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ABSTRACT
Videostreamingover wirelessnetwork is challengingdueto node
mobility andhigh channelerrorrate. In this paper we proposea
joint sener/peerproxy-drivenvideostreamingrchitectureo sup-
porthigh quality video streamingserviceover IEEE 802.11-based
wirelessnetworks. The video proxy trackspeermobility pattern,
coordinatesamongmultiple sendersand performsrate-distortion
optimizedstreaming.We formulatethe joint sener /peerstream-
ing as a combinatorialoptimization problem and introducethe
concepbf asyntironousclocksto decoupleheprobleminto three
steps: rst decidingthe candidatesetof potentialsendersamong
the wirelesspeersbasedon their mobility pattern,then select-
ing the senderin eachoptimizationinstanceusingasynchronous
clocks,and nally applyingpoint-to-pointrate-distortioroptimiza-
tion framevork betweerthe selectedsendeirecever pair. In ad-
dition, we considertwo differentsystemsetupsno cacheandlim-
ited cadhe to investicate cacheeffect on the streamingperfor
mance.To designmorerealisticsimulationmodels we useempir
ical resultsfrom corporatewirelessnetworks to model peermo-
bility. Simulationresultsshowv that our proposedjoint stream-
ing schemehasbetterperformancethan the sener-only stream-
ing scheme Simulationresultsalsoshav thathaving cachen the
proxy canpotentiallyimprove the streamingperformance.

1. INTRODUCTION

Advancesn wirelesscommunicatiortechnologiesndmobile de-
viceshave madeubiquitousinternetaccessncreasinglyprevalent
in everydaylife. IEEE 802.11[1]-basedwirelesslocal areanet-
work (LAN) is emepging as an attractve solution for providing
network connectiity in businesseseducationainstitutions,and
public placeslike airports,shoppingmalls, cafes,etc. Although
mostcurrentusesof WLAN arefor datatransmissionthe desire
for supportingdelay-sensitie applicationssuchas voice-over-IP
(VolP) andvideostreamings apparent.

In contrastto datatransmissionaudio/videocommunication
generallyis moretolerantto paclet lossesbut hasa more strin-
gentdelay requirement. Any paclet which arrives late will be
uselessor decodingand be equivalentto a paclet loss. Inter
dependeng of video datacan causeerror propagtion and fur-
therdegradethevideoquality. Furthermorecomparedvith wired
links, wirelesslinks aremoreerrorproneandunpredictableEnd-
hostmobility, time-varyingchannefadingandphysicallayercor-
ruption in WLAN canall causethe end-to-endperceved video
quality to uctuate greatly To useWLAN to deliver high qual-
ity videostreamsa robuststreamingschemewhich cancopewith
high paclet losses potentialnodemobility, and bandwidthvaria-
tion is needed.
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Thegoalof this paperis to supporthigh quality video stream-
ing serviceover802.11wirelessLAN. We build uponour previous
work [2], in whichwe proposedjoint sener/peerrecever-driven
video streamingscheme.In [2], the recever wasresponsibldor
trackingpotentialsendergsenersandpeers)andapplyingmulti-
ple point-to-pointrate-distortionoptimizedstreamingto enhance
theoverall videoquality. However, the heary computatioHoadat
theclientwould hampelimplementatiorin small,portabledevices
dueto thelimitationson power consumptiorandprocessingapa-
bilities. To addresghis issue,in this paper we proposea proxy-
driven schemehat movesthe optimizationtaskto the proxy. We
alsorelax the assumptiormadein our previous work [2] thatthe
recever hasthe full knowledge of the video contentkeptin the
mobile nodes(MNs) andthe remotesener. Thelimited memory
spacdn the MNs andtheinherentcharacteristicef video stream-
ing applicationgnale it unrealisticco assumeheentirevideocon-
tentare available at neighboringMNs all thetime. In this paper
we usethe proxy attachedo the accesgoint to performcontent
discovery andkeeptrack of the availability informationof thede-
siredvideo le in eachmobilenode.

Our contrikutionsin this paperarethreefold.First, we propose
a novel proxy-driven architecturefor streamingvideo over wire-
lessLAN. The architectureleveragesthe neighboringMNs and
the remotemediasener to form ajoint sendergroupfor stream-
ing video contentto a single wirelessclient. The proxy setsup
a contenttableto keeptrack of the locationof video les among
wirelesspeers.Moreover, the proxy coordinatesamongdifferent
sendersand performsrate-distortionoptimizedstreaming. Com-
paredwith thesenderdrivenapproacheur solutionavoidsthesyn-
chronizatiorproblemamongmultiple senderg&ndcaneasilyadapt
to instantaneoushangesn network conditions.

Secondwe usethe proxy to keeptrack of peermobility pat-
terns. Mobility patternsare de ned usingthe distribution of the
sessiordurationandtherevisit frequeng of peers.Usingtheem-
pirical resultsin [3], we designthe simulationmodelto evaluate
ourscheme.

