Real-timeVideo StreamAggregationin Wireless
MeshNetwork

VishnuNavda,AnandKashyap SamraiGangulyandRauflzmailov
NEC-LABS USA, PrincetonNJ

Emailf vnavda,kashyap,samrat

Abstract—In this paper we designand evaluate Gangesa wir e-
lessmeshnetwork architecture that can ef ciently transport real-
time video streamsfrom multiple sourcesto a central monitoring
station. Video quality suffersfrom deterioration in the presenceof
bursty network lossesand due to packets missing their playback
deadline. Gangesspatially separateshe pathsto reduceinter- o w
contention. It nds out afair rate allocation for the differ entvideo
sources.The wir elessroutersin the meshnetwork implement sev-
eral optimizations in order to reducethe end-to-enddelay varia-
tion. Gangesimpr ovesthe network capacity by over 10-15% over
ashortestpath tr ee,and impr ovesthe videopictur e quality by 7-10
dB.

|. INTRODUCTION

Recently therehasbeensigni cant researchnterestin the
areaof WirelessMesh Networks(WMN) [1-4]. WMNSs pro-
vide a cheapandef cient methodfor providing network con-
nectvity to a large region. Most of the researchso far was
abouthow to useWMNs for providing last mile dataconnec-
tivity to thelnternet.In this papemwe exploretheuseof WMNs
for transportingreal-timevideo traf c. More speci cally, the
applicationthatwe targetis aggreyationof video streamorig-
inating from multiple video surnwillance camerasat a central
monitoringnode. In thelastyears therehasbeenanincreased
deploymentof sunweillancecamerasn roads,airports, malls,
subwaysfor watchingtraf c conditions,monitoringsuspicious
actiities andotherpurposesWiring eachof thevideocameras
to streamthe datato a centrallocationis not only dif cult and
expensve but alsoinfeasiblein somecasesWMNSs provide an
effective wayto provide connectvity betweertheremotevideo
cameragndthewired aggreyationsites.

Due to the stringentrequirementf real-timevideo traf c
suchas bandwidthguaranteesnd delay constraints existing
WMN designscannothandlethemef ciently. Here,we pro-
mote the idea of trafc aware WMN. We refer to our archi-
tectureas Ganges. The core of the Gangesarchitectureis a
network of wirelessroutersthatareoptimizedto transportreal
time mediatrafc efciently acrosgshe multi-hopwirelessnet-
work. Usingadistributedalgorithm,high bandwidthmulti-hop
routesareestablishedrom eachvideostreanmsourceo thecen-
tral monitoringnode.

The GangesarchitecturgFig 1) consistsof severalidentical
videosourcesuchasvideosuneillancecameraspreadcovera
large geographiaegion for remotemonitoringpurposesThey
could be mountedon rooftopsor lamppostshat have contin-
uoussupplyof electricity Thesesourcesare equippedwith a

Jauf g@ne-lab s.ed u

1= -
% “e.  Wireless
i “-.Router Node
g\ X 3
RS o N ;

Central
Aggregation
Node

Central
Monitoring
Node

] &
2l
Wireless Video
Surveillance Node

Fig. 1. GangesArchitecture: Multiple surweillancecamerasquippedwith
awirelessradio streamreal-timevideotrafc over a multi-hop wirelessmesh
network (WMN) to the centralaggrgationnode(CAN) thatin turnforwardsit
over awired link to the centralmonitoringNode (CMN). The WMN consists
of specializedwirelessroutersthat are optimizedto ef ciently route multiple
real-timevideostreamso the CAN.

wirelessinterfacefor communication.Thereis a centralmoni-
toring node(CMN) wherevideostreamdrom all thesesources
needso be viewedin real-time. Providing wired connectvity
betweerthevideosourceandthe CMN maybeexpensve and
incorvenient.Dueto thesigni cant deploymentadvantagewe
utilize aWMN to transporthevideostreamdrom eachsource
to the nearestwired gatevay node. The WMN consistsof a
numberof low-costwirelessrouterseachequippedvith asingle
wirelessinterface. Someof thesenodes(CentralAggregation
Nodesor CAN) have anadditionalwired interfaceandarecon-
nectedo the CMN viathelnternetor someprivatenetwork. All
video streamsare aggrejatedat the CAN over wirelessmulti-
hop backbonenetwork andthenforwardedover the wired link
to the CMN.

