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Abstract - The dynamicnatureof a mobile ad hoc network
(MANET) mayresultin aclusterof nodedeingisolatedirom
therestof the network, especiallywhendeployedin aterrain
with blockages. To provide connectvity betweenthe parti-
tions of anad hoc network that might occurdueto mobility,
a ‘rangeextension' network canbe employed. Sucha net-
work might consistof airbornecommunicatiorplatforms,or
geostationary/lv-earth-orbitsatellitesmaintainingcommu-
nicationlinks with speci ¢ "gatevay' nodeghataredispersed
amongthe mobile groundnodes.Thus,to communicatevith
anodethatis geographicallydistantor belongsto a different
network partition, an ad hoc nodecanrelay its datapaclets
throughan appropriatemobile gatavay andvia therangeex-
tensionnetwork.

In suchan architecture MANET is divided into different
domainswith a mobile gatavay deployed for eachdomain.
The objectie, then, is to determinethe positionandtrajec-
tory of thegatavaysto optimizenetwork performancenetrics
suchasthroughputandlateng. In this paper computation
of the optimal positionfor a gatevay is showvn to be equiva-
lentto alinearoptimizationproblemby meansof somesim-
plifying but realisticassumptionsAn algorithmis proposed
for the control of the gatevay trajectory The practicalcon-
straintsimposedby the velocity and maneuerability of the
gatevaysaretaken into account. Simulationresultsshov a
10-15%improvementn thethroughputandlatengy, pergate-
way domain, if a gatavay hasa dynamictrajectorywhose
locusfollows the computedoptimal position,ascomparedo
a gatevay thatis statically placedat a x ed position,or to a
gatevay thathasa randomtrajectory

Keywords - mobile ad hocnetworks, gateavay, corvex opti-
mization,trajectorycontrol.

I. INTRODUCTION

OBILE ad hoc networks are multi-hop paclet net-

worksthathave no centralizedor pre-determinedet-
work architecturg1]. Insteadthe nodesof the network co-
operatein a distributed fashionto build a dynamicnetwork
infrastructure. This exiblity makes ad hoc networks ap-
propriatefor mary applicationssuchas: connectingmobile
computersn anof ce or homeervironment,deploying wire-
lesssensorsn remoteor inhospitableterrain, coordinating
disasterelief efforts after naturalcatastrophesyr in tactical

deploymentsfor situationawarenesspplicationg2]. How-
ever, this lack of centralizedorganizationcreateschallenges
for achieving network scalability Furthermoredueto the
rangelimitations of ad hoc nodes,the network might often
be geographicallydividedinto isolatedpartitions.In orderto
achieve scalabilityin termsof ef cient communicationde-
tweengeographicallydistanthodesor betweemodeghatbe-
longto differentisolatedpartitions(eachof whichis anadhoc
groupby itself), it is desirableto provide a minimal support-
ing infrastructurein the form of a rangeextensionnetwork.
This infrastructureis alsoessentiato interfacethe MANET
with the Internet.

We ervision the range extensionnetwork to rely on air-
borneor satelliterelay nodesin orderto interconnectheiso-
lated partitionsof anad hoc network. However, this will re-
quirethe deploymentof specialnodeson the ground,among
thead hoc network nodes thatare equippedwith the appro-
priatehardwarefor communicatingvith thesatellite/airborne
nodes. This hierarchicalrouting architecturetherefore,can
bevisualizedto consistof arangeextensionnetwork consist-
ing of satellitesor airbornenodesand mobile gatevaysthat
provide the interfacefor the communicationdbetweemodes
in differentdomainsand/orto a backbonenetwork (Figure
1). Similar architecture$ave previously beenconsideredor
enablinghierarchicalrouting or multicasting ([4]-[6]). In
contrast,we considerthe questionthat arisesas to where
a gatevay that is afliated with an ad hoc team of mobile
unitsoughtto belocated relative to theseothermobile units.
We designa methodologyfor de ning the gatevay trajectory
baseduponthe location,loading, etc. of the othernodesin
thead hocgroupthatthe gatavay senes. We shaw thatnet-
work performancemproves (for communicationsnvolving
nodesin differentclustersor teams),in termsof throughput
andlateng, if the gatevay trajectoryis computedbasedon
this methodology Thus,in our schemethe mobile gatavays
reactand alter positionsin an attemptto maximizethe ef -
cieng of inte-domaincommunicationsin additionto pro-
viding ameanf rangeextension.

