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Abstract  For providing distributed multimedia applica-
tions with end—to—endoS (Quality of Service)guarantees,
resource—reseationbasedontrolmechanismshouldbeem-
ployedin bothof networksandend-systemsResourceeser
vationwithin the network canbe achievedby virtue of band-
width allocationmechanismsf InternetRSVPor ATM, and
the CPUresourceontheendsystemcanbereseredby real—
time OS.To achieve an effective useof resourcesvhile pro-
viding high quality videotransfer bothresource®f the net-
work andsener CPU shouldbe allocatedto clientsin anin-
tegratedmanner

We first summarizethe relationshipsamongthe video
quality and the requiredamountsof CPU and network re-
sourcesgto provide a real-timevideo presentation.We find
that high video quality can be kept by increasingnetwork
bandwidthevenif CPUresourcesrenotfully available.The
oppositeis alsotrue. Basedon theserelationshipswe next
proposea new resourceallocationschemeo shareresources
fairly amongusersby solvingthe utility maximizationprob-
lem. In this paper the utility is definedasfunctionsof the
users benefit(video quality) obtainedthroughallocatedre-
sourcesand cost paid for them. By solving the problemas
anoptimizationproblem,our schemeoffersthe adequatee-
sourceallocationbasedn their availabilities.

1 Intr oduction

With dramaticimprovementsin computingpower, network
bandwidthandvideodatacompressiotechniquestherehave
beenmuchadwancement# distributedmultimediasystems.
The distributed multimediasystemrequiresQuality of Ser
vice (QoS) guaranteesn eachentity within the systemto
perform effective and meaningfulpresentation$l, 2]. As
a typical example, let us considerthe distributed multime-
dia application,suchasa teleconferencer a live broadcast
on the Internet,wherevideo streamsare codedby MPEG-2
(Moving PictureExpertsGroup)videocodingalgorithm[3].
In suchanapplicationthe MPEG-2videois transferredrom
thevideosenerto anumberof clientsthroughnetworks. The
receved video streamis de-compressednd presentedn a
computerdisplayor amonitor. Thevideosener shouldhave
amechanismo encodeandemit the requestedideo stream
in a real-timefashion,andto communicatewith clientsin-
teractvely. The client musttake careof the continuousand

high—qualityvideopresentatiomo users.Theunderlyingtrans-

port network hasto guaranteghe network—level QoS;e.g.,
transferdelay delayijitter andlossratio.

Forthenetwork—level QoS theresource—reseationbased

protocolssuchasa CBR (ConstantBit Rate)serviceclass
in ATM (AsynchronousTransferMode) [4] canprovide the
hard (or deterministic)guaranteelf the underlyingnetwork
is the InternetRSVP[5, 6] canbe employed. In our current
study the only assumptionwe make on the network is that
the network hasa capabilityto guaranteghe bandwidthto
theclient.

In additionto thenetwork—level QoS ,the CPU—lerel QoS
in termsof theprocessinglelayand/ordeadlineviolationra-
tio shouldbe guaranteedn encodinganddecodingMPEG-
2 video. For this purpose,a suficient amountof the CPU
resource(i.e., processorcycles) shouldbe resened with an
appropriateschedulingmechanismHowever, traditionalop-
eratingsystemswhichusethetime—sharingchedulingalgo-
rithm like round-robincannotprovide suchmechanismsAs
aresult,thequality of real-timemultimediaapplicationcan-
notbeguaranteedAccordingly, alot of researcheBave been
recentlydevoted to real-timeoperatingsystemsto provide
CPU-level QoSguarantee$7-10]. Thosereal-timeoperat-
ing systememploy thereal-timetaskschedulingalgorithms
which incorporatepriority and/ordeadlinedisciplines.

If bothresource—reseationbasechetworksandreal-time
operatingsystemsare employed together a real-timeand
high—quality multimedia distribution can be expected. To
provide QoSguarantee aneffective way, however, a suffi-
cientbut notoverbooledamounof network resourceshould
be resened and dedicatedto the video distribution service.
It is alsotrue for resenation on sener and client CPU re-
sourcesTheproblemonhow to reseretheadequatamount
of resourcediashbeenrepeatedlypointedoutanddiscusseds
summarizedelow.

In resource-reseationbasedetworks,suchasATM CBR
serviceclass,bandwidthallocationis performedat connec-
tion setuptime. It impliesthatthe requiredbandwidthmust
beknown apriori or atleastadequatelgstimategrior to the
actualcommunication. In our previous study[2], we have
proposeda QoS mappingmethod,which enableghe multi-
mediasystento predicttherequiredbandwidthfrom QoSpa-
rameterdn termsof spatial, SNR,andtemporalresolutions.
Oncethe bandwidthresenation succeedsreal-timevideo
transfercanbe achieved asfar asthe sener andclient have
enoughCPU resources. Of course,the sufiicient CPU re-
sourcegcannotbe guaranteedh “best—efort” operatingsys-
tems,andwe needsomereal-timeoperatingsystem,which
malkesit possibleto resene the CPUresourcesor the appli-
cation.However, it impliesthattheamountof CPUresource
to resere mustalso be known or estimatedat the service
setuptime. In [11], theauthorgproposepredictorgo estimate
the requirednumberof CPU cyclesto decodeMPEG com-



pressediideowith softwaredecoder With thosepredictors,
CPUcyclesto decodehefollowing framesor pacletsof the
MPEGvideostreamcanbeestimatedHowever, it is difficult
to dynamicallyresere the CPU resourceframeby frameor
paclet by paclet. The video quality would be degradedif
theresenation s rejecteddueto heary CPU load. Further
more,theauthorsdo nottake into accounbandwidthneeded
to transferthe codedvideo stream.In additionto the above
works,therehave beenmary investigationson real-timeop-
eratingsystemg7-9] and real-timevideo transfer[12-14].
In thoseworks, however, they considerthe network resource
andthe CPUresourceseparatelyn spiteof thefactthatthere
mustexist a strongrelationshipbetweerthem.