Third, we formulatethe proxy-driven streamingschemeasa
combinatorialoptimizationproblem. To solve this combinatorial
optimization problem, we decoupleit into threesteps: rst us-
ing the mobility patternsof MNs to decidethe membershipf the
joint sendergroup, thenselectinga sender(sener or peerMNs)
for onetransmissioropportunity and nally performingpoint-to-
point rate-distortionoptimizedstreamingfor the selectedsender
recever pair. To solve the senderselectionproblem,a setof asyn-
chronousclocks are introducedin the proxy, eachclock being
responsibleor one particularsendeirecever pair. Working fre-
queng of the clock is adaptedbasedon correspondingietwork
conditions.We implementandevaluateour schemaisingnetwork



simulator(NS) ns-2.27[4].

Therestof thispapeiis organizedasfollows. Section2 presents

a brief surwey on relatedworks. Section3 describesur proxy-
drivenvideo streamingarchitectureand modelsthe system.Sec-

tion4 characterizeasemobility in WLAN andpresentshemethod-

ologywe useto evaluateour design.Themainanalyticalformula-
tionsandresultsarepresentedh Section5. Section6 presentour
simulationresultsusingNS. In Section7, we concludethe paper
anddiscusdutureresearch.

2. RELATED WORK

Therehave beensomesolutionsin pastliteratureto supportro-
bust video transmissiorover wirelessnetworks. Qiao et al. [5]
proposeda two-stepadaptve hybrid Automatic RepeatRequest
(ARQ) schemeusing Reed-Solomor{RS) codes. Xu etal. [6]
combinedvariouserror control stratgies,MAC layer FEC/ARQ,
applicationlayer FEC and priority queuing,with FGS scalable
videocodingto achiezereliablecommunicatiorover[IEEE802.11b
WLANSs. Basedon their previouswork [6], Krishnamacharet al.
proposedacross-layeapproach7] to enhanceherobustnesand
ef ciency of scalablevideotransmissiorby performingjoint opti-
mizationof the variousprotectionschemeswhich include appli-
cationlayer FEC,bandwidth-adapte compressiomsingscalable
coding,andadaptve pacletizationstratgies. ShanandZakhor[8]
combinedapplicationayeradaptatiorandlink layerpacletization
to achieve robustwirelessvideo transmissiorbasecon the paclet
lossratio, frametype, framedelivery deadlinesetc. Majumdaret
al. proposeda hybrid FEC/ARQ schemeto increasethe robust-
nessof thevideo streamingn WLAN [9]. All theseworksfocus
on solvingthe problemof bandwidthadaptatiorandrobustnesso
paclet-lossesn WLAN purelyfrom thejoint source/channalod-
ing pointof view. In contrastwe addresshis problemby applying
rate-distortioroptimizedstreamingramework.

Usingpathdiversityfor videostreamindgrom multiple sources
to enhancehe streamingperformancehasalsobeenexploredin
the previous literature. Nguyenet al. [10] presentedalgorithms
to streamvideo from multiple seners. Miu etal. [11] proposeca
systemto tackle the quality degradationof streamingvideo over
IEEE 802.11bwirelessnetworks by leveragingthe pathdiversity
betweenmultiple accesgpoints and the mobile client. However,
noneof themis rate-distortionoptimized. Chouet al. [12] dis-
cusseda novel peerto-peer(P2P)multicaststreamingnechanism
to streama ash crowd over the Internet. Instead,we are con-
cernedwith optimizing streamingon a single client for applica-
tionslike movie previews or video-on-demand.

To the bestof the authors'knowledge, the work of Chouet
al. [13] is the rst to systematicallyde ne and solve the point-
to-point rate-distortionoptimizedvideo streamingproblem. Our
work leveragegheirideaheaily. We extendthe conceptof asyn-
chronoustlocksintroducedn our previouswork [2] andcombine
it with therate-distortioroptimizedstreamingschemg13] for the
implementationin multi-souce diversity streaming Among all
worksalongthisline of researchwhatChakaresketal. have done
arethemostcloselyrelatedto ourwork. Firstthey focusedon sin-
gle path streamingand proposeda hybrid recever/sendedriven
streamingscheme$§14] while ourwork focusesn simultaneously
streamingvideo from multiple paths. Later, they considerecpath
diversity for mediastreamingin a recever-driven rate-distortion
optimizedframeavork undera constrainton the expectedoverall
transmissiomatefrom thesenersto theclient[15]. Alternatively,
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Fig. 1. Streamingon demandfrom joint sendergroupto a client
througha proxy sener

we consideM rateconstraintdor M distinctdelivery pathsfrom
M sendersMoreover, they focusedngeneraktaticpathdiversity
streamingproblem. The numberof pathsusedduring the video
transmissiomwas x edduringthetransmissionlt did notconsider
the dynamicmembershipf senders.In our work, we copewith
thedynamicmembershigproblemof sendergausedy themobil-
ity of wirelesspeers.

3. PROXY-DRIVEN VIDEO STREAMING OVER
WIRELESS LAN

In this section,we describeour proxy-driven video streamingar-
chitecturethat coordinatesnulti-sourcestreamingto clients, dis-
cusssourceandchannemodels andstatetheratecontrolschemes
for videostreamingapplications.