We derive arelatively simpleanalyticalformulationfor the
optimalgatevay position. This formulationreduceghe prob-
lem to a linear optimization problem. This is discussedn
Sectionlll. We alsoprovide an algorithmicimplementation
of the formulationin this section,and discussthe effects of



someof the systemparametersn the performance.In Sec-
tion 1V, we estimatdaheoverheadaindthecomputationatom-
plexity incurredin implementinghis architecturewith theaid
of typically usedmediaaccesscontrol (MAC) and routing
protocols.In SectionV, we discusur simulationframenork
andsomeresults.

Il. NETWORK ARCHITECTURE

Theadhocnetwork architecturanaybeervisionedto con-
taingroupsof mobileadhocnodesoperatingn adeployment
areawith restrictions(e.g.troop divisionsin a mountainous
areaor a region wherecertainnodescannotreside,suchas
hazardzonesyegionsof radioobscurity etc. Theserestricted
zonesare collectively referredto asblodkages. Eachgroup
would have one or more gatavays capableof communicat-
ing with anairborneor satellitenodewith which it hasa di-
rectline-of-sightconnectiong. g. asshavn in Figurel. The
gatevay in eachdomainis thenthe conduitvia which the ad
hocnodesin separatelomainscansenddatapacletsto each
other, or to awired infrastructurewith theroutingassistance
of airbornenodes.

Satellites/airborne
nodes help maintain
connectivity.
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Fig. 1. Ad hocnetwork of groupsof mobilenodesandgate-
ways.

Sincethe nodesforming a particulargrouparemobile, the
objectve is thenis to determinethe “optimal' trajectory of
the gatevay associatedvith that group. For communication
intendedfor nodeswithin agivengroup,thenodeswould not
be compelledto usethe gatevay, but would insteadrely on
theunderlyingMANET architecturaisingtraditionalrouting,
MAC protocolsetc. By intelligently positioningthe gatavay,
we might expectto achiere betternetwork performanceor

inter-domainnode communications(i.e. datacommunica-
tion betweemodesthatarein the domainsof different,pos-
sibly geographicallyisolatedgatevays) thanif the gatavay
wereallowedto move randomlywith respecto the nodesit

its domain. The performanceametricsthat could potentially
beimprovedinclude:inter-domainnetwork datathroughput;
inter-domainnetwork paclket transportdelay;total power ex-

pended;datatransmissiorreliability (paclet drop/errorrate)
andthevolumeof thenetwork controlmessageandresulting
signalingoverheadamongothers.

It is shavn in the next sectionthatthe gatevay positioning
methodologycan be formulatedand solved as a simpli ed
linear optimizationproblem. The techniqueessentiallycor-
respondgo a weightedcentroidcomputatiorfor the gatevay
position,asthenodesn its groupmove aboutthe domain.

The detailsof the actualcommunicatiormechanismshat
enablethe MANET to function are not directly relevantin
the developmentof our analytical formulation for comput-
ing the optimum trajectory that our gatevay oughtto fol-
low (Sectionlll). For intra-domainnode communications,
the MANET couldrely onwell-establishegbrotocolssuchas
the[EEE 802.11MAC protocolfor mediaaccessontrol[7],
DSR,DSDV, or AODV for routing [3], etc.to establishand
maintainconnectvity. For inter-domainnode communica-
tions,datawill haveto beroutedthroughthe gatevay andvia
therangeextensionnetwork.

