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ABSTRACT
Videostreamingover wirelessnetwork is challengingdueto node
mobility andhigh channelerror rate. In this paper, we proposea
joint server/peer, proxy-drivenvideostreamingarchitecturetosup-
porthighqualityvideostreamingserviceover IEEE802.11-based
wirelessnetworks. Thevideoproxy trackspeermobility pattern,
coordinatesamongmultiple sendersandperformsrate-distortion
optimizedstreaming.We formulatethe joint server /peerstream-
ing as a combinatorialoptimization problem and introducethe
conceptof asynchronousclocksto decoupletheprobleminto three
steps:�rst decidingthe candidatesetof potentialsendersamong
the wirelesspeersbasedon their mobility pattern, then select-
ing the senderin eachoptimizationinstanceusingasynchronous
clocks,and�nally applyingpoint-to-pointrate-distortionoptimiza-
tion framework betweenthe selectedsender-receiver pair. In ad-
dition, weconsidertwo differentsystemsetups,nocacheandlim-
ited cache, to investigate cacheeffect on the streamingperfor-
mance.To designmorerealisticsimulationmodels,weuseempir-
ical resultsfrom corporatewirelessnetworks to modelpeermo-
bility. Simulation resultsshow that our proposedjoint stream-
ing schemehasbetterperformancethan the server-only stream-
ing scheme.Simulationresultsalsoshow thathaving cachein the
proxycanpotentiallyimprove thestreamingperformance.

1. INTRODUCTION

Advancesin wirelesscommunicationtechnologiesandmobilede-
viceshave madeubiquitousInternetaccessincreasinglyprevalent
in everydaylife. IEEE 802.11[1]-basedwirelesslocal areanet-
work (LAN) is emerging as an attractive solution for providing
network connectivity in businesses,educationalinstitutions,and
public placeslike airports,shoppingmalls, cafes,etc. Although
mostcurrentusesof WLAN arefor datatransmission,thedesire
for supportingdelay-sensitive applicationssuchasvoice-over-IP
(VoIP)andvideostreamingis apparent.

In contrastto datatransmission,audio/videocommunication
generallyis moretolerantto packet losses,but hasa morestrin-
gent delay requirement. Any packet which arrives late will be
uselessfor decodingand be equivalent to a packet loss. Inter-
dependency of video datacan causeerror propagation and fur-
therdegradethevideoquality. Furthermore,comparedwith wired
links, wirelesslinks aremoreerror-proneandunpredictable.End-
hostmobility, time-varyingchannelfadingandphysicallayercor-
ruption in WLAN can all causethe end-to-endperceived video
quality to �uctuate greatly. To useWLAN to deliver high qual-
ity videostreams,a robuststreamingschemewhichcancopewith
high packet losses,potentialnodemobility, andbandwidthvaria-
tion is needed.

Thegoalof thispaperis to supporthighqualityvideostream-
ing serviceover802.11wirelessLAN. Webuild uponourprevious
work [2], in whichweproposedajoint server/peer, receiver-driven
video streamingscheme.In [2], the receiver wasresponsiblefor
trackingpotentialsenders(serversandpeers)andapplyingmulti-
ple point-to-pointrate-distortionoptimizedstreamingto enhance
theoverall videoquality. However, theheavy computationloadat
theclientwouldhamperimplementationin small,portabledevices
dueto thelimitationsonpowerconsumptionandprocessingcapa-
bilities. To addressthis issue,in this paper, we proposea proxy-
drivenschemethatmovestheoptimizationtaskto theproxy. We
alsorelax theassumptionmadein our previouswork [2] that the
receiver hasthe full knowledgeof the video contentkept in the
mobilenodes(MNs) andthe remoteserver. The limited memory
spacein theMNs andtheinherentcharacteristicsof videostream-
ing applicationsmakeit unrealisticto assumetheentirevideocon-
tent areavailableat neighboringMNs all the time. In this paper,
we usethe proxy attachedto the accesspoint to performcontent
discovery andkeeptrackof theavailability informationof thede-
siredvideo�le in eachmobilenode.

Ourcontributionsin thispaperarethreefold.First,wepropose
a novel proxy-driven architecturefor streamingvideo over wire-
lessLAN. The architectureleveragesthe neighboringMNs and
the remotemediaserver to form a joint sendergroupfor stream-
ing video contentto a singlewirelessclient. The proxy setsup
a contenttableto keeptrackof the locationof video �les among
wirelesspeers.Moreover, theproxy coordinatesamongdifferent
sendersandperformsrate-distortionoptimizedstreaming.Com-
paredwith thesender-drivenapproach,oursolutionavoidsthesyn-
chronizationproblemamongmultiplesendersandcaneasilyadapt
to instantaneouschangesin network conditions.

Second,we usetheproxy to keeptrackof peermobility pat-
terns. Mobility patternsarede�ned usingthe distribution of the
sessiondurationandtherevisit frequency of peers.Usingtheem-
pirical resultsin [3], we designthe simulationmodelto evaluate
ourscheme.