In our previous study[15], we have investigatedelation-
ships betweenthe video quality and the CPU/netvork re-
sourcedsby the experimentalanalysisusing actualMPEG-2
traces.Fromouranalysiswe obseredthatif thenetwork re-
sourcds sufficientandmuchbandwidthis offeredto thecon-
nection,the sener andclientscanbe free from complicated
encoding/decodintasksthatrequiremuchsener/clientCPU
resourcesCorverselytherequiredbandwidthbecomesmall
whentheendsystemsanexecuteheary codingtasks.These
reasonablebsenationsleadusto aflexible reserationmech-

anismbasedn availabilities of network andCPUresources.

For this purposewe formulatedthe video quality as func-
tionsof network andCPUresourcesvailableto theuser{15],
whichwill besummarizedn Section2.

Resultgpresentedn Section? shav thatthevideoquality
canbe quantitatvely relatedto network and CPU resources.
Theremainingproblemis how thoseresourcesreallocated
to usersaccordingto the availabilities of thoseresources.
Sincenetwork and CPU resourcesrelimited, thoseshould
be fairly allocatedby someappropriateresourceallocation
schemewheneitheror both of resourcesrefully available
to users quality, which is our mainsubjectof the currentpa-
per. In resourcaesenation basedsystemstheresourcecan
be easilymonopolizedby someuserwhenthe userrequests
theunnecessariljargeamountof resourcesTo preventsuch
a greedyresourceacquisition,an appropriatecontrol mech-
anismshouldbe introduced. To considerfair allocation of
resourceswe introducea users utility definedby a function
of users benefitand costfor resourcesllocatedto the ap-
plication. In the caseof video transfer users benefitcan
well be describedby the perceved video quality achiered
throughthe allocatedresourcesas describedabove, andthe
costcanberegardedasthe mongy or penaltypaid for those
resourcesWe thenformulatetheresourceallocationmecha-
nismto maximizeusers'utility asan optimizationproblem,
whichwill bedescribedn Section3.

One point we shouldmentionhereis thatin an actual
situation,usableresource®f clientsarevery diverse. CPU
power and/orthe bandwidthof accesdine to the Internet
are very differentamongclients. Becauseof thesehetero-
geneitief clientervironmentsjt becomesiecessario pre-
parea numberof video streamgo meetvariousrequestof
video qualitieseven for the singlevideo source. An easiest
way would be to provide mary video streamsaccordingto

eachusers ervironment.However, it is obviously ineffective

for the usageof sener and network resources.In our pre-
viouswork [16], we proposeda flow aggreationtechnique,
which first getstogethersimilar QoS requirements. Then,
video streamsare codedandtransmittedfor eachgroup. By

this mechanismthe requiredbandwidthand the numberof

video streamscan be reduced. In [16], however, we only

treatedthe minimizationproblemfor the network bandwidth
anddid not considerheterogeneitiesf client environments.
In this work, on the contrary we first divide clientsinto sev-

eralclustersaccordingto the amountof availableclient CPU

resourceand bandwidthof accesdine by using K-means
clustering[17], sothatclientsin the sameclusterreceve the
samevideo streamtransmittedon the multicastconnection.
In doing so, we will assumethat the bottleneckwithin the
network exists at the accesdine of the sener, andthenwe

allocatethe bottleneckbandwidthand the sener’s CPU re-

sourceto eachclusterwhile maximizing users’utility with

consideratioron the availableresources.

The applicability of our schemas thendemonstratedby
using the MPEG-2 video tracesin Section4. The results
shav that our schemecan provide userswith high quality
andeffective real-timevideotransferin theresourceesera-
tion basedsystem.Our studycanbe appliedto the existing
real-timeOSsuchasTactix [10] or AQUA [8] which adjusts
CPU resourceallocationdynamicallyaccordingto changes
in availability of resources.

In this work, we assumea software codecto accomplish
the truly dynamicand flexible coding control accordingto
theoptimalresourceallocation.We would becomdreefrom
consideringCPUresourcesf we employ MPEG-2hardware
codec put currentlyavailableproductdonotofferadynamic
andflexible parametesettingon resolutionsand GoP struc-
ture. Without suchfunctionality, we cannotexpectan effec-
tive usageof network bandwidth.More importantis thatwith
hardware codec, the sener cannotprovide multiple video
streamswhich is suitableto heterogeneousnvironments.

This paperis organizedas follows. In Section2, we
summarizethe relationshipsbetweenthe video quality and
the CPU/netvork resourcesequiredto provide a real-time
video presentation.We then proposea new resourceallo-
cationschemewhich maximizesusers'utility by taking ac-
countof availability of resourcesn Section3. In Section4,
we demonstratéhe applicability of our schemeby usingthe
MPEG-2videotraces.We concludeour paperin Section5.

2 Relationship betweenVideo Quality
and Required
Resources

In thissectionwe summarizeelationshipbetweerthevideo
quality and required CPU/netvork resourcefrom our ex-
perimentalanalysison actual MPEG-2 encoding/decoding
traced2, 15].

