Netw Spat Econ (2007) 7:153-176
DOI 10.1007/s11067-006-9000-9

An Automated Network Generation Procedure
for Routing of Unmanned Aerial Vehicles
(UAVs) in a GIS Environment

Irene Casas - Amit Malik - Eric M. Delmelle -
Mark H. Karwan - Rajan Batta

Published online: 20 December 2006
© Springer Science + Business Media, LLC 2006

Abstract In this paper, the problem of creating a network to facilitate planning of an air
reconnaissance mission is investigated. A comprehensive review of the literature shows that
limited work has been done on the design of such networks in a hostile environment and
that little research has accounted for terrain information. Ideally, in any routing problem a
sample network is used as reference to determine paths to achieve a specified goal. The
objective of this paper is to propose an automated generalized procedure developed within a
Geographical Information System environment, to identify the nodes and links of a network
based on the topographic information of the enemy terrain. This information is made
available in the form of a Triangulated Irregular Network (TIN). Inputs to the network
generation process include (I) a user-specified threshold altitude value to avoid radar
detection and terrain collisions, (IT) a specification of the node density in the study area and
(IIT) the minimum/maximum lengths for the links in the desired network. The generated
networks are evaluated based on traditional network analysis measures and on the area
covered based on a visibility analysis. The methodology is particularly useful for air
mission of Unmanned Aerial Vehicles (UAVs) and robot motion planning. As an example, a
case study using elevation data from the state of Colorado is presented.
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1 Introduction

Complimentary to the problem of finding optimal paths for a given set of origin —destination
(OD) pairs, is the problem of developing the corresponding underlying network where such
process is carried (see i.e., Holle et al. 1995; Latombe 2001). In the case of a reconnaissance
mission, where typically there is a need for multiple aircraft, a network is needed for the
routing operation to take place. Under this scenario, the operation is threefold (Thyagarajan
et al. 2005). The first problem consists of routing aircraft from home base(s) to the origin
point(s) of the mission. The second problem is concerned with mission execution; i.e.,
developing methods to conduct mission activities. Finally, these aircraft have to be routed
from the end points of the mission back to the home bases.

Generally routing formulations require an underlying network. In most cases a
connected graph G = (¥, E), where V' is the set of nodes and E the set of arcs, is used to
represent the network. With the graph as a base given a specific routing objective (i.e.,
shortest path; traveling salesman problem), a set of optimal paths within the available
network can be found. Reconnaissance mission planning is however different from this set
of ideal conditions. One of the major concerns in such a case is the amount of information
available of the enemy terrain. Satellite images showing the geography of the region often
act as the only initial source of terrain information which in turn can be complimented by
enemy presence information provided by the sensors deployed in the region. Therefore,
geography and the size of the terrain play an important role in this type of application.
Capitalizing on this characteristic, the task of creating a network for routing purposes for a
reconnaissance mission can be simplified by making use of Geographic Information
Systems (GIS). GIS can reduce the complexity of the process by bringing out subtle
geographic patterns and relationships that can form the basis of good decisions.

The purpose of this paper is to develop and analyze a procedure for the automated
development of a network to facilitate the aforementioned issues. The objective is to
provide a fast and flexible method to generate a network within a hostile region considering
the complexity of the topography. Once this network is available, optimal paths can be
determined for different routing objectives. Some of the advantages of having an underlying
network to plan the missions as opposed to path planning are: (1) terrain obstacles are better
circumvented by following a predefined network; (2) multiple routes can be generated and
evaluated before the actual execution of the mission; and (3) it facilitates mission planning for
a fleet of vehicles.

In Section 1, literature in network design and route planning is presented from different
research perspectives leading to the motivation of the new proposed procedure. In Section 2,
a detailed description of the network generation procedure in a GIS framework is provided,
implementation issues are addressed, measures of connectivity to characterize the quality of
the network are defined, and a small example is provided to gain insight in the
methodology. Section 3 illustrates the network design approach to a large case study in
the State of Colorado. In the final section, a summary and directions for future research are
discussed based on limitations and issues discovered in the process.
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2 Review of the literature and problem statement

The objective of a network generation procedure, as understood in this paper, is to determine
where to locate a set of nodes and the links connecting them based on a set of requirements,
with a graph as a mathematical representation. This is not a problem commonly explored,
since generally a base network is used with the objective of identifying a subset of vertices
and links that meet a set of constraints within a given application domain. This subtle but clear
difference allows the literature to be reviewed from at least two perspectives. First, from the
operations research perspective (OR) where the term “network design” is used to refer to the
problem of “identifying an optimal subgraph of a graph subject to side constraints.”
(Feremans et al. 2002). Second, from a motion/route planning perspective where there is no
underlying network/graph and a path is planned to avoid obstacles, common in the area of
robotics.

The literature is extensive and diverse in the area of network design, therefore this
section will not provide a comprehensive review of the literature, instead it will touch upon
some of the generalities of the problem. Network design problems (NDP) are an important
class of optimization problems applicable in the fields of telecommunications, transporta-
tion, biology, and production systems, to name a few. A summary of a categorization of
network design problems from an implementation perspective is provided by Noltemeier
and Wirth (1999) with a detailed description of generalized network design problems
presented by Feremans et al. (2002). Feremans et al. (2002) list three well known NDPs: the
minimum spanning tree problem (Magnanti and Wolsey 1995), the traveling salesman
problem (Lawler et al. 1985), and the shortest path problem (Ahuja et al. 1993). Magnanti
and Raghavan (2005) propose a different type of NDP subject to connectivity requirements
(NDC). From an applied perspective, in the area of transportation Magnanti and Wong
(1984) present a summary of applied traditional network design models and algorithms,
while Poorzahedy and Abulghasemi (2005) present an application of an ant system to a
transportation NDP. Examples of the NDP to telecommunication networks can be found in
Mihail et al. (1996) and Gupta et al. (2001). In terms of NDP algorithm implementations
Goemans et al. (1994) discuss a set of good examples.

