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Abstract

Unmanned Air Vehicle (UAV) teams are anticipated to provide surveillance support through algorithms,
software, and automation. It is desirable to have algorithms that compute effective and efficient routes for
multiple UAVs across a variety of missions. These algorithms must be realizable, practical, and account
for uncertainties. In surveillance missions, UAVs act as mobile wireless communication nodes in a larger,
underlying network consisting of targets where information is to be collected and base stations where
information is to be delivered. The role of UAVs in these networks has primarily been to maintain or
improve connectivity while undervaluing routing efficiency. Moreover, many current routing strategies
for UAVs ignore communication constraints even though neglecting communication can lead to
suboptimal tour designs. Generating algorithms for autonomous vehicles that work effectively despite
these communication restrictions is key for the future of UAV surveillance missions. A solution is offered
here based on a variation of the traditional vehicle routing problem and a simple communication model.
In this work, the new routing formulation is defined, analyzed, and a heuristic approach is motivated and
described. Simulation results show that the heuristic algorithm gives near-optimal results in real-time,
allowing it to be used for large problem sizes and extended to dynamic scenarios.
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I. Introduction

Surveillance functions are comprised of various means for acquiring and processing information needed
by a high-level decision maker [1]. In the not too distant future, UAV teams are anticipated to augment
this much needed service more effectively [2]. Situations where UAVs are being increasingly used in
supplying surveillance include search and rescue missions, forest fire monitoring, traffic surveillance,
agricultural remote sensing, pipe-line monitoring, border patrol, and the military. Because of the
numerous applications of UAVs, their presence will continue to grow. Effective and safe algorithms for
autonomy are necessary to ensure the continued integration of UAVs into shared air space.

A very important aspect in the design of UAV technologies is the ability to collect and transmit the data
collected to a decision making authority such as command and control headquarters. Ideally speaking, a
group of collaborating UAVs should be able to communicate “whenever and as much as they need to
[2].” UAVs rely on communication to send command and control signals to ensure nominal system
operations and to transmit remotely sensed data to guarantee mission efficiency and success. While this
should be the standard, it is far from a reality.

One of the advantages to using UAVs for surveillance is due to their increased mobility. Due to this, they
primarily use wireless networks to convey information where the quality of the wireless communication is
based on the signal of the receiver, noise, and interference [3]. These parameters dictate the rate at which
data can be sent and the probability of it being received. The commonly used Shannon-Hartley theorem
[4] describes the wireless connection between two nodes in a network. The law states that there is a
maximum data rate that be transmitted over a channel without error (C), and it has an inverse relationship
with distance (d). The law is governed by the signal-to-noise ratio (SNR) which is influenced by the
power between the nodes and the communication link (Eqn. 1). The SNR is a function of link gain (K;)
which is dependent on power, antenna gain and orientations, and radio electronics quality. It is also a
function of noise (Vy) and the signal decay exponent (¢) which encompasses the path loss in free space.
The effect of the link gain and the noise can be simplified into one parameter (K).

Power(d) K, K

NR = = =—
S N, Nod® — d¢

(1

It is easy to see from Eqn. 1 that when distance between nodes is short, SNR is high and vice versus. It is
this that governs the Shannon-Hartley law (Eqn. 2):

K
C = B -log,(1+ SNR) = B - log, (1 + F) (2)

It is clear from Eqn. 2 that both the channel bandwidth and the distance have a big impact on the effective
bandwidth and vary throughout missions as the UAVs move about the network. This inverse relationship
between distance and effective bandwidth can be seen from Figure 1 below. Additionally, the link gain
and decay exponent influence the effective bandwidth, and although they change and are hard to predict,
the fluctuations are small in comparison.
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Figure 1: UAV Communication Model and Limitations

In addition to the Shannon-Hartley law which theoretically describes the wireless connection between
nodes, there are realistic constraints on this model. Specifically, there are limitations on the maximum
effective bandwidth and the maximum distance information can be transmitted over. Typical radios used
for UAVs in networks have communication ranges that are compatible with those provided by
technologies such as IEEE 802.11b (Wi-Fi) [5]-[8]. It is these radios that impose the limitations on the
channel communication where the limits for effective bandwidth and distance are 54 Mbps and 1 km,
respectively (Figure 1).

Although low bandwidth ‘command and control’ signals can generally be delivered reliably, there is a
distinct need for a high bandwidth delivery mechanism. Particularly in surveillance missions, UAVs are
required to pick up high bandwidth data like video, images, atmospheric samples, and other remote
sensing data [9]. The limitations of the communication channels above highlight the low data rate
capabilities over long distances. Additionally in certain environments (i.e. urban, mountainous, etc), line-
of-sight issues can prevent communication altogether. These issues can make delivery of high bandwidth
data slow or nearly impossible even though missions often are time-dependent on this information.

Beyond these limitations which describe the effective bandwidth of a wireless channel, communications
are complicated by shadowing, multipath fading, and path loss effects [9]. Shadowing occurs when
obstacles are in the line-of-sight and depends on obstacle density. Multipath fading is the result of
scatterings and reflections of the signal by objects in the environment. Lastly, path loss is inevitable due
to the probability that some information will be dropped depending on the modulation scheme and
transmission data rate [3]. These effects can be detrimental to communication and difficult to predict [10].
Additionally, adversaries who attempt to intentionally “jam” communications are a common concern for
UAVs. In these situations, missions would benefit from a strategy in which UAVs delivered information
within a “trusted” or secure area.

Communication constraints and limits define all UAV activity, and there is a growing interest in the
research community to expand current capabilities. By considering communication, the surveillance
problem with UAVs can be viewed as a simplified communication network where information needs to
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be collected from targets and delivered to base stations (Figure 2), and the communication link between
the UAV and tower (and between UAVs) can be described by the model above (Figure 1). The objective
is then to route data to the destination with minimal delay with sufficient data rate and minimal packet
loss.

Figure 2: Environment where UAVs need to service targets and communication constraints are considered.

