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Abstract For providing distributed multimedia applica-
tionswith end–to–endQoS(Quality of Service)guarantees,
resource–reservationbasedcontrolmechanismsshouldbeem-
ployedin bothof networksandend–systems.Resourcereser-
vationwithin thenetwork canbeachievedby virtueof band-
width allocationmechanismsof InternetRSVPor ATM, and
theCPUresourceon theendsystemcanbereservedby real–
time OS.To achieve aneffective useof resourceswhile pro-
viding high quality videotransfer, bothresourcesof thenet-
work andserver CPUshouldbeallocatedto clientsin anin-
tegratedmanner.

We first summarizethe relationshipsamongthe video
quality and the requiredamountsof CPU and network re-
sourcesto provide a real–timevideo presentation.We find
that high video quality can be kept by increasingnetwork
bandwidthevenif CPUresourcesarenot fully available.The
oppositeis alsotrue. Basedon theserelationships,we next
proposea new resourceallocationschemeto shareresources
fairly amongusersby solvingtheutility maximizationprob-
lem. In this paper, the utility is definedasfunctionsof the
user’s benefit(video quality) obtainedthroughallocatedre-
sourcesandcostpaid for them. By solving the problemas
anoptimizationproblem,our schemeofferstheadequatere-
sourceallocationbasedon their availabilities.

1 Intr oduction

With dramaticimprovementsin computingpower, network
bandwidthandvideodatacompressiontechniques,therehave
beenmuchadvancementsin distributedmultimediasystems.
The distributedmultimediasystemrequiresQuality of Ser-
vice (QoS) guaranteesin eachentity within the systemto
perform effective and meaningfulpresentations[1, 2]. As
a typical example, let us considerthe distributed multime-
dia application,suchasa teleconferenceor a live broadcast
on the Internet,wherevideostreamsarecodedby MPEG-2
(Moving PictureExpertsGroup)videocodingalgorithm[3].
In suchanapplication,theMPEG-2videois transferredfrom
thevideoserverto anumberof clientsthroughnetworks.The
received video streamis de-compressedandpresentedon a
computerdisplayor amonitor. Thevideoservershouldhave
a mechanismto encodeandemit therequestedvideostream
in a real–timefashion,andto communicatewith clients in-
teractively. The client musttake careof the continuousand
high–qualityvideopresentationtousers.Theunderlyingtrans-
port network hasto guaranteethe network–level QoS;e.g.,
transferdelay, delayjitter andlossratio.

For thenetwork–levelQoS,theresource–reservationbased

protocolssuchas a CBR (ConstantBit Rate)serviceclass
in ATM (AsynchronousTransferMode) [4] canprovide the
hard(or deterministic)guarantee.If theunderlyingnetwork
is theInternetRSVP[5, 6] canbeemployed. In our current
study, the only assumptionwe make on the network is that
the network hasa capability to guaranteethe bandwidthto
theclient.

In additionto thenetwork–level QoS,theCPU–level QoS
in termsof theprocessingdelayand/ordeadlineviolation ra-
tio shouldbe guaranteedin encodinganddecodingMPEG-
2 video. For this purpose,a sufficient amountof the CPU
resource(i.e., processorcycles)shouldbe reserved with an
appropriateschedulingmechanism.However, traditionalop-
eratingsystems,whichusethetime–sharingschedulingalgo-
rithm likeround–robin,cannotprovidesuchmechanisms.As
a result,thequality of real–timemultimediaapplicationcan-
notbeguaranteed.Accordingly, a lot of researcheshavebeen
recentlydevoted to real–timeoperatingsystemsto provide
CPU–level QoSguarantees[7-10]. Thosereal–timeoperat-
ing systemsemploy thereal–timetaskschedulingalgorithms
which incorporatepriority and/ordeadlinedisciplines.

If bothresource–reservationbasednetworksandreal–time
operatingsystemsare employed together, a real–timeand
high–quality multimedia distribution can be expected. To
provideQoSguaranteesin aneffectiveway, however, asuffi-
cientbut notoverbookedamountof network resourcesshould
be reserved anddedicatedto the video distribution service.
It is also true for reservation on server and client CPU re-
sources.Theproblemonhow to reservetheadequateamount
of resourceshasbeenrepeatedlypointedoutanddiscussedas
summarizedbelow.