Third, we formulatethe proxy-driven streamingschemeasa
combinatorialoptimizationproblem. To solve this combinatorial
optimizationproblem,we decoupleit into threesteps: �rst us-
ing themobility patternsof MNs to decidethemembershipof the
joint sendergroup,thenselectinga sender(server or peerMNs)
for onetransmissionopportunity, and�nally performingpoint-to-
point rate-distortionoptimizedstreamingfor the selectedsender-
receiverpair. To solve thesenderselectionproblem,asetof asyn-
chronousclocks are introducedin the proxy, eachclock being
responsiblefor oneparticularsender-receiver pair. Working fre-
quency of the clock is adaptedbasedon correspondingnetwork
conditions.Weimplementandevaluateourschemeusingnetwork



simulator(NS)ns-2.27[4].
Therestof thispaperisorganizedasfollows. Section2presents

a brief survey on relatedworks. Section3 describesour proxy-
drivenvideostreamingarchitectureandmodelsthesystem.Sec-
tion4characterizesusermobility in WLAN andpresentsthemethod-
ologyweuseto evaluateourdesign.Themainanalyticalformula-
tionsandresultsarepresentedin Section5. Section6 presentsour
simulationresultsusingNS. In Section7, we concludethepaper
anddiscussfutureresearch.

2. RELATED WORK

Therehave beensomesolutionsin pastliteratureto supportro-
bust video transmissionover wirelessnetworks. Qiao et al. [5]
proposeda two-stepadaptive hybrid Automatic RepeatRequest
(ARQ) schemeusing Reed-Solomon(RS) codes. Xu et al. [6]
combinedvariouserrorcontrolstrategies,MAC layerFEC/ARQ,
applicationlayer FEC and priority queuing,with FGS scalable
videocodingtoachievereliablecommunicationoverIEEE802.11b
WLANs. Basedon their previouswork [6], Krishnamachariet al.
proposedacross-layerapproach[7] to enhancetherobustnessand
ef�ciency of scalablevideotransmissionby performingjoint opti-
mizationof the variousprotectionschemes,which includeappli-
cationlayerFEC,bandwidth-adaptive compressionusingscalable
coding,andadaptivepacketizationstrategies.ShanandZakhor[8]
combinedapplicationlayeradaptationandlink layerpacketization
to achieve robustwirelessvideotransmissionbasedon thepacket
lossratio, frametype,framedelivery deadlines,etc. Majumdaret
al. proposeda hybrid FEC/ARQschemeto increasethe robust-
nessof thevideostreamingin WLAN [9]. All theseworks focus
onsolvingtheproblemof bandwidthadaptationandrobustnessto
packet-lossesin WLAN purelyfrom thejoint source/channelcod-
ing pointof view. In contrast,weaddressthisproblemby applying
rate-distortionoptimizedstreamingframework.

Usingpathdiversityfor videostreamingfrommultiplesources
to enhancethe streamingperformancehasalsobeenexploredin
the previous literature. Nguyenet al. [10] presentedalgorithms
to streamvideofrom multiple servers. Miu et al. [11] proposeda
systemto tacklethe quality degradationof streamingvideo over
IEEE 802.11bwirelessnetworks by leveragingthepathdiversity
betweenmultiple accesspointsandthe mobile client. However,
noneof them is rate-distortionoptimized. Chou et al. [12] dis-
cusseda novel peer-to-peer(P2P)multicaststreamingmechanism
to streama �ash crowd over the Internet. Instead,we are con-
cernedwith optimizing streamingon a singleclient for applica-
tionslikemovie previewsor 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 leveragestheir ideaheavily. We extendtheconceptof asyn-
chronousclocksintroducedin ourpreviouswork [2] andcombine
it with therate-distortionoptimizedstreamingscheme[13] for the
implementationin multi-source diversity streaming. Among all
worksalongthis line of research,whatChakareskietal. havedone
arethemostcloselyrelatedto ourwork. First they focusedonsin-
gle pathstreamingandproposeda hybrid receiver/senderdriven
streamingschemes[14] while ourwork focusesonsimultaneously
streamingvideo from multiple paths.Later, they consideredpath
diversity for mediastreamingin a receiver-driven rate-distortion
optimizedframework undera constrainton the expectedoverall
transmissionratefrom theserversto theclient [15]. Alternatively,
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Fig. 1. Streamingon demandfrom joint sendergroupto a client
throughaproxyserver

weconsiderM rateconstraintsfor M distinctdeliverypathsfrom
M senders.Moreover, they focusedongeneralstaticpathdiversity
streamingproblem. The numberof pathsusedduring the video
transmissionwas�x edduringthetransmission.It did notconsider
the dynamicmembershipof senders.In our work, we copewith
thedynamicmembershipproblemof senderscausedby themobil-
ity of wirelesspeers.

3. PROXY-DRIVEN VIDEO STREAMING OVER
WIRELESS LAN

In this section,we describeour proxy-drivenvideostreamingar-
chitecturethat coordinatesmulti-sourcestreamingto clients,dis-
cusssourceandchannelmodels,andstatetheratecontrolschemes
for videostreamingapplications.

3.1. SystemAr chitecture

Figure 1 illustratesour proposedproxy-driven video streaming
system,wheretheclientwill streamvideocontentfrom theremote
mediaserver andpeersin the WLAN simultaneously. Different
from theinfrastructure/ad-hocbasedsystemintroducedin [2], we
only usethe infrastructurecommunicationmodeof IEEE802.11
interfacecardin thispaper. As illustratedby Figure1, aproxywill
sit at theaccesspoint (AP) of theWLAN, gatherthevideo infor-
mationfrom theserverandpeersandstreamtheinformationto the
client.

