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ABSTRACT

In the context of communicatiometworkswith no QoS guaran-
tees,we describethe problemof streaminglayer encodedmul-
timedia presentatiordataas a two-phasedecisionproblem. We
proposea measuref presentatiomuality calledthere ned max-
minmetricthatyieldsa computationallynexpensvealgorithmfor
determininganoptimaltransmissiompolicy neededvithin thesec-
ond decisionmakingphase.We comparethis metricwith amore
traditional one, called the total quality metric, which yields an
optimizationproblemthat can be solved with dynamicprogram-
ming. Usinga slideshow presentatiomvith arandomlygenerated
sequenc®f layerencodedlPEGimageswe comparethere ned
max-mincriterionwith thetotal quality criterion.

1. INTRODUCTION

The advantageof layerencodingmultimediapresentatioratais
thatsomelayerscanbedroppedo reducethe sizeof thedatarep-
resentationwhich will increasethe speedat which the presenta-
tion canbe transportedver a bandwidth-limitednetwork. With
fastertransmissionthe end useris saved from waiting for pre-
sentatiordatato be pre-fetchednto a playbackbuffer. However,
fewerlayersmeandowerquality, sowewouldlike to sendasmary
layersaspossiblewhile keepinghestartup lateng to aminimum.

Frequentlya distinctionis madebetweercontinuousanddis-
cretemedia; audioandvideo are classi ed as continuous while
still imagesandtext areclassi ed asdiscrete. The datacompris-
ing adiscreteobjectmustarrive in its entiretyatthe client prior to
its renderingntenal, but therenderingof a continuousnediaob-
jectcanbesstartedbeforeall of its dataarrivesatthe client. In our
approachwe decomposeontinuousmediainto separateliscrete
objectswith relatively shortrenderingperiods. This allows usto
treatall datacomponent®f the presentatiorasatomicunits with
arrival deadlinesat the client equalto the startingpoint of their
renderingntenals.

Let representhe numberof discreteobjectsin the presen-
tationafterdecompositiorof thecontinuousnedia,andlet  rep-
resentthe startingpoint of theinitial renderingintenal of object

. We assumeheobjectsareorderedby increasingvaluesof their

deadlinesWe measurd¢imerelative to thestartof thepresentation,
sothatthepresentatiostartsattime

We assumehatapresentatiocomprisedf only the rst layer
of eachobjectrepresents presentatiorof minimum acceptable
quality. We will usethe term baselayer when referringto the
rst layer, andenhancemenayer whenreferringto higherlayers,
which contrikute to quality but arenot requiredfor achieving the
minimumquality level. Welet  representhe numberof layers
in object .

Our rst priority is to minimize the startup delay for play
out of only the baselayersof the presentationAfter establishing
the minimum startup delay, our secondpriority is to improve the
quality of the presentatiorby sendingenhancemeriayers. Cor
respondingo thesetwo priorities, we have two decisionphases
throughwhich the applicationpasses.In the rst phasethe ap-
plication simply sendsbaselayersfor the objectsin the orderof
their rst appearanci the presentationWhile it is sendingbase
layer data, it collectsinformation aboutthe available bandwidth
andusesit to decidewhento startplaying the presentationAfter
the presentatiorstartsplaying, the applicationentersinto the sec-
ondphasen whichit loopsonthedecisionof whichlayerto send
next.

The contritution of this paperis rst to articulatethe two-
phasealecisionproblemwhenstreamingadaptve multimediadata,
andsecondto proposeanew presentatiogualitymetriccalledthe
re ned max-minmetricthatyields a computationallyinexpensve
algorithmfor efciently determiningthe optimallayerto sendin
phasdwo. We comparehis approactwith amoretraditionalmet-
ric, calledthetotal quality metric,whichyieldsadecisionproblem
thatcanbesolvedwith dynamicprogrammingUsingaslideshav
presentatiomwith arandomlygeneratedequencef layerencoded
JPEGimageswe comparehere ned max-mincriterionwith the
total quality criterion.