In resource–reservationbasednetworks,suchasATM CBR
serviceclass,bandwidthallocationis performedat connec-
tion setuptime. It implies that the requiredbandwidthmust
beknown apriori or at leastadequatelyestimatedprior to the
actualcommunication. In our previous study [2], we have
proposeda QoSmappingmethod,which enablesthe multi-
mediasystemtopredicttherequiredbandwidthfrom QoSpa-
rametersin termsof spatial,SNR,andtemporalresolutions.
Once the bandwidthreservation succeeds,real–timevideo
transfercanbe achieved asfar asthe server andclient have
enoughCPU resources.Of course,the sufficient CPU re-
sourcescannotbeguaranteedin “best–effort” operatingsys-
tems,andwe needsomereal–timeoperatingsystem,which
makesit possibleto reserve theCPUresourcesfor theappli-
cation.However, it impliesthattheamountof CPUresource
to reserve must also be known or estimatedat the service
setuptime. In [11], theauthorsproposepredictorsto estimate
the requirednumberof CPU cyclesto decodeMPEG com-
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pressedvideowith softwaredecoder. With thosepredictors,
CPUc� yclesto decodethefollowing framesor packetsof the
MPEGvideostreamcanbeestimated.However, it is difficult
to dynamicallyreserve theCPUresourceframeby frameor
packet by packet. The video quality would be degradedif
the reservation is rejecteddueto heavy CPU load. Further-
more,theauthorsdonot take into accountbandwidthneeded
to transferthe codedvideostream.In additionto the above
works,therehave beenmany investigationson real–timeop-
eratingsystems[7-9] and real–timevideo transfer[12-14].
In thoseworks,however, they considerthenetwork resource
andtheCPUresourceseparatelyin spiteof thefactthatthere
mustexist a strongrelationshipbetweenthem.

In ourpreviousstudy[15], wehave investigatedrelation-
ships betweenthe video quality and the CPU/network re-
sourcesby the experimentalanalysisusingactualMPEG-2
traces.Fromouranalysis,weobservedthatif thenetwork re-
sourceis sufficientandmuchbandwidthis offeredto thecon-
nection,theserver andclientscanbe free from complicated
encoding/decodingtasksthatrequiremuchserver/clientCPU
resources.Conversely, therequiredbandwidthbecomessmall
whentheendsystemscanexecuteheavy codingtasks.These
reasonableobservationsleadusto aflexible reservationmech-
anismbasedon availabilitiesof network andCPUresources.
For this purposewe formulatedthe video quality as func-
tionsof network andCPUresourcesavailableto theuser[15],
whichwill besummarizedin Section2.

Resultspresentedin Section2 show thatthevideoquality
canbequantitatively relatedto network andCPUresources.
Theremainingproblemis how thoseresourcesareallocated
to usersaccordingto the availabilities of thoseresources.
Sincenetwork andCPU resourcesarelimited, thoseshould
be fairly allocatedby someappropriateresourceallocation
schemewheneitheror both of resourcesarefully available
to user’squality, which is ourmainsubjectof thecurrentpa-
per. In resourcereservationbasedsystems,theresourcecan
beeasilymonopolizedby someuserwhentheuserrequests
theunnecessarilylargeamountof resources.To preventsuch
a greedyresourceacquisition,an appropriatecontrol mech-
anismshouldbe introduced. To considerfair allocationof
resources,we introducea user’s utility definedby a function
of user’s benefitandcost for resourcesallocatedto the ap-
plication. In the caseof video transfer, user’s benefitcan
well be describedby the perceived video quality achieved
throughthe allocatedresourcesasdescribedabove, andthe
costcanberegardedasthe money or penaltypaid for those
resources.We thenformulatetheresourceallocationmecha-
nismto maximizeusers’utility asan optimizationproblem,
whichwill bedescribedin Section3.