UAVs in communications networks have been studied extensively from the perspective of
communication performance. In the network, UAVs act as mobile nodes to connect stationary nodes.
Frew and Brown discuss the role of unmanned aircraft, particularly small UAVs, in meshed airborne
communication [5]. It has been shown that using UAVs can restore communication in stressed or
fractured networks, improve quality in communication networks, expand the range of communication,
and overcome terrain constraints [4]-[23].

One of the main problems for UAV teams in communication networks is to accomplish some objective
while maintaining connectivity. Several common objectives include tracking targets, maximizing
coverage, rendezvousing in space, or formation/flocking [24]-[29]. The other main problem involving
UAVs entails designing trajectories for UAVs to improve communication performance. This requires
controlling chains of relays between end nodes [30] or creating relays to support a larger, fixed network
[31]. Some work even takes this a step further to exploit UAVs to use as ferries for node mobility in
meshed networks. These are referred to as delay-tolerant networking as data is considered to not be
transferable as quickly as over a direct link [13]-[23].

While communication constraints for UAVs are often studied in the context of communication networks,
it is desirable to understand how these constraints effect task allocation and routing for UAVs. In these
problems, maintaining network connectivity is secondary to the task of returning information in a timely
manner. Sometimes it just isn’t possible or desired to require that the network is connected at all times.
Additionally, trajectory planning for UAVs in a network can be difficult and suboptimal since
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communication can be highly dynamic and hard to predict. If there are uncertainties or failures in the
communication links, it could cause mission failure or performance degradation. Currently, solutions to
these problems are often simplified in that agent roles don’t change or scenarios are too simple or static
(does not evolve over time). These simplifications hardly represent the real world and an alternate
approach is needed.

As a result of the some of the work in delay-tolerant networks, it has been shown that there is a coupling
between resource allocation, optimal tour design, and trajectory optimization [17]. Furthermore, these
layers are influenced by the system itself (i.e. environment, communication, and vehicles). Typically
resource allocation and tour design is done without the consideration for system models. While some
work has been done to show that ignoring systems models can lead to suboptimal tour design [14], there
is a lack of literature that addresses how routing strategies should be altered to consider communication.
Additionally, some work addresses different routing methodologies for ferries [20], but is done so in the
context of communication networks which has little implications to the choice of a global allocation and
routing strategy. This work addresses this task allocation and routing problem for UAVs while
incorporating communication limitations.

The resource allocation problem associated with sending UAVs to collect information about targets falls
within the general framework of Vehicle Routing Problems (VRPs) [32]. Here, the context of the VRP is
to deliver goods to customers that have placed orders (or in this case, for UAVs to service target requests)
from a central depot. To simplify the problem and put it in the framework of a VRP, the communication
range of the UAV is considered to be very small when compared to the base station. This results in a
requirement for the UAV to visit nodes corresponding to the targets, or requests, and visit the base
station, or central depot, to deliver the data. This “simplification” is close to reality when there is limited
power on board (which can be typical of small UAVs), when sensor data is large and cannot be easily
transmitted over long distances or due to line-of-sight issues, when it is necessary or desirable for UAVs
to deliver information to a more secure connection, or other situations where communication is severely
limited.

Vehicle routing comprises a wide range of problems where multiple vehicles are sent to service a given
set of customers or requests. Each problem tends to be unique in that it has different customer constraints
and requirements and various operating environments. Therefore, solution strategies vary depending on
the specific problem. The VRP concerns scheduling a set of vehicles routed to service a set of customers
such that a minimum transportation cost is found while meeting operational constraints. In the VRP, all
vehicles start and end at a depot (or multiple depots). In many cases, customers need to be serviced within
a given time window and vehicles have a limited capacity. Typical objectives are the minimization of the
global transportation cost (either distance or time and the corresponding associated driver/vehicle cost);
number of vehicles; multiple objectives: travel time, route distance, and vehicle load; or penalties
associated with not meeting customer demands. Also, some cases consider dynamic or stochastic
environments: those which only have partial information about customers and their demands apriori [32].

Because of its numerous practical applications, there is much literature related to VRPs. However, interest
lies in allocating UAVs to service requests and deliver information back to a single depot or multiple
depots (similar to the Pickup and Delivery Problem (PDP) since UAVs must be allocated to “pickup” data
and then “deliver” it). As it is necessary to get this information back as quickly as possible, a minimum
latency objective is desirable. In this situation, it is probable that the UAV will need to make multiple
trips similar to the VRPs with multiple trips (VRPMs).
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The VRP with multiple trips (VRPM) is a variation of the VRP in which vehicles are allowed to make
multiple trips in a single planning period. Typically, the assumption is that a vehicle finishes its route at
the end of the planning period when it returns to the depot. However, it has been shown recently that
sometimes this assumption does not hold [33]. In this problem, the setup is similar to the VRP except that
each of the vehicles’ trips is constrained by trip duration. While this problem is similar to the allocation of
UAVs with communication constraints (sometimes it is in the vehicle’s best interest to make multiple
trips from the communication range), there is no restriction than can intuitively be put on the vehicles that
maximizing the trip length. In some instances, it might be better to pick up a single request, and in others,
it might be better to pick up dozens (which depends on the specific instance). Therefore, this restriction
cannot be posed as a constraint on the trip like it is in the VRPM; it is reflected in the objective.

The minimum latency problem is sometimes referred to as the Travelling Repairpersons Problem (TRP).
In this problem, the latency of a request in regards to the VRP is the total distance travelled up to the
request. The minimum latency VRP is the minimization of the sum of the latency of each request. This
problem is classified as cumulative, because the request’s cost accumulates until it is serviced [34]. In the
TRP, the repairman needs to minimize the time to service all of the requests (which is dependent on how
long until he gets to the location). In this effort with UAVs, the latency associated with the delivery of the
requests is of interest (rather than the pickup). Therefore, there needs to be a strategy for collecting targets
and delivering them under a minimum latency objective.

