
1

Real-timeVideoStreamAggregationin Wireless
MeshNetwork

VishnuNavda,AnandKashyap,SamratGangulyandRaufIzmailov
NEC-LABSUSA, Princeton,NJ

Email:f vnavda,kashyap,samrat ,rauf g@nec-lab s.ed u

Abstract—In this paper we designand evaluateGanges, a wir e-
lessmeshnetwork architecture that can ef�ciently transport real-
time video streamsfr om multiple sourcesto a central monitoring
station. Videoquality suffers fr om deterioration in the presenceof
bursty network lossesand due to packets missing their playback
deadline.Gangesspatially separatesthe pathsto reduceinter-�o w
contention. It �nds out a fair rate allocation for the differ ent video
sources.The wir elessrouters in the meshnetwork implement sev-
eral optimizations in order to reducethe end-to-enddelay varia-
tion. Gangesimpr ovesthe network capacity by over 10-15% over
a shortestpath tr ee,and impr ovesthe videopictur equality by 7-10
dB.

I . INTRODUCTION

Recently, therehasbeensigni�cant researchinterestin the
areaof WirelessMesh Networks(WMN) [1–4]. WMNs pro-
vide a cheapandef�cient methodfor providing network con-
nectivity to a large region. Most of the researchso far was
abouthow to useWMNs for providing last mile dataconnec-
tivity to theInternet.In thispaperweexploretheuseof WMNs
for transportingreal-timevideo traf�c. More speci�cally, the
applicationthatwe targetis aggregationof videostreamsorig-
inating from multiple video surveillancecamerasat a central
monitoringnode.In thelastyears,therehasbeenanincreased
deploymentof surveillancecamerasin roads,airports,malls,
subwaysfor watchingtraf�c conditions,monitoringsuspicious
activitiesandotherpurposes.Wiring eachof thevideocameras
to streamthedatato a centrallocationis not only dif�cult and
expensivebut alsoinfeasiblein somecases.WMNs providean
effectivewayto provideconnectivity betweentheremotevideo
camerasandthewiredaggregationsites.

Due to the stringentrequirementsof real-timevideo traf�c
suchas bandwidthguaranteesand delay constraints,existing
WMN designscannothandlethemef�ciently . Here,we pro-
mote the idea of traf�c aware WMN. We refer to our archi-
tectureas Ganges. The core of the Gangesarchitectureis a
network of wirelessroutersthatareoptimizedto transportreal
time mediatraf�c ef�ciently acrossthemulti-hopwirelessnet-
work. Usingadistributedalgorithm,highbandwidthmulti-hop
routesareestablishedfrom eachvideostreamsourceto thecen-
tral monitoringnode.

TheGangesarchitecture(Fig 1) consistsof several identical
videosourcessuchasvideosurveillancecamerasspreadovera
largegeographicregion for remotemonitoringpurposes.They
could be mountedon rooftopsor lamppoststhat have contin-
uoussupplyof electricity. Thesesourcesareequippedwith a
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Fig. 1. GangesAr chitecture: Multiple surveillancecamerasequippedwith
a wirelessradiostreamreal-timevideo traf�c over a multi-hopwirelessmesh
network (WMN) to thecentralaggregationnode(CAN) thatin turn forwardsit
over a wired link to the centralmonitoringNode(CMN). The WMN consists
of specializedwirelessroutersthat areoptimizedto ef�ciently routemultiple
real-timevideostreamsto theCAN.

wirelessinterfacefor communication.Thereis a centralmoni-
toringnode(CMN) wherevideostreamsfrom all thesesources
needsto be viewed in real-time. Providing wired connectivity
betweenthevideosourcesandtheCMN maybeexpensiveand
inconvenient.Dueto thesigni�cant deploymentadvantage,we
utilize aWMN to transportthevideostreamsfrom eachsource
to the nearestwired gateway node. The WMN consistsof a
numberof low-costwirelessrouterseachequippedwith asingle
wirelessinterface. Someof thesenodes(CentralAggregation
Nodesor CAN) haveanadditionalwired interfaceandarecon-
nectedto theCMN via theInternetor someprivatenetwork. All
videostreamsareaggregatedat the CAN over wirelessmulti-
hopbackbonenetwork andthenforwardedover thewired link
to theCMN.