In this work we designspecializedwvirelessroutersthat are
optimizedto handlereal-timetrafc efciently. High band-
width routesareestablishedetweerthe video sourcesandthe
CMN. Theseroutersare capableof reliably delivering high-
quality video streamsto the CMN using several ne-grained
adaptationst differentlayersto counterthe dynamicwireless
conditions.Optimizationsatthenetwork layerareimplemented
to ef ciently shareresourcebetweermultiple o wsaswell as
deliveringpacletsin timeto reduceheend-to-engaclketdelay
jitter.



Therestof the paperis organizedasfollows. In the follow-
ing sectionwe discusgherelatedwork in thisarea.In Section
3, we formulatethe problemandin Section4, we presenthe
detaileddesignof the Gangesarchitecture. In Section5, we
presentthe simulationresultsand nally , we presenthe con-
clusions.

Il. RELATED WORK

Recently there hasbeena sumge of researchand develop-
mentactivities in meshnetworksin thewake of wide availabil-
ity of low-cost, standards-complianhigh-bandwidthwireless
interfacesand opensourcewirelessrouter platforms. Appli-
cationsof meshnetworks include providing community-wide
wirelessnetworking, last-mile Internetaccessand even asre-
placemenbf traditionalwirelessLANs. Meshnetworks have
beendeployedby communitiescompaniesresellingcommer
cial meshnetworking solutions,anda lot of researchis going
onin researchabsanduniversities[1-4].

In [2], authorshave proposeda meshnetwork which aggre-
gatestrafc over a tree with a wired gatevay nodeasroot of
the tree. They assumenodeswith multiple interfacesand as-
signdifferentchannelgo reducethe contention. They assume
a generaltrafc modelanddo not provide ary delay guaran-
tees.Gangess designedpeci cally to handlereal-timetrafc,
andits routing is optimizedfor multiple sourcesand a single
receverscenario.

The issueof nding optimal routing assignmentgor mul-
tiple video streamsover a wirelessad-hocnetwork hasbeen
addressedh [5]. The routingandrateallocationschemesie-
signedin this paperarebesteffort techniqueghatdo not guar
anteeary bounds put arevery practical.

Many paperdave proposedendingvideostream®ver mul-
tiple pathsto provide resilienceagainspacletlosseslueto dy-
namic wirelessconditionsand network congestion6-8]. In
this paper sinceall video streamsare aggreyatedat the CAN,
multi-pathrouting increaseshe amountof data o w atthe re-
ceiverendleadingto increasen congestion.

I1l. PROBLEM FORMULATION
A. RoutingProblem

Streamingvideos have high bandwidthrequirements.The
routing problemis to determinepaths betweeneach video
sourceandthe CAN suchthat all o ws get good throughput
while utilizing the available bandwidtheffectively. Sinceall

o ws endat the CAN, this problemis sameasconstructingan
aggreyationtreewith CAN astheroot andsourcesasleavesor
intermediatenodesof thetree.

The total bytesthat can be receved by the CAN in a unit
timeis limited by the capacityof the channel.Thisis theupper
boundfor the sumof thethroughpubf all o ws. Buttheactual
aggreyatethroughpuis usuallymuchlessthanthis. Thereason
for thisis asfollows. Sinceall nodesareoperatingin the same
frequeng band,the nodesthat are within eachotherssensing
rangecontendfor thechannelccessintra- ow contentionoc-
curswhennodesalonga multi-hop pathcarryingthe sameset
of o wscontendwith eachother This limits thetotal through-
putalongamulti-hoppath.In contrastwhenoneor more o ws

mergetogetheror whenthey arespatiallycloseenoughto con-
tendwith eachother, the capacityis sharedamongthe o ws
andthe throughputof each o w reduces. While it is hardto
eliminateintra- ow contentionfor a single channelmeshnet-
work, spatialseparatiorof routesfor different o ws canreduce
inter- 0 w contentiorandimprove thethroughpufor each o w.