In the classical VRP, it is assumed that there is only one depot where all the vehicles originate from. The
multi-depot VRP requires a fleet of vehicles stationed at multiple depots to service a set of customers.
Vehicles need to be assigned not only to customers, but the customers also need to be assigned to depots
(from which depot the customer will be served). The objective is to minimize the number of vehicles and
the distance travelled. Many solutions to the MDVRP rely on the assumption that each vehicle is assigned
to a depot and then cluster requests around a depot [35]. However, these solutions fail to address the much
more complex case where a vehicle might not be restricted to a single depot. Beyond this simplifying
assumption, this body of work only obtains solutions that are great for minimizing the distance travelled
by all the vehicles. There is a need for algorithms that emphasize mission success (i.e. the importance is
put on the requests rather than on minimizing route cost) coupled with the complexity of multiple depots.

While Pickup and Delivery Problems (PDPs) are a variation of VRPs, the main distinction between the
two is that VRPs are PDPs where either the pickup or the delivery location is located at the depot. Each
request in the PDP has a unique delivery location. These problems have had more attention in the last
decade, but limited solution strategies have been establish, because the PDP is known to be NP-Hard [36].
In PDPs, each vehicle has a start location, end location, and loading capacity. Each request has a start
location (pickup), end location (delivery), and a load size. The vehicles have to be routed such that each
request picked up and delivered without violating any constraints [37].

Arguably the hardest, and often most realistic, version of the PDP is the unconstrained dynamic case with
large numbers of service requests as is of interest here. Because pickup and delivery problems with time
windows (PDPTW) and vehicle capacity [38]-[40] have many practical applications, these have been
studied extensively. Generally when discussing UAVs in literature, the restrictions of time windows and
vehicle capacity do not exist. It is assumed that each vehicle can take as many pictures or videos of a
target (or targets) as needed without exceeding its capacity. Also, the only “time windows” present are
due to the need to return information to command and control as quickly as possible, e.g. for tactical
reasons or due to cost. Here in the problem formulation with UAVs, it is assumed that these ‘time
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windows’ are not tight, and that the overall time in which information is returned is more important (it
becomes the objective). Savelsbergh and Sol (1995) provide other examples of realistic problems where
there are not restrictive time window constraints [37]. However, these cases are few.

In the formulation with UAVs, the PDP is setup such that there are targets that need to be visited (to
collect information from) and a communication range where the information is dropped off. Because this
is a range and not a single point depot, each target typically has a unique delivery site that’s best based on
its location (e.g. the closest point in the range that would create a direct path from the target to the range).
The UAVs must be allocated to “pickup” targets and then “deliver” them to their corresponding
destination within the communication range. However, each target can also be delivered at another
target’s delivery location (each target has a “best” delivery location, but is satisfied by being delivered at
any point within the range). Because of this nuance of the problem (that any information can be delivered
at any number of drop off locations), the few applicable algorithms developed for the unconstrained PDP
would not satisfy the given problem. Moreover, the objective functions studied in these cases focus on the
minimization of route cost or a similar variation whereas it’s important in UAV surveillance problems to
deliver information as quickly as possible.

As discussed previously, there is a need for algorithms that are designed to allocate vehicles to operate
around realistic communication restrictions. Furthermore, there are other applications in vehicle routing
and scheduling that this same behavior is desired. While this falls within the domain of VRPs, there is no
literature that addresses this problem specifically or this particular combination of constraints and
objectives. Although the problem at hand relates to several variations of the VRP (and is a generalization
of these problems), the common formulations and solution strategies to these problems are deficient [32].
It was shown in previous work [41]-[42] that the order of the problem with UAVs is very large (much
larger than the traditional VRP) which means the scalability of the solution is of particular interest. This is
especially true in dynamic scenarios (most VRPs with UAVs are dynamic in nature) where inputs are
changing, and new solutions need to be recalculated quickly. This research was initiated by evaluating
approaches to resolve the issue of allocating UAVs while working around these “communication bottle-
necks” inherent in today’s co-operative UAV networks.

Solutions to VRPs tend to be problem specific and require a unique solution approach. Optimal methods
like variational calculus, game theory, dynamic programming, and linear programming tend to be good at
finding solution that perform well for small, specific cases, but they often don’t scale and fail in the case
of a little uncertainty. An optimal brute force policy to the UAV problem has only found solutions with
up to 9 requests and 6 vehicles [43], and the execution times to these solutions are too large to be
practically used in dynamic scenarios (to update a solution every time the problem changes). While search
strategies (i.e. tabu search, genetic algorithms, etc) can generally be used for any VRP, these solutions can
produce inadequate results when the solution space is very large (as it is here). Furthermore, they can be
computationally time consuming to find good results and are non-deterministic. While some approaches
have improved recently in optimality and execution time, for example market-based approaches [44],
there will always be a trade-off between quick solutions and near-optimal solutions. Again because of the
scaling issues with VRP related problems, it has been identified that one of the focus areas for the future
of these systems is the need to be robust and scalable [45]. This and the success of heuristic solutions in
similar problems [46]-[49] motivated a unique solution based on a heuristic strategy.

Again, the dynamic variation of VRPs (DVRP), where only partial information about customers and their
demands are known apriori, is relevant to problems involving UAVs. Because the environment is
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changing in the dynamic scenario (i.e. new targets arrive), it requires that the solution be re-evaluated
every time this happens. Solutions to DVRPs (and especially dynamic PDPs) are generally found by
either re-solving any time a new target arrives or using a heuristic for target insertion [50]. This means
that the underlying static solution is particularly important since it is either solved repeatedly or used as a
base by which to incorporate the changes. It is also important to note that re-solving as the scenario
changes requires a solution which can be calculated quickly or in real-time. Short execution times for
solutions to realistic scenarios are essential for VRPs with UAVs. Due to the significance of the static
case, it is the focus of the work here.

