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ABSTRACT

In the context of communicationnetworkswith no QoSguaran-
tees,we describethe problemof streaminglayer encodedmul-
timediapresentationdataas a two-phasedecisionproblem. We
proposea measureof presentationquality calledthere�ned max-
minmetricthatyieldsacomputationallyinexpensivealgorithmfor
determininganoptimaltransmissionpolicy neededwithin thesec-
onddecisionmakingphase.We comparethis metricwith a more
traditional one, called the total quality metric, which yields an
optimizationproblemthat canbe solved with dynamicprogram-
ming. Usinga slideshow presentationwith a randomlygenerated
sequenceof layer-encodedJPEGimages,we comparethere�ned
max-mincriterionwith thetotalqualitycriterion.

1. INTR ODUCTION

The advantageof layer-encodingmultimediapresentationdatais
thatsomelayerscanbedroppedto reducethesizeof thedatarep-
resentation,which will increasethe speedat which thepresenta-
tion canbe transportedover a bandwidth-limitednetwork. With
fastertransmission,the end user is saved from waiting for pre-
sentationdatato bepre-fetchedinto a playbackbuffer. However,
fewerlayersmeanslowerquality, sowewouldlike tosendasmany
layersaspossiblewhile keepingthestartup latency to aminimum.

Frequentlya distinctionis madebetweencontinuousanddis-
cretemedia;audioandvideo areclassi�ed ascontinuous,while
still imagesandtext areclassi�edasdiscrete.The datacompris-
ing adiscreteobjectmustarrive in its entiretyat theclientprior to
its renderinginterval, but therenderingof acontinuousmediaob-
ject canbestartedbeforeall of its dataarrivesat theclient. In our
approach,we decomposecontinuousmediainto separatediscrete
objectswith relatively shortrenderingperiods.This allows us to
treatall datacomponentsof thepresentationasatomicunitswith
arrival deadlinesat the client equalto the startingpoint of their
renderingintervals.

Let � representthenumberof discreteobjectsin thepresen-
tationafterdecompositionof thecontinuousmedia,andlet ��� rep-
resentthe startingpoint of the initial renderinginterval of object

�

. Weassumetheobjectsareorderedby increasingvaluesof their
deadlines.Wemeasuretimerelativeto thestartof thepresentation,
sothatthepresentationstartsat time ���
	 .

Weassumethatapresentationcomprisedof only the�rst layer
of eachobject representsa presentationof minimum acceptable
quality. We will usethe term baselayer when referring to the
�rst layer, andenhancementlayer whenreferringto higherlayers,
which contribute to quality but arenot requiredfor achieving the
minimumquality level. We let ��� representthenumberof layers
in object

�

.

Our �rst priority is to minimize the start up delay for play
out of only thebaselayersof thepresentation.After establishing
theminimumstartup delay, our secondpriority is to improve the
quality of the presentationby sendingenhancementlayers. Cor-
respondingto thesetwo priorities, we have two decisionphases
throughwhich the applicationpasses.In the �rst phase,the ap-
plication simply sendsbaselayersfor the objectsin the orderof
their �rst appearancein thepresentation.While it is sendingbase
layer data,it collectsinformationaboutthe availablebandwidth
andusesit to decidewhento startplayingthepresentation.After
thepresentationstartsplaying,theapplicationentersinto thesec-
ondphasein whichit loopsonthedecisionof whichlayerto send
next.

The contribution of this paperis �rst to articulatethe two-
phasedecisionproblemwhenstreamingadaptivemultimediadata,
andsecond,to proposeanew presentationqualitymetriccalledthe
re�ned max-minmetricthatyieldsa computationallyinexpensive
algorithmfor ef�ciently determiningthe optimal layer to sendin
phasetwo. Wecomparethisapproachwith amoretraditionalmet-
ric, calledthetotal qualitymetric,whichyieldsadecisionproblem
thatcanbesolvedwith dynamicprogramming.Usingaslideshow
presentationwith arandomlygeneratedsequenceof layer-encoded
JPEGimages,we comparethere�ned max-mincriterionwith the
totalquality criterion.