The above NDP formulations and implementations traditionally use the graph
abstraction of the network and disregard the other characteristics of the geographic space,
for example, topography. Cao et al. (1999), however, incorporate such characteristics by
proposing a fiber deployment plan system for telecommunication purposes which combines
a GIS and combinatorial optimization. They propose a loosely coupled system that makes
use of the GIS as a user interface for data input and display. Levinson and Karamalaputi
(2003) propose a method to predict the growth of new highway links based on the existing
network, physical attributes of the network, construction and expansion history, and daily
traffic using a logit model. Yamins et al. (2003) propose a road growing procedure where
no underlying network is required. Their procedure involves two steps. The first step
consists of determining “appropriate locations to be connected by ... links,” which are based
on potential functions. The second step is to build the roads and consists of a cost-based
algorithm. The procedure uses a lattice as base to represent land classes in the study area.
The general procedure has some similarities with the one proposed in this paper; in
particular, in separating the procedure into two distinct steps, node and link creation and
using raster representation as underlying data. The notion of artificial life could also be
applied to network design problems since, for example, cellular automata are well suited to
model complex dynamic systems “composed of large numbers of individual elements
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linked by nonlinear couplings” (Openshaw and Openshaw 1997). Xie and Levinson (2006)
present an example of how networks can change by modeling links as autonomous agents
and Nikolos et al. (2003) utilize an evolutionary algorithm based framework to design a
path planner for UAVs autonomous navigation. Other methods have been suggested for
location theory, path determination, and planning. Smith (2004) proposes distance
transform methods traditionally used in image processing to be included in GIS software
packages. These methods provide an alternative to conventional optimization techniques.

In the area of motion/route planning in particular in the field of robotics, there is also a
large body of literature related to network design. This area shares several characteristics
with the routing of UAVs. First, both robots and UAVs are remotely operated and controlled.
Second, they move through continuous space. Third, they need to avoid obstacles and finally,
their objective is typically to achieve a task while going from an origin to a destination point.
Therefore, it is important to discuss the literature in this field. Latombe (2001), for example,
divides the entire problem of robot motion planning into sub problems and explains each
one thoroughly. He introduces cell decomposition methods that can be used to generate a
network when the environment contains a countable number of obstacles. A path between
an initial point gz and a destination point gg4es can be determined by subdividing the
motion space into smaller areas, called cells. A path can easily be found by following the
adjacent, decomposed cells through free space. The exact cell decomposition is guaranteed
to be complete, meaning that if a free path exists, the method will find it. Yet the trade-off
of this method is that it is a complex mathematical process. The approximate method is less
involved but can yield similar results.

Other studies in robot planning are geared more towards specific environments and
constraints than Latombe’s method. Fox et al. (2000) present a path planning algorithm for
autonomous vehicles that works in two stages. First, the path planner generates a path
composed of line segments using simple algebraic equations. Second—and this is an
advantage of this technique—collision detection and avoidance are performed on these
individual line segments to ensure the safety of the path. According to Nelson (1998), the
path planner is a component of a larger general-purpose control architecture for autonomous
vehicles called Strategic Tactical Execution Software Control Architecture (STESCA).

Stentz (1994) describes an algorithm aimed at generating optimal paths for a robot
operating with a sensor and a map of a partially known environment. It is formulated as an
optimal find-path problem within a directed graph, where the arcs are labeled with cost
values. The operational aspect of the algorithm is presented, along with informal proofs of'its
soundness, optimality and completeness. The algorithm works on a directed graph with
weighted arcs. The author points out that one of the drawbacks of the implementation is the
use of a quad tree, which has limited use where cost values range over a continuum. He
proposes a solution where quad trees will work under such environment as part of his future
work.

Sleumer and Tschichold-Glirman (1999) present an algorithm for the automatic
generation of a map that describes the operation environment of an indoor mobile service
robot. They use a CAD description of a building consisting of line segments, representing
the walls as an input. The algorithm is based on the exact cell decomposition approach and
generates a connectivity graph based on cell indices. However, for successful implemen-
tation of exact cell decomposition, it is required that the geometry of each cell be simple.
Moreover, it is important to test the adjacency of two cells to find a path crossing the
portion of the boundary shared by the two cells. Both exact cell decomposition and
approximate cell decomposition methods are accurate, yet may be computationally expensive
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when used in a terrain environment since numerous obstacles at varying elevations could be
found. They are most effective when the environment contains a countable number of
obstacles.

In case of scenarios where the information of the threats is uncertain, construction of a
safe path by solving an optimization problem is not possible. For such scenarios Jun and
D’Andrea (2003) suggest a path planning approach based on a map of probability of
threats, which can be built from a priori surveillance data to complete a mission (to arrive at
a given target within a pre-specified time) while maximizing the safety of the unmanned
aerial vehicles (UAVs). In cases where optimality is desired but not required, the
autonomous routes for a vehicle subject to terrain constraints, threat constraints, navigational
constraints, and vehicle constraints can be generated using genetic algorithms. Once the
network is generated, based on the possible routes the path planning and re-planning is done
using Dijkstra’s algorithm with the objective of finding minimum cost paths through a graph
from a specified start and goal node. The graph may not be fully known from the start and
might be discovered as the algorithm proceeds, which can be viewed as partial knowledge of
a network during routing.

The relevant literature shows that most of the research has been confined to the domain
of robot and motion planning. Very little effort has been devoted to network design outside
of these applications. Ravi et al. (2004) suggest an evolutionary flight path planning
algorithm which is one of the alternatives to classical optimization methods that are capable
of mapping paths for UAVs functioning under several aerodynamic constraints. A feasible
path is typically found rapidly, in 100 generations or less, while an increase in generations
insures a strike very near to the target center. Nikolos et al. (2003) also suggest a planner for
UAVs based on an evolutionary algorithm under 3D rough terrain environments. A breeder
genetic algorithm (BGA) is used to determine the locations that can be part of the path. As
in the case of Ravi et al. (2004), the algorithm produces feasible paths after a small number
of generations (less than 10, much less than in Ravi et al. 2004). Sasiadeck and Duleba
(2000) suggest a 3D heuristic-based planner for local trajectory planning in a partially
known environment with moving obstacles and a predefined global path. The route
planners discussed make use of continuous space.

