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Abstract: In this paper we address the problem of providinlgj donnectivity to disconnected ground
MANET nodes by dynamically placing unmanned aerial vehi¢l¢AVs) to act as relay nodes. We
provide a heuristic algorithm to find the minimal humber otlswaerial vehicles required to provide
full connectivity and find the corresponding locations fbese aerial platforms (UAVs). We also track
the movement of the ground nodes and update the locatioredfl&vs. We describe a communication
framework that enables the ground nodes to communicate itgitbeer ground nodes as well as the
UAVs that act as relay nodes. The communication architeaggidesigned to work with existing MANET

routing protocols.

This material is based on work supported by the Space andl Méasdare Systems Center - San Diego under Contract No.
N66001-00-C-8063. Any opinions, findings and conclusiongsezommendations expressed in this material are thoseeof th
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Fig. 1. MANET with three partitions and two connecting UAVSs.

. INTRODUCTION

Military ad-hoc networks are comprised of wireless noded dre dispersed over a wide region and
whose motion is governed by the tasks assigned to the nodesdnnectivity amongst the nodes depends
on a number of factors. The transmission range of the nodesmi@es the distance based connectivity
between the nodes. The nature of the terrain determinesrtipagation loss and therefore connectivity,
thus two nodes which are within communication range may st be able to communicate with each
other due to the terrain induced path loss. Finally the nitghplattern is determined by the specific tasks
that are assigned to them. It is then reasonable to expecthaetwork will not be fully connected at
all times. Connectivity amongst all the nodes in the netwsré desirable feature for military networks.
Also, it might be important to ensure that certain high ptjonodes in the network always remain
connected. In this paper we address the issue of conneatiregad disconnected mobile ground sub-
groups by dynamically placing aerial platforms such as UAYgrovide and maintain connectivity. It
is obvious that the minimum requirement for full connedsivof the network is for each sub-group to
have at least one node communicating with a UAV. Since the $JAké scarce and expensive resources,

the goal is to find the minimum number of required UAVs andthatations to have a fully connected



network ( Figure 1).

To our knowledge, the UAV placement in conjunction with thaltishop routing capability of the ad-
hoc networks is not addressed before. Similar works (elg[3l) have mainly addressed other aspects of
the UAV placement when enough number of UAVs are placed im#tevork to provide direct coverage
for all nodes.

We propose methods that lead to near-optimal solutionsdtr the number and locations of the UAVs
for any given configuration of the ground nodes. In real aggpidons, the position of the ground nodes
and their direct connections with other nodes are updatdikéa time intervals and the algorithm is
executed each time to give the updated locations (and thé@grof the UAVs. The introduction of the
aerial platforms results in a two-layer ad-hoc network azw lse generalized to a multi-layer hierarchical
network. We provide a communication framework by which augi node is able to talk to its peer
network as well as the network of aerial platforms. Simylaithe UAV is able to communicate with
its peer UAVs as well as the ground nodes within range. Thlisméwork allows us to use any of the
existing on-demand MANET routing protocols. In our model use DSR [3] as the routing protocol.
Also, in order to simulate a realistic network scenario we asnodified version 0802.11 that extends
the communication range up tX'm [4].

Our simulations compare our algorithm with an idealizedl giigorithm (exhaustive search) to deter-
mine optimality of the solution and desirable attributeshaf algorithm in terms of the ground coverage.
The communication architecture is validated using MATLABJ2OPNET simulations.

The rest of the paper is organized as follows. In Section lldigeuss the aerial vehicle placement
algorithm in detail. Our formulation represenets the peablas an extension of the well-known Facility
Location problem and our method provides a heuristic smiufior that problem. In Section 11l we discuss

the hierrachical architecture established by the UAV natdesthe routing that enables the ground nodes



to communicate to the aerial vehicles. In Section IV we disdie simulation environment in detail and

present the results. Section V concludes the paper.

