% laE% Si%

N% SiSa% Si% Si% SY,%

R% SiSa% laE% SY,% SY,%

T% ei1% Si% laE% laE%

`% ei1% Si% laE% Si%

f% ei1% Si% Si% SY,%

g% ei1% laE% SY,% SY,%

]% [WC[% SY,% SY,% SY,%

?*6.'%\>%/'3)5)0(%9*3-0$5%*(+%5-$*-'":%5-*-'5%BSY,j%S0-%,77.)3*6.'F%

?*6.'%\%5#88*$)='5%*..%-2'%$#.'5%-0%+'-'$8)('%-2'%5-*-'5%09%-2'%5-$*-'":%6*5'+%0(%-2'%+'3)5)0(%
9*3-0$5>%W(%3(/(%'EA%-0%XR;%-2'%!,V%)5%(0-%)(%*(:%$)5M%09%9.:)("%)(-0%*%$'5-$)3-'+%*$'*>%%%W(%%3(/(%E

A;%-2'%!,V%)5%(0-%)(% pD ;%6#-%-2'%2'*+)("5%09%-2'%!,V%*(+%-2'%-*$"'-%*$'%3.05'%*(+%-2'%!,V%

)5%2'*+)("% -0<*$+5% pD >% %[0<'4'$;% W(%3(/(%EB;% -2'%!,V% )5%(0-%2'*+)("% -0<*$+5 pD >% %S0-'%

-2*-%@/8(+&*D%)5%30(5)+'$'+%0(.:%<2'(%-2'$'%)5%SiSa%0$%ei1%$)5M%09%9.:)("%)(-0%*%$'5-$)3-'+%
$'")0(%*(+%-2'%2'*+)("5%09%-2'%!,V%*(+%-2'%-*$"'-%*$'%3.05'>%%W(%3(/(%EC;%-2'%!,V%)5%(0-%)(%
-2'%7$0A)8)-:%+)5M%*(+%80$'04'$%-2'%2'*+)("5%09%-2'%!,V%*(+%-2'%-*$"'-%*$'%(0-%3.05'>%,5%
-2'% 5)8#.*-)0(% $'5#.-5% <)..% $'4'*.;% -2)5% 5-*-'% 033#$5% $*$'.:% +#'% -0% -2'% )8705'+% 2'*+)("%

+)99'$'(3'%30(5-$*)(-%6:%-2'%5-$*-'":>%%W(%3(/(%ED;%-2'%!,V%)5%<)-2)( pD
~
>%%%S0-'%*.50%-2*-%-2)5%)5%

-2'%5-*-'%-2*-%5-$*-'":%-$)'5%-0%M''7%-2'%!,V%)(%*5%8#32%*5%7055)6.'%+#$)("%-2'%8)55)0(>%W(%
3(/(%'EF%-0%Xg;%-2'%!,V%)5%)(%.0<%$)5M%$'")0(>%%W(%60-2%3(/(%'EF%*(+%X`%;%-2'%!,V%)5%0#-5)+'%-2'%
7$0A)8)-:%+)5M%*(+%-2'%2'*+)("5%09%-2'%!,V%*(+%-2'%-*$"'-%*$'%3.05'>%%[0<'4'$;%)(%3(/(%EG;%

-2'%!,V%)5%(0-%2'*+)("%-0<*$+5 pD %>%%%W(%3(/(%EH;%-2'%!,V%)5%(0-%)(%-2'%7$0A)8)-:%+)5M%*(+%

80$'04'$%-2'%2'*+)("5%09%-2'%!,V%*(+%-2'%-*$"'-%*$'%(0-%3.05'>%W(%3(/(%EI;%-2'%!,V%)5%<)-2)(%

pD >% %S0-'% -2*-%@/8(+&'% N% *(+% R% *$'% (0-% 30(5)+'$'+% )(%3(/(%'ED% *(+% Xg% 6'3*#5'% -2'%!,V% )5%

*.$'*+:%)(%-2'%7$0A)8)-:%09%-2'%-*$"'->%W(%3(/(%EJ;%-2'%!,V%)5%)(%2)"2%$)5M%$'")0(>%%?2#5;%0-2'$%
+'3)5)0(%9*3-0$5%*$'%(0-%30(5)+'$'+>%
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3.1.3 Computation of Desired Heading and Admissible Range 
,5% 5-*-'+% '*$.)'$;% -2'% 3088*(+'+% 2'*+)("% )5% 3087#-'+% 6*5'+% 0(% -2'% +'5)$'+% 2'*+)("%
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5'3-)0(%*(+%-2'%('A-%5'3-)0(%3*(%6'%+'9)('+%-0%6'%-2'%$#.'5%-2*-%$'7$'5'(-%*%5-$*-'":%-0%5'.'3-%
-2'%3088*(+'+%5)"(*.5>%%H'3*..%-2*-%-2'%5-$*-'":%2*5%-2$''%06Z'3-)4'5%<)-2%+)99'$'(-%.'4'.5%09%

7$)0$)-:>%?2'$'% *$'% -2$''%2'*+)("5;% )(),( mint kk ψψ5 !*(+ )(LOS kψ ;% 0('%09%<2)32% )5% 3205'(%*5%
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)(%*%")4'(%5-$*-'":%5-*-'>%
W(%3(/(%'EA%*(+%EB;%-2'%06Z'3-)4'%<)-2%-2'%2)"2'5-%7$)0$)-:%B*40)+*(3'%09%-2'%$'5-$)3-'+%$'")0(5F%%
)5% 30(5)+'$'+% -0% 6'% b*32)'4'+c% 5)(3'% L*3-0$% \% )5% SiSa>% % [0<'4'$;% -2'% 5'30(+% 06Z'3-)4'%

(''+5%-0%6'%-*$"'-'+%5)(3'%L*3-0$%I%)5%Si;%)>'>;%% pD !520#.+%6'%)(-'$3'7-'+>%E)(3'%-2'%L*3-0$%N%

)5% laE;% -2'% 2'*+)("5% 09% -2'%!,V% *(+% -2'% -*$"'-% *$'% *.$'*+:% 3.05'>% ?0% *32)'4'% -2'% 5'30(+%

06Z'3-)4';% *% 7#$5#)-% "#)+*(3'% .*<% )5% '87.0:'+% 90$% -2'% !,V% -0% )(-'$3'7-% pD ! *5% 500(% *5%
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% )()()(des kKkk LOSDLOS ψψψ '+= % BNRF%

<2'$'%-2'%9)$5-%-'$8%$'7$'5'(-5%-2'%<'..XM(0<(%4'.03)-:%"#)+*(3'%BP*5-$)3M%'-%*.>;%\]g\F%*(+%

-2'% +'$)4*-)4'% -'$8;% <)-2% "*)(% DK ;% )5% *++'+% -0% )87$04'% -2'% 7#$5#)-% 7'$90$8*(3'>% % ?2'%

*+8)55)6.'%2'*+)("%$*("'%)5%5'.'3-'+%5#32%-2*-%-2'%3088*(+'+%2'*+)("%+0'5%(0-%4)0.*-'%-2'%
+:(*8)3% 30(5-$*)(-% 09% -2'% !,V% *(+% -2'% 2'*+)("% +)99'$'(3'% 30(5-$*)(-% )8705'+% 6:% -2'%
5-$*-'":%)-5'.9;%)>'>%

% HDCHCAHR VVV ∩= % BNTF%

S0-'%-2*-%-2'%+'5)$'+%2'*+)("%5'.'3-)0(%5-$*-'":%)5% -2'%5*8'%90$%3(/(%'EA%*(+%EB>% %[0<'4'$;%

-2'%"*)(;% DK ;% )(% % BNRF%<)..%6'%5'.'3-'+%+)99'$'(-.:>% %,(0-2'$%+)99'$'(3'%0$)")(*-'5% 9$08%-2'%

5'.'3-)0(%09%-2'%+'5)$'+%57''+%*5%'A7.*)('+%)(%-2'%('A-%5'3-)0(>%
W(%3(/(%EC;% 5)8).*$% -0% -2'%9)$5-% -<0%5-*-'5;% -2'%06Z'3-)4'%<)-2%-2'%2)"2'5-%7$)0$)-:% )5%*32)'4'+%
6#-%-2'%5'30(+%06Z'3-)4'%)5%(0->% %L#$-2'$80$';%5)(3'%-2'%L*3-0$%N%)5%Si;%-2'%2'*+)("5%09%-2'%
!,V%*(+%-2'%-*$"'-%*$'%(0-%3.05'%-0%'*32%0-2'$>%W(%*%2)"2%57''+%7#$5#)-;%9.:)("%)(%*%+)$'3-)0(%
+)99'$'(-%9$08%-2*-%09% -2'%-*$"'-%<)..% .'*+%-2'%!,V%-0%.05'%-2'%7$0A)8)-:%09%-2'%-*$"'-%4'$:%
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-2*-%*5%7#$5#)-%57''+%+'3$'*5'5;%)-%<)..%6'%.'55%.)M'.:%90$%-2)5%5-*-'%-0%033#$%6'3*#5';%*5%-0%6'%
'A7.*)('+%)(%E'3-)0(%N>\>T;%-2'%2'*+)("%+)99'$'(3'%30(5-$*)(-%<)..%6'%$'.*A'+>%%
W(%3(/(%ED;% 5)(3'% -2'% 9)$5-% -<0% 06Z'3-)4'5% 09% -2'% 5-$*-'":% *$'% *32)'4'+;% -2'% -2)$+% 0('% 3*(% 6'%
-*$"'-'+>%%?2#5;%-2'%5-$*-'":;%)(%-2)5%5-*-';%520#.+%-$:%-0%8)()8)='%-2'%-2$'*-%'A705#$'%.'4'.%
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<0#.+%('4'$% .'*4'% pD >% %?2#5;%*%+)$'3-)0(%-*("'(-%-0% pC % )5%+'9)('+%-0%@#*(-)9:%-2'%5'30(+%

06Z'3-)4'>%%H'3*..%-2*-%-2'%3087#-*-)0(%09% )(min kψ !)5%*.$'*+:%)(-$0+#3'+%)(%E'3-)0(%I>R>%S0<;%

3*.3#.*-)0(%09%-2'%-*("'(-%+)$'3-)0(%<)..%6'%7$'5'(-'+>% %?2'(;%-2'%8'-20+%<)..%6'%'A7.*)('+%

-2*-%3087#-'5% )(des kψ 6*5'+%0(% )(min kψ *(+%-2'%-*("'(-%+)$'3-)0(%-0%@#*(-)9:%-2'%-$*+'X099%

6'-<''(%-2'%-<0%30(9.)3-)("%06Z'3-)4'5>%L)$5-;%-2'%*+8)55)6.'%2'*+)("%$*("'%)5%+'-'$8)('+%-0%
'(5#$'% -2*-% -2'% +:(*8)3% 30(5-$*)(-5% 09% -2'% !,V% *$'% (0-% 4)0.*-'+>% % L#$-2'$80$';% *(:%

+)$'3-)0(%-2*-%<0#.+%3'$-*)(.:%804'%-2'%!,V%0#-5)+'% )(Dp k !520#.+%6'%'.)8)(*-'+>%%?2#5;%
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HDCV % )5% (0-% 30(5)+'$'+% B)>'% @/8(+&* C% )5% (0-% 30(5)+'$'+F% )(% -2)5% 5-*-'% 6'3*#5'% @/8(+&* B% )5%

*.$'*+:%laE>%%S0-'%-2*-%-2'%805-%.)M'.:%2'*+)("%09%-2'%!,V%)5% )(min kψ !7$04)+'+%)-%)5%<)-2)(%

AHRV >% %['(3';%*%-'870$*$:%2'*+)(";% )(temp kψ !)5%+'9)('+%-0%6'% )(min kψ !)9% AHRk V)(min ∈ψ %

*(+;%0-2'$<)5';%-2'%60#(+*$:%09% AHRV %-2*-%)5%3.05'5-%-0% )(min kψ >% )(ktempψ )5%#5'+%-0%+'9)('%*%

.03*.%300$+)(*-'%5:5-'8;%*5%520<(%)(%L)">`;%<205'%0$)")(%)5%*-%-2'%3#$$'(-%!,V%705)-)0(%*(+%

:X*A)5;% Ly ;%2*5%*(".'5% )(ktempψ !9$08%-2'%705)-)4'%AX*A)5%09%-2'%)('$-)*.%$'9'$'(3'%9$*8'>%%?2'%
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%

L)"#$'%`>%?*("'(-%2'*+)("%60#(+)("%-2'%!,V%-#$(5%
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-2'%*(".'%09%-2'%$'5#.-*(-%4'3-0$%)(%BTJF;%-2'%+'5)$'+%2'*+)("%*(".'%)(%3(/(%ED%)5%3087#-'+%*5%

%
04

0
2
/

03

0
1
.

+−
+−

= −
)(cos)()(cos)](1[

)(sin)()(sin)](1[
tan)( 1

kkkk

kkkk
k

tgtemp

tgtemp
des ψαψα

ψαψα
ψ % BTNF%

W(%3(/(%'EF% -0%EI;%'A*3-.:%-2'%5*8'%5-$*-'")'5%*5%)(%3(/(%'EA% -0%ED;%$'57'3-)4'.:;%90$%3087#-)("%

)(kdesψ %2*4'%6''(%)87.'8'(-'+>%%?2'%0(.:%+)99'$'(3'%)(%-2'5'%5-*-'5%)5%-2*-%-2'$'%)5%*%ei1%

-2$'*-% $'")0(% )(5-'*+% 09% 2*4)("% SiSa% -2$'*-% $'")0(>% % ?2#5;% HCV % )5% $'7.*3'+% 6:% SHRV %

+#$)("%-2'%3*.3#.*-)0(%09% AHRV %)(%*..%-2'5'%5-*-'5>%

W(%3(/(%EJ;% -2'% 06Z'3-)4'%<)-2% -2'%2)"2'5-%7$)0$)-:% )5% (0-% 30(5)+'$'+% -0% 6'% b*32)'4'+c% 5)(3'%
L*3-0$% \% )5% [WC[>% % % ?2#5;% -2'% !,V% 520#.+% 6'% 3088*(+'+% -0% 8*M'% *% -#$(% -0% 5-07%

*77$0*32)("%-2'%$'5-$)3-'+%*$'*>%%E)(3'% )(min kψ %)5%-2'%+)$'3-)0(%09%-2'%52*$7'5-%+'53'(-;%)-%)5%

5'.'3-'+%-0%6'% )(kdesψ >%L#$-2'$80$';%-2'%!,V%520#.+%8*M'%-2'%-#$(%*5%9*5-%*5%7055)6.';%-2#5;%

AHRV %)5%5'.'3-'+%-0%6'% HCV %-0%*..0<%-2'%!,V%-0%8*M'%-2'%52*$7'5-%-#$(%7055)6.'>%

3.1.4 Computation of Desired Speed and Admissible Range 
W(%-2'%7$'4)0#5%5'3-)0(;%-2'%3087#-*-)0(%09%-2'%3088*(+'+%2'*+)("%*-%'*32%#7+*-'%)(5-*(-%

)5% 7$'5'(-'+>% % i(3'% -2'% 3088*(+'+% 2'*+)(";% )(kcmdψ ;% )5% 3087#-'+% *-% -2'% thk % #7+*-'%

)(5-*(-;% -2'% 5-$*-'":% 3087#-'5% -2'% +'5)$'+% 57''+;% % )(kVdes ;% 6*5'+% 0(% )(kcmdψ % *(+% -2'%

3#$$'(-%+'3)5)0(%5-*-'>%%%L#$-2'$80$';%*(%*+8)55)6.'%57''+%$*("'%)5%+'-'$8)('+%6*5'+%0(%-2'%
57''+% *(+% *33'.'$*-)0(% 30(5-$*)(-5% 09% -2'% !,V>% % S0-'% -2*-% +#$)("% *% 7#$5#)-%8)55)0(;% -2'%
-*$"'-%57''+%8)"2-%6'%4*$:)("%+$*5-)3*..:>%%L#$-2'$;%-2'%7*-2%09%-2'%!,V;%+'-'$8)('+%6:%-2'%
3088*(+'+% 2'*+)(";%8)"2-% 6'% 5)"()9)3*(-.:% +)99'$'(-% 9$08% -2*-% 09% -2'% -*$"'-% 6'3*#5'% -2'%
5-$*-'":%5-''$5%-2'%!,V%-0%*40)+%$'5-$)3-'+%*$'*5%*(+%8)()8)='%-2$'*-%'A705#$'%.'4'.>%%?2#5;%
-2'%3088*(+'+%57''+%)5%+'-'$8)('+%-0%*++$'55%06Z'3-)4'XI;% )>'>% -0%2'.7%8*)(-*)(%0$%06-*)(%
-2'%7$0A)8)-:%09% -2'% -*$"'-% )(%*.805-%*..%+'3)5)0(%5-*-'5>%?2'%'A3'7-)0(% )5%3(/(%EJ%<2'$'% -2'%
3088*(+'+%57''+%)5%+'-'$8)('+%-0%2'.7%*40)+%$'5-$)3-'+%*$'*5>%
W(%3(/(%'EA%-0%EI;%-2'%+'5)$'+%57''+%)5%3*.3#.*-'+%6:%*%7$070$-)0(*.%30(-$0.%*."0$)-28%6*5'+%0(%
-<0%+)99'$'(-%'$$0$%5)"(*.5>%%?2'%9)$5-%0(';%57''+%'$$0$;%)5%-2'%+)99'$'(3'%6'-<''(%-2'%57''+%09%
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-2'%!,V%*(+%-2'%'5-)8*-'+%-*$"'-%57''+>%%?2)5%)5%#5'+%-0%'(5#$'%-2*-%-2'%!,V%57''+%<)..%6'%
*+Z#5-'+% *5% -2'% -*$"'-% 57''+% 4*$)'5>% % ?2'% 5'30(+% 0(';% -2'% 705)-)0(% '$$0$;% )5% +'9)('+% -0%

@#*(-)9:%-2'%+)5-*(3'%6'-<''(%-2'%!,V%*(+% )(Dp k >%?0%3087#-'%-2'%705)-)0(%'$$0$;%*% .03*.%

$'9'$'(3'%9$*8'%)5%+'9)('+%*5%520<(%)(%L)">f;%5#32%-2*-%)-5%0$)")(%)5%*-%-2'%!,V%705)-)0(%*(+%

)-5%:X*A)5;% Ly ;%2*5%*(%*(".'%09% )(kcmdψ %9$08%-2'%705)-)4'%AX*A)5%09%-2'%)('$-)*.%9$*8'>%%S0-'%

-2*-%-2)5%.03*.%9$*8'%)5%5)8).*$%-0%-2'%0('%#5'+%)(%-2'%7$'4)0#5%5'3-)0(%'A3'7-%-2'%*(".'%#5'+%

-0% +'9)('% -2'% 0$)'(-*-)0(% $'.*-)4'% -0% -2'% )('$-)*.% 9$*8'>% % ?2'(;% -2'% 705)-)0(% '$$0$;% )(ke ;% )5%

+'9)('+%-0%6'%-2'%*$)-28'-)3%8'*(%09%-2'%-<0%)(-'$5'3-)0(%70)(-5%09% Ly X*A)5%<)-2% pC >%%%

%

L)"#$'%f>%W('$-)*.%*(+%!,V%.03*.%300$+)(*-'%5:5-'85%

S0-'% -2*-%
1Ly *(+%

2Ly %3*(%6'%3*.3#.*-'+%6:%#5)("%-2'%5*8'%*77$0*32%+'-*).'+% )(%7$'4)0#5%

5'3-)0(% <)-2% )(kcmdψ % -2*-% $'7.*3'5% )(ktempψ >% % ?2'% 7$070$-)0(*.% 30(-$0.% *."0$)-28% )5%

