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Abstract
T his  paper  pos i ti ons  humanoi d r es e ar ch as  an appr oach t o
under s t anding and r eal i z i ng  com ple x r eal  w or l d
interactions between a robot, an environment, and a human.
As  a f i rs t  s t ep t owar ds  ex t r act i ng a com mon pr i nci pl e over 
t he t hr ee  t er m i nt er act i ons , a conc ept  of  act i on or i ent ed
cont r ol  has  bee n i nve s ti gat ed w it h a s i mul ati on ex ampl e. 
T he com ple x i nt er act i on vi e w cas t s  uni que cons t r ai nt s on
t he des i gn of  a humanoi d, s uch as  w hole  body,  s moot h
s hape,  non-f unc ti onal -modul ar  des i gn.  A br i ef  des cr i pti on
of  ongoi ng des i gn of  ETL -Humanoi d w hic h conf or ms  t o t he
above constraints is presented.

1. Introduction
F oll owi ng a coupl e  of pi onee ri ng effor ts  ([ 1, 2]) ,

humanoid robot research has recently been started at several
re s ea rch groups  i ncl udi ng ours .  Now t hat  we  have  al r eady
s ee n s om e adva nce d prot ot ype s ys t em s , i t  wi l l  not  be
j us ti f  ie  d any m ore  for  t he hum anoi d re s ea rche rs  t o kee p
cl a im i ng “we  ar e j us t t ryi ng t o bui l d a hum an l i ke robot ”. 
Thi s  pape r pre s ent s  our foc us  of re s ea rch us i ng a hum anoi d
robot  and s hows  how i t  cons t ra i nes  t he hum anoi d des i gn, 
which is currently under construction at our institute.

Our main focus is on the following points:

1. Complex dynamical systems view.

2. Embodied cognition and emergent behavior.

3. Me  ani n gfu l h uman -rob ot- en vir onm en t
interaction.

4. Open ended tasks and human like solutions.

5. Practical and versatile research platform
The  above  poi nt s 1-4 ar e di s cus s ed fur the r i n t he next 
section along with our current  research directions. Section
3 pre s ent s  one of our cor e i dea s  for  dea l ing wi t h com pl ex
i nt era ct i on wi t h an i l lus t ra t ing exa m ple . The  t op l eve l
s pec i fi ca ti ons  and t he des i gn dec i s ions  for  our hum anoi d
system are presented in section 4. They are the results of our
bes t  effor t i n fi ndi ng opt i ma l  s ol uti ons  and t ra de-offs 
bet we en t he above  re s ea rch poi nt s 1-4 al ong wi t h t he
i m port ant  pra gm at i c poi nt  5,  i n l i ght of t he cur re nt s t at e of
the art of available component technology.

 

Human Machine

Environment

Fig. 1. Three term interaction.

Fig. 2. Schematic plan of ETL Humanoid.

2. Humanoid Interaction Research
We  ca l l our proj e ct  “Hum anoi d Int e rac t ion R es ea rc h”. 

It has triple meanings:

1. Research on interaction through a humanoid robot:
Inve s ti ga te  t he effe ct  of havi ng an ant hr opomor phic 
body (including the sensory and processing structures)
on t he nat ur e of phys i ca l/ c ognit i ve i nt era ct i on wi t h
t he envi r onme nt  (com ple xi t y,  dynam ic al  s ys t em s ,
em bodim ent , em er genc e).  How i t  ca n be t heor et i cal l y
m odel l ed and/ or  expl oi t ed for  cont r ol,  l ea rni ng, and
us ef  ul func t iona l it i es . Of cour s e  t he degre e of
s i mi l ar i ty t o re al  hum ans  i s  qui t e cr ude at  t hi s s t age ,
t hus  our cur re nt ai m  i s  t o re vea l gl obal  s t ruct ur es  as  a
first approximation.

2. R es ea rc h on h uman -l i ke  i nt erac ti on s:  We  ar e i n
ques t  for  non-t ra di ti ona l t as k exa m ple s  i n open ende d
dom ai ns . F or t hi s purpos e  we  avoi d t op-down
ri gorous  (a nd abs t ra ct ) def i nit i on and ana l ys is  of new 
t as ks  (i n a t ra dit i onal  robot i cs  s ens e ). R at her , we  t ake 
our inspirations from our observations about everyday
hum an ac t ivi t y, al ong wi t h s ci e nti fc  fi ndi ngs  fr om
physiological, neuronal, psychological, and behavioral
s ci e nces ;  i ns pir at i ons  about  new  pat t er ns  of ac t ivi t y
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and cont r  ol/ c  ongnit i ve s t rat e gie s  t o cope  wi t h t hem .
This will be accompanied with implementation on our
humanoid, and field testing in a real environment with
ordi na ry obj ec ts  and hum ans ,  whi ch wi l l  t hen be
obs er ved by us  t o re fi ne our i ns pir at i ons  and t heor ie s .
This may be termed as an ecological approach.

3. R es ea rc h b y i nt erac ti n g wi th  h uman oi d rob ots : 
Having a real full-fledged humanoid robot in front of a
group of researchers gives them strong motivations for
inventing new ideas and trying them out. It is intended
t o ac t iva t e re s ea rch effor ts  ra ngi ng fr om com pone nt
t ec hnologi e s , t heor ie s , re al  appl i ca t ions  and eve n
philosophical issues.If the humanoid system serves as
t he foc al  poi nt  of al l  t hes e  re s ea rch ac t ivi t i es ,  we  ca n
expe  ct  t hat  i nt erdi s ci pl i nary re s ea rch effor ts  and
i nt egra t ion of var i ous re s ea rch ac hi eve me nt s wi l l  be
prom ot ed whi ch m ay l ea d t o a new  uni fi ed di s ci pl ine 
in the long run.

 In the following part of the section, each research issue
listed in the previous section will be further extended,
providing more support for the above research stance.

2.1. Complex dynamical systems

Our  fi rs t  goal  i s  t o i nves t i gat e t he gl obal  s t ruct ur e of
hum anoi d i nt era ct i on, t her efor e we  t ent at i vel y i gnore  s m al l 
l oca  li z  ed t as ks  s uch as  pre ci s e obj ec t m ani pul at i on wi t h
fingers and an arm. Instead, our current focus is on dynamic
whole body motion in arbitrary postures with lots of contacts
withthe real environment.

The   com pl ex body (c om pli c at ed s hape , hi ghl y
re  dundant  DOF s  and  s ens or s)  and t he com pl ex
s urr ounding (i nc ludi ng hum an bodi es ) gi ve ri s e t o ext r em e
com pl exi t y (w hic h we  ca l l ‘s uper com pl exi t y’) of phys i ca l
interaction, sensory data, and motor control. Moreover, it is
ac com pa nie d by unce rt ai nt i es  due t o fr ic t ion i n cont a ct 
m ot ion,  m ec hani ca l /s e ns ory uncer t ai nt y, unpre di ct abl e
properties and behavior of surrounding objects, etc.

In s uch ca s es ,  t he col l aps e  of t ra dit i onal  m odel  bas e d
appr  oac  h bec  om es  m ore   dra  s ti c   t han wi t h s i mpl e  m obi le 
robot s . Eve n m ot ion cont r ol or s t at e re cogni t i on al one 
re qui re new  approa ch expl oi t i ng, for  exa pm le ,  gl obal 
structure of the interaction dynamics, global entrainment[5],
on-line stability analysis, and attentional mechanisms.