One point we shouldmentionhereis that in an actual
situation,usableresourcesof clientsarevery diverse. CPU
power and/or the bandwidthof accessline to the Internet
are very differentamongclients. Becauseof thesehetero-
geneitiesof clientenvironments,it becomesnecessaryto pre-
parea numberof video streamsto meetvariousrequestsof
video qualitieseven for the singlevideo source.An easiest
way would be to provide many video streamsaccordingto

eachuser’senvironment.However, it is obviously ineffective
for the usageof server andnetwork resources.In our pre-
viouswork [16], we proposeda flow aggregationtechnique,
which first gets togethersimilar QoS requirements.Then,
videostreamsarecodedandtransmittedfor eachgroup. By
this mechanism,the requiredbandwidthandthe numberof
video streamscan be reduced. In [16], however, we only
treatedtheminimizationproblemfor thenetwork bandwidth
anddid not considerheterogeneitiesof client environments.
In this work, on thecontrary, we first divide clientsinto sev-
eralclustersaccordingto theamountof availableclientCPU
resourceand bandwidthof accessline by using

�
-means

clustering[17], sothatclientsin thesameclusterreceive the
samevideo streamtransmittedon the multicastconnection.
In doing so, we will assumethat the bottleneckwithin the
network exists at the accessline of the server, andthenwe
allocatethe bottleneckbandwidthand the server’s CPU re-
sourceto eachclusterwhile maximizingusers’utility with
considerationon theavailableresources.

Theapplicabilityof our schemeis thendemonstratedby
using the MPEG-2 video tracesin Section4. The results
show that our schemecan provide userswith high quality
andeffectivereal–timevideotransferin theresourcereserva-
tion basedsystem.Our studycanbe appliedto the existing
real–timeOSsuchasTactix [10] or AQUA [8] whichadjusts
CPU resourceallocationdynamicallyaccordingto changes
in availability of resources.

In this work, we assumea softwarecodecto accomplish
the truly dynamicand flexible coding control accordingto
theoptimalresourceallocation.We wouldbecomefreefrom
consideringCPUresourcesif we employ MPEG-2hardware
codec,but currentlyavailableproductsdonotoffer adynamic
andflexible parametersettingon resolutionsandGoPstruc-
ture. Without suchfunctionality, we cannotexpectaneffec-
tiveusageof network bandwidth.Moreimportantis thatwith
hardware codec, the server cannotprovide multiple video
streams,which is suitableto heterogeneousenvironments.

This paper is organizedas follows. In Section2, we
summarizethe relationshipsbetweenthe video quality and
the CPU/network resourcesrequiredto provide a real–time
video presentation.We then proposea new resourceallo-
cationschemewhich maximizesusers’utility by taking ac-
countof availability of resourcesin Section3. In Section4,
we demonstratetheapplicabilityof our schemeby usingthe
MPEG-2videotraces.We concludeourpaperin Section5.

2 Relationship betweenVideo Quality
and Required
Resources

In thissection,wesummarizerelationshipsbetweenthevideo
quality and requiredCPU/network resourcesfrom our ex-
perimentalanalysison actual MPEG-2 encoding/decoding
traces[2, 15].

The requiredamountof resourcesandthe quality of the
MPEG-2videoaredeterminedby codingparametersin terms
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of spatialresolution� [pixels],SNR(Signalto NoiseRatio)
resolution� � , temporalresolution,andGoPstructure� [fps].
In ourpreviousstudy[2], weproposedaQoSmappingmethod
to predicttherequiredbandwidthBW [Mbps] from thosepa-
rameters.By usingthatmethod,therequiredbandwidthcan
bederivedas:���
	 ���
�������������� ������ � � � !�"
# $% #'&�()#'*+&,.-0/2143576985;:=<.>��? ���A@'B�CED

(1)

where � standsfor theGoPstructure.
��� @'B�CED

is a constant
valuecorrespondingto the requiredbandwidthof the refer-
encesequencewith parameterset

	 ���
����������� � 	GF=HJI ,HLK=I �0M I ��N I ����� . ���O@'B�CPD
decreasesasthenumberof P/Bpic-

turesin GoPincreases.Constantvaluesof / , Q and R canbe
determinedin the sameway asin [2] accordingto the GoP
structure� . For example,in the caseof � � ‘I’, we have
thoseparametersas / � ITS M)UTM , Q �WV SYXZILX , and R � H[S N\M H .
As shown in Eq. (1), the requiredbandwidthis proportional
to temporalresolution� andadecreasingconvex functionof
SNRresolution� . Whenthenumberof pixelsof eachframe
becomesfour timeslarger, therequiredbandwidth

���
is 3.1

timeslarger thanthatof thesmallervideo. Thus,oncea set
of encodingparametersis determined,we canestimatethe
requiredbandwidth.