In this work we designspecializedwirelessroutersthat are
optimized to handlereal-time traf�c ef�ciently . High band-
width routesareestablishedbetweenthevideosourcesandthe
CMN. Theseroutersare capableof reliably delivering high-
quality video streamsto the CMN using several �ne-grained
adaptationsat differentlayersto counterthedynamicwireless
conditions.Optimizationsatthenetwork layerareimplemented
to ef�ciently shareresourcesbetweenmultiple �o wsaswell as
deliveringpacketsin timeto reducetheend-to-endpacketdelay
jitter.
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Therestof thepaperis organizedasfollows. In the follow-
ing section,wediscusstherelatedwork in this area.In Section
3, we formulatethe problemandin Section4, we presentthe
detaileddesignof the Gangesarchitecture. In Section5, we
presentthe simulationresultsand�nally , we presentthe con-
clusions.

I I . RELATED WORK

Recently, therehasbeena surge of researchand develop-
mentactivities in meshnetworksin thewakeof wideavailabil-
ity of low-cost,standards-compliant,high-bandwidthwireless
interfacesand opensourcewirelessrouter platforms. Appli-
cationsof meshnetworks includeproviding community-wide
wirelessnetworking, last-mile Internetaccessandeven asre-
placementof traditionalwirelessLANs. Meshnetworks have
beendeployedby communities,companiesaresellingcommer-
cial meshnetworking solutions,anda lot of researchis going
on in researchlabsanduniversities[1–4].

In [2], authorshave proposeda meshnetwork which aggre-
gatestraf�c over a treewith a wired gateway nodeasroot of
the tree. They assumenodeswith multiple interfacesandas-
signdifferentchannelsto reducethecontention.They assume
a generaltraf�c modelanddo not provide any delayguaran-
tees.Gangesis designedspeci�cally to handlereal-timetraf�c,
and its routing is optimizedfor multiple sourcesanda single
receiverscenario.

The issueof �nding optimal routing assignmentsfor mul-
tiple video streamsover a wirelessad-hocnetwork hasbeen
addressedin [5]. The routing andrateallocationschemesde-
signedin this paperarebesteffort techniquesthatdo not guar-
anteeany bounds,but areverypractical.

Many papershaveproposedsendingvideostreamsovermul-
tiple pathsto provideresilienceagainstpacket lossesdueto dy-
namic wirelessconditionsand network congestion[6–8]. In
this paper, sinceall videostreamsareaggregatedat theCAN,
multi-pathrouting increasestheamountof data�o w at the re-
ceiverendleadingto increasein congestion.

I I I . PROBLEM FORMULATION

A. RoutingProblem

Streamingvideoshave high bandwidthrequirements.The
routing problem is to determinepaths betweeneach video
sourceand the CAN suchthat all �o ws get good throughput
while utilizing the available bandwidtheffectively. Sinceall
�o ws endat theCAN, this problemis sameasconstructingan
aggregationtreewith CAN astheroot andsourcesasleavesor
intermediatenodesof thetree.

The total bytesthat can be received by the CAN in a unit
time is limited by thecapacityof thechannel.This is theupper
boundfor thesumof thethroughputof all �o ws. But theactual
aggregatethroughputis usuallymuchlessthanthis. Thereason
for this is asfollows. Sinceall nodesareoperatingin thesame
frequency band,the nodesthat arewithin eachotherssensing
rangecontendfor thechannelaccess.Intra-�ow contentionoc-
curswhennodesalonga multi-hoppathcarryingthesameset
of �o wscontendwith eachother. This limits thetotal through-
putalongamulti-hoppath.In contrast,whenoneor more�o ws

mergetogetheror whenthey arespatiallycloseenoughto con-
tendwith eachother, the capacityis sharedamongthe �o ws
andthe throughputof each�o w reduces.While it is hard to
eliminateintra-�ow contentionfor a singlechannelmeshnet-
work, spatialseparationof routesfor different�o wscanreduce
inter-�o w contentionandimprovethethroughputfor each�o w.