In a recent paper, Thyagarajan et al.(2005) make an effort to generate the network in a
GIS environment using some of the work presented by Latombe (2001). Routing is carried
out on this network and a case study is presented. The procedure, carried out manually, is
time consuming and has a major limitation that is it is terrain specific.

While the discussed network design problems lack the inclusion of terrain information
and the presence of obstacles (enemy threats), the robot route-planners typically focus on
only one “vehicle” instead of on a fleet. Therefore, there is a need for a generalized
procedure for the network design problem that is both fast and flexible and that would take
into account such considerations. The main concern remains to generate the nodes in the
network and to connect them in such a way that maximum network connectivity, maximum
area of coverage, and minimum number of nodes are guaranteed. These are conflicting
objectives, since network connectivity increases as the number of nodes increases; therefore
equilibrium has to be achieved. For instance, increasing the number of nodes will make the
problem more complex to solve, while minimizing them will harm the network connectivity
and area of coverage. Besides these conflicting objectives, additional constraints may be
required, tailoring the network to specific needs.

In this paper, we present a GIS-embedded strategy to design a network aimed at
facilitating the routing of UAVs over an enemy terrain. The terrain information is made
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available in the form of a Triangulated Irregular Network (TIN) created from a Digital
Elevation Model (DEM). The network is designed with the objective of minimizing
probability of detection of the UAVs by including specific routing constraints as part of the
network design, such as the flight detection altitude, and minimum and maximum segment
lengths.

3 Network design in a GIS framework

There are two challenges while creating a network, first determining the nodes and second
determining the links that will connect these nodes. Questions that arise when facing these
challenges include: How many nodes to locate? Where to locate them? Which nodes are
relevant and which nodes should be discarded? How is the usability of a node defined?
How should nodes be connected? Should nodes far apart be linked together or only nodes
close to each other? In the case of the algorithm proposed here the main constraint faced to
answer these questions is the topography of the terrain.

In this section a GIS-embedded algorithm that facilitates the creation of a network, its
implementation, and a simple example of how it works are presented. The network
generation procedure has been divided into two phases: the generation of nodes across the
study area and the creation of links connecting them. Each phase is presented following the
form of a script.

3.1 Generation of nodes

The input to this phase of the methodology is a Triangulated Irregular Network (TIN) of the
region of interest. A TIN represents a surface as a set of contiguous triangular facets of
different shapes and sizes that are non-overlapping (see Lee 1991 for TIN extraction
methods from DEMs). The TIN is used within a GIS-platform as a base to create the nodes
and links that will result in a network. The procedure starts by requesting from the user the
area in which the network would be created and the density at which the nodes that will
constitute the vertices of the network are to be generated latitudinally and longitudinally.
The output of this step is a set of nodes arranged in a systematic pattern. The specific steps
of the procedure follow.

Step 1 Select an area over the TIN where the network should be created. This corresponds
to the area where the UAV’s mission is to be carried out and results in the
boundary of a grid or definition of the extent that would be used to generate the
nodes that would be part of the network.

Step 2 Define the number of rows and columns that will determine the density of the node
grid. As a result, a systematic pattern of cells is generated. The importance of such
a pattern has often been stressed as it ensures to capture equally likely the
characteristics of the terrain complexity. This pattern could be modified with
knowledge of pre-existing enemy information. In the latter case, density of nodes
may be reduced as it presents a real danger. On the other hand, the number of nodes
could be increased where information becomes more necessary.

Step 3 Nodes are placed at the centroids of the cells. X, Yand Z values for each of these
centroids are calculated. The Z or altitude value is obtained from the underlying
TIN.
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Step 4 The detection altitude or maximum elevation desired is determined by the user
which assumes knowledge of the enemy terrain. Nodes below the detection
altitude are extracted and used as base in the generation of links. The nodes above
the detection altitude are discarded, given that at those elevations the UAVs could
be detected (the detection altitude is the universal altitude, the true elevations).

3.2 Generation of links

The output of Step 4 from the node generation procedure is a grid with nodes placed at the
centroids of the grid cells which are below the detection altitude. These centroids form a set
of potential nodes from which the actual nodes of the final network are extracted.

Two important parameters are identified to generate a network: (I) the /ink length and
(IT) the maximum elevation on the link. These parameters are specified by the user and are
problem-specific. Appropriate values for these parameters are based on the user’s
knowledge of: the terrain; the operation of the UAVs; the purpose, logistics, and safety of
the mission; and the mechanics of the network generation procedure. This means that the
user’s input is a determinant in the quality of the resulting network. A range is defined for
the link length, since long links reduce the flexibility of the network to provide alternative
sets of routes if needed and they can be approximated by shorter links. However, links
should not be too short either, since when routing this will result in routes where the UAV
will have to change direction frequently. A desirable maximum and minimum length need
to be specified (i.e., MIN < link length < MAX) for the links. It is important to note that
these two values are measured in number of links, therefore are tied to the density of the
grid. For example, the minimum and maximum lengths could be 1 and 3 links respectively.
If 30 rows and 30 columns were specified in a squared terrain of 300 m by 300 m, 1 would
correspond to 10 m and 3 to 30 m. These values would vary based on the terrain and the
number of rows and columns specified. The maximum elevation of the links is considered a
constraint ensuring that at any given time the link connecting two nodes does not pass
across an area with an elevation greater than the threshold altitude value. Overlooking this
constraint could cause the aircraft to fly above the threshold altitude value even though the
two nodes lie below the maximum allowable altitude. This would unnecessarily increase
the risk of being detected.