Il. AERIAL VEHICLE PLACEMENT AND TRACKING

The UAV placement algorithm takes as input the connectivitgtrix of the nodes and the current
location of the nodes. The connectivity matrix is generdiaded on distance and terrain constraints.
The algorithm uses the node locations and their movemetudritiso predict future locations. Clusters
or partitions are detected using the connectivity matrig #ns information is used by the algorithm to
determine the minimum number of UAVs and their optimal lamag for each time instant. The algorithm

is thus called periodically to update the UAV paths basedhennew locations of the nodes.

A. Problem Formulation

Let us denote byV the total number of ground noded/ the number of subgraphs(clusters) in the
network and byC;; « = 1,..., M each of those clusters. By definition, each node in a clustéy o
communicates with the other nodes in the same cluster. Weresthat all nodes have the same altitudes
and the UAVs fly at a constant altitude The maximum node-to-UAV communication rangelisvhich,
together withh, defines the maximum coverage radiusiz Radius = /L2 — h? on the ground for each
UAV which is significantly greater than the maximum range fpound-ground communications. By
definition, as long as at least one node from any cluster isinvihe communication range of a UAV, all
nodes of that cluster can connect to the UAV via that node.prbblem is therefore to find the minimum
number of circles with radiud/ax Radius and their centers in such a way that at least one node from
each cluster is within one circle. Figure 2 presents a grabhmepresentation of our definitions.

Finding the exact solution of this problem involves exhivgssearch on the different ways the nodes can

be selected from each cluster and the ways clusters can bpagt@aogether for coverage by single UAVs.
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Fig. 2. Five clusters covered by three circles.

It is not difficult to show that the computational complexdf/this search is non-polynomial particularly
when we consider it as an extended version of the Facilityation Problem [5], [6], [7]. In the Facility
Location Problem, the goal is to find the locations and the lmemof facility centers, characterized by
their radius of coverage, such thamy point is covered by at least one facility. Our problem ineslv
another degree of complexity for choosing thestnodes from each cluster.

In the following, a mathematical formulation of what we ctile Single-UAV Problem is presented and
a number of its properties are discussed. We will show thiat glhoblem is in general a non-convex
minimization problem with possibly multiple local minim#/e then introduce a heuristic algorithm for

the Single-UAV problem and use it to construct an algoritomthe Multiple-UAV Problem.

B. The Single-UAV Problem

In the Single-UAV Problem the objective is to find the locataf the smallest circle that contains at least

one node from each cluster. Notice that here we do not impogdirait on the radius of the circle. We



denote byN;; i = 1,..., M the number of nodes in each cluster and:c@yz' =1,....M;5=1,...,N;
the locations of theV; nodes of clustet. Using the above definitions, the problem of finding the sesall

circle is in fact the minimization problem:

min  max minHX—wé-H 1)
XeR?ie{l,.,M} J

In other words, the maximum distance between the center efctitle and the clusters should be
minimized. The resultingX will determine the center of the circle and its radius is tladug of the
max;eqy,. p} ming [ X — m;H function atX.

This function is in general a non-convex function &f and therefore the problem cannot be solved
by standard convex optimization methods. In fact, it is niffiadilt to find example cases where this
function has multiple local minima. It should be mentionedhés point that for the case with only two
clusters, the problem reduces to finding the closest pailodes, each belonging to one of the clusters,
and placing the center of the circle in the middle of the limamecting the two such nodes. We are
therefore more interested in finding an algorithm for cavgrihree or more clusters.

Our typical problem settings are military applications wehéhe clusters are groups of vehicles or
soldiers moving in formations. In such cases, members df gasup form connected graphs but, the
graphs of different groups may or may not be connected to etelr depending on the distance between
the groups. our algorithm is based on the implicit assumgptiat all clusters more or less have smooth
and convex shapes although the absence of this conditidmatilvoid the algorithm and as we will
show in the results, it performs quite well in scenarios wheo such restrictions are imposed on the
clusters.