Furthermore,wealsoinvestigaterelationshipsamongvideo
parametersand requiredamountof CPU resourceat end-
systems[15]. Fromour investigations,therequiredCPUre-
sourceat theserver sidein termsof processorcycles, ] , can
beestimatedby functionsof spatialresolution� [pixels]and
temporalresolution� [fps] as:]^��_]a` �F=HJI , HLK=I , �N I (2)

where]b` is aconstantvaluedeterminedfrom theGoPstruc-
ture � . ] ` is proportionalto theratio of P/B picturesin the
GoPstructure.Because] ` differsamongvideosequences,
anexactestimationof ] ` is difficult. However thesystemis
ableto providetheQoSguaranteeby usingconservativeesti-
mationfor ] ` . Notethat theSNRresolutiondoesnot affect
therequiredamountof CPUresourceat theserver [2].

At the client side, the requirednumberof CPU cyclesc
can be estimatedfrom functionsof the bandwidth

���
[Mbps], spatialresolution � [pixels] andthe GoPstructure
as:c �� ��� , H[S I , M IJd 1 	eKTSfX , M I=g 1ihbjhlk 1 hnmh^o �, pqEr�?tsur g ? , >��? (3)

where v is the numberof framesin the GoPstructure,andvxw and v @
are numbersof P and B picturesin GoP, re-

spectively. In Eq. (3), k and o are increasingratesagainst
the amountof the CPU resourcerequiredto decodeP and
B pictures,respectively. We obtainedk �zy S K , M I=g , o �H[S y , M IJg by applyingtheleast–squareapproximationto the
actualMPEG-2traces[15].

Fromaboveobservations,wecannow seethatthestrong
relationshipexistsamongthevideoquality andtheamounts
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Figure 1: RelationshipamongGoP structure,quantization
scaleandvideoquality

of network/CPUresources.As anexample,we depictFig. 1
to seethe effectsof the SNR resolutionandGoP structure
on the requiredbandwidth. Each line in the figure is re-
lated to a specificquantizationscale � , and eachpoint on
the line correspondsto the GoP structure. When both the
temporalandspatialresolutionsarekeptunchanged,the re-
quiredbandwidthis largely determinedby theGoPstructure
with samevideoquality in termsof SNR.Thus,therequired
amountof resourcescanbe decreasedby changingthe GoP
structurewithout degradingthe videoquality. For example,
the requiredbandwidthdecreasesasthe numberof P/B pic-
turesin GoPincreases(seeFig. 1). However, asmentioned
above,therequiredamountsof CPUresourcesat theendsys-
temsbecomelargerasthenumberof P/Bpicturesin GoPin-
creases.Thosefactsmeanthat thereexists a cleartrade-off
betweenthenetwork andCPUresources.Further, thelarger
quantizationscaledecreasestherequiredamountsof two re-
sources,bandwidthandCPUresourceattheclient. As shown
in Fig 1, it is obviousthattherequiredbandwidthis inversely
proportionalto the quantizationscale. As a result, the re-
quiredamountof CPUresourceat theclient

c
decreasesas

therequiredbandwidth
���

decreases(seeEq.(3)).
From Eqs.(1) through(3), it is obvious that decreasing

thetemporaland/orspatialresolutioncanreducetherequired
amountof resources,but the video quality is considerably
degraded[2]. By consideringthoserelationships,we cande-
terminea set of QoS parameters(including the GoP struc-
ture)whichprovidesthehighqualityvideotransferwith lim-
ited resources.For instance,if thenetwork resourceis suffi-
cientandtheapplicationcanfreelyoccupy muchbandwidth,
we do not have to use the GoP structurehaving P/B pic-
tures. It meansthat the server andclientscanbe free from
complicatedencoding/decodingtasksof motion compensa-
tion whichrequiresmuchCPUresource.Evenif thenetwork
bandwidthbecomesshort,userscanstill enjoy high quality
videopresentationat thesacrificeof increasedCPUcyclesat
theend-system.Basedontheseobservations,weproposethe
utility–basedresourceallocationschemeby formulatingthis
optimizationproblemin thenext section.