2. PHASE ONE: DETERMINING STARTUP DELAY

Becausewe are transmittingdataover a network with no QoS
guarantees,aftera communicationchannelis established,theap-
plication doesnot know the rate at which it can transmit data
from sourceto destination. For this reason,the applicationbe-
ginsby transmittingonly baselayerdata,which it storesin a pre-
fetchbuffer at theclient until it determinesthatit cansafelybegin
play out of thepresentationwithout thethreatof thepresentation
stalling. (We assumethe client hasa disk drive large enoughto
storeany amountof pre-fetcheddata.)

While the applicationis transmittingbaselayers,it performs
two othertasksin parallel. First, it recordsa packettransmission
history, which it usesfor predictingfuturebandwidth.Second,it
loopson thedecisionwhetherto begin playingthepresentation.

We do not assumeany particulartransportprotocol,suchas
TCP or someUDP-basedscheme.However, for whatever trans-
portmechanismis employed,weassumetheapplicationhasarea-
sonablemethodof estimatingfrom thepackettransmissionhistory
a lower boundfor expectedfuturebandwidth.We let 
���������� rep-
resenta lowerboundfor thenumberof bitstheapplicationexpects
canbedeliveredfrom server to client in theinterval � ������� .

Supposethe applicationhasdeliveredthe baselayersof ob-
jects1 through����� to theclient,andis now consideringwhether



to startplay out. Let � ��� � be the numberof bits in the ����� layer
of object

�

. If the applicationstartsplay out now, all of the un-
sentbaselayerswill arriveon-timeif thecumulativebitsneededat
eachdeadlineis lessthanor equalto thecumulative bits thatcan
bedelivered.Thus,theapplicationstartsplayout if thefollowing
inequalitiesaresatis�ed:
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If this systemof inequalitiesis not satis�ed, the application
doesnotbegin playout,but continuesto pre-fetchadditionalbase
layers.

3. PHASE TWO: LAYER SELECTION

After theapplicationgivesthecommandto startplayback,it tran-
sitionsinto phasetwo, in which it loopson thedecisionof which
layerto sendnext. Tomakethisdecision,theapplicationcontinues
to recordtransmissionstatisticsandre�ne its estimateof a lower
boundon futurebandwidth.With this lower bound,it determines
a sequenceof layers � (which we call a transmissionpolicy) that
canbedeliveredon-time(whichwecall feasibility)andthatmax-
imizesan objective measureof presentationquality � ��� � . The
�rst layer in the sequencecomprisingthis policy is chosento be
transmittednext.

Supposethat the renderingof the �rst � objectshave already
started,sotheapplicationonlyneedsto concernitselfwith schedul-
ing the delivery of objects��� � to � . To simplify notation,we
re-labeltheseobjectsas1 through � .

A transmissionpolicy speci�es the numberof layersto send
for eachobject,whichwerepresentasanM-dimensionalvector �

whose
�

��� component� � representsthenumberof layersof object
�

to sendto theclient. We call a policy feasibleif all of thebits it
sendsarrive at theclientprior to theirdeadlines.

Let ����� 
�� � �� ���� � ��� , the numberof bits that canbe trans-
mitted betweenthe deadlines� �� �� and � � . At eachdeadline,the
cumulative numberof bits neededmust be lessthanor equalto
thecumulative bits thatwill betransmitted.Thus,if we let ! ���"� �

equaltheunsentbits of object
�

thatappearin layers1 through� ,
thenpolicy � is feasibleif thefollowing systemof � inequalities
hold.
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Now thatwehavede�ned thesetof feasiblepolicies,weneed
to determinewhich of thesepoliciesare optimal, that is, which
policiesresultin presentationswith thebestquality. In thefollow-
ing twosections,weconsidertwo measuresof overallpresentation
quality, andprovidealgorithmsthatconvergeto optimalpolicies.

4. THE REFINED MAX-MIN CRITERION

In this and subsequentsections,we assumea generalmeasure
� � �"� � for thequalityof anindividualobject

�

whenlayers1 through

� areusedfor its rendering.Onepossiblemeasureof overall pre-
sentationquality is simply to taketheworstobjectquality. A fea-
siblepolicy wouldthenbeoptimalif it wereto maximizethemini-
mumqualityacrossall objectsin thepresentation.Wecall this the
max-mincriterion.