3.1. SystemAr chitecture

Figure 1 illustratesour proposedproxy-driven video streaming
systemwheretheclientwill streanvideocontentfromtheremote
mediasener and peersin the WLAN simultaneously Different
from theinfrastructure/ad-hobasedsystemintroducedn [2], we
only usethe infrastructurecommunicatiormode of IEEE802.11
interfacecardin this paper As illustratedby Figurel, a proxy will
sit at the accesgoint (AP) of the WLAN, gatherthe videoinfor-
mationfrom thesener andpeersandstreantheinformationto the
client.

Whena client nodewantsto receve a video stream,it sends
a requestfor mediato the proxy. Insteadof forwarding the re-
questdirectly to the mediasener, the proxy will senda message
to the mediasener to ask for a rate-distortionpreambleof the
desiredpresentation¢ontainingthe directedagyclic graph(DAG)
representationf the mediasource.The preambléds necessaryo
performrate-distortionoptimizedpaclet schedulingat the proxy.
DAG sourcemodelwill be describedn detailsin Section3.2.1.
Meanwhile, the proxy will broadcasimessageso mobile nodes
(MNs) in the WLAN to conscriptwilling sendersf the desired
video content,who will thenreply af rmatively. Basedon those



repliesandthemobility patternsof MNs, the proxy will determine
the candidatesendergroup (including sener and MNs). Sender
selectionis discussedn Section3.1.1.

Comparedvith recever-drivenapproach2], theproxy-driven
approachhasthe following adwantages.First, sincethe proxy is
associatedvith the accesgoint, it is easierfor the proxy to keep
track of the mobility patternof eachMN. Thereceverdrivenap-
proachrequireghereceverto sendoutseparat@robingmessages
to track the mobility of its peers,which increaseshe communi-
cation overhead. Sinceaccessoints will periodically sendout
beaconandgetthe proberesponsefrom MNs, the proxy-driven
approachcanleveragethoseresponseso checkwhetherMNs in
thesendegrouparestill alive. Secondtheproxy-drivenapproach
takes over the optimizationtask from the client, which can po-
tentially be computationallyintensive. It canreducethe enegy
consumptionin the client, thus making the schemefeasiblefor
implementatiorevenin small, portablemobile equipmensuchas
mobilephonesandPDAs.

3.1.1. Membeship Decisionof the CandidateSendeiGroup

Themobility of MNs makesmembershipsf the candidatesender
groupdynamic,which canpotentiallyleadto high variationof the
videoquality percevedby theclient. In orderto smooththevideo
guality variation,wetry to includemobilenodeswith lessmobility
while constructingthe candidatesendergroup. The proxy will
keeptrack of the mobility patternof MNs andtry to predicthow
frequentlythe MN will join/leave the WLAN andonceit joins
the WLAN, how long it will stayconnected.ThoseMNs which
stayassociateavith the AP longerandarelesslikely to leave/join
the WLAN frequentlywill have higherprioritiesto be selectedas
sendersin orderto evaluatethe membershiglecisionschemeywe
will usethe empiricalresultsfrom [16] to designour simulation.

3.1.2. NoCadevs. LimitedCacdhe

Therearetwo differentcommunicatioormodesbhasedn cacheavail-
ability in the proxy. We will analyzethesetwo caseseparately

Whenthereis no cacheavailablein the proxy, the proxy can-
not storeary pacletfrom sendersAll therequestegacletsfrom
senderwill godirectlyto the clientwithoutleaving a copy in the
proxy. Henceary paclet lost from a senderto the client via the
proxy canonly berecoveredby anothemrequestor paclet by the
proxy to a willing sender Client will sendan acknavledgment
pacletto theproxy for every correctlyrecevedpaclet.

Whencacheof limited sizeis availablein theproxy, the proxy
will cachepacletsit recevesfrom senders.Let the size of the
cachebe K in RTP paclets asillustratedin Figure 2. In this
scenario,the proxy will rst requestpaclets from membersof
the joint sendergroupuntil it correctlyrecevesthem. Oncethe
proxy getsthe requestegaclets, it will cachethemandperform
(re)transmissioto theclient. Clientwill sendanacknavliedgment
pacletto theproxy for every correctlyrecevedpaclet.

For the limited cachescenario sincethe cachesizeis nite,
we canonly cachelimited numberof paclets. Whena paclet ar
rivesfrom a sendetrto the proxy andthe cacheis full, contention
takesplace. To resolwe cachecontention,a comprehense cache
managemergtrat@y is needed.
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Fig. 2. Systemmodelfor joint sener/peersrideostreaming

3.2. Preliminaries

We discusghe sourceandchannemodelusedto modelour video
streamingsystemin this section.The modelswill beusedin Sec-
tion 5 to formulatethe streamingoptimizationproblem.

3.2.1. SouceModel

We usethe directedagyclic graph (DAG) introducedin [13] to
model the video source. Eachframei is representedby a data
unit DU;. Like [13], dataunit is the smallestgranularitywe will

considerin the optimization. Constantghat are associatedvith
eachdataunit D U; include:thesizen;, thedecodingime T;, and
thedistortionreductionD . Thesizen; is thesizeof the dataunit
in RTP paclets. ThedecodingimeT; isthetime by whichthedata
unit D U; mustarrive attheclient. D; is thedistortionreductionif

dataunit D U; arrivesattheclientontime andis decoded.