2. PHASE ONE: DETERMINING STARTUP DELAY

Becausewe are transmittingdata over a network with no QoS
guaranteesaftera communicatiorchannels establishedthe ap-
plication doesnot know the rate at which it can transmitdata
from sourceto destination. For this reason the applicationbe-
ginsby transmittingonly baselayer data,which it storesn a pre-
fetchbuffer atthe clientuntil it determineshatit cansafelybegin
play out of the presentationvithout the threatof the presentation
stalling. (We assumethe client hasa disk drive large enoughto
storeary amountof pre-fetchedlata.)

While the applicationis transmittingbaselayers,it performs
two othertasksin parallel. First, it recordsa packettransmission
history, which it usesfor predictingfuture bandwidth. Secondjt
loopson the decisionwhetherto begin playingthe presentation.

We do not assumeary particulartransportprotocol,suchas
TCP or someUDP-basedscheme.However, for whatever trans-
portmechanisnis employedwe assumeheapplicationhasarea-
sonablemethodof estimatingrom the packetransmissioristory
alower boundfor expectedfuture bandwidth.We let rep-
resentlower boundfor thenumberof bitstheapplicationexpects
canbedeliveredfrom senerto clientin theinterval

Supposehe applicationhasdeliveredthe baselayersof ob-
jectsl1 through to theclient, andis now consideringvhether



to startplay out. Let be the numberof bits in the layer
of object . If the applicationstartsplay out now, all of the un-
sentbasdayerswill arrive on-timeif thecumulative bitsneededt
eachdeadlines lessthanor equalto the cumulative bits thatcan
bedelivered. Thus,the applicationstartsplay out if the following
inequalitiesaresatis ed:

If this systemof inequalitiesis not satis ed, the application
doesnotbegin play out, but continuego pre-fetchadditionalbase
layers.

3. PHASE TWO: LAYER SELECTION

After the applicationgivesthe commando startplaybackit tran-
sitionsinto phasetwo, in which it loopson the decisionof which
layerto sendnext. To makethis decisiontheapplicationcontinues
to recordtransmissiorstatisticsandre ne its estimateof a lower
boundon future bandwidth.With this lower bound,it determines
asequencef layers (whichwe call atransmissiompolicy) that
canbedeliveredon-time(which we call feasibility) andthatmax-
imizes an objective measureof presentatiorquality . The
rst layerin the sequenceomprisingthis policy is choserto be
transmittechext.

Supposehattherenderingof the rst  objectshave already
startedsotheapplicatioronly needgo concerritself with schedul-
ing the delivery of objects to . To simplify notation,we
re-labeltheseobjectsasl through

A transmissiormpolicy speci esthe numberof layersto send
for eachobject,whichwe represenasanM-dimensionalector
whose component representthe numberof layersof object

to sendto the client. We call a policy feasibleif all of the bitsiit
sendsarrive attheclientprior to their deadlines.

Let , the numberof bits that canbe trans-
mitted betweenthe deadlines and . At eachdeadlinethe
cumulative numberof bits neededmust be lessthanor equalto
the cumulatie bits thatwill betransmitted.Thus,if we let
equalthe unsentbits of object thatappeatin layersl through ,
thenpolicy isfeasibleif thefollowing systemof  inequalities
hold.

Now thatwe have de ned the setof feasiblepolicies,we need
to determinewhich of thesepoliciesare optimal, that is, which
policiesresultin presentationgith thebestquality. In thefollow-
ing two sectionsye considetwo measuresf overall presentation
quality, andprovide algorithmsthatcorvergeto optimalpolicies.

4. THE REFINED MAX-MIN CRITERION

In this and subsequensections,we assumea generalmeasure
for thequalityof anindividualobject whenlayersl through

areusedfor its rendering.One possiblemeasuref overall pre-
sentatiorguality is simply to takethe worstobjectquality. A fea-
siblepolicy wouldthenbeoptimalif it wereto maximizethemini-
mumgquality acrossall objectsin the presentationWe call thisthe
max-mincriterion.