While optimally allocating UAVs is an important growing concern as UAVs are more frequently used,
this scheduling issue where the emphasis is on the request arises in many fields. Vehicle routing problems
have been studied extensively, but often the objectives are on distance travelled, vehicle cost, customer
satisfaction, meeting application specific constraints, or a combination of these. In this research, the
emphasis is on the return of the information picked up or received as the goal for UAVs is to return data
with a minimum delay. Though similar objectives and problems are studied, to the best of our knowledge,
none have addressed this issue even though it has numerous applications. This is often an issue when
scheduling delivery vans and trucks; distributing mail and packages; dispatching trucks; etc. Furthermore,
additional applications include logistics and robotics.

There is a distinct need for an efficient methodology for collecting information, particularly high-
bandwidth data, from targets anywhere in the environment in addition to the need to reliably get this
information back in a timely way despite limited communications. This research addresses this objective
with a unique VRP formulation (Section II). A polynomial size 2-phase approximate algorithm (cluster
first, route second) is presented and analyzed for the new problem (Section III). Simulations are
developed for the static case and analyzed based on nearness to optimality and execution time via Monte
Carlo runs (Section IV). It is also demonstrated that the proposed solution scales quadratically for the NP
hard problem examined. Finally, conclusions and future work are discussed in Section V.

1I. Problem Formulation

In this scenario, it is required that multiple UAVs travel beyond their high-bandwidth connection to
collect information and return to a communication range to transmit it back to command and control. In
these situations, it is necessary to gather this information as quickly as possible; e.g. for tactical reasons or
due to cost. The problem then becomes how to allocate these UAVs such that they collect data from a
number of targets and how often to return home.

A. Problem Definition
This problem is formulated such that M vehicles are allocated to service N requests. Each of these
requests, i € N, is characterized by:

N eN? Origin of request i
N~ Set of all points containing drop-off vertices (all points in the tower range)
N eN™ Drop-off location if delivering immediately after servicing request i

V:=N*UN~ Setofall points containing origin and drop-off vertices of requests

while each vehicle, k € M, is characterized by:
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kteMmt Starting point of vehicle &
k=eM™ Ending point of vehicle &

W:= M* U M~ Set of all points containing start and end vertices of vehicles

vk Velocity of vehicle k

Forall i,j e V U W, the associated travel from i to j can be characterized by:
d;j Travel distance from i to j

A pickup and delivery route R, for vehicle k is route through V;, a subset of V, such that:
1. The route starts at k*

2. Each location in N* gets visited exactly once

3. Some N;* needs to be visited before N;~ for all N;" U N;” € V;,

4. The route ends at k.
Additionally, a plan is a set of routes R :={Rj | k € M} such that: R; is a route for vehicle k for each
k € M and {V;| k € M} is a partition of V. Given a route R, the cost associated with the route is given by
an objective function Jy(R). Then, the pickup and delivery problem becomes:

min{J/r(R)| R is a pickup and delivery plan}
B. Variables

Three different variables are associated with this problem. The first is equal to 1 if request i is assigned to
vehicle k£ and 0 otherwise:

zik where i € N,k € M.

The second is equal to 1 if vehicle k travels from i to j and O otherwise:
x;;* where (i,j)) € VxV)U{(k",)j e VIU{(,k)|jEV}LkeM.

The third variable is equal to 1 if at request i vehicle & visits the communication range and 0 otherwise:
ul-k where i € N,k € M.

While the setup is similar to the VRP and PDP, an additional variable is assigned for this problem that
allows each UAV to decide whether to visit the communication range at a request before visiting the next
request. The go/no go decision to visit the communication area is represented by u and can be either 0 or
1. Therefore in addition to the variable x, the UAV would also need to make the decision u of whether to
go directly to the next target (u = 0) or whether to go through the communication range to transmit data
(u = I). This is such that data can be transmitted back to the home base periodically throughout the
mission.

The problem then becomes (where R is a feasible pickup & delivery plan and J7 is the objective function
as subsequently defined):

min{Jr(z, x,u)}

C. Constraints
The minimization of Jr(x) is subject to the following constraints:
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Z ¥ =1 foralli € N 3)
keM
Z X}}=Z xfi =17, foralli € N,k € M (4)
jEVUW jevuw
k
X = 1 forallk € M 5
Zjevu{k‘} '] ora ®)
Z uk > 1 forall k € M (6)
iev
x;;* €{0,1} foralli,j EVUM*, kEM (7N
z;* €{0,1} foralli e Nk € M (8)
uf € {0,1} foralli e Nk € M 9)

Equation (3) ensures that each request is only assigned to one vehicle. Equation (4) ensures that each
vehicle only travel to a request location if that request is assigned to that vehicle. Equation (5) ensures
that each vehicle starts at the correct locations. Equation (6) ensures that each vehicle visits the
communication range at least once. Equations (7) - (9) require that the decision variables be in binary
form.

D. Assumptions

To allow for a good comparison across solution methodologies, all UAVs and targets are considered
homogeneous. That is, all UAVs have similar speeds, sensors, and communication abilities, and all
targets only need to be serviced (visited), and there is no need for loitering, approaching at specific
directions, or sweeping the area for targets. Additionally, collision avoidance is considered a non-issue as
the UAVs could work at different altitudes. No flight dynamics are considered, and therefore, the UAVs
simply need to fly straight paths to and from the targets (or depot). This allows for the target locations to
be the corresponding state of the UAVs and the cost to go from state to state, the distance between
locations. However in this formulation, the cost to go from state to state doesn’t necessarily need to be the
Euclidean distance (for example, it could be Dubins paths).

For a given scenario, the number of targets, the number of UAVs available, and their respective locations
can vary. Therefore, to allow for any circumstance, these parameters are not restricted (i.e. it is not
assumed that the number of targets is greater than the number of UAVs).

In this formulation, there is one communication tower with a given range that allows for transmission of
data, and communication within the tower range is homogeneous and instantaneous. Therefore, there is
no need for the UAV to linger within the area to transmit data (i.e. service times are zero), and data
transmission is equivalent at all points in the range. While each UAV realistically has a communication
range (or circle), it is relatively much smaller and therefore, considered to be a point that coincides with
the UAV location here. Furthermore, the capacity of the vehicles is considered unlimited for now since
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the focus is on collecting information, and the capacity on UAVs is generally much larger than the space
needed for this data.