The requiredamountof resourcesandthe quality of the
MPEG-2videoaredeterminedy codingparameters terms



of spatialresolutionR [pixels], SNR (Signalto NoiseRatio)
resolution(, temporakesolutionandGoPstructureF’ [fps].
In ourpreviousstudy[2], we proposed QoSmappingmethod
to predicttherequiredbandwidthBW [Mbps] from thosepa-
rameters By usingthatmethod therequiredbandwidthcan
bederivedas:

(31" 7ot

BW(R,Q, F,G) = 5
X <Oé + g - %) %BWbase (1)
whereG standgor the GoPstructure.BW, .. IS a constant
value correspondindo the requiredbandwidthof the refer
encesequencavith parameteset (R, Q, F,G) = (640 x
480,10, 30, G). BW},s. decreaseasthenumberof P/B pic-
turesin GoPincreasesConstantvaluesof «, 8 andy canbe
determinedn the sameway asin [2] accordingto the GoP
structureG. For example,in the caseof G = ‘I, we have
thoseparameterasa = 0.151, 8 = 9.707, andy = 4.314.
As shawvn in Eq. (1), the requiredbandwidthis proportional
to temporakresolutionF' andadecreasingorvex functionof
SNRresolution). Whenthennumberof pixelsof eachframe
becomegour timeslarger, therequirecbandwidthBW is 3.1
timeslargerthanthat of the smallervideo. Thus,oncea set
of encodingparameterss determinedwe can estimatethe
requiredbandwidth.

Furthermorewealsoinvestigateelationship@mongvideo
parametersand requiredamountof CPU resourceat end-
systemq15]. Fromour investigationsthe requiredCPU re-
sourceatthe sener sidein termsof processocycles,S, can
beestimatedy functionsof spatialresolutionR [pixels]and
temporalresolutionF’ [fps] as:

~ R F

S = Sag10% 480 X 30 )
whereSg is aconstanvaluedeterminedrom the GoPstruc-
tureG. Sg is proportionalto theratio of P/B picturesin the
GoPstructure.BecauseSq differsamongvideo sequences,
anexactestimationof Sg is difficult. Howeverthe systemis
ableto provide the QoSguarantedy usingconserative esti-
mationfor Sg. Notethatthe SNRresolutiondoesnot affect
therequiredamountof CPUresourceatthesener[2].

At the client side, the requirednumberof CPU cycles
C canbe estimatedfrom functionsof the bandwidth BW
[Mbps], spatialresolutionR [pixels] andthe GoP structure
as:

C= BW x4.0x 107 + (8.7 x 10° + 325 + Rte)

R F
X 40%480 X 30 ®)

whereN is the numberof framesin the GoP structure,and
N, and N, are numbersof P and B picturesin GoR re-
spectvely. In Eg. (3),  ande areincreasingratesagainst
the amountof the CPU resourcerequiredto decodeP and
B pictures,respectrely. We obtaineds = 2.8 x 108, ¢ =
4.2 x 102 by applyingthe least—squarapproximatiorto the
actualMPEG-2traceq15].

Fromabove obsenations,we cannow seethatthe strong
relationshipexists amongthe video quality andthe amounts
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Figure 1: RelationshipamongGoP structure,quantization
scaleandvideoquality

of network/CPUresourcesAs anexample,we depictFig. 1
to seethe effects of the SNR resolutionand GoP structure
on the requiredbandwidth. Eachline in the figure is re-
lated to a specificquantizationscale@, and eachpoint on
the line correspondgo the GoP structure. When both the
temporalandspatialresolutionsare kept unchangedthe re-
quiredbandwidthis largely determinedy the GoPstructure
with samevideoquality in termsof SNR. Thus,therequired
amountof resourcesanbe decreasedby changingthe GoP
structurewithout degradingthe video quality. For example,
the requiredbandwidthdecreaseasthe numberof P/B pic-
turesin GoPincreasegseeFig. 1). However, asmentioned
above, therequiredamountf CPUresourcesittheendsys-
temsbecomdargerasthe numberof P/B picturesin GoPin-
creases.Thosefactsmeanthat thereexists a cleartrade-of
betweerthe network and CPU resourcesFurther the larger
guantizatiorscaledecreasethe requiredamountsof two re-
sourceshandwidthandCPUresourcettheclient. As shavn
in Fig 1, it is obviousthattherequiredbandwidthis inversely
proportionalto the quantizationscale. As a result, the re-
guiredamountof CPUresourceattheclient C' decreaseas
therequiredbandwidthBW decreaseéseeEg. (3)).

From Egs. (1) through(3), it is obvious that decreasing
thetemporaland/orspatialresolutioncanreducetherequired
amountof resourceshut the video quality is considerably
degraded?2]. By consideringhoserelationshipsyve cande-
terminea setof QoS parametergincluding the GoP struc-
ture)which providesthe high quality videotransferwith lim-
ited resourcesFor instancejf the network resources suffi-
cientandtheapplicationcanfreely occury muchbandwidth,
we do not have to usethe GoP structurehaving P/B pic-
tures. It meansthatthe sener and clients canbe free from
complicatedencoding/decodingasksof motion compensa-
tion whichrequireanuchCPUresource Evenif thenetwork
bandwidthbecomesshort, userscanstill enjoy high quality
videopresentatiorat the sacrificeof increasedCPU cyclesat
theend-systemBasedon theseobsenations,we proposehe
utility—basedresourceallocationschemeby formulatingthis
optimizationproblemin the next section.