3



3 Utility-based ResourceAllocation
Scheme
|

We have shown in theprevioussectionthat

1. videostreamsof identicalQoSparameters(spatial,tem-
poralandSNRresolution)havethesamevideoquality
regardlessof GoPstructures,

2. decreasingthe spatialand/or the temporalresolution
degradesthe video quality while the requiredamount
of resourcesdecreases,and

3. increasingthe quantizationscalecausesdegradation
of the video quality, while the requiredamountsof
network bandwidthandthe client’s CPUresourcede-
creases.

Keepingthosefactsin mind,wenow introducetheuser’sutil-
ity functionin thereal–timeMPEG-2transfer.

3.1 Outline

Figure 2 depictsan exampleof the distributed multimedia
systemthat our resourceallocationschemecanbe applied.
Our schemeis performedasfollows;

1. The QoS managerat the server managesan alloca-
tion of the network bandwidthand the server’s CPU
resource.It is performedin cooperationwith (1) the
bandwidth reservation mechanismprovided by the
resource–reservation basednetwork and (2) the real-
time OS at the server. At the connectionsetuptime,
eachclient notifies the server of how much CPU re-
sourceandbandwidthof accessline areavailable for
videotasks.

The QoSmanagerthendeterminesthe amountof re-
sourcesby consideringthe amountsof available re-
sourcesof the server, the network andthe clients. Its
outlineis summarizedin thefollowing threesteps.

2. As mentionedbefore,A largenumberof videostreams
shouldbe provided if thevideostreamis encodedac-
cordingto theQoSrequestandtheavailableresources
of clients. Therefore,the QoS managerfirst divides
clients into clustersby meansof

�
-meansclustering

method[17] basedon the available client resources.
Thatis, clientsof eachclusterhavesimilarcharacteris-
tics on availabilities of resources,andeachclusteris
characterizedby one representative parameterset of
thebandwidthof theaccessline andtheavailableCPU
resource.Then,eachclusterreceivesthe samevideo
streamusingthemulticastconnection.Notethatin our
approach,eachclusteris formedby theavailability of
resources,not by thegeographicaldistancesof clients.

By thismechanism,bothof thenumberof videostreams
that theserver shouldprovide andthetotal bandwidth
for videostreamscanbemuchreduced.However, an
effectivenessof clusteringdependson the numberof

Server
} bottleneck link

Client
~Client
~

QoS
�
manager BW

free

S
free

1

2

Client
~

n

...

1C
free

2C
free

nC
free

Network

access line

BW 1
free

BW
free
2

BW
free
3

Figure2: Systemmodel

clustersandthesystemenvironmentsuchasavailable
resourcesandthe numberof clients. We have to pro-
vide an effective methodto determinethe numberof
clustersconsideringthesystemenvironment,andit re-
mainsfuturework.

3. The QoSmanagerthendeterminesthe amountof re-
sourcesallocatedto eachcluster, sothat total utility is
maximized.(See3.2for aprecisedefinitionof ourutil-
ity function.) In this paper, only the output link from
theserver is consideredasthenetwork resourceto be
allocated,since it is likely that the output link from
theserver becomesa bottleneckwhenthecodedvideo
streamsaredeliveredto clients throughthe multicast
links.

Notethatin utility maximization,thetemporalandspa-
tial resolutionsarenot changed,andthe valuesspeci-
fiedby theapplicationarejustusedbecausethosehave
muchinfluenceon perceivedvideoquality [2].

In our method,the QoSmanagerfirst selectsthecan-
didateset of GoP structuressuchthat total CPU re-
sourceconsumptionis within the availableamountof
the server’s CPU resource.The resourceallocationis
thenactuallyperformedto maximizetotal utility with
specifiedGoP assignment.In doing so, the valueof
SNR resolutionis chosenappropriatelyaccordingto
our scheme.Theutility maximizationis examinedfor
several GoPstructuresto find the optimal GoPstruc-
ture. Then,thecodingparametersof thevideostream
for eachclusterarefinally determined.More detailed
descriptionswill begivenin Subsection3.4.

