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Abstract—We study the problem of how to stream lay-
ered video (live and stored) over a lossy packet network
in order to optimize the video quality that is rendered at
the receiver We presenta unied framework that com-
bines scheduling,FEC error protection, and decodererror
concealment. In the context of the unied framework, we
study both the caseof a channel with perfect state infor-
mation and the caseof a channel with imperfect state in-
formation (delayedor lost feedback). We adapt the theory
of in nite—horizon, average—eward Mark ov decisionpro-
cessedMDPs) with average—costconstraints to the prob-
lem. Basedon simulations with MPEG-4 FGS video, we
show that (1) optimizing together scheduling, FEC error
correction and error concealmentimproves performance
signi cantly and (2) policieswith staticerror protectiongive
nearoptimal performance. We also nd that degradations
in quality for achannelwith imperfect stateinformation are
small; thus our MDP approachis suitablefor networks with
long end—to—enddelays.

Index Terms—Systemdesign,Simulations, Mathematical
optimization.

I. INTRODUCTION

We studythe problemof how to streamlayeredvideo
(live andstored)over a lossy packetnetworkin orderto
optimizethevideoquality thatis renderedat therecever.
We presenta uni ed end-to—endramevork that com-
binesscheduling FEC error protection,and decoderer
ror concealmentln the contet of theuni ed framavork,
we studyboththe caseof a channelwith perfectstatein-
formationandthe caseof a channelwith imperfectstate
information(delayedor lostfeedback).

In mary packetnetwork environments,including the
Internet, the bandwidthavailable to a streamingappli-
cationis not known a priori and variesthroughoutthe
streamingapplication. For such network ervironments,
layered—encodeddeois appropriatgl], [2], [3], [4], [5]-
Thevideois encodednto a BaseLayer(BL) anda num-
ber of enhancemenrayers(ELs). The decodedBL pro-
vides minimal renderedquality; additionaldecodedELs
progressiely enhanceherenderedjuality.
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The sendershouldsdedulethe transmissiorof media
packetsn orderto maximizethe renderedvideo quality.
Thesendemay choosenotto transmitsomemediapack-
ets,therebynot sendingsomelayersin someframes(this
is alsocalledquality adaptatior4]).

Schedulingcan be combinedwith error correctionin
orderto mitigatetheeffectsof packetiossontherendered
video. Broadlyspeakingtherearetwo typesof errorcor-
rectionfor streamingmnedia:retransmissionf lost pack-
etsthatarrive at the receier beforetheir decodingdead-
lines;andthetransmissiomf redundantorwarderrorcor
rection(FEC) packets Both schedulinganderror correc-
tion shouldjointly adaptto the variationsof networkcon-
ditions, suchasthe available bandwidthand packetloss
rateof theconnection.

In our framework, error correctionis providedby FEC
codes FECcodesconsistin addingredundang to source
video packets[6]. The mostcommonFEC codesare
Reed-Solomon{RS) codes. RS codesconsistin
adding redundanpacketso sourcepacketsoe-
fore transmission.The receptionof ary  packetsfrom
the transmittedpacketsallows the recever to recover
all  original sourcepackets. FEC codesare often used
for interactvereal-timecommunicationssuchasinternet
telephowy [7], [8]. They provide channelerrorcorrection
with lessdelay than selectve retransmissionbut at the
costof anincreasen therequirediransmissiomate. They
arealsooftenusedin situationsvhereafeedbaclchannel
is notavailable,suchasin multicastapplicationg9].

At therecever, someof themediapacketsareavailable
on time, thatis, beforetheir decodingdeadlines. Other
packetsarenot available,eitherbecausehey weretrans-
mittedandlost, or simply becaus¢hesendeneversched-
uledthemfor transmissionAt thetime of renderingo the
user thedecodettypically appliesseveral methodsof er-
ror concealmentEC) to bestconceathemissingpackets.
EC consistsn exploiting thespatialandtemporalcorrela-
tionsof audioor videoto interpolatemissingpacketdrom
the surroundingavailablepacketd6]. For video,asimple
andpopularmethodfor temporalerrorconcealmenis to



display insteadof the missingmacroblock from the cur
rent frame, the macroblock at the samespatiallocation
but from the previousframe.

Packetscheduling.error correctionand error conceal-
mentarefundamentatomponenti anend-to—endideo
streamingsystem. Figure 1 illustratestheir respectie
functions.At thesenderthescheduledetermineshelay-
ersthat shouldbe sentto the recever for eachframe of
thevideo. Theerrorprotectioncomponentletermineshe
amountof FECpacketgo sendwith eachlayer. At there-
cewer, beforerenderingthe media,the decodeperforms
error concealmentrom the available layers. Tradition-
ally, schedulinganderrorcorrectiontransmissiomolicies
areoptimizedwithouttakinginto accounthe presencef
errorconcealmenéattherecever[10], [11], [12].