3 Utility-based Resource Allocation

Scheme

We have shawvn in the previous sectionthat

1. videostream®f identicalQoSparameteréspatial tem-

poralandSNRresolution)have the samevideo quality
regardlesof GoPstructures,

. decreasinghe spatialand/orthe temporalresolution
degradesthe video quality while the requiredamount
of resourceslecreasesnd

. increasingthe quantizationscale causesdegradation
of the video quality, while the requiredamountsof
network bandwidthandthe client’s CPU resourcede-
creases.

Keepinghosefactsin mind,we now introducetheusers util-
ity functionin thereal-timeMPEG-2transfer
3.1 Outline

Figure 2 depictsan example of the distributed multimedia
systemthat our resourceallocationschemecan be applied.
Our schemas performedasfollows;

1. The QoS managerat the sener managesan alloca-

tion of the network bandwidthand the sener’'s CPU
resource. It is performedin cooperatiorwith (1) the
bandwidth resenation mechanismprovided by the
resource—reseation basednetwork and (2) the real-
time OS at the sener. At the connectionsetuptime,
eachclient notifies the sener of how much CPU re-
sourceand bandwidthof accesdine are available for
videotasks.

The QoS manageithen determineshe amountof re-
sourcesby consideringthe amountsof available re-
sourcesof the sener, the network andthe clients. Its
outlineis summarizedn thefollowing threesteps.

. As mentionedcbefore A largenumberof videostreams
shouldbe providedif the video streamis encodedac-
cordingto the QoSrequestandthe availableresources
of clients. Therefore,the QoS manageffirst divides
clientsinto clustersby meansof K-meansclustering
method[17] basedon the available client resources.
Thatis, clientsof eachclusterhave similar characteris-
tics on availabilities of resourcesand eachclusteris
characterizedby one representatie parameterset of
thebandwidthof theaccesdine andtheavailableCPU
resource.Then, eachclusterrecevesthe samevideo
streanusingthemulticastconnectionNotethatin our
approachgeachclusteris formedby the availability of
resourcesnot by the geographicatlistance®f clients.

By thismechanismbothof thenumberof videostreams
thatthe sener shouldprovide andthe total bandwidth
for video streamsanbe muchreduced.However, an
effectivenessof clusteringdependson the numberof

access line
. Client 1 Cflree
BW;
Client 2| cj*®
free

S

QoS fi
manager BW '

Network
bottleneck link BWeree

Server

Figure2: Systemmodel

clustersandthe systemenvironmentsuchasavailable
resourcesaandthe numberof clients. We have to pro-
vide an effective methodto determinethe numberof
clustersconsideringhe systemenvironment,andit re-
mainsfuture work.

3. The QoS managetthen determineghe amountof re-
sourcesllocatedto eachcluster sothattotal utility is
maximized.(See3.2for aprecisedefinitionof our util-
ity function.) In this paper only the outputlink from
the sener is consideredasthe network resourceto be
allocated,sinceit is likely that the outputlink from
thesenerbecomes bottleneckwhenthe codedvideo
streamsare deliveredto clientsthroughthe multicast
links.

Notethatin utility maximizationthetemporalndspa-
tial resolutionsarenot changedandthe valuesspeci-
fied by theapplicationarejustusedbecaus¢hosehave
muchinfluenceon percevedvideoquality [2].

In our method,the QoS manageffirst selectsthe can-
didate set of GoP structuressuchthat total CPU re-

sourceconsumptionis within the available amountof

the sener’'s CPUresource.The resourceallocationis

thenactuallyperformedto maximizetotal utility with

specifiedGoP assignment.In doing so, the value of

SNR resolutionis chosenappropriatelyaccordingto

our scheme.The utility maximizationis examinedfor

several GoP structurego find the optimal GoP struc-
ture. Then,the codingparametersf the video stream
for eachclusterarefinally determined.More detailed
descriptionswill begivenin SubsectiorB.4.

4. Thesenerstartsto encodevideostreamsn areal-time
fashionwith codingparametersleterminedaccording
to our controlscheme.

We noteherethatto measurgheavailablenetwork band-
width, somesignallingprotocolis necessarylt is ableto be
implementedoy, e.g., extendingthe RSVP protocol, but its
precisemechanisnis out of scopein this paper

3.2 Definition of the Utility Function

We definethe users utility asa function of the users bene-
fit andthe costfor resourcesllocatedto the video transfer
whereusers benefitcanwell be describedby the perceved



videoquality achievedthroughallocatedesourceasdemon-
stratedin Section2andthecostcanberegardedasa penalty
paidfor thoseresources.

Theutility of clients is definedasfunctionsof theusers
Benefitobtainedthrough allocatedresourcesand the Cost
paidfor themasfollows;

U; = Benefiti(BWi,Si,C’i) — COSti(BWi, SZ',CZ') (4)

where BW; meansthe bandwidthallocatedto clienti. S;
and(; denotethe amountof allocatedCPU resourcestthe
senerandtheclient, respectiely.

We next considerthe costfunction. Thoseclientsthat
areallocatedresourceshouldpay the costagainstthosere-
sources. Sinceit is necessaryto inhibit usersto become
greedy the costis determinedaccordingto the users share
of availableresources.