90$8#.*-'+%*5%%

% ]/)([)]()([)()( seUAVtsUAVdes TkeKkVkVKkVkV +−+=
5

% BTRF%

<2'$'% )(kVt
5

% )5% -2'%'5-)8*-'+% -*$"'-% 57''+;% sK % *(+% eK % *$'% -2'%7$070$-)0(*.%"*)(5% 90$% -2'%

57''+%*(+%705)-)0(% '$$0$5;% $'57'3-)4'.:>% %S0-'% -2*-%+)99'$'(-%4*.#'5% 3*(%6'% *55)"('+% -0% -2'%
"*)(5%)(%+)99'$'(-%5-*-'5>%L0$%'A*87.';%90$%-2'%5)8#.*-)0(5%7$'5'(-'+%)(%E'3-)0(%N>N;%)(%3(/(%EA%
*(+%3(/(%EF;%-2'%"*)(5%*$'%-<)3'%*5%6)"%*5%-2'%4*.#'5%#5'+%)(%0-2'$%5-*-'5>%%?2)5%)5%6'3*#5';%)(%

-2'5'% 5-*-'5;% -2'%!,V% )5% 0#-5)+'% pD !6#-% 2'*+)("% -0<*$+5% )-% BH'3*..% -2*-%@/8(+&ED% )5% laEF>%

?2#5;%*%"$'*-'$%57''+%)(3$'*5'%520#.+%6'%3088*(+'+%50%-2*-%)-%<)..%-*M'%-2'%!,V%*%520$-'$%

-)8'%-0%*--*)(% pD "%,5%5-*-'+%'*$.)'$;%)(%3(/(%EJ;%-2'%06Z'3-)4'%<)-2%-2'%2)"2'5-%7$)0$)-:%(''+5%

-0%6'%*++$'55'+>% %S*8'.:;% -2'$'% )5%*%[WC[%$)5M%09% )(3#$5)0(% )(-0%*%$'5-$)3-'+%*$'*%*(+% -2'%
52*$7'5-%+'53'(-%+)$'3-)0(% )5% 3088*(+'+% -0% -#$(% -2'%!,V%*<*:% 9$08% -2'% $'5-$)3-'+% *$'*>%%
?2'%57''+%3088*(+%)5%*.50%#-).)='+%-0%)87$04'%-2'%7'$90$8*(3'%09%-2'%5-$*-'":>%%S0-'%-2*-%
-2'% .0<'$% -2'% 57''+%09%*%!,V;% -2'% 52*$7'$% -#$(5% )-% 3*(%8*M'>% %?2#5;% -2'%8)()8#8%57''+%
7055)6.';%")4'(%-2'%+'3'.'$*-)0(%30(5-$*)(-%09%-2'%!,V;%)5%3088*(+'+;%)>'>%

% sUAVdes TakVkV min)()( += % BTTF%
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i(3'% -2'% +'5)$'+% 57''+% )5% +'-'$8)('+;% -2'% *+8)55)6.'% $*("'% 90$% -2'% 57''+% 520#.+% 6'%
+'-'$8)('+%-0%3087#-'%-2'%3088*(+'+%57''+%50%-2*-%-2'%57''+%*(+%*33'.'$*-)0(%30(5-$*)(-5%
09%-2'%!,V%*$'%(0-%4)0.*-'+>%%?2'%#77'$%*(+%-2'%.0<'$%60#(+5%09%-2'%*+8)55)6.'%57''+%$*("'%
*$'%3*.3#.*-'+%*5%

% { }sUAV TakVVkV
const maxmaxmax )(,min)( += % BT`F%

% { }sUAV TakVVkV
const minminmin )(,min)( += % BTfF%

3.1.5 Scheduling Scheme for Heading Difference Constraint 
H'3*..%-2*-% HDCV %)5%)(-$0+#3'+%-0%5'$4'%*5%*%5-$*-'":%)8705'+%30(5-$*)(-%0(%-2'%2'*+)("%09%

-2'%!,V>% ?2)5% )5% ('3'55*$:% 6'3*#5'% -2'% -#$()("% $*+)#5% 09% *% 4'2)3.'% )(3$'*5'5% *5% )-5% 57''+%
)(3$'*5'5>% % W9% -2'% 2'*+)("% +)99'$'(3'% )5% (0-% 60#(+'+;% -2'% 5-$*-'":% 8*:% 32*("'% -2'% !,V%

2'*+)("%+$*5-)3*..:%-0%8)()8)='%-2'%-2$'*-%'A705#$'%<2'(%-2'%!,V%)5%<)-2)(% )(Dp k >% %?2)5;%

)(%-#$(;%8*:%)(3$'*5'%-2'%$)5M%09%-2'%-*$"'-%"'--)("%0#-5)+'% )(Dp k %*(+%'4'(-#*..:%0#-5)+'%-2'%

5'(50$%$*("'>%%?0%$'5-$)3-%-2'%80-)0(%09%-2'%!,V%)(%*(+%*$0#(+%-2'%+)$'3-)0(%<2'$'% )(Dp k %)5%

2'*+)(";% )(kHDCψ %)5%)(-$0+#3'+>%%[0<'4'$;%*5%5-*-'+%'*$.)'$;%-2)5%30(5-$*)(-;%)9%)-%<*5%9)A'+;%

<0#.+%6'308'%*%.)*6).)-:%)(%-2'%3*5'%09%.0<%57''+%*(+%'4'(%80$'%50%<2'(%-2'%-*$"'-%5-075>%%
?2#5;%*%532'+#.)("%532'8'%)5%+'4'.07'+%-0% )8705'%*%2'*+)("%+)99'$'(3'%30(5-$*)(-% )(%2)"2%
57''+%7#$5#)-%*(+%-0%$'.*A%)-%<2'(%-2'%-*$"'-%804'5%5.0<%0$%5-075>%%?2'%532'+#.)("%520#.+%
6'% +0('% )(% 5#32% *% <*:% -2*-% (0% +)530(-)(#)-:% )5% )(-$0+#3'+% )(% -2'% 3087#-*-)0(% 09% -2'%

3088*(+'+%2'*+)(">%%,330$+)("%-0%-2'%532'+#.)("%532'8'%#5'+%B5''%L)">gF;% )(kHDCψ %)5%5'-%

-0% *% 30(5-*(-;% )(* kHDCψ ;% <2'(% -2'% '5-)8*-'+% -*$"'-% 57''+;% tV
5
;% )5% 2)"2% B)>'>% "$'*-'$% -2*(%

2thresV FK% <2'(% -2'% -*$"'-% 5.0<5% +0<(;% -2'% 30(5-$*)(-% )5% "$*+#*..:% $'.*A'+% 6:% .)('*$.:%

)(3$'*5)("% )(kHDCψ >% % ?2)5% )(3$'*5'% )5%7'$90$8'+%<)-2% 5#32% *% 5.07% -2*-% )(kHDCψ % 6'308'5%

&180 %<2'(% tV
5
% )5%'@#*.%-0%*(0-2'$%-2$'520.+;%

1thresV >% %12'(%-2'%-*$"'-%804'5%4'$:%5.0<%0$%

5-075% B)>'>% tV
5
% )5% .'55% -2*(%

1thresV F;% % )(kHDCψ % )5% 5'-% -0% &180 ;%<2)32% '99'3-)4'.:% $'804'5% -2'%

30(5-$*)(->%

%

%

L)"#$'%g>%['*+)("%+)99'$'(3'%30(5-$*)(-%*(".'% HDCψ %
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3.1.6 Detection of Local Minima 
S0-'%-2*-% )(u min k % )5%-2'%52*$7'5-%+'53'(-%+)$'3-)0(%*-%-2'%3#$$'(-%#7+*-'%)(5-*(-;% k >%?2#5;%

-2'%+)$'3-)0(*.%+'$)4*-)4'%09%P?aU%)(%-2)5%+)$'3-)0(%

% 0))r(()(umin
≤kfD k % BTgF%

e'-% )1(r +k % 6'% -2'%705)-)0(%4'3-0$%09% -2'%!,V%*-% -2'%('A-%#7+*-'% )(5-*(-;% )1( +k % )9% )-% 9.)'5%

<)-2% -2'% 3#$$'(-% 57''+% )(% -2'% 52*$7'5-% +'53'(-% +)$'3-)0(>% ?2'% +)$'3-)0(*.% +'$)4*-)4'% *-%

)1(r +k % )(% -2'% +)$'3-)0(% 09% )(u min k % )5% $'9'$$'+% -0% *5% ))1r(()(umin
+kfD k >% % ?2#5;% -2'% .03*.%

8)()8*%)5%30(5)+'$'+%-0%6'%7$'5'(-%*2'*+%)9%B5''%L)">]F%

% 0))1r(())r(( )(u)(u minmin
<+kfDkfD kk % BT]F%

12'(%-2)5%30(+)-)0(%033#$5%-2'$'%)5%*%.03*.%8)()8#8%09%-2'%P?aU%*2'*+%)9%-2'%!,V%<0#.+%%

9.:%)(%-2'%52*$7'5-%+'53'(-%+)$'3-)0(>%%W9%-2'%5-$*-'":%M''75%3088*(+)("% minψ -2$0#"2%5#32%*%

.03*.%8)()8*;% -2'% 5)8#.*-)0(% 'A7'$)8'(-5% 2*4'% 520<(% -2*-% -2'% 3088*(+'+%2'*+)("%8*:%
520<%*(%#(('3'55*$:%053)..*-)0(>%?0%7$'4'(-%-2)5;%+#$)("%-2'%033#$$'(3'%09%.03*.%8)()8*;%*%
4'3-0$)*.%5#8%09%-2'%-<0%52*$7'5-%+'53'(-%+)$'3-)0(5%)5%3087#-'+%*5%

% )1(u)(u)(u minminmin, ++= kkkavg % B`JF%

?2#5;%-2'%*(".'%09%-2)5%('<%+)$'3-)0(%)5%

% +
-

)
*
,

(

++
++= −

)1(cos)(cos
)1(sin)(sin

tan)(
minmin

minmin1
min, kk

kk
kavg ψψ

ψψψ % B`\F%

<2)32%$'7.*3'5% )(min kψ )(%-2'%3#$$'(-%'A'3#-)0(%09%-2'%5-$*-'":>%

%
L)"#$'%]>%/'-'3-)0(%09%.03*.%8)()8*%
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3.3 Simulation Results  
?0% -'5-% -2'% 9#..% 3*7*6).)-)'5% 09% -2'% 5-$*-'":;% N% +)99'$'(-% -$*3M)("% 3*5'5;% <2)32% *$'%

$'7$'5'(-*-)4'%09%805-%.)M'.:%53'(*$)05;%*$'%5)8#.*-'+>%%W(%-2'% kmkm  30   30 × %*$'*%09%07'$*-)0(;%

-2'$'%*$'%17 %-2$'*-%50#$3'5%*.0("%<)-2%-2'%$'5-$)3-'+%$'")0(5>%W(%*..%-2'%5)8#.*-)0(5;%-2'%!,V%
)5% 30(5)+'$'+% -0% 2*4'% *%8)()8#8% 57''+% 09% hkm /72 % ;% *%8*A)8#8% 57''+% 09% hkm /180 ;% *%

8*A)8#8%*33'.'$*-)0(%09% 2/2 sm ;%*%8*A)8#8%+'3'.'$*-)0(%09% 2/2 sm− ;%*(+%*%-#$()("%$*-'%

09% sdeg/10 <)-2% *% "#)+*(3'% *(+% '5-)8*-)0(% #7+*-'% 7'$)0+5% 09% 3 % 5'30(+5>% ?2'% 9)$5-% 0$+'$%

-$*(59'$%9#(3-)0(5%2*4'%-)8'%30(5-*(-5% 5.0 %*(+% 01.0 %90$%2'*+)("%*(+%57''+%$'570(5'5%09%-2'%

!,V;% $'57'3-)4'.:>% % E-$*-'":%+'5)"(%7*$*8'-'$5% rf *(+% )(* kHDCψ % *$'% 5'.'3-'+% -0% 6'% 025.0 %

*(+% deg45 ;% $'57'3-)4'.:>% % E32'+#.)("%7*$*8'-'$5% 90$%2'*+)("%+)99'$'(3'% 30(5-$*)(-%
1thresV %

*(+%
2thresV % *$'% minV *(+% min2.0 V ;% $'57'3-)4'.:>% ?2'% α X532'+#.)("% 7*$*8'-'$5% tgα % *(+%

tempα *$'% 05.0 % *(+% 2.0 ;% $'57'3-)4'.:>% ?2'%7$070$-)0(*.% 30(-$0..'$% "*)(5% 90$% -2'% 57''+% *(+%

705)-)0(%'$$0$5%*$'% 5.0 %*(+% 0004.0 ;%$'57'3-)4'.:>%%?2'%+'$)4*-)4'%"*)(;% DK ;%)(%%BNRF%%)5%10 %90$%

E-*-'5%X\%*(+%XT;%*(+% 60 %)(%E-*-'5%XI%*(+%X`>%%%
?2'%5-*(+*$+%+'4)*-)0(5%09%-2'%(0)5'%*++'+%-0%-2'%A%*(+%:%705)-)0(5%09%-2'%-*$"'-%-0%06-*)(%

-2'%8'*5#$'8'(-5%*$'%5'.'3-'+% -0%6'% km05.0 90$%D*5'5%\%*(+%I%*(+% km1.0 % 90$%D*5'%N>% %?2'%

-*$"'-%705)-)0(%)5%8'*5#$'+%+#$)("%-2'%-)8'%<2'(%-2'%-*$"'-%)5%<)-2)(%*%3)$3.'%-2*-%)5%3'(-'$'+%

*-%-2'%!,V%*(+%804'5%<)-2%)-%*(+%<205'%$*+)#5% sr %B5''%L)">IF%)5%'@#*.%-0%-2'%5'(50$%$*("'>%
?2'% 705)-)0(% 09% -2'% -*$"'-% )5% '5-)8*-'+% 9$08% -2'5'% 8'*5#$'8'(-5% 6:% '87.0:)("% *% .'*5-X
5@#*$'5% '5-)8*-)0(% -'32()@#'%<)-2% 6*-32% 7$03'55)("%80+';% 6*5'+% 0(% *% 5.)+)("%<)(+0<%09%
8'*5#$'8'(-5>% % S*8'.:;% 0(.:% *% 57'3)9)'+% (#86'$% 09% 8'*5#$'8'(-5% *$'% 5-0$'+% *(+% -2'%
8'*5#$'8'(-% *$$*:% )5% #7+*-'+% <)-2% ('<% 8'*5#$'8'(-% 6:% $'804)("% -2'% 0.+'5-%
8'*5#$'8'(-% *(+% -2#5% $'-*)()("% -2'% 5)='% 09% -2'% *$$*:>% ?2'(;% -2'% M)('8*-)3% '@#*-)0(5% *$'%
#5'+% -0% 3*.3#.*-'% -2'% 2'*+)("% *(+% 57''+% 09% -2'% -*$"'->% ?2'% )()-)*.% 30(+)-)0(5;% 5'(50$% *(+%
7$0A)8)-:%$*("'5%)(%'*32%3*5'%*$'%")4'(%)(%?*6.'%I>%%

?*$"'-% !,V% %%
D*5'%

WP% WE% W[% WP% WE% W[% EH% PH%

\% Bf;X\NF% gJ% ]f>R% Bf;X\NF% \RR% `J% I>J% \>T%

I% BI>gT;X\NF% \RR% IN>J% BR;X\IF% \RR% `J% I>J% \>T%

N% BR;X\IF% gJ% Tf>N% BT;X\\F% \RR% `J% I>J% \>J%

?*6.'%I>%P*$*8'-'$5j%W()-)*.%P05)-)0(%BWPF%m97n;%E7''+%BWEFm97K;n;%['*+)("%BW[F%m+'"n;%E'(50$%
H*("'%BEHFm97n;%P$0A)8)-:%H*("'%BPHF%m97n%

L)">\J%520<5%-2'%9)$5-%3*5'%<2'$'%*%-*$"'-%*33'.'$*-'5%#(-).%)-%$'*32'5%)-5%8*A)8#8%57''+%*(+%
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a(".*(+>%

E-*$M% ;% [>% Q%100+5;% O>% 1>% B\]]RF>% 6&+</<#1#()P* :/"5+7* 6&+8%''%'P* /"5* M'(#7/(#+"* -;%+&)* ,+&*
M"2#"%%&'P%!777'$%E*++.'%H)4'$;%SO%j%P$'(-)3'X[*..;%W(3>%%

^0(0.)"'% ^>% B\]]`F>% ,% "$*+)'(-% 8'-20+% 90$% $'*.X-)8'% $060-% 30(-$0.;% 6&+8%%5#"2'* +,* (;%**
L"(%&"/(#+"/1* ?+",%&%"8%* +"* L"(%11#2%"(* :+<+('* /"5* 3)'(%7';% 77>% `N]X`R`;% ?*M*8*-5#;%
O*7*(;%O*(>%\]]`>%

D20);% D>% Q% e'';% O>% B\]]`F>% /:(*8)3*.% 7*-2% 7.*(()("% *."0$)-28% 09% *% 806).'% $060-%j% e03*.%
8)()8*%7$06.'8%*(+%(0(5-*-)0(*$:%'(4)$0(8'(-5;%Q%8;/(&+"#8';%V0.>%`;%S0>%\;%77>%
g\o\JJ;%O#('%\]]`>%

U)-32'..;% W>% U>%Q% E*5-$:;% E>% BIJJNF>% D0(-)(#0#5% 7*-2% 7.*(()("% <)-2% 8#.-)7.'% 30(5-$*)(-5;*
6&+8%%5#"2'* +,* (;%* DB"5* * LMMM* ?+",%&%"8%* +"* >%8#'#+"* /"5* ?+"(&+1;% 77>% TTJIo
TTJfPU*#);[*<*);%/'3>%IJJN>%
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P*5-$)3M;%[>%e>%K%E'.-='$;%E>%U>%Q%1*$$'(;%U>%a>%B\]g\F>%C#)+*(3'%.*<5%90$%520$-X$*("'%-*3-)3*.%
8)55).'5;%*N+O&"/1*+,*TO#5/"8%P*?+"(&+1*/"5*>)"/7#8';%V0.>%R;%S0>%I;%77>%]go\Jg;%\]g\>%

i"$'(% ;% P>K% L)0$'..);% a>% Q% e'0(*$+;% S>a>% BIJJRF>% D007'$*-)4'% 30(-$0.% 09% 806).'% 5'(50$%
('-<0$M5j% ,+*7-)4'% "$*+)'(-% 3.)86)("% )(% *% +)5-$)6#-'+% '(4)$0(8'(-;% Waaa*
-&/"'/8(#+"'*+"*0O(+7/(#8*?+"(&+1;%V0.>%R];%S0>%g;%77>%\I]Io\NJI;%IJJR>%

e*$50(;% H>K% [05-'-.'$;% H>% P>K% a+<*$+5;% h>% [>% Q% [':+;% />% a>% BIJJIF>%?/18O1O'* X#(;* 0"/1)(#8*
T%+7%(&)P*%h05-0(;%Slj%[0#"2-0(%U)99.)(%D087*(:>%

%
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Optic Flow Based Visual Guidance: From Flying 

Insects to Miniature Aerial Vehicles 

!"#$%&'()*&+#,'#-"+".()*&+#/(0122",*.(31%",+(4,**,'(&+5(4678-&+,(9"$%%,6((
!"#$#%#&"'()*+%,)-.(&"&/&0)#1)2#3040.&)5'"0.'0,)6785)9):";<2+$(0"==0)>."30$("&?)