Whena client nodewantsto receive a video stream,it sends
a requestfor mediato the proxy. Insteadof forwarding the re-
questdirectly to themediaserver, theproxy will senda message
to the mediaserver to ask for a rate-distortionpreambleof the
desiredpresentation,containingthedirectedacyclic graph(DAG)
representationof themediasource.Thepreambleis necessaryto
performrate-distortionoptimizedpacket schedulingat theproxy.
DAG sourcemodelwill be describedin detailsin Section3.2.1.
Meanwhile,the proxy will broadcastmessagesto mobile nodes
(MNs) in the WLAN to conscriptwilling sendersof the desired
video content,who will thenreply af�rmati vely. Basedon those



repliesandthemobility patternsof MNs, theproxywill determine
the candidatesendergroup(including server andMNs). Sender
selectionis discussedin Section3.1.1.

Comparedwith receiver-drivenapproach[2], theproxy-driven
approachhasthe following advantages.First, sincethe proxy is
associatedwith theaccesspoint, it is easierfor theproxy to keep
trackof themobility patternof eachMN. Thereceiver-drivenap-
proachrequiresthereceiver to sendoutseparateprobingmessages
to track the mobility of its peers,which increasesthe communi-
cation overhead. Sinceaccesspoints will periodically sendout
beaconsandget theproberesponsesfrom MNs, theproxy-driven
approachcanleveragethoseresponsesto checkwhetherMNs in
thesendergrouparestill alive. Second,theproxy-drivenapproach
takes over the optimizationtask from the client, which can po-
tentially be computationallyintensive. It can reducethe energy
consumptionin the client, thus making the schemefeasiblefor
implementationevenin small,portablemobileequipmentsuchas
mobilephonesandPDAs.

3.1.1. MembershipDecisionof theCandidateSenderGroup

Themobility of MNs makesmembershipsof thecandidatesender
groupdynamic,whichcanpotentiallyleadto highvariationof the
videoqualityperceivedby theclient. In orderto smooththevideo
qualityvariation,wetry to includemobilenodeswith lessmobility
while constructingthe candidatesendergroup. The proxy will
keeptrackof themobility patternof MNs andtry to predicthow
frequently the MN will join/leave the WLAN and onceit joins
the WLAN, how long it will stayconnected.ThoseMNs which
stayassociatedwith theAP longerandarelesslikely to leave/join
theWLAN frequentlywill have higherprioritiesto beselectedas
senders.In orderto evaluatethemembershipdecisionscheme,we
will usetheempiricalresultsfrom [16] to designoursimulation.

3.1.2. NoCachevs.LimitedCache

Therearetwodifferentcommunicationmodesbasedoncacheavail-
ability in theproxy. Wewill analyzethesetwo casesseparately.

Whenthereis no cacheavailablein theproxy, theproxy can-
not storeany packet from senders.All therequestedpacketsfrom
senderswill go directly to theclient without leaving a copy in the
proxy. Henceany packet lost from a senderto the client via the
proxy canonly berecoveredby anotherrequestfor packet by the
proxy to a willing sender. Client will sendan acknowledgment
packet to theproxy for everycorrectlyreceivedpacket.

Whencacheof limited sizeis availablein theproxy, theproxy
will cachepackets it receives from senders.Let the size of the
cachebe K in RTP packets as illustrated in Figure 2. In this
scenario,the proxy will �rst requestpackets from membersof
the joint sendergroupuntil it correctly receives them. Oncethe
proxy getsthe requestedpackets,it will cachethemandperform
(re)transmissionto theclient. Clientwill sendanacknowledgment
packet to theproxy for everycorrectlyreceivedpacket.

For the limited cachescenario,sincethe cachesize is �nite,
we canonly cachelimited numberof packets. Whena packet ar-
rivesfrom a senderto theproxy andthecacheis full, contention
takesplace. To resolve cachecontention,a comprehensive cache
managementstrategy is needed.
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Fig. 2. Systemmodelfor joint server/peersvideostreaming

3.2. Preliminaries

Wediscussthesourceandchannelmodelusedto modelourvideo
streamingsystemin this section.Themodelswill beusedin Sec-
tion 5 to formulatethestreamingoptimizationproblem.

3.2.1. SourceModel

We usethe directedacyclic graph(DAG) introducedin [13] to
model the video source. Eachframe i is representedby a data
unit D Ui . Like [13], dataunit is thesmallestgranularitywe will
considerin the optimization. Constantsthat areassociatedwith
eachdataunit D Ui include:thesizen i , thedecodingtimeTi , and
thedistortionreductionD i . Thesizen i is thesizeof thedataunit
in RTPpackets.ThedecodingtimeTi is thetimebywhichthedata
unit D Ui mustarriveat theclient. D i is thedistortionreductionif
dataunit D Ui arrivesat theclienton timeandis decoded.