Due to the added decision of whether to visit the communication tower between tasks, a sub-optimization
problem presents itself at each stage. That is, which point in N' the UAV needs to visit when it returns to
the communication range. Because the communication range is a circle and not a single point, the point
within the range (or on the circle) needs to be found that minimizes the objective function (see next
section). The sub-optimization problem becomes finding the best path between two request vertices via
the communication range to minimize time. A heuristic on which point to visit along the communication
range was implemented as it was found that the difference between obvious choices (the direct path to the
range versus taking the minimum distance route via the range) was minimal and the additional
computational cost to find the optimal point is very large [43]. Therefore, the point along the
communication range that is used as the delivery point after visiting a request (N;") will always be the
point that minimizes the distance between the target and the range.

While in this work we are assuming a single depot, zero service times, and all requests to be equivalent
(no priorities on any requests), they do impact the problem formulation and solution. This is beyond the
scope of this work and an area of study for the future.

E. Objective Function

The cost function is formulated in the context of the minimization problem such that the total time that it
takes for all the targets to be visited and then delivered is minimized (minimum delivery latency). The
general form of the individual target cost holds for both the static and dynamic case and is essentially the
sum of the time since arrival (where A, is the arrival time of request i assumed to be 0 in this work) until
the target is picked up and the time from pickup until delivery (where P; and D; are a result of the decision
variables):

N N
Jr= Z(Pi—Ai)+(Di—Pi) = Z(Di_Ai) (10)
i=1 i=1
With multiple UAVs, the total service time cost is the sum of the cost of each individual UAV, J;:
M
Jr= I (an
k=1

Here, the cost for each UAV, J,, becomes of a function of the targets assigned to that UAV. The targets
assigned to each UAV £ is a set ordered by visit denoted by V; where V}, € V and with »n, = |V}]. The total
cost for each UAV is a sum of the cost for each target (g;) in V} divided by the UAV’s velocity:

Nk

Je= ) =& (12)

The total target cost is a function of the costs to go from one state to the next. The decision variables x
and z are embedded in these costs and are denoted by the subsequent equations where C; is the cost to go
from a UAV’s initial position to a request, Cr is the cost to go from a request to a delivery location, Cjp, is
the cost to go from one request to the next directly with delivery, and Cr is the cost to go from one request
to the next via the range. While it is possible to assign a vehicle to end at a particular vertex (k), it is
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assumed in this formulation that the vehicle is “done” during its last visit to the range. Incorporating this
additional cost to go from the range to the end point is trivial and excluded here.

C =d;j whereie M* jeN* (13)
Cp=d;; wherei € N* jEN~ (14)
Cp =d;j wherei € N* jEN* (15)
Cr =d;j +dj; wherei,k € N* jEN~ (16)

Because the total time for a target to be delivered to the communication range depends on when it is
picked up and then delivered, the cost for each target is the sum of the time until the UAV gets to the
target and the time to get from the target to the communication range. The time until pickup (when the
UAV services the target) is based on the decisions made since the target appeared until it is picked up.
Because of the added decision at each state of whether to visit the communication range or not (i), the
final time could vary. That is, if #; = I, the final time cost would be the cost to go from the request
directly to the tower, and if u; = 0, the final time would accumulate until the next time the decision was to
visit the range (u; = 1). Therefore, the cost of each target has the following form (Eqn. (17)):
C+Cr+ [ Cr+ (1 —u)- CD]:|1

Iul .
gi = =1

| —u) - i
| tA-w) min g )

i-1

(17)

As seen in Eqn. (17), not only does the cost of each target rely on past decisions, but it also relies on
future decisions. If the decision is to go to the communication range at that state, the cost is equal to the
total time past until the UAV has reached that state plus the cost to reach the tower. Otherwise, the cost is
equal to the next state at which the decision is to go to the communication range (u;, = 7). Due to this
dependency on future decisions, this methodology has to be solved backwards (from state N to 1) if
solved optimally. Also for a given solution candidate, the coefficients need to be computed recursively
which means the objective function cannot be solved efficiently.

III.  Heuristic Methodology

The heuristic algorithm is developed here with the motivation to minimize the time that each target has to
wait before delivery. It was shown that even efficient optimal methods are too computationally complex
to scale to realistic problem sizes or to allow for quick solving in dynamic environments thus motivating a
solution based on heuristics [42]. While the dynamic version of the problem is of interest, only the
underlying static problem and solutions are studied in this work. Again, this is due to the fact that
dynamic solutions are typically found by either re-solving the static problem repeatedly or using
heuristics to adapt the static solution for the changing environment.

These heuristics developed here are based on how targets are grouped between visits to the
communication range (clustered) and how these clusters are assigned to UAVs (routed), and are similar to
other 2-phase heuristic solutions to Vehicle Routing Problems (VRPs) where the solution is decomposed
into two natural phases: 1) clustering of target vertices into feasible routes and 2) actual construction of
routes.
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Clustering is a common technique used in formulating solutions to VRPs. This is because the problem
solutions clearly show the division of requests into groups: the objective of any clustering problem. As a
result, cluster-first, route-second algorithms are common place in VRP literature [32]. The main challenge
is clustering is to group similar objects while distinguishing between objects that are clearly different. It is
obvious that the choice of the parameter/s that measure whether objects are similar or different impacts
the resulting clusters significantly. In typical VRPs, Euclidean distance is a sufficient measure, and this
lends itself to several, common clustering techniques. Additionally, the number of clusters plays a huge
role in the results. Many techniques require the user to input the number of clusters up front while few are
able to build clusters without this.