)@$+.'0)

1. Introduction     

:+',#6'(&+5(;"*5'(-&<,(;,,+("+(6-,(',+'$*=>?$6$*(#$+6*$%(;1'"+,''(2$*(?$*,(6-&+(@AA(?"%%"$+(
=,&*'B( C-,(?&++,5( &"*#*&26(5,<,%$8,5($<,*( 6-,( %&'6( @AA(=,&*'( *,%=( $+( &( '"?"%&*( %"26( 6$( 6-&6(
D,+,*&6,5( ;=( ;"*5'E( F"+D'B( G"*#*&26( 5,'"D+,*'( -&<,( 8&"5( %"66%,( &66,+6"$+.( -$F,<,*.( 6$( 6-,(
8"%$6E'( 3"(/+=) (0.(#$( 6-&6( 2"+,%=( #$+6*$%'( 6-,',( F"+D'.( &%6-$1D-( "6( "'( 5,2"+"6,%=( 6-,( ?$'6(
'$8-"'6"#&6,5(&<"$+"#(',+'$*'(,<,*(/+$F+(6$(,H"'6B()$*(6-"'(*,&'$+.(6-,(6-"+/"+D(6-&6(8*,<&"%'(
"+( 6-,( 2",%5( $2( &,*$+&16"#'( 5$,'( +$6( -,%8(1'(?1#-(D*&'8( 6-,( <"'1$>?$6$*( #$+6$%( %&F'( 6-&6(
&+"?&%'(&+5(-1?&+'(;*"+D("+6$(8%&=(6$(#$+6*$%(6-,"*(2%"D-6B(C$(#$+6*$%(&+(&"*#*&26.("6(-&'(;,,+(
5,,?,5( ,'',+6"&%( 6$( ?,&'1*,( '6&6,( <&*"&;%,'( '1#-( &'( ;&*$?,6*"#( &%6"615,.( D*$1+5-,"D-6.(
D*$1+5'8,,5.( 5,'#,+6( '8,,5.( ,6#B( I,6( 6-,( ',+'$*'( 5,<,%$8,5( 2$*( 6-"'( 81*8$',( >( 1'1&%%=(
,?"''"<,( ',+'$*'( '1#-( &'( J$88%,*( *&5&*'.( *&5&*>&%6"?,6,*'( $*( 2$*F&*5>%$$/"+D( "+2*&*,5(
',+'$*'.( "+( 8&*6"#1%&*( >( &*,( 2&*( 6$$( #1?;,*'$?,( 2$*( "+',#6'( $*( ,<,+( ;"*5'( 6$( #&**=( &+5( 6$(
8$F,*B( !&61*&%( 2%=,*'( ?1'6( 6-,*,2$*,( -&<,( 5,<,%$8,5( $6-,*( '='6,?'( 2$*( #$+6*$%%"+D( 6-,"*(
2%"D-6B((
)%="+D( "+',#6'( &*,( &D"%,( #*,&61*,'( 6-&6( +&<"D&6,( 'F"26%=( 6-*$1D-( ?$'6( 1+8*,5"#6&;%,(
,+<"*$+?,+6'B( KL1"88,5(F"6-( M$+%=N( &;$16( $+,(?"%%"$+( +,1*$+'( &+5( $+%=( OAAA( 8"H,%'( "+(
,&#-( ,=,.( 6-,( -$1',2%=.( 2$*( ,H&?8%,.( &#-",<,'( OJ( +&<"D&6"$+( &6( &+( "?8*,''"<,( PAA( ;$5=>
%,+D6-'(8,*(',#$+5B(C-,(%"D-6+,''($2(6-,(8*$#,''"+D('='6,?(&6(F$*/($+;$&*5(&(2%=(?&/,'(1'(
61*+(8&%,(F-,+(F,(*,&%"Q,(6-&6(6-"'(#*,&61*,(&#61&%%=(&#-",<,'(R1'6(F-&6("'(;,"+D('$1D-6(2$*("+(
6-,( 2",%5( $2( &,*"&%( *$;$6"#'S( 5=+&?"#( '6&;"%"Q&6"$+.( OJ( &16$+$?$1'( +&<"D&6"$+.( D*$1+5(
&<$"5&+#,.( #$%%"'"$+( &<$"5&+#,( F"6-( '6&6"$+&*=( &+5( +$+'6&6"$+&*=( $;'6&#%,'.( 6*&#/"+D.(
5$#/"+D.(&16$+$?$1'(6&/,$22(&+5(%&+5"+D.(,6#B(T$1',2%",'(&55("+'1%6(6$("+R1*=(;=(;,"+D(&;%,(
6$(%&+5(D*&#,21%%=($+(#,"%"+D'B(
C-,(%&'6(',<,+(5,#&5,'(-&<,(8*$<"5,5(,<"5,+#,(6-&6(2%="+D("+',#6'(D1"5,(6-,?',%<,'(6-*$1D-(
6-,"*( ,+<"*$+?,+6'( ;=( 8*$#,''"+D( 6-,( #A&"') 1=#B) UV)W( 6-&6( "'( D,+,*&6,5( $+( 6-,"*( ,=,'( &'( &(
#$+',L1,+#,($2(6-,"*(%$#$?$6"$+B(:+(6-,(&+"?&%E'(*,2,*,+#,(2*&?,.(6-,(6*&+'%&6"$+&%(V)("'(6-,(

+.C/=+$) (A00D( ω! &6( F-"#-( #$+6*&'6"+D( $;R,#6'( "+( 6-,( ,+<"*$+?,+6( ?$<,( 8&'6( 6-,( &+"?&%(
UX,++,5=.(@YOYZ([";'$+.(@Y\AZ(],,.(@Y^AZ(X$,+5,*"+/.(@Y^_WB(
:+(6-,(8*,',+6(#-&86,*.( "6( "'(8*$8$',5(6$('1??&*"Q,($1*(&66,?86'(6$(?$5,%(6-,(<"'1$?$6$*(
#$+6*$%( '='6,?( 6-&6(8*$<"5,'( 1=?".C( "+',#6'(F"6-(&(?,&+'($2(&16$+$?$1'(D1"5&+#,(&6( #%$',(
*&+D,B(C-,(&"?($2(6-,',('615",'(F&'(+$6(U=,6W(6$(8*$51#,(&(5,6&"%,5(+,1*&%(#"*#1"6(;16(*&6-,*(
6$($;6&"+(&(?$*,(21+#6"$+&%($<,*&%%(8"#61*,.(6-&6("'.(&(8"#61*,(6-&6(&;'6*&#6'('$?,(;&'"#(#$+6*$%(
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8*"+#"8%,'(U`&**.(@Y^aWB(b,(&66,?86,5(6$(5,6,*?"+,(6-,(<&*"&;%,'(6-,("+',#6(*,&%%=(?,&'1*,'(
U',,(&%'$S(C&=%$*(c(X*&88.(aAA^W.(6-,(&#6"$+'("6(6&/,'(6$(#$+6*$%("6'(2%"D-6(&+5(6-,(#&1'&%(&+5(
5=+&?"#(*,%&6"$+'-"8'(;,6F,,+(6-,(',+'$*=(&+5(?$6$*(<&*"&;%,'("+<$%<,5B(
V1*(8*$D*,''($+(6-,',(%"+,'(F&'(&#-",<,5(;=(8,*2$*?"+D('"?1%&6"$+(,H8,*"?,+6'(&+5(6,'6"+D(
$1*( #$+6*$%( '#-,?,'($+;$&*5(?"+"&61*,( &"*#*&26B(]"/,($1*( ,&*%=( 6,**,'6*"&%( M*$;$6>?$1#-,N(
U*$;$6()%=W(Ud"#-$+(,6(&%B.(@Y^YZ()*&+#,'#-"+"(,6(&%B.(@YYaW.(6-,',(&,*"&%(*$;$6'(&*,(;&',5($+(6-,(
1',( $2( &+( ,%,#6*$+"#(E@) (0.(#$( Ue%&+,'.( @Y^_W( "+'8"*,5( ;=( 6-,( -$1',2%=( K%,?,+6&*=(`$6"$+(
J,6,#6$*'(UK`JW.(F-"#-(F,(8*,<"$1'%=('615",5("+($1*(%&;$*&6$*=(U0,<BS()*&+#,'#-"+".(@Y^\Z(
)*&+#,'#-"+"(,6(&%B.(@Y^YWB(((

(

)"D1*,(@B)T,&5($2(6-,(;%$F2%=)6+=="AF#$+)0$?&F$#'0AF+=+)F"6-("6'(8&+$*&?"#(#$?8$1+5(,=,'(
U%,26WB(C-,(*"D-6(8&*6('-$F'(&;$16(af($2(6-,(-$1',2%=(*,6"+&%(?$'&"#B(G(#%1'6,*($2(?"#*$?,6,*>
'"Q,5(8-$6$*,#,86$*'("'(%$#&6,5("+(6-,(2$#&%(8%&+,($2(,&#-(2&#,6(%,+'(S(_($16,*(*,#,86$*'(0@>_(
'1**$1+5(&(#,+6*&%(#,%%(0P(U8*$%$+D,5(;=(&+(0^.(+$6(',,+(-,*,WB(C-,',(&*,(6-,(+&61*&%(
+/&#1=/#$0('0.'0(#$%$*'($2(6-,(*,#,86$*'($;',*<,5(".)3"3#(1+5,*(;%1,(,H#"6&6"$+(U)*&+#,'#-"+"(,6(
&%B.(@Y^@&.;W.(&26,*(g($86"#&%(+,16*&%"Q&6"$+($2(6-,(#$*+,&(h(U)*$?()*&+#,'#-"+".(aAAPW(

4,#6"$+(a(*,#&%%'('$?,(&'8,#6'($2(6-,(2%=(<"'1&%('='6,?B(4,#6"$+(O(2$#1','($+(6-,(*,&%"'&6"$+($2(
2%=>"+'8"*,5( V)( ',+'$*'B( 4,#6"$+( i( ,H&?"+,'( 6-,( 8*$;%,?( $2( D*$1+5( &<$"5&+#,B( 4,#6"$+( \(
"+6*$51#,'( 6-,(E@) $0C/=+&#$B( :+( 4,#6"$+( _( 6-,( ?"+"&61*,( -,%"#$86,*( F,( ;1"%6( "'( 5,'#*";,5.(
,L1"88,5( F"6-( &+( ,%,#6*$+"#(E@) (0.(#$( &+5( &+(E@) $0C/=+&#$B( C-,( ,H6,+6( 6$( F-"#-( 6-,(E@)
$0C/=+&#$( &##$1+6'( 2$*( 6-,( &#61&%( ;,-&<"$*&%( 8&66,*+'( $;',*<,5( "+( "+',#6'( "'( 5"'#1'',5( "+(
4,#6"$+(PB(4,#6"$+(^( "+6*$51#,'( 6-,(D/+=)E@)$0C/=+&#$( 6-&6( "'(&;%,( 6$(#$+6*$%(;$6-('8,,5(&+5(
5"'6&+#,( 6$( 6-,( F&%%'( "+( &( #$**"5$*B( :+( 4,#6"$+( Y.( &+$6-,*( <"'1$?$6$*( #$+6*$%( '='6,?( "'(
8*,',+6,5(F-"#-(,+&;%,'(&+(&,*"&%(*$;$6(6$('6&;"%"Q,("+(=&F(;=(<"'1&%%=(2"H&6"+D(&(6&*D,6(F"6-(
F?A0$+'/"&?.($+(6-,(;&'"'($2(&(8*"+#"8%,("+'8"*,5(;=(6-,(2%=B(4,#6"$+(@A(,+5'(18(;=(5"'#1''"+D(
6-,( 8$6,+6"&%( &88%"#&6"$+'( $2( 6-,',( "+',#6>5,*"<,5( 8*"+#"8%,'( 6$( 6-,( +&<"D&6"$+( $2( &,*"&%(
<,-"#%,'(>("+(8&*6"#1%&*(`"#*$(G,*"&%(9,-"#%,'(U`G9'W(&+5(`"#*$(48&#,(9,-"#%,'(U`49'WB(
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2. The fly visual system and its motion sensitive neurons!

K&#-(#$?8$1+5(,=,(#$+'"'6'($2(&+(&**&=($2(#44+&"D"+G(C-,(2*$+6,+5($2(,&#-(#44+&"D"/4("'(&(
2&#,6( %,+'(6-&6(2$#1'','( %"D-6($+(&('?&%%(D*$18($2(8-$6$*,#,86$*(#,%%'( U)"DB(@.(*"D-6WB(C-,(2%=(
*,6"+&("'(&?$+D(6-,(?$'6(#$?8%,H(&+5(;,'6($*D&+"Q,5(*,6"+&%(?$'&"#("+(6-,(&+"?&%(/"+D5$?B(
:6(-&'(;,,+(5,'#*";,5("+(D*,&6(5,6&"%'.(F"6-("6'(5"22,*,+6('8,#6*&%(6=8,'($2(8-$6$*,#,86$*(#,%%'.(
8$%&*"Q&6"$+( ',+'"6"<,( #,%%'( &+5( ',H1&%%=( 5"?$*8-"#( #,%%'B( C-,*,( ,H"'6'( &( 6=8"#&%( D"3"("#.) #1)
=+%#/$(F"6-"+(6-,(*,6"+&(U0,<BS()*&+#,'#-"+".(@Y^iZ(T&*5",.(@Y^\WS((

• C-,( 6F$(#,+6*&%(8-$6$*,#,86$*(#,%%'.(0P>^.(5"'8%&=(<&*"$1'('8,#6*&%( ',+'"6"<"6",'( ( 6-&6(&*,(
*&+5$?%=( '#&66,*,5( &#*$''( 6-,( *,6"+&%( ?$'&"#.( &'( &66,'6,5( ;=( 6-,( <&*"$1'( 0P(
&16$2%1$*,'#,+#,(#$%$*'(U)"DB(@.(*"D-6WB(0P(&+5(0^(&*,(6-$1D-6(6$(8&*6"#"8&6,("+('#=#$)3"("#.B((

• C-,( $16,*( _( 8-$6$*,#,86$*( #,%%'( U0@>0_W( &%%( -&<,( 6-,( '&?,.( F"5,>;&+5( '8,#6*&%(
',+'"6"<"6=B( C-,=( 8&*6"#"8&6,.( "+( 8&*6"#1%&*.( "+( 4#&"#.) D0&0'&"#.( U0,<BS( e1#-+,*.( @Y^i.(
T,"',+;,*D(c(b$%2.(@Y^iZ(0",-%,(c()*&+#,'#-"+".(@Y^i(WB(:+(6-"'(<"'1&%(8&6-F&=.('"D+&%>
6$>+$"',( *&6"$( "'( "?8*$<,5( ;=( 6-,( 8*,',+#,( $2( &+( 1%6*&<"$%,6( ',+'"6"Q"+D( 8"D?,+6( 6-&6(
,+-&+#,'( 6-,(L1&+61?(#&6#-( UX"*'#-2,%5(c(&%B.( @YPPW.( &+5(;=(&+( ,HL1"'"6,($86$>+,1*&%(
8*$R,#6"$+( #&%%,5) H.0/$+=) (/A0$A#("&"#.I( Ue*&"6,+;,*D.( @Y_PZ(X"*'#-2,%5.( @Y_PZ(X"*'#-2,%5(
&+5()*&+#,'#-"+".(@Y_^WB(C-,(0@>0_(8-$6$*,#,86$*'(6-,*,2$*,(?&/,(2$*(&(-"D-(',+'"6"<"6=(
UM'#$6$8"#NW('='6,?(UX"*'#-2,%5(&+5()*&+#,'#-"+".(@Y_^WB(

C$( ,'6"?&6,( 6-,( V).( "+',#6'( 1',( ( ?$6"$+( ',+'"6"<,( +,1*$+'B( :+( 2%",'.( 8&*6( $2( 6-,( O*5( $86"#(
D&+D%"$+(#&%%,5(6-,(*#%/=+)J=+&0(U]dW(&88,&*'(&'(&(D,+1"+,(M<"'1&%(?$6"$+(8*$#,''"+D(#,+6,*NB(
:6( #$?8*"','( &88*$H"?&6,%=( _A(/."K/0=?) "D0.&"1"+%=0( +,1*$+'.( 6-,(]d( 6&+D,+6"&%( #,%%'( U]dCjW(
6-&6( &+&%=Q,( 6-,( V)( 2",%5( *,'1%6"+D( 2*$?( 6-,( &+"?&%E'( F&%/"+D( $*( 2%="+DB( 4$?,( $2( 6-,',(
+,1*$+'(6*&+'?"6(6-,"*(,%,#6*"#&%('"D+&%'(<"&(6-,(+,#/(6$(6-$*&#"#("+6,*+,1*$+'(6-&6(F"%%(5*"<,(
6-,(F"+D>.( %,D>.(&+5(-,&5>?1'#%,'B(V6-,*(+,1*$+'(U"+(8&*6"#1%&*(T@.(',,()"DB(a;W(',+5(6-,"*(
'"D+&%'(6$(6-,(#$+6*&%&6,*&%(,=,B(C-,(]dCj'(&*,(&#61&%%=(%&*D,>2",%5(#$%%&6$*(+,1*$+'(6-&6(8$$%(
6-,( ,%,#6*"#&%( '"D+&%'( 2*$?( ?&+=( *,6"+$6$8"#( "+816( ,%,?,+6'( #&%%,5( EK%,?,+6&*=( `$6"$+(
J,6,#6$*'E( UK`J'W( U0,<BS(T&1',+(c(KD,%-&&2.( @Y^YZ(KD,%-&&2(c(e$*'6.( @YYOZ(T&1',+.( @YYOZ(
X*&88( ,6( &%B.( @YY^Z( e$*'6( c( T&&D.( aAAa.( C&=%$*( c( X*&88.( aAA^WB( C-,( #,%%1%&*( 5,6&"%'(
1+5,*%="+D(&+(K`J(-&'(+$6(;,,+(21%%=("5,+6"2",5("+(&+=("+',#6'(>(+$*("+(&+=(<,*6,;*&6,'B(
C&/"+D( &5<&+6&D,( $2( 6-,( ?"#*$>$86"#&%( 6,#-+"L1,'( F,( -&5( 5,<,%$8,5( ,&*%",*( U0,<BS(
)*&+#,'#-"+".(@YP\W.(F,(F,*,(&;%,.(-$F,<,*.(6$(&#6"<&6,(&('"+D%,(K`J("+(6-,(,=,($2(6-,(%"<"+D(
-$1',2%=( ;=( '6"?1%&6"+D( '"+D%,( "D0.&"1"0D( 8-$6$*,#,86$*( #,%%'( F"6-"+( &( '"+D%,( $??&6"5"1?(
F-"%,(*,#$*5"+D(6-,(*,'8$+',($2(&+("D0.&"1"0D(?$6"$+(',+'"6"<,((+,1*$+(UT@W("+(6-,(]d(U0",-%,(
c( )*&+#,'#-"+".( @Y^i.( )*&+#,'#-"+".( @Y^\.( @YYa(Z( )*&+#,'#-"+"( ,6( &%B.( @Y^YWB( b,( &88%",5(

8"+8$"+6( '6"?1%&6"$+( 6$( 6F$( +,"D-;$*"+D( 8-$6$*,#,86$*'( U5"&?,6,*( ≅( 1µ?W( F"6-"+( 6-,(
',%,#6,5($??&6"5"1?(U)"DBa&W(;=(?,&+'($2(&+($86"#&%('6"?1%&6"$+("+'6*1?,+6(U)"DB(a5W(F-$',(

?&"+( $;R,#6"<,(F&'( L1"6,( '"?8%=( 6-,( 2&#,6( %,+'( "6',%2( U5"&?,6,*(≅( a\(µ?.( 2$#&%( %,+D6-(≅( \A(
µ?WB( C-"'( ,H&#6( "+'6*1?,+6( U&( *$6&6"+D( 6*"8%,( ;,&?( "+#"5,+6( %"D-6( E?"#*$'#$8,>6,%,'#$8,EW(
',*<,5( 6$(S( U"W( ',%,#6( &( 2&#,6( %,+'.( U""W( ',%,#6( a( $16( $2( 6-,( P( *,#,86$*'( U0@( &+5( 0_W.( &+5( U"""W(

'6"?1%&6,( 6-,?( (/''0(("30=?( F"6-( @µ?>%"D-6( '8$6(B( 4,L1,+6"&%( '6"?1%&6"$+( 8*$51#,5( &+(
E&88&*,+6( ?$6"$+E( 6-&6( F$1%5( ("4/=+&0( &( *,&%( ?$6"$+( F"6-"+( 6-,( '?&%%( <"'1&%( 2",%5( $2( 6-,(
',%,#6,5($??&6"5"1?B(C-,(T@>+,1*$+(*,'8$+5,5(;=(&(#$+'8"#1$1'(".'$0+(0("+('8"/,(*&6,.(&'(
%$+D(&'(6-,(8-&',(*,%&6"$+'-"8(;,6F,,+(6-,(6F$('6"?1%"(?"?"#/,5(&(?$<,?,+6($##1**"+D("+(
6-,( A$010$$0D)5"*,#6"$+( U',,( )"DB( a#.( 6$8( 6*&#,WB( C-,( +1%%( *,'8$+',( $;',*<,5( 2$*( 6-,( *,<,*',(
',L1,+#,(U)"D(a#.(;$66$?(6*&#,W(&66,'6'(6$(6-,(*,?&*/&;%,(',L1,+#,(5"'#*"?"+&6"+D(&;"%"6=($2(
&+(K`J.(F-"#-("'(',+'"6"<,(6$(D"$0'&"#.+=)4#&"#.(U)*&+#,'#-"+"(,6(&%B.(@Y^Y.()*&+#,'#-"+".(@YYaWB(
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(
)"D1*,(aB(U%,26W!"(U&>#W(d*"+#"8%,($2(6-,(,H8,*"?,+6(&"?,5(&6(5,#"8-,*"+D(6-,(8*"+#"8%,($2(
?$6"$+(<"'"$+("+(2%",'.(1'"+D($86"#&%('6"?1%&6"$+($2('"+D%,(8-$6$*,#,86$*'B(U5W(C*"8%,>;,&?(
"+#"5,+6(%"D-6(M?"#*$'#$8,>6,%,'#$8,N(6-&6(5,%"<,*'(&(@3?(%"D-6('8$6(6$(6F$(+,"D-;$*"+D(
8-$6$*,#,86$*(#,%%'.(0@(&+5(0_.((/''0(("30=?(U',,(U+WWB(G(?"#*$,%,#6*$5,(U#W(*,#$*5'(6-,(
,%,#6*"#&%(*,'8$+',(U+,*<,("?81%','W($2(6-,(?$6"$+(',+'"6"<,(+,1*$+(T@(6$(6-"'(M&88&*,+6(
?$6"$+N(U)*$?()*&+#,'#-"+"(,6(&%B.(@Y^YW!