These points will be discussed further in section 3, with
an illustrating example.

2.2. Embodied cognition and emergent behavior

The  effe ct  of havi ng a body on cogni t i on and beha vi or
i s  oft e n t er me d as  ‘em bodi m ent’,  us ual l y ac com pa nie d
with the notion of ‘emergence’ in this context.

A beha vi or em e rges  as  a re s ult  of i nt era ct i on of t he
robot with the world through its body[3].

Em bodi me nt  i n per ce  pti on ca n be under s tood as  t he
s t at i s ti c  al  s pat i o-t em por al  s t ruct ur e i m pose d upon t he
per ce ptua l  dat a  by t he body[6];  S ens ors  ar e affi xe d t o t he
body,  havi ng par t ic ul ar geom e tr i c ar ra ngem ent s , and as  t he
robot  m oves ,  t he s ens or s al s o m ove al ong,  expe ri enc i ng
par t ic ul ar s pat i o-t em por al  pat t er n of dat a  due t o t he robot 

motion relative to the environment, which is actually guided
by the sensory data.

Expl oi ti ng s uch s pat i o-t em por al  s t ruct ur e i n s ens or y
dat a , l ea rni ng i s  m ade  ea s i er com pa red t o gene ra l purpos e 
learning paradigm[6].

We  bel i eve  t hat  i nt roduci ng  a hi ghl y com pl ex body
will cast a new light on the above understanding; If the robot
has a highly redundant  mobility, it can choose a variety of
di ffe re nt m ot or cons t ra i nts  duri ng s i mi l ar  beha vi or. As 
oppos ed t o a s i mpl e  robot  ca s e,  a hum anoi d has  a hi gh
degre e of ver s at i li t y i n ac t ive l y choos i ng and i m posi ng
var i ous s pat i o-t em por al  s t ruct ur e by cont r oll i ng i t s i nt erna l 
degrees of freedom.

This idea may constitute a portion of what J. J. Gibson
ca  l le  d “per ce ptua l  s ys t em ”,  whi ch s ea rc hes  for 
“affor danc es ” and pi cks  t hem  up as  “i nvar ia nce  wi t hi n
variation”[4].

S im i l arl y t o t he cogni t i on, an effe ct  of havi ng a
com pl ex body  on em e rgent  beha vi or ca n be t hat  i t  m ay
ac t ual l y s i mpl if y  and add s t rong r obus t nes s  t o t he wa y t he
robot deals with the highly complex physical interactions, if
it exploits its body (internal DOFs)  appropriately.

Int e  ll i genc  e coul d be expl a ine d as  an i nt era ct i ve
em e rgenc e bet we en t he em e rgent  beha vi or and em bodi ed
cogni t i on, as  t hey ar e m ut ual l y depe ndent  and gene ra ti ve ,
and both share a common body.

2.3. Me a ning ful huma n-r ob ot -e nv iro nme nt 
interaction

The   ul t im a te  t hem e of our hum anoi d i nt era ct i on
research is the “meaningful three term interaction structure”
(F ig.  1);  Unde rs t andi ng and re al i zi ng t he com pl ex re al 
wor ld i nt era ct i ons  am ong a hum an,  t he envi r onme nt , and a
robot ,  i n a uni fi ed fr am ew ork. Thi s  i s  funda m ent al  for  t rue 
human-robot symbiosis.

Our current working hypotheses are the following:
1. C orre ct  under s ta ndi ng wi l l  be appr oac hed onl y by

al wa ys  vi ewi ng t he t hre e t er ms  (t wo age nt s  and t he
s har ed envi r onme nt ) as  a whol e.  Di s ec t ing i t  i nt o
i ndi vidua l  t er ms / i nt era ct i ons  wi l l  l ea d t o i l l- pos ed
problems.

2. The re wi l l  be com m on pri nc ipl e s gover ni ng
appa re ntl y di ffe re nt i nt era ct i ons  as  l ong as  t hey s har e
the three term structure.

3. The  above  hypot hes e s  i m ply t hat  we  ca n s t art  by
investigating several different interactive examples, all
wi t h t he t hre e t er m s t ruct ur e, and ext r act  at  l ea s t s om e
simple versions of the principles.

Three of the principles will be about (1) ‘auto-segmentation
of gl obal  dynam i cs’,  (2)  ‘poi nt s of i nt era ct i on bet we en
di ffe re nt i nt era ct i ons’(a ka.  ‘at t ent i on’),  and (3)  ‘i nt era ct i ve
em e rgenc e of m ea nings’[14] .  Di s cus s i ons  i n s ec t ion 3 t ri es 
to capture one aspect of the above principles.

The  di ffe re nt for ms  of t hre e t er m i nt era ct i ons  i ncl ude
the following:
1.  Ac ti on gen erat i on an d act i on re cogn i ti on ar e

for wad/ i nver s e m appi ngs  bet we en a ‘m ea ning’ and a
‘com pl ex s pat i o-t em por al  pat t er n’.  Howe ver , di ffe rnt 
i ns ta nce s  of re al  ac t ions  wi t h t he s am e m ea ning neve r



To appear in IEEE Int. Conf. Intelligent Robots and Systems (IROS) 1997.

3

have exactly identical set of features. Thus recognition
re  qui res  dynam i c at t ent i on cont r ol for  foc us s ing on
m ea  ningf  ul  s pat i o-t em por al  fe at ure s  [10].  And
gene  ra  ti on s houl d al l ow ea ch i ns ta nce  of t he s am e 
ac  t ion t o var y and conf orm  t o ea ch s i tua t ion whi l e
as s ur  ing t he equi va le nce  of t he over al l  m ea ning[ 8]. 
Thus  gene ra ti on woul d al s o re qui re a foc us s ing
mechanism (points of intervention, see section 3).

 Va ri ous  ‘m ea ning’s  ca n be at t ri but ed t o one i ns ta nce 
of an action.In order to ground the meaning, we need to
re  s ort  t o t he i nt era ct i on bet we en t he obs er ver (w ho
al s o ac t s ) and t he ac t or (w ho al s o obs er ves  t he ot her ).
The   m ea ning m us t be s har ed i n gene ra ti on and
re  cogni t i on and bet wee n di ffe re nt age nt s  vi a
i nt era ct i on. As  a whol e,  t hi s for ms  t he t hre e t er m
structure.

2. Mutual imitation and learning to imitate is the most
bas i c   and t he m os t i m port ant  m ode of t he s t ruct ur e
di s cus s ed above [9].  Im i t at i on i s  doi ng t he s am e t hi ng
through observing the other's actions.

 Note that 'same' here is undefined. But due to the nature
of i m it a ti on,  an age nt  ca n cl os e  a l oop by ' m utua l 
i m it a  ti on' , and fi nd a fi xe d poi nt  pure l y i n
beha vi oral  t er ms  wi t hout  re s ort i ng t o an ext e rnal 
definition of similarity.

 Each agent can also learn by trial and error in imitating
t he ot her  bet t er  and bet t er , i nt erl e ved wi t h t he m ut ual 
i m it a  ti on,  and t hi s ca n eve nt ual l y l ea d t o t he
interactive emergence of a shared  meaning.