Some common spatial clustering techniques include partitioning, hierarchical, and locality-based
methods. Partitional clustering divides objects in k clusters by minimizing how different objects are from
their clusters. Hierarchical algorithms build clusters based on a measure of similarity (typically Euclidean
distance) in a tree structure until some cut-off measure is reached [51]. This can also be done in a top-
down approach where all clusters are grouped initially and clusters are divided until a cut-off is reached.
Locality-based algorithms group objects based on local relationships like density and can handle arbitrary
cluster shapes but suffer from the curse of dimensionality [52] — [54].

This problem differs from conventional VRP solutions in that the number of clusters is not necessarily
equal to the number of vehicles. Therefore, clusters tend to be much smaller and not intuitive. It was
shown in previous work that the size of the clusters can vary depending on the specific scenario and that
using Euclidean distance only was an insufficient measure of similarity [41]. That is, the size of clusters
depends on the distribution and number of targets and vehicles. Therefore, a clustering technique that
doesn’t rely on the user inputting the number of clusters upfront and can use arbitrary parameters to
measure similarity is needed. A unique approach to clustering is developed here based on HAC and fuzzy
logic.

A. Fuzzy HAC Clustering

The key to an effective solution using a cluster-first, route-second heuristic for this problem is correctly
defining targets that belong to similar clusters. Here, a HAC algorithm is adopted to build clusters of
targets, because the solution is deterministic and do not require the user to define the number of clusters at
the start. Once the similarity measure between each set of requests is determined, a similarity cutoff
measure is calculated at which to stop clustering requests.

Because the similarity of requests and the similarity cutoff in this case can depend on a variety of things:
number of vehicles and requests, density of requests, proximity to the communication range, etc, a Fuzzy
Inference System (FIS) is used to create both a measure of similarity between requests and to determine
the cutoff. Fuzzy logic [55], based on multi-valued logic, provides a unique method for encoding
knowledge about continuous variables by manipulating inputs to outputs with if-then rules by using
heuristic knowledge and human experience. The two parameters used to find the similarity between two
requests (or two clusters of requests) is the ratio of their distances from the range and the angle between
the two (Figure 3). These parameters were chosen due to the fact that they will apply regardless of the
environment’s size. While these parameters were chosen based on expertise of the problem, there are a
variety of techniques developed for accomplishing feature selection autonomously [56] —[58].
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Figure 3: HAC Similarity Parameters

The biggest influence on the clustering besides these parameters was found to be the ratio of UAVs to
targets. Much larger errors in the performance of the heuristic when compared to the optimal solutions
were found to be when the ratio of UAVs to targets was either very high or very low [41]. However, it
was determined that the ratio of UAVs to targets only affects the similarity cutoff (which is specific to the
scenario), but does not actually affect the similarity between two requests. Therefore, the clustering is
broken into two, cascading FISs: one to determine the similarity between all requests and another to
determine the similarity cutoff measure. The inputs and outputs into each FIS are shown in Figure 4.
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Figure 4: Heuristic Clustering Algorithm
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The first FIS used here inputs information about the ratio of the distances of the two requests from the
range and the angle separating the two requests to get a crisp output for similarity. The ratio of distances
and angle separation are both described by either very small, small, medium, high, or very high. The
output measure of similarity is spread equally between 0 and 1 and is described as very small, small,
medium, high, or very high. The second FIS uses the ratio of the number of vehicles to the number of
requests as an input to determine the similarity cutoff. The ratio of UAVs to requests is broken into 15
Membership Functions (MFs) named 1 to 15 where 1 is the smallest ratio and 15 is the highest. This
range is broken into so many MFs to adequately distinguish between similarity cutoffs for different
scenarios, and the MFs are concentrated over the ratio values. Comparable to the UAV to request ratio
input, the similarity cutoff measure, is spread equally between 0 and 1 and is described by 15 MFs. The
MFs for the inputs and outputs are shown below (Figure 5 - Figure 9). These MFs were all subsequently
tuned using a Genetic Algorithm (GA) to gain better performance [59]. However since it is often the case
that the results from tuning MFs using a GA are nonsensical, the MFs used to initiate the GA are shown
here (with the final MFs being slight departures from these).

Ratio of Distances
Very Small  =——Small Medium High Very High
1
0.5
0
1 1.5 2 2.5 3 3.5 4

Figure 5: FIS 1, Input 1: Ratio of Distances to the Communication Range of the Two Requests
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Figure 6: FIS 1, Input 2: Angle of Separation between two Requests
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Figure 7: FIS 2, Input 1: Ratio of Number of UAVs to Number of Requests
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Figure 8: FIS 1, Output: Similarity Measure
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Figure 9: FIS 2, Output: Similarity Cutoff

Rules relating the inputs and outputs for the FIS are set up in the form of if-then statements and are based
on heuristics and human experience. The rules for the fuzzy inference system can be summed up in some
simple decision making logic. There are a total of 25 rules for FIS 1 and 15 rules for FIS 2 this setup. The
rules for FIS 1 (Table 1) follow the logic that if two requests are farther apart (either in distance ratio or
angle of separation), then they are less similar and vice versa. The rules for FIS 2 (Table 2) follow the
logic that if there is a small ratio of UAVs to targets the similarity cutoff should be larger (clusters will be
bigger). Additionally, the opposite is true: if the ratio is large, the cutoff will be smaller. That is, if there
are a lot of UAVs compared to the number of targets, the clusters tend to be much smaller. The rules
implemented with the FISs can be summarized below.
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Table 1: FIS 1: Rules for Determining the Output Similarity Measure

Very Small Small Medium High Very High
Very Small | Very High | Very High High Medium Low
Small Very High High Medium Low Low
Medium High Medium Medium Low Very Low
High Medium Low Low Very Low | Very Low
Very High Low Low Very Low Very Low Very Low

Table 2: FIS 2: Rules for Determining the Similarity Cutoff Measure

Input: 1 2 3 4 5 6 7 8 9 10 11 |12 | 13 | 14 | 15

Qutput: | 15 | 14 | 13 | 12 | 11 | 10 | 9 8 7 6 5 4 3 2 1

B. Vehicle Routing

In the static problem, the assignment of clusters to targets is done as a finite horizon scenario. Instead of
assigning vehicles to clusters simultaneously, each assignment is done individually and consecutively
until all targets have been assigned.