I1l. GATEWAY TRAJECTORY UPDATE ALGORITHM:
FORMULATION AND ANALYSIS

We now describethe algorithmfor determiningthe trajec-
tory of the mobile gatavayssuchthatit is optimalin terms
of its “relative position' with respectto the group of ad hoc
nodeghatit senes.We describeour algorithmassuminghat
thereis a singlegatavay perdomain.However, it is possible
for severalnodesamonga clusterof nodesto beableto com-
municatewith the rangeextensionnetwork and hence,ary
of thesenodescould assumethe role of a gatevay. Fortu-
nately in all thesecasesthe basealgorithmthatwe propose
remainsunchanged.Increasedayersof compleity canbe
addecto the basealgorithmto enablethe gatevaysto partic-
ipatein node hand-of' asin cellular networks, or to intel-
ligently sharethe load generatedy the nodesin the shared
domains.Thesefeaturesarenot discussedurtherin this pa-
perdueto spacdimitations.

Intuitively, it canbearguedthatthe gatevay shouldalways
be positionedclosestto the weightedgeagraphic centoid of
the node positionsin the domain. This is essentiallywhat
our algorithmdoes.Theweightingfactorsarethe parameters
thatthegatevay cantake into accounduringtheoptimization
procesqe.g. nodepositions,eachnodes offeredload, data
trafc patterns priority of the generatedrafc, the channel
signalto interferencenoiseratio (SIR), amongothers). The
relative importanceof the parametersre determinedoy the
speci ¢ network metricsof interestimentionecearlierin Sec-
tion I1). For the purposef this discussionwe considerpo-



sition andofferedloadasthe primaryparameterandthe net-
work throughputandthe averagedelayexperiencedy inter-
domaindatapacletsasthe basicperformanceametrics. Thus,
we male the following assumption@boutthe nodesin the
network:

1) Eachnodeis equippedwith a GPSdevice thatenables
the nodeto determindts position.

2) Eachnodecanestimatdts offeredloadin realtime.

3) Terrain information (such as speci ¢ coordinatesor
boundariesof the domain, radio null regions, etc.)
is available at each gatevay. This can easily be
madeavailable at network inception. (Positionbased
schemeshave previously beensuggestedand studied
for adhocnetworks, [4], [6]).

Furthermorethe domainandtheterrainblockagesanal-
ways be boundedby simple rectangularegions wherethe
granularitycanchoseraccordingto the desiredevel of reso-
lution. This representatiois usefulsincethe constraintghat
govern the position of a gatevay canthen be describedby
simplelinearequationgbasedn the coordinate®f therect-
angularboundaries)ratherthan by comple< non-linearex-
pressons.

SinceMANETSs aremulti-hop networks,nodesoutsidethe
single-hopradio rangeof the gatevay andwill have to route
their datapacletsto the gatevay via multiple hopsthrough
otherad hoc nodes. However, the costfunction that we use
in computingthe weightedgeographicentroidtakesthe of-
fered load of the individual nodesand the priorities of the
pacletsgeneratet eachnodeinto account.Thus,with suc-
cessveiterationsof thetrajectorycontrolalgorithm,thegate-
way eventuallywill be closestto the mostheavily loaded(or
highestpriority) nodeswhich canthusreachthe gatevay in
asingle,or minimumnumberof hops.

A. OptimizationFormulation

For a domainwith n nodesthe optimizationproblemcan
beformulatedas:

minimize (1)
subjectto (2)
3)
(4)