Althoughthemax-mincriterionis a naturalchoicefor acrite-
rion of optimality; it typically providespoliciesthatdo notallocate
all the availablebandwidth.Consequentlysendingadditionallay-
ersfor someobjectsmaybepossiblewhich, althoughnotincreas-
ing the minimum quality, clearly improves the overall quality of
the presentation Also, lesscumulatize bandwidthin generawill
be available for transmittingobjectswith earlier deadlinesthus
the minimum attainablequality will be dominatedby bandwidth
availablefor theearlyobjects.We now considerare nedmax-min
criterion thatovercomeghesenadequacies.

We representhe overall quality of a presentatiorasa vector
ratherthana scalar andde ne an orderingof thesevectors. Let

and betwofeasiblepolicies
with quality vectors:

Now sort the elementsin thesequality vectorsfrom lowest
to highestto obtainthe sortedquality vectors and
, respectiely. We saythatpolicy hasbetterquality

thanpolicy if the sortedquality vectorsare equaluntil some
position wherethe quality valueof is greaterthanthatof
Thatis, if thereexistsa suchthat

for , but that . A feasiblepolicy is saidto be

optimalif theredoesnot exist anotherfeasiblepolicy  suchthat
. Wereferto this asthere ned max-mincriterion.

It is importantto notethatif a policy is optimalfor there ned
max-mincriterion, thenit is alsooptimal for the max-mincrite-
rion. However, thecorverseis notgenerallytrue. Thus,there ned
max-mincriterionis amoresensiblemeasurdor the overall qual-
ity of apresentatiorhecausén additionto satisfyingthemax-min
criterion, it betterexploits the availablebandwidthto improve the
quality of the presentation.

We now presentinalgorithmthatdetermineshe optimal pol-
icy underthe assumptiorthatthe quality values aredistinct
for all valuesof and . Quality measureshatutilize the length
of time renderedyoot meansquare,or the numberof bits, typi-
cally ful ll this assumption.The algorithm (Fig. 1) startswith a
policy setto the layersthat have alreadybeensentto the client,
andthenentersa loop in which it tries to add a layer to the ob-
jectwith lowestquality. If addingalayerto this objectresultsin a
non-feasibleolicy, thenits layersareheld x ed,andit isremaoved
from ary further consideration.Thatthis algorithmconvergesto
anoptimalpolicy is intuitively clear (See{1] for aformal proof of
corvergence.)

For objectquality measureshat mapinto a relatively small
range,suchas , this algorithmmay not corvergeto an
optimal policy, becausét doesnot properlyresohe quality ties.
We propose(and evaluatein Sec.6) the following tie-breaking
heuristic:In the presencef a quality tie, choosethe objectwhose
next layer hasthe smallestnumberof bits. Intuitively, this heuris-
tic makessensebecauseve areimproving thequalityby onelayer
with theleastexpenditureof bandwidth.
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Figurel: Re ned max-minalgorithm

5. THE TOTAL QUALITY CRITERION

A moretraditionalapproacho theoptimizationproblemwouldbe
tode ne presentatioqualityasthesumof thequalityvaluesof the
individual objects. We referto this measureasthe presentatiors
total quality.

Themaximizationof overthesetof feasiblepolicescan
be formulatedas a characteristieequationof dynamicprogram-
ming. To seethis, supposave wantto sendobjects through
andthatwe have surplusbits of bandwidthavailableto do this,
in additionto the bits that are availablein the inter
vals terminatingat deadlines . Dene to be
themaximumquality attainablefor theseobjects.Thatis,

where isthesetof all
ing deadlineconstraints:

thatsatisfythefollow-

By de nition,
tation.

It canbeshavnthat hasthefollowing recursve form. (This
is provedin [1].)

For ,

is the maximumquality for the presen-

where

Standarddynamicprogrammingiechniquesanbe employed
to determinein polynomial time the optimal policy from these
equationg2].