Althoughthemax-mincriterionis anaturalchoicefor acrite-
rion of optimality, it typically providespoliciesthatdonotallocate
all theavailablebandwidth.Consequently, sendingadditionallay-
ersfor someobjectsmaybepossible,which,althoughnot increas-
ing the minimum quality, clearly improves the overall quality of
thepresentation.Also, lesscumulative bandwidthin generalwill
be available for transmittingobjectswith earlierdeadlines,thus
the minimum attainablequality will be dominatedby bandwidth
availablefor theearlyobjects.Wenow considerare�nedmax-min
criterion thatovercomestheseinadequacies.

We representtheoverall quality of a presentationasa vector
ratherthana scalar, andde�ne an orderingof thesevectors. Let
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Now sort the elementsin thesequality vectorsfrom lowest
to highestto obtain the sortedquality vectors ���	� �����������/( � and

���$�����$��������( � , respectively. Wesaythatpolicy
*

hasbetterquality
thanpolicy 
 if the sortedquality vectorsare equaluntil some
position , wherethequality valueof
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is greaterthanthatof 
 .
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 suchthat
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 � . Wereferto this asthere�ned max-mincriterion.
It is importantto notethatif apolicy is optimalfor there�ned

max-mincriterion, thenit is alsooptimal for the max-mincrite-
rion. However, theconverseis notgenerallytrue.Thus,there�ned
max-mincriterionis amoresensiblemeasurefor theoverall qual-
ity of apresentation,becausein additionto satisfyingthemax-min
criterion,it betterexploits theavailablebandwidthto improve the
qualityof thepresentation.

Wenow presentanalgorithmthatdeterminestheoptimalpol-
icy undertheassumptionthat thequality values� � �"� � aredistinct
for all valuesof

�

and � . Quality measuresthatutilize the length
of time rendered,root meansquare,or the numberof bits, typi-
cally ful�ll this assumption.The algorithm(Fig. 1) startswith a
policy set to the layersthat have alreadybeensentto the client,
andthenentersa loop in which it tries to adda layer to the ob-
jectwith lowestquality. If addinga layerto this objectresultsin a
non-feasiblepolicy, thenits layersareheld�x ed,andit is removed
from any further consideration.That this algorithmconvergesto
anoptimalpolicy is intuitively clear. (See[1] for aformalproofof
convergence.)

For objectquality measuresthat map into a relatively small
range,suchas � � �"� � �:� , this algorithmmaynot convergeto an
optimal policy, becauseit doesnot properly resolve quality ties.
We propose(and evaluatein Sec.6) the following tie-breaking
heuristic:In thepresenceof aquality tie, choosetheobjectwhose
next layerhasthesmallestnumberof bits. Intuitively, this heuris-
tic makessense,becauseweareimproving thequalityby onelayer
with theleastexpenditureof bandwidth.
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Figure1: Re�ned max-minalgorithm

5. THE TOTAL QUALITY CRITERION

A moretraditionalapproachto theoptimizationproblemwouldbe
tode�ne presentationqualityasthesumof thequalityvaluesof the
individual objects.We refer to this measureasthepresentation's
total quality.

Themaximizationof � ��� � overthesetof feasiblepolicescan
be formulatedas a characteristicequationof dynamicprogram-
ming. To seethis,supposewewantto sendobjects
 through� ,
andthatwe have � surplusbits of bandwidthavailableto do this,
in additionto the �
� ������������( bits that areavailablein the inter-
vals terminatingat deadlines��� ��������� ��( . De�ne � ��
 ��� � to be
themaximumqualityattainablefor theseobjects.Thatis,
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where#$� ��� � is thesetof all �"�"� ���������+�)( � thatsatisfythefollow-
ing deadlineconstraints:
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By de�nition, � ��� ��	 � is themaximumquality for thepresen-
tation.

It canbeshown that � hasthefollowing recursive form. (This
is provedin [1].)
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Standarddynamicprogrammingtechniquescanbeemployed
to determinein polynomial time the optimal policy from these
equations[2].