3. T el eop erat i on an d s em i- aut onomy:  Eve n a
t el eope  ra  te  d  robot  m us t have  s om e degre e of
aut onom y i n t he re al  wor ld (e x. cl i m bi ng a rubbl e -
hea p wi t h a t el eopr at ed bi ped robot ).  If  hum an cont r ol
and aut onom ous  cont r  ol ar e s t at i ca ll y s epa ra te d, t he
fl e xibi l i ty and robus t nes s  of t he over al l  m an- ma chi ne
s ys t em  wi l l  be qui t e l i mi t ed.  Dyna mi c  s el e ct i on of
hum an i nt erve nt ion i n t er ms  of l eve ls ,  t i me s , and
modes are desirable. How can this be achieved without
breaking the stability and consistency of both the robot
and human behavior?

4. Coop ear ati on,  com mu ni cat i on,  an d te ach i ng al l 
s har  e t he s i mi l ar  t hre e t er m s t ruct ur e and t he
i nt erve  nt ion or i nt era ct i on of i nt era ct i ons  probl e ms . 
Dyna  mi c  al l y es t a bli s hi ng coope ra ti ve  beha vi or
re  qui res  m at chi ng and over l appi ng of i ndi vidua l 
behaviors [7]. Situated communication requires shared
at t ent i on. S inc e t he at t ent i on i s  al s o t he foc us  of
i ndi vidua  l  beha vi or, t hi s oft e n i m pli e s beha vi or
m er  ger,  whi ch i s  ver y s i mi l ar  t o coope ra ti on. 
Te  achi ng has  s i mi l ar  as pe ct s  but  wi t h m ore 
complicated higher order structure.

2.4. Open ended tasks

F rom  t he appl i ca t ion poi nt  of vi ew,  t he m os t
out s ta  ndi ng cha ra  ct er is t i c of a hum anoi d i n cont r as t  wi t h
t ra dit i onal  robot s  i s  t hat  i t  i s  not  t as k s pec i fi c and i t s
appl i ca t ion i s  open ende d; i t  ca n be anyt hi ng t hat  a hum an
coul d do.  Thi s  i s  an i m port ant  poi nt  t o not e bec aus e  i f we 
assume any particular, well defined task, as in the traditional

robot i cs ,  t hen we  wi l l  end up wi t h a t as k s pec i fi c opt i ma l 
s ol uti on whi ch m os t l i kel y does  not  t ake  t he for m of a
humanoid.

One  of our ai m s  i s  t o expl or e t hi s s pac e of open ende d
t as ks  us i ng our hum anoi d as  a vehi c le , whi ch m ay l ea d t o a
di ffe  re  nt robot i cs  m et hodol ogy, e. g. s t art i ng wi t h a
par t ic ul ar f or m and expl or e i ndef i ni te  t as ks ,  ra t her t han
s t art i ng wi t h a par t ic ul ar t as k and expl ore  for  an opt i ma l 
form.

Im i t at i on, di s cus s ed ea rl i er , i s  one exa m ple  of an open
ende d t as k;  A hum anoi d whi ch ca n i m it a te  any (but  coa rs e )
hum an ac t ions  enc ount ere d i n var i ous s i tua t ions  (t o t es t 
flexibility), and can learn to imitate.

2.5. Practical and versatile research platform

 Our humanoid system design attempts to facilitate all
t he above  i s s ues . Equa ll y i m port ant  cons t ra i nts  ar e t he
pra  ct i ca  li t y, ver s at i li t y and ava i la bi li t y as  a re s ea rch
platform.

In orde r t o fa ci l i ta t e var i ous re s ea rch appr oac hes , t he
s oft wa re pl at for m s houl d have  cl e ar and open appl i ca t ion
i nt erf  ac  e wi t h a bui l t- in m ec hani s m  whi ch as s ur es 
interoperability among application modules . Also, both the
har dwar e and s oft wa re m us t be ava i la bl e af t er a ver y s hort 
deve l opme nt  per i od, and t hey m us t  be re l ia bl e. P art s  of our
design is described in section 4.

3. S egm en t at ion  of  Gl obal  D ynam i cs  an d
Points of Intervention

In this section, we first present a simulation example of
a dynamic whole body humanoid motion. In the discussions
that follows, the example is used as a special instance of our
novel  cont r ol fr am ew ork for  com pl ex phys i ca l i nt era ct i on
ca l le d ‘ac t ion ori e nte d cont r ol’.  Thi s  fr am ew ork conf orm s 
to the ‘three term interaction’ view discussed earlier, and the
exa m ple  ca pt ures  or i m pli e s s om e as pe ct s  of t he ‘com m on
pri nc  ipl e  s’:  Aut o s egm e  nta  t ion of gl obal  dynam i cs ,  poi nt s
of intervention, and interactive emergence of meaning.

3.1. Example: Rising action

F ig.  3 s hows  a s i mul a ti on s eque nce  of dynam i c whol e
body m ot ion,  whi ch i l lus t ra t es  our i dea . Ini t i al l y t he
hum anoi d i s  l yi ng fl a t on t he fl oor (a ),  fi rs t ,  i t  s wi ngs  up i t s
l egs  (b) , and  t hrows  t hem  down t o rol l  up on i t s fe et  (c ). 
Due  t o i ner ti a  i t  cont i nues  t o rol l  for war d unt i l i t  hi t s t he
ground by both hands and becomes globally stable (d). Then
i t  s l owl y m oves  t he ce nt er of m as s  above  i t s fe et  by gent l y
pus hi ng t he ground wi t h i t s hands  (d) , and fi na ll y s t ands  up
(f).

The  se   s naps hot s  ar  e exe rpt s  fr om a re al  cont i nuous 
out put  fr om a gener al  purpos e  3D dynam i cs  s i mul a tor 
(ADAMS). It is therefore a faithful simulation of a possible
phys i ca l phenom e non. Gi ven t he t as k def i ned by i t s i ni ti a l
s t at e (a ),  and i t s goal  s t at e (f ), t her e ar e i ni nit e  num ber  of
solutions which connects the two states. In order to find and
choos e  a s ol uti on and t o re al i ze  i t , a t ypi cal  t ra dit i onal 
robot i cs  appr oac h m i ght t ake  t he fol l owi ng s t rat e gy: (1) 
Expl i ci t ly m odel  t he under l ying phys i cs  i n det a il .  (2)  S olve 
and choos e  t he opt i ma l  s ol uti on i n t er ms  of ene rgy, 
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s om et i me  s  i n com bi nat i on wi t h ot her  cos t  func t ions .  (3) 
Design a controller which tightly controls the system state to
follow the desired solution (state space trajectory).

In t he exa m ple  s eque nce , t her e ar e t wo probl e ms  wi t h
t hi s appr oac h; (1)  C ompl e x, def orm a ble  body s hape  and
multiple physical contacts, combined with dynamic motions
m ake   t he expl i ci t  m odel l i ng ext r em el y di ffi c ult .  (2)  The 
s ea  rc  h s pac  e i s  ext r em el y l ar ge and com pl ex,  m aki ng i t 
di ffi c ult  t o re ac h an opt i ma l  s ol uti on.  (3) It  i s  qui t e di ffi c ult 
t o cont i nuous l y obs er ve t he s t at e var i abl es  and cont r ol t he
re l at i ve m ot ion of t he hi ghl y com pl ex ar t ic ul at ed body
involving multiple point contact.

We  propos e  an al t er nat i ve appr oac h ca l le d ‘ac t ion

ori e  nte  d cont r  ol’;  It  does  not  re qui re an expl i ci t  det a il ed
m odel , i t  does  not  s ee k for  ene rgy- opti m al  s ol uti on,  and i t 
does not control the system state so tightly.