1 BW.
Cost;(BW;, S;, Ci) = y i
. ’( v l) Nclusterj pBWfree
+ xo +7 +v 5
NClusterj S’free C{Tee BWifree ( )

where BW free, §free denotethe available bandwidthand
CPU resourceat the sener. C/™*° and BW;/™** denotethe
availableCPUresourceandbandwidthof accesdine atclient
i, respectrely (seeFig. 2). N uster; IS thenumberof clients
in clusterj which client ¢ belongsto. Sinceall clientsbe-
longing to the sameclusterreceve the samevideo stream,
the bandwidthand CPUresourceat the sener sideallocated
to clusterj canbe regardedas being devotedto all clients
within the cluster Thus,the costfor thebandwidthandCPU
resourcefor clusterj are split amongclientsin the cluster
j. As we describedbefore, the client's CPU resourceand
bandwidthof accesdine are locally dedicatedto the user
However, it is not adequatdor the singleapplicationto oc-
cupy whole availablelocal resources.Weighting factorsp,
o, T andv take positive valuesto controlthe amountof con-
sumedresourcesThoseshouldbe appropriatelydetermined
by the QoS manageat the servicesetuptime by taking ac-
countof the availability of resourcesOf course determina-
tion of theseweightingfactorsis not an easytask. We will
discusghis aspecin Subsectiord.2.

3.3 Derivation of Cluster’s Utility

After clusteringis performed,the QoS managemetermines
the resourceallocationto maximizethe clusters’utilities in
total. Theutility of clusterj canbedescribedy the follow-

ing equation;
> U

i€cluster;

Z {Benefit;,(BW;, S;, C;)

i€cluster;

Ucluste’r'j =

—Cost(BW;, S;, Cy)} (6)

As we describedn SubsectiorB8.2, clientsin the sameclus-
terrecevethesamevideostream.Thus,theamounbof shared

resourceshatareusedo encodeandtransmitthevideostream
to clients are same,and the local CPU resourcethat each
clienthasto devoteis identical. It follows that,

BWiEclusterj BWclusterj )
Sz'EclusteTj Sclusterj J
CiEclusterj Cclusterj (7)

By substitutingeq. (7) into Eq. (6),

Uclusterj =
E {Benefiti(BWclusterj s SCl’UStGT]' ) Cclusterj)

i€cluster;

_COStz’ (BWclusterj ) Sclusterj ) Cclusterj )}

where BW . ster; 1S the bandwidthallocatedto the cluster
J» Sctuster; denotegheamountof thesener’s CPUresource
allocatedto cluster j, and Ceyyster; Standsfor the amount
of CPU resourcerequiredto decodethe video streamat the
clientin clusterj. Sincethe benefitof usersin the cluster;j
is alsoidentical,we finally have

Uclusterj = Benefitclusterj - COStclusterj (8)
Benefitclusterj = Neluster;
XBenefit(BWclusterj ) Sclusterj ) Cclusterj )
Cost _ BWclusteTj Sclusterj
OSlcluster; = P B free o Grree

p>

Cclusterj
T + v
Cfree
i€cluster; %

By maximizingthe sumof utilities of all clustersgclusterscan
fairly andeffectively sharethe availableresources.

BWclusterj
BWifree

3.4 Utility-based Resource Allocation Scheme

We now proceedo introduceour resourcellocationscheme
whichmaximizegshetotal utility undertherestrictionsonthe
network bandwidthand CPU resourcest endsystems.The
problemcanbeformulatedas:

Ej Uclusterj (9)
subjecto  3; BWetuster; < BW/T,

E]- Sclusterj S SfTee’
Cclusterj < Céflzesete’r'j VJ’

BWclusterj S BWfTee VJ

cluster;

maximize

whereC/e andBWc’;ZZ‘;erj denoteheminimumamount
of availableCPUresourcandthebandwidthof accessine at

clientsin theclusterj. Thus,thoseareexpressedsfollows:

fﬁiﬁm = min{C{"*|i € cluster;},
BW(ﬁZ:erj = min{BWifree” S dusterj} (10)

To solve themaximizationproblemof Eg. (9), we should
havetheknowledgeaboutthecharacteristicef Bene fit cjuster;
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andCostiyster; - IN OUrwork, the users benefitis described
in termsof MOS (Mean Opinion Score)since MOS values
directly reflectthe perceved video quality. As having been
discussedn Section2, therequiredresourcegi.e., BW;, S;
andC;) canberepresentetly the codingparameter®?;, Q;,
F;, andG; of the MPEG-2video (seeEgs.(1) through(3)).
Thereforethebenefifunction Benefit;(BW;, S;, C;) of the
aboreequatiorcanberewrittenasBene fit;(R;, Qs, F;, G;).

In our previouswork [2], we have obsenedthattheMOS
valueis amonotonicallyincreasingunctionof eachQoSpa-
rameteybut is not necessarilcontinuousandconcae. This
factimpliesthatthe optimalsolutioncannotbe obtainedby a
directmathematicabperation.We thereforeintroducesome
assumption®n the setof QoS parameter Consideringthe
factthatthe temporaland spatialresolutionshave muchin-
fluenceon the perceved video quality [2], we assumethat
thoseparametersre deterministicallyspecifiedby the QoS
manager consideringthe characteristicof applicationand
videocontents OncethoseQoSparameterarespecifiedthe
amountof sener’s CPU resourcebecomesa function of the
GoP structurealone(seeEq. (2)). In addition,the required
amountof theCPUresourcattheclientcanbederivedfrom
Eq. (3) asafunctionof theallocatecbandwidthandthe GoP
structure.Thus,in thecasewherethe GoPstructureG cuseer;
is usedfor clusterj, we now rewrite the benefitfunctiononly
asafunctionof thebandwidth,.e.,

Benefit;(BW;, S;, C;) = Benefita (BWclusterj) (11)

cluster;

SubstitutingEq. (11) to the benefitfunction of clusterin
Eq.(8) yields

Benefitclusterj = INcluster;
xBenefithl“mj (BWetuster;) (12)

Hereafteyweinvestigatehedetailedrelationshigbetween
the clusters benefitBene fit jyuster; andthe requiredband-
width BWeuster, . Figure3 depictsthe relationshipamong
theSNRresolution(i.e.,thequantizatiorscale)andtheusers
benefitin termsof MOSvaluesandrequiredbandwidth.Points
in thefigure areobtainedthroughthe actualMOS evaluation
involving seventesteesln the evaluation,the GoPstructure
consistof only | pictures.FromFig. 3, we canobsene that
theusersbenefitis amonotonicallyincreasingconcae func-
tion of allocatedbandwidth. While not shavn in thefigure,
the sametendenciesvere obsered in other GoP structures

Benefit

Utility

Bandwidth

Figure4: Relationshifbetweerallocatecbandwidthandben-
efit with costfunction

andresolutions.The basicpropertiesaresummarizedsfol-
lows.