6. EXPERIMENT AL RESULTS

We assembleda slide show presentationwith 2 black andwhite
and8 colorJPEGimagesin orderto comparethere�ned max-min
criterionwith thetotalquality criterionundertwo differentobject
quality measures.Theblackandwhite imageswereencodedinto
6 layers,andthecolor imageswereencodedinto 10 layers. The
two objectqualitymeasureswerea layer-orientedmeasure,which
equatesqualitywith theratioof layersrenderedto thetotalnumber
of layersin theobject,anda bit-orientedquality measure,which
equatesquality with theratioof bits renderedto totalbits from all
layers. Note that underthe bit-orientedmeasure,convergenceto
anoptimalre�ned max-minpolicy is guaranteed.

Fig. 2 shows thepercentageof layerssentfor eachof theten
objectsin thepresentationfor there�ned max-minandtotalquality
criteria underthe layer-orientedquality measure.The resulting
policiesof thetwo algorithmsappearto agreein generalregarding
which imagesshouldbe weak(in termsof percentageof layers
rendered)andwhich shouldbestrong.However, there�ned max-
min algorithmproducesa presentationwith moreuniform image
qualities.

We canalsoseefrom Fig. 2 thattheworstcaseobjectquality
is 50percentfor there�ned max-mincriterion.Theordinarymax-
min criterionwouldhavestoppedat thispoint,generatingapolicy
thattransmits50%of thelayersfor eachobject.There�ned max-
min criterionenablesthepresentationto displaymorelayersthan
anordinarymax-mincriterionwhile still respectingthemax-min
philosophy.

Fig. 3 shows thepercentageof bits sentfor eachobjectunder
usingthe bit-orientedquality measure.Here the two algorithms
give strikingly differentpolicies. While the re�ned max-minal-
gorithmcontinuesto distribute relatively equalimportanceacross
all objects,thetotalqualityalgorithmselectsahighlynon-uniform
distribution. Theworstcaseobjectqualityfor there�ned max-min
criterionisapproximately30percentof theobject'sbits,while that
of thetotalqualitycriterionis lessthan10 percent.

In order to further examinethe differencesbetweenthe two
criteria andthe two quality measures,we computedthe optimal
policiesfor thesamplepresentationwhilevaryingthelevelof band-
width. Weplottedtwo differentsummarystatistics:minimumper-
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Figure2: Percentageof layerssentby criterion underthe layer-
orientedquality measure
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Figure 3: Percentageof layers sentby criterion under the bit-
orientedqualitymeasure

centageof layersrenderedby bandwidth(Fig.4), andaverageper-
centageof layersrenderedby bandwidth(Fig 5).

Fig. 4 demonstratesthat the re�ned max-mincriterion is su-
perior to thetotal quality criterionwith respectto minimizing the
worst quality, which isn't surprising,becausethis objective is its
primarymotivation. It shouldalsobenotedthatthelayer-oriented
qualitymeasureperformsbetterthanthebit-orientedquality mea-
sure.Therearea few pointswherethetotal quality criterionwith
the layer-orientedmeasureperformsbetterthanthe re�ned max-
min criterionwith thebit-orientedmeasure,but in generalthe re-
�ned max-mincriterionis betterwith bothquality measures.
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Figure4: Minimum percentageof layersrenderedby bandwidth
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Figure5: Averagepercentageof layersrenderedby bandwidth

Fig. 5 shows the averagepercentageof layers renderedby
bandwidthlevels. Here the total quality criterion basedon the
layer-orientedqualitymeasureis superiorto theothermethods,es-
peciallyfor thelowerandmid-rangebandwidths.Thetotalquality
criterionwith thebit-orientedquality measurealsoappearsto do
well in the lower bandwidths,but givesweakerresultsfor higher
levels of bandwidth. At high levels of bandwidth,the various
methodsconverge,but there�ned max-mincriterionbasedon the
layer-orientedquality measureconvergesthe mostquickly. The
re�ned max-mincriterionwith thebit-orientedquality measureis
theclearloserin thiscomparison.

In summary, the four objectivescanproduceratherdifferent
optimalpolicies. We believe that there�ned max-mincriterionis
superiorto thetotalqualityandmax-mincriteria.Nevertheless,in
orderto makea morede�nite conclusion,subjective testingwith
humansubjectsis needed.Also, it is desirableto experimentwith
otherqualityvaluesthattakeinto accountthemean-squarederror.
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