)*$?( ?&+=( ,H8,*"?,+6'( $2( 6-"'( /"+5.( "+( F-"#-( <&*"$1'( ',L1,+#,'( $2( %"D-6( '6,8'( &+5k$*(
81%','(F,*,( &88%",5( 6$( ',%,#6,5( *,#,86$*( 8&"*'.(F,( ,'6&;%"'-,5( &+( K`J(%=#'L) D"+C$+4( &+5(
#-&*&#6,*"Q,5( ,&#-( ;%$#/E'( 5=+&?"#'( &+5( +$+%"+,&*"6=( U)*&+#,'#-"+".( @Y^\.( @YYa(Z(
)*&+#,'#-"+"( ,6( &%B.( @Y^YWB(b-"%,( +$6( 1+<,"%"+D( 6-,( #,%%1%&*( 5,6&"%'( $2( 6-,(K`J( #"*#1"6.( $1*(
&+&%='"'( &%%$F,5( 6-,( K`J(8*"+#"8%,( 6$( ;,( 1+5,*'6$$5( 1/.'&"#.+==?.( 8&<"+D( 6-,(F&=( 2$*( "6'(
6*&+'#*"86"$+("+6$(&+$6-,*.(?&+>?&5,(6,#-+$%$D=B(

3. From biological to electronic optic flow sensors 

:+( 6-,( ?"5( @Y^AE'.( F,( 5,'"D+,5( &( +,1*$?$*8-"#( $86"#( 2%$F( ',+'$*( Ue%&+,'.( @Y^_.( @YY@.(
)*&+#,'#-"+"(,6(&%B.(@Y^_W.( 6-,('"D+&%(8*$#,''"+D('#-,?,($2(F-"#-(F&'( "+'8"*,5(;=(F-&6(F,(

-&5(%,&*+,5(2*$?(6-,(2%=(K`JB(C-,(V)("'(&+(&+D1%&*('8,,5(ω(6-&6(#$**,'8$+5'(6$(6-,("+<,*',(
$2( 6-,( 6"?,( ∆6( 6&/,+( ;=( &( #$+6*&'6"+D( 2,&61*,( 6$( 6*&<,%( ;,6F,,+( 6-,( <"'1&%( &H,'( $2( 6F$(
&5R&#,+6(8-$6$*,#,86$*'.(',8&*&6,5(;=(&+(&+D%,(∆ϕB(V1*(V)(',+'$*(8*$#,'','(6-"'(5,%&=(∆6('$(
&'(6$(D,+,*&6,(&(*,'8$+',( measω (6-&6(D*$F'(?$+$6$+"#&%%=(F"6-(6-,("+<,*',($2(∆6.(&+5(-,+#,(
F"6-(6-,($86"#(2%$F( "/ t=7 7ω  U)"DB(O&WB(((4-$*6(5,%&='(∆6(D"<,(-"D-,*(<$%6&D,($16816'(&+5(<"#,(
<,*'&B((
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(
U&W(

(((((((( ((((((((((((( (
( U;W( U#W(
)"D1*,(OB(U&W(d*"+#"8%,($2(6-,($86"#(2%$F(',+'$*(5,*"<,5(2*$?($1*((,%,#6*$8-='"$%$D"#&%(
&+&%=','($2(6-,(-$1',2%=E'(K`J(Ue%&+,'.(@Y^_.()*&+#,'#-"+"(,6(&%B.(@Y^_WB(U;W(81*,%=(&+&%$D1,(
<,*'"$+(UF,"D-6(\(D*&?'W(;1"%6("+(@Y^Y(2$*(6-,(0$;$6>)%=.(F-$',(#$?8$1+5(,=,(-$1',5(&(
*"+D($2(@@i(K`J'($2(6-"'(6=8,(Ud"#-$+(,6(&%B.(@Y^Y(Z(e%&+,'.(@YY@(Z()*&+#,'#-"+"(c(&%B.(@YYaW(U#W(
-=;*"5(U&+&%$D1,(l(5"D"6&%W(<,*'"$+(U'"Q,(S(P??(H(P(??.(?&''(ABa(D*&?'W(;&',5($+(&(
?"#*$#$+6*$%%,*(&+5(;1"%6(1'"+D(]$F(C,?8,*&61*,(j$>2"*,5(j,*&?"#'(6,#-+$%$D=(U]CjjW(
Ud15&'(,6(&%B.(aAAPW(

V1*('#-,?,("'(+$6(&(M#$**,%&6$*('#-,?,M(U#2(T&'',+'6,"+(c(0,"#-&*56.(@Y\_.(0,"#-&*56.(@Y_YW(&+5(
#$**,'8$+5'( 6$( 6-,(#%&''($2(M2,&61*,>?&6#-"+D('#-,?,'MUm%%?&+.(@Y^@W.(F-,*,(&(D"<,+( 2,&61*,(
U-,*,(&(#-&+D,("+("+6,+'"6=(6-&6(?&=(*,8*,',+6(&(?$<"+D(,5D,W("'(,H6*&#6,5(&+5(6*&#/,5("+(6"?,B(
C-,(8-$6$5"$5,('"D+&%($2(,&#-(#-&++,%("'(2"*'6(%+.DA+(()1"=&0$0D)U)"DB(O&W(>(*,',?;%"+D(6-,(&+&%$D(
'"D+&%(?,&'1*,5("+( 6-,( %&*D,(?$+$8$%&*(+,1*$+'($2( 6-,(2%=( %&?"+&( U]&1D-%"+.(@Y^iWB(C-,(+,H6(
'6,8(#$+'"'6'($2(-='6,*,'"'(6-*,'-$%5"+D(&+5(D,+,*&6"$+($2(&(1+"6(81%',B(:+(6-,(K`J(<,*'"$+(;1"%6(
"+(@Y^Y(2$*(6-,(0$;$6>)%=(U)"DB(O;W.(6-,(1+"6(81%',(2*$?($+,(#-&++,%(F&'('&?8%"+D(&(%$+D>%"<,5(
5,#&="+D( ,H8$+,+6"&%( 21+#6"$+(D,+,*&6,5(;=( 6-,($6-,*( #-&++,%( Ue%&+,'.( @YY@W.(<"&( &(+$+%"+,&*(

#"*#1"6( #&%%,5(&(?"+"?1?(5,6,#6$*.( 6$(D"<,(&+($16816( measω ( 6-&6( "'(<"*61&%%=( ,L1&%( 6$( 6-,(V).(

"/ t=7 7ω (U)"DB(O&WB(C-,(6-*,'-$%5"+D($8,*&6"$+(?&/,'(6-,(<$%6&D,($16816(<"*61&%%=("+<&*"&+6(6$(

6,H61*,(&+5(#$+6*&'6(&+5(6-,(#"*#1"6(*,'8$+5'(&'(F,%%(6$(+&61*&%('#,+,'(Ud$*6,%%"(,6(&%B.(aAA^WB(G(
<,*=( '"?"%&*( K`J(8*"+#"8%,( -&'( ;,,+( #$+#,"<,5.( "+5,8,+5,+6%=.( &( 5,#&5,( %&6,*( ;=(jB(X$#-E'(
D*$18( &6( jG]CKjT.(F-,*,( "6( ;,#&?,( /+$F+( &'( 6-,( M2&#"%"6&6,( &+5( '&?8%,N( <,%$#"6=( ',+'$*(
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UX*&?,*(,6(&%B.(@YY\WB(I,6(&+$6-,*(<&*"&+6($2($1*($*"D"+&%(M6"?,($2(6*&<,%N(8*"+#"8%,(F&'(8*$8$',5(
&+$6-,*(5,#&5,(%&6,*(U`$,#/,%(c]"1.(aAA_WB(
4"+#,($1*($*"D"+&%(&+&%$D(5,'"D+(Ue%&+,'.(@Y^_.(@YY@Z()*&+#,'#-"+"(,6(&%.(@Y^_W.(F,(-&<,(;1"%6(
<&*"$1'( <,*'"$+'( $2( V)( ',+'$*'( ;&',5( $+( 6-"'( <,*=( 8*"+#"8%,B( :+( 6-,( K`J( #1**,+6%=( 1',5(
$+;$&*5( $1*( &,*"&%( *$;$6'.( 6-,( '"D+&%'( &*,( 8*$#,'',5( 1'"+D( &( ?"H,5( U&+&%$D( l( 5"D"6&%W(
&88*$&#-(U0122",*(,6(&%B.(aAAOWB(41#-(V)(',+'$*'(#&+(;,('?&%%(&+5(%"D-6F,"D-6(U6-,('?&%%,'6(
$+,(F,"D-'($+%=(ABa(D*&?'S()"DB(O#W( 6$(?$1+6($+6$(`G9'B(4,<,*&%(V)(',+'$*'($2( 6-"'( 6=8,(
F,*,(&%'$(*,#,+6%=("+6,D*&6,5($+(&(?"+"&61*,()d[G(UG1;78&*6(,6(&%B(aAAi.(aAA^Z(G1;78&*6(c(
)*&+#,'#-"+".( aAAPWB( G( 5"22,*,+6( /"+5( $2(V)( ',+'$*(F&'( 5,'"D+,5( *,#,+6%=( Ue&**$F'( ,6( &%B.(
aAA@W(&+5(?$1+6,5($+(&(?$5,%(8%&+,(Ue&**$F'(,6(&%.(aAAOZ(([*,,+(c(e&**$F'.(aAAiWB((

4. The problem of ground avoidance!!

(
)"D1*,(iB(J,2"+"6"$+(U&W(&+5(?,&'1*,?,+6($2(6-,(<,+6*&%($86"#(2%$F(ω(,H8,*",+#,5(;=(&+(
"+',#6(U$*(&(*$;$6W(2%="+D("+(6*&+'%&6"$+("+(6-,(<,*6"#&%(8%&+,B(U;W(&+(K`J($2(6-,(6=8,('-$F+("+(
)"DB(O.(%"/,(6-,(K`J'(5*"<"+D('$?,("+',#6'E(+,1*$+'(UX",+.(@YP\Z(V%;,*D.(@Y^@Z!:;;$6'$+.(

aAA@W.("'(&;%,(6$(?,&'1*,(6-,(<,+6*&%(V).("B,B.(6-,(&+D1%&*('8,,5(ω &6(F-"#-(&(#$+6*&'6"+D(
2,&61*,(?$<,'(1+5,*(6-,(2%="+D(&D,+6(U)*$?()*&+#,'#-"+"(,6(&%B.(aAAPW(

C-,( <,+6*&%( V)( ,H8,*",+#,5( "+( 6-,( <,*6"#&%( 8%&+,( ;=( 2%="+D( #*,&61*,'( >( "+#%15"+D( &"*#*&26(

8"%$6'( >( "'( 6-,(&88&*,+6(+.C/=+$)30=#'"&?(ω D,+,*&6,5(;=(&(8$"+6(5"*,#6%=(;,%$F($+( 6-,( 2%"D-6(
6*&#/(U[";'$+(,6(&%B.(@Y\\Z(b-"6,'"5,(c(4&?1,%.(@YPAWB(G'('-$F+("+(2"D1*,(i&.(6-,(<,+6*&%(V)(
5,8,+5'( $+( ;$6-( 6-,( D*$1+5'8,,5(!"( &+5( 6-,( D*$1+5-,"D-6( #) &+5( "'( ,L1&%( 6$( 6-,( *&6"$(
;,6F,,+(6-,',(6F$(<&*"&;%,'S(

 ω((#!($%!&!'!n*&5B'>@o( (U@W(

b,(/+$F( 6-&6( 2%",'( &+5(;,,'( &*,( &;%,( 6$( *,&#6( 6$( 6-,( &$+.(=+&"#.+=)E@$ "+5,8,+5,+6%=($2( 6-,(
'8&6"&%(6,H61*,(&+5(#$+6*&'6(UJ&<"5.(@Y^aZ(X"*#-+,*(c(4*"+"<&'&+.(@Y^Y.(4*"+"<&'&+(,6(&%B.(@YY@.(
@YYOZ(e&"*5(,6(&%B.(aAA\WB(b,(&%'$(/+$F(6-&6('$?,("+',#6'E(<"'1&%(+,1*$+'(?&=(;,("+<$%<,5("+(

6-"'(*,&#6"$+(;,#&1',(6-,=(*,'8$+5(?$+$6$+"#&%%=(6$(ω(F"6-(%"66%,(5,8,+5,+#,($+(6,H61*,(&+5(
#$+6*&'6( UX",+.(@YP\Z(V%;,*D.(@Y^@Z( :;;$6'$+.(aAA@Z(4-$,?&/,*(,6(&%B.( aAA\WB(!,1*$+'( 2&#"+D(
5$F+F&*5'(#&+(6-,*,2$*,(&#6(&'(<,+6*&%(E@)(0.(#$(.(&+5(6-1'(&'',''(6-,(!"$%$#$*&6"$$U2"D1*,(iWB(
e&',5($+(%&;$*&6$*=(,H8,*"?,+6'($+(?$'L1"6$,'(&+5(2",%5(,H8,*"?,+6'($+(%$#1'6'.(X,++,5=(
816( 2$*F&*5( &+( M$86$?$6$*( 6-,$*=N( $2( "+',#6( 2%"D-6.( &##$*5"+D( 6$( F-"#-( 2%="+D( "+',#6'(
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?&"+6&"+( &( M8*,2,**,5( *,6"+&%( <,%$#"6=N(F"6-( *,'8,#6( 6$( 6-,(D*$1+5(;,%$F( UX,++,5=.( @YOY.(
@Y\@WB( :+( *,'8$+',( 6$( F"+5.( 2$*( ,H&?8%,.( "+',#6'( ?&=( &5R1'6( 6-,"*( D*$1+5'8,,5( $*(
D*$1+5-,"D-6(6$(*,'6$*,(6-,(&88&*,+6(<,%$#"6=($2(6-,(D*$1+5(2,&61*,'B(X,++,5=E'(-=8$6-,'"'(
-&'(;,,+(*,8,&6,5%=(#$+2"*?,5(51*"+D(6-,( %&'6(OA(=,&*'S(;$6-(2%",'(&+5(;,,'(F,*,(2$1+5(6$(
?&"+6&"+(&(#$+'6&+6(V)(F"6-(*,'8,#6(6$(6-,(D*$1+5(F-"%,(#*1"'"+D($*(%&+5"+D(UJ&<"5.(@YP^Z(
d*,"''.(@YYaZ((4*"+"<&'&+(,6(&%B.(@YY_.(aAAA.(e&"*5(,6(&%B.(aAA_WB((
C-,(8*$;%,?("'(F#B( "+',#6'(?&=(&#-",<,( 6-"'( 2,&6.( '"+#,(?&"+6&"+"+D(&(D"<,+(V)( "'(&(/"+5($2(

#-"#/,+>&+5>,DD(8*$;%,?.(&'("%%1'6*&6,5(;=(KLB@S(&+("+',#6(?&=(-$%5("6'(<,+6*&%(V).(ω.(#$+'6&+6(
;=( &5R1'6"+D( ,"6-,*( "6'( D*$1+5'8,,5( U"2( "6( /+$F'( "6'( D*$1+5-,"D-6W( $*( "6'( D*$1+5-,"D-6( U"2( "6(
/+$F'("6'(D*$1+5'8,,5WB(e,'"5,'.( 6-,( "+',#6(#$1%5(?&"+6&"+(&+(V)($2(@*&5k'(U"B,B.(\Ppk'W.( 2$*(
"+'6&+#,.(;=(2%="+D(&6(&('8,,5($2(@?k'(&6(&(-,"D-6($2(@(?,6,*($*(;=(2%="+D(&6(&('8,,5($2(a?k'(&6(&(
-,"D-6($2(a?S(6-,*,("'(&+("+2"+"6,%=(%&*D,(+1?;,*($2(8$''";%,(#$?;"+&6"$+'($2(D*$1+5'8,,5(&+5(
D*$1+5-,"D-6(6-&6(F"%%(D"<,(*"',(6$(6-,('&?,(M8*,2,**,5(V)NB(
J*&F"+D($+( 6-,( ,H8,*",+#,(F,(-&5(F"6-(V)>;&',5(<"'1&%( +&<"D&6"$+($2( &( 6,**,'6*"&%( *$;$6(
Ud"#-$+(,6(&%B.(@Y^YZ()*&+#,'#-"+"(,6(&%B.(@YYaW.(F,(&66,?86,5(,&*%=(6$(5,<,%$8(&+(,H8%"#"6(2%"D-6(
#$+6*$%( '#-,?,( 2$*(&,*"&%(+&<"D&6"$+( "+( 6-,(<,*6"#&%(8%&+,B(V1*( 2"*'6( 6,+6&6"<,('6,8($+( 6-,',(
%"+,'(F&'(+$6(8&*6"#1%&*%=('1##,''21%.(;,#&1',(F,(F,*,(#$*+,*,5(;=(6-,(D,+,*&%(+$6"$+(6-&6(
8*,<&"%,5("+(6-$',(5&='(6-&6("+',#6(+&<"D&6"$+(*,%",'($+(C+/C".C)$+.C0(UX"*#-+,*(c(4*"+"<&'&+.(
@Y^YZ(4*"+"<&'&+(,6(&%B.(@YY@Z()*&+#,'#-"+"(,6(&%B.(@YYaZ(4*"+"<&'&+.(@YYOWB(:+(6-,(,H8,*"?,+6&%(
'"?1%&6"$+'(F,(8,*2$*?,5( "+(@YYi.( 2$*(,H&?8%,( U`1*&(c()*&+#,'#-"+".(@YYiW.(F,(&''1?,5(
6-&6(6-,("+',#6(U$*(6-,(*$;$6W(F$1%5(/+$F("6'(D*$1+5'8,,5(!"$U;=(F-&6,<,*(?,&+'W.('$(6-&6(