In this paper we arguethat the schedulingerror pro-
tection and decodererror concealmenshould be opti-
mizedin auni ed, end-to-endnannerIn particularwhen
designinga schedulinganderror correctiontransmission
policy, not only shouldwe accountfor the layeredstruc-
ture of the media,the channelcharacteristicsandthe ef-
fectsof missingpacketson distortion,but we shouldalso
explicitly accountor errorconcealmenattherecever.

This papermakesseveral contributions. We present
a new uni ed optimizationframevork which combines
schedulingFEC,anderrorconcealmentn thecontext of
theuni ed frameavork, we studyboththe caseof a chan-
nel with perfectstateinformationandthe caseof a chan-
nelwith imperfectstateinformation(delayedor lost feed-
back). We adaptthe theoryof in nite—horizon, average—
rewardMarkov decisionprocesse@MDPs)with average—
costconstraint$o theproblem.Basednsimulationswith
MPEG-4FGSvideo,weshow that(1) optimizingtogether
scheduling,FEC error correctionand error concealment
improves performancesigni cantly and(2) policieswith
staticerror protectiongive nearoptimalperformanceWe
also nd thatdegradationsn quality for a channelwith
imperfectstateinformationare small; thusour MDP ap-
proachis suitablefor networkswith long end—to—endie-
lays.

This paperis organizedasfollows. In the following
subsectiorwe discusghe relatedwork. In Section2, we
formulateour optimizationproblem. Section3 givesthe
experimentaketupof oursimulationswith MPEG-4FGS
videos.In Sectiond we shav how our optimizationprob-
lem canbe solved by usingresultsfrom MDPs. In Sec-
tion 5 we investigatehow to incorporateadditionalqual-
ity metricsin our framewvork. Section6 presentshe case
whentherecever stateinformationcanbelostor delayed.
We concludein Section?.

A. RelatedWbrk

To our knowledge, the most closely relatedwork is
that of Chouand Miao [10], [13] which considersrate—
distortionoptimizedstreaming.ChouandMiao consider
schedulingpacketizednediaover a packeterasurechan-
nel in orderto minimize an additive combinationof dis-
tortion and averagerate. However, decodererror con-
cealmentis not a centralpartof their framevork. We in-
troducerate—distortioroptimizedstreamingoasedon de-
codererror concealment Also, ChouandMiao develop
a heuristicalgorithmfor nding a sub—optimalschedul-
ing policy, whoseperformancemay be signi cantly be-
low thetruly optimal schedulingpolicy. Our constrained
MDP approactprovidesa tractablemeansfor determin-
ing thetruly optimalpolicy. (However, theframevork of
ChouandMiao allows for retransmissionsyhereasour
framework allows for forward error correction.) Finally,
the frameawvork providedin this papercanhandlequality
variability metricsin additionto averagedistortion met-
rics.

Other closely relatedworks on optimal streamingof
mediausingafeedbackchanneinclude[12], [14]. These
works do not considererror concealment. Podolsly et
al.[12] studyoptimalretransmissiostratgiesof scalable
media. Their analysisis basedon Markov chainswith
a statespacethat grows exponentially with the number
of layers. Senetto [14] studiesschedulingof complete
GOPsencodedn multiple descriptioncodes.The sender
adaptghenumberof descriptionsentto therecever, asa
functionof thenetworkstatewhichis modeledasaHMM.

This paperbuilds on previous work [15] in which we
consideredjoint schedulingand error concealmenftor
ideal lossy channelswvith immediatefeedbackandwith-
out error correction. This paper signi cantly extends
thatwork by incorporatingerror correctionthroughFEC
into theschedulingptimizationproblemandallowing for
channelswvith delayedfeedback.This makesour uni ed
framework suitablefor transmissiomverthecurrentbest—
effort Internet.

Finally, streaminglayered—videowith unequalerror
protection(UEP) throughFEC hasbeenpresentedn [2],
[5], [16], [17]. Noneof theseapproachesonsidedecoder
errorconcealmenin the optimizationprocess.

Il. PROBLEM FORMULATION

In this paper we considervideo streaming,live or
stored. When streaminglayered—encodedideo, the re-
ceptionof the baselayer provides minimum acceptable
quality. So,thebasdayershouldbetransmittedwvith high
reliability. This can be achiezed by sufcient playback
buffering at the client to allow for the retransmissiorof
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most lost video packetsbefore their decodingdeadline
expire [18], or by protectingthe baselayer with a high

amountof FEC codes.Additionally, transmittingthe base
layer with high reliability permitsthe useof highly bit—

rate ef cient — despitepoorly error resilient— encod-
ing methodssuchasmotion—compensatiorn this paper
we supposéhatthe baselayeris transmittedo the client
without loss,andwe focuson determiningoptimal poli-

ciesfor thetransmissiorof the enhancemenayers.
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sion channelis a packet—erasurehannel. The channel
hasa probabilityof successf .