The output of this stage is a set of links connecting a subset of the nodes resulting from
the node generation process, as long as the link does not violate the pre-specified detection
altitude. Figures 1 and 2 illustrate the link generation procedure with minimum and
maximum length of 2 and 3 for the network links which correspond to 0.5 and 0.8 km
respectively. Dark grey areas denote regions above the detection altitude and the elevation
of the nodes in the center of each grid cell have values below the detection altitude. The
procedure is explained thoroughly in the following steps.

Step 0 Specify a starting point (node) for network creation and label it “Node Being
Explored” (NBE). Note that the starting point has an effect on the coverage and
connectivity of the resulting network. If the starting point is selected in an area
surrounded by high elevation, for example, given the link lengths chosen, it might
not be possible to connect this point to any other node in the terrain.

Step 1 Specify the minimum and maximum lengths for the links in the network.

Step 2 Two buffers, of size a and b are drawn around the starting point (NBE) which corre-
spond to the minimum and maximum lengths respectively, specified in step 1 (Fig. 1(a)).
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Step 2.1  All the nodes within the buffer of radius a (inner circle) are discarded (Fig. 1(b)).
Step 2.2 A donut buffer is calculated using buffers of size a and b, which includes the

Step 3

Step 4
Step 5

Step 6

possible nodes within the desired distances for possible link creation (Fig. 1(b)).
The buffers are split into four sections, called quarter grids (Fig. 2(a)). The idea
behind splitting the buffer into four is for extending the creation of links in four
cardinal directions, providing more flexibility for connectivity (this could be
generalized to any number of sections).
Determine the centroid for each of the four sections and find the closest node to it.
Connect this closest node to the starting point. If maximum elevation is violated while
trying to connect these two nodes, the algorithm will try to connect to the second
closest node to that centroid (Fig. 2(b)). Connections can be done to a maximum of
four nodes, given that each quarter is assigned at the most to one node. Once quadrant
nodes (children of the parent starting node) have been selected, repeat the steps with
each of the children being a donut center, or an NBE. For the subsequent children
nodes, a maximum of three directions will be checked as one has already been
explored when the parent node was explored. This means that four directions are
checked only for the starting node; subsequently the direction of the parent node is
not checked since that is where the children nodes came from. At this step the parent
node is marked as “explored” and the children nodes are marked as “to be explored.”
Repeat the steps for each node in the “to be explored” list. Note that in Fig. 2(b)
some nodes fall exactly on the quarter grid separating line. These nodes belong to
adjacent quarter grids delimited by this line. This creates duplicate links to the
central node. However, the script accounts for this problem by making use of the
“explored” list. If a node falls within the donut buffer of a subsequent node, it
would not be included as part of that node’s analysis. This prevents duplicate links.

Step 7 If the node is on the boundary, the algorithm stops exploring in that direction.

Steps 1 through 6 are repeated for all the children nodes.

The resulting links have elevation associated with them given that the starting and
ending nodes are created from the TIN and have an altitude value. Even though, the
network generated is not truly in 3D, it is in 2 1/2 D and the links are not all in one plane.

)
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Fig. 1 Buffer generation procedure. (a) Creation of a minimum (0.5 km) and a maximum (0.8 km) buffer.
(b) Nodes outside of the donut are discarded
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Fig. 2 Buffer partitioning. (a) Buffer partitioned in four quarters with centroid. (b) Closest node to centroid of
quarter determined and linked

3.3 Implementation

The network generation procedure is implemented in Avenue, ArcView GIS (ArcView,
ESRI Redlands, CA) scripting language. Avenue is a pseudo-object oriented programming
language, which allows the manipulation but not the creation of new objects in the GIS
environment. Scripts are incorporated as buttons/tools/menus within the GIS and allow the
user to interact with all the other components available in the system. Two separate scripts
are developed, one for each phase of the methodology. The execution of the first script
results in an output (the nodes), that is then used as input to the second script. The
interaction between the two scripts is done by means of the GIS environment. Both scripts
have complexity O(n”) where 7 is the number of nodes.

3.4 Characterizing the network

The network generation procedure proposed introduces a level of flexibility by allowing
changes in the input parameters like the node density and the network starting point. These
changes typically yield different networks which then need to be evaluated based on their
properties and final application domain. To do so the network structure is simplified by using
concepts from graph theory (see Taaffe et al. 1996), in particular a matrix representation of
the graph or what is known as a connectivity matrix (C-matrix). Based on this representation
a set of well-known standard measures can be used to characterize the network. These include
the minimum and maximum number of edges, the network diameter, and three connectivity
measures, the degree of the nodes, the T-matrix and the D-matrix (for a detailed description
and how to calculate the measures refer to Taaffe et al. (1996).

The minimum and maximum number of edges are used as a characteristic of the
network, where neither one of the two extremes are desired. A minimally connected
network would limit the routing process, while the maximally connected will complicate it.
Therefore, in the examples presented as a result of the algorithm proposed, these values and
the number of edges in the network generated are reported but there is no expected threshold.
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The diameter K represents the number of linkages needed to connect the two most
remote nodes in the network. As the connectivity among nodes increases, the diameter
decreases. The degree of a node corresponds to the number of links connected to it and
represents the nodes’ accessibility. The accessibility of a node is measured by taking the
sum of each row in the C-matrix. The C-matrix has a 1 in the cell entry if a link exists
between the origin and destination nodes and a 0 otherwise. For a node i, the row Sum(i)
represents the total number of other nodes in the network that are connected to i by a direct
(or one-step) connection. The degree has serious limitations as a measure of accessibility as
it does not account for indirect connections.

The total accessibility or T-matrix is an improvement on the C-matrix since it includes
direct and indirect connections among pairs of nodes. To obtain the T-matrix, the C-matrix
is powered to 1, and then to 2, up to the value of the diameter K, allowing the two most
remote points to be linked to each other. To obtain the T-matrix, the powered C-matrices
are added together. The T-matrix provides the number of paths between every pair of
vertices; the number of ways in which a vertex can be reached from every other vertex.