Theoptimizationvariable  in thenormminimizationex-
pressionEq. 1, is the desiredgatevay position, represented
by a 2-D positionvectorwith referenceo ary suitableorigin
in the terrain of interest. The other 's representhe coor
dinatevectorsof the mobile nodesand are obtainedat each
previously de ned samplinginstant. The weighting factor,

is a userde ned function that dependson the
nodesload, ,andpriority, . We donotconsiderthe data
load due to intra-domaincommunicationramongthe nodes,

althoughthis may affect the available bandwidthfor inter-
domaincommunications. Dependingon the type of trafc
beinggeneratethy thenodesthefunction canbede-
ned appropriatelyto re ect CBR, or variablebit rate(VBR)
traf c andwith or without de ned priorities. The terms
arethevectorcoordinatesepresentingherectanglesircum-
scribingthedomain(bottomleft andthetop right points),and
's are similar vectorsthat representhe boundaryof the
blockage. Therefore we are minimizing the sumof the
weightedgeometricdistancerom the gatavay to eachof the
nodessubjectto linearboundaryandblockageconstraints.
This problemis a non-linearoptimizationproblem. How-
ever, sincethecostfunctionisthe  normandtheconstraints
arelinear, the problemis a corvex programthatcanbetrans-
formedinto a simplelinearprogram(LP), which canthenbe
ef ciently solvedvia modernnumericalinterior point meth-
0ds[10]. Thus,the Gateway Trajectory Update Algorithm
canbe representeds shovn belov, andthe gatevay would
executethis asa continuoudoop with anappropriatdooping
interval.

Input constants (set “apriori'): terrain and blockage boundaries,
sampling times, optimization metric of interest.
Output: optimum gateway location computed at specic sam-
pling times.

While nodes in the domain have inter-domain data packets to
send , DO:

1) Collect or estimate the position of each node,
sampling instant.

2) Collect from each node, an estimate of its current load and
the priority that it desires.

3) Perform a local computation to solve the LP equivalent to
the optimization problem in Equation 1 and obtain optimum
gateway location for that sampling instant.

4) Move towards the optimal location in the most suit-
able manner, as allowed by the physical constraints
(The problem of navigating from one location to another,
on a 2-dimensional surface with obstacles with no pre-
established paths, is a vast area of research in robotics
and is not discussed in this paper [13]).

5) Repeat at next sampling instant.

Themotionof thegatavay canbefurthergovernedby cer
tain rulesto preventraceconditions.As anexample,onecan
have a hysteresigule that helpsprevent excessie gatevay
sensitvity, whereina computed nen' gatevay location has
be greatethansomeminimumpre-speci ed unitsfrom the
presentocationbeforewe decideto movethe gatavay.

, at each

V. COMPUTATIONAL COMPLEXITY
A. MAC Protocol, RoutingSupportand Overhead

The overheadincurredin the executionof the trajectory
control algorithm can be estimatedas follows. In stepsl
and 2 of the algorithm, the gatavay hasto obtain statein-
formationfrom all the nodes. This canbe pre-con guredat
network deployment, or canacquiredon a reactive basis,in
which caseit is aboutthe sameasdiscoveringa speci ¢ node
within a MANET. However, to obtainposition/loadingnfor-
mation, if therearen mobile nodesin the network, thenfor
thesenodesto transmitan updateevery samplingperiod,the



numberof messagesequiredis of the order of (as-
suming ooding is employedto transporthesemessagegp].

We note, however, that this control information can simply
be “piggy-bacled' onto the routing updatemessagegmost
of theseparametersare usually 8-bit or 16-bit numbers per
node,so payloaddatalengthis notanissue),or embeddedn

the MAC layer “hello' messagesyr even piggy-bacledonto
the datapayloadthatis routedto the gatavay. This makes
the overheadrequiredfor gatheringstateinformationfor the
algorithmto be on the sameorderasthatrequiredfor the op-
erationof theunderlyingroutingandMA C protocols(routing
protocolsarediscussedn [3]).