At thedecoderwe supposehat,in orderto concealoss
of packetdor framenumber , only informationfrom pre-
vious frame is used. However, informationfrom
frame doesnot necessarilyffully concealloss of
packetsfrom frame . Note that, in practice,informa-
tion from a setof consecutie previous frames,andeven
from subsequenframes,canalsobe usedto performer

Thevideoatthesendeis encodednto enhancement ror concealmentfor thecurrentframeatthedecoderThis
layers. Recallthatthe main propertyof layered—encoded hasthe potentialto increaseheaccurag in predictingary

videois thatlayer of a givenframecannot be decoded
unlessall lower layers arealsoavailable at
thedecoderLet bethenumberof framesin thevideo.
We supposethat the  enhancementayers are not
motion—compensated,e., the decodingof layer of
frame doesnot dependon the decodingof previous
frames. As we explain in the next section,this assump-
tion correspondparticularly to the caseof the FGS-EL
de nedin the MPEG—-4standard19]. However, our uni-
ed framevork staysvalid for ary highly error resilient

missingpacket,but atthe costof anincreasen run—time
compleity of thedecodel[6]. Thetheorypresentedhere
canbeextendedo handlethesemoresophisticatedorms
of errorconcealmenthowever, in orderto seethe forest
throughthe trees throughoutwe focuson only usingthe
previousframein errorconcealment.

For a given schedulingand error correctiontransmis-
sionpolicy , let denotetheaveragetransmis-
sionratefor thevideo. It is de ned astheaveragenumber

layeringschemewhich doesnot encodethe enhancement of packetssentfor aframe,normalizedoy thetotal num-

layerswith motion—compensatiofor simplicity of the
analysiswe supposehatall enhancemenayershave the
samesize.Eachlayercontainsexactly sourcepackets.
We supposethat the additional quality broughtby a
givenlayeris roughlyconstanfor all framesof thevideo
(i.e., layer of frame bringsroughlythe sameamount
of quality to frame aslayer of frame to frame
). More generallyfor long videoscontainingmulti-
ple scenewvith differentvisualcharacteristicghe quality
broughtby a layer is likely to vary signi cantly for dif-
ferent partsof the video [20]. In this case,we suppose
thatthevideo hasbeenpreviously segmentednto homo-
geneoussggmentsof video frames,suchthat the quality
broughtby eachlayeris roughly constanthroughouthe
segment. Therefore,in this study we considera single
homogeneousgmentcontaining frames.In the case
of longervideos,we would applyouroptimizationframe-
work to eachseparatseggment.
Throughoutthis paper we supposethat the transmis-

berof sourcepacketdor all framesof thevideosequence
(i.e., ). Let denotetheaveragedistortion
of therenderedvideo after error concealment A typical
problemformulationof rate—distortioroptimizedstream-
ing is thefollowing [10], [5]:

Probleml: Find anoptimaltransmissiompolicy that
minimizes subjectto ,

where is the maximum(normalized)transmissiomate
thatis allowedby thenetworkconnectionor alternatvely,
the ratebudgetthatis allocatedto the streaming.We de-
note by , the minimum distortionachieszed by an
optimalpolicy.

It may be misleadingto solely useaverageimagedis-
tortion, usuallyexpressedn termsof averageMSE (Mean
SquareckError), to accountfor the quality of therendered
video. First, the averageimagedistortiondoesnot mea-
suretemporalartifacts, suchas mosquitonoise (moving



artifactsaroundedges)or drifts (moving propagatiorof
predictionerrorsaftertransmission)Secondhigh varia-
tionsin quality betweersuccessie imagesmay decrease
the overall perceptualuality of the video. Therefore,
the formulationof our problemshouldincorporateaddi-
tional quality constraints. In this paper we treatas an
examplethe caseof variationsin quality betweencon-
secutve images. For a given transmissiorpolicy , let

denotethe averagevariationin distortionbe-
tweentwo consecutieimages We cannow formulatethe
following problem:

Problem2: Find an optimaltransmissiompolicy that
minimizes subjectto and

’

where is the maximumaveragevariationin distortion
thatis allowed. (Its value canbe found from subjectve
tests.)

Let  denotethejoint schedulinganderrorcorrection
actionthat the sendertakesfor frame . Thisis de ned
asthetotal numberof packetqsource+ FEC packets)o
sendfor all layersof frame :
where is the total num-
berof packetgo sendfor layer . (We restrictthenumber
of FEC packetdor eachlayerto be lessthanthe number
of sourcepackets,.e., ). Notethatthe decision

meanghatthe senderdoesnot sendlayer atall.
In particular this shouldimply that ,
sincehigherlayers will never be decodedf
the senderdoesnot sendlayer . Becauseof this hierar
chy, our systenshouldalsogive moreprotectionto lower
layersthanto higherlayers(UEP). Therefore we should

have . Let denotethe setof all
possibledecisions for ary frame.
Let denotethe stateat the

recever for previousframe , I.e.,thenumberof suc-
cessielayerswhichareavailableatthedecodeffor frame

. Let  denotethedistortionof frame afterde-
coding.