The  m ot ion i n t he pre s ent ed s i mul a ti on has  bee n
ac hi eve d ext r em el y s i mpl y by j us t s pec i fyi ng s eve ra l bas i c 
(key) poses and arranging them at appropriate time intervals
i n an open- l oop fa s hion,  al l  chos e n i nt uit i vel y by t he
expe ri m ent er  wi t hout  any det a il e d ana l ys is  or a l ar ge
num ber  of t ri al s  and er rors .  S ma l l fl uc tua t ions  i n t he pos es 
and t hei r t i mi ngs  do not  affe ct  t he gl obal  beha vi or.
R em em be r t hat  t he m ot ion wa s  re al i ze d i n a ful l  fl e dged
dynamics simulator.

Fig. 3 “Rising” action sequence. Output from a dynamics simulator.

3.2. Se g me nta ti  on a nd t r ansi tio n in g loba l
dynamics

An i m port ant  ques t i on t o be ra i se d her e i s  “wh y d id  i t
work ?” Why we re t hos e key pos es  and t he t i mi ngs 
appr  opri at e   for  t he des i re d m ot ion?  How coul d t he
expe  ri m ent er   fi nd t hem ? Why i t  wa s  robus t  aga i ns t t he
devi a  ti ons  i n cont r ol par am et e rs ? --  The se  ar e t he
funda m ent al  ques t i ons  whi ch l ea d us  t o t he under l yi ng
pri nc  ipl e  s of cont r oll i ng com pl ex m ot ion.  The  ot her 
ar gum ent s , s uch as  ar gui ng how we  ca n cons t ruc t  a gene ra l
cont r oll e r, or a l ea rni ng al gor it hm  t hat  aut om at i ca l ly fi nd
t hos e pos es ,  m ay ra t her be an i m ple m ent at i onal  det a il 
compared to this fundamental question.

Our   cont r ol s t rat e gy i n t he above  exa m ple  i s 
characterized by the following guidelines:

1. The   cont r  oll e  r (hum a  n, i n t hi s ca s e)  i m agi nes  how
he/ s he  woul d ac hi eve  t he t as k wi t h hi s /he r own body. 
J us t  foc us  on t he gl obal , qual i t at i ve s eque nce . Of te n
t he cont r oll e r ca n t hi nk of m any al t er at i ve pat hs 
t owar ds  t he s am e  goal .  C urre nt ly,  t he cont r oll e r
choos e s  t he cogni t i ve ly  eas i e st  pat h whi ch cons i s t s  of
fewer qualitative steps and least ambiguous.

2. Le t t he nat ur al  dynam i cs  t ake  over  whe n i t  i s  s t abl e
and unam bi guous . Do not  s pec i fy t he t ra je ct ory.  Thi s 
means the motion control is quite loose.

3. Int e rvene  onl y whe n t he s ys t em  s t at e i s  i n vi ci ni t y of
t he boundar i es  (a nd bra nchi ng poi nt s)  bet we en
di ffe re nt dynam i cs .  The  i nt erve nt ion ki c ks  t he s ys t em 
i nt o a des i red adj a ce nt dynam i cs  ei t her  by appl yi ng
appropriate impact-like force or locally modifying the
dynamics by a posture change.

4. Ea ch dynam i cs  i s  re al i ze d by t aki ng a par t ic ul ar
pos t ure at  an appr opri at e  t i mi ng,  and fol l owi ng t he
planned qualitative sequence step by step.

Just like a tumbling dice, the humanoid overpassed the
pea ks  and got  dra gged t owar ds  t he bot t om of t he pot ent i al 
field formed by the body and the ground. But unlike the dice,
t he hum anoi d i s  abl e  t o cha nge t he gl obal  s t ruct ur e of t he
pot ent i al , and s hi ft  fr om one dynam i cs  t o anot he r des i ra bl e
one,  by cha ngi ng i t s pos t ure and pus hi ng t he ground at 
appropriate times.

It is important to note the following points:
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1. At ten ti on :  Thi s  t ype of cont r ol s ucc ee ds  onl y whe n
t he cont r oll e r ca n appr opri at e l y det e ct  and foc us  on
t he boundar i es  bet we en di ffe re nt dynam i cs ,  or
pot ent i al  we ll s .  Thi s  i s  qui t e di ffe re nt fr om a
t ra dit i onal  vi ew of m ot ion cont r ol whos e  ce nt ral 
conc er n i s  t he s t abi l it y w it hi n a fi xe d dynam i cs .  The 
boundar i es  cor re spond t o t he s egm ent at ion poi nt s
not i on i n qual i t at i ve ac t ion re cogni t i on [10].  B oth i n
ac t ion re cogni t i on and cont r ol,  t he m os t i m port ant 
task of the recognizer or the controller is to detect and
foc us  ont o t he s egm e nta t ion poi nt s.  Thi s  es t a bli s hes  a
di re ct  m appi ng bet we en t he re al  m ot ions  and t he hi gh
l eve l ac t ion cl a s se s . The n re cogni t i on and cont r ol
bec om es  qui t e s i mpl e ; det e ct i ng a qual i t at i ve cha nge
i n t he foc us s ed l ow l eve l fe at ure s  i n re cogni t i on, and
exe  rt i ng coa rs e ly cont r oll e d for ce  or roughl y
changing the posture in control.

 Remeber that the controller first imagined how he/she
woul d m ove hi m /he r-s e l f, t hen out l ine d a qual i t at i ve
s eque nce , whi ch wa s  us ed for  coa rs e  qual i t at i ve
cont r  ol.  The  dual i t y and m ut ual  depe ndenc i es 
bet we en ac t ion gene ra ti on and ac t ion re cogni t i on i s 
i m port ant  her  e.  And not e t hat  t he cont r oll e r, robot , 
and t he envi r onme nt  for me d t he ‘t hre e t er m
i nt era  ct i on’ s t ruct ur e, and t he at t ent i on on
segmentation points, in a sense, supported the transfer
of s ki ll s  (i nt er ac ti on of ea ch wi t h t he envi r onme nt )
from the controller to the robot.

2. I nt  ra-  /I n ter-  dyn ami cs :  The   nat ur  al  dynam i cs  i t se l f
gi ves  s om e ada pt ive nes s  t o t he beha vi or, bec aus e  t he
at t ra  ct or dynam i cs  s t abi l iz es  t he s ys t em  fr om
per t urbat i ons . The  s am e  pri nc ipl e  i s  us ed i n pre vi ous 
re s ea rch on dynam i c m ot ion cont r ol bas e d on l i mi t 
cyc l e at t ra ct or dynam i cs  [5, 11]. Howe rver , t her e i s  a
funda  m ent al  di ffe  re  nce bet we en t he ac t ion ori e nte d
cont r  ol and t he l i mi t  cyc l e dynam i cs  m et hods . The 
pre  vi ous m et hods  foc us  on m ai nt ena nce  of a fi xe d
dynam i cs ,  whe rea s  our m et hod foc us es  on
dynam i ca  l ly cr ea ti ng,  and s wi t chi ng bet we en, 
di ffe  re  nt dynam i cs .  The  t wo appr oac hes  ca n be
com bi ned,  com pl i m ent i ng ea ch ot her ; Our  m et hod
t ake  s  t he s ys t em  t hrough a t our t hrough gl obal 
dynam i cs  s t ruct ur es  and t he fi xe d dynam i cs  m et hods 
as s ur  e t he robus t nes s  of t he t ra je ct ory wi t hi n ea ch
local dynamics.

