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Introduction
When using unmanned aerial vehicles (UAVs) for surveillance, it is
important to communicate sensor information to the base station. As this
communication commonly requires high uninterrupted bandwidth, free lineof-sight is required between the surveying UAV and the base station, which
is problematic in urban or mountainous terrain. Also, UAV communication
range is often limited. Both of these problems can be solved by introducing
intermediate UAVs, acting as relays, between the surveying UAV and the
base station. This leads to a new problem: where should the UAVs in the
relay chain be placed to achieve optimum performance?

UAVs at x1, x2 and x3 are acting as relays, connecting the
base station at x0 with the survey UAVs at x4, which is
surveying the target at xt. This is a relay chain of length 4.

Test Results

Solving the Problem
The continuous problem is typically multi-extremal, with a disjoint feasible set.
As this makes the problem intractable we perform a discretization. In this case
a three-dimensional grid consisting of cells of equal size is used. From this
grid, a discrete graph is created by placing a node in each unobstructed grid
cell. Two nodes are connected via edges, if the nodes are within a certain
distance from each other and free line-of-sight exists between the nodes.
The algorithms permit a variety of cost functions for
surveying or communicating between two nodes. For
example, one can use the non-visible volume within a
certain distance from the receiving node, as this is a
measure of the position’s flexibility. A 2D example is
shown in the figure to the right, where the non-visible
volume for node xi is the sum of the grey and black
areas inside the circle.

Algorithms
Two natural ways to judge the quality of a relay chain are the number of steps
(UAVs) in the path and the path cost, which is defined as the sum of
communication cost for all nodes in the chain. In some cases it can be
beneficial to use a larger number of UAVs to decrease the chain cost. Such
opportunities often occur in terrains with varied obstacle density. Thus we are
interested in a set of relay chains, ranging from the chain with the fewest
number of steps, to the chain with the smallest cost, even if it has a larger
number of steps. As this problem can not be solved by common shortest path
algorithms, two new algorithms have been developed: one dual ascent
algorithm and an extensive modification of the Bellman-Ford algorithm. Both
are anytime algorithms and are guaranteed to find the complete set of relay
chains. The dual ascent algorithm repeatedly calculates the shortest path tree
using increasing node costs, until no shorter relay chain can be found. The
modified Bellman-Ford takes advantage of specific properties of the relay
problem to minimize the set of nodes to be updated in each iteration.
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The table displays results from some of the
performed experiments [1]. The first two
columns display the number of nodes and
edges for the test cases. Execution times for an
optimized version of the Bellman-Ford
algorithm, extended to solve our problem, are
included for comparison, in the third column.
The two right-most columns show execution
times for our new algorithms. All times are in
milliseconds and are measured from start of
execution until the complete set of solutions has
been found.
The length of the relay chains varied, using
between 3 and 19 UAVs.
A significant speedup is achieved when using
the new algorithms. This permits solving larger
problems in a shorter period of time as well as
using finer-grained discretizations.
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