;=(?,&'1*"+D(ω( "6(F$1%5(;,(&;%,(6$(D&1D,(6-,(5"'6&+#,(#(2*$?(6-,(D*$1+5(UKLB@W(&+5(*,&#6(
&##$*5"+D%=( 6$( &<$"5( "6B( G%6-$1D-( 6-"'( 8*$#,51*,( ?&=( ;,( R1'6"2",5( "+( *$;$6"#'( U',,.( ,BDB.(
e&*;,*(,6(&%.(aAA\Z(4*"+"<&'&+(,6(&%B.(aAA_Z([&**&66(c(j-&-%.(aAA^W.(F-,*,(D*$1+5'8,,5(#&+(;,(
5,6,*?"+,5(<"&([d4.(6-"'(?&/,'(6-,(F&=("+',#6'($8,*&6,(&%%(6-,(?$*,(,%1'"<,B(
:+(@YYY.(F,(,'6&;%"'-,5(U"+('"?1%&6"$+W(F#B(&(*$6$*#*&26(U$*(&+("+',#6W(?"D-6(;,(&;%,(6$(2$%%$F(
&( 6,**&"+( U)"DB( \&W( &+5( %&+5( U)"DB( \;W( $+( 6-,( '$%,( ;&'"'( $2( V)( #1,'.(B"&F#/&) 40+(/$".C) "&()
C$#/.D(A00D)+.D)C$#/.DF0"CF&(U!,66,*(c()*&+#,'#-"+".(@YYYWB((

(

)"D1*,(\B(U&W(4"?1%&6"$+($2(+&8>$2>6-,>,&*6-(2%"D-6($2(&+(-,%"#$86,*(,L1"88,5(F"6-(&+(,=,(F-$',(
aA(8"H,%'(#$<,*(&(2*$+6&%()V9($2(P\p("+(6-,(<,*6"#&%(8%&+,.(#,+6,*,5(&6((iAp(;,%$F(6-,(-$*"Q$+(
U"+"6"&%(#$+5"6"$+'S(-,"D-6S(\?.('8,,5(a?k'Z("6,*&6"$+('6,8(@'WB(U;W(]&+5"+D(F&'("+"6"&6,5(;=(
%"+,&*%=(5,#*,&'"+D(6-,(&"*#*&26(-$*"Q$+6&%('8,,5(&6(,<,*=("6,*&6"$+(F-"%,(*,6&"+"+D(6-,('&?,(
*,L1,'6(6$(?&"+6&"+(&(*,2,*,+#,(V)(<&%1,(U)*$?(!,66,*(c()*&+#,'#-"+".(@YYYW(

C-,( %&+5"+D( ?&+$,1<,*( F&'( &#-",<,5( 1+5,*( 8,*?&+,+6( <"'1&%( 2,,5;&#/( 2*$?( &( aA>8"H,%(
2$*F&*5(%$$/"+D(,=,(UF"6-(@Y(K`J'WB(C-,(5*"<"+D(2$*#,(#&1'"+D(6-,(8*$D*,''"<,(%$''("+(&%6"615,(
F&'( 6-,(5,#*,&',( "+( 6-,( -$*"Q$+6&%( 2%"D-6( '8,,5.(F-"#-($##1**,5(F-,+( 6-,( *$6$*#*&26( U$*( 6-,(
"+',#6W(F&'(&;$16(6$(%&+5(>(,"6-,*(<$%$+6&*"%=($*(;,#&1',($2(&(-,&5(F"+5B(C-,(%&+5"+D(6*&R,#6$*=(
$;6&"+,5("+(6-"'('"?1%&6"$+(U)"DB(\;W(&%*,&5=(*,',?;%,'(6-,(2"+&%(&88*$&#-($2(;,,'(%&+5"+D($+(&(
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2%&6! '1*2&#,( U4*"+"<&'&+( ,6( &%.( @YY_WB( C-,( 8*"+#"8%,( F&'( 2"*'6( <&%"5&6,5( $+;$&*5( )G!:G.( &(
?"+"&61*,( 6,6-,*,5( -,%"#$86,*( -&<"+D( &( '"+D%,( U<&*"&;%,( 8"6#-W( *$6$*.( &+( &##,%,*$?,6,*( &+5( &(
2$*F&*5(%$$/"+D(,=,(F"6-(aA(8"H,%'(U&+5.(6-,*,2$*,.(@Y(K`J'W(&**&+D,5("+(6-,(2*$+6&%(?,*"5"&+(
U!,66,*( c( )*&+#,'#-"+".( aAAaWB( C-"'( AB^>/D( *$6$*#*&26( -&5( 6-*,,( 5,D*,,'( $2( 2*,,5$?( U'1*D,.(
-,&<,(&+5(8"6#-WB(`$1+6,5(&6(6-,(6"8($2(&(2%"D-6(?"%%.(6-,(*$;$6(%"26,5("6',%2(;=("+#*,&'"+D("6'(*$6$*(
#$%%,#6"<,( 8"6#-B( m8$+( *,?$6,%=( "+#%"+"+D( 6-,( ',*<$><&+,( %$#&6,5( "+( 6-,( 8*$8,%%,*(F&/,.( 6-,(
$8,*&6$*(?&5,( 6-,( -,%"#$86,*( 8"6#-( 2$*F&*5( ;=( &( 2,F( 5,D*,,'( '$( 6-&6( "6( D&"+,5( '8,,5( &+5.(
6-,*,2$*,.( #%"?;,5( 6$( ?&"+6&"+( &( *,2,*,+#,( V)( F"6-( *,'8,#6( 6$( 6-,( 6,**&"+( ;,%$FB( )G!:G(
R1?8,5($<,*(#$+6*&'6"+D($;'6&#%,'(;=("+#*,&'"+D("6'(#$%%,#6"<,(8"6#-(&'(&(21+#6"$+($2(6-,(21',5(
'"D+&%'(2*$?("6'(@Y(K`J'(U',,()"DB(^("+(!,66,*(c()*&+#,'#-"+".(aAAaWB(

5. The “optic flow regulator”!

:+( '8"6,( $2( 6-"'( ,&*%=( '1##,''( 6$( ,H8%&"+(-$F(&+( "+',#6( #$1%5(+&<"D&6,( $+( &+(V)(;&'"'.(F,(
#$+'"5,*,5( 6-&6( X,++,5=E'( "+'"D-621%( M$86$?$6$*( 6-,$*=N( F&'( #&%%"+D( 2$*( &( #%,&*(
2$*?&%"Q&6"$+(6-&6(F$1%5(;*"+D(6$(%"D-6S((

• 6-,(2%"D-6(<&*"&;%,'(*,&%%=("+<$%<,5(

• 6-,(',+'$*'(*,&%%=(*,L1"*,5(

• 6-,(5=+&?"#'($2(6-,(<&*"$1'('='6,?(#$?8$+,+6'(

• 6-,(#&1'&%(&+5(5=+&?"#(%"+/'(,H"'6"+D(;,6F,,+(6-,(',+'$*=($16816U'W(&+5(6-,(<&*"&;%,U'W(
6$(;,(#$+6*$%%,5(((

• 6-,(8$"+6'($2(&88%"#&6"$+($2(6-,(<&*"$1'(5"'61*;&+#,'(6-&6("+',#6'(?&=(,H8,*",+#,((

• 6-,(<&*"&;%,'("+',#6'(-&<,(6$(#$+6*$%(6$(#$?8,+'&6,(2$*(6-,',(5"'61*;&+#,'B(
b,( #&?,( 18( F"6-( &+( &16$8"%$6( #&%%,5( VjCG9K( UVjCG9K( '6&+5'( 2$*( V86"#&%( &%6"615,(
j$+6*$%( '='C,?( 2$*(G16$+$?$1'(9K-"#%,'W( 6-&6( "'( %"66%,(5,?&+5"+D( "+( 6,*?'($2(+,1*&%( U$*(
,%,#6*$+"#W( "?8%,?,+6&6"$+(&+5( #$1%5(;,( R1'6( &'( &88*$8*"&6,( 2$*( "+',#6'( &'( "6(F$1%5(;,( 2$*(
&"*#*&26( U0122",*(c( )*&+#,'#-"+".( aAAOZ( )*&+#,'#-"+"( ,6( &%B.( aAAOWB( G( <,+6*&%(V)( ',+'$*(F&'(
"+6,D*&6,5("+6$(&(2,,5;&#/(%$$8(6-&6(F$1%5(5*"<,(6-,(*$;$6E'(%"26.(&+5(6-1'(6-,(D*$1+5-,"D-6.(
'$( &'( 6$( #$?8,+'&6,( 2$*( &+=( 5,<"&6"$+'( $2( 6-,(V)( ',+'$*E'( $16816( 2*$?( &( D"<,+( ',6( 8$"+6(
U0122",*(c()*&+#,'#-"+".(aAAO.(aAAi&.;.(aAA\Z()*&+#,'#-"+"(,6(&%B.(aAAPWB(C-"'('"?8%,(&16$8"%$6(
U)"DB(_&W(,+&;%,5(&(?"+"&61*,(-,%"#$86,*(6$(8,*2$*?(#-&%%,+D"+D(6&'/'('1#-(&'(6&/,>$22.(6,**&"+(
2$%%$F"+D.(*,&#6"+D('1"6&;%=(6$(F"+5.(&+5(%&+5"+D(U',,(4,#6"$+(_WB(

(

)"D1*,(_B(U&W(C-,(E@)$0C/=+&#$)VjCG9K)U;$66$?(*,5(2,,5;&#/(%$$8W(#$+6*$%'(6-,(%"26(&.(&+5(

#$+',L1,+6%=(6-,(D*$1+5-,"D-6.(&6(&%%(6"?,'('$(&'(6$(?&"+6&"+(6-,(<,+6*&%($86"#(2%$F(ω$
#$+'6&+6(&+5(,L1&%(6$(6-,(',6(8$"+6(ω'()!B(U;W()%",'(&+5(;,,'.(%"/,(-,%"#$86,*'.(8"6#-(2$*F&*5(6$(
"+#*,&',(6-,"*(2$*F&*5(6-*1'6.(&+5(-,+#,(6-,"*(&"*'8,,5B(G'(%$+D(&'(6-,=(8"6#-(2$*F&*5(;=(

Θ < 10°, 6-,(%"26(#$?8$+,+6(](5$,'(+$6("+#1*(&+=(?&R$*(%$''(U)*$?()*&+#,'#-"+"(,6(&%B.(aAAPW(
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C-,(VjCG9K(&16$8"%$6(#&+(;,('&"5(6$(;,(&+(E@)$0C/=+&#$B(C-,(F$*5(q*,D1%&6$*E("'(1',5(-,*,(
"+( 6-,('6*"#6,'6(&##,86&6"$+($2(6-,(F$*5("+( 6-,(#$+6,H6($2(#$+6*$%( 6-,$*=.(F-,*,( "6(5,+$6,'!&(
100D%+'L)'#.&$#=)(?(&04(5,'"D+,5(6$(?&"+6&"+(&+($16816('"D+&%(#$+'6&+6%=(,L1&%(6$(&(D"<,+(',6(
8$"+6B(C-,(b&66(2%=;&%%(D$<,*+$*(2*$?(6-,(@^6-(#,+61*=.(2$*("+'6&+#,.(F&'(+$6($+%=($+,($2(6-,(
2"*'6(',*<$?,#-&+"'?'(,<,*(;1"%6S("6(F&'(&%'$(6-,(<,*=(2"*'6(+.C/=+$)(A00D)$0C/=+&#$B(:6(',*<,5(6$(
?&"+6&"+( 6-,( *$6&6"$+&%( '8,,5( $2( &( '6,&?( ,+D"+,( '-&26( &6( &( D"<,+( ',6( 8$"+6.( F-&6,<,*(
"+6,*2,*,+#,'($##1**,5(&'(6-,(*,'1%6($2(1+8*,5"#6&;%,(%$&5(5"'61*;&+#,'B(C-,(b&66(*,D1%&6$*(
F&'( ;&',5( $+( &( *$6&6"$+&%( '8,,5( ',+'$*( U?,'-,5( 6$( 6-,( $16816( '-&26W.( F-,*,&'( $1*( E@)
$0C/=+&#$("'(;&',5($+(&(+$+#$+6&#6(*$6&6"$+&%('8,,5(',+'$*(>(6-,(E@)(0.(#$)<(6-&6(?,&'1*,'(6-,(
<,+6*&%(V)((>(&D&"+("+(*&5k'B(

48,#"2"#&%%=.(6-,(V)('"D+&%(ω*(+'(5,%"<,*,5(;=(6-,(V)(',+'$*(U',,()"DB(_&.(;$66$?W("'(#$?8&*,5(
F"6-(6-,(V)(',6(8$"+6.(ω'()(B(C-,(#$?8&*&6$*(8*$51#,'(&+(,**$*('"D+&%S(ε(r(ω*(+'(s(ω'()(F-"#-(
5*"<,'(&(#$+6*$%%,*(&5R1'6"+D(6-,(%"26(&.(&+5(6-1'(6-,(D*$1+5-,"D-6(#.('$(&'(6$(?"+"?"Q,(ε.(G%%(
6-,($8,*&6$*(5$,'("'(6$(',6(6-,(8"6#-(&+D%,(Θ$&+5(6-,*,2$*,(6-,(&"*'8,,5$U',,(2"D1*,(_&WS(6-,(E@)
$0C/=+&#$( 5$,'( 6-,( *,'6.( 6-&6( "'.( "6( &5R1'6'( 6-,( D*$1+5-,"D-6(#$8*$8$*6"$+&%%=( 6$( 6-,( #1**,+6(
D*$1+5'8,,5(!".(/,,8"+D(6-,(V).("B,B.(6-,(!"%#$*&6"$(#$+'6&+6("+(6-,('6,&5=('6&6,S(

( 9H(k-(r(ω ≅ ω?,&'(≅ ω',6(r(#$+'6&+6((( (UaW(

m8$+(%$$/"+D(&6(2"D1*,(_;.($+,(?"D-6(;,(6,?86,5(6$($;R,#6(6-&6(#$+6*$%%"+D(,( U<"&(6-,(*$6$*(
'8,,5W(F"%%(&22,#6(+$6($+%=(&(;16(&%'$(-.(&+5(-,+#,(!;)B(C-"'('#/A=".C("'(+,D%"D";%,.(-$F,<,*.(
;,#&1',(6-,(,+'1"+D(#-&+D,("+(-("'(4/'F)(4+==0$(6-&+(6-,(#-&+D,("+(&$U;=(&(2&#6$*($2(&6(%,&'6(

\B_P(r(#$6&+(@Ap.(;,#&1',(6-,(?&H"?1?('8,,5($2(O?k' "'(&%*,&5=(&66&"+,5(2$* Θ =@ApW.(

6. A miniature helicopter equipped with an “optic flow regulator”!

(

)"D1*,(PB(U&W(`"+"&61*,(-,%"#$86,*(U`TW(,L1"88,5(F"6-(&+(E@)(0.(#$(U)"DB(OW!&+5(&+(E@)
$0C/=+&#$(U)"DB(_WB(C-,($8,*&6$*(',6'(6-,(2$*F&*5(8"6#-.(&+5(6-1'(6-,(&"*'8,,5B(C-,(D&Q,(
*,?&"+'(&16$?&6"#&%%=($*",+6,5(5$F+F&*5'B(U;W(C-,(@AA>D*&?(*$;$6(%"26'("6',%2(&+5(#"*#%,'(
&*$1+5(jjb(&6('8,,5'(18(6$(O?k'(&+5(-,"D-6'(18(6$(O(?($<,*(6-,(&*,+&.(D"<"+D(*"',(6$(6-,(
2%"D-6(8&66,*+'(D"<,+("+()"DB(^>@A(U)*$?(0122",*(c()*&+#,'#-"+".(aAAOW(

b,(6,'6,5(6-,("5,&(6-&6("+',#6'(?&=(;,(,L1"88,5(F"6-(&('"?"%&*(E@)$0C/=+&#$);=(#$?8&*"+D(
6-,( ;,-&<"$*( $2( "+',#6'(F"6-( 6-&6( $2( &( q',,"+D( -,%"#$86,*E( 8%&#,5( "+( '"?"%&*( '"61&6"$+'B( C-,(
*$;$6(F,(;1"%6( U2"D1*,( P&W( "'( &(?"+"&61*,( -,%"#$86,*( U`TW(,L1"88,5(F"6-( &( '"?8%,.( a>8"H,%(
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<,+6*&%(,=,(5*"<"+D(&+(K`J(&#6"+D(&'(&+(V)(',+'$*( U)"DB(O(&+5(i;WB(C-,(@AA>D*&?(*$;$6( "'(
6,6-,*,5( 6$( &+( "+'6*1?,+6,5( 2%"D-6( ?"%%( #$+'"'6"+D( $2( &( %"D-6( 8&+6$D*&8-"#( &*?( 5*"<,+( "+(
6,*?'($2( "6'( ,%,<&6"$+(&+5(&Q"?16-(;=( 6-,(`TE'( %"26( &+5( 2$*F&*5( 6-*1'6.( *,'8,#6"<,%=( U)"DB(
P;WB((

((

)"D1*,(^B()%"D-6(8&*&?,6,*'(?$+"6$*,5(51*"+D(&(PA>?,6,*(2%"D-6(U#$+'"'6"+D($2(&;$16(_(%&8'($+(
6-,(6,'6(&*,+&S(2"D1*,(P;W(8,*2$*?,5(;=(6-,(?"+"&61*,(-,%"#$86,*(U`TW(U)"DB(P&W.(,L1"88,5(
F"6-(&+(E@($0C/=+&#$)M2"D1*,(_&WB(C-,(#$?8%,6,(R$1*+,=($<,*(6-,(*&+5$?%=(6,H61*,5(8&66,*+(
U'-$F+(&6(6-,(;$66$?($2(U&WW!"+#%15,'(6&/,>$22.(%,<,%(2%"D-6(&+5(%&+5"+D((
()*(9,*6"#&%(6*&R,#6$*=("+(6-,(%$+D"615"+&%(8%&+,B!(+*([*$1+5'8,,5(!"(?$+"6$*,5(6-*$1D-$16(