The Shimbel distance or D-matrix addresses the problem of linkage redundancy
(Shimbel 1953). In the D-matrix, the interest is in the shortest path between two nodes. The
D-matrix is free from the redundancies of the T-matrix and does account for attenuation
(the difference between direct and indirect links) by reducing the importance of multi
linkages connections. The row sum of this matrix provides the minimum number of steps
required to connect a particular node 7 to all other nodes in the network.

These measures provide a general indication on the quality and suitability of the network
for the routing of UAVs.

3.5 Example
To illustrate the procedure proposed, a study area in the Central region of the state of

Colorado is selected (see Fig. 3). The study area is 81 km long and 95 km wide and
characterized by variation in elevation. The region has a non-rectangular shape which is
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Fig. 3 Gunisson County, CO. The altitude values for the TIN range from 1,000 to 4,000 m
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typical of counties in Colorado. Therefore, the provided measures correspond to the area
within the county used in the network generation procedure. The TIN used as input to the
network generation procedure is created in the GIS using DEM files available from the
United States Geological Survey (USGS).

3.5.1 Network generation procedure

The network generation procedure is demonstrated by varying the algorithm parameters in
particular the node density. The study area is discretized in two ways, following a sparse
and a dense node density. In the first case the area has been divided into 10 rows and 10
columns, yielding a limited number of nodes. In the second case, the study area has been
divided into 30 rows and 30 columns. Only the nodes below the detection altitude have
been retained in each case (Fig. 4). The detection altitude is set at 3,500 m. This elevation is
chosen based on the elevation changes in the terrain. There are a total number of 100
potential nodes for the sparser example and 900 potential nodes for the denser case. The
process continues by selecting the starting point of the network generation process,
represented by a star in Fig. 5, followed by the creation of the links. For the sparsely
populated network, a minimum and maximum length for the links of 1 and 3 is chosen.
Since the generated nodes in the dense network are too close to each other, and in order to
prevent redundant links, a greater minimum and maximum length of 3 and 7 is selected,
respectively. The resulting network on the right (30 rows * 30 columns) in Fig. 5 reaches
more locations in the study area than the network on the left (10 rows * 10 columns). One
of the reasons for this is the node density, which by being higher in number increases the
probability of links being drawn in particular areas where elevations above the threshold are

{a) 10 rows, 10 columns. {b) 30 rows, 30 columns.
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Fig. 4 Systematic generation of nodes for Gunisson County for a grid of 10 by 10 in (a) and a 30 by 30 grid
in (b)
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common. This is the case in the upper left corner of the area and around high elevation
areas (i.e., areas above the threshold elevation). The latter seems to be strongly developed
in the northern part of the area (low elevations represented in grey in Fig. 5). In both cases,
the algorithm generates a highly connected network in low altitude regions.

3.5.2 Network connectivity

The connectivity values for each node have been calculated for both networks (two
different node densities), using the measures previously described. These measures offer the
analyst evaluating the network a set of characteristics to go by to decide if it is suitable for
the application domain; in this case routing of UAVs. The results are obtained by
combining the capabilities of Transcad GIS (Caliper-Corp. 2002) and Matlab v. 6.5
(MathWorks 2004). In the following figures, the graph on the left side represents the sparse
network; the one on the right depicts the denser network. The degree for each node is given
in Fig. 6. Nodes characterized by a high degree are located in the valleys, low elevation
areas. Given the flat areas that characterize valleys, links can generally be drawn in all
directions without violating the elevation threshold. Figure 7 represents the D value or how
many linkages are needed to connect a particular node to all other nodes. Since the network
on the right is the largest in terms of links (largest defined as more links), it is not surprising
to encounter greater D values, especially for remote nodes. The results for the 7 value are
similar to the degree of each node, where nodes located in the middle and central regions
exhibit a higher value, since this measure incorporates direct and indirect linkages to the
other nodes. The nodes on the denser graph have greater 7 values, as a result of a greater
total number of linkages (the T value maps are not included).

(a) 10 rows, 10 columns. Max - min links: 1 - 3 intervals (b) 30 rows, 30 columns. Max - min links: 3 - 7 intervals

s

S

Network

i elevation greater A 0 20 40 60
O [noces Hielow I than detection - :

detection altitude altitude Kilometers

network

Fig. 5 Generated networks for Gunisson County with minimum number of links of 1 and maximum of 3 in
(a). In (b) with minimum number of links of 3 and maximum of 7
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(a) 10 rows, 10 columns. Max - min links: 1 - 3 intervals (b) 30 rows, 30 columns. Max - min links: 3 - 7 intervals

. elevation greater 0 20 40 60
°© 10 30s O ! : than detection L . =
o 2 0O 40 s network altitude Kilometers

Fig. 6 Degree of each node for Gunisson County generated networks. In (a) for a grid of 10 by 10 and in
(b) for a 30 by 30 grid

Table 1, summarizes the connectivity results for the two networks. Recall that the set of
potential nodes for the dense network was approximately ten times greater than the sparse
network. Yet the number of remaining nodes in the denser network is less than twice greater
than the sparse network. The number of links is almost the same, 81 vs. 88, which results in
similar diameters of the two networks. This result shows that more nodes do not necessarily

(a) 10 rows, 10 columns. Max - min links: 1 - 3 intervals  (b)30 rows, 30 columns. Max - min links: 3 - 7 intervals

D-Values

o 126-153 O 181-209 (O 240-280 [ elevation greater o 20 40 60
than detection

O 154-180 (O 210-239 —— network _M'Ld. Kilometers

Fig. 7 D value for each node for Gunisson County generated network. In (a) for a grid of 10 by 10 and in
(b) for a 30 by 30 grid
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imply more links. The maximum D value for the denser network is higher, given the
density of nodes in the network. Greater 7 values are obtained for the denser network,
stressing its superior connectivity provided the higher node density.