B. FairnessandRateAllocationProblem

Sinceour systemmodelassumesthat the video sourcesare
identicalandgeneratesimilar bit-ratestreams,thenetwork re-
sourcesneedto be fairly sharedamongall the �o ws. This can
beachievedby a ratebased�o w controlat eachof thesources.
All the �o ws areassignedthe samebit-ratethat canbe trans-
portedsuccessfullyto the tree root. The rate allocationand
fairnessproblemis to determinetheactualratethatcanbesup-
portedby theaggregationtree. This problemis differentfrom
therouting,which dealswith the treeconstruction,while here
we areinterestedin �nding themaximumper �o w bit-ratefor
agiveninstanceof thetree.

C. Packet LossandDelay-JitterProblem

Therearetwo kindsof packet lossesthatoccurfor real-time
video transmissionover multi-hop wirelessnetworks. Firstly,
a packet might be received corrupteddue to channelerrors.
802.11MAC usesretransmissionsto improve the reliability.
Secondly, for playbackof real time video, every packet hasa
deadlinebeforewhich it hasto bereceivedat theCMN. Pack-
ets that arrive late are consideredlost and discarded. Packet
lossesinducedistortionin thereconstructedvideoanddegrade
thequalityof thevideo.Thusit is desirableto reducelosses.

Packet lossesandnetwork congestioncauselargevariations
in the one-way delayexperiencedby packetsof a �o w. Stan-
dardtechniqueto smoothout this jitter is to employ aplayback
buffer thataddssomedelaybetweenactualstreamingandplay-
backtime. Packetsreceivedaheadin time arebufferedbefore
beingplayedback.Theoreticallyby having anin�nite playback
buffer, jitter canbe completelyeliminated.But dueto thena-
ture of live streaming,it is desirableto have low delaybefore
viewing. Therefore,thegoalis to employ aslittle playbackde-
lay aspossible.Moreover, the lower delayalsoimplies lower
buffer sizerequirements.In orderfor video to be playedback
withoutdisruption,theplaybackbuffer shouldneverbeempty.

IV. SYSTEM DESIGN

In thissection,wedescribein detailtheconstructionof rout-
ing treeandthemethodfor determinationof themaximumrate
for all the�o ws. Following this,wepresentseveraladaptations
at the intermediateroutersfor handlingpacket lossesand re-
ducingthe packet delayjitter for improving the quality of the
videostreams.

A. AggregationTreeConstructionand
Rate-basedFlow Control

In orderto analyzethe impactof thestructureof theaggre-
gationtreeon the availablebandwidthfor each�o w, we look
at multi-streamaggregationfor a simplegrid network shown
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Fig.2. Exampleto depictthattheaggregatethroughputof all contending�o ws
is samenomatterwherethey merge. (a)Connectivity Graph.Two instancesof
aggregationtree:(b) and(c).

in Figure 2 (a). Nodesa, b and c are the sourcenodesand
s is the tree root. Considertwo treesshown in Figure 2(a)
andFigure2 (b) depictingtwo differentsetsof routesfor the
each�o w from sourceto root node. With RTS-CTSenabled,
all links contendwith eachother in both thesetree instances.
For the�rst case(Figure2 (b)), thereare6 competingtransmit-
tersandeachgetequalshareof thechannelcapacity(i.e. C=6).
So the maximumachievableaggregatethroughputat the root
is 3 � C=6 = C=2. For the secondcase(Figure2 (c)) where
the three�o ws merge beforereachingthe root, thereareonly
4 transmitterandthusevery nodenow gets1/4th shareof the
channelbandwidth.Thustheaggregatethroughputat the root
is C=4. But if thesourcesarerestrictedto sendat a rateC=6,
thentheintermediaterelaynodegetsto usetheremainingchan-
nel time i.e. C=2 andthe aggregatethroughputis sameasin
case1. Thuswith �o w control,merging two or morecontend-
ing �o wsdoesnot impacttheaggregatethroughput.