Notethatour systemdoesnot allow for retransmission
of lost enhancementayer packets. This is a reasonable
assumptiorfor live streaming. It is also reasonabldor
storedvideosystemswith shortplaybackdelaysandhigh
VCR-like interactvity.

We denoteby , the distortionof a frame containing
only the rst layersbeforetemporalEC. (Without loss
of generality we take and .) We have

. For , we
denoteby  thedistortionof aframeaftertemporalerror
concealmentwhen layersof the previous frameand

layersof the currentframewerereceved by the decoder
Wheneer , the decodercannotconceallost layers
of the currentframe from the previous frame; therefore

when . We denoteby distortion matrix,
matrix .

In our system,we supposethat the senderknows the
distortion matrix of the currentvideo sggment. When
streamingstoredvideo, thedistortionmatrix canbe com-
putedoff-line from the original uncompressedideosey-
ment. It can be storedat the sender togetherwith the
video le. Whenstreamindivevideo,thesendeneedgo
estimatethe valueof the distortionmatrix beforestarting
the encodingand transmissiorof the currentvideo seg-
ment. This estimatecanbe basedon the previous video
segmentsvhichhave beenencodedndalreadysentto the
recevers. Sincein mostapplicationf live videostream-
ing, suchasstreamingof sportingeventsor videoconfer
encestheconsecutie videosggmentausuallyhave recur
rentor similarcharacteristicaye expectthatthedistortion
matrix of anupcomingsegmentcanestimatedsuf ciently
accurately

I11. EXPERIMENTAL SETUP

In orderto illustrateour results we useMPEG-4FGS
videos.FineGranularityScalability(FGS)is anew pro le
of MPEG—4,which hasbeenspeci cally standardizeéor
transmissiorof video over the best—efort Internet[19].
The FGS enhancemeriayer can be truncatedarnywhere
beforetransmissiongiving the ne—grainedproperty We
supposehatthe FGSenhancemenayerhasbeendivided
into layersfor the currentvideo segment(the appro-
priatevalueof canbedeterminedby a coarse—grained
network—adaptie algorithm,suchasin [21], [1]). There
is nomotioncompensatiom the MPEG—-4FGSenhance-
mentlayer, which makesit highly resilientto transmis-
sionerrors. Also, the MPEG group[22] advocatedrans-
mitting the baselayer with very high reliability. There-
fore, our uni ed framawvork is particularlywell suitedto
thetransmissiof MPEG—-4FGSencodediideooverthe
best—efort Internet. We apply our framework to the
enhancemenrayersextractedfrom the FGSenhancement
layer.

In our experiments,we choosethe simpleststratgy
for temporalerrorconcealmentwhich consistsn replac-
ing the missinglayersin the currentframeby the corre-
spondingayersin the previousframe. During our exper
iments,we have noticedthat this stratgy performswell
for low motion video segmentsbut poorly for sggments
with high motion. Video sggmentswith a highamountof
motion, suchas Coastguad or Foreman would require
anerrorconcealmenstratgly whichalsocompensate®r
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Fig. 2. PSNRof frames100to 1500f Aklyo (low quality) afterEC,
for differentvaluesof

motion. For example,[23] presentsa schemefor error
concealmenin the FGSenhancemenrtyer, which uses,
along with the layersfrom the previous frame, the mo-
tion informationcontainedn the basdayerof thecurrent
frame. Sincewe supposéehatthe basdayeris transmitted
withoutloss,sucha stratey would be easilyapplicableo
our system.

We presentexperimentswith the low motion segment
Akiya We usedthe Microsoft MPEG—4 softwareen-
coder/decodef24] with FGS functionality. We encode
the video usingtwo target qualities(low andhigh qual-
ities), which can be usedfor different network capaci-
ties. Bothlow andhigh quality videosareencodednto a
VBR-BL, with averagebitrateof  kbpsand kbps,re-
spectvely, andaFGS—ELwith averagebitrateof 900kbps
and Mbps, respectiely. For eachvideo, we cut the
FGS-ELinto layersof equalsize( ). Thevideo
segmentis encodednto the CIF format ( pix-
els),ataframerateof 30 frames/seclt contains
frames.