This example provides an overview of the method as well as how traditional network
analysis measures are used to characterize the networks generated. Measures help compare
one network to another and can provide the user with tools to decide on what network it
would be more advantageous to perform a routing operation on. The Colorado area used in
this example is relatively small and changes in elevation are not distributed homogeneously
over the region, therefore in the next section the complete state is used to test the algorithm.

4 Larger problems

The previous example illustrated the methodology and demonstrated the nature of the
problem. However, it is more realistic to be concerned about larger problems exhibiting
greater altitude variation. Increasing the size of the study area helps in testing the stability
of the algorithm. The case study presented in this section embraces the entire area of the
State of Colorado (Fig. 3), with an area of 269,595 sq. km, and a mean elevation of
2,073 m. Its highest point culminates at 4,399 m (Mount Elbert) and its lowest point at
1,021 m.

4.1 Network generation procedure

Similarly to the previous example, in this case the network generation procedure is tested
under two different scenarios. The study area is discretized following a sparser (50 rows,
60 columns) and a denser (69 rows, 94 columns) pattern. With a detection altitude of
3500 m, the sparser grid results in a set of 2,900 nodes and the denser in a set of 6,275
potential nodes. A starting point in the southern part of Colorado is selected,
represented by a star in Fig. 8. Since there are fewer points in the sparse network, a
greater minimum and maximum length for the links of 8 and 13 is used. A total of 137
points remain and 293 links are created (Table 2).

Table 1 The connectivity matrix

Sparse network 10¥10 Dense network 30*30
14 49 72
€min 48 71
€max 1,176 2,556
e 81 88
K 8 9
D-matrix
Sumy;, 126 220
SUMyax 280 473
Total 9,304 25,272
T-matrix
Sumyy;, 2,256 5,644
Sum,p, 507,186 365,071
Total 8,503,196 651,548
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(a)50 rows, 60 columns. Max - min links: 8 -13 intervals (b) 69 rows, 94 columns. Max - min links: 5 - 8 intervals

Fig. 8 Generated networks for the State of Colorado with minimum number of links of 8 and maximum of
13 in (a). In (b) with minimum number of links of 5 and maximum of 8

For the denser network, a minimum and maximum length for the links of 5 and 8 is
chosen, respectively. A total of 146 nodes are kept and 311 links are generated. Central
Colorado is characterized by a range of elevation values, increasing the difficulty of
connecting the western to the eastern part. The network generated from densely populated
nodes on the right has a single link connecting the eastern and western part of the study
region. This is due to the location of the starting point, the link lengths, and the number of
rows and columns defined. In general, both networks cover the study area well and
particularly in the densely populated network, several nodes are very close to each other,
causing redundancy. It is important to note that the starting point and the link lengths for the
network generation procedure are chosen based on knowledge about the area. Longer links
in the sparse density might result in a network covering less area. These are examples of the

Table 2 Connectivity summary

Dense network 50*60 Sparse network 69*94
Vv 137 146
€min 136 145
Cmax 9,316 10,585
e 293 311
K 21 19
D-matrix
Sumyyin 936 869
Sumyax 1,859 1,685
Total 203,428 168,034
T-matrix
Sum,i, 5.40E + 08 4.70E + 11
Sumypax 1.80E + 12 1.40E + 15
Total 2.80E + 13 3.20E + 16
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kind of networks that can be generated by the procedure. Other networks could be
generated based on the user’s needs and by changing the parameters.

4.2 Network connectivity

For both networks created, the connectivity measures for each node have been calculated.
In Figs. 9 and 10 the picture on the left side represents the sparse network; the one on the
right displays the densely populated. Figure 9 displays the degree of each node. A
maximum of 6 is obtained in both cases, but the left graph shows a greater number of high
degree nodes. The average degree value for the left graph is 3.35 and 2.51 for the one on
right. Note that the network on the right shows that several low-degree nodes are in the
direct vicinity of high-degree nodes. Potentially these could be merged together to increase
the degree values. This in turn will result in a more connected network. The D value is on
average greater for the left graph (1,484.8) than for the one on the right (1,150.9). This
indicates that the sparsely populated network has a greater connectivity overall. Figure 10
illustrates, for each node, how many steps are needed to be connected to all other nodes in
the network. Nodes on the edge of the network have a greater value given their location and
therefore the greater number of links required to link them. The centrally-located nodes
have a lower value, also as a result of their location. The sparsely populated network on the
left has a lower 7 value on average (2.05E11) than the denser network (2.2E14). In this case
given the increased number of edges and vertices the 7" values are large in magnitude.
Table 2 summarizes the connectivity results for the two networks.

4.3 Visibility analysis

An issue which remains is to determine the amount of area that can be covered by traveling
the created network. Viewshed analysis has been used, for example by Lee and Stucky
(1998) to determine least-cost paths on DEMs based on different criteria. The procedure
identifies the areas that can be traversed given a set of constraints. In the case of a
reconnaissance mission over a network, the purpose is to collect the maximum amount of

(a)50 rows, 60 columns. Max - min links: 8 -13 intervals (b)69 rows, 94 columns. Max - min links: 5 - 8 intervals
: Iw. zl |

5L

S )

e 1.0 3 O 5 network = elevation greater 0 90 180 270
than detection . Kilometers
©2040c altitude

Fig. 9 Degree of each node for the State of Colorado generated networks. In (a) for a grid of 50 by 60 and in
(b) for a 69 by 94 grid
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(a) 50 rows, 60 columns. Max - min links: 8 -13 intervals (b) 69 rows, 94 columns. Max - min links: 5 - 8 intervals
NS iy 0‘0
T et

oe&éo. "..‘.e..

v

D-Value
o B69-1014 O 1158-1288 () 1446-1685 = elevation greater 0 90 180 270
© 1015-1157 O 1289 - 1445 —— network :'I':tr:l :zm“’" Kilometers

Fig. 10 D value for each node for the State of Colorado generated network. In (a) for a grid of 50 by 60 and
in (b) for a 69 by 94 grid

information about the enemy terrain captured using imagery sensors carried by the UAV.
Therefore, the success of the mission can be determined by the amount of terrain visible
from the network. In a GIS, it is possible to determine the visible terrain by performing a
visibility analysis from a linear feature. The analysis consists of determining the visible
cells within an area from the begin-node and end-node of that feature. However, when long
segments are present this approach is not realistic given that the areas that can be seen from
locations along the segment are not accounted for. This issue could be addressed by
computing visibility at a very fine interval along the line segments. However, it would be a
very time-consuming process to collect such information. An appropriate interval for this
kind of analysis should be determined based on the terrain extent, the topography, and the
minimum and maximum lengths chosen to create the links in the network. In the case of
Colorado an interval of 5 km is identified as suitable.