6. EXPERIMENT AL RESULTS

We assemblea slide shov presentatiorwith 2 black and white
and8 colorJPEGimagesn orderto comparghere ned max-min
criterionwith thetotal quality criterionundertwo differentobject
quality measuresTheblackandwhite imageswereencodednto

6 layers,andthe colorimageswereencodednto 10 layers. The
two objectquality measuresverea layerorientedmeasurewhich

equatesjualitywith theratioof layersrenderedo thetotalnumber
of layersin the object,anda bit-orientedquality measurewhich

equategjuality with theratio of bits renderedo total bits from all

layers. Note that underthe bit-orientedmeasurecornvergenceto

anoptimalre ned max-minpolicy is guaranteed.

Fig. 2 showvsthe percentagef layerssentfor eachof theten
objectsn thepresentatiofor there ned max-minandtotalquality
criteria underthe layerorientedquality measure. The resulting
policiesof thetwo algorithmsappeato agrean generakegarding
which imagesshouldbe weak (in termsof percentagef layers
renderedpndwhich shouldbe strong.However, there ned max-
min algorithmproducesa presentationvith more uniform image
qualities.

We canalsoseefrom Fig. 2 thatthe worstcaseobjectquality
is 50 percenffor there ned max-mincriterion. Theordinarymax-
min criterionwould have stoppedat this point, generatinga policy
thattransmits50% of the layersfor eachobject. There ned max-
min criterionenableghe presentatiorno displaymorelayersthan
anordinarymax-mincriterion while still respectinghe max-min
philosophy

Fig. 3 shavsthe percentagef bits sentfor eachobjectunder
usingthe bit-orientedquality measure.Here the two algorithms
give strikingly differentpolicies. While the re ned max-minal-
gorithmcontinuego distribute relatively equalimportanceacross
all objectsthetotal quality algorithmselectsa highly non-uniform
distribution. Theworstcaseobjectquality for there ned max-min
criterionis approximately80 percenbf theobjectsbits, while that
of thetotal quality criterionis lessthan10 percent.

In orderto further examinethe differencesbetweenthe two
criteriaandthe two quality measuresywe computedthe optimal
policiesfor thesamplepresentatiomvhile varyingthelevel of band-
width. We plottedtwo differentsummarystatistics:minimumper
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Figure2: Percentagef layerssentby criterion underthe layer
orientedquality measure



Figure 3: Percentagef layers sentby criterion underthe bit-
orientedquality measure

centagef layersrenderedy bandwidth(Fig. 4), andaverageper
centageof layersrenderedy bandwidth(Fig 5).

Fig. 4 demonstratethat the re ned max-mincriterionis su-
periorto thetotal quality criterionwith respecto minimizing the
worst quality, which isn't surprising,becausehis objectie is its
primarymotivation. It shouldalsobenotedthatthelayeroriented
quality measurerformsbetterthanthe bit-orientedquality mea-
sure.Therearea few pointswherethe total quality criterionwith
the layerorientedmeasuregperformsbetterthanthe re ned max-
min criterionwith the bit-orientedmeasurebput in generathere-

ned max-mincriterionis betterwith bothquality measures.

Figure4: Minimum percentagef layersrenderedy bandwidth

Figure5: Averagepercentagef layersrenderedy bandwidth

Fig. 5 shows the averagepercentageof layersrenderedby
bandwidthlevels. Here the total quality criterion basedon the
layerorientedquality measurés superiotto theothermethodses-
peciallyfor thelowerandmid-rangeébandwidths Thetotal quality
criterionwith the bit-orientedquality measurealsoappeargso do
well in the lower bandwidthsput givesweakerresultsfor higher
levels of bandwidth. At high levels of bandwidth,the various
methodsconverge, but there ned max-mincriterionbasedn the
layerorientedquality measurecorvergesthe mostquickly. The
re ned max-mincriterionwith the bit-orientedquality measurés
theclearloserin thiscomparison.

In summarythe four objectves canproduceratherdifferent
optimalpolicies. We believe thatthere ned max-mincriterionis
superiorto thetotal quality andmax-mincriteria. Neverthelessin
orderto makea morede nite conclusion subjectve testingwith
humansubjectds neededAlso, it is desirableo experimentwith
otherqualityvaluesthattakeinto accounthemean-squareerror.
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