Property 1 Thebenefin‘unctionBenefitde”j is contin-
uousanddifferentiablewith respecto the bandwidth.

Property 2 User'sbenefiis amonotonicallyincreasingcon-
cavefunctionof allocatedbandwidth(seeFig. 3).

3Benefitgc,usmj (BWetuster;) 50
OBW iuster; ’

0%Benef HGeraten; (BWeiuster;)
OBW?2 <0

cluster;

Whenthe allocatedbandwidthincreasesthe perceivedvideo
quality getshigher Howerer, theincreaseof the bandwidth
becomedesseffectiveastheallocatedbandwidthis large.

Similarly to thecaseof thebenefitfunction,thecostfunc-
tion is rewritten as:
_ BWclusterj SGclusterj
=P BWfree S’free
TCGclusterj (szfolustew) + UBWch;iteeeTj (13)
C; BW;

COStclusterj

p>

i€cluster;

whereSGcl“mj is a constantvalue only dependenbn the
GoPstructure Cg.,,,,.,, denotesafunctionof theallocated

bandwidthandis a monotonicallyincreasindinearfunction
(Eq. (3)). FromEg. (13), we canobtainthe following equa-
tions by differentiatingthe costfunction with respecto the
allocatedbandwidthBW .uster; -

aCOStclusterj
aBWclusterj

OQCOStclusterj (BWclusterj )
OBW?

cluster;

=62>0, =0(14)
wheref denotesa gradientof the costfunction.

By using Egs.(12) and(13), the clusters utility is now
definedas a function of the allocatedbandwidthfor given
GoP structureG ciyster; - From Propertiesl and2, therela-
tionship betweenthe allocatedbandwidthand users utility
canbedescribedy usingEqgs.(14) as;

OUg, _ OBenefitg,(BW;)

dBW; dBW; -9
0’Ug,  0*Benefitg,(BW;)
OBWZ OBW? <0 (19)



Theserelationshipsare also shovn in Fig. 4. As shawvn in
Fig. 4, theutility is substantiallyncreasedvhentheallocated
bandwidthis relatively small. On the other hand,the cost
is increasedasterthanthe video quality whenthe sufiicient
bandwidthhasalreadybeenallocated. Thoseresultscome
from the relationshipbetweerthe “linear” costfunctionand
the“concare” benefitfunction.

BecauseU.uster; 1S @ statically concae function, the
maximizationproblemfor the total utilities of all clusters
(Eqg.(9)) canbere—statedby thefollowing optimizationprob-
lem.

maximizeé Uclusterj = Benefitclusterj - COStclusterj (16)

7

subjectto Zj BWeiuster; < BW free,

Ej SGclusterj < SfTee!
BWcluste'rj) S Cf'ree VJ,

cluster

Ca

-

BWclusteTj S BWfree V]

cluster;

As mentionedbefore, the requiredCPU resourceat the
Sener, Sg.,,.... » IS constantor givenGoPstructureG ciyster,; -
Thus,we canassuméhatthe QoSmanagercomputegheto-
tal CPU resourcerequiredat the sener a priori. Whenthe
resultanty; S exceedsthe available CPU resource

cluster;

Sfree  the QoS managemeedsto force the cluster(i.e., the
userwhoseSGcl“mj is largest)to changethe GoPstructure
to decreasg SGetuster; - BY usingit asthefirst stepof an
optimizationprocedurewe do not have to considerthe re-
strictiononthe CPUresourceatthe seneragain.

The constrainton the total bandwidthallocatedis repre-
sentedaszj BWeuster; < BW/ree |t canbe appliedby

usinga barrierfunctionsuchas

1

17
BWf'ree - Zj BWclusteTj ( )

Barrierpw =

As far asthe total allocatedbandwidth j BW uster;

doesnotexceedtheavailablebandwidthBW /7¢¢, Barrier gy
is amonotonicallyincreasingandstrictly cornvex function of
thetotal allocatedbandwidth.In thesameway, the constraint
on the client’s CPU resourceand bandwidthof accesdine
allocatedo userscanbewritten as:

1
S o

cluster;

Barrierc =
¢ (BWetuster;)’

cluster]- J

1
Zi Bwlree —BWeiuster; (18)

cluster;

BarrierBw, ceess =

Then, the maximizationproblemcan be formulatedby the
following equation;

max{ E Uctuster; — Barrierpw
J

—Barrierc — Barrierpw,...,, } (19)

From Eq. (15), eachclusters utility is a strictly concae
functionof thebandwidth(BW ey, s¢.r;) allocatedo theusers
in the cluster Further Barriergw, Barrierc and
Barrierpw are monotonicallyincreasingand strictly

access

convex functionsof BWys¢er; . Then,our problemhasan
unigueand optimal solution. The optimal conditioncanbe
describedy thefollowing equation.