At each “stage,” each UAV gives a bid on the cluster that they would best service next. This bid is done
by calculating the information within that cluster, c, divided by the distance to the cluster from the UAV
for each cluster. Then, each UAV’s bid is given by the maximum value over all the clusters (Eqn. 18).
This represents which cluster each UAV would visit “next.” A stage is any point at which a UAV is
available for use. That is, these bids are done at the initial stage and then each time a UAV returns to the
communication range. Once each UAV gives their bid, they are assigned to their cluster they bid for. To
resolve cases where 2 UAVs are assigned to the same cluster, the cluster is given to the first UAV that
would arrive there. The bidding is done at the each stage to allow for circumstances in which a UAV
could drop-off one cluster and still pickup the next before a different UAV could get it. Each UAV is
subsequently assigned to clusters as it arrives back to the communication range. This is done until all
clusters are visited.

IC
b= s (i) foralth= 1M (18)

Once the targets are assigned to each UAV based on the previous algorithm, each UAV must decide in
what order to visit the targets within the cluster. Because clusters are defined as those targets with which a
UAYV would visit all together and then visit the communication range at the end, it takes the decision
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variable u; out of the problem. More accurately, we know that the decision variable u, will be 0 for all
targets in the cluster except the last. Therefore, to determine the shortest path for a UAV within a cluster a
quick, approximate TSP solver was used [60]. A GA was used for these purposes due to its ease of
implementation and reliability for the small problem sizes studied here. However, other good heuristics
have been developed to solve TSPs quickly and efficiently. One of the most commonly used solvers was
developed by Lin and Kernighan in 1973, called the Lin-Kernighan algorithm [46], and is suggested for
use as a more reliable solver for larger problem sizes.

IV.  Results & Analysis

In this section, the simulations performed and their results are described. At this time, only one tower
range is considered, and it is located centrally (though this does not affect the results). Furthermore, the
number of UAVs and targets are inputted by the user, but the locations are given at random. All
simulations described and presented here were implemented in MATLAB programming language and on
a Windows machine with an Intel Core i5 2.4 GHz processor and 4.0 GB of RAM.

Sample solutions for various cases are shown below in Figure 10. The different color lines represent the
tours of the different vehicles (UAV I = red, UAV 2 = blue, etc). As can be expected, requests close
together are grouped in clusters and picked up in a single tour. Furthermore it can be seen that often the
vehicle takes more than 1 tour.

Figure 10: Heuristic Solution for Various Cases, M =3, N = 8 (left) and M = 2, N = 8 (right)

A. Nearness to Optimality

A value traditionally used as a metric of performance for heuristics to combinatorial optimization
problems is the nearness to the optimal policy based on the objective function. Here the average case
performances are given through a Monte Carlo analysis of 3000 runs for each case. In the figure below
(Figure 11) the average percent greater time waited for the heuristic algorithm over optimal for 2 to 8
targets and 1 to 5 UAVs is shown. As seen, the algorithm gives near-optimal results. Also, the results
show the performance of algorithm when the ratio of UAVs to targets is both large and small. It can be
seen that the cost for the heuristic solution has the same trend as the optimal solution. The average cost
for a scenario generally reduces as UAVs are added and increases with the number of targets. Also, the
cost of the heuristic solutions is on the same scale as and within about 95% of the optimal solution cost
for the cases tested.
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Figure 11: Average Percent Error on Cost Analysis for Small Problem Sizes

Because of the complexity of this problem, it makes it very difficult to provide optimal solutions for
medium and large problem sizes. In turn, it is tough to analyze how the performance of the heuristic is
scaling as problem sizes increase. To get a rough idea, the average cost per target was plotted (Figure 12).
In addition to consistent performance for small problems, it can be seen in Figure 12 that the algorithm
tends to be performing pretty consistently for medium and large problems. That is, the cost per target is
relatively consistent as the number of targets increases. While it is increasing, the cost appears to be
increasing either linearly or at a decreasing rate. This implies that as the problem gets more complicated,
the algorithm is maintaining its performance. These results are expected, because the membership
functions in the clustering algorithm were tuned to scenarios ranging from 1 to 10 vehicles and 1 to 100
requests. Overall in general, the heuristic-based solution provides excellent results in significantly
reduced execution time from the optimal solution.
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Figure 12: Heuristic Average Cost Per Target
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B. Scalability

An important part of the analysis to allocation problems is to examine how the solution strategy to the
static problem scales. Therefore, we are concerned with the order of the algorithm (and how long it takes
to run) and how the algorithm is performing (nearness to optimality) as problem sizes get larger (i.e. more
targets and vehicles).

Problem Order

The Vehicle Routing Problem is a combinatorial optimization problem which is known to be
computationally complex [61] for any size problem that is not trivial. This is one of the most studied
combinatorial optimization problems since its introduction in 1959 due to its numerous practical
applications and known difficulty. For example, the most effective exact algorithm know to date can
solve problems with up to 50 customers reliably. Furthermore, implementations of effective algorithms
into the distribution of goods in transportation departments have shown considerable improvement (from
5-20%) in costs [61].

The running time to compute the optimal policy of VRPs is dependent on the size of the problem and is
an important consideration in the selection of an algorithm. As the solution space increases, even with the
best algorithms the time to find the optimal solution increases accordingly. Furthermore, many dynamic
solutions are found by re-optimizing static cases every time the scenario is updated. This would be
unrealistic to do in a dynamic environment if the running time is long. Therefore, algorithms are classified
based on their efficiency (order). A solution is considered efficient if a polynomial-time solution is found.

Optimal — Brute Force

The methodology used in this research to calculate the optimal solution is done by direct enumeration of
all possibilities and a check to see which one minimizes the objective function [Eqn. (10)]. Therefore, the
optimal strategy needs to run through all possible solutions to find the best. A brute force strategy is used
due to its directness and its guarantee to find the best combination.