B. FairnessandRateAllocation Problem

Sinceour systemmodelassumeshat the video sourcesare
identicalandgeneratesimilar bit-rate streamsthe network re-
sourceqeedto befairly sharedamongall the o ws. This can
beachiesedby aratebasedo w controlat eachof the sources.
All the o ws areassignedhe samebit-rate that canbe trans-
ported successfullyto the tree root. The rate allocationand
fairnesgproblemis to determinghe actualratethatcanbe sup-
portedby the aggreyationtree. This problemis differentfrom
therouting, which dealswith the tree constructionwhile here
we areinterestedn nding the maximumper o w bit-ratefor
agiveninstanceof thetree.

C. PacetLossandDelay-JitterProblem

Therearetwo kinds of pacletlosseshatoccurfor real-time
video transmissiorover multi-hop wirelessnetworks. Firstly,
a paclet might be recevved corrupteddue to channelerrors.
802.11MAC usesretransmissiongo improve the reliability.
Secondly for playbackof realtime video, every paclet hasa
deadlinebeforewhich it hasto bereceivedat the CMN. Pack-
etsthat arrive late are consideredost and discarded. Packet
lossednducedistortionin thereconstructedideoanddegrade
thequality of thevideo. Thusit is desirablgo reducelosses.

Packet lossesandnetwork congestiorcausdarge variations
in the one-way delay experiencedby pacletsof a ow. Stan-
dardtechniqueo smoothoutthisjitter is to employ a playback
buffer thataddssomedelaybetweeractualstreamingandplay-
backtime. Packetsreceived aheadn time arebufferedbefore
beingplayedback. Theoreticallyby having anin nite playback
buffer, jitter canbe completelyeliminated. But dueto the na-
ture of live streamingiit is desirableto have low delaybefore
viewing. Thereforethegoalis to employ aslittle playbackde-
lay aspossible. Moreover, the lower delayalsoimplies lower
buffer sizerequirementsln orderfor videoto be playedback
withoutdisruption,the playbackbuffer shouldnever be empty

IV. SYSTEM DESIGN

In this section we describen detailthe constructiorof rout-
ing treeandthe methodfor determinatiorof the maximumrate
for all the o ws. Following this, we presenseveraladaptations
at the intermediateroutersfor handlingpaclet lossesand re-
ducingthe paclet delayjitter for improving the quality of the
videostreams.

A. AggregationTreeConstructionand
Rate-basedrlow Control

In orderto analyzethe impactof the structureof the aggre-
gationtree on the available bandwidthfor each o w, we look
at multi-streamaggreyationfor a simple grid network shovn
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Fig.2. Exampleto depictthattheaggr@atethroughpuof all contendingo ws
is sameno matterwherethey memge. (a) Connectrity Graph.Two instance®f
aggreationtree: (b) and(c).

in Figure2 (a). Nodesa, b andc are the sourcenodesand
s is the treeroot. Considertwo treesshowvn in Figure 2(a)
and Figure 2 (b) depictingtwo differentsetsof routesfor the
each o w from sourceto root node. With RTS-CTSenabled,

all links contendwith eachotherin both thesetreeinstances.