3. Pu rp os ive :  The  cr i te ri a for  choos i ng al t er nat i ve pat hs 
s houl d not  nec  es s a  ri ly be opt i mi z ing effi c ie ncy.  In a
com pl ex re al  wor ld s ys t em , i t  m ake s  m ore  s ens e  t o
choos e  a re l ia bl e and/ or  a com put at i onal l y t ra ct abl e
path rather than an optimal path which is very difficult to
def i ne and t o ac  hi eve  . F or exa  m ple  , i n t he pre s ent ed
s eque nce  of F ig.  3,  i t  woul d be m ore  ef f i ci ent  t o
achieve a convergence of the system state (balanced) at
t he pos t ure (e ) di re ct l y fol l owi ng (b) . B ut i t  woul d
re qui re a t i ght coor di nat i on and ac cur at e dynam i c
cont r ol of t he whol e body by obs er ving t he pre ci s e
dynam i cs  var i abl es  on-l i ne.  Ins t ea d, an al t er nat i ve
s t rat e  gy wa s  adopt e d i n t he pre s ent ed s eque nce ;

De li be rat e ly i ncr eas e d t he rol l i ng vel oc it y s o t hat  t he
s ys t em  di ver gingl y over pas s  t he del i ca t e s t at e (c ), 
re ac hing t he s t at e (d) , whi ch i s  robus t l y ac hi eve d. Thi s 
s t at e i s  s o re l ia bl e and has  a uni que s et  of s t at e val ue s 
(e .g.  vel oc it y bei ng ze ro) , t hat  t he cont r oll e r does  not 
have to check or measure the state. Thus it can initiate a
new  s t ep re  gar dle  s s  of a pre vi ous t ra je ct ory,  re l ia bl y
achieving the state (e). This implies that local instability
can be useful in the context of achieving a global action.
It will be useful in various situations including walking
and obj ec t gra s ping.  Anot her  us ef ul s t rat e gy wi l l  be t o
deliberately perturb the state in order to disambiguify it,
which is otherwise difficult to identify.

4. Humanoid System for Complex Interactions
S o fa  r we  have  des c ri bed our ‘t hre e-t e rm ’ com pl ex

interaction view and our approach. They introduce a certain
s ui t of des i gn cos t ra i nts  whi ch m ake s  our hum anoi d uni que
com pa red t o ot her  exi s t i ng hum anoi d s ys t em s .The  s ui t
i ncl udes  whol e body fr ee  m obi li t y as s um i ng fr eque nt
m ul ti pl e cont a ct s , ant i  func t iona l -m odula r des i gn,  and
transparent data accessibility.

Our  des i gn of t he ETL-hum a noid i s  a re s ult  of fi ndi ng
t he bes t  t ra de-offs  bet we en t hes e  cons t ra i nts  and t he
currently available technology.

4.1.  Design constraints

1. Vers at  il i ty/ Non -M  odu l ari ty:  The  des i gn avoi ds 
at t ri but i on of any fi xe d s pec i fi c t as k ori e nte d
func t iona l it y t o any par t  of t he body.  Thus , for 
exa m ple , t he powe r of t he fi nge rs  and t he ar m s i s  not 
l i mi t ed t o wha t i s  re qui red for  ordi na ry obj ec t
handling in a standing or seated position. Instead they
ar e s t rong enough t o hol d ont o a gri p and s upport  t he
body while lifting itself. And the mobility range of the
l egs  ar e m uch wi der  t han re qui red for  s t abl e wa lki ng. 
Al s o t he s pee d of ea ch DOF  ar e s et  s o t hat  i t  ca n do
fa s t dynam i c m ot ion.  In gene ra l,  we  do not  as s um e a
particular posture or a particular class of tasks.

 As  di s cus s ed ea rl i er , our goal  i s  t o ca pt ure t he gl obal 
s t rucut r e of hum an i nt era ct i on and i t s com pl exi t y,
robus t nes s  and fl e xibi l i ty.  S o, we  i gnore  hi ghl y
s ki ll e  d or pre ci s e m ani pul at i on and ot her  l oca li z ed
skills, and try to cover a broad range of normal human
per  ce  ptua  l   and/ or  m ot or abi l i t y i n a t ypi cal 
eve  ryda  y l i fe.  Non func t iona l -m odula r des i gn i s 
important because the whole body always functions as
a uni t y, and t hi s re dundanc y i s  t he s ourc e of
com pl exi t y, robus t nes s  and fl e xibi l i ty.  A func t iona l 
dec  om pos it i on/ opti m i za  ti on wi l l  pre s uppos e
particular strategies for particular tasks and situations,
depriving the freedom of dynamically exploiting extra
ava i la bl e re dundanc y .  S ome  exa m ple s  of expl oi t i ng
t he ext r a re dundanc y ar e,  whe n you ar e ca rr ying a
l ar  ge i t em  i n your ar m s,  you m i ght us e your
el bow/ s houl der  t o pus h t he door open,  and yor m out h
t o pi ck up a s hee t  of pape r  on t he ca rgo,  and of
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course use the whole body (muscles) to lift and control
the cargo.

 As a comparison, the advanced prototype from Honda
adopt s  a func t iona l  m odul ar des i gn;  i t  cons i s t s  of t he
lower body which is optimized for biped walking, and
t he upper  body whi ch as s um es  t hat  t he s t abl e upri ght 
posture is robustly maintained.

 Anot her  exa m ple , t he S ARC OS  hum anoi d, i s 
s pec i fi ca ll y des i gne d for  ant hr opomor phic  ges t ure 
gene ra ti on,  but  onl y i n t he s t andi ng pos t ure (bol t ed t o
t he fl oor) . It  i s  not  des i gne d for  t i ght s ens or y/m ot or
interaction with the world.

2.  An th rop omorp h ic  s tr uc tu re:  The  over al l  phys i ca l
s t ruct ur e (t he  di m ens i ons , s hape , and ki nem at i cs )  i s 
m ade  as  cl os e  as  pos s i ble  t o hum ans .  S inc e we  foc us 
on em bodi m ent , and our appr oac h par t ly re l ie s  on
i nt uit i ve i nt era ct i on s t rat e gie s  of hum ans ,  t he gl obal 
anthropomorphic structure is essential.

 It has a head, two eyes, and a neck, two arms and hands,
five fingers on each hand, a torso and a waist, two legs
and feet. It is planned to be approximately 1.50[m] tall
and t he t ot al  we ight  of 60[kg]  (i nc ludi ng al l  t he
i nt erna l  el e ct roni cs ,  exc l uding t he add- on bat t er y
system).

 The mechanical degrees of freedom are made as close
as  pos s i ble  t o hum ans  wi t h s om e om i ss i ons  due t o
t ra  de-offs  wi t h per form a nce  and com pa ct nes s :  The 
ac t ive  DOF s  for  t he ar m  wi t h t he wr is t , t he l eg wi t h
the foot, the waist, the neck, the eye, and the hand (five
fi nge  rs ) ar e 6,  6,  3,  3,  3,  5,  ac cor dingl y,  t he t ot al 
DOFs being 46.

 The  robot  i s  not  i nt ended t o have  a s uper -hum an nor
as pe ci al i s t’s  phys i ca l per form a nce . The  per form a nce 
t ar  get  i s  t hat  of an ave ra ge (or  we ake r) per s on i n
normal everyday situations.