03 Uctuster, _ OBarriergw _ dBarrierc
6BWcluste7'j aBWclusterj aBWclusterj
OBarrierpw, .
_ access — 0, vz 20
6BWclusterj ( )

Whenthe bandwidthallocationsatisfieghe above equation,
maximizationof both the users utility and the total utility
are assured.We can solwe this problemby usinga descent
methodsuchasNewton’s method.

4 Numerical Examplesand Discussions

4.1 Applicability of ProposedResource Allo-
cation Scheme

In this subsectionwe demonstratehe applicability of our
schemeusing MPEG-2 video traces. We usethe network
modeldepictedn Fig. 2 wheretheoutputlink of theseneris
thebottleneckink. The QoSmanageexistsin thesenerin
orderto manageheresourcesnthebottlenecKink BTV free
andthe sener's CPU S/7¢¢. The numberof clientsis setto
be 200. Eachclient knows its own available CPU resource
C{7¢¢ andbandwidthof accesdine BW/™*¢. The client’s
benefitis given asa function of MOS (Fig. 3). For sale of
simplicity, we assumethat clients requestthe sener of the
singlevideocontents.

In evaluation, the available resourceon the bottleneck
link andthesener'sCPUaresetto be BIW/7¢¢ = 50 [Mbps]
and Sfree = 20 [Geycles/sec] respectiely. The available
amountof CPUresourceattheclient C/™* is choseratran-
domfrom 1.1 to 2.0 [Geycles/sec].The bandwidthof access
line BW/"** is alsorandomlychoserfrom arangeof 3 to 20
[Mbps]. Thenumberof clusteris setto be 6. The spatialand
temporalresolutionof video arefixed at 640x480pixelsand
30 fps, respectiely, for easeof presentationThe character
isticsof resourcesit clustersaresummarizedn Tablel.

In performingourallocationschemethequantizatiorscale
is varied from 4 (highestSNR) to 40 (lowest). The candi-
dateGoPstructuresare‘l’, ‘IP’, ‘IB’, ‘IPPPPP’'IBPBPB’,
‘IBBPBB’ andIBBBBB’. Theweightingparameterg, o, 7
andv areassumedo beidenticalandfixedat0.2. Notethat
morediscussion®n weightingparametersvill be presented
in Subsectiort.2.

Theresultis summarizedn Table2, wherewe shav the
assignedsoPstructure the clusters utility, the client’'s ben-
efit andthe utilization ratio of resourcegdeterminedoy our
allocationscheme). From Tables1 and 2, we canobsenre
thatour schemecanoffer adequateesourceallocationbased
on the availabilities of resources. For instance,clusters1
and 2, which do not have sufficient CPU resourcegabout
1.2 [Gceycle/sec])at the client, canenjoy high quality video
presentatiorby usinga relatively large amountof resources.
Clientsof cluster2 do not have sufiicient accesdine band-
width, and thereforeour schemeallocatesthe large sener



Tablel: Characteristicef clusters

cluster | #of clients | CI/%5 ., [Goycle/sec]| BW/ 5., [Mbps]
1 32 1.17 11.50
2 33 1.18 3.05
3 31 1.37 7.62
4 26 1.41 3.33
5 53 1.48 12.58
6 25 1.75 3.44

Table2: Utilization ratio of resourcesselectedsoPstructureandutility of clusters

selected utilization ratio (%)

GoP clusters bottleneck | sener | client | accesdine
cluster || structure | utility benefit | bandwidth| CPU | CPU | bandwidth
1 I 15.30 0.76 15.33 3.35 | 90.30 50.16
2 IPPPPP | 11.22 0.60 4.72 26.50 | 92.65 32.23
3 IBPBPB | 16.68 0.85 13.14 11.50 | 89.75 64.29
4 IBPBPB | 11.40 0.74 6.64 20.50 | 82.47 62.35
5 1B 35.92 0.95 15.68 20.50 | 85.08 48.11
6 IBBBBB 12.00 0.73 6.88 17.45 | 74.55 42.75

Table3: Total of users'utility, averagebenefitandutilization ratio of resources

utilizationratio (%)
proposed|| total average| bottleneck| sener | client | bottleneck
scheme utility benefit | bandwidth| CPU CPU | bandwidth
with 102.510| 0.792 62.382 | 99.800| 86.231| 49.504
without 64.241 | 0.522 4.134 26.500| 75.148| 18.370

CPUresourcan orderto reducetherequiredresourcestthe
client side. On the otherhand,clientsof clusterl canenjoy
higher-quality video presentatiorowing to the large band-
width. It is becauseén this case the end-systemsanbefree
from complicateccodingtasksfor encoding/decodingf P/B
pictures.In our previous study[15], we obsenedthatthere-
quiredbandwidthdecreaseasthe numberof P/B picturesin
GoPincreases.However, the requiredamountsof CPU re-
sourcesat the end-system&ecomelarger asthe numberof
P/B picturesin GoPincreasessmentionedn Section2. In
Tablesl and2, we canseethatour schemecanoffer theade-
guateresourceallocationbasedon the compromisebetween
thenetwork andCPUresources.