6-,(R$1*+,=B((,*(V16816(ω*(+'($2(6-,(V)(',+'$*('-$F"+D(6-,(*,%&6"<,%=('?&%%(5,<"&6"$+(2*$?(
6-,(V)(',6(8$"+6(ω'()(U*,5(#1*<,WB((-*(G#61&%(V).(ω(U#&%#1%&6,5(&'(!"%#W(*,'1%6"+D(2*$?(6-,(
;,-&<"$*&%(*,&#6"$+S(ω("'(',,+(6$(-&<,(;,,+(-,%5(*,%&6"<,%=(>(;16(+$6(8,*2,#6%=(>(#$+'6&+6(
6-*$1D-$16(6-,(R$1*+,=.(,<,+(51*"+D(6-,(6&/,$22(&+5(%&+5"+D(?&+,1<,*'(F-,*,(6-,(
D*$1+5'8,,5(<&*",'(#$+'"5,*&;%=(&'('-$F+("+(U;W!(U)*$?()*&+#,'#-"+"(,6(&%B.(aAAPW(
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G+=("+#*,&',("+(6-,(*$6$*('8,,5(#&1','(6-,(`T(6$(*"',.(&+5(6-,('%"D-6,'6(U$8,*&6$*(?,5"&6,5W(
2$*F&*5(UM+$',>5$F+NW(6"%6"+D(;=(&(2,F(5,D*,,'(8*$51#,'(&(2$*F&*5(6-*1'6(#$?8$+,+6(6-&6(
#&1','( 6-,( `T( 6$( D&"+( 2$*F&*5( '8,,5B( C-,( 2%"D-6( ?"%%( "'( ,L1"88,5( F"6-( D*$1+5>6*16-(
&Q"?16-&%( &+5( ,%,<&6"$+( ',+'$*'( 6-&6( &%%$F( 6-,( 8$'"6"$+( &+5( '8,,5( $2( 6-,( `T( 6$( ;,(
?$+"6$*,5(&6(-"D-(&##1*&#=(&+5("+(*,&%( 6"?,B(4"+#,( 6-,(`T(81*8$',(F&'(6$(5,?$+'6*&6,(&(
;&'"#( 8*"+#"8%,.( "6( F&'( ,L1"88,5( F"6-( &+( ,%,?,+6&*=( <,+6*&%( ,=,( #$?8$',5( $2( $+%=( 6F$(
8-$6$*,#,86$*'(5*"<"+D(&( '"+D%,(K%,?,+6&*=(`$6"$+(J,6,#6$*( UK`JW(;1"%6( &##$*5"+D( 6$( 6-,(
M6*&<,%(6"?,N!8*"+#"8%,('-$F+("+()"DB(O(U0122",*(c()*&+#,'#-"+".(aAAO.(0122",*(,6(&%B.(aAAOWB(

7. Comparison of robots’ and insects’ behavioral patterns!

C-,(VjCG9K(#$+6*$%('#-,?,(U)"DB(_W(8*$51#,5(6-,(-,%"#$86,*(;,-&<"$*&%(8&66,*+'('-$F+("+(
2"D1*,'(^>@AB(C-,(*$;$6E'(;,-&<"$*(F&'(2$1+5(6$(&##$1+6(2$*(&(',*",'($2(81QQ%"+D.(',,?"+D%=(
1+#$++,#6,5( 2%="+D(&;"%"6",'($;',*<,5(;=(?&+=(&16-$*'(51*"+D( 6-,( %&'6(PA(=,&*'( "+(<&*"$1'(
'8,#",'( U2*1"62%",'.( -$+,=;,,'.( ?$6-'.( ?$'L1"6$,'.( 51+D>;,,6%,'.( ?"D*&6"+D( %$#1'6'( &+5(
;166,*2%",'.(&+5(;"*5'W(U)*&+#,'#-"+"(,6(&%B.(aAAPWB(`$'6($2(6-,(5&6&(81;%"'-,5("+(6-,',('615",'(
&*,( L1&%"6&6"<,.( ;16( *,#,+6( L1&+6"6&6"<,( 2"+5"+D'( $+( -$+,=;,,'E( %&+5"+D( 8,*2$*?&+#,'( #&+(
&%'$(;,(,H8%&"+,5($+(6-,(;&'"'($2(6-"'('"?8%,(#$+6*$%('#-,?,.("+#%15"+D(6-,(#$+'6&+6(5,'#,+6(
&+D%,($;',*<,5("+(6-,(;,,E'(2"+&%(&88*$&#-(U4*"+"<&'&+(,6(&%B.(@YY_.(aAAAWB(
],6(1'(+$F(,H&?"+,(6-,',(<&*"$1'(;,-&<"$*&%(8&66,*+'.(&''1?"+D(6-,("+',#6(6$(;,(,L1"88,5(
F"6-(6-,(E@)$0C/=+&#$('-$F+("+()"DB(_(U)*&+#,'#-"+"(,6(&%B.(aAAPWB(

7.1 Take-off 
G+( "+',#6( 6-&6( "+#*,&','( "6'( 2$*F&*5( 6-*1'6( ;=( 8"6#-"+D( 2$*F&*5( U)"DB( _;W( %"/,( &( 2%=( $*( &(
-,%"#$86,*(UJ&<"5.(@YP^W.("'(;$1+5(6$(*"',("+6$(6-,(&"*(;,#&1',(6-,(V)(*,D1%&6$*(U)"DB(_&W(F"%%(
#$+'6&+6%=( "+#*,&',( 6-,( D*$1+5-,"D-6( #( 8*$8$*6"$+&%%=( 6$( 6-,( #1**,+6( D*$1+5'8,,5(!".( 6$(
?&"+6&"+(6-,(V)(#$+'6&+6(UKLBaWB(
C-,(8,*2$*?&+#,'($2(6-,(`T("%%1'6*&6,(6-"'(8$"+6(L1"6,(#%,&*%=(U2"D1*,(^&.(%,26(8&*6WB(46&*6"+D(
&6(8$'"6"$+(@(UF"6-(6-,(*$6$*(&H"'($*",+6,5(<,*6"#&%%=(&+5(6-,(%"26( R1'6(;&%&+#"+D(6-,(F,"D-6W.(

6-,(`T("'(*,?$6,%=(#$??&+5,5(6$(8"6#-(q+$',>5$F+E(UΘ(2*$?(Ap(6$(l@Ap(*&?8F"',.()"DB(_;WB(
C-,(,+'1"+D("+#*,&',("+(D*$1+5'8,,5(U2"D1*,(^;W(&16$?&6"#&%%=(#&1','(6-,(?"#*$>2%=,*(6$(*"',(
U2"D1*,(^&W(;,#&1',(6-,(2,,5;&#/(%$$8('%&<,'(#(6$(!".(,22,#6"<,%=(?&"+6&"+"+D(6-,(&#61&%(*&6"$(

ω( r( !"%#( *,%&6"<,%=( #$+'6&+6( &F$#/CF#/&) &+L0<#11( U)"DB( ^5WB( m8$+( *,&#-"+D( &( '6,&5=(
D*$1+5'8,,5( $2( O( ?B'>@( U)"D1*,( ^;W.( 6-,( `T( #&+( ;,( ',,+( 6$( -&<,( #*1"',5( &6( &( '6,&5=(
D*$1+5-,"D-6( U$2( &*$1+5($+,(?,6,*S( 2"D1*,( ^&W.(F-"#-(5,8,+5'($+( 6-,(V)(',6(8$"+6( U-,*,.(

ω.()$r(O(*&5B'>@S(2"D1*,(^#WB(

7.2 Terrain following 

G+("+#*,&',("+(*,%",2(&;'$%16,(&%6"615,("'(*,D&*5,5(&'(&(M5"'61*;&+#,N(6-&6(#&1','(&(*,51#6"$+(
"+( 6-,( %$#&%( D*$1+5-,"D-6( #G$C-"'( 5"'61*;&+#,$F"%%( ;,( #$?8,+'&6,5( 2$*( ;=( &+( "+#*,&',( "+(
2%"D-6(&%6"615,( U',,( 2"D1*,(_&WB()"D1*,(Y&('-$F'( 6-&6( 6-,(`T("'(&;%,( 6$(#%,&*(&(D,+6%,( '%$8,B(
)"D1*,(Y;(#$+2"*?'(6-,(8*,5"#6"$+(?&5,(&6(6-,(,+5($2(4,#6"$+(\(6-&6(6-,(D*$1+5'8,,5(-&*5%=(
#-&+D,'("+('8"6,($2(6-,(#-&+D,'("+(6-,(?,&+(2%"D-6(2$*#,()(+,,5,5(6$(#-&+D,(6-,(&%6"615,(U',,(
2"D1*,(_;WB(
:+',#6'(&*,(&;%,(6$(2$%%$F(&(6,**&"+($*(&(#&+$8=(&+5(6-,(&;$<,('#-,?,(?&=(,H8%&"+'(F#B(6-,=(
&#-",<,(6-"'(2,&6B(`"D*&6"+D(;166,*2%",'(#*$''"+D(+&**$F(#&+=$+'(2%=(5$F+("+6$(6-,(D1%%=(&+5(
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&#*$''( 6-,( ;$66$?B( b-,+( 6*&<,*'"+D( 5,+',( 2$*,'6'.( 6-,=( #%,&*( 6-,( #&+$8=( &6( &( 5"'6&+#,(
*$1D-%=(,L1&%( 6$( 6-,"*(8*,<"$1'(-,"D-6(&;$<,( 6-,(D*$1+5.(&+5($+#,(6-,=(-&<,(#*$'',5(6-"'(
%&*D,($;'6&#%,.(6-,=(*,>5,'#,+5(U4*=D%,=(c(V%"<,"*&.(aAA@WB(

( (

)"D1*,(YB(C,**&"+(2$%%$F"+D(;=(6-,(?"+"&61*,(-,%"#$86,*(U)"DB(P&W(*,#$*5,5(&6(i(5"22,*,+6(
D*$1+5'8,,5'(U@?k'(Z(@B\(?k'Z(@B^(?k'Z(O(?k'WB(C-,(&%6"615,(./0(8%$66,5("+(U&W("'(6-&6($2(6-,(
%&+5"+D(D,&*(F-"#-("'(&6(&(5"'6&+#,(%r(ABO(?(1+5,*(6-,(,=,B(C-,(-"D-,*(6-,('8,,5.(6-,(-"D-,*(
6-,(#%,&*&+#,(2*$?(6-,(6,**&"+(U)*$?(0122",*(c()*&+#,'#-"+".(aAAOW(

)"D1*,( Y( '-$F'( 6-&6( F-,+( 6-,( `T( "'( ',6( 6$( 6*&<,%( &6( &( -"D-,*( '8,,5.( "6( &16$?&6"#&%%=(
?&"+6&"+'(&(D*,&6,*(-,"D-6(&;$<,(6-,(6,**&"+.(D"<"+D(*"',(6$(&(M'&2,N(2%"D-6B(C-"'("'(8*,#"',%=(
6-,(2%"D-6(8&66,*+(6-&6(F&'($;',*<,5("+(51+D>;,,6%,'S(6-,=(2%=(-"D-,*(&6(-"D-,*(D*$1+5'8,,5'(
&+5( %$F,*( &6( %$F,*( '8,,5'( U46,"+,*.( @Y\OWB( ]"/,F"',.( ;,,'( #*1"',( &6( &( -,"D-6( *$1D-%=(
8*$8$*6"$+&%(6$(6-,"*(-$*"Q$+6&%(2%"D-6('8,,5(U',,()"DB(P#("+(4*"+"<&'&+(,6(&%B.(aAAAWB(:+($6-,*(
F$*5'.(6-,*,("'(&('"?"%&*%=(6"D-6(%"+/(;,6F,,+(D*$1+5'8,,5(&+5(D*$1+5-,"D-6("+("+',#6'(&+5(
$1*(-,%"#$86,*B((

7.3 Flying against wind 

]$#1'6'(&+5($6-,*(?"D*&6"+D("+',#6'(-&<,(%$+D(;,,+(/+$F+(6$(5,'#,+5(1+5,*(-,&5F"+5(&+5(
&'#,+5(51*"+D( %1%%( UX,++,5=.(@Y\@.(4*=D%,=(c(V%"<,*&.(aAA@WB(m+5,*(-,&5F"+5(#$+5"6"$+'.(
e*&t+"+D,*( U@Y_iW($;',*<,5( 6-&6(;,,'(F,*,( 2%="+D(&6( '1#-(&( %$F('8,,5(&+5('$( #%$',( 6$( 6-,(
D*$1+5(6-&6(-,(F&'(&;%,(6$(&##$?8&+=(6-,?($+(-"'(;"#=#%,(&%%(6-,(F&=(6$(6-,(+,#6&*('$1*#,B(
b"+5'8,,5(5"'61*;'(6-,(V)(&16$8"%$6(;16(6-,(8$"+6($2(&88%"#&6"$+($2(6-"'(5"'61*;&+#,(5"22,*'(
2*$?(6-&6($2(6-,(*,%",2(5"'61*;&+#,(U',,()"DB(_&WB(G(%"D-6(-,&5F"+5(U8*$51#,5(;=(&(2&+W(F&'(
$;',*<,5( 6$( *,51#,( 6-,(`T(D*$1+5'8,,5( U)"DB(@A;.(5$66,5(#1*<,WB(C-,( *,51#6"$+( "+( '8,,5(
2$*#,5(6-,(D*$1+5-,"D-6(#(6$(5,#*,&',("+('"?"%&*(8*$8$*6"$+(U2"D1*,(@A&.(5$66,5(#1*<,WB(4"+#,(
6-,('8,,5("+#*,&',5(&D&"+(F-,+(6-,(*$;$6(%,26(6-,(F"+5>'F,86(*,D"$+($2(6-,(&*,+&.(6-,(`T(
*$',( &D&"+B( C-"'(`T( 2%"D-6( 8&66,*+( 6-,*,2$*,( &##$1+6'( 8&*6"#1%&*%=(F,%%( 2$*( 6-,( 2",%5( 5&6&(
#"6,5(&;$<,B((
G('6*$+D(-,&5(F"+5(*,51#,5(6-,(D*$1+5'8,,5('$(?1#-(6-&6("6(2$*#,5(6-,(`T(6$(%&+5(U)"DB(
@A&.( #$+6"+1$1'( #1*<,WB( ]&+5"+D( F&'( '?$$6-.( -$F,<,*.( ;,#&1',( #( F&'( 5,#*,&',5) /.D0$)
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3"(/+==?)'=#(0D)=##A,("+(8*$8$*6"$+(6$(!"$B(C-"'(2"+5"+D("'(-"D-%=(*,?"+"'#,+6($2(F-&6($##1*'("+(
?&+=( "+',#6'( &+5( ;"*5'.( F-"#-( 5,'#,+5( ;=( -,&5F"+5( &+5( ',66%,( F-,+( 6-,( F"+5( D*$F'(
'6*$+D,*(UX,++,5=.(@YOY.(@Y\@.(b"%%"&?'.(@Y_\Z(G%,'6&?.(@YYAWB(["<,+(6-,(+&61*&%(5,#*,&',("+(
F"+5('8,,5(6-&6($##1*'(#%$',(6$(6-,(,&*6-("+(6-,(;$1+5&*=(%&=,*.(6-,',(*,&#6"$+'(#&+(;,('&"5(
6$(;,( M,#$%$D"#&%N(;,#&1',( 6-,=(&%%$F( 6-,( "+',#6'( 6$( 6*&<,%( 2&*6-,*( 2$*( 6-,( '&?,(&?$1+6($2(
,+,*D=( U6-"'( 8$"+6( "'( 5"'#1'',5( ,H6,+'"<,%=( "+( 0122",*( c( )*&+#,'#-"+".( aAA\WB(b-,6-,*( 2$*(
6,**&"+(2$%%$F"+D($*(2$*(6-,(*,&#6"$+(6$(-,&5(F"+5.(6-,(#$+6*$%('#-,?,(U)"DB(_W(1+5,*%"+,'(6-,(
5"*,#6"$+( $2( #&1'&%"6=S( "6( "'( 6-,( #-&+D,( "+( D*$1+5'8,,5( 6-&6( "+51#,'( 6-,( #-&+D,( "+(
D*$1+5-,"D-6.(&+5(+$6(6-,($6-,*(F&=(*$1+5(U6-"'(8$"+6("'(5"'#1'',5(21*6-,*("+(4,#6"$+(^WB((

(

)"D1*,(@AB(0,&#6"$+($2(6-,(?"+"&61*,(-,%"#$86,*(U`TW(6$(-,&5(F"+5(U5&'-,5(#1*<,'S(%$F(-,&5(
F"+5.(!/$(r(AB\?k'Z(#$+6"+1$1'(#1*<,'S('6*$+D(-,&5(F"+5.(!/(r(@B\?k'WB(C-,(VjCG9K(
&16$8"%$6(U)"DB(_&W(?&/,'(6-,(`T(*,&#6(6$(6-,(*,51#6"$+("+('8,,5(U;W(;=(*,51#"+D("6'(&%6"615,(
U&WB(C-,('6*$+D(F"+5(2$*#,5(6-,(`T(6$(%&+5(&6(+,D%"D";%,(2$*F&*5('8,,5(U#$+6"+1$1'(#1*<,'WB(
:+(6-,',(,H8,*"?,+6'.(&(OA(H(aA#?(8%&+&*(&"*2$"%(F&'(?$1+6,5(8,*8,+5"#1%&*(6$(6-,(6*&<,%(
&H"'(6$(#&6#-(6-,(F"+5(;,66,*.(,?8-&'"Q"+D(6-,(,22,#6(U)*$?(0122",*(c()*&+#,'#-"+".(aAAiW(

7.4 Flying over mirror-smooth water 

e,,'( #*$''"+D(?"**$*>'?$$6-(F&6,*( 51*"+D( 2$*&D"+D( 6*"8'(F,*,( *,8$*6,5( 6$( 2%=( %$F,*( &+5(
%$F,*(1+6"%(#*&'-"+D(-,&5>2"*'6("+6$(6-,(F&6,*B(C-,=(F,*,(*,'#1,5(2*$?(5*$F+"+D($+%=(F-,+(
6-,(F&6,*('1*2&#,(F&'(*"88%,5($*(F-,+(&('%&66,5(;*"5D,(F&'(8%&#,5($+(6-,(F&6,*('1*2&#,(6$(
8*$<"5,('122"#",+6(#$+6*&'6( UT,*&+(c(]"+5&1,*.(@Y_OWB(0,#,+6('615",'($+(;,,'( 6*&"+,5(6$(2%=(
&#*$''(&(%&/,(5"5(+$6(L1"6,(#$+2"*?(6-,',(,&*%=(*,'1%6'(UC&16Q(,6(&%B.(aAAiW.(;16(6-,(U%&*D,W(%&/,(
?&=( +$6( -&<,( ;,,+( &'( *"88%,>2*,,( &'( 6-,( U'?&%%W( 2%$$5,5( L1&**=( 1',5( "+( 6-,( $*"D"+&%(
,H8,*"?,+6'B(
G( 2,&61*,%,''( ,H8&+',( $2(F&6,*( +$( %$+D,*( 8*$<"5,'( 6-,( &+"?&%E'( ,=,(F"6-( &+=( #$+6*&'6"+D(

2,&61*,'.(&+5(6-,(V)(',+'$*(F"%%(+$(%$+D,*(*,'8$+5B(:2(F,(?&/,(6-,(2,,5;&#/('"D+&%(ω40+()r(A((
"+( 2"D1*,(_&.( 6-,(,**$*('"D+&%(ε ;,#$?,'(%&*D,(&+5(+,D&6"<,(U,L1&%( 6$(ω(0&W.(F-"#-( %,&5'(6$(&(
2&6&%(5,#*,&',( "+(D*$1+5-,"D-6(#B(C-,(E@)$0C/=+&#$( 6-,*,2$*,(?&=(&##$1+6( 2$*( 6-,(81QQ%"+D(
2"+5"+D( 6-&6( ;,,'( 8%1+D,( '6*&"D-6( "+6$( #&%?( F&6,*( 51*"+D( 6-,"*( 2$*&D"+D( 6*"8B( C-,( #%$',5(
2,,5;&#/(%$$8("**,<$#&;%=(81%%'(6-,("+',#6(5$F+(F-,+,<,*(6-,(V)(',+'$*(2&"%'(6$(*,'8$+5B(G(
'"?"%&*%=(5"'&'6*$1'( 6,+5,+#=(F&'($;',*<,5( "+( 6-,(`T(F-,+( "6(F&'( 2%="+D($<,*( &(D*$1+5(
6-&6(F&'(?&5,(5,%";,*&6,%=(;%&+/($<,*(&(5"'6&+#,($2(@B\(?,6,*'B(G('"?8%,(F&=(6$(*,'#1,(6-,(
`T(2%"D-6(2*$?(6-"'(5&+D,*$1'('"61&6"$+(#$+'"'6,5("+(-$%5"+D(6-,(%&'6(V)(?,&'1*,?,+6(2$*(
'$?,(6"?,(U,BDB.(AB\(',#$+5'.(',,(2"D1*,(Y("+(0122",*(c()*&+#,'#-"+".(aAA\WB(
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7.5 Landing  