3.  Fr ee mot ion  an d con tac ts :  The  ent i re  body i s  not 
affi xe d t o t he ground or any ot her  ext e rnal  s t ruct ur e.
M ore  over,  t he s ys t em  des i gn does  not  as s um e any
par  t ic  ul ar pos t ure.  S o t he s ys t em  ca n m ove ar ound
fr ee ly,  t ake  any pos t ure (upr ight ,  l ayi ng down,  or
ups i de down,  and s o for th)  and i s  s t il l  func t iona l . The 
ext e rnal  s urf ace  of t he whol e body i s  m ade  as  s m ooth
as  pos s i ble , wi t hout  s t ee p cor ner s,  prot rus i ons , and
wires (except for a thin ‘tail’ for external connection).
Thus  i t  ca n m ake  cont a ct s  wi t h ext r enal  obj ec ts 
i ncl udi ng hum ans  at  any par t (s ) of i t s body.  The 
s m ooth s hape  al s o fa ci l i ta t es  at t ac hm ent  of t ac ti l e
s ens or  s,  3D vi s ual  re cogni t i on, and obs t ac le 
avoidance.

4.  Safety/Affinity: The overall size and weight (1.5[m],
60[kg] ) ar e re s tr i ct ed t o be cl os e  t o or l es s  t han
ave  ra  ge adul t s  i n orde r t o re duce  t he dange r whe n
m ovi ng i n proxi m i ty of peopl e , and t o prom ot e
affi ni t ie s . Al s o, i n orde r t o re duce  t he ri s k of i nj ury t o
s urr ounding peopl e , t he s m ooth ext e rnal  s urf ace  and

pi nch proof  j oi nt m ec hani s m s ar e adopt e d whe ree ver 
possible.

5.  I nt egr it y:  Our  cur re nt goal  i s  not  j us t  bui l ding an
anthropomorphic mechanism. Rather, our emphasis is
on software development, real world experiments, and
t heor et i cal  deve l opme nt s  us i ng t he hum anoi d as  a
whol e.  Innova t ion of com pone nt t ec hnologi e s  i s  not 
our first concern except where essential for the system
i nt egra t ion.  The ref ore,  pri ori t i es  ar e gi ven t o i nt egri t y
(w het her  a com pone nt i nt egra t es  we ll  wi t h t he re s t of
t he s ys t em ),  us abi l i ty (w het her  i t  fa ci l i ta t es  ea s y and
produc t ive  us e for  us er s ), and ava i la bi li t y (w het her  i t 
is already or close to available, not delaying the whole
development).

6.  T ran s par en t re al -ti me  d ata acc es s  on  a s tan dar d
op en  arc hi t ect ur e:  A hum anoi d s ys t em  i s  es s e nti a ll y
an i nt egra t ed s ys t em  and m os t l i kel y s har ed by
re s ea rche rs  fr om var i ous di ffe re nt fi e lds .  Unus ua l
non-s t anda  rd s ys t em s  wi l l  i nt roduce  undes i ra bl e
bar  ri er   t o t he re s ea rche rs . The ref ore,  t he
cont r ol/ s ens i ng s ys t em  i s  des i gne d t o have  a s t anda rd
interface and open architecture.

 Tra ns par ent , re al -t i m e ac ce s s  t o al l  t he s ens or y/m ot or
dat a  i s  es s e nti a l for  our re s ea rch.  The  l ow l eve l
com m uni ca ti on and s oft wa re ar chi t ec tur e i s  des i gne d
to facilitate the above.

7. Avai l abi l i ty:  The   bas i c   m ec  hani ca  l  com pone  nts  ar e
s el e ct ed fr om com m er ci al l y ava i la bl e as s or tm e nt.  We 
bas i c  al l y avoi d deve l opme nt  of com pone nt
t ec hnology.  Thi s  i s  for  t he s ake  of re duci ng t he
deve  l opme  nt  t i me   and m ai nt ena nce  nee ds , bec aus e 
we   pl an t o bui l d t he ent i re  s ys t em  i n a ver y s hort 
per i od (2 yea rs ) i n orde r t o conc ent ra t e on s oft wa re
development and experiments as soon as possible.

4.2.  Overall Design

The   re  qui rem e  nts  for  fr ee  m obi li t y and ant hr opomor phic 
s t ruct ur  e/ per  form anc  e re s ult  i n an ext r em el y cha l le ngi ng
m ec  hani ca  l  des i gn probl e m.  Al l  t he ac t uat ors  and
mechanical components must be contained within the body,
which has very limited internal space due to the dimensions,
shape and articulations. Moreover, even if we have to allow
s om e ext e rnal  conne ct i ons  t hey s houl d not  hi nder  t he fr ee 
mobility significantly.

El ec  t ri c m ot ors  ar e us ed al l  over  t he s ys t em . A
m i nia  t ure dri ve  ci r cui t  i s  pl ac ed nea r ea ch m ot or, whi ch
com m uni ca te s  m ot or com m ands  and s ens or  re adi ngs  vi a an
i nt erna l  dat a  net wor k. Thi s  s pec i al l y des i gne d net wor k
re duce s  t he am ount  of i nt erna l  wi ri ng down t o t hre e t ypes ; 
m ot or powe r, ci r cui t  powe r, and s er ia l  di gi ta l 
communication.

C ons ide  ri ng t he i nt erna l  s pac e l i mi t at i on and
re qui rem e nts  i n re s ea rch us e,  t he m ai n powe r uni t  and t he
m ai n com put er  s ys t em  ar e pl ac ed ext e rnal l y. Onl y t wo
types of external connection, power and communication, are
re  qui red t hanks  t o t he i nt erna l  net wor k and dri ve rs ,
minimizing the undesired effect on mobility.
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In orde r t o re al i ze  a s hort -t e rm  wi re l es s  i ndepe ndent 
oper at i on for  expe ri m ent al  and dem ons t ra ti on nee ds , a
com pa  ct  on-boa rd bat t er y s ys t em  and an em be dded
computer system are also under development.

The  ent i re  s ys t em  i s  s che dul ed t o be com pl et e  by
thesecond quarter of1998. In the following, we describe the
par t s com pl et e d s o fa r (m ore  par t s wi l l  be des c ri bed i n t he
final version of this paper),  the arm, the hand, the internal
network, and the external computer system.

4.3.  Mechanical Subsystem

Gi ven a t as k of bui l ding an ant hr opomor phic 
mechanism capable of as powerful and dextrous motions as
those of humans, an experienced mechanical engineer might
i m me di at el y s ee  t he l i mi t at i ons  of ava i la bl e ac t uat ors  and
m ec  hani ca  l  com pone  nts ,  and s et  out  t o i nvent  a s pec i al 
mechanism.

We   t ook a di ffe re nt appr oac h; Wi t hi n eve ryda y
s i tua t ions  i n an ordi na ry m oder n hum an l i fe,  hum ans  ra re ly
exe  rt  t hei r m axi m um  phys i ca l per form a nce . And i f i t  i s 
within such a range, we claim that it is possible to achieve a
com pa  rabl e   m ec hani ca l  per form a nce  wi t h a s i mpl e 
ort hodox des i gn.  Thi s  cont r ibut e s t o an i m port ant  s pac e
fa ct or t ra de-off bet we en t he m ec hani ca l  com pl exi t y and
em be dded ci r cui t ry and devi c es  for  m ot or cont r ol and
sensing.