Figure 2 shaws, for a givenframe of the video, the
quality in PSNRafter error concealmentvhen
layershave beenreceved for the previous frame
and layershave beenreceved for the current
frame . Accordingto our simpletemporalerrorconceal-
ment scheme when more layershave beenreceved for
frame thanfor frame ,i.e. , thedecodeuses
theadditional enhancemenayersfrom frame
for decodingrame . We verify ontheFigurethat,when
no layershave beenrecevedfor frame |, i.e. , the
PSNRof frame aftererrorconcealmenincreaseith
the numberof receved layersfor frame , . This
shows thattemporalerror concealmenis effective in in-
creasingthe quality of therenderedvideo. The increase

in quality canbe substantial For example,for frame120,
simpleerrorconcealmenfromthe rst enhancemenayer
of the previousframecanimprove the quality of the cur
rent frame by almost dB (when = 0, the PSNR of
frame120goesfrom dB when to dBwhen

). Notethatthe uppergraphon Figure2 shovsthe
maximumquality for agivenframe , which corresponds
to the casewhenall the layersof frame have beenre-
ceived( ).

Figure 3 shavs a zoomed-inpart of decodedframe

aftererrorconcealmenivhenno EL wasrecevedfor
framel40norfor frame139(left), no EL wasrecevedfor
frame140but all 3 layersof previousframel39werere-
ceived (middle),andwhenall 3 layersof framel40were
receved (right). As we can see,the overall quality of
frame140is betterwhenall layersof the previousframe
have beenreceved (middlepicture)thanwhennolayeris
available at the recever for the previous frame (left pic-
ture). However, the quality is still lower thanwhen all
layersof framel40have beerrecevedanddecodedright
picture).

We computedhe averagedistortionover all framesof
the video segmentfor all possiblerecever states. After
normalizing,we obtainedthe following distortionmatri-
cesfor highandlow quality versionsof Akiyo:

(1)

high

(@)

low

Note from (2) that, for the low quality version,

and . Thismeanghatreplacingall available
layersfrom thecurrentframeby the correspondindayers
from thepreviousframeachiesesalowerdistortion(better
quality) thanusingthe rst layerof the currentframeand
thesubsequerayersof thepreviousframe. Thisis dueto
our simpletemporalEC stratgyy. Sincewe did notimple-
mentary motioncompensatiofor EC,thereplacemenbf
layersof thecurrentframeby layersof the previousframe
createsomevisual impairments. Theseimpairmentsare
usuallyminor for low—motionvideo sggments.However,
for someframeswhicharesigni cantly differentfrom the
previousframestheresultingincreasen distortioncanbe
slightly higherthanthe decreasén distortionbroughtby
error concealmentAs shavn in (1), this doesnot occur
for the high quality versionof thevideo.



Fig. 3. Framel140 of Akiyo (low quality) when (left) ( ) — dB, (middle) ( ) —

dB, (right) )— dB.
IV. OPTIMIZATION WITH PERFECT STATE Fromthesede nitions, andgiventhat
INFORMATION , Probleml canberewrittenas nding anoptimal
In this sectionwe supposéhatthe sendercanobsere Policy  which maximizeshelong-runaveragereward:
state  whenchoosingthe action . This implies a

reliablefeedbaclkchannefrom thereceverto thesender
andaconnectiorRTT thatis lessthanoneframetime.

We show that Problem1 canbe formulatedasa con- (5)
strainedMDP, which canin turn be solved by linear pro- sit. —
gramming[25], [26]. The problemis naturally formu-
lated as a nite—horizon MDP with  steps,where
is the numberof framesin a video sggment. However, whichfalls into thegeneratheoryof constrainedMDPs.
the Computationabffort associatedavith a nite—horizon For a given |ayer; we denoteby the probabmty
MDP canbe costlywhen is large [27]. This maybe thatthe layeris successfulljtransmittedto the recever,
a seriousimpedimentfor real-timesenders. Therefore, when is thetotal numberof pack-
we insteadusein nite—horizon constrainedDPs. Thw etsthat have beensentfor this |ayer_' is Computed
have optimalstationarypoliciesandhave lower computa- asthe probabilityto transmitsuccessfullytleast pack-
tional cost. Thein nite horizon assumptiorcorresponds etsout of the packet$entfor the |ayer_' Assuming‘[hat

to consideringn nite—length video segments( ). thetransmissiorchannels a packeterasurechannelwith
Throughouthis study thevalues ) succesgprobability , we have:
and will belong—runaverages.
A. Analysis for
We consider the Markov Decision Process for
Recall that  denotesthe (6)
distortion for frame after decodererror concealment.
We de ne therewardwhenthereceverisin state Therewardcanbe expresseds:
andaction is choseras:
3)
(7)
andthecostas: (sincewe took the corventionthat ).
For a randomizedstationary policy , let
— 4) . We denoteby

for the law of motionof the MDP. It



is givenby:

when
otherwise  #¥sf
(8) 37

This MDP is clearly a unichainMDP [25], [28]. It
thereforefollows that the optimal policy for the con-
strainedVIDP is arandomizedstationarypolicy. Further
more,randomizatioroccursin atmostonestate[28]. An
optimalstationarypolicy = maybeobtainedrom thefol-
lowing procedure:

Step 1. Find an optimal solution
to thelinearprogram(LP):

s.t.