In [15], we alsoobsenedthatP picturesrequirea larger
amountof sener’'s CPUresourcehanB pictures but there-
guiredamountof client's CPU resourceis lessthanthat of
B pictures. Sucha trade-of relationshipbetweenthe CPU
resourcest the sener andclientscanactuallybe takeninto
accountin our scheme. Clusters4 and 6 have almostthe
sameavailableaccesdine bandwidth(about3.4 [Mbps]), but
the available amountsof CPU resourcesat clients are dif-
ferent. Our resourceallocationschemehenselectghe GoP
structure“IBPBPB” for cluster4. On the other hand,the
GoPstructure'IBBBBB” requiringlesssener CPUresource
andmoreclient CPU resourcds chosenfor cluster6. That
is, whenthe available amountsof client CPU resourcede-
comeinsuficient, the GoP structurewith lessB picturesis
chosento decreasehe requiredamountsof client CPU re-

sourceswithout the degradationof clients’ benefit. As are-
sult, total costfor thevideotransfercanbe decreasethough
the requiredsener CPU resourceis increased. This result
comesfrom thecharacteristicef our costfunction(Eq. (5)).
The costfor theinsufficient resourceds increasedasterthan
that of otherresources.On the otherhand,asthe available
amountsof the client CPU resourcebecomelarge, the GoP
structurewith moreB picturesis chosenin orderto decrease
the requiredamountsof the sener's CPU resource.The re-
mainingsener’'s CPU resourcearedistributedto otherclus-
ters,whoseresourcesiremoreinsufficient,to improveclients’
benefit(i.e., videoquality) andreducetherequiredamountof
insufficient resources.Theseresultsreflectthe fact that the
client’s utility is derived asthe subtractionof the costfrom
the benefit.

Table3 shavsthetotal of clients’ utility, averageof clients’
benefitand utilization ratio of resources. For comparison
purposeswe also considerthe casewherethe systempro-
vides all clientswith the single video streamwhich maxi-
mizesthe benefitwith the minimum amountof availablere-
sourcesamongall clients,i.e., 1.17 [Gcycle/sec]for client
CPUand3.05[Mbps] for accesdine bandwidth(sed&ablel).
Thisis, in asenseacowardstratey to avoid over-consumption
of sharedresourceswhich easilyoccurswith a greedystrat-
egy. The single video streamwith the GoP structure of
“IPPPPP"is distributedto all clients. From Table 3, we can
obsene thatclientscanenjoy high quality (in termsof bene-
fit) videopresentatiomlueto the effective resourceallocation



with our schemeOntheotherhand,without our schemethe

systemcannotprovide clientswith high quality videopresen-
tation. It is becausahat sharedresourcesrenot effectively

utilized. As aresult,total of clients’ utility alsobecomedess
thanthatobtainedby our scheme.

From resultspresentedabore, we canconcludethat our
schemecanoffer thereasonableesourcellocationbasedn
the resourceavailabilities and the trade-of amongthe net-
work andCPUresources.

4.2 On Weighting Factors

As statedn SubsectiorB.2,theweightingfactorsp, o, 7 and
v in Eq. (5) arethe positive valuesto control the amountof
consumedesourceslf oneof theweightingfactoris setto
0, the correspondingesourceds regardedasfree,andcanbe
consumednoreto achieve the largerbenefit. As theweight-
ing factor becomedarger, the QoS managertries to maxi-
mizethetotal utility with a smalleramountof the expensve
resource As aresult,the utilization of the resourcewith the
increasedveightbecomesmallerthanthatwith the smaller
weight.

For example,the QoSmanagercanhold down the usage
of bottleneckbandwidthby settinga largerweightingfactor
p- It implies that the systemenvironmentsshouldbe taken
into accounin determiningheweightingfactors.If themul-
timediasystemis distributedoverthe public network andthe
bandwidthis expensve resourcethe factor p andv should
belarge enoughto avoid usingexpensve bandwidth.Onthe
otherhand,in the local areaervironment,the bandwidthis
free. Thus, the parameterp andv shouldbe small to al-
locatethe bandwidthas much as possible. As a result, the
videoquality canbeimprovedashigh aspossiblewithin the
availableamountof CPUresources.

5 Concluding remarks

In this paper we first summarizerelationshipsamongthe
video quality andthe amountof network/CPU resourcesn
providing a real-timevideocommunicationBasedon these
relationshipswe proposea new resourceallocationscheme
whichfairly allocateghe network bandwidthandthesener’s
CPUresourcavhile maximizingusers'utility with consider
ation on the availableresources.Throughnumericalexam-
ples,we have shavn theapplicabilityof our schemeoy using
theMPEG-2videotraces.

In this work, we first divide clientsinto several clusters
accordingo theamountof availableclient CPUresourceand
bandwidthof accesdine by using K -meanglustering.How-
ever, the effectivenessof clusteringdependson the number
of clustersandthe systemervironment,suchasavailablere-
sourcesand the numberof clients. We needfurther work
on investigatingthe relationshipsamongthem and determi-
nationof the numberof clusters. Further in this paper we
selectthe setof GoP structuresby an exhaustve search. It
requiresmuchcomputingpower to determinghe optimalal-
locationof resourcesWe believe thata heuristicsearchcan

derive a suboptimalallocationwithin much lesscomputing
power thanan exhaustve search.However, investigationof
the effective algorithmfor a heuristicsearchremainsfuture
researchopic.

Now, we areworking onimplementatiorof videotransfer
systemwith our resourceallocationscheme Systenconsists
of PCs(Pentiumlll 500Mhz) running real-timeOS “Tac-
tix” [10] asendsystemand100base-Tand/orGigabitether
netfor the network whereRSVPis employed. Unfortunately
our MPEG-2softwareencodercurrentlycant performreal—
time coding. Hence,we first preparecodedvideo streams
onthe sener’s storageandthe sener’'s CPU resourcds vir-
tually assigned. The clients currently can decode320x240
pixelslargevideostreamat about24 fpsin real-time.
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