The most important part of the algorithm is to find the bestasoilom each cluster that fit altogether in a
circle with minimum radius. This fact can be observed in tm@¢ clusters in the upper part of Figure 2
where any other choice for the nodes from each of these ctusteuld result into a larger covering

circle. Once the candidate nodes from the clusters are ohdisis only needed to find the minimum
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Fig. 3. Graphic representation of the single-UAV algorithm

covering circle for those nodes. The Minimum Covering @rfdr a number of points is a well-known
problem with both analytical and geometrical solutionsihgween proposed for it[8], [9], [10]. Our
Single-UAV algorithm uses a virtual center poifitto find the closest nodg; from each cluster to that
and uses this set of nodes to find the minimum covering cifidie. pointC' is the mean point or center
of gravity(CG) of all clusters. However, to prevent the ¢dus with large number of nodes to have a
greater effect on the location @f, it is calculated as the CG of the mean points of all clusters. A
sample case using this method is shown in figure 3 which sesuti locationY” for the UAV. Obviously,
for the case with three clusters, all thrgenodes will fall on the perimeter of the covering circle (egte

when the three points lie on a straight line). The sequensgepsks for this algorithm is summarized below

1) Calculate the center points;; i = 1,..., M for all clusters
2) Calculate the centet' of all m; points
3) Find from each clustet, nodep; which is closest ta”

4) Find the UAV location by solving the convex constrainechimiization problem



H}}IIR st. || X —pil| <R; i=1,...,M.

It should be pointed out that this algorithm does not take Bxtcount the coverage range of the UAV
and simply tries to find the smallest circle covering at least node of every cluster. We will use this

algorithm in the next section to build our UAV placement algon with the range constraints.

C. The UAV placement algorithm

Having explained a method for the placement of a single URé main function of the general
algorithm is to group the clusters into what we call supestdes in such a way that each supercluster
can be covered by a single UAV and the number of superclusgersinimized. Simulation results
comparing the performance of our algorithm with an exhaassiearch method for a large number of
node formations show that our algorithm performs very closeptimal. The UAV placement algorithm
is explained in the following.

Algorithm 1 shows the sequence of computations and deasidnour algorithm. This algorithm is
executed periodically at time steps.,t — At,¢,t + At,... and at any time it calculates the number
and locations of the UAVs for the next time step based on tkediption of the node locations fer At.

The locations of the nodes at tintet At are calculated by a linear estimation based on the locations
att — At andt. The connectivity matrix is then constructed based on the loeations. Disconnected
clusters and the nodes belonging to each of them are detasted the connectivity matrix. In order

to find a proper grouping of the clusters, we calculate distancebetween any two clusters which is
defined as the smallest distance between all points in orsteclto all points in the other cluster. It is
obvious that if two clusters are more thar Maz Radius apart they cannot be covered by a single UAV
and therefore they should not be placed in the same suptcldfie neighborhood relation between

two clusters is defined as(@or 1 relation such that two clusters are considered neighbaasdf only



if their distance is less thah« Max Radius. After calculating the inter-cluster distances, the nbiis

of each cluster are easily found. With this definition, ongighbor clusters can be potential candidates
for the same supercluster. Based on this observation, titm starts with the cluster that has the
smallest number of neighbors and chooses those neighback &te also each other’s neighbors. This
potential set of clusters for coverage by a single UAV is thassed to the Single-UAV algorithm defined
above to calculate the location and radius of the UAV thatecevthem. After finding the,; points of
the clusters and calculating the minimum covering circletfem, if the radius turns out to be greater
than Max Radius, the cluster with itsp; point farthest from the center is released and the algorithm
repeated for other remaining neighbors and the originatetitself until a circle with a radius smaller
thanMax Radius is achieved. At this time, the covered clusters are deleted the list and the algorithm

is repeated for the next cluster with smallest number of i@gs and continues until all clusters are
covered.