It  i s  al s o i m port ant  t o not e t hat  t he m ec hani ca l 
per form a nce  i s  onl y a pot ent i al  abi l i t y. An appr opri at e 
motion control, such as discussed in the previous section, is
es s e nti a l for  ac hi evi ng a hum an- li ke  m ot ion per form a nce .
Our  t ra de-off re fl ec t s t hi s bal a nce  bet we en t he m ec hani ca l 
potential and control requirements.

Fig. 4 Mechanical overview of the upper body

4.3.1. Arms
A t ypi cal  s er ia l  l i nk m ec hani s m  wi t h re vol ute  j oi nts  i s 

adopt e d. Tot al  6 DOF s ;  3 i n t he s houl der,  2 i n t he el bow, 

and 1 i n t he wr is t . (O ne wr is t  DOF  wa s  om m it t ed due t o a
per form a nce /s pa ce t ra de-off. ) J oi nt s t ruct ur es  ar e pi nch- 
proof . In orde r t o cope  wi t h cont a ct  m ot ions ,  i t  i s  des i nge d
t o fa ci l i ta t e for ce  cont r ol.  Al s o, i t  i s  as s um ed t hat  t her e ar e
situations where an arm must support the whole body, so the
high enough joint torques are chosen.

A dri ve   uni t  cons i s t s  of an AC  s er  vo m ot or and a
har m onic  re duct i on gea r.  Low m ec hani ca l  s t iffne s s  i s 
allowed for the sake of weight reduction, but backlashes are
avoi de d i n orde r t o as s ur e s t abl e for ce  fe edba ck.  The ref ore
the arm is not suitable for a stiff position control but capable
of a m edi um  re s pons e ra t e for ce  cont r ol.  F orce  s ens or s ar e
placed in each joint instead of a 6-axis wrist mounted sensor,
bec aus e  we  as s um e fr eque nt us e of whol e ar m  cont a ct 
operations.
4.3.2. Hands and Fingers

Ea ch hand has  fi ve  fi nge rs  i n an ant hr opomor phic 
conf i gurat i on. Ea ch fi nge r has  t hre e j oi nts  dri ve n t oget her 
by one ac t ive  degre e of fr ee dom ac t uat or adopt i ng coupl e d
di f fer ent i al  me  chani s m[12].  We   as s um e t hat  t he coupl e d
DOF s  ar e effe ct i ve i n m os t of t he t ypi cal  s i tua t ions , 
excluding special skills.

A cl e ar adva nt age  of t hi s m ec hani s m  i s  t hat  i t  re qui res 
only moderate space for the actuators and drive circuits.
4.3.3. Torso, Neck, and Eyes
The  t ors o and nec k ea ch has  3DOF s  i m ple m ent ed as 
com bi nat i ons  of par al l el  l i nks and re vol ute  j oi nts .  Non
functional-modular constraint is adopted also here. They are
s t ronger  t han i s  nec es s a ry for  s upport i ng/  ori e nti ng t he
upper structures in the upright posture.
Ea ch eye  has  3 ort hogona l rot a ti ona l DOF s ;  pan,  t i lt  and
cyc l otor s ion.  The  l as t  DOF  i s  at ypi ca l  i n robot i c eye 
s ys t em s , howe ver,  hum an eye s  have  t hi s DOF , and i t  gi ves 
extra advantage for computer vision algorithms.

PC

PC

ATM

Internal Network

Body

External 
Computer
System

WS

Fig. 5 Information processing subsystem
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4.4. Data Processing Subsystem

4.4.1.  Humanoid Internal Data Network
The  i nt erna l  net wor k s upport s  hi gh s pee d s er ia l  di gi ta l 

commuication which transfers motor commands and sensor
re adi ngs  bet we en al l  t he m ot or dri ve rs  and t he ce nt ral 
com put er . It  i s  es s e nti a l for  re duci ng i nt erna l  wi ri ngs .The 
overall throughput guarantees 1 [ms] constant cycles.

It  i s  t em pt i ng t o pl ac e m any proc es s i ng uni t s
di s tr i bute d t hroughout  t he body.  Howe ver , we  dec i ded
against it based on the following considerations:

1. The  nee d for  t ra nsf er ri ng ra w dat a  t o ot her  m odul es ,
or a hi gh l eve l proc es s  i nt erve ni ng l ow l eve l m ot or
cont r ol ca n neve r be el i m i nat ed;  Wi t h t ra dit i onal 
m ani pul at or cont r ol m et hods  i t  i s  m anda tor y t hat 
for ce /pos i t i on dat a  be conc ent ra t ed t o one cont r ol
proc es s  at  s er vo ra t e. M ore  gene ra ll y,  a fr ee  ac ce s s  t o
ra w dat a /c om ma nds  i s  a pre re quis i t e for  m ot ion
cont r  ol expe ri m ent s  and fl e xibl e  beha vi or
architectures.

2. It  i s  pos s i ble  t o guar ant ee  a fa s t enough re s pons e vi a
t he i nt erna l  net wor k t ra nsf er s,  bec aus e  t he am ount  of
dat a   t ra  nsf  er   i s  ac  t ual l y qui t e s m al l . Al s o, t he t ot al 
am ount  of com put at i on for  al l  t he j oi nts  (t ypi ca l ly
as s i gned t o l oca l proc es s ors )  i s  m ana gea ble  by a
single high-performance micro processor.
3. The  ref  ore,  t he opt i ma l  des i gn i s  t o el i m ina t e

distributed processors (which tend to be weaker and
inflexible due to space limitation) and make the local
nodes  as  s m al l  and s i mpl e  as  pos s i ble , doi ng al l  t he
com put at i on at  a cl us t er  of powe rful  proc es s ors  on
the other end of the network.

The  re qui re d com m uni ca ti on bandw idt h i s  roughl y
estimated as follows: Let a servo cycle be 1 [ms], the amount
of dat a  t ra nsf er  per  ea ch m ot or dri ve r per  cyc l e be 64 [bi t s ]
(16 [bi t ] ea ch for  pos i ti on,  vel oc it y,  for ce , and com m and) ,
and the number of motors be 46. Then the required effective
bandw idt h i s : 64[bi t s ] * 1[kH z] * 46[D OFs ]  <  3[M bps ], 
which is surprisingly small.

Considering the state of art of digital networks (1Gbps
devi c  es  ar e com m er ci al l y ava i la bl e),  t her e i s  enough
m ar gin for  ac com oda ti ng al l  t he del ays  and ext e nding t he
network to a remote external processor system. (Image data
fr om t he eye s  ar e t re at ed s epa ra te l y, whi ch wi l l  be re port ed
elsewhere.)

Our  cur re nt des i gn as s i gns  one net wor k s egm e nt for 
ea ch l i mb and t he t ors o, t ot al  5,  i n a s t ar t opol ogy.  Thi s 
multiplies the bandwidth margin. In the near future, we plan
t o have  t ac ti l e s ens or s al l  over  t he body,  and t he re qui red
t ot al  bandw idt h for  t hem  i s  es t i m at ed as  s eve ra l t o s om e
dozen Mbps.

For the physical media, optical fibers and copper wires
have been considered. Because fibers have strict limitations
on bendi ng (r adi us  and cyc l es ) and al s o re qui re l ar ger
t ra  nsc  ei ve  r devi c es , we  adopt e d a coppe r wi re . One 
di s adva nta ge of t hi s m edi um  i s  i t s s ens i t i vit y t o el e ct ri ca l 
noi s es , whi ch ca n be s er ious  i n a m ac hine  em be dded
net wor  k l i ke our ca s e.  We  have  deve l oped a
com m uni ca  ti on prot oc ol whi ch m ai nt ai ns  a gl obal 

robus t nes s  i n noi s y envi r onme nt s,  whi ch wi l l  be pre s ent ed
elsewhere.