9
Let for some
Step2. Determineanoptimalpolicy  asfollows:
for
: (10)
for for somearbitrary

Notethatthereareseveralalgorithmsto solve LPs. The
mostpopularis the simplex algorithm. It hasexponential
worst—caseomplity, but requiresa smallnumberof it-
erationsin practice. Thereare other more elaborateal-
gorithmswhich have polynomialcompleity, suchasthe
projective algorithmby Karmarkar29].

B. Simulations

Throughoutthis sectionwe supposethat each layer
contains4 packety ).

1) ComparisonbetweenEC—awae and EC—unawae
optimal policies: We comparethe schedulingand er
ror protectionoptimizationwith accountingor errorcon-
cealmentto theoptimizationwithoutaccountingor error
concealment:

EC—unaware transmission: The sendedetermines
andemploysthe optimaltransmissiorpolicy, which

is obtainedwithoutaccountingor errorconcealment
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attherecever. Therecever neverthelessapplieser
ror concealmenbeforerenderinghevideo.
EC—aware transmission: The senderdetermines
andemploysthe optimaltransmissiorpolicy, which
accountgor errorconcealmentTherecever applies
errorconcealmenieforerenderinghevideo.

It isimportantto notethatbothschemegsmployerrorcon-
cealmenttthedecodersothatwhencomparingtheren-
deredvideo quality of the two schemeswe are indeed
makinga fair comparison.

Let denotethe maximumquality of the video,
i.e., the quality given by the optimal transmissionpol-
icy. Figure4(a)andFigure4(b) shaw, for Probleml, the
valueof in PSNRasafunctionof thetamgettrans-
missionrate , for EC—unavare and EC—avare optimal
transmissiorpolicies. We usedthe low quality versionof
Akiya We considerchannekuccessatesof and

, Which correspondo typical valuesin today's In-



ternet(packetiossrateis usuallybetweerb% and20%).

We see on both gures that the maximum quality
achiered by EC—avare optimal policies is signi cantly
higher than for EC—unavare optimal policies (for both
valuesof , the differencein quality is up to 1.5 dB).
This con rms the needto accountfor decodererror con-
cealmenduringjoint schedulinganderror protectionop-
timization. Simulationswith the high quality versionof
Akiya whicharenot shovn heredueto spacdimitations,
alsogivedifferencesn qualitythatexceedl dB. Notethat
for high valuesof  bothschemeschiere the sameper
formance.This correspondso the extremecasewhenthe
averagebandwidthof the connectioris muchhigherthan
the sourcebitrate of the video ( ). In this situ-
ation, both EC—avare and EC—unavare optimal policies
transmitall layerswith additionalFEC packets.

Throughoutherestof this study we only considef=EC—
awaretransmissiompolicies.

2) ComparisorbetweerdynamicandstaticFEC: We
alsoinvestigatesolutionsof Probleml for the particular
casewhentheamountof FEC codeaddedo eachlayeris
constanthroughouthevideo sequencekor this caselet

denotethenumberof FEC packetsadded
to layer for all framesof thecurrentvideosequenceThe
transmissiomecisionto takefor frame is still expressed
as , but now with . We
denotethe correspondindransmissiorpolicies by static
redundancypolicies(in contrastto dynamicredundang
policiesin the generalcase). Optimal staticredundang
policies can be found by solving LP (9), with the new
setof possibleactions , for all possiblesets

(brute—forcealgorithm).

Figure5 shows the maximumaveragequality

for thelow andhigh quality versionsof Akiyo, asa func-
tion of , for atransmissiorchannelwith . We
rst compareoptimal generalpolicieswith optimal static
redundang policies. We can seethat, for both quality
versionsof the video, the maximumquality for the opti-
mal generalpolicy andfor the optimal staticredundang
policy is almostthe samefor all . (We noticedthatboth
optimalpoliciesareindeeddenticalfor mostvaluesof .)
This indicatesthatwe canrestrictour optimizationprob-
lem to staticredundang policies. Simulationsfor other
valuesof , which arenot shovn heredueto spacecon-
straints Jeadto the sameconclusion.