3.2.2. ChannelModel

Considera network with a mediaserver (node0), a proxy (node
A), aclient(nodeC)andasetof peers(nodek, k 2 f 1; :::; M (t)g).
M (t) is thesizeof candidatepeergroupin thegivenoptimization
instantt . We denotethe channelbetweennodek andthe proxy
asCH k , k 2 f 0; :::; M (t); Cg. Eachchannelincludesonefor-
wardpathandabackwardpath.Wede�ne theforwardpathasthe
pathfrom the proxy to the nodek, andthe backward pathasthe
reverse.We modeltheforwardpathandthebackwardpathusing
anindependenttime-invariantpacketerasurechannelwith random
delay. We de�ne thepacket lossasoneminustheprobabilitythat
a packet transmittedby the proxy (or nodek) is successfullyre-
ceived by the nodek (or the proxy). Hence,for CH k , we can
characterizeits forwardpathby randomloss� F

k anddelaydensi-
tiesf F

k (x) = 
 F
k e� 
 F

k x , x � 0 , and
 F
k is a constantdetermined

throughmeasurements[17]. Thenthepacket sentby theproxy at
time T will be received correctlyby nodek by time T 0 with the



following probability:

pF
k (T 0 � T ) = (1 � � F

k )
Z T 0� T

0
f F

k (x)dx (1)

Similarly, thebackwardpathfor CH k canbecharacterizedby
� B

k anddelaydensitiesf B
k (x) = 
 B

k e� 
 B
k x , x � 0. The packet

sentby thenodek attimeT will bereceivedcorrectlyby theproxy
at time T 0 with theprobabilitypB

k (T 0 � T ), which hasthesame
form as(1).

Thus, for CH k , the probability that a request(or dataunit)
sentby theproxy at time T to thenodek will resultin a dataunit
(or anacknowledgment)successfullyarriving in theproxyby time
T 0 will be:

pk (T 0 � T ) = (1 � � F
k )(1 � � B

k )
Z T 0� T

0
f F

k (x ) � f B
k (x )dx (2)

where� denotesconvolution.

3.3. RateControl for VideoStreaming

In ordernot to overloadthelinks andpotentiallycausecongestion
problem,we have to perform rate/congestioncontrol. Equation
basedratecontrol [18], alsoknown asTCP-friendlyratecontrol
(TFRC),is awidely usedratecontrolschemeoverwirednetworks.
However, TFRC works poorly for wirelessnetworks becauseit
cannotdistinguishbetweenpacket lossdueto channelerrorversus
contention-inducedcollisions(i.e.,congestion)[19].

In this paper, we performTFRCfor streamingvideofrom the
mediaserver sinceit will traversethe Internet. We also imple-
mentTFRC for eachwirelessconnectionbetweenthe peersand
the proxy, andthe sendingrate
 j from sender-receiver pair j is
determinedasthefollowing:


 j =
L

� j

p
2� j =3 + tR T O (3

p
3� j =8)� j (1 + 32� 2

j )
; (3)

whereL is the packet size in bytes/packet, � j is the round-trip
time, � j is the loss event rate perceived by senderj and t R T O

is TCP retransmissiontimeoutvalue. According to the work of
Floyd et al. [18], it is reasonableandpracticalto estimatet R T O

usingtR T O = 4� j .
UsingoneTFRCconnectionfor wirelessconnectionbetween

theproxy andthepeermayresultin underutilization of thewire-
lessbandwidth,especiallywhenthebulk of thepacket lossis due
to physicalchannelerrors.ChenandZakhor[20] proposedtheuse
of multiple simultaneousTFRC connectionsfor a given wireless
streamingapplicationbetweenthesametwo endpointsto increase
throughput. However, suchextensionis out of the scopeof this
paperandwe will explore other rate-controlmechanismsin our
futurework.

3.4. AsynchronousClocks

In order to maximizeutility of available bandwidths,we utilize
a conceptcalledasynchronousclocks developedin [2]. The idea
is to setup a clock j at the proxy for eachsender-receiver pair j
thatwakesperiodicallywith period� j = L=
 j , assumingpacket
sizeL is the samefor all senders.Whena clock j wakesup, it
signalsadataunit transmissionis grantedbetweensender-receiver
pair j . Requesting/transmittingat frequency 1=� j would mean
bandwidthj establishedusing(3) is maximallyutilized.

For the no-cachescenario,becausethe transmissionpathin-
cludesboththesender-proxyconnectionandtheproxy-clientcon-
nection,the proxy will until a clock awakes in both the �rst leg
(sender-proxypairj ) andthesecondleg (proxy-client)beforesend-
ing a requestto senderj . If morethanone�rst leg clock awakes
while waiting for the secondleg clock, thenthe proxy mustpick
one sendercorrespondingto one of the awaken �rst leg clocks
for dataunit transmissionrequest.After selectinga senderj , the
proxywill thendecidewhichdataunit to requestfrom senderj .

For thelimited cachescenario,if a �rst leg clock j wakesup,
theproxy will immediatelyrequesta dataunit transmissionfrom
senderj . If the secondleg clock wakes up, the proxy will im-
mediatelyselecta dataunit from all available dataunits in the
cachefor transmissionto theclient. In both theno-cacheandthe
limited cachescenario,the proxy will decidewhich dataunit to
request/transmitin a rate-distortionoptimalfashion.Thedataunit
selectionproblemis formalizedasanoptimizationproblemandis
discussedin detailsin Section5.