For the rst case(Figure (b)), thereare6 competingtransmit-
tersandeachgetequalshareof thechannekapacity(i.e. C=6).
So the maximumachievable aggregyatethroughputat the root
is3 C=6 = C=2. For the secondcase(Figure? (c)) where
the three o ws memge beforereachingthe root, thereareonly
4 transmitterand thus every nodenow gets1/4th shareof the
channelbandwidth. Thusthe aggrejatethroughputat the root
is C=4. But if the sourcesarerestrictedto sendat a rate C=6,
thentheintermediateelaynodegetsto usetheremainingchan-
nel time i.e. C=2 andthe aggreatethroughputis sameasin
casel. Thuswith o w control,meiging two or morecontend-
ing o wsdoesnotimpacttheaggrayatethroughput.

As a sidebene t, whentwo or more o ws mege together
fewer edgesare utilized for transmission. This increaseshe
possibilityof nding spatiallydisjoint pathsfor other o ws. As
an example, Figure 3 describeghe bene t of memging in re-
ducingthe contentionbetweenmultiple o ws. Flow b in Fig-
ure3 (a) hasto competewith o wsa andc andsimilarly ow ¢
competesvith bandd. In Figure3 (b) thecontentioris reduced
by memging o wsa andband o ws c andd. Theroutestaken
by thetwo memged o ws a=bandc=darefar apartto interfere
with eachother Thougheventuallythey dointerfereattheroot,
thetotalbandwidthreachingherootis higherthantheprevious
casesinceper o w bandwidthis higher

Distrib uted Spatial Aggregation TreeConstruction: This
is a greedyalgorithmthat sequentiallyassignghe bestroutes
for each o w. For eachsourcenodev, the goalis to determine
a pathto theroot s thatincurs contentiononly at the last few
hops. This is calledthe Spatial-Rith search.All pathsthatare
atmostl + 1 hopsin length,wherel is thehopdistanceof node
v, are candidatedor selection. If noneof thesepathssatisfy
this constraintalgorithmswitcheso the Compact-Rthsearch.
Herethe nev o w is memgedwith an existing ow in fewest
numberof hops. Again asin the previous search the search
spaceis limited to pathswith end-to-endpath lengthat most
| + 1 hops. If thereexists morethanone pathto mege, the
path carryingthe leastnumberof o ws is chosen. Details of
thealgorithmfollow.

(@) (b)

Fig.3. lllustrationof aggr@atedthroughpuimprovementby spatiallyseparat-
ing the o ws wheneer possibleandmeiging contending o ws otherwise.(a)
Four o ws aggrgatedalongdisjoint competingpaths. (b) Merging few o ws
ascloseto sourceaspossiblewithout increasinghe pathlengthfor each o w
increasesheper o w throughput.

Initially theroot performsabroadcastood sothatanodeu
candeterminethe hop lengthdistanceh(u) to theroot. Next,
u classi esa neighborinto one of the following basedon the
neighborshop length: a setof parentsP (u), a setof siblings
S(u), and a setof children's C(u). We de ne the Blocking
valueb(u) for a nodeu asthe numberof contendingransmit-
terswithin the onehop neighborhoof u andthe Flow value
f (u) asthenumberof o ws carriedby nodeu. Now consider
thesearchor aroutefrom a sourcenodev to theroots. Route
searchstartswith Spatial-Rith Search. This considersa sub-
graphconsistingof nodesbelongingto thesetfs[ N(s) [ Rg
whereN (s) isthesetof onehopneighborof s, andR is theset
of all nodeghathavef (u) = O andb(u) = 0. All edgesareof
costl. A spatial-patHor the o w is successfulvhenthelength
of theshortespath,if thereexistsone,is atmosth(v) + 1.

When Spatial-Rith searchfails, the algorithm falls back to
Compact-Rthsearch.This considerghecompletesetof nodes
in the network. A simple breadth- rst searchstarting from
sourcenodev is usedto determineall the shortesipathsto the
existing o wsin thenetwork. Similarto thespatialsearchpnly
pathswith lengthlessthanh(v) + 1 areconsideredWhenmore
than one exist, the path carryingthe leastnumberof o ws is
choserfor meming.