As a sidebene�t, when two or more �o ws merge together
fewer edgesare utilized for transmission.This increasesthe
possibilityof �nding spatiallydisjointpathsfor other�o ws. As
an example,Figure 3 describesthe bene�t of merging in re-
ducingthe contentionbetweenmultiple �o ws. Flow b in Fig-
ure3 (a)hasto competewith �o wsa andc andsimilarly �o w c
competeswith bandd. In Figure3 (b) thecontentionis reduced
by merging �o ws a andb and�o ws c andd. Theroutestaken
by the two merged�o ws a=bandc=darefar apartto interfere
with eachother. Thougheventuallythey dointerfereat theroot,
thetotalbandwidthreachingtheroot is higherthantheprevious
casesinceper�o w bandwidthis higher.

Distrib uted Spatial AggregationTreeConstruction: This
is a greedyalgorithmthat sequentiallyassignsthe bestroutes
for each�o w. For eachsourcenodev, thegoal is to determine
a pathto the root s that incurscontentiononly at the last few
hops.This is calledtheSpatial-Pathsearch.All pathsthatare
atmostl + 1 hopsin length,wherel is thehopdistanceof node
v, arecandidatesfor selection. If noneof thesepathssatisfy
thisconstraint,algorithmswitchesto theCompact-Pathsearch.
Here the new �o w is mergedwith an existing �o w in fewest
numberof hops. Again as in the previous search,the search
spaceis limited to pathswith end-to-endpath lengthat most
l + 1 hops. If thereexists more thanonepath to merge, the
pathcarryingthe leastnumberof �o ws is chosen.Detailsof
thealgorithmfollow.

(a) (b)

Fig.3. Illustrationof aggregatedthroughputimprovementby spatiallyseparat-
ing the �o ws whenever possibleandmerging contending�o ws otherwise.(a)
Four �o ws aggregatedalongdisjoint competingpaths.(b) Merging few �o ws
ascloseto sourceaspossiblewithout increasingthepathlengthfor each�o w
increasestheper�o w throughput.

Initially theroot performsa broadcast�ood sothata nodeu
candeterminethe hop lengthdistanceh(u) to the root. Next,
u classi�esa neighborinto oneof the following basedon the
neighborshop length: a setof parentsP(u), a setof siblings
S(u), and a set of children's C(u). We de�ne the Blocking
valueb(u) for a nodeu asthenumberof contendingtransmit-
terswithin theonehopneighborhoodof u andtheFlow value
f (u) asthenumberof �o ws carriedby nodeu. Now consider
thesearchfor a routefrom a sourcenodev to theroot s. Route
searchstartswith Spatial-Path Search. This considersa sub-
graphconsistingof nodesbelongingto thesetf s [ N (s) [ Rg
whereN (s) is thesetof onehopneighborsof s, andR is theset
of all nodesthathave f (u) = 0 andb(u) = 0. All edgesareof
cost1. A spatial-pathfor the�o w is successfulwhenthelength
of theshortestpath,if thereexistsone,is atmosth(v) + 1.

WhenSpatial-Path searchfails, the algorithmfalls back to
Compact-Pathsearch.Thisconsidersthecompletesetof nodes
in the network. A simple breadth-�rst searchstarting from
sourcenodev is usedto determineall theshortestpathsto the
existing�o wsin thenetwork. Similarto thespatialsearch,only
pathswith lengthlessthanh(v)+ 1 areconsidered.Whenmore
thanoneexist, the pathcarrying the leastnumberof �o ws is
chosenfor merging.

The tree constructionalgorithm describedhereattemptsto
createcompactpathsfor �o ws originatingfrom sourcesthose
arecloseto eachotherin orderto reducethe numberof links
thatareutilizedfor transmission.Thisincreasestheopportunity
for �nding spatiallydisjointandlessinterferingpathsfor �o ws
from sourcesthat are fartherapart from eachother allowing
moreconcurrenttransmissionsto occur. Whenall routeshave
beenassignedwe expectthat the algorithm�nds out asmany
spatiallyindependentpathsto therootaspossible.