3.2.2. ChannelModel

Considera network with a mediasener (node0), a proxy (hode
A), aclient(nodeC) andasetof peergnodek, k 2 f1;:::; M (t)g).
M (t) is thesizeof candidatgpeergroupin the givenoptimization
instantt. We denotethe channelbetweennodek andthe proxy
asCHy, k 2 f0;:::; M (t); Cg. Eachchannelincludesone for-
wardpathanda backward path.We de ne theforward pathasthe
pathfrom the proxy to the nodek, andthe backward pathasthe
reverse.We modelthe forward pathandthe backward pathusing
anindependentime-invariantpacleterasurehannelith random
delay We de ne the pacletlossasoneminusthe probability that
a paclet transmittedby the proxy (or nodek) is successfullyre-
ceived by the nodek (or the proxy). Hence,for CH, we can

characterizéts forward pathby randomloss | anddelaydensi-

tiesfF (x)= Fe «*,x 0,and [ isaconstantetermined
throughmeasurementd 7]. Thenthe paclet sentby the proxy at

time T will bereceved correctlyby nodek by time T° with the



following probability:
Z ;o0 ¢

=0 &) fie (x)dx @)
0
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Similarly, thebackwardpathfor CH canbecharacterizethy

B anddelaydensities B (x) = Pe ©*,x 0. Thepaclet
sentby thenodek attime T will berecevedcorrectlyby theproxy
attime T with the probabilityp? (T®  T), which hasthe same

formas(1).
Thus, for CH, the probability that a request(or dataunit)
sentby the proxy attime T to thenodek will resultin a dataunit
(oranacknavledgmentsuccessfullyarriving in the proxy by time

TOwill be:
z

TO0 7
=0 [ E)O

pi (T° tFx) fEdx (2

where denotesornvolution.

3.3. Rate Control for Video Streaming

In ordernotto overloadthelinks andpotentiallycausecongestion
problem,we have to perform rate/congestiortontrol. Equation
basedrate control [18], alsoknawn as TCP-friendly rate control
(TFRC),is awidely usedratecontrolschemeverwired networks.
However, TFRC works poorly for wirelessnetworks becausat
cannotdistinguishbetweerpacletlossdueto channekrrorversus
contention-inducedollisions(i.e., congestion]19].

In this paperwe performTFRC for streamingvideofrom the
mediasener sinceit will traversethe Internet. We alsoimple-
ment TFRC for eachwirelessconnectionbetweenthe peersand
the proxy, andthe sendingrate ; from sendeirecever pairj is
determinedasthefollowing:

L :
| 2 =3+ tr70(3 3;°8) j(1+327)’

i =

®)

wherelL is the paclet sizein bytes/packt, ; is the round-trip
time, ; is thelosseventrate perceved by senderj andtrto
is TCP retransmissiortimeoutvalue. Accordingto the work of
Floyd etal. [18], it is reasonablend practicalto estimatetrt o
usingtrto = 4 i

Usingone TFRC connectiorfor wirelessconnectiorbetween
the proxy andthe peermayresultin underutilization of thewire-
lessbandwidth especiallywhenthe bulk of the pacletlossis due
to physicalchannekrrors.ChenandZakhor[20] proposedheuse
of multiple simultaneousTFRC connectiondor a given wireless
streamingapplicationbetweerthe sametwo endpointgo increase
throughput. However, suchextensionis out of the scopeof this
paperandwe will explore otherrate-controlmechanismsn our
futurework.

3.4. AsynchronousClocks

In orderto maximize utility of available bandwidths,we utilize
a conceptcalledasyntironousclocks developedin [2]. Theidea
is to setup aclockj attheproxy for eachsendeirecever pair j
thatwakesperiodicallywith period ; = L= ;j, assumingaclet
sizeL is the samefor all senders.Whena clockj wakesup, it
signalsa dataunit transmissioris grantecbetweersendetrecever
pair j . Requesting/transmittingt frequeny 1= ; would mean
bandwidthj establishedising(3) is maximally utilized.

For the no-cachescenario becausdhe transmissiorpathin-
cludeshoththe sendeproxy connectiorandthe proxy-clientcon-
nection,the proxy will until a clock awakesin both the rst leg
(sendeproxy pairj ) andthesecondeg (proxy-client)beforesend-
ing arequesto sendejj . If morethanone rst leg clock avakes
while waiting for the secondeg clock, thenthe proxy mustpick
one sendercorrespondingo one of the awaken rst leg clocks
for dataunit transmissionmequest.After selectinga sendejj , the
proxy will thendecidewhich dataunit to requesfrom sendej .

For thelimited cachescenariojf a rst leg clockj wakesup,
the proxy will immediatelyrequesta dataunit transmissiorfrom
senderj . If the secondleg clock wakes up, the proxy will im-
mediatelyselecta dataunit from all available dataunits in the
cachefor transmissiorto the client. In boththe no-cacheandthe
limited cachescenariothe proxy will decidewhich dataunit to
request/transmih arate-distortioroptimalfashion.The dataunit
selectiorproblemis formalizedasan optimizationproblemandis
discussedn detailsin Section5.