We compareoptimal generaland static redundang
policieswith FEC to optimal policies without FEC. We
seethatthegainin qualityachiezedwith FECcanbesub-
stantial. When , for both versionsof the video,
the differencein quality achiezed by the optimal policy
with FEC and without FEC is more than 1 dB for all
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Fig.5. Maximumquality
transmissiorrate for Akiyo (low and high quality),

valuesof . Note that when , the maxi-
mumquality achiezed by the optimalpolicy without FEC
staysconstantwhile the quality achieved with FEC still
increasesvith . When
modatethe transmissiorof all video sourcepacketsplus
someadditionalpackets. So, the optimal policy without
FEC canonly sendall sourcepackets,whereasthe op-
timal policy with FEC cansendadditionalFEC packets
which enhanceshe quality of therenderedrideo.

3) Performanceof in nite—horizon optimizaton: We
study the performanceof our EC—avare optimal trans-
missionpolicies,obtainedby ouroptimizationframevork
over an in nite—horizon, in the practicalcasewhenthe
numberof framesof thevideosequence, , is nite. We
usedtheaveragedistortionmatrix givenin (2) for
all  framesof the video. We shav simulationsfor a
targettransmissiorrate of , over a channelwith

asa functionof thetamgetaverage

, the channelcanaccom-
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Fig. 6. Simulationswith and , for

video seggmentscontainingup to 3000frames

successate
channelealizations.

Figure 6(a) and Figure 6(b) plot the achieved average
guality and averagetransmissiorrate, respectiely, asa
functionof thenumberof framesof thevideo (upto
frames).We plot con denceintervalsthatrepresent
of the channelruns. As we canseeon both gures, as
the numberof framesincreasesthe achieved transmis-
sion rate and quality averagedover all channelrealiza-
tionscorvemgetowardsthetaigetrate andthemaximum
quality , respectiely. For a50 frameseggmentthe
corvergenceerrorsareonly of dB for thequalityand

for the transmissiorrate. However, the con dence
intervals can be large for sgmentswith a low number
of frames:for a 50 frame segment,the transmissiomate
achievedfor a given channelrealizationcanbe up to
higherthan , andthequalityupto dB lowerthanthe

. We averagedour resultsover 100

targetquality. For a 500 framesegment,this errorscome
downto and dB,respectiely.

Since,in commornvideos,mosthomogeneousgments
are composedf tensto thousandof frames(homoge-
neoussggmentsusuallycorrespondo videoscene$20]),
we expect that our optimization framevork over an
in nite—horizon will achieze a good operationalperfor
mancein mostcases. For video segmentscomposedf
a few framesonly, it may be moreappropriateto use -
nite horizonlinear programmingn orderto nd optimal
policiesfor eachseparatdrame,asmentionedat the be-
ginningof SectionlV.

V. ADDITIONAL QUALITY CONSTRAINT

In Problem2, we addeda new quality constrainto our
optimizationframevork. Speci cally, besidesninimizing
the averagedistortion, , the optimal transmission
policy shouldalsomaintainanaveragevariationin distor
tion betweenconsecutie images, , belonv a maxi-
mum sustainablevalue . Asin Probleml, we consider
thatthevideohasin nite length.For agiventransmission
policy , is thelong—runaveragede ned by:

(11)

As for Probleml, we analyzeProblem2 with aMarkov
DecisionProcessover an in nite—horizon. We suppose
that the sendercan obsere the stateof the recever as
in SectionlV. The expectedaveragedistortionof a given
frame dependnly onaction  andon the statefor
thepreviousframe ,i.e., . However, theexpected
averagevariationin distortionfor frame dependsalso

on the valueof the statefor frame ,i.e., . In-

deed from (11), we have ,

where is the distortionfor frame , which de-

pendson the numberof layersthathave beenrecevedfor
frames and ,i.e, and respectrely.

We considerthe MDP ,

where and arethestateandactionpro-

cesses.We de ne the reward and costfunctions,when

the recever s in state , andaction

is taken,as:

(12)

— (13)

(14)



From thesede nitions, Problem2 can be rewritten as
nding anoptimalpolicy =~ which maximizesthe long—
run averagereward:

s.t.
(15)

which falls into the generaltheory of Markov Decision
Processesvith multiple constraints. The optimal policy

can be found from a linear programsimilar to the one
givenfor Probleml, butwith ahighernumberof variables
andanadditionalconstraint. Notethattheadditionalcost
is expresseasfollows:

(16)

Figure7 shaws the optimal quality achiered asa func-
tionof , for differentvaluesof themaximumvariationin
distortion . We considemptimalEC—avaretransmission
policies without FEC, with , over a channelwith

. As we cansee,the constrainton the variation
in distortioncomeswith a penaltyin quality, for
For highervaluesof , the quality is the sameas with-
out the constrainton the variationin distortion because
we have reachedhevariationin distortionof the optimal
transmissiorpoliciesfor Problem1.

VI. OPTIMIZATION WITH IMPERFECT STATE
INFORMATION

In this sectionwe supposehat the sendercannot,in
general,obsere when choosingthe action In
this caseMDP is a Partially—ObserableMDP
(POMDP),i.e., a MDP with imperfectstateinformation.
POMDPs are notoriously dif cult, but our POMDP is
tractabledueto its specialstructure.