Rate-basedFlow Control Algorithm : After therouteshave
beenestablished,weneedto determinethehighestper�o w bit-
ratethattheaggregationtreecansupportin orderto ef�ciently
sharethenetwork resourcesamongall �o ws. Ratecontrolhelps
preventssomeof the �o ws from aggressively sendingtraf�c
while other�o ws arestarving.Also, whensourcesstreamdata
at a ratehigherthanthatcanbehandledat thetreeroot,which
is usuallythebottleneck,it causescongestionandpacket losses
in thenetwork andper�o w throughputreduces.
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An iterative binary searchschemeis usedto determinethe
optimal operatingrate. All sourcesstartstreamingvideo at a
certainminimal constantbit rate.At eachsteptheofferedload
ateachsourceis doubledandthethroughputat theroot is eval-
uated.Doubling the loadstopswhenthe throughputof oneor
more�o ws dropsbelow the offeredload. Similar to standard
binary search,the load is reducedin the next stepby half of
thepreviousincrementalload.Reductionis continueduntil the
offeredloadandthroughputmatchagain. Theabove two pro-
ceduresof doublingandreducing-by-halfarerepeateduntil the
throughputof each�o w at thesink stabilizesto themaximum
value.

B. DelayJitter ReductionTechniques

TheCMN maintainsa per�o w playbackbuffer to smoothen
thepacketdelayjitter. Thesizeof thebuffer for a �o w depends
on the one-way latency of the pathtaken by the �o w. Larger
buffersizeintroducesdelayin theplaybackof arealtimevideo.
It is desirableto have a small boundeddelayin orderto usea
limitedplaybackbuffer. Wedesignfollowingtwo optimizations
at the intermediateroutersin order to reducethe end-to-end
delayvariations.

Packet Reordering Schemes: In theseschemeseachinter-
mediaterouterreordersthepacketsin thetransmitqueuebased
on the following two criteria. Firstly, packetswith lower de-
lay budgetneedto be deliveredsoonerthanthosewith higher
delaybudget. Thus, the router reordersthe packetsbasedon
the residualdelaybudgetfor eachpacket. Secondly, whenan
intermediaterouteris carryingtraf�c from multiple �o ws, and
the instantaneousthroughputfor a particular�o w dropsbelow
theassignedbit-rate,packetsfor thatparticular�o w aregiven
higherpriority thanother�o ws. To illustratehow this canre-
ducetheaveragedelay, considerascenariowhereanintermedi-
aterelaynodeis carrying2 �o wsandit currentlyhas8 packets
from one�o w followed by 2 packetsfrom the second�o w in
the transmitqueue. The packets of �o w-2 will experiencea
largerdelayasthey arebehindin thequeue.Averagedelayex-
periencedby packetsof �o w-2 canbe reducedby moving the
2 packetsof second�o w in front of the transmitqueue,while
increasingtheaveragedelayfor �o w-3 packetsonly by asmall
fraction. A routerconstantlymeasuresthe instantaneousrate
for each�o w andassignshigherpriorities to �o ws with lower
instantaneousthroughputs.If a particular�o w is starvingand
therateis below theallocatedrate,assigninghigherpriority to
packetsof this �o w alleviatestheproblemof �o w starvation.

Early-Dr op Scheme: Eachintermediateroutercanestimate
the expectedtime a packet in its transmitqueuereachesthe
CMN by using the path latency information to the CMN. A
routerchoosesto drop a packet if it estimatesthat the packet
cannotreachtheCMN in time for playback.This earlypacket
dropmechanismensuresthatout of schedulepacketsconsume
aslittle resourcesaspossible.

V. PERFORMANCE EVALUATION

We evaluatedGangesusingextensive ns-2simulations.Ra-
dio propagationmodelusesthetwo-raygroundre�ection path
lossmodelfor thelarge-scalepropagationmodel,augmentedby

a small-scalemodelmodelingRiceanfading[9]. We patched
ns-2with a realisticpacket capturemodel. In our experiments,
all nodesoperateatarateof 11Mbps.All thenodesarestation-
arybecausethey representameshnetwork.