The tree constructionalgorithm describedhere attemptsto
createcompactpathsfor o ws originatingfrom sourceghose
arecloseto eachotherin orderto reducethe numberof links
thatareutilizedfor transmissionThisincreasesheopportunity
for nding spatiallydisjointandlessinterferingpathsfor o ws
from sourcesthat are fartherapartfrom eachother allowing
more concurrentransmissionso occur Whenall routeshave
beenassignedve expectthatthe algorithm nds out asmary
spatiallyindependenpathsto therootaspossible.

Rate-basedrlow Control Algorithm : After therouteshave
beenestablishedywe needto determinghehighestper o w bit-
ratethatthe aggreyationtreecansupportin orderto ef ciently
sharethenetwork resourceamongall o ws. Ratecontrolhelps
preventssomeof the o ws from aggressiely sendingtrafc
while other o ws arestarving.Also, whensourcestreamdata
ataratehigherthanthatcanbe handledat the treeroot, which
is usuallythebottleneckjt causesongestiorandpacletlosses
in thenetwork andper o w throughputreduces.



An iterative binary searchschemeis usedto determinethe
optimal operatingrate. All sourcesstartstreamingvideo at a
certainminimal constanbit rate. At eachstepthe offeredload
ateachsources doubledandthethroughputattherootis eval-
uated.Doubling the load stopswhenthe throughputof oneor
more o ws dropsbelow the offeredload. Similar to standard
binary searchthe load is reducedin the next stepby half of
thepreviousincrementaload. Reductionis continueduntil the
offeredload andthroughputmatchagain. The above two pro-
cedureof doublingandreducing-by-haltrerepeatedintil the
throughputof each o w at the sink stabilizesto the maximum
value.

B. DelayJitter ReductionTechniques

The CMN maintainsaper o w playbackbuffer to smoothen
thepacletdelayijitter. Thesizeof the buffer for a o w depends
on the one-way lateng of the pathtaken by the ow. Larger
buffer sizeintroducegelayin the playbackof arealtimevideo.
It is desirableto have a smallboundeddelayin orderto usea
limited playbackbuffer. We designfollowing two optimizations
at the intermediateroutersin order to reducethe end-to-end
delayvariations.

Packet Reordering Schemes In thesescheme®achinter
mediaterouterreorderghe pacletsin thetransmitqueuebased
on the following two criteria. Firstly, pacletswith lower de-
lay budgetneedto be deliveredsoonerthanthosewith higher
delay budget. Thus, the router reordersthe paclets basedon
the residualdelaybudgetfor eachpaclet. Secondlywhenan
intermediaterouteris carryingtraf ¢ from multiple o ws, and
the instantaneouthroughputfor a particular o w dropsbelow
the assignedit-rate, pacletsfor that particular o w aregiven
higher priority thanother o ws. To illustrate how this canre-
ducetheaveragedelay considermscenariavhereanintermedi-
aterelaynodeis carrying2 o wsandit currentlyhas8 paclets
from one o w followed by 2 pacletsfrom the secondo w in
the transmitqueue. The pacletsof o w-2 will experiencea
largerdelayasthey arebehindin the queue. Averagedelayex-
periencedby pacletsof o w-2 canbereducedoy moving the
2 pacletsof secondo w in front of the transmitqueue while
increasinghe averagedelayfor o w-3 pacletsonly by asmall
fraction. A router constantlymeasureghe instantaneousate
for each o w andassignshigherprioritiesto o ws with lower
instantaneouthroughputs.If a particular o w is starvingand
therateis below theallocatedrate,assigninghigherpriority to
pacletsof this o w alleviatestheproblemof o w stanation.

Early-Dr op Scheme Eachintermediateoutercanestimate
the expectedtime a paclet in its transmitqueuereacheshe
CMN by using the path lateng informationto the CMN. A
routerchoosedo drop a paclet if it estimateghat the paclet
cannotreachthe CMN in time for playback.This early paclet
dropmechanisnensureghatout of scheduleacletsconsume
aslittle resourcesispossible.