4. CHARACTERIZING MOBILITY IN A WIRELESS LAN

To designmorerealisticsimulationscenariogor wirelessnetworks,
understandingisermobility and network usagecharacteristicss
critical. Thereare numerousstudieson the performanceof the
wirelessinfrastructureandthe useraccessand mobility patterns.
Tangetal. [21] examineda twelve-weektraceof a building-wide
wirelessLAN andanalyzedhe userbehaior (whenandhow in-
tensvely peopleusethenetwork andhow muchthey move around),
overall network traf c andload characteristicsandtrafc charac-
teristicsfrom a single userpoint of view. Balazinskaet al. [3]
studieduser mobility patternsin a large corporateervironment
andintroducenev metrics, persistenceand prevalenceto model
usermobility. Chinchillaetal. [16] foundthatmary usersspenda
largefractionof theirtime associatedvith asingleAP. Userstend
to visit the sameAP frequentlyandstayfor long periodsof time.
This obsenationjusti es thefeasibility of our design,i.e. stream-
ing videofrom the sener andmobile peerssimultaneouslyln our
paperwe will usethe empiricalresultsof Balazinskaetal. [3] to
designour simulationmodeland evaluateour scheme.To model
themobility of anindividual mobileuser we needto computetwo
metrics:sessiordurationandrevisit interval.

4.1. SessiorDuration

In our architecture sessiordurationrefersto the amountof time
thatauserstaysassociateavith anaccespoint (andhencesened
by our proxy) beforemoving to anotheraccesgoint or leaving
the network. For MN j, we denotethe sessiondurationas'V; .
Our de nition of sessiordurationis equivalentto the persistence
metricin Balazinskaet al's work. [3], whichis shawvn to follow a
power law distribution with exponentiall.78,i.e.,

P(X =x) x "%

4.2. Revisit Interval

After a MN leavesthe AP, it is likely thatit will comebackand
visit the AP again. Revisit intenal is the amountof time before
the next visit of the user which alsoshawvs how likely it is for a
MN to visit an AP thatis hasvisited recently Balazinskaet al.
[3] presented prevalencemetricsto measurehe fraction of time
thata userspendswith a given AP. In this paper we will derive



the revisit interval basedon the prevalencedistribution given by
Balazinskeetal [3].

Let R; be the revisit intenval. The prevalenceof MN j is
Prey andtheprevalenceprobabilitydistribution follows a power
law with alow exponentg3],i.e. P(Prey; = x)  0:001x 75,
UsingPrey; andV;, therevisit interval R; isdenedby R; =
Vi =Prey,.

5. RATE-DISTORTION OPTIMIZED TRANSMISSION

In this section,we formulatethe proxy-driven streamingproblem
asacombinatorialoptimizationproblem.

5.1. Problem Formulation

SupposédhereareN dataunitsin a selectedptimizationwindow
underconsideratiorior (re)transmissionAs previously discussed,
an optimizationinstanceappearsvhen an asynchronouslock j
wakesup attimet, [2], presentinganimmediatetransmissiorop-
portunityfor sendetrecever pairj . For thenon-cachingcenario,
that actually meansa token has beencollectedat both the rst
leg (sendeiproxy pair j ) andthe secondleg (proxy-clientpair),
at which time the sendingof a transmissiorrequestto senderj
is grantedto the proxy attime t,. Thereceved dataunit will be
forwardedto the clientimmediatelyuponarrival at the proxy. For
the limited cachingscenariothe awakenedclock canbe eitherin
the rst or secondeg. If it is the rst leg, it signalsatransmission
requesto sendejj is grantedto the proxy. The optimizationwin-
dow will containdataunits that have not yet arrived at the proxy
correctly If it is thesecondeg, it signalsa dataunit transmission
to theclientis grantedo the proxy. The optimizationwindow will
thenonly containdataunitsthathave alreadyarrived at the proxy
andareavailablein thecache In ary of thethreecasestheremain-
ing questionis which dataunit should be requested/transmitted
amongN dataunitsin the optimizationwindow. We formulate
thatproblemherein this section.

missionpolicy i, i 2 , where correspondgo a family
of transmissiorscheduleswhich dictateswhenandhow the data
unit shouldbe requested/transmitted.et
the transmissiorvector for N dataunits. Let ; be de ned as
i = fHi;co, H/hereHi is thetransmissior’gistoryof DU, de-

ned by H; =

of pre/ioustransmissiorattemptsti(k) andsi(k) arethetimestamp

andsendelD of attemptk, respectiely. SendeidD sfk) identi es
thesendetto which the paclet wassentat attemptk.

Transmissiondecisionc; determinesf DU; is decidedfor
(re)transmissiorior senderj whenclockj awakes. Hence,c; is
(to;j) if DU; is selectedOtherwiseg; is theemptyset; .

5.1.1. ScenaricOne: No cachein the proxy

In theno-catescenariotherequestediataunit will beforwarded
immediatelyto the clientby theproxy. Moreover, the proxy hasto
resendarequesto oneof the potentialsendergor retransmission
insteadof performinglocal retransmissiorirom the proxy. Fol-
lowing the discussionof channelmodelingin Section3.2.2,the
probability that a requestpaclet sentby the proxy to sendelj at
time T will resultin a dataunit successfullyarrivesin the client
by time Tis:

z

70 T
QT M= He PHe §) .

f700 1200 18 (x)dx
(4

UsingQ; (T® T) andthe sourcemodelde ned in Section
3.2.1,the probability of successfullyreceving datauniti, g ( i),
is:

G(1)=1 1 Qq(Ti to) ) ®)

1 Qs(k)(Ti
k=1 i

whereQ¢, (Ti  to) = 0if ¢ is;.