The transmissionrangeis 550 metersand the carriersense
rangeis 900meters.Thenodesarearrangedin a 13 x 13 grid
in a 6000x 6000squaremeterarea. Thus,every nodeinside
thegrid hasfour neighborsat a distanceof 500metersin each
direction. We choosethe nodein the centerof the grid asthe
CAN. Thepathsfrom thesendersto theCAN areprecomputed
anddoesnot changeduringthesimulation.

Weconductedthreesetsof experiments.The�rst experiment
showsthebene�t of DSAT routingtechniqueoveranaiveshort-
estpathrouting scheme.We choosea randomsetof senders
from the grid and computeboth the shortestpath tree (SPT)
andtheDistributedSpatialAggregationTree(DSAT) and�nd
out the peakaggregatefair throughputfor every case. In the
secondexperiment,we choosethreesources,computetheSPT
andDSAT for them,anddoa fair rateallocationto thesources.
Finally, we do someexperimentsto show thebene�tsobtained
from our lossrecovery techniques.We usea videoevaluation
tool Evalvid, [10] which hasbeenintegratedwith ns-2 [11].
We codethe 600 frame“Foreman”tracein commoninterme-
diateformat(CIF) into mpeg4 formatwith a groupof pictures
sizesetto 25andtheframerateof 30 fps. Thebit-rate,andthe
playbackdeadlineDelayBudgetisvariedbetweenexperiments.

We usethe following performancemetrics for our experi-
ments:

� Peakfair throughput– If therearemultiple sourcesanda
single receiver, the load for eachCBR �o w is increased
till the throughputof any oneof the �o ws startdecreas-
ing. This point indicatesthemaximumfair throughputfor
the �o ws, becauseany further increasein the loadfor the
�o ws causesa decreasein the throughputof at leastone
�o w. The aggregatethroughputof all �o ws at this point
is calledthe “Peakaggregatefair throughput”. We claim
thatthisquantityshouldbemaximizedfor theconstructed
treebecausein a videosurveillancesystem,theaim is to
improvethequalityof thevideowith maximumdistortion.

� Maximum lossrate for a �o w – Therecanbe two kinds
of lossesin this system- packet lossesin the network,
andlossesdueto packetsmissingtheir playbackdeadline.
We compareDSAT with SPTby comparingthe network
losses.For multiple sources,asthe load is increased,the
maximumlossratefor a�o w indicatesthelossfor the�o w
suffering themostloss.

� PSNR– Peaksignalto noiseratio is themostpopularob-
jective metric usedto assessthe quality of a video trans-
missionat the receiver end. A video streameris usedto
convert the mpeg4 �le into a sendertracewhich is pro-
videdasaninputto ans-2simulation.Thesimulationgen-
eratesa senderand receiver dump containingthe times-
tampsandsequencenumbersof packetssentandreceived.
Thereceiver traceandthesendertraceareusedto recon-
structthevideoandthePSNRvalueis computedfor each
reconstructedframebasedonthedifferencein qualitywith
theoriginal frame.

� Percentageof framesreconstructed– Dueto lossesin the
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network andpacketsmissingdeadlines,someframescan-
not be reconstructedby the codec. The numberof these
missingframesdependsonthecapacityof thenetworkand
theconstructedtree,aswell asthedelaybudget.

A. Evaluationof DSAT routing

We comparethe performanceof Distributed Spatial Ag-
gregation Tree (DSAT) schemewith shortesthop tree (SPT)
scheme. Figure 4 shows the variation of the aggregate fair
throughputasthenumberof sourcesis increasedfrom 2 to 10.
Eachpoint on the graphis an averageof 20 experiments,and
in eachexperiment,thesourcesareselectedrandomlyfrom the
grid andthepeakthroughputfor CBR traf�c calculatedfor the
DSAT andSPT. The averagedistanceof the sourcesfrom the
sink is 5 hops. DSAT doesnot give muchimprovementover
SPT for two sources,becauseas statedbefore,merging two
�o ws doesn't have any advantageover two contending�o ws,
andmost instancesin a randomsampleeithercannotbe spa-
tially separated,or arealreadyspatiallyseparatedin the SPT.
DSAT startsshowing betterperformanceoverSPTasthenum-
ber of sourcesis increasedandthereis moreoption for early
merging.