4. CHARACTERIZING MOBILITY IN A WIRELESS LAN

Todesignmorerealisticsimulationscenariosfor wirelessnetworks,
understandingusermobility andnetwork usagecharacteristicsis
critical. Thereare numerousstudieson the performanceof the
wirelessinfrastructureandthe useraccessandmobility patterns.
Tanget al. [21] examineda twelve-weektraceof a building-wide
wirelessLAN andanalyzedtheuserbehavior (whenandhow in-
tensivelypeopleusethenetworkandhow muchthey movearound),
overall network traf�c andloadcharacteristics,andtraf�c charac-
teristicsfrom a single userpoint of view. Balazinskaet al. [3]
studiedusermobility patternsin a large corporateenvironment
and introducenew metrics,persistenceandprevalenceto model
usermobility. Chinchillaetal. [16] foundthatmany usersspenda
largefractionof their timeassociatedwith asingleAP. Userstend
to visit thesameAP frequentlyandstayfor long periodsof time.
This observationjusti�es thefeasibility of our design,i.e. stream-
ing videofrom theserverandmobilepeerssimultaneously. In our
paper, we will usetheempiricalresultsof Balazinskaet al. [3] to
designour simulationmodelandevaluateour scheme.To model
themobility of anindividualmobileuser, weneedto computetwo
metrics:sessiondurationandrevisit interval.

4.1. SessionDuration

In our architecture,sessiondurationrefersto the amountof time
thatauserstaysassociatedwith anaccesspoint (andhenceserved
by our proxy) beforemoving to anotheraccesspoint or leaving
the network. For MN j , we denotethe sessiondurationas Vj .
Our de�nition of sessiondurationis equivalentto thepersistence
metric in Balazinskaet al's work. [3], which is shown to follow a
power law distributionwith exponential1.78,i.e.,

P (X = x) � x � 1:78 :

4.2. Revisit Inter val

After a MN leavesthe AP, it is likely that it will comebackand
visit the AP again. Revisit interval is the amountof time before
the next visit of the user, which alsoshows how likely it is for a
MN to visit an AP that is hasvisited recently. Balazinskaet al.
[3] presenteda prevalencemetricsto measurethefractionof time
that a userspendswith a given AP. In this paper, we will derive



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

Let R j be the revisit interval. The prevalenceof MN j is
P r evj andtheprevalenceprobabilitydistribution followsapower
law with alow exponents[3], i.e. P (P r evj = x) � 0:001x � 1:75 .
Using Pr evj andVj , the revisit interval R j is de�ned by R j =
Vj =Pr evj .

5. RATE-DISTORTION OPTIMIZED TRANSMISSION

In this section,we formulatetheproxy-drivenstreamingproblem
asacombinatorialoptimizationproblem.

5.1. ProblemFormulation

SupposethereareN dataunitsin a selectedoptimizationwindow
underconsiderationfor (re)transmission.As previouslydiscussed,
an optimizationinstanceappearswhenan asynchronousclock j
wakesupat time to [2], presentinganimmediatetransmissionop-
portunityfor sender-receiverpair j . For thenon-cachingscenario,
that actually meansa token hasbeencollectedat both the �rst
leg (sender-proxy pair j ) and the secondleg (proxy-clientpair),
at which time the sendingof a transmissionrequestto senderj
is grantedto the proxy at time to . The received dataunit will be
forwardedto theclient immediatelyuponarrival at theproxy. For
the limited cachingscenario,theawakenedclock canbeeitherin
the�rst or secondleg. If it is the�rst leg, it signalsa transmission
requestto senderj is grantedto theproxy. Theoptimizationwin-
dow will containdataunits thathave not yet arrivedat theproxy
correctly. If it is thesecondleg, it signalsa dataunit transmission
to theclient is grantedto theproxy. Theoptimizationwindow will
thenonly containdataunitsthathave alreadyarrivedat theproxy
andareavailablein thecache.In any of thethreecases,theremain-
ing questionis which dataunit shouldbe requested/transmitted
amongN dataunits in the optimizationwindow. We formulate
thatproblemherein thissection.

For eachdataunit D Ui ; i 2 f 1; 2; : : : ; N g, wede�ne a trans-
mission policy � i , � i 2 � , where � correspondsto a family
of transmissionschedules,which dictateswhenandhow thedata
unit shouldbe requested/transmitted.Let � = f � 1 ; : : : ; � N g be
the transmissionvector for N dataunits. Let � i be de�ned as
� i = f H i ; ci g, whereH i is thetransmissionhistoryof D Ui , de-

�ned by H i =
n

(t (1)
i ; s(1)

i ); : : : ; (t ( l i )
i ; s( l i )

i )
o

. l i is the number

of previoustransmissionattempts,t ( k )
i ands( k )

i arethetimestamp
andsenderID of attemptk, respectively. SenderID s( k )

i identi�es
thesenderto which thepacketwassentatattemptk.

Transmissiondecisionci determinesif D Ui is decidedfor
(re)transmissionfor senderj whenclock j awakes. Hence,ci is
(to ; j ) if D Ui is selected.Otherwise,ci is theemptyset; .

5.1.1. ScenarioOne:Nocachein theproxy

In theno-cachescenario,therequesteddataunit will beforwarded
immediatelyto theclientby theproxy. Moreover, theproxyhasto
resenda requestto oneof thepotentialsendersfor retransmission
insteadof performinglocal retransmissionfrom the proxy. Fol-
lowing the discussionof channelmodelingin Section3.2.2, the
probability that a requestpacket sentby the proxy to senderj at
time T will result in a dataunit successfullyarrivesin the client
by timeT 0 is:

Q j (T 0� T ) = (1 � � F
j )(1 � � B

j )(1 � � F
C )

Z T 0� T

0
f F

j (x ) � f B
j (x ) � f F

C (x )dx

(4)

Using Qj (T 0 � T ) andthe sourcemodelde�ned in Section
3.2.1,theprobabilityof successfullyreceiving dataunit i , qi (� i ),
is:

qi ( � i ) = 1 �
�
1 � Q c i (T i � t o )

�
l iY

k =1

�
1 � Q

s
( k )
i

(T i � t ( k )
i )

�
(5)

whereQc i (Ti � to) = 0 if ci is ; .