Once the number and locations of the required UAVs for time\t are computed, the algorithm decides
which of the current UAVs (at time) and possibly new UAVs should be dispatched to each of the new
locations. This is done by comparing the currépt) and computed:; (¢t + At) locations of the UAVs
and finding the matching that minimizéss « mean(d) + 0.5 * var(d) whered is the vector of distances
that the UAVs should move to reach to their assigned locatidinis expression tries to minimize the
total travel distance of the UAVs while keeping the distateweled by all UAVs as same as possible.
A similar approach is used for the cases where more or lessaber of UAVs are needed in the next

time step.
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Data : At: time step

MaxRadius: coverage radius of each UAV
N: number of nodes

X;(t); i=1,..., N: current locations
X;(t— At); i =1,...,N: previous locations

Result : U: number of UAVS,

Yu; u=1,...,U: UAV locations

begin

end

- Predict node locations at+ At:
Xi(t+ At) = 2X;(t) — X;(t — At)
- Calculate theV x N connectivity matrix
- Find the number of cluster&/ and their nodes
if M > 1 then
- Calculate thelV x N matrix D of the node distances
- Calculate theM x M matrix E of cluster distances
- Calculate theM x M matrix P of cluster neighbors
if £(i,7) < 2% MaxRadius then
‘ P(i,j) =1
else
‘ P(i,7) =0
end
- Rearrange rows and columns Bfto form all-1s diagonal blocks
-Setu=0
while P is not nil do
-Setu=u+1
- Find clusterc with the smallest number of neighbors
- Pick the largest square blodk of matrix P that contains cluster and name its clusters

ascy,...,Cp
- SetR = o0
- Find the center pointg; of all clusters in blockB
repeat
- Find the overall center poir® of the m;; i = 1,...,b points

- Find, from each clustet;, nodep; which is closest ta”
- Find the centerY;,, and radiusR of the smallest covering circle for nodes; i =
1,....b
if R > MaxRadius then
- Drop clusteri; i € {1, ..., b}, other thare, with the largest distance from to C,
from block B
-Setb=b-1
end
until R < MazRadius
- Storey,,
- Remove the remaining clusters i from P

end
end

Algorithm 1: Finding the number and locations of the reqdiitdAVs at any time instant
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I1l. ROUTING ARCHITECTURE

As described in Section | the presence of the UAVs results iwalayer adhoc network, i.e., the
ground nodes are able to communicate amongst themselhes eiter the ground adhoc network or via
the UAVs. Clearly, if partitions exist the only availableutes are those provided by the UAVs. Note
that a packet sent by a ground node might have to travel nogltibwer the ground network before it
can reach an UAV. Each ground node has two interfaces, a prifgeound) interface to communicate
with other ground nodes and the backbone (UAV) interfaceotmraunicate with the UAVs. Thus when
a ground node tries to discover new paths it will send out theer discovery packets over the ground or
the primary interface as well as the backbone or the UAV fater resulting in the discovery of separate
multiple paths over the ground network as well as the aegalark. Another benefit of having separate
interfaces is to provide different bandwidth capabiliteseach interface allowing for QOS provisioning
and load balancing in the network.

In order to remain independent of the ground network roupnatocol we consider our aerial vehicles
to provide the same routing functionality as any ground nexteept that the UAV will have an extended
coverage. This allows us to utilize the existing routing tpools developed for MANETs and more
importantly avoids the need for an auxillary protocol thabinates the arrival and the removal of the
UAVs with the routing protocol. Typical MANET protocols aggther classified as reactive or proactive,
where, in the first case routes are repaired/managed asoreatd route failures and in the latter case
routes to destinations are established/maintained on iadperbasis. In our framework we consider
reactive protocols as the latency resulting from route gbkaris lower in such protocols. Routing protocols
are also classified as "on-demand” where in a node that hakefsato be sent to a destination will
continously look for a path to that destination till it is @slished and will reinitiate the search once the
established route is lost. Such protocols are ideal forautimg framework as it supports all possbile cases

where we might use an UAV to provide connectivity. Moving aAMUo certain location is equivalent to
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Fig. 4. Routing amidst partitions and merging

introducing a new connecting node, so it is imperative thatrouting protocol continuously look for a
path which previously could not be established due to pamst This results in the formation of a route
with the UAV as the connecting node (albeit multihop). The-iemand” nature also helps in network
recovery when UAVs are withdrawn from certain locations doiéhe merging of ground patrtitions. In
this case, a ground node communicating via an UAV suddendigfihe route broken as the UAV has been
removed, this prompts the routing protocol to look for altde routes and a new route is established via
the ground network which has merged and is the reason forvanod the UAV. Therefore any reactive
on-demand protocol can provide routing in our architecture