5.1.2. ScenarioTwo: Limitedcadhein the proxy

As we discussecearlier the awakenedclock can correspondo
eitherthe rst or thesecondeg. If it is the rst leg, we will only
considerdataunits that have yet beensuccessfullyarrived at the
proxy. For adataunit D U; thatthathasnotyetcorrectlyarrivedat
thecache, ; will bethetranmissiorrequespolicy from proxy to
sendersWe cande ne the probabilitythatD U; will arrive atthe
proxy beforeits deadlineas:

G()=1 1 pg(Ti to) ) ®)

1 p o

k=1 i
If theawakenedclock correspond$o thesecondeg — proxy-

clientpair, thenwe will consideronly N of all dataunitsthathave
safely arrived at the proxy and are availablein the cache. For a
dataunit DU; thatis in the cache, ; will be the transmission
policy from the proxy to the client. We cande ne the probability
thatD U; will arrive attheclientbeforeits deadlineas:

to) 1 ) )

k=1

G(i)=1 1 pg(T pe (Ti

Now we candeducethe expecteddistortion of the group of
N dataunitsin the optimizationwindow underthe transmission
requestpolicy vector basedon the probability g; for eachdata
unit D U; andthe DAG sourcemodel:

X Y

D( ) = fDo Di
i=1 I

wherel i denoteghesetof D U, 'sthatpreceder equalto D U;
in DAG, Dy is the overall expecteddistortionfor the groupgiven
no dataunit is receved. Note thatfor no-cachescenarioand for
proxy-clientpairin thelimited-scenarioD () correspondso the
expecteddistortionat the client, while for the sendemproxy pair j
in the limited-cachescenarioD ( ) correspondso the expected
distortionatthe proxy.

a( 1)g (8)

5.2. Solution
5.2.1. Point-to-Roint RD optimizedstreaming

Whenanasynchronouslockj expires,wewill requestdataunit
transmissiorfrom sendelj andthe problemwill be simpli ed to
a point-to-pointRD optimizedstreamingproblem. Following the



discussiorof [13], the optimal dataunit D U; for transmissioris
the onewith thelargest ; = °S;=n;, where ? andS; arethe
increaseof successfulelivery likelihood given onetransmission
is sentatthe optimizationinstantanddatasensitvity, respectiely.
9andS; canbede ned asfollowing:

P o= Q( i; 1) \ﬂi( i;0) 9)
S = Di a( 1) (10)
k i | Kk

| 6 i

where ;1 = fHi;(j; to)g is the transmissiorpolicy of D U;
given a transmissiorrequestis sentto j attimeto,, and .o =
f Higis thepolicy of D U; givennorequesis sentattimet,. See
[13] for moredetails.

5.2.2. CacheManagement

We considercacheushing stratgy to maintaincachespaceavail-
ability for incomingdataunits. Thecachewill be ushedwhenone
of thefollowing caseshappensi) anACK is recevedfrom client;
ii) acacheddataunitexpires;and,iii) contentiortakesplacedueto
arrival of adataunit from sendemvhile thecachds full. Inthe rst
two casesthedataunit ACKedor expiredwill bedeletedrom the
cacheémmediately In thethird casewe compare valueof data
units(discussedh Section5.2.1).Lowest -valueddataunitswill
be droppeduntil cacheover ow is avoided.

6. SIMULATION STUDY

To evaluateour proposegroxy-driven,multiple-sendevideostream-

ing schemewe usethe network simulatorNS-2.27to implement
differenttransmissiorstratgies and comparethe streamingper
formance.We characterizehe receved video quality usingPeak
Signal-to-NoiseRatio (PSNR).We generateealisticmobility pat-
ternsfor thewirelessnodesasdescribedn Sectiord, andmeasure
the effect of the mobility on the systemperformanceln addition,
we evaluatehow the ability to cachedataunits at the proxy affect
the streamingperformance.

6.1. Simulation Framework

We simulatea hybrid network environmentthat consistsof two
parts: wirelessLAN andwired Internet. Our topologyincludes
onesener node,one proxy hodeandthreeMNs, i.e. oneclient
nodeandtwo peernodes. The proxy nodeis co-locatedwith the
wirelessaccesgoint and communicationwith all mobile nodes
using|IEEE 802.11binfrastructuremode. On the otherhand,the
seneris connectedo the proxy (wirelessaccesgoint) overwired
network.