9"5,$(*,#$*5"+D($2(%&+5"+D(-$+,=;,,'('-$F,5(6-&6(6-,"*(D*&Q"+D(%&+5"+D'($+(&(2%&6('1*2&#,(
$##1*( F"6-( &( #$+'6&+6( '%$8,( U4*"+"<&'&+( ,6( &%B.( aAAAWB( e,,'( F,*,( &''1?,5( 6$( ?,,6( 6F$(
*,L1"*,?,+6'(6$(;,(&;%,(6$(%&+5('?$$6-%=S(MU"W(&5R1'6"+D(6-,('8,,5($2(2$*F&*5(2%"D-6(6$(-$%5(
#$+'6&+6(6-,(&+D1%&*(<,%$#"6=($2(6-,("?&D,($2(6-,('1*2&#,(&'(',,+(;=(6-,(,=,.(U""W(?&/"+D(6-,(
'8,,5( $2( 5,'#,+6( 8*$8$*6"$+&%( 6$( 6-,( 2$*F&*5( '8,,5NU4*"+"<&'&+( ,6( &%B.( aAAAWB( V1*( V)(
*,D1%&6$*('#-,?,(U)"DB(_&W(#$+6*$%'(+,"6-,*! 6-,(2$*F&*5(2%"D-6('8,,5(+$*(6-,(5,'#,+6('8,,5.(
=,6(8*,5"#6'(6-&6(6-,(;,,('-$1%5(%&+5(F"6-(&(#$+'6&+6('%$8,.(&'(&#61&%%=($;',*<,5("+(6-,(`T(
2%"D-6(8&66,*+(U)"DB(^&.(*"D-6(8&*6WB((
e$6-(`TE'(&+5(;,,'E(%&+5"+D(;,-&<"$*(#&+(;,(,H8%&"+,5("+(6-,('&?,(F&=(;,#&1',(6-,('1*D,(((((
5=+&?"#'(#&+(;,(5,'#*";,5("+(;$6-(#&','(;=('"?"%&*(U2"*'6($*5,*W(%"+,&*(5"22,*,+6"&%(,L1&6"$+'(
U',,((4188%,?,+6'("+()*&+#,'#-"+"(c(&%B.(aAAPWB(
]&+5"+D( $2( 6-,( `T( "'( "+"6"&6,5( ;=( #$??&+5"+D( "6( 6$( D*&51&%%=( 8"6#-( ;&#/F&*5'( 6$( 6-,(
<,*6"#&%(U&6(&**$F-,&5(O("+(2"D1*,(^&W.(F-"#-("+51#,'(&(D*&51&%(%$''($2('8,,5(U2"D1*,(^;WB(C-,(
D*$1+5-,"D-6( #( "'( 6-,+( ;$1+5( 6$( 5,#*,&',( 8*$8$*6"$+&%%=( 6$( !"( '"+#,( 6-,( 2,,5;&#/( %$$8(
'6*"<,'(6$(?&/,(!"$%#$0$#$+'6&+6(UKLB(aWB((
C-,(1".+=)+AA$#+'F(&#61&%%=('6&*6'(F-,+(6-,(`T(-&'(*,D&"+,5("6'(#$?8%,6,%=(18*"D-6(8$'"6"$+(
U&**$F-,&5(i( "+()"DB(^&WB()*$?(6-"'(?$?,+6($+F&*5'.(!"$5,#*,&','(,H8$+,+6"&%%=(F"6-( 6-,(

M'1*D,(6"?,(#$+'6&+6N(τ12(raB@\'(U',,(2"D1*,(i("+()*&+#,'#-"+"(c(&%B.(aAAPW(&+5(6-,(2,,5;&#/(
%$$8(2$*#,'(#$(&+5(6-,*,2$*,("6'(5,*"<&6"<,(3#%3).("B,B.(6-,(5,'#,+6('8,,5(!4W(6$(5,#*,&',(F"6-(
6-,('&?,(6"?,(#$+'6&+6B(C-,(5,'#,+6('8,,5SD*$1+5'8,,5(*&6"$(!4U6WS!"U6W(.(6-&6("'.(6-,(5,'#,+6(
(=#A0.(F"%%(6-,*,2$*,(*,?&"+(#$+'6&+6(6-*$1D-$16(6-,(2"+&%(&88*$&#-.(&'(&#61&%%=($;',*<,5("+(
;$6-(%&+5"+D(;,,'(U4*"+"<&'&+(,6(&%B.(aAAAW(&+5(6-,(%&+5"+D(`T(U2"D1*,(^&WB(

:+( U)*&+#,'#-"+"(c(&%B.( aAAPW.(F,(,'6&;%"'-,5( 6-&6( 6-,(,+'1"+D(5,'#,+6(&+D%,(α$ n*&5o(#&+(;,(
#&%#1%&6,5(&'((2$%%$F'((S)

α = −arctan 1
ωsetτ
& 

% 
$ 

# 

" 
! 
(

F-,*,(ω'()$r(V)(',6(8$"+6(n*&5B'>@o(.(&+5(τ r('1*D,(6"?,(#$+'6&+6(n'o($2(6-,(`T(Uτ12(raB@\'WB(
C-"'(?,&+'(6-&6(6-,('%$8,($2(6-,(2"+&%(&88*$&#-(5,8,+5'($+($+%=(6F$(8&*&?,6,*'S(6-,('1*D,(
6"?,(#$+'6&+6(&+5(6-,(V)(',6(8$"+6B(
:2(6-,(#$+'6&+6>'%$8,(%&+5"+D(D%"5,($;',*<,5("+(;,,'(*,2%,#6'(6-,(8*,',+#,($2(&+(E@)$0C/=+&#$(
$+;$&*5(6-,',("+',#6'.(6-,+(;=('1;'6"616"+D(6-,(%&+5"+D(5&6&($;6&"+,5($+(;,,'(U4*"+"<&'&+(,6(

&%B.(aAAAWS(α566(r(>(a^p(Z(ω.()566$r(\AA(5,DB'>@.("+6$(KLB(O.(F,(#&+(5,6,*?"+,(6-,(;,,E'((/$C0)&"40)
'#.(&+.&)S((

      τeKK(r(ABaa'(

:6( "'( '6*"/"+D( 6-&6( 6-"'(<&%1,(8*,5"#6,5(;=($1*(E@)$0C/=+&#$(?$5,%(?&6#-,'( #%$',%=( 6-,( 6"?,(
#$+'6&+6(<&%1,'( UABaa'.( ABaP'.( ABaY'( &+5(AB\P'W( 6-&6(F,(5,*"<,5( 2*$?( 6-,(5&6&($2( 4*"+"<&'&+(
&+5( #$F$*/,*'( UaAAAW( $+( 6-,( ,H8$+,+6"&%( 5,#*,&',( "+( ;,,'E( C$#/.DF0"CF&( F"6-( 6"?,B( C-"'(
?&/,'(6-,(V)(*,D1%&6$*('#-,?,(U)"DB(_&W(&+(&88,&%"+D(-=8$6-,'"'(2$*(6-,(#$+6*$%('='6,?(6-&6(
"'("?8%,?,+6,5($+;$&*5(6-,(;,,B((
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8. A dual optic flow regulator for joint speed control and lateral obstacle 

avoidance 

C-,( ?$5,%( 8*,',+6,5( &;$<,( 5"22,*'( 2*$?( &+$6-,*( $+,( F-,*,( 6-,( V)( F$1%5( #$+6*$%( 6-,(
D*$1+5'8,,5$!"( *&6-,*( 6-&+( 6-,(D*$1+5-,"D-6(#( Ud*,"''(c(X*&?,*.( @Y^iZ( 4*"+"<&'&+( ,6( &%B.(
@YY_.(aAAAZ(e&"*5(,6(&%B.(aAA\WG(:2(6-,(<,+6*&%(V)(#$+6*$%%,5(!"$ ( "+'6,&5($2(#( "+(2"D1*,(_&.(6-"'(
F$1%5(%,&5(6$('6*"/"+D%=(5"22,*,+6(2%"D-6(8&66,*+'(2*$?(6-$',($;',*<,5("+("+',#6'(;=(8*,<"$1'(
&16-$*'.(&'(2$%%$F'S(

U"W( "+'6,&5( $2( 2$%%$F"+D( &( '%&+6"+D( 6,**&"+.( &'(?"D*&6"+D( ;166,*2%",'( Ub"%%"&?'.( @Y_\Z(
4*=D%,=(c(V%"<,"*&.(aAA@W(&+5($1*(`T(5$.(6-,("+',#6(F$1%5(D*&51&%%=(5,#,%,*&6,(1+6"%(6$1#-"+D(
6-,(*"'"+D(D*$1+5(&6(&(+,D%"D";%,('8,,5.(6-1'("+$88$*61+,%=("+6,**186"+D("6'(R$1*+,=B(

U""W( "+'6,&5( $2( 5,'#,+5"+D( "+( &( -,&5F"+5( &+5( *"'"+D( "+( &( 6&"%F"+5.( &'( $##1*'( "+(
-$+,=;,,'( Ue*&t+"+D,*.( @Y_iW.( %$#1'6'( UX,++,5=.( @Y\@W.( 51+D>;,,6%,'( U46,"+,*.( @Y\OW.(
?$'L1"6$,'(UX,++,5=.(@YOYW.(&+5($1*(`T(U2"D1*,(@AW.(6-,("+',#6(F$1%5(#$?8,+'&6,(2$*(6-,(
1+2&<$1*&;%,(-,&5F"+5(;=("+#*,&'"+D("6'(&"*'8,,5(F"6-$16(#-&+D"+D("6'(D*$1+5-,"D-6B((
C-,',( 6F$(?$5,%'( #&+( ;,( *,#$+#"%,5.( -$F,<,*.( "2(F,( &55( 6-,( -=8$6-,'"'( 6-&6( &+$6-,*(E@)
$0C/=+&#$,( ;&',5( $+( V)( ',+'$*'( 2*$?( 6-,( =+&0$+=) 8&*6'( $2( 6-,( ,=,'.( ?&=( ;,( "+( #-&*D,( $2(
#$+6*$%%"+D(6-,(D*$1+5'8,,5(!"B((
:+(%"+,(F"6-(6-,(VjCG9K(&16$8"%$6.(F,(5,'"D+,5(6-,(]V0G(:::(&16$8"%$6(U]V0G(:::('6&+5'(
2$*( ]&6,*&%( V86"#( 2%$F( 0,D1%&6$*( G16$8"%$6.( ?&*/( :::W.( F-"#-( "'( &;%,( 6$( #$+6*$%( ;$6-( 6-,(
2$*F&*5('8,,5(!"($2(&+(&,*"&%(<,-"#%,(&+5("6'(%&6,*&%(5"'6&+#,'(78(&+5(79(6$(6-,(6F$(F&%%'($2((&(
#$**"5$*(U)"DB(@@WB((

(

)"D1*,(@@B(C-,(]V0G(:::(&16$8"%$6("'(&(D/+=)E@)$0C/=+&#$(6-&6(,+&;%,'(&(1/==?)+'&/+&0D(
-$<,*#*&26(6$(+&<"D&6,("+(&(U'6*&"D-6($*(6&8,*,5W(#$**"5$*(;=(#$+6*$%%"+D("6'(2$*F&*5('8,,5(!"(
&+5("6'(5"'6&+#,(78.(79$$6$(6-,(F&%%'(R$"+6%=.(F"6-$16(*,L1"*"+D(&+=('8,,5($*(5"'6&+#,(
?,&'1*,?,+6'(U)*$?(4,**,'(,6(&%B.((aAA^&W(

b,( '-$F,5( 6-,( 2,&'";"%"6=( $2( 6-"'( '#-,?,( "+( '"?1%&6"$+( ,H8,*"?,+6'( F-,*,( &( ?"+"&61*,(
-$<,*#*&26(+&<"D&6,'( "+(&('6*&"D-6($*( 6&8,*,5(#$**"5$*( U4,**,'(,6(&%B.( aAA^&WB(V1*(-$<,*#*&26( "'(
,L1"88,5(F"6-(6F$(&55"6"$+&%(=+&0$+=)&F$/(&0$(( 6-&6(?&/,("6(1/==?)+'&/+&0DB(C-"'(?,&+'(6-&6("6("'(
#&8&;%,($2("+5,8,+5,+6('"5,>'%"8(&+5(2$*F&*5('%"8.(%"/,(-=?,+$86,*&+("+',#6'(Uu,"%(,6(&%B.(aAA^WB(
C-,( D*$1+5'8,,5( "'( #$+'6*&"+,5( ;=( 6-,( ,+<"*$+?,+6.( &'( $;',*<,5( $+( ;,,'( +&<"D&6"+D( "+( &(
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'6*&"D-6($*(6&8,*,5(#$**"5$*(U4*"+"<&'&+(,6(&%B.(@YY_WB(C-,(#%,&*&+#,(6$(6-,(F&%%'("'(#$+'6*&"+,5(
;=(6-,(,+<"*$+?,+6(&'(F,%%.(;16(6-,(*$;$6(5$,'(+$6('-$F(&('='6,?&6"#(M#,+6,*"+D(;,-&<"$*N.("+(
#$+6*&'6( F"6-( 2$*?,*( $;',*<&6"$+'( $+( ;,,'( UX"*'#-+,*( c( 4*"+"<&'&+.( @Y^YWB( T$F,<,*.( 6-,(
*$;$6E'( MF&%%>2$%%$F"+D( ;,-&<"$*N( $;',*<,5( "'( 21%%=( #$+'"'6,+6( F"6-( 6-,( *,'1%6'( $2( $1*( $F+(
;,-&<"$1*&%(,H8,*"?,+6'($+(;,,'(+&<"D&6"+D("+(&(%&*D,(#$**"5$*(U4,**,'(,6(&%B(aAA^;WB((
]V0G( :::( "'( ;&',5($+($+%=( 6F$(V)( ',+'$*'( U$+,( %$$/"+D( 6$( 6-,( *"D-6.( $+,( 6$( 6-,( %,26WB(C-,(

2$*F&*5('8,,5(!"$"'(#$+6*$%%,5(;=$6-,(,**$*('"D+&%(ε,/3 ;,6F,,+(6-,((/4)$2(6-,(6F$(V)'(U*"D-6(
&+5( %,26W( &+5( 6-,( 2$*F&*5( V)( ',6( 8$"+6( ω(0&@BD$ B( C-,( %&6,*&%( #%,&*&+#,( 2*$?! 6-,( F&%%'( "'(
#$+6*$%%,5(;=(6-,(,**$*('"D+&%(ε.:3( ;,6F,,+(6-,(=+$C0$($2(6-,(6F$(V)'(&+5(6-,('"5,F&='(V)(',6(
8$"+6(ω(0&5"D0( B( C-,(]V0G( :::(D/+=)E@) $0C/=+&#$( &##$1+6'( 8&*6"#1%&*%=(F,%%( 2$*( ;$6-( 6=8,'( $2(
;,-&<"$1*'B(C-,( 6=8"#&%(MF&%%>2$%%$F"+D(;,-&<"$*N( 6-&6(F,($;',*<,5($+(;$6-( 6-,(;,,'(&+5(
6-,( *$;$6( #&+( ;,( '-$F+( 6$( 5,D,+,*&6,( "+6$( &( M#,+6,*"+D( ;,-&<"$*N( 2$*( 8&*6"#1%&*( $0=+&"30(

<&%1,'(;,6F,,+( 6-,( 6F$(V)( ',6(8$"+6'(ω(0&@BD( &+5(ω(0&5"D0( U4,**,'(,6( &%B.( aAA^&.(4,**,'.( aAA^WB(
C-,(&5<&+6&D,($2(6-"'(#$+6*$%('#-,?,("'(6-&6("6(5,6,*?"+,'(;$6-(6-,(2$*F&*5('8,,5(&+5(6-,(
#%,&*&+#,(2*$?(6-,(F&%%'($+(6-,('$%,(;&'"'($2(6F$(8&*&?,6,*'(>(6F$(V)(',6(8$"+6'(>(F"6-$16(
&+=( +,,5'( 2$*( ?,&'1*"+D( 2$*F&*5( '8,,5.( %&6,*&%( 5"'6&+#,'( &+5( #$**"5$*( F"56-.( 6-&6( "'.(
F"6-$16(1'"+D(&+=(<,%$#"?,6,*'($*(*&+D,(2"+5,*'B(C-,('"?1%&6"$+(,H8,*"?,+6'(8,*2$*?,5("+(
'6*&"D-6( $*( 6&8,*,5( #$**"5$*'(F,*,( '-$F+( 6$(?"?"#( 6-,( -$+,=;,,E'( ;,-&<"$1*( *,?&*/&;%=(
F,%%(U4,**,'(,6(&%B.(aAA^&WB(

9. OSCAR as a yaw control autopilot 

K%,#6*$8-='"$%$D"#&%(*,#$*5"+D'($+(2*,,%=(2%="+D(2%",'(-&<,(*,<,&%,5(6-&6(6-,(?1'#%,(&66&#-,5(
6$( 6-,( ;&',( $2( 6-,( *,6"+&( Ue1*66( c( d&66,*'$+.( @YPAZ( T,+D'6,+;,*D.( @YP@W( #&1','( $0&".+=)
4"'$#('+..".C)S(6-,(F-$%,(*,6"+&%(?$'&"#(U)"DB@&W(&$+.(=+&0()*,8,&6,5%=(&6(&;$16(\(TQ(;=(&(2,F(
?"#*$?,6,*'(1+5,*+,&6-(6-,(2&#,6(?$'&"#.(#&1'"+D(6-,(<"'1&%(&H,'(6$($#&+&0);=(&(2,F(5,D*,,'(
U)*&+#,'#-"+"(c(j-&D+,1H.(@YYPWB(41#-(&(81*,%=($#&+&"#.+=(E@("'(,H8%$"6,5($+>;$&*5(&+$6-,*(
&,*"&%(*$;$6(F,(;1"%6S(*$;$6(V4jG0(U)"DB(@a&WB(

(
)"D1*,(@aB(U&W(V4jG0("'(&(@AA>D*&?(6F"+>,+D"+,(*$;$6"#(5,?$+'6*&6$*(6-&6(',,'B(:6("'(
,L1"88,5(F"6-(&+(,%,?,+6&*=(,=,(U<"'";%,($+(6$8W.(#$?8$',5($2(&(%,+'(&+5($+%=(6F$(
8-$6$*,#,86$*'(5*"<"+D(&+(K`J($2(6-,(6=8,('-$F+("+()"DB(O(Ud-$6$(;=(TB(0&D1,6W(U;W(4?$$6-(
81*'1"6(U6*&#/"+DW($2(&(5&*/(,5D,(U#$+6*&'6(?(r(ABiW(5"'8%&#,5('"+1'$"5&%%=(&6(AB@\(TQ("+(&(
2*$+6&%(8%&+,('"61&6,5(@BO(?,6,*'(2*$?(6-,(,=,(U)*$?(9"$%%,6(c()*&+#,'#-"+".(@YYY;W(



Optic Flow Based Visual Guidance: From Flying Insects to Miniature Aerial Vehicles 