5.1.2. ScenarioTwo: Limitedcachein theproxy

As we discussedearlier, the awakenedclock can correspondto
eitherthe �rst or thesecondleg. If it is the �rst leg, we will only
considerdataunits that have yet beensuccessfullyarrived at the
proxy. For adataunit D Ui thatthathasnotyetcorrectlyarrivedat
thecache,� i will bethetranmissionrequestpolicy from proxy to
senders.We cande�ne theprobability thatD Ui will arrive at the
proxybeforeits deadlineas:

qi ( � i ) = 1 �
�
1 � pc i (T i � t o )

�
l iY

k =1

�
1 � p

s
( k )
i

(T i � t ( k )
i )

�
(6)

If theawakenedclockcorrespondsto thesecondleg — proxy-
clientpair, thenwewill consideronly N of all dataunitsthathave
safelyarrived at the proxy andareavailable in the cache. For a
dataunit D Ui that is in the cache,� i will be the transmission
policy from theproxy to theclient. We cande�ne theprobability
thatD Ui will arriveat theclientbeforeits deadlineas:

qi ( � i ) = 1 �
�

1 � pF
C (T i � t o )

� l iY

k =1

�
1 � pF

C (T i � t ( k )
i )

�
(7)

Now we candeducethe expecteddistortionof the groupof
N dataunits in the optimizationwindow underthe transmission
requestpolicy vector� basedon the probability qi for eachdata
unit D Ui andtheDAG sourcemodel:

D (� ) = f D 0 �
NX

i =1

D i

Y

l � i

ql (� l )g (8)

wherel � i denotesthesetof D Ul 's thatprecedeor equalto D Ui

in DAG, D 0 is theoverall expecteddistortionfor thegroupgiven
no dataunit is received. Note that for no-cachescenarioandfor
proxy-clientpair in thelimited-scenario,D (� ) correspondsto the
expecteddistortionat theclient, while for thesender-proxy pair j
in the limited-cachescenario,D (� ) correspondsto the expected
distortionat theproxy.

5.2. Solution

5.2.1. Point-to-Point RDoptimizedstreaming

Whenanasynchronousclock j expires,wewill requestadataunit
transmissionfrom senderj andtheproblemwill besimpli�ed to
a point-to-pointRD optimizedstreamingproblem.Following the



discussionof [13], the optimal dataunit D Ui for transmissionis
the onewith the largest� i = � 0

i Si =ni , where� 0
i andSi arethe

increaseof successfuldelivery likelihoodgiven onetransmission
is sentat theoptimizationinstantanddatasensitivity, respectively.
� 0

i andSi canbede�ned asfollowing:

� 0
i = qi (� i; 1) � qi (� i; 0) (9)

Si =
X

k � i

D k

Y

l � k
l 6= i

ql (� l ) (10)

where� i; 1 = f H i ; (j; to)g is the transmissionpolicy of D Ui

given a transmissionrequestis sentto j at time t o , and � i; 0 =
f H i g is thepolicy of D Ui givenno requestis sentat time to . See
[13] for moredetails.

5.2.2. CacheManagement

Weconsidercache�ushing strategy to maintaincachespaceavail-
ability for incomingdataunits.Thecachewill be�ushedwhenone
of thefollowing caseshappens:i) anACK is receivedfrom client;
ii) acacheddataunit expires;and,iii) contentiontakesplacedueto
arrival of adataunit from senderwhile thecacheis full. In the�rst
two cases,thedataunit ACKedor expiredwill bedeletedfrom the
cacheimmediately. In thethird case,we compare� valueof data
units(discussedin Section5.2.1).Lowest� -valueddataunitswill
bedroppeduntil cacheover�ow is avoided.

6. SIMULA TION STUDY

Toevaluateourproposedproxy-driven,multiple-sendervideostream-
ing scheme,we usethenetwork simulatorNS-2.27to implement
different transmissionstrategiesandcomparethe streamingper-
formance.We characterizethe receivedvideoquality usingPeak
Signal-to-NoiseRatio(PSNR).Wegeneraterealisticmobility pat-
ternsfor thewirelessnodes,asdescribedin Section4,andmeasure
theeffect of themobility on thesystemperformance.In addition,
we evaluatehow theability to cachedataunitsat theproxy affect
thestreamingperformance.

6.1. Simulation Framework

We simulatea hybrid network environmentthat consistsof two
parts: wirelessLAN andwired Internet. Our topology includes
oneserver node,oneproxy nodeandthreeMNs, i.e. oneclient
nodeandtwo peernodes.Theproxy nodeis co-locatedwith the
wirelessaccesspoint and communicationwith all mobile nodes
usingIEEE 802.11binfrastructuremode. On the otherhand,the
server is connectedto theproxy(wirelessaccesspoint)overwired
network.