Figure 5 shows the variation of the peak aggregate fair
throughputwith increasein theaveragepathlengthof the�o ws.
For eachcase,� ve sourcesarechosenrandomlyat a particular
distancefrom thesink, andthepeakaggregatefair throughput
is calculatedfor the two routing strategies. Whenthe sources
are just one hop away, all the links contendwith eachother,
andDSAT doesnotgiveany improvementwith respectto SPT.
As thesourcesaremovedaway from thesink,or theCAN, the
differencebetweenDSAT andSPTbecomesvisible. An inter-
estingpoint is whentheaveragehoplengthincreasesfrom 1 to
2, the SPTcausesa decreasein the aggregatethroughputbe-
causetherearemorelinks beingusedwhichcontendwith each
other, whereasDSAT causesanincreasein aggregatethrough-
put becauseit is possibleto spatiallyseparatethesepathsand
reducecontention.

The�gures show thatDSAT routingimprovesthecapacityof
thenetworkby separatingoutthepathsandmergingthemwhen
they interferewith eachother. Thethroughputimprovementis
10-15%. The aggregatethroughputin both graphsdenotethe
capacityof the network which remainslargely unaffectedby
thenumberof sourcesor thepathlength.

B. Fair rateallocation

In Figure6, we show how we do �o w controlto arriveat the
fair throughputvaluefor each�o w if therearemultiplesources
in the network. We usea binary searchmethodstartingwith
an initial loadof 2Mbpsandtheminimumandmaximumload
set to 0 and 4Mbps respectively. Then if the maximumloss
rate for the �o ws is lessthan 5%, we increasethe minimum
load,while we decreasethemaximumloadotherwise.This is
doneuntil thedifferencebetweentheminimumandmaximum
becomeslessthan 10Kbps. In this experiment,we choose3
sourcesat anaveragedistanceof 7 hopsfrom thesink, anddo
�o w control to arrive at thepeakfair throughputfor the �o ws.
The �gure indicatesclearly that the peakthroughputobtained
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Fig. 5. Peakaggregatefair throughputof �o ws vs Path length. Thereare5
�o ws in thenetwork.

for DSAT is at around310Kbps,while for SPT, it is about250
Kbps.Figure8 showshow thelossratevarieswith theincrease
in load. It canbeobservedthat in DSAT, a lower lossratecan
be maintaineduntil muchhigher load, andeven if the load is
increasedbeyondthat,the lossrateis around20-30%lesserin
DSAT from SPT.

We realizedthatthemethodof �o w controldescribedabove
doesnot utilize thenetwork capacityin thebestpossibleway.
The�o w which attainsthe leastmaximumthroughputdecides
thebit rateof every other�o w. So,we implementeda modi�-
cationto theaboveschemewherewetry to providetheresidual
availablebandwidthto the�o ws,which have not attainedtheir
maximumyet. We keepincreasingthe load on each�o w un-
til one�o w reachesits maxima. This is doneuntil each�o w
hasreachedits local maximum.Wheneverone�o w reachesits
maximum,its load is �x ed and is not increasedfurther. Fig-
ure7 showshow DSAT canhelpachievea muchhigheraggre-
gatethroughputthanSPTusingthis scheme.While theearlier
�gures show thatDSAT helpsattainahighermax-minthrough-
put, this �gure shows thatoncethemax-minstageis reached,
you canstill increasetheloadof other�o wsat no costto other
�o ws usingDSAT. On the otherhand,in a shortestpathtree,
althoughtheaggregatethroughputcanbe increased,it will be
at thecostof some�o w.
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C. Evaluationof otheroptimizations

In this section,weevaluatetheimprovementobtainedby the
early droppingtechnique,the packet reorderingschemes,and
their combinations. The following acronyms are usedto de-
notetheseoptimizations– ED denotesEarly Drop,RRdenotes
packet reorderingbasedon residualdelaybudget,andRF de-
notespacket reorderingbasedon the instantaneousthroughput
predictedfor the �o w. The instantaneousthroughputis pre-
dictedby countingthenumberof packetstransmittedin thepre-
vious2 secondsfor each�o w. Thepacketsof the �o w, which
hasbeensendinga lessernumberof packets in the previous
timewindows is givenpreferencein thecurrenttime window.