To generate the potential visibility sample points on the network, two scripts are written
in Avenue. The first script reports the length of each segment on the network. The second
script allocates points on these segments, 5 km apart from each other. This continues until
the distance separating the last generated point from the end-node is less than 5 km. When a
segment is smaller than 1 km, the algorithm stops after the first step; only one point will be
generated, corresponding to the end-node of the segment. A table is created as part of the
script’s output. Each record in the table corresponds to a new sample point and has three
fields: the new sample point ID, the corresponding road segment ID, and the distance
separating that point from the end-node of that segment. The sample points generated are
displayed using standard GIS commands.

Capitalizing on the locations of the generated points and altitude information for the
state of Colorado, it is possible to determine whether any region in the study area can be
viewed from the path of a UAV, given a visibility distance and the height of the vehicle.
The visibility analysis accounts for obstructions along the path (see Clarke 1995). This
analysis is performed using ArcInfo GIS (ESRI) by means of macros written in AML, the
ArcInfo macro language. Visibility is computed for an infinite coverage radius and a flying
height of 3500 m (corresponding to the detection altitude used in the Colorado area). The
result of the visibility analysis is a binary surface with values of 1 when a location is visible
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from a point along the flying route and 0 otherwise. Figure 11 portrays the results from the
visibility analysis for the two networks in Colorado. The small points denote the discretized
network. For each of those points, a visibility analysis has been performed.

Variation in the visibility appears as a result of the topography in the southeast direction.
For the sparse network on the left, 27.59% or 1,228,933 cells are non visible. For the dense
network, this number raises to 30.78% or 1,371,151 cells. The surface on the right shows a
greater amount of non-visible cells, especially in the northern and central regions, given the
absence of links generated in those areas. This illustrates the fact that a greater number of
initial begin- and end-nodes does not systematically guarantee better visibility results. The
surface on the left is characterized by less non-visible cells, because there are many more
links connecting eastern to western regions. This visibility analysis is simple in regards to
the input parameters used; however, there is room for improvement.

The visibility parameters are terrain/network specific. Threshold elevations vary from
one terrain to another; therefore they need to be modified as the case grants it. If the extent
of the terrain is small—a small area is being used—the distance of 5 km between nodes
might be too long and would need to be adjusted. However, there are no major
modifications required in terms of the algorithms that calculate the visibility.

5 Advantages of the network generation procedure

Advantages of the proposed network generation procedure are discussed in comparison to
the NDPs and route planning methods discussed in the literature review section. As
mentioned, the NDPs have as an objective to identify a subgraph within a graph based on a
set of constraints. The procedure proposed departs from this approach by designing a
network which corresponds to the input graph of the network design problems. This allows
the use of traditional route planning and path determination algorithms to be used where no
network is originally available (like in the UAVs case). The procedure goes beyond the use
of the simple 2D space by incorporating an altitudinal dimension in the creation of the
network, which results in links at different elevations based on the relief. This is a
characteristic that the previously discussed approaches do not have and is possible by using

{a) 50 rows, 60 columns {b) 69 rows, 94 columns

ft s o
o5

visible cell i 0 50 100 200
- t T
B ron visibie call ! Kilometers

Fig. 11 Visibility surface from the sparse network on the left and the denser network on the right
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GIS as a development environment. Even though in the literature references can be found in
the use of GIS and OR to solve NDPs (i.e., Cao et al. 1999), in such cases GIS has only
been used for data input and display. In the network generation procedure presented here
the GIS is used as part of the implementation method and its inherent functions are fully
exploited.

The network generation procedure proposed has more similarities with the route
planning methods discussed than it does with the NDPs. The method could be compared to
creating all possible paths for a robot to move within an environment given a set of
obstacles. The main difference is, however, that in robot motion planning the location of
obstacles that need to be avoided is in 2D, while in the case of the UAVs it is in 3D (i.e.,
mountains, enemy locations). Although, there has been research in identifying shortest
paths using viewshed analysis in raster images (Lee and Stucky 1998), like in the case of
the robots, it is only one path and not multiple paths.

In summary, the procedure proposed has the following advantages. First, it incorporates
elevation for the links in the network. Second, it considers 3D obstacles such as mountains
and enemy threats. Third, it creates a network instead of defining a subgraph from a
network based on a set of constraints, which in turn allows this network to be used for
routing a fleet of vehicles instead of just one vehicle at a time. And finally it is implemented
using GIS as a development environment which introduces flexibility into the process.

6 Limitations and issues
6.1 Limitations

The limitations discussed are the result of design decisions and would be incorporated in a
future version of the algorithm. These include: node shift, minimum flying elevation,
presence of obstacles in the terrain, merging of nodes, and dynamic design of nodes
depending on terrain complexity.

Node shift The procedure proposed is not flexible in displacing the location of existing
nodes. This would be of use when two points cannot be connected because of the presence
of a mountain/obstruction—that is above the detection altitude—along the link connecting
them. Figure 12 illustrates that it may still be possible to connect two nodes by displacing
them a given distance. The motivation behind the node shift is that if the obstacle is
avoidable by a small deviation, the UAV can perform this operation without any problem.