Thebit errorrate(BER)for thewirelesschannelis setto10� 5 .
Both forwardandbackwardpacket lossrate(PLR) for wired link
are3%. Theroundtrip time (RTT) is 20msfor thewirelesslinks
and 100msfor the wired links. The transmissionrangeof the
WLAN is set to be 275m. We usethe mobility modelgiven in
Section4 to generatetherealisticmobility patterns,i.e.,how long
the MN will stay in the rangeof the accesspoint and how fre-
quently the MN will revisit the accesspoint once it is discon-
nectedfrom the accesspoint. The actualmovementof the MN
in theWLAN follows theRandomWaypointmodelintroducedin
[22]. Thebandwidthof thelink betweentheserver andtheproxy

nodeis 0.5Mbps. We assumethat in thepresenceof background
traf�c, theavailablebandwidthfor streamingservicebetweenthe
server andthe proxy is at most150 kbps. The wirelesschannel
cansupportdatarateup to 1 Mbps,which will be sharedamong
all wirelessstationsusingthesamechannel.In thesimulation,we
setthemaximumwirelessbandwidthavailablefor streamingser-
vice asthefollowing: 450kbpsfor theproxy-to-clientconnection
and150kbpsfor all peer-to-proxyconnections.

Two 300-framestandardvideo sequences,foremanandcon-
tainer, areusedto drivethesimulation.Thesevideosequencesare
encodedusingH.263version2atQCIF, with 30framespersecond
and120kps.TheI-framefrequency is 1 in 25 frames.For eachse-
quence,PSNRbetweentheoriginal framei andthereconstructed
framej is calculatedfor every combinationali and j for i � j
andsavedasamatrixdAr r ay[i; j ]. Thematrix is thenusedby the
simulatorto estimateclient's performancebasedon the success-
fully receiveddataunit.

6.2. StreamingSchemes

To show thebene�ts of multi-pathstreamingandexplore thetwo
designchoices,i.e., no-cache vs. limited cache, we have imple-
mentedthefollowing four streamingschemes:

� JointServer/Peerwith Limited Cache(JSPLC)

� JointServer/Peerwith No Cache(JSPNC)

� Server-only with Limited Cache(SOLC)

� Server-only with No Cache(SONC)

BothJSPLCandJSPNCuseourproposedschemewheremul-
tiple videosources,includingaserveron infrastructure-basednet-
work andneighboringwirelessnodes,canbe selectedto stream
video contentto a particularwirelessclient. Both follow the 3-
stepsolutionpresentedin Section5, wheretheproxynotonly per-
forms contentdiscovery and identify potentialsenders,but also
requeststhevideocontentfrom multiple senderson behalfof the
client beforerelayingthecontentto theclient. In JSPLC,thereis
a �nite-size cacheat theproxy to temporarilystoredataunitsit re-
ceivesfrom varioussendersbeforeforwardingthemto theclient.
On theotherhand,JSPNCdoesnot usea cacheat theproxy, i.e.,
all dataunitsrequestedfrom thesenderwill beforwardeddirectly
to theclient throughthewirelessaccesspoint (theproxy).

In SOLC andSONC,thereis only onepotentialsender, i.e.,
the server. The proxy will requestsvideo datafrom the sender
on behalfof the client, beforerelaying the contentto the client.
SOLCusesa cacheat theproxy to temporarilycachesomeof the
moreimportantdataunits,while waitingfor transmissionfrom the
proxy to theclient. SONCdoesnot usea cacheandrequiresthat
all dataunitsto bestreameddirectly from theserver to theclient.

6.3. Simulation Results

In thissection,wewill presentthesimulationresultsfrom theper-
spectivesof multi-sourcediversity, mobility levels,andcacheef-
fect.

6.3.1. Multi-SourceDiversity

In thispaper, pathdiversityis de�ned asstreamingthesamevideo
sequencefrom multiplesenders.To evaluatehow themulti-source
diversity can affect the streamingperformance,we comparethe
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Fig. 3. Effectof multi-sourcediversitywhentheconnectionto the
server is not thebottleneck('container')

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/ LossUsingSOLC(dB) 31.04 21.65
PSNRw/ LossUsingSONC(dB) 28.64 19.11

Table1. Averagestreamingperformancewith andwithout limited
cache

performanceof JSPNCandSONCschemewhenthereis nocache
at theproxy.

In the �rst setof simulation,we usethesamesimulationset-
ting outlined in Section6.1. Figure 3 shows the typical perfor-
manceof thetwo schemes,JSPNCusingmultiple senders(server
andpeers)andSONCusingonly onesender. In this speci�c run,
we canseethat streamingvideo from neighboringpeers(in ad-
dition to the server) can improve the received video quality and
reduceperformancedegradationperceivedby thereceiver.

We repeatedthesameexperiments40 times,andcomputethe
meanPSNRfor eachcaseby averagingtheperformanceover the
run-timeand40 runs. Table1 shows the meanPSNRof the two
sequences,foremanandcontainer, for the four differentstream-
ing strategiesin the lossyscenario.The meanPSNRin the loss-
free scenariois alsoincludedfor comparison.From Table1, we
canseethat JSPNCachievesbetterperformancethanSONCfor
both video sequences.The proposedjoint server/peerstreaming
approachleveragesthe availablesourcediversity betweendiffer-
ent potentialsendersto performmulti-pathstreaming,leadingto
betterreceivedvideoqualityat theclient.