B. OptimizationCompleity

The computationof the trajectoryitself involves solving
a linear programnumerically It is well known that modern
interior point LP solvers have a worst-caseperformanceof
[10], wheren is the numberof variablesin the LP.
Thus,for a network of 100 nodes eachof whichis assumed
to generaténter-domaindatapaclets,we wouldexpectcalcu-
lationson the orderof or 1 million iterationsperupdate
period. A typical updateperiodis of the orderof 0.5 seconds
in our simulations. Currently available “off-the-shelf, inex-
pensve microprocessorsanprocesson the order of tensof
millions of instructionspersecond14]. For a network with
1000nodesthe compleity increasesigni cantly, requiring
1 billion iterationsperupdateperiod.In suchcaseshowever,
it is far moreef cient to simply deploy more gatevays,and
thussub-dvide the largerdomaininto smallerdomainsof ad
hocnetworks.

V. SIMULATION FRAMEWORK AND RESULTS

To evaluatethe algorithm, the ns-2network simulator re-
lease2.1b6[12] wasour primary simulation platform, with
codeextensiongfor the 802.11MAC andDSDV routing[9],
asimplementedby Carngyie Mellon University for wireless
adhocnetworks. We alsoconductedsimulationswith appro-
priate modi cations to the Dynamic SourceRouting (DSR)
algorithm[11]. Ourresultsveresimilarandwe omitadiscus-
sion of this dueto spacdimitations. The LP algorithmitself
wasintegratedinto the ns-2simulationframewnork by means
of a C function call from the main programcode. To imple-
mentthe optimizationalgorithm,we useda modi ed version
of PCx[15]. We wereinterestednly in theinter-domainnet-
working performanceand consequentlyall the datapaclets
thatthe nodesgeneratedn eachdomainwere always deter
ministically addressetb the gatavay. Intra-domairtrafc in
theMANET doesnotaffectthegatevaytrajectory Therange
extensionnetwork beyondthe domainof the gatavay wasit-
self consideredo bea “black-box'.

The rst casethat we consideris that of equally loaded
nodesgeneratingoackets of the samepriority. In this case,

, for all , andthe problemis now equivalentto

minimizing the sumof the distancegrom the gatavay to the
nodessubjectto the boundaryandblockageconstraints.

The resultsshavn in Figure 2 through Figure 4 are for
the following systemparametersa rectangulamareaof size
10,000units by 10,000units; a network of mobile ad hoc
nodesrangingfrom 10 to 100 per domain; nodesassigned
randomvelocitieschosenuniformly between0 units/s(sta-
tionary) and 25 units/s,moving in accordancevith the ran-
domwaypointmodel. Thegatavay velocityis choserto beat
mostoneanda half timesthe maximumspeedof thead hoc
nodes.All the nodesare equallyloadedandgeneratéraf c
50%of thetime. Themobilenodedransmittheir coordinates
to the gatavay onceevery 0.5 secondsandthe optimization
calculationsarealsorepeatedvith this frequeng. The simu-
lationsarerun for atotal of 5000seconds.

In Figure2, simulationdatawascollectedfor threediffer-
entscenariosa gatevay thatis placedstaticallyat the center
of its domain;agatavaythatis moving accordingo arandom
waypointmodel; and nally, a gatevay, the locus of whose
trajectoryis beingupdatediusingour optimizationmethod.

Throughput for static, random, and otpimally placed CCAs, vs. number of nodes
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Fig. 2. Comparisorof network throughputwith optimally
placedgatevay versusstatically placedor randomlymoving
gatevay.

Notethatwhenouralgorithmis implementedtheimprove-
mentin throughputis ashigh as 10% per domain(ignoring
inter-domaininterferenceeffects),andhencecanbevery sig-
ni cant for the network as whole when there are multiple
gatevay domains.

The advantageof the dynamic gatevay placementtech-
nigueis muchmoreevidentwhenwe increasethe areacov-
eredby theblockagegFigure3).