(

763 

C-"'(8*$R,#6(F&'(;&',5($+(6-,(&''1?86"$+(6-&6(?"#*$'#&++"+D("+(2%",'($8,*&6,'("+(#$++,#6"$+(
F"6-( ?$6"$+( 5,6,#6"$+B( V+( 6-,( ;&'"'( $2( 6-"'( 2%=E'( *,6"+&%( ?"#*$'#&++"+D( 8*$#,''.( F,(
5,<,%$88,5( &+( $86*$+"#( ',+'$*( U9"$%%,6( c( )*&+#,'#-"+".( @YYY&W.( &+5( &( +$<,%( &,*"&%( *$;$6.(
,L1"88,5(F"6-(6-"'(',+'$*(U9"$%%,6(c()*&+#,'#-"+".(@YYY;.(aAA@WB(V4jG0("'(&66&#-,5(6$(&(6-"+.(
a>?,6,*(%$+D(+=%$+(F"*,(',#1*,5(6$(6-,(#,"%"+D($2(6-,(%&;$*&6$*=B(:6("'(2*,,(6$(&5R1'6("6'(=&F(;=(
5*"<"+D("6'(6F$(8*$8,%%,*'(5"22,*,+6"&%%=.(&+5("6(5$,'('$("+('8"6,($2(6-,(?&+=(U&,*$5=+&?"#($*(
8,+51%&*W(5"'61*;&+#,'("6(,+#$1+6,*'B((
C-&+/'(6$("6'(?"#*$'#&++"+D(,=,.(6-"'(?"+"&61*,(U@AA>D*&?W(*$;$6("'(+$6($+%=(&;%,(6$(2"H&6,(&(
+,&*;=(M6&*D,6N(U&(5&*/(,5D,($*(&(;&*W('6,&5"%=(;16(&%'$(6$(6*&#/("6(&6(&+D1%&*('8,,5'($2(18(6$(
OApk'( >( &( <&%1,( '"?"%&*( 6$( 6-,( ?&H"?1?( 6*&#/"+D( '8,,5( $2( 6-,( -1?&+( ,=,B( :6( #&++$6.(
-$F,<,*.(,'6"?&6,(6-,(5"'6&+#,(2*$?(6-,(6&*D,6('"+#,("6(5,&%'($+%=(F"6-(6-,($#&+&"#.+=)E@B(
C-,( V4jG0( ',+'$*( "'( &;%,( 6$( D0&0'&( &( ;&*( '1;6,+5"+D( &+( &+D%,( ?1#-( '?&%%,*( 6-&+( 6-,(

"+6,**,#,86$*(&+D%,(∆ϕ r(ip.(?&/"+D("6(&88%"#&;%,(2$*(+$+,?"''"<,(8$F,*(%"+,(5,6,#6"$+($+>
;$&*5(21%%'#&%,(-,%"#$86,*'( U9"$%%,6(,6(&%B.(aAA_WB(C-,(V4jG0(',+'$*( "'(&%'$(&;%,( 6$( =#'+&0(&+(

,5D,( F"6-( D*,&6( 8$'"6"$+"+D( &##1*&#=( UAB@( 5,D*,,'.( F-"#-( "'( iA( 6"?,'( '?&%%,*( 6-&+( ∆ϕ)S(
V4jG0( -&'( &#L1"*,5( F?A0$+'/"&?( U9"$%%,6( c( )*&+#,'#-"+".( aAA@WB( C-"'( 8*$8,*6=(?&/,'( 6-,(
8*"+#"8%,(&88,&%"+D(2$*(&##1*&6,('6&;"%"Q&6"$+($2(<&*"$1'(8%&62$*?'(U)*&+#,'#-"+"(,6(&%B.(aAA\WB(
:+'8"*,5(;=(6-,(2%=E'( 6-$*&#"#(-&%6,*,'(6-&6(-&<,(%$+D(;,,+(/+$F+(6$(&#6(&'(D=*$'#$8,'.(F,(
,L1"88,5(6-,(V4jG0(*$;$6(F"6-(&+(&55"6"$+&%("+,*6"&%(2,,5;&#/(;&',5($+(&(`K`4($+&0)C?$#B(
C-,( "+6,*8%&=( $2( 6-,( 6F$( U<"'1&%( &+5( "+,*6"&%W( #$+6*$%( %$$8'( ,+-&+#,'( ;$6-( 6-,( 5=+&?"#(
'6&;"%"6=(&+5(8,*2$*?&+#,'($2(6-,(6*&#/"+D('='6,?(U9"$%%,6(c()*&+#,'#-"+".(@YYY;.(aAA@WB(`$*,(
*,#,+6%=.(F,("+6*$51#,5(&(?,#-&+"#&%(D0'#/A=".C(;,6F,,+(,=,(&+5(;$5=.(&+5("?8%,?,+6,5(&(
D,+1"+,(30(&"%/=#<#'/=+$)$01=0;(6-&6(F&'(/,=(6$(?&"+6&"+"+D(6-,(*$;$6E'(D&Q,(8,*2,#6%=(2"H,5($+(
6-,(6&*D,6(U9"$%%,6(c()*&+#,'#-"+".(aAA\.(X,*-1,%(,6(&%B.(aAAPWB(0$;$6(V4jG0(::("'(&(+$<,%(@AA>
D*&?(&,*"&%(*$;$6(F-$',(D&Q,.(5,#$18%,5(2*$?(6-,(-,&5"+D.(*,?&"+'(*$;1'6%=(%$#/,5($+6$(&(
6&*D,6( "+( '8"6,( $2( <&*"$1'(8,*61*;&6"$+'( 6-&6(F,(5,%";,*&6,%=( &88%",5( 6$( 6-,( ;$5=B( :6( "'( 6-,(
D&Q,($*",+6&6"$+($2(V4jG0(::(6-&6(1%6"?&6,%=(#$+6*$%'("6'(-,&5"+D(U9"$%%,6(,6(&%.(6-"'(<$%1?,WB(

10. Summary and conclusion 

:+( 6-"'( #-&86,*.( F,( *,8$*6,5( &;$16( $1*( &66,?86'( 6$( 1+5,*'6&+5( F#B( 2%="+D( "+',#6'( #$1%5(
;,-&<,( $+( 6-,( ;&'"'( $2( V)( #1,'B( b,( 8*,',+6,5( ',<,*&%( ;"$>"+'8"*,5.( V)( ;&',5( <"'1&%(
D1"5&+#,( 8*"+#"8%,'( &+5( '-$F,5( 6-&6( 6-,=(?&=( ;,( -,%821%( "+( 6-,( #$+6,H6( $2( &16$+$?$1'(
D1"5&+#,($2(`G9'($<,*( &( 6,**&"+($*( "+( &( #$**"5$*B(C-,(8*"+#"8%,'(F,( #&?,(18(F"6-(5"22,*(
?&*/,5%=(2*$?(&(#1**,+6(V)(;&',5(+&<"D&6"$+('6*&6,D=B(C-,(%&66,*(*,L1"*,'(6-&6(V)(',+'$*'(
;,(&''$#"&6,5(F"6-(&(D*$1+5'8,,5(',+'$*(U;&',5($+([d4.(2$*(,H&?8%,W("+($*5,*(6$(5,6,*?"+,(
6-,( D*$1+5-,"D-6( U',,(KL( @W( 6$( &#-",<,( 6,**&"+( 2$%%$F"+D( $*( %&+5"+D( Ue&**$F'( ,6( &%B.( aAAOZ(
e&*;,*(,6(&%B.(aAA\Z(4*"+"<&'&+(,6(&%B.(aAA_Z([&**&6(c(j-&-%.(aAA^WB((
VjCG9K( &+5( ]V0G( :::( &16$8"%$6'( -&*+,''( 6-,( 8$F,*( $2( 6-,( &$+.(=+&"#.+=) E@( "+( &( L1"6,(
5"22,*,+6(?&++,*B(C-,=(5$(+$6(+,,5(6$(,'6"?&6,(&+=('8,,5($*(*&+D,.(&+5(6-,=(5$(+$6(&"?(6$(
&#-",<,( &+=( M'8,,5(-$%5"+DN( $*( M*&+D,(-$%5"+DN( &;"%"6",'B( C-,=( &"?( "+'6,&5( &6( 8*$51#"+D(
'&2,(;,-&<"$*(;=(&(8*$#,''(6-&6(#&+(;,(#&%%,5(MV)(-$%5NB(C-,',(&16$8"%$6'(#$+'"'6($2(2,,5;&#/(
#$+6*$%(%$$8'.(#&%%,5(g(#A&"')1=#B)$0C/=+&#$()NG)C-,"*);%$#/(5"&D*&?'(U)"D1*,'(_(c(@@W(8"+8$"+6(
F-"#-(<&*"&;%,'(&*,( 6$(;,!,"6-,*(40+(/$0D($*('#.&$#==0D($*($0C/=+&0D.(&+5(D"<,( 6-,('+/(+=(&+5(
D?.+4"'+=)*,%&6"$+'-"8'(;,6F,,+(6-,',(<&*"&;%,'B(C-*,,(U<,+6*&%.(2$*F&*5(&+5('"5,F&='W(E@)

$0C/=+&#$(('6*"<,(6$(?&"+6&"+(&(D"<,+(V)(ω #$+'6&+6(;=(&#6"+D(18$+(6-,(%"26.(6-,(2$*F&*5(6-*1'6(
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$*( 6-,( '"5,( 6-*1'6.( *,'8,#6"<,%=B(V)( ',+'$*'(&*,( '-$F+( 6$(;,( '122"#",+6( 2$*( 6-,',( 6&'/'( &+5(
6-,*,("'(+$(+,,5(6$(?,&'1*,(U$*(,'6"?&6,W(D*$1+5'8,,5.(D*$1+5-,"D-6(&+5(#%,&*&+#,(6$(6-,(
F&%%'( "+( &( #$**"5$*B( 4"?1%&6"$+( ,H8,*"?,+6'( &+5( *$;$6"#( 5,?$+'6*&6$*'( '-$F,5( 6-&6( *"'/=(
?&+,1<,*'( '1#-( &'( &16$?&6"#( 6&/,$22.( D*$1+5( &<$"5&+#,.( %,<,%( 2%"D-6.( 6,**&"+( 2$%%$F"+D.(
%&+5"+D.( #,+6,*"+D.( F&%%( 2$%%$F"+D.( &+5( D*$1+5'8,,5( #$+6*$%( #&+( &%%( ;,( '1##,''21%%=(
8,*2$*?,5($+(6-,(;&'"'($2(6-,',(6-*,,(E@)$0C/=+&#$'B(`$*,$<,*.(6-,',(#$+6*$%('#-,?,'(F,*,(
2$1+5(6$(&##$1+6( 2$*(&(',*",'($2(81QQ%"+D.(',,?"+D%=(1+#$++,#6,5( 2%="+D(&;"%"6",'($;',*<,5(
;=( ?&+=( &16-$*'( $<,*( 6-,( %&'6( PA( =,&*'( "+( +1?,*$1'( "+',#6( '8,#",'.( '1DD,'6"+D( 6-&6(E@)
$0C/=+&#$((?&=(F,%%(;,("?8%,?,+6,5($+;$&*5("+',#6'(U',,(4,#6"$+'((P(c(^WB(

(C-*,,(8&*&?,6,*'(>(6-,(6-*,,(V)(',6(8$"+6'(ω(0&($2()"DB(_(&+5(@@(>(F$1%5('122"#,(6$(5,6,*?"+,(
6-,( 2%"D-6( ;,-&<"$*.( &6( %,&'6( "+( 6-,( '"?8%"2",5.( *&+5$?( ;16( *"#-%=( #$+6*&'6,5( ,+<"*$+?,+6'(
#$+'"5,*,5(-,*,B(V+;$&*5(6-,("+',#6.(6-,',(',6(8$"+6'$?&=(5,8,+5($+(,"6-,*("++&6,.("+6,*+&%(
$*(,H6,*+&%(2&#6$*'B((
K%,#6*$+"#( "?8%,?,+6&6"$+( $2( &+( E@) $0C/=+&#$( "'( +$6( <,*=( 5,?&+5"+D( >( +$*( "'( "6'( +,1*&%(
"?8%,?,+6&6"$+(>('"+#,("6(*,%",'(18$+(&(2,F(%"+,&*($8,*&6"$+'(U'1#-(&'('1??&6"$+.(5"22,*,+#,(
&+5( <&*"$1'( 2"%6,*'W( &+5( +$+%"+,&*( $8,*&6"$+'( U'1#-( &'(?"+"?1?( $*(?&H"?1?(5,6,#6"$+WB(
C-,( (F$*6-",'6( #$?8$+,+6($2( &+(V)( *,D1%&6$*( "'( 6-,(V)( ',+'$*( "6',%2B(]"/,( 6-,(-$+,=;,,E'(
9,%$#"6=(C1+,5(U9CW(+,1*$+'(U:;;$6'$+.(aAA@W.(6-,(+,1*$?$*8-"#(V)(',+'$*'(F,(-&<,(;,,+(

;1"%5"+D('"+#,(@Y^\(5,%"<,*(&+($16816( 6-&6(D*$F'(?$+$6$+"#&%%=(F"6-( 6-,(V)(ω.(F"6-( %"66%,(
5,8,+5,+#,($+('8&6"&%(2*,L1,+#=(&+5(#$+6*&'6(U',,(4,#6"$+(OWB(C-,=(*,'8$+5($<,*(&(@A>2$%5(
*&+D,("+(V)(U2*$?(iAp'(6$(iAApk'S(0122",*(,6(&%B.(aAAOZ(G1;78&*6(c()*&+#,'#-"+".(aAAPWB(C-"'(

*&+D,("'(%&*D,%=('122"#",+6(;,#&1',(,&#-(V)(',+'$*(+,,5'($+%=(6$(5,6,#6(&(D03"+&"#.(ε 2*$?(6-,(
V)( ',6( 8$"+6B( C-,(?"+"&61*,( -,%"#$86,*( 2%"D-6( 8&66,*+( "%%1'6*&6,'( 6-"'( 8$"+6S( 6-,( <,+6*&%(E@)

$0C/=+&#$( 8*$51#,'( &( ;,-&<"$*( '1#-( 6-&6( 6-,( V)( $16816(ω*(+'( <&*",'( %"66%,( 6-*$1D-$16( 6-,(
R$1*+,=.(2*$?(6&/,$22(6$(%&+5"+D(U)"DB(^#WB(G('"?"%&*($;',*<&6"$+(-$%5'(2$*(6-,(2$*F&*5(&+5(
'"5,F&='(E@)$0C/=+&#$((U',,()"D'(P#.,(c(@a#.,("+(4,**,'(,6(&%B.(aAA^&WB(
K&#-(V)(',+'$*(&6(F$*/($+($1*(8*$$2($2(#$+#,86(*$;$6'("'(#-&*&#6,*"Q,5(;=(&(%$F(*,'$%16"$+B(
C-,("+6,*>*,#,86$*(&+D%,("+(6-,(,=,'($2(VjCG9K.((]V0G(:::(&+5(V4jG0(*$;$6'("'(&*$1+5(ip.(
&(<&%1,(#%$',(6$(6-,("+6,*$??&6"5"&%(&+D%,(U\pW($2(6-,(2*1"62%=E'(,=,(U)*&+#,'#-"+".(@YP\WB(C-,(
2",%5($2(<",F(U)V9W($2(6-,(,=,'(&+5(6-,(8*$<$#&6"<,%=('?&%%(+1?;,*($2(8"H,%'(Ua(8"H,%'(8,*(
<,+6*&%($*(%&6,*&%(,=,W(F"%%($;<"$1'%=(+,,5(6$(;,("+#*,&',5B(j$<,*"+D(6-,(2*$+6&%(8&*6($2(6-,(
)V9.("+(8&*6"#1%&*.(F"%%(;,(,'',+6"&%(6$(',+',(&+5(&<$"5($;'6&#%,'(5"*,#6%=("+(6-,(2%"D-6(8&6-.(
&+5( -,*,( 6-,( *,6"+&%( ?"#*$'#&++"+D( 8*"+#"8%,( U4,#6"$+( YW( #$1%5( ;,( &( D*,&6( -,%8( U`1*&( c(
)*&+#,'#-"+".( @YY_Z( 9"$%%,6( c( )*&+#,'#-"+".( aAA@WB( G( *,#,+6( '615=( '-$F,5( 6-&6( &( ?$*,(
2*$+6&%%=( $*",+6,5(K`J(?&=(8*$<"5,(VjCG9K( &16$8"%$6(F"6-( &( 2,,52$*F&*5( &+6"#"8&6$*=(
'"D+&%(6-&6(-,%8'(6-,(*$;$6(#%"?;('6,,8,*(*"','(U0122",*(c()*&+#,'#-"+".(aAA^WB((
C-,(#$+6*$%('#-,?,'(F,(8*$8$',5(&*,('"?8%,(;16(6-1'(2&*(%"?"6,5(6$(6-,(1',($2(6-,(?&H"?&%(
V)( ',+',5( ,"6-,*( <,+6*&%%=( $*( %&6,*&%%=.( 8,*8,+5"#1%&*( 6$( 6-,( -,&5"+D( 5"*,#6"$+B( V+#,(
5,<,%$8,5(;,=$+5(6-,('6&6,($2(6-,(#1**,+6(?"+"?&%"'6"#(*$;$6"#(5,?$+'6*&6$*'.(VjCG9K(&+5(
]V0G( :::( 8*"+#"8%,'( #$1%5( 8$6,+6"&%%=( ;,( -&*+,'',5( 6$( D1"5,( &(`G9( "+5$$*'( $*( 6-*$1D-(
#$?8%,H( 6,**&"+'( '1#-( &'(?$1+6&"+$1'( #&+=$+'( $*( 1*;&+( ,+<"*$+?,+6'B( 4"+#,( 6-,( #$+6*$%(
'='6,?'(&*,(8&*'"?$+"$1'(&+5(5$(+$6(*,%=($+([d4($*(&+=(,?"''"<,(U8$F,*>-1+D*=W(',+'$*'(
'1#-( &'( 0GJG0'( $*( ]GJG0'.( 6-,=( 8*$?"',( 6$(?&6#-( 6-,( 5*&#$+"&+( #$+'6*&"+6'( "?8$',5(
18$+(?"#*$(&,*"&%(<,-"#%,'.("+(6,*?'($2('"Q,.(?&''(&+5(#$+'1?86"$+B((
)$*(6-,('&?,(*,&'$+'.(6-,',(&16$8"%$6'(#$1%5(8$6,+6"&%%=(;,(5,<,%$88,5(2$*(*$;$6"#(?"''"$+'(
$+( $6-,*( 8%&+,6'( $*(?$$+'B(G(`&*6"&+( %&+5,*( #$1%5(?&/,( 1',( $2( 6-,(VjCG9K( 8*"+#"8%,.(
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'"+#,("6(,+'1*,'('&2,(&16$?&6"#(%&+5"+D(U',,(4,#6"$+(PB\WB(G(*$<,*(2%="+D("+(`&*6"&+(#&+=$+'(
&+5(D1%%",'( #$1%5(?&/,(1',($2( 6-,(]V0G( :::(8*"+#"8%,.( '"+#,(;$6-( 6-,( #*&26E'( D*$1+5'8,,5(
&+5( "6'( #%,&*&+#,( 6$( 6-,( F&%%'( F$1%5( &16$?&6"#&%%=( 5,8,+5( $+( 6-,( #&+=$+E'( F"56-( U',,(
4,#6"$+(^.(&+5(4,**,'(,6(&%.(aAA^&WB(b-,6-,*($+(K&*6-($*($+(&+$6-,*(#,%,'6"&%(;$5=.(6-,(#*&26(
F$1%5( +,,5( 6$( *,#,"<,( 2*$?( 6-,( K&*6-( ;&',5( U$*( $*;"6&%W( '6&6"$+( $+%=( 6-*,,( =#B) %+.DB"D&F(
'"D+&%'S(6-,(<&%1,'($2!6-,(V)(',6(8$"+6'B((
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