Suchmulti-pathstreamingcanofferadditionaladvantages.For
example,when the remoteserver that the client is connectedto
throughthe wirelessaccesspoint is overloadedor whenthereis
congestionon the path to the server, the client can avoid qual-
ity degradationby requestingthe dataunits from its neighboring
peersthroughad hoc wirelessconnections.Second,peer-to-peer
streamingwith neighboringnodesmayincur lessdelays.To illus-
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Fig. 4. Effectof multi-sourcediversity(' container') whenthecon-
nectionto theserver is thebottleneck

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 Sender-Peerwith No Cache
(JSPNC)schemewith differentlevelsof peermobility

tratethis,wechangetheavailablelink capacitybetweentheserver
andtheproxy to 0.1Mbps,which is lessthantherequiredstream-
ing rateto theclient andhencerepresentinga scenariowherethe
pathto theserver is congested.We reranthesimulationusingthis
new settingandplot how thePSNRvariesover time in Figure4.
The resultsclearly shows how JSPNCcanmaintaingoodperfor-
mancethroughmulti-path streaming,while SONC suffers great
performancedegradation.

6.3.2. Mobility Patterns

In a wirelesssetting, it is commonfor mobile nodes(potential
senders)to join andleave unexpectedly. Therefore,peermobility
will affect thereceivedvideoquality for joint sender/peerstream-
ing approach.In this setof simulations,we will performsensi-
tivity analysison how thepeermobility affectsthestreamingper-
formance.We vary theprevalencemetric introducedin Section4
to generatedifferentlevelsof nodemobility asfollows. Thepeer
nodeis said to have high mobility when Pr evj (t) 2 [0; 0:25),
mediummobility whenPr evj (t) 2 [0:25; 0:5), andlow mobility
whenPr evj (t) 2 [0:50; 1]. Again, we averagethe performance
over40 iterationsof a10-secondsimulation.

Table2 shows thevideoquality perceivedby theclient under
differentlevelsof nodemobility whentheJoint Server/Peerwith
No Cache(JSPNC)strategy is used.Highernodemobility results
in lower meanPSNR.This justi�es our designrationaleto keep
trackof peermobility at theproxy andusethis informationto de-
terminewhetherapeershouldbeincludedin thecandidatesender
group(Section3.1.1).
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6.3.3. Cachein theproxy

Theavailability of cachein theproxycanaffect thestreamingper-
formancein both the single- and multiple-sendercases. In this
paper, we measurethecachesizein termsof thenumberof RTP
packets. The importanceof dataunits is determinedby their re-
spective � 's,andthemoreimportantdataunitsarealwayscached
at the proxy. Figure5 andFigure6 show the streamingperfor-
mancewhen limited cache(i.e., with �nite size) is employed in
theproxy. Figure5 comparestwo schemes:SOLCusinglimited
cacheandSONCwith nocache.For bothSOLCandSONC,there
is only onesender, i.e., themediaserver. In this speci�c run, we
can seethat using cachein the proxy can improve the received
video quality sinceit enableslocal retransmissionover the lossy
wirelesslink betweentheproxyandtheclient.

To study the effect of cacheavailability on the performance
of multi-source(joint server/peer)streamingschemes,we simu-
late two schemes:JSPLCusing limited cache,andJSPNCwith
no cache. In Figure6, we observe that using limited cachealso
helpsimprovethestreamingperformancefor multi-sourcestream-
ing strategy.

We repeatedthesameexperiments40 times,andcomputethe
meanPSNRperceivedby theclient to comparethestreamingper-
formanceof variousschemeswith andwithoutcacheat theproxy.
Again, we considertwo different senderstrategies, server only
and multi-sourcestreaming. Table 1 shows the meanPSNRof
two standardvideosequences,containerandforeman, for thefour
schemes:JSPLC,JSPNC,SOLC,andSONC.From Table1, we
canseethatusinglimited cachecanimprove theaveragestream-
ing performin bothsinglesenderandmulti-sourcescenarios.

7. CONCLUSION AND FUTURE WORK

In this paper, we proposea joint server/peerproxy-driven video
streamingschemeto optimizethereceivedvideoquality from the
perspectiveof asinglewirelessclient,wheretheproxycoordinates
amongmultiplesenders,keepstrackof peermobility patternsand
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Fig. 6. Effect of cacheavailability whenmulti-sourcestrategy is
used(' Container')

performsthe rate-distortionoptimization. We formulatethe path
diversitystreamingschemeasa combinationaloptimizationprob-
lemandcombinetheconceptof asynchronousclocksandtherate-
distortionoptimizationframework to solve it. To investigate the
cacheeffect on thestreamingperformance,we modelthesystem
in two differentways,no cache andlimited cache. Our NS sim-
ulationsusetherealisticmobility modelfrom thecorporatewire-
lessnetworks to generatethemobility patterns.Numericalinves-
tigationsthroughthe NS simulationsshow that our joint scheme
canprovide betterperformancethanthe singlesenderstreaming
scheme.The simulationresultsalsoshow that having the cache
in the proxy will potentiallyincreasethe streamingperformance.
Currently, we focuson the performanceof singlewirelessclient.
As part of our future work, we will addressthe performanceof
multiple wirelessclients. Moreover, we will investigate the ag-
gregatedratecontrolfor streamingoverwirelessnetwork andhow
differentcachingstrategiesimpacttheperformanceaswell.
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