In Figure 3, initially, with very few blockagesn the do-
main,thenumberof pacletsthataresuccessfullfransmitted
to the gatevay is roughly the samefor the two cases,.e.,
the casein which the gatevay is placedstaticallyat the cen-
ter of the domain,andthe casein which the gatevay is op-
timally positioned. However, asthe numbersof blockages



Effect of increasing blockages in CCA's domain for static vs. dynamic case
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Fig. 3. Effectof blockageon the performanceof the static
vs. optimally placedgatevays.

areincreaseaausingheareacoveredby theblockageso in-
creasetheopenspacdan thedomaindecreaseasaresult,and
thethroughputdropsdramaticallyif the gatevay is statically
placed.Whenthegatavayis optimally placed we noticedthe
improvementin throughputo beashigh as60%.

To testthe performancef the network whenthe costfunc-
tion is alteredto incorporatedifferentpriorities for different
nodes,100 nodeswere deplgyed andthe load generatedy
eachnode was progressiely increasedrom 10% to 90%.
Note that a nodes priority dependson the priority of the
pacletsthatit generatest the giventime. Thisis dynamic,
akin to the offeredload, and changeswith time. For a spe-
ci ¢ value of the offeredload, half the nodes(chosenran-
domly) generatedigh priority trafc ( ),
whereagheremainingnodeggeneratedow priority datatraf-
c ( ). For eachof thesecasesthe average
messagédateny wasmeasuredvhile usingthe gatevay tra-
jectory updatealgorithmwith, andwithout, the priority class
asa parametein the costfunction. The resultsaredepicted
in Figure4. The gatavay now favors the nodesgenerating
the higher priority traf c. Thesepacletsaredeliveredmore
ef ciently—directly insteadof via multiple hops—andvith im-
proved lateng. Sincethe systemcapacityis x ed,the price
thatis paid, however, is thatthe lower priority traf c suffers
increasedateny andreducedhroughput.We alsonotethat,
asexpected,whenthe costfunctionin the optimizationfor-
mulationdoesnottake paclet prioritiesinto accountput con-
sidersonly the positionandofferedload, thereis no signi -
cantdifferencen thelateng incurredby the differentclasses
of traf c.

V1. CONCLUSIONS AND FUTURE WORK

To supportscalabilityin ad hoc networks, a rangeexten-
sionnetwork canbeused.This consistof airbornenodesin-
terfacedwith thead hocnetwork via gatavaysthatrelay data

Throughput for static, random, and otpimally placed CCAs, vs. number of nodes
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Fig. 4. Effectof includingthe effect of priority in the opti-
mizationcostfunction.

trafc from/to the ad hoc groupto/from the rangeextension
network. Thefocusof thiswork hasbeento determinevhere
thesemobile gatevays oughtto be placedrelative to the ad
hoc group of nodes,suchthat certainnetwork performance
metricsareoptimized. This objective canbe formulatedasa
setof corvex optimizationproblems. By meansof suitable
modi cations, we simplify thesecorvex formulationssuch
thatthey canbe very ef ciently solved by numericalmeth-
ods.We enforcethe gatevay to follow the computedptimal
trajectory andevaluatethe achiezedimprovementsn perfor
mancen termsof throughputandlateng.

Simulationresultsindicatethatthe network throughpuim-
provesby about10-15%per gatavay domainif the gatevay
movesin accordancevith the optimally computedrajectory
asopposedo beingstaticor moving randomly A similarim-
provementis seenin termsof a reductionin lateng thatthe
datapacletsexperience. The costfunctionin the optimiza-
tionformulationcanalsobeappropriatelymodi ed to support
betterperformancdor prioritizedtraf c. We alsoshavedthat
theoperationgequired,n orderto thusde ne anoptimaltra-
jectoryfor the mobile gatavays,canbeef ciently performed
with currenthardwaretechnologiesandwith little additional
overhead.

Oneparticularextensionof interestis to considerthe case
whereinmultiple gatevaysarepresenin aparticulardomain,
wherethenodeshave the ability to choosedifferentgatevays
for relayingtheir interdomaintrafc. This structurecanbe
exploited to balancethe loadsin differentdomains,thereby
improving performancédurther. Thisis currentlybeinginves-
tigated.
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