V. PERFORMANCE EVALUATION

We evaluatedGangesusing extensive ns-2simulations.Ra-
dio propagatiormodelusesthe two-ray groundre ection path
lossmodelfor thelarge-scalg@ropagatioomodel,augmentedy

a small-scalanodelmodelingRiceanfading[9]. We patched
ns-2with arealisticpacket capturemodel. In our experiments,
all nodesoperateatarateof 11Mbps.All thenodesarestation-
ary becausehey represena meshnetwork.

The transmissiorrangeis 550 metersandthe carrier sense
rangeis 900 meters.The nodesarearrangedn a 13 x 13 grid
in 2 6000x 6000squaremeterarea. Thus, every nodeinside
the grid hasfour neighborsat a distanceof 500 metersin each
direction. We choosethe nodein the centerof the grid asthe
CAN. The pathsfrom the sendergo the CAN areprecomputed
anddoesnot changeduringthe simulation.

We conductedhreesetsof experiments.The rst experiment
shavsthebene t of DSAT routingtechniqueoveranaiveshort-
estpathrouting scheme.We choosea randomsetof senders
from the grid and computeboth the shortestpathtree (SPT)
andthe Distributed SpatialAggregationTree (DSAT) and nd
out the peakaggreyatefair throughputfor every case. In the
secondexperimentwe choosehreesourcescomputethe SPT
andDSAT for them,anddo afair rateallocationto the sources.
Finally, we do someexperimentgo show the bene tsobtained
from our lossrecovery techniques.We usea video evaluation
tool Evalvid, [10] which hasbeenintegratedwith ns-2[11].
We codethe 600 frame“Foreman”tracein commoninterme-
diateformat (CIF) into mpeg4 formatwith a groupof pictures
sizesetto 25 andthe framerateof 30 fps. Thebit-rate,andthe
playbackdeadlineDelayBudgetis variedbetweerexperiments.

We usethe following performancemetricsfor our experi-
ments:

Peakfair throughput- If thereare multiple sourcesanda
singlerecever, the load for eachCBR o w is increased
till the throughputof ary one of the o ws startdecreas-
ing. This pointindicatesghe maximumfair throughputor
the o ws, becauseary furtherincreasen theloadfor the
0 ws causesa decreasén the throughputof at leastone
ow. Theaggregatethroughputof all o ws at this point
is calledthe “Peakaggreatefair throughput”. We claim
thatthis quantityshouldbe maximizedfor the constructed
treebecauseén a video suneillancesystem the aimis to
improvethequality of thevideowith maximumdistortion.
Maximum lossratefor a o w — Therecanbe two kinds
of lossesin this system- paclet lossesin the network,
andlossedueto packetsmissingtheir playbackdeadline.
We compareDSAT with SPT by comparingthe network
losses.For multiple sourcesastheload is increasedthe
maximumlossratefor a o w indicateghelossfor the o w
suffering the mostloss.
PSNR- Peaksignalto noiseratio is the mostpopularob-
jective metric usedto assesshe quality of a video trans-
missionat the recever end. A video streamelis usedto
corvert the mpeg4 le into a sendertracewhich is pro-
videdasaninputto ans-2simulation. Thesimulationgen-
eratesa senderand recever dump containingthe times-
tampsandsequencaumberof packetssentandreceied.
Therecever traceandthe sendettraceare usedto recon-
structthevideoandthe PSNRvalueis computedor each
reconstructeffamebasednthedifferencan qualitywith
theoriginal frame.
Percentagef framesreconstructed Dueto lossesn the



network andpacletsmissingdeadlinessomeframescan-
not be reconstructedy the codec. The numberof these
missingframesdepend®nthecapacityof thenetwork and
theconstructedree,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 aggreyate fair
throughputasthe numberof sourcess increasedrom 2 to 10.
Eachpoint on the graphis an averageof 20 experimentsand
in eachexperimentthesourcesareselectedandomlyfrom the
grid andthe peakthroughputfor CBR traf ¢ calculatedor the
DSAT and SPT The averagedistanceof the sourcedrom the
sink is 5 hops. DSAT doesnot give muchimprovementover
SPT for two sources becauseas statedbefore, memging two

o ws doesnt have ary advantageover two contending o ws,
and mostinstancedn a randomsampleeither cannotbe spa-
tially separatedor are alreadyspatially separatedn the SPT.
DSAT startsshawving betterperformancever SPTasthenum-
ber of sourcess increasedandthereis more option for early
merging.