Minimum flying elevation There is a safety concern associated with the maximum flying
altitude as it can be detected by enemy radars. There is also a risk of accident when the
plane flies too low. The introduction of a minimum flying altitude above the existing terrain
can improve upon the automated procedure presented it this paper.

Presence of obstacles in the terrain A more realistic approach consists of adding obstacles
in the terrain. Based upon their locations, nodes of the network that could be in their control
area can be deleted.

Merging of Nodes As mentioned, a high node density may result in the presence of nodes
that are very close, yet not connected to each other. This forms a cluster of nodes. Closeby
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Fig. 12 Illustration of the node shift concept for a portion of Colorado

nodes should be reduced to a single node, increasing the total connectivity of the graph.
Figure 13 shows an example.

Dynamic design of nodes depending on terrain complexity In regions where the terrain
exhibits a strong variation in altitude, a greater node density can be chosen and links made
smaller. In areas with lots of open space, links should be larger at a coarser resolution.

6.2 Issues

A set of issues are identified as important while testing the algorithm under different
scenarios and varying input parameters. Some can be addressed by further testing of the
algorithm, others require additional research. These include: the starting point; time
performance of the algorithm; relationship between T value and altitude; number of buffer
sections; node resolution, interval, and connectivity; relationship between terrain variation
and connectivity; and potentiality for continuous space.

The starting point Changes in the starting point can and will generate completely different
networks. The starting point is related to the terrain topography, the lengths desired for the
links, and the node density. Therefore, the user should be familiar with the network
generation process in order to obtain optimal results. The best way to do so is by trial and
error.

Time performance of the algorithm The time performance of the algorithm has not been
reported since it was not seen as an issue during the testing of the algorithm. However,
research is needed on the time needed to generate (1) the set of nodes and (2) the resulting
network, as a function of the selected density.

Relationship between T value and altitude 1t is important to analyze whether the altitude of
a node and the relative altitude of its surrounding nodes can be a reason of high 7 value.
When a node at low altitude is surrounded by other low-elevated nodes (such as in a valley
or a plain), the connectivity increases.
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(a) (b)

Fig. 13 Illustration of the node declustering concept for the southwestern corner of Colorado. Close by nodes
can be aggregated to improve upon the generated network

Number of buffer sections The number of buffer sections is not modified in the examples
presented given that this will require modifying the code, based on the procedure
discussed. However, it can be anticipated that increasing/decreasing the number of sections
will have an effect in the complexity of the network. Adding more sections, for example,
results in more links starting at every node being explored. The resolution defined for the
grid will also have an effect if more buffer sections are used. If a large number of columns
and rows are specified, using more than four sections will not be a problem because
potentially nodes to link to could be found in every direction (high node density will
increase the probability of finding nodes that meet the elevation threshold in every
direction, Fig. 14(a)). However, if few columns and rows are used, increasing the number
of sections will increase the probability of not finding nodes to link to (low node density
will decrease the probability of finding nodes that meet the elevation threshold in every
direction, Fig. 14(b)).

On the other hand, if less than four sections are used the number of links leaving a node
will be reduced. Based on the resolution of the grid, more or less nodes will be available to
be part of the network. It is suspected that in the case of less than four sections and a sparse
grid, there will still be nodes available to link to, which is not necessarily the case when the
number of sections increases. The consequences of using more/less buffer sections needs to
be further explored.

Node resolution, link interval and connectivity One concern pertains to studying whether there
is a relationship between the densities of the nodes versus the final connectivity of the network
for a given starting point. Along those lines, it is also interesting to look at the relationship
between the maximum and minimum length of a segment versus the generated network.

Relationship between terrain variation and connectivity Can the terrain roughness be a
limiting factor for connectivity? Can a network be spread out better if the spatial pattern in
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Fig. 14 Number of buffer sections effects

terrain altitude exhibits less variation than in mountainous areas for instance? And hence,
how can this terrain roughness be quantified? This in turn could give some indication on
where to select the starting point.

Potentiality for continuous space? If the nodes can be located anywhere, can the study area
be covered similarly to a location—allocation problem, just from origin to destination?

7 Conclusions

This paper presents an automated generalized procedure to identify the nodes and links to
generate a network, accounting for topographic information of the enemy terrain. This
information is made available in the form of a TIN. The method proposed is fast and
flexible given that it allows the user to: input a threshold altitude value to avoid radar
detection and terrain collisions, specify the node density in the study area, and specify the
minimum/maximum link lengths of the desired network. A Triangular Irregular Network
(TIN), extracted from a DEM, is the only required input.

Measures of connectivity characterizing the different networks have been presented,
thereby allowing to compare the generated networks. Such measures include—but are not
limited to—the degree of a node, its 7, and D values. A case study for the State of Colorado
has been performed. Results indicate that a dense concentration of initial nodes does not
guarantee the creation of many links. Generally, the degree of a node is greater where
altitude variation is smaller. Additionally, a high density of initial nodes reduces the degree
value, due to the presence of such nodes very close to each other, at distances smaller than
the minimum link length. Since the ultimate goal of a reconnaissance mission is to collect
terrain information, a visibility analysis is performed from a discretized network. Variation
in the visibility appears as a result of the topography in the southeast direction, especially in
the northern and central regions. More cells are visible for the sparse network. This
illustrates the fact that a greater number of initial begin- and end-node does not
systematically guarantee better visibility results. More testing should be conducted to
identify the sensitivity of the parameters to the algorithm.

The information provided in this paper is significant for the planning of an air
reconnaissance mission given that it provides insights on the parameters affecting the
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generation of a network in a three-dimensional framework. The procedure can also be
applied to the field of robot and motion planning. In this paper, we have suggested an
automated methodology to design a network for the routing of unmanned aerial vehicles
within a GIS framework. The procedure has limitations and is sensitive to some of the input
parameters which result in the set of issues discussed, leaving room for improvements in
future research.
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