Thebit errorrate(BER)for thewirelesschanneis setto 10 °.
Both forward andbackward paclet lossrate (PLR) for wired link
are3%. Theroundtrip time (RTT) is 20msfor the wirelesslinks
and 100msfor the wired links. The transmissiorrangeof the
WLAN is setto be 275m. We usethe mobility modelgivenin
Sectiond to generateherealisticmobility patternsj.e., how long
the MN will stayin the rangeof the accesspoint and how fre-
quently the MN will revisit the accesspoint onceit is discon-
nectedfrom the accesspoint. The actualmovementof the MN
in the WLAN follows the RandomwWaypointmodelintroducedn
[22]. The bandwidthof thelink betweerthe sener andthe proxy

nodeis 0.5 Mbps. We assumehatin the presencef background
traf c, theavailablebandwidthfor streamingservicebetweerthe
sener andthe proxy is at most 150 kbps. The wirelesschannel
cansupportdatarateup to 1 Mbps, which will be sharedamong
all wirelessstationsusingthe samechannel.In the simulation,we
setthe maximumwirelessbandwidthavailablefor streamingser
vice asthefollowing: 450kbpsfor the proxy-to-clientconnection
and150kbpsfor all peerto-proxy connections.

Two 300-framestandardvideo sequencespremanand con-
tainer, areusedto drive thesimulation.Thesevideosequenceare
encodedisingH.263version2at QCIF, with 30framespersecond
and120kps.Thel-framefrequeng is 1 in 25 frames.For eachse-
quencePSNRbetweerthe original framei andthereconstructed
framej is calculatedfor every combinationali andj fori  j
andsavedasamatrixdAr rayl[i; j ]. Thematrixis thenusedby the
simulatorto estimateclient's performanceébasedon the success-
fully receveddataunit.

6.2. StreamingSchemes

To shav the bene ts of multi-pathstreamingandexplore the two
designchoices,i.e., no-cahevs. limited cacdhe, we have imple-
mentedthe following four streamingschemes:

JointSener/Peemwith Limited Cache(JSPLC)
JointSener/Peemwith No Cache(JSPNC)
Sener-only with Limited Cache(SOLC)
Sener-only with No Cache(SONC)

Both JSPLCandJSPNCQuseour proposedchemavheremul-
tiple videosourcesincludinga sener oninfrastructure-basedet-
work and neighboringwirelessnodes,canbe selectedo stream
video contentto a particularwirelessclient. Both follow the 3-
stepsolutionpresentedn Sections, wherethe proxy notonly per
forms contentdiscovery and identify potentialsendersput also
requestghe video contentfrom multiple senderson behalfof the
client beforerelayingthe contentto the client. In JSPLC thereis
a nite-size cacheattheproxyto temporarilystoredataunitsit re-
ceivesfrom varioussenderdeforeforwardingthemto the client.
On the otherhand,JSPNCdoesnot usea cacheat the proxy; i.e.,
all dataunitsrequestedrom the sendewill beforwardeddirectly
to theclientthroughthewirelessaccespoint (the proxy).

In SOLC and SONC, thereis only one potentialsendeyi.e.,
the sener. The proxy will requestsvideo datafrom the sender
on behalfof the client, beforerelayingthe contentto the client.
SOLCusesa cacheat the proxy to temporarilycachesomeof the
moreimportantdataunits, while waiting for transmissiorfrom the
proxy to the client. SONCdoesnot usea cacheandrequiresthat
all dataunitsto be streamedlirectly from thesenerto theclient.

6.3. Simulation Results

In this sectionwe will presenthesimulationresultsfrom the per
spectvesof multi-sourcediversity, mobility levels, andcacheef-
fect.

6.3.1. Multi-Source Diversity

In this paper pathdiversityis de ned asstreaminghe samevideo
sequencérom multiple sendersTo evaluatehow themulti-source
diversity can affect the streamingperformancewe comparethe
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Fig. 3. Effect of multi-sourcediversitywhenthe connectiorto the
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Sequence Container | Foreman
PSNRw/o Loss(dB) 34.32 30.71
PSNRw/ LossUsingJSPLC(dB) 31.61 22.60
PSNRw/ LossUsingJSPNC(dB) 30.34 20.85
PSNRw/ LossUsing SOLC (dB) 31.04 21.65
PSNRw/ LossUsing SONC(dB) 28.64 19.11

Table 1. Averagestreamingperformanceavith andwithoutlimited
cache

performancef JSPNCandSONCschemevhenthereis no cache
attheproxy.

In the rst setof simulation,we usethe samesimulationset-
ting outlinedin Section6.1. Figure 3 shavs the typical perfor
manceof thetwo schemesJSPNCusingmultiple sendergsener
andpeers)and SONCusingonly onesender In this speci ¢ run,
we can seethat streamingvideo from neighboringpeers(in ad-
dition to the sener) canimprove the receved video quality and
reduceperformancalegradationpercevedby therecever.

We repeatedhe sameexperiments40 times,andcomputethe
meanPSNRfor eachcaseby averagingthe performanceover the
run-timeand40 runs. Table1 shavs the meanPSNRof the two
sequencedpremanand container for the four differentstream-
ing strat@iesin thelossyscenario.The meanPSNRin the loss-
free scenariais alsoincludedfor comparison.From Table 1, we
canseethat JSPNCachiees betterperformancehan SONC for
both video sequencesThe proposedoint sener/peerstreaming
approacHeverageshe available sourcediversity betweendiffer-
ent potentialsenderdo perform multi-path streamingeadingto
betterrecevvedvideoquality atthe client.