Thi s  des i gn i s  t he re s ult  of t ra ding ra pi dly deve l oping
network devices for a space factor, openness and flexibility.
The  phys i ca l l oca ti ons  of t he proc es s ors  do not  m at t er  as 
l ong as  t he com m uni ca ti on bandw idt h i s  hi gh enough.  Thi s 
s et s  t he bas i s  for  t he above  t ra de and our bene fi t  wi l l 
i ncr  eas e   as  t he devi c e t ec hnology adva nces .  Our  cur re nt
design assumes 20[Mbps] operation with FPGA technology.
S cal i ng up t o 100[M bps ] or m ore  wi l l  re qui re cus t om  VLS I
t ec hnology but  wi l l  bri ng a new  cl a s s of fl e xibi l i ty and be
quite beneficial.
4.4.2. External Computer System

Al t hough we  pl an t o em be d s eve ra l m i cro proc es s or
boar ds  at  t he root  of t he i nt erna l  net wor k i n t he body for 
l ow-l e vel  or hous eke epi ng cont r ol and l i mi t ed aut onom ous 
oper at i ons , t he m ai n com put at i on wi l l  be done on an
external computer system connected via the extension of the
i nt erna  l  net wor k. Thi s  gi ves  us  a gre at  fl e xibi l i ty i n
conf i guri ng t he br ai n of t he hum anoi d. An i m port ant  poi nt 
i s  t hat  we  ca n cont i nuous l y upgra de t he ext e rnal  com put er 
system by introducing the latest available technology.

Our  cur re  nt des i gn of t he ext e rnal  com put er  s ys t em 
consits of a cluster of multiple high end PC’s interconnected
by a 155M bps  ATM  LAN . P C’s  ar e l ow cos t ,  hi gh
per form a nce , ra pi dly ca t ch up wi t h devi c e t ec hnology.  A
prope  rl y conf i gured bar e ATM  t ra nsf er s s m al l  dat a 
chunks(53 octet fixed length cells) with constant high speed
and guar ant ee d s m al l  t ra nsm i s s i on del a y, whi ch i s  s ui ta bl e
for real time control.

As  for  t he oper at i ng s ys t em , we  ar e cur re ntl y t es t i ng
t wo al t er nat i ves ,  (1)  C HOR US /O S1,  a di s tr i bute d re al  t i me 
uni x2 and (2)  LynxOS 3,  a re al  t i me  uni x. The  C HOR US /O S
bec  am e   one of our opt i ons bec aus e  i t  s upport s  re al  t i me 
proc es s i ng, Uni x AP I, di s tr i bute d proc es s i ng, ac ce s s ibi l i ty
t o t he s ourc e code . LynxOS  i s  our anot he r opt i on bec aus e 
of i t s re l ia bi li t y, com pl et e nes s  and per form a nce , t hough i t 
does  not  have  a com pa rabl e  di s tr i bute d proc es s i ng
func  t iona  l it y as  C HOR US /O S.  A net wor k t ra nspa re nt
obj ec  t-  ori ent e  d robot  progra m mi ng envi r onme nt  i s 
cur  re  ntl y under  deve l opme nt  on t he t wo pl at for ms .  It  i s 
bas e d on i nt er- obje ct  m es s age  pas s i ng m odel  whi ch wi l l  be
a s ubs et  of a s t anda rd m es s age  prot oc ol C OR BA.  Thi s  wa y
we  re s erve  a conne ct i vi ty am ong m odul es  wr it t en by
researchers, and to other operating systems and commercial
application software.

S im i l ar t o t he m ec hani ca l  des i gn dec i s ions ,  her e we 
have avoided development of a custom parallel computer or
a cus t om  re al  t i me  oper at i ng s ys t em . The se  m anda te  vas t 
am ount  of effor t for  des i gn,  i m ple m ent at i on and
opt i mi z at i on, whi ch ca n cr i ti c al l y del a y t he com pl et i on of
t he over al l  s ys t em , and oft e n re s ult s  i n l aggi ng behi nd t he
frontier of commercial technology.
At this stage, it is not clear what kind of processing model is
s ui ta bl e for  t he ent i re  hum anoi d s oft wa re s ys t em . Tha t i s 

                                                                        
1 CHORUS/OS is a trade mark of Chorus Systems.
2 UNIX is a trade mark of X/Open Co.Ltd.
3 LynxOS is a trade mark of Lynx Real-Time Systems, Inc.



To appear in IEEE Int. Conf. Intelligent Robots and Systems (IROS) 1997.

9

i ndee  d one of our re s ea rch goal s .  The ref ore,  our cur re nt
des i gn m ake s  t he l ea s t but  i m port ant  com m i t me nt  t o t he
progra m mi ng m odel ;  R ea l t i me , di s tr i bute d obj ec t ori e nte d
programming with clear interfaces. With this, we as a group
of researhers can try various processing models (algorithms,
dat a  s t ruct ur es  and s che dul ing)  for  var i ous  par t s of t he
s ys t em  i n a l oos el y coupl e d m anna r whi l e m ai nt ai ni ng t he
overall integrity and real time performance.

5. Concluding Remarks
We  have  pos i ti one d our hum anoi d re s ea rch as  an

appr oac h t o under s ta  ndi ng and re al i zi ng fl e xibl e  com pl ex
interactions between robots, environment and humans.

We claim that a humanoid robot is an ideal tool for the
above   re s ea rch;  F ir s t of al l  i t  i nt roduce s  com pl ex
i nt era ct i ons  due t o i t s com pl ex s t ruct ur e. It  ca n be i nvol ved
i n var i ous phys i ca l dynam i cs  by j us t cha ngi ng i t s pos t ure
wi t hout  nee  d for  a di ffe re nt expe ri m ent al  pl at for m.  Thi s 
promotes a unified approach to handling different dynamics.
S inc e i t  re s em bl es  hum ans ,  we  ca n s t art  by appl yi ng our
i nt uit i ve s t rat e gy and i nves t i gat e why i t  wor ks or not , as 
exe m pli f ie d i n a pre vi ous s ec t ion.  M ore over,  i t  m ot iva t es 
s oci a  l i nt era ct i ons  s uch as  ges t ura l  com m uni ca ti on or
coope ra ti ve  t as ks  i n t he s am e  cont e xt as  t he phys i ca l
dynamics. This is essential for three term interaction, which
aims at fusing physical and social interaction at fundamental
levels.

As  a fi rs t  s t ep t owar ds  ext r act i ng a com m on pri nc ipl e 
over  t hre e t er m i nt era ct i ons , t he conc ept  of ac t ion ori e nte d
control has been investigated with a simulation example.

The  com pl ex,  t hre e t er m i nt era ct i on vi ew ca s t s uni que
costraints on the design of a humanoid, such as whole body,
s m ooth s hape , non func t iona l -m odula r des i gn.  A bri e f
des c ri pt ion of ongoi ng des i gn of ETL-H uma noi d whi ch
conforms to the above constraints is presented.

We   ar e al s o i nves t i gat i ng ot her  as pe ct s  of t he
humanoid interaction, such as adaptive imitation [13].
The  se   effor ts  wi l l  hopef ul ly m ani fe s t as  a fi rs t -or der 
appr  oxi ma  t ion of a new  under s ta ndi ng and cont r ol
methodology of the three term interaction in the future.
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