The threesourcesfrom the previousexperimentarecon�g-
uredto sendvideotraf�c. Thebit rateof thevideoandthedelay
budgetis variedin theexperiments.Thefollowing experiments
show resultsfor oneof thesources.Figure9 shows thevaria-
tion of packetdeliveryratioasthebit rateof thevideotraf�c is
increasedfor eachsource.Thedelaybudgetis �x edat 2.5sec-
onds. SPTexperiencesa large numberof lossescomparedto
DSAT becausetheaveragepacketdelayis greaterthan2.5sec-
onds.As thebit rateis increased,the �o w alsostartsto suffer
from lossesin thenetwork, andso thedelivery ratio decreases
even further. DSAT increasesthe capacityof the network by
spatiallyseparatingthepaths,but still experienceslossesdueto
thedelayin thenetwork. EarlyDropincreasesthepacketdeliv-
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Fig.9. Packetdelivery RatiovsBit Rateof StreamingVideo.Graphcompares
SPT, DSAT andtheenhancementsin DSAT. DelayBudget= 2.5s.

ery ratio to up to 20%athigh bit rates,while packet reordering
increasesthepacket delivery ratio by another15%. This is re-
�ected in the percentageof framesthat can be reconstructed
asshown in Figure10. At a bit-rateof 300Kbps,DSAT canre-
construct30%moreframesthanSPT, andfurtheroptimizations
helpin reconstructing30%moreframes.

Figure11 shows the variationof packet delivery ratio with
theincreasein delaybudget.Thebit rateis �x edto 300Kbps.
An in�nite buffer at the receiver endwill eliminateall losses,
but it is notpractical.Throughthisexperiment,wedemonstrate
thatif thenetworkhastheknowledgeof thedelaybudget,it can
help reducelossesusing the optimizationsstated. Figure 12
shows the variationof the percentageof frameswhich canbe
successfullyreconstructedasthedelaybudgetis increased.Its
interestingto seethatif thedelaybudgetis equalto 2.5seconds
which is aboutthesameasthepathlatency, andthebit rateis
300Kbps,almostall theframescanbereconstructedwith DSAT
andoptimizations,while in SPT, just 20%of theframescanbe
reconstructed.

Packet lossesandmissingframesleadto adecreasein PSNR
valuesof theframesin thevideo.Figure13comparesthePSNR
valuesof the�rst 150framesof thevideofor SPT, DSAT, DSAT
with all optimizations,anda referencePSNRvalueassuming
no losses.It is interestingto seethatDSAT givesan improve-
mentof over2-3db,while theoptimizationsimprovethePSNR
valuesto almostthereferencevalue,which is a furtherincrease
of 7-8db.
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VI. CONCLUSIONS

We have presenteda wirelessmesharchitecturefor ef�cient
and cost effective transportof video streamsfrom multiple
surveillancecamerasto a centralmonitoringstation. We have
addressedthe two key requirements,high bandwidthandlow
delay jitter, for supportinggoodquality video over meshnet-
works. We proposedthe constructionof a distributedspatial
treethat merges�o ws from video sourcesthat areclosely lo-
catedwhile spatially separatingthosethat are far apart. We
provide fairnessamongthe �o ws by limiting the rate of all
video streamsto the bestachievable rate. We designedsev-
eraloptimizationsfor themeshroutersto reducethedelayjit-
ter. Our resultsshow thattheimprovementin thevideoquality
is signi�cant(7-10dB) with all theoptimizationsandvalidates
thedesignof GangesArchitecture.
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