Figure 5 shaws the variation of the peak aggrejate fair
throughputvith increasen theaveragepathlengthof the o ws.
For eachcase, ve sourcesarechoserrandomlyat a particular
distancefrom the sink, andthe peakaggreyatefair throughput
is calculatedfor the two routing strateyies. Whenthe sources
are just one hop away, all the links contendwith eachother,
andDSAT doesnot give arny improvementwith respecto SPT
As the sourcesaremoved away from the sink, or the CAN, the
differencebetweernDSAT andSPTbecomewisible. An inter
estingpointis whenthe averagehoplengthincreaseférom 1 to
2, the SPT causesa decreasén the aggreyatethroughputbe-
causeherearemorelinks beingusedwhich contendwith each
other, whereadDSAT causesnincreasdn aggreatethrough-
put becausat is possibleto spatially separatehesepathsand
reducecontention.

The gures shav thatDSAT routingimprovesthe capacityof
thenetwork by separatingutthepathsandmergingthemwhen
they interferewith eachother Thethroughputimprovementis
10-15%. The aggreyatethroughputin both graphsdenotethe
capacityof the network which remainslargely unafectedby
thenumberof sourcesr the pathlength.

B. Fair rateallocation

In Figure6, we shav how we do o w controlto arrive atthe
fair throughputvaluefor each o w if therearemultiple sources
in the network. We usea binary searchmethodstartingwith
aninitial load of 2Mbpsandthe minimumandmaximumload
setto 0 and 4Mbpsrespectiely. Thenif the maximumloss
rate for the o ws is lessthan 5%, we increasethe minimum
load, while we decrease¢he maximumload otherwise. This is
doneuntil the differencebetweerthe minimumandmaximum
becomedessthan 10Kbps. In this experiment,we choose3
sourcesat an averagedistanceof 7 hopsfrom the sink, anddo

o w controlto arrive at the peakfair throughputfor the o ws.
The gure indicatesclearly that the peakthroughputobtained
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for DSAT is ataround310Kbps,while for SPT, it is about250
Kbps. Figure8 shavs how thelossratevarieswith theincrease
in load. It canbe obsenedthatin DSAT, a lower lossratecan
be maintaineduntil muchhigherload, andevenif theloadis
increasedeyondthat, thelossrateis around20-30%lesserin
DSAT from SPT

We realizedthatthe methodof o w controldescribecabore
doesnot utilize the network capacityin the bestpossibleway.
The o w which attainsthe leastmaximumthroughputdecides
thebit rateof every other o w. So,we implementeda modi -
cationto theabove schemavherewetry to provide theresidual
availablebandwidthto the o ws, which have not attainedtheir
maximumyet. We keepincreasingthe load on each o w un-
til one o w reachedts maxima. This is doneuntil each ow
hasreachedts local maximum.Wheneerone o w reachests
maximum,its load is x ed andis not increasedurther. Fig-
ure7 shavs how DSAT canhelpachieze amuchhigheraggre-
gatethroughputthan SPT usingthis scheme While the earlier

gures show thatDSAT helpsattaina highermax-minthrough-
put, this gure shavs thatoncethe max-minstageis reached,
you canstill increaseheload of other o ws at no costto other
o ws using DSAT. On the otherhand,in a shortestpathtree,

althoughthe aggregatethroughputcanbe increasedit will be

atthe costof some o w.
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C. Evaluationof otheroptimizations