We cansupposéhatthe sendembsenesthe stateof a
previousframe for whichit hasrecevedafeedback,
i.e., we supposethat the sendercan obsene
whenchoosingheaction  ( ). This corresponds
to aRTT of lessthan  frametime for transmissiorof
frame

When the stateof receptionfor frame : , is
not immediatelyavailable ( ), the transmittercan
still take the decisionfor frame , i.e. , from the
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Fig. 7. Maximumquality asafunctionof thetargetaverage

transmissiomate for Akiyo,

history of paststateobsenationsand pastactions. Let
denotethe state
and action history whenthe transmittertakesaction
Considerthe casewhen forall ,i.e., the
maximumfeedbacldelayfor all framesis constantNow,
is a MDP with perfectstateinformation. We
de ne the associatedeward and cost,whenthe recever

stateis andac-
tion is choseras:

17)

(18)

— (19)

The reward only dependson and , becausehe

distortion of frame only dependson and ,

which in turn only dependn . Subsequentlyour



MDP is equivalentas MDP . (This is be-

causejn ourframeavork, we only considetemporalerror
concealmenfrom the previous frameonly.) Therefore,
our optimizationframevork doesnot dependn the max-

imumfeedbacldelay , neitheronthereceptioror not of

thefeedback It is particularlywell suitedto applications
whereafeedbackchannekannotbe used for exampleto

applicationsthat have strict delay requirementssuchas
videoconferencing.

When and , therewardandcostof
MDP for a packeterasurechannelaregiven
by:

(20)

(21)

Figure8(a) and Figure8(b) shaw, for differentquality
versionsof Akiyo, the differencein performancédetween
a channelmodel with perfectstateinformation (imme-
diatefeedback@andimperfectstateinformation(delayed
feedback)with andwithout FEC, for . Onboth
gure, we seethat the differencein quality for the op-
timal policieswith FEC is very small (alwayslessthan
0.2dB). This quality differencewon't be,in general per
ceivedby theuser Without FEC,thedifferencan quality
betweenboth channelmodelsis larger. For it
is around0.5 dB for mostvaluesof . Indeed,adding
FEC increaseghe effective packettransmissiorsuccess
rate,which,in turn,increasetheknowledgeof thesender
aboutthe actualrecever state. Simulationswith
gave similarresults.

Theseresults indicate that our framevork for joint
schedulingand error control optimization can achieve
very goodperformancegvenin thecasewhentherecever
statecan not be fully obsened whenmakingnew deci-
sions. This correspondgo the usualsituationof video
streamingover the best—efort Internet, wherethe feed-
backchannelis unreliableandthe connectiorhasan av-
erageRTT whichis higherthanthevideoframerate.

VII. CONCLUSION

We have proposeda uni ed optimizationframevork
that combinespacketscheduling,error control and de-
codererrorconcealmentWe usedresultson constrained
Markov DecisionProcessesver an in nite—horizon, to
computeoptimal transmissiorpoliciesfor a wide range
of quality metrics.
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asa functionof thetamgetaverage

We analyzedthe problemof minimizing the average
distortionundera limited transmissiorrate. Our analy-
sis leadsto a low—compleity algorithm, basedon Lin-
earProgrammingWe have evaluatedthe performancef
our optimizationframevork in the contect of streaming
MPEG—-4FGSvideos.

We rst considerea packet—erasurehannebwith per
fect recever stateinformation. We showed the poten-
tial quality gainsbroughtby EC—avaretransmissioropti-
mizationover EC—unavareoptimization.Our simulations
indicatethatcomplex schedulingoptimizationprocedures
thatdonotconsidedecodeerrorconcealmeni theopti-
mizationprocesanachieve resultsthataresigni cantly
lower thantruly optimal results. We have seen through
numericakimulationsthatourin nite—horizonoptimiza-
tion frameawvork givesgoodperformancdor nite—length
video sgmentscomposedf hundredsof video frames.
We shaved that our framework allows to accommodate



additional quality metricsotherthanthe averagedistor
tion, suchasthe variationin distortionbetweernconsecu-
tiveimages.

Finally, we have shovn that our optimizationproblem
could be limited to static redundang transmissiorpoli-
cies,andthatour methodologycanachieve good perfor
mancein the generalcasewhenthe recever stateinfor-
mationis notavailableatthe sender

Future directionsof this work include providing the
transmittemwith thepossibility of retransmittingsomelost
video packetspy consideringhe expectedgainsin qual-
ity aftererrorconcealmentAlso, our uni ed frameavork
appeardo be well suitedto layered—encodedudio. It
wouldbeinterestingo investigatahe performancef our
schemdor streamingaudioapplications.
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