In our framework we have considered AODV [11] and DSR both diicl are popular reactive on-
demand protocols. In this paper, we only present the saehavith DSR. When a node has packets
to send to a destination, the node generates a route reqaesttpand broadcasts it over the ground
interface as well as the UAV interface. Intermediate nod&/(or ground) retransmit the packet until it
reaches the destination. The destination responds witlite reply which backtracks the path traversed

by the route request. In our DSR model route replies are sengvfery route request that is received.
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This allows the source to choose the path it wants to usee6@ilyrthe source chooses the first path that
is established. We are working on an improved scheme to ehgaths based on QOS metrics providing
the capability to control the access to the aerial networtt #nperform traffic or entity based QOS
provisioning. Figure 4 describes the various aspects ofrdléing. Source 'S’ and destination 'D’ are
in different partitions (step-1). The source continuousarches for paths by generating route requests.
Upon arrival of the UAV in (step-2), the partitions are matgad the the route request propagated by the
UAV reaches the destination and therefore a path is set uplatadtransfer ensues. As time progresses
the partitions merge (step-4) at which point the UAV is reemhvThis results in a Route failure and the
source again sends route request messages. This time teerequest propagates to the destination via
the ground network and data transfer resumes. Thus thengoptiotocol adapts to the current state of
the network. In Section IV we will discuss the impact of the\UAetwork on the performance of the
routing protocol in terms of the routing overhead and prokgerformance.

The above discussed approach totally neglects the adetthe aerial network. Clearly, there can be
routing approaches that can be developed that utilize theflie of the aerial vehicles to improve routing
overhead and network performance. However, this approamhdawrequire better coordination between
the traffic requirements in the network and the UAV placenadgorithm. We are currently looking at
approaches wherein the UAV nodes are advantaged nodes #ochpsome form of intelligent routing

while still being compatible with the existing MANET routinprotocols.

IV. SIMULATION ENVIRONMENT AND RESULTS

A combination of OPNET 10.0.A [12] and MATLAB was used to exatle the performance of our
UAV algorithm and the routing architecture. MATLAB is usea évaluate our algorithm with respect to
the grid algorithm and determine other performance meticeur algorithm. The routing framework
and the network model is evaluated in OPNET. The UAV placdradgorithm is run in MATLAB and

is interfaced with OPNET to interact with the routing franozi
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In our studies we consider a network areal@fm x 10km. The network consists afo0 — 200 nodes
placed randomly in the form of0 groups. We consider a reference point based group mobildgiain
for the nodes. For each group, the reference point is altessdd on the random direction model and is
advanced in a random direction by a fixed distariifgr{). Each node of the group is first displaced by
the the same fixed distance and then a perturbation is addectlshthe node moves randomly to some
location within a square of sidB)m within the group confines. (this ensures that the nodes aveling
in their respective groups at speeds distributed betwéen 30m/s).

The first set of results deals with the main objective of ogogthm i.e. the required number of UAVs
to provide full connectivity for the network. We run the miitgi model for 100 time steps to obtain00
different formation of the nodes and compare the performasfcour algorithm with the performance
of an exhaustive search method that gives near-optimaltsedihe exhaustive search is performed by
setting up a grid network witd00 meters spacing in both andy directions. For each formation of the
nodes, all possible options for placirigand higher number of UAVs in the grid points are examined
and the first configuration with the smallest number of UAVatthrovides full coverage for all nodes is
selected as the optimal result. Although the discretizatibthe area limits our search to a finite number
of points, thel00 meters spacing provides a close approximation to the optiesalt. Figure 5 shows
the results of both algorithms. As can be seen in the graghrabults of the two algorithms are equal
in most cases with each algorithm over-performing the o#ttesome points. Aside from the networking
applications, the results indicate that our algorithm ftes a low-complexity heuristic for the extended
facility location problem defined above.