In this sectionwe evaluatetheimprovementobtainedby the
early droppingtechnique the paclet reorderingschemesand
their combinations. The following acroryms are usedto de-
notetheseoptimizations- ED denotesarly Drop, RRdenotes
paclet reorderingbasedon residualdelay budget,and RF de-
notespaclet reorderingbasedon the instantaneouthroughput
predictedfor the ow. The instantaneoushroughputis pre-
dictedby countingthenumberof pacletstransmittedn thepre-
vious 2 seconddor each o w. The pacletsof the o w, which
hasbeensendinga lessernumberof pacletsin the previous
time windows is givenpreferencen the currenttime window.

The threesourcesrom the previous experimentare con g-
uredto sendvideotraf c. Thebit rateof thevideoandthedelay
budgetis variedin the experiments Thefollowing experiments
shaw resultsfor one of the sources.Figure9 shavs the varia-
tion of pacletdeliveryratio asthebit rateof thevideotrafc is
increasedor eachsource.Thedelaybudgetis x edat2.5sec-
onds. SPT experiencesa large numberof lossescomparedo
DSAT becausehe averagepacletdelayis greatethan2.5sec-
onds. As the bit rateis increasedthe o w alsostartsto suffer
from lossesn the network, andso the delivery ratio decreases
evenfurther DSAT increaseghe capacityof the network by
spatiallyseparatinghe paths but still experiencesosseslueto
thedelayin thenetwork. Early Dropincreaseshepacletdeliv-
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eryratioto upto 20%athigh bit rates,while pacletreordering
increaseshe paclet delivery ratio by anotherl5%. Thisiis re-
ected in the percentagef framesthat can be reconstructed
asshown in Figure10. At a bit-rateof 300Kbps,DSAT canre-
construcB80%moreframesthanSPT andfurtheroptimizations
helpin reconstructin0% moreframes.

Figure 11 shaws the variation of paclet delivery ratio with
theincreasan delaybudget. The bit rateis x edto 300Kbps.
An in nite buffer at the recever endwill eliminateall losses,
butit is notpractical. Throughthis experimentwe demonstrate
thatif thenetwork hastheknowledgeof thedelaybudget,it can
help reducelossesusing the optimizationsstated. Figure 12
shaws the variation of the percentag®f frameswhich canbe
successfullyeconstructedsthe delaybudgetis increasedlts
interestingo seethatif thedelaybudgetis equalto 2.5seconds
which is aboutthe sameasthe pathlateng, andthe bit rateis
300Kbpsalmostall theframescanbereconstructedith DSAT
andoptimizationswhile in SPT, just 20% of theframescanbe
reconstructed.

Packetlossesandmissingframesleadto adecreas@ PSNR
valuesof theframesin thevideo. Figurel3compareshePSNR
valuesof the rst 150framesof thevideofor SPT, DSAT, DSAT
with all optimizations,and a referencePSNRvalue assuming
no losses.It is interestingto seethat DSAT givesanimprove-
mentof over 2-3db, while theoptimizationamprovethe PSNR
valuesto almostthereferencevalue,whichis afurtherincrease
of 7-8dh.
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VI. CONCLUSIONS

We have presentec wirelessmesharchitecturefor ef cient
and cost effective transportof video streamsfrom multiple
suneillancecamerago a centralmonitoringstation. We have
addressedhe two key requirementshigh bandwidthand low
delayjitter, for supportinggood quality video over meshnet-
works. We proposecdthe constructionof a distributed spatial
treethat memges o ws from video sourceghat are closelylo-
catedwhile spatially separatinghosethat are far apart. We
provide fairnessamongthe o ws by limiting the rate of all
video streamsto the bestachievable rate. We designedsev-
eral optimizationsfor the meshroutersto reducethe delayjit-
ter. Ourresultsshav thattheimprovementin the video quality
is signi cant(7-10dB) with all the optimizationsandvalidates
thedesignof GangedArchitecture.
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