For a single UAV, the number of possibilities increases with the number of targets. With the added
communication constraint, the number of possibilities becomes N! - 2V with order being O(N!- 2N - N -
M) when taking into consideration the cost function complexity. For multiple UAVs, each UAV can be
assigned from 0 to N targets. For each number of targets assigned, the specific target assignment can vary.
For a random scenario, the number of targets assigned, which targets, and the order they’re visited in can
vary based on the location of the UAVs and the targets. The number of ways N targets can be assigned to

— [M-2]
M UAVs is given by #; = Y ¥1M-1 [N +M 1(;;1)] where [v]"! = v(v — 1) ...(v —w + 1). Then for a

given number of targets for each UAV, the number of possibilities by which to assign specific targets is

: m (MY j M .
given by #, = H}'=1(nj) where m; = N — Y n;_; and N = ;2 nj. With #,, #,, and the number of

possibilities for the single UAV problem, the order of the multiple UAV problem becomes O(#; - #, -
2N- N - M). When taking the limit of this as N and M become very large, the #, and #, terms dominate,
and the problem becomes intractable. Using the brute force method and searching through all
possibilities, the execution time to find the optimal solution will increase exponentially as the
environment gets more complex. Therefore, scalability is the main motivation for finding a solution that
is near optimal but tractable.
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Heuristic

The sizes of the optimal solutions are the main motivation for a solution based on heuristics. Because this
problem has such a large solution space, the order of a heuristic solution is also very important. As stated
previously, any algorithm that is polynomial in time is considered efficient. Previous work [43] has
shown that the order of the clustering technique is at most @(N?2), and that the order of the routing is
O(M). That is, the routing is linear with the number of vehicles. Therefore, the order of the heuristic
algorithm presented here is at most O(M - N?), which is polynomial in time and significantly reduced
from the original order of the problem. This is validated further in the next section on Execution Time.
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Figure 13: Large Scale Validation of Heuristic Algorithm — N =100 and M =5

Because the order of the problem is so small, it allows for much larger cases to be solved in a
“reasonable” length of time. An example of a relatively large scale validation of the algorithm is shown
below in Figure 13 where N = 100 and M = 5 that was obtained within only 11 seconds of execution time
(in MATLAB). Larger problems may be of interest for UAVs, and the short execution time for this
problem confirms its scalability.

Execution Times

Because the clustering technique is at most order O(N?), the execution time for the heuristic algorithm
(Figure 14) increases accordingly. To gain further perspective of the growth of the execution time, both a
linear and quadratic function was fitted to the graph. It was found that the R* value for each was 0.9906
and .9974, respectively. Since an R* value closer to 1 represents a better fit, the growth is slightly more
quadratic than linear. However, a linear fit is almost as good as the quadratic implying that the growth of
the execution time is much less than originally anticipated. Additionally, this is obviously much less than
the order of the brute force problem and is the cause of the execution time being significantly reduced.
Furthermore, it can be seen that the increase in execution time has little relationship to the number of
UAVs.

Most importantly, the execution times are on the scale of milliseconds rather than seconds or minutes (or
even years and lifetimes for large problems) like the brute force solution. With an appropriate sampling
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time for dynamic scenarios, the solutions to dynamic problems can easily be recalculated as the
environment changes. Therefore, the execution times drive the sampling time for these scenarios, and
since the execution times for moderately sized problems are all less than 1 second, a sampling time as low
as 1 second can be used for the dynamic problem (which is appropriately small for problems of this
nature).
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Figure 14: Execution Time for a Heuristic Solution

V. Conclusions & Future Work

In reality, UAV communication is limited; whereas task allocation and routing problems with UAVs
ignore this restriction. Typically the focus of mission planning is on minimizing mission costs while
communication restrictions are often ignored. However, communication range can be restricted by line-
of-sight, power, or a need for uninterrupted transmission. In this work, a solution strategy based on
heuristics was proposed for a variation of the VRP that minimized the total time that all the targets have
to wait to be picked up and delivered to a communication range. This problem was proposed as an
alternative and effective routing solution when communication is very restricted or it is desirable to wait
until there is a reliable and safe connection.

It is well known that optimal solutions for realistic scenarios of VRPs can be computationally complex,
and trying to maintain the objective of minimizing the latency in a dynamic environment makes this even
more difficult. Here, we have preserved this objective by using a heuristic solution that approximates the
behavior of the optimal solution. It has been shown based on the static scenarios studied in this work that
a heuristic solution on average provides results that are within about 95% of the optimal case in
significantly reduced execution time. For more practical scenarios where there is uncertainty, a robust
algorithm is required, which can be obtained by a good heuristic solution. Therefore, a new clustering
algorithm based on Hierarchical Agglomerative Clustering and Fuzzy Logic was implemented.

An addition benefit to this approach is that the algorithm developed for the static case can be extended to
work in a dynamic environment. It was shown in previous work [62] that a solution to the static case for
this problem will also provide a solution for the dynamic case. This implies that with a fast solver, the
optimal solution to dynamic problem can be found by re-optimizing whenever the environment changes
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(i.e. new targets appear). Therefore, the solution to the static problem found previously can be applied to
the dynamic problem by re-solving as the environment updates. This holds as long as the solution can be
obtained before the environment re-updates which will be the case using an appropriate sampling time.
Validation and analysis of the performance in dynamic scenarios is currently under investigation.

Because this new approach to routing UAVs is motivated by a very strong assumption about
communications, this work begs the question of how good this assumption is and when it applies. Future
work will examine under which communication conditions this routing strategy is the most appropriate.
As discussed earlier, a simple model was assumed where communication is restricted to a very small
range. While there will be circumstances in which communication is so limited that this approach is
desirable, future work will attempt to find the exact boundaries for distance, bandwidth, UAV velocity,
and data size where this transition between routing approaches lay.
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