One of the important factors from a networking point of viesvthe number of times the nodes have
to switch from one UAV to another. This measure has directsequnences in the number of routing
messages generated in the network. Figure 6 shows the taistogf the number of nodes that change

their UAVs in two consecutive time steps. This histogram &aswverage of0.5 nodes per step. In other
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words, on average only abottpercent of the nodes change their UAVs in any time step.

We used OPNET to run the second set of experiments that déhlshe performance of the algorithm
in conjunction with a two-layer mobile ad-hoc network wheseh node has the complete protocol stack
running DSR as the routing protocol ow&)2.11 as the MAC layer protocol. The communication medium
is broadcast and nodes have bi-directional connectivitg propagation model is the free space distance
model . The ground nodes have a communication rangekof between them. The UAV to ground
node range iskm and the inter-UAV communication range@ém. The UAV can fly between altitudes
of 2k — 3km. In our network,4 sources are randomly chosen and these send data packetsltomra
destinations. The application data is fixed length2¢bits) packets generated at uniformly distributed
(0 — 1sec) inter-arrival times. We ensure that the source and therdg®tn belong to different groups.

The results show the performance of the network with and awiththe UAVs and the placement
algorithm. The top graph in Figure 7 shows the amount of trafént out by the source. The second
graph shows the packets received by the destination node thieeUAVs are not present. Clearly since
most of the time the network is partitioned a large numberhef packets are dropped. The last graph
shows the packets received by the destination in the preseinthe UAVs. As the UAVs provide full
connectivity the destination receives most of the packets graph clearly shows the benefit of using
UAV in the network to provide and improve connectivity.

Figure 8 shows the number of routing packets generated irbditle the scenarios. In the scenario
without UAVs the routing protocol (DSR) continuously sendsite requests to look for routes even if
the destination is unreachable due to partitions. As careba from the second graph of Figure 8 this
overhead can be significant and more importantly inconsgqagea route cannot be established. The first
graph shows the routing overhead when UAVs are placed toawepconnectivity. Clearly the overhead
is much lower, as once the routes are established, routirsgages are generated only for route repairs.

The few spikes that occur indicate route failures probalbig tb changes in allocated UAVs resulting in
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network-wide route discovery.

Figure 9 shows the cumulative distribution of the route sy time for the two cases. It is clear that
the presence of the UAVs significantly reduces the routeostisty latency. This is so as the UAV network
can not only patch partitions and thereby provide conniégtbut also improve the hop connectivity of
existing ground routes.

The results are preliminary and validate the performancth@fUAV algorithm as well as the com-
munication framework. Further detailed studies analyzimgrouting overhead and the hop distribution

are in progress and will appear in the final version of the pape

V. CONCLUSIONS

In this paper we visited the problem of providing connetjivior mobile ad-hoc networks using
Unmanned Aerial Vehicles (UAVs). Unlike the traditionalpgipaches that provide more number of UAVs
to cover all nodes, Our particular attention was on finding thinimum number of UAVs taking into

account the multi-hop routing capability of the ad-hoc rets. We showed that this problem is an
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extension of the Facility Location problem and is a non-@xnminimization problem. We also provided
a heuristic algorithm for solving the problem and compateddsults with an exhaustive search algorithm.
We also provide a communication framework that enables thargl nodes to interact with the UAVsS
using existing MANET protocols.The results showed thatalgorithm provides promising results for a
set of nodes with group mobility movement. We also evalusitedperformance of the algorithm, using
OPNET simulations, in a mobile ad-hoc network with nodesimg the DSR as the routing and 802.11
as the MAC layer protocols. The results in their currentesttow the effectiveness of the algorithm in
conjunction with these protocols. More detailed experitaeén evaluate the performance of the algorithm

are in progress.
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