Suchmulti-pathstreamingcanoffer additionaladvantagesFor
example,whenthe remotesener that the client is connectedo
throughthe wirelessaccesoint is overloadedor whenthereis
congestionon the pathto the sener, the client can avoid qual-
ity degradationby requestinghe dataunits from its neighboring
peersthroughad hoc wirelessconnections.Second peerto-peer
streamingwith neighboringnodesmayincur lessdelays.To illus-
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nectionto theseneris the bottleneck

Sequence | Container | Foreman |
PSNRw/ Low Mobility (dB) 31.02 22.83
PSNRw/ MediumMobility (dB) 30.34 20.85
PSNRw/ High Mobility (dB) 29.63 20.20

Table 2. AveragePSNRfor Joint SendeiPeerwith No Cache
(JSPNC)schemaewith differentlevels of peermobility

tratethis, we changaheavailablelink capacitybetweerthesener

andtheproxyto 0.1 Mbps,whichis lessthantherequiredstream-
ing rateto the client andhencerepresenting scenariovherethe
pathto the seneris congestedWe reranthe simulationusingthis

new settingandplot how the PSNRvariesover time in Figure4.

The resultsclearly shovs hov JSPNCcanmaintaingood perfor

mancethrough multi-path streaming,while SONC suffers great
performancealegradation.

6.3.2. Mobility Patterns

In a wirelesssetting, it is commonfor mobile nodes(potential
sendersjo join andleave unexpectedly Therefore peermobility
will affecttherecevedvideoquality for joint sender/peestream-
ing approach.In this setof simulations,we will performsensi-
tivity analysison how the peermobility affectsthe streamingper
formance.We vary the prevalencemetricintroducedin Section4
to generatalifferentlevels of nodemobility asfollows. The peer
nodeis saidto have high mobility whenPrey; (t) 2 [0; 0:25),
mediummobility whenPrey; (t) 2 [0:25; 0:5), andlow mobility
whenPrey; (t) 2 [0:50; 1]. Again, we averagethe performance
over 40 iterationsof a 10-secondgimulation.

Table 2 shavs the video quality perceved by the client under
differentlevels of nodemobility whenthe Joint Server/Rerwith
No Cadhe (JSPNC)stratey is used.Highernodemobility results
in lower meanPSNR.This justi es our designrationaleto keep
track of peermobility atthe proxy andusethis informationto de-
terminewhethera peershouldbeincludedin the candidatesender
group(Section3.1.1).
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6.3.3. Cadhein theproxy

Theavailability of cachein theproxy canaffectthe streamingper
formancein both the single- and multiple-sendercases. In this
paper we measurehe cachesizein termsof the numberof RTP
paclets. The importanceof dataunits is determinedby their re-
spectve 's,andthe moreimportantdataunitsarealwayscached
at the proxy. Figure5 and Figure 6 shav the streamingperfor
mancewhen limited cache(i.e., with nite size)is emplo/edin
the proxy. Figure5 compareswo schemesSOLC usinglimited
cacheandSONCwith no cache.For bothSOLCandSONC,there
is only onesenderi.e., the mediasener. In this speci ¢ run, we
can seethat using cachein the proxy canimprove the recevved
video quality sinceit enabledocal retransmissiorover the lossy
wirelesslink betweerthe proxy andtheclient.

To study the effect of cacheavailability on the performance
of multi-source(joint sener/peer)streamingschemesye simu-
late two schemes:JSPLCusinglimited cache,and JSPNCwith
no cache. In Figure 6, we obsene that usinglimited cachealso
helpsimprove thestreamingperformancdor multi-sourcestream-
ing stratgy.

We repeatedhe sameexperiments40 times,andcomputethe
meanPSNRpercevedby the clientto comparehe streamingper
formanceof variousschemesvith andwithout cacheatthe proxy.
Again, we considertwo different senderstrataies, sener only
and multi-sourcestreaming. Table 1 shavs the meanPSNR of
two standardrideosequencesontainerandforeman for thefour
schemes:JSPLC,JSPNC,SOLC,and SONC.From Table1, we
canseethatusinglimited cachecanimprove the averagestream-
ing performin bothsinglesendeandmulti-sourcescenarios.

7. CONCLUSION AND FUTURE WORK

In this paper we proposea joint sener/peerproxy-driven video
streamingschemeto optimizethe receved video quality from the
perspectie of asinglewirelessclient,wheretheproxy coordinates
amongmultiple senderskeepstrack of peermobility patternsand
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performsthe rate-distortionoptimization. We formulatethe path
diversity streamingschemeasa combinationabptimizationprob-
lemandcombinethe concepbf asynchronouslocksandtherate-
distortion optimizationframework to solve it. To investicate the
cacheeffect on the streamingperformancewe modelthe system
in two differentways, no cache andlimited cache Our NS sim-
ulationsusetherealisticmobility modelfrom the corporatewire-
lessnetworksto generatehe mobility patterns.Numericalinves-
tigationsthroughthe NS simulationsshaw that our joint scheme
can provide betterperformancehanthe single senderstreaming
scheme. The simulationresultsalso shawv that having the cache
in the proxy will potentiallyincreasethe streamingperformance.
Currently we focuson the performanceof singlewirelessclient.
As part of our future work, we will addresghe performanceof
multiple wirelessclients. Moreover, we will investigate the ag-
gregatedratecontrolfor streamingover wirelessnetwork andhow
differentcachingstratgiesimpactthe performancaswell.
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