4. Theserverstartsto encodevideostreamsin areal-time
fashionwith codingparametersdeterminedaccording
to ourcontrolscheme.

Wenoteherethatto measuretheavailablenetwork band-
width, somesignallingprotocolis necessary. It is ableto be
implementedby, e.g.,extendingthe RSVPprotocol,but its
precisemechanismis out of scopein this paper.

3.2 Definition of the Utility Function

We definethe user’s utility asa functionof the user’s bene-
fit andthe costfor resourcesallocatedto the video transfer,
whereuser’s benefitcanwell be describedby the perceived
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videoqualityachievedthroughallocatedresourcesasdemon-
strated� in Section2,andthecostcanberegardedasa penalty
paidfor thoseresources.

Theutility of client � is definedasfunctionsof theuser’s
Benefitobtainedthrough allocatedresourcesand the Cost
paidfor themasfollows;��� � ���)�b�t� �+� �E	G���A� ��] � � c � � 6 c��Z� � ��	G����� ��] � � c � � (4)

where
���A�

meansthe bandwidthallocatedto client � . ] �
and

c �
denotetheamountof allocatedCPUresourcesat the

serverandtheclient, respectively.
We next considerthe cost function. Thoseclients that

areallocatedresourcesshouldpay the costagainstthosere-
sources. Since it is necessaryto inhibit usersto become
greedy, the cost is determinedaccordingto the user’s share
of availableresources.c��Z� � � 	e��� � �
] � � c � � � Mv��+��� C'�GDP��� ,�� ��� ������ �
DPD1 Mv �+��� C'�GD�� � ,�� ] �] � �
DPD 1�� c �c � �
DPD� 1�� �������� � �
DPD� (5)

where
��� � �
DPD

, ] � ��DPD
denotethe available bandwidthand

CPU resourceat the server.
c � ��DED�

and
��� � �
DPD�

denotethe
availableCPUresourceandbandwidthof accessline atclient� , respectively (seeFig. 2). v��+��� C'�GDP��� is thenumberof clients
in cluster � which client � belongsto. Sinceall clientsbe-
longing to the sameclusterreceive the samevideo stream,
thebandwidthandCPUresourceat theserver sideallocated
to cluster � canbe regardedasbeing devoted to all clients
within thecluster. Thus,thecostfor thebandwidthandCPU
resourcefor cluster � are split amongclients in the cluster� . As we describedbefore, the client’s CPU resourceand
bandwidthof accessline are locally dedicatedto the user.
However, it is not adequatefor the singleapplicationto oc-
cupy whole available local resources.Weighting factors � ,� , � and � take positive valuesto controltheamountof con-
sumedresources.Thoseshouldbeappropriatelydetermined
by the QoSmanagerat the servicesetuptime by taking ac-
countof theavailability of resources.Of course,determina-
tion of theseweightingfactorsis not an easytask. We will
discussthis aspectin Subsection4.2.

3.3 Derivation of Cluster’s Utility

After clusteringis performed,the QoSmanagerdetermines
the resourceallocationto maximizethe clusters’utilities in
total. Theutility of cluster� canbedescribedby thefollow-
ing equation;� �+��� C'�GD��P� � ��¡  �+�¢� C��GD�� � �£�

� ��¡  �+�¢� C��GD�� �0¤ ���)�b�t� �'� ��	G����� ��] � � c � �6 c��Z� � �E	G����� �
] � � c � �
¥ (6)

As we describedin Subsection3.2,clientsin thesameclus-
terreceivethesamevideostream.Thus,theamountof shared

resourcesthatareusedtoencodeandtransmitthevideostream
to clients are same,and the local CPU resourcethat each
clienthasto devoteis identical.It follows that,��� �G  �+��� C'�GD�� � � ��� �+��� C'�GD�� � �] �G  �+��� C'�GD�� � � ] �+��� C'�GD�� � �c �G  �+��� C'�GD�� � � c �+��� C'�GD�� � (7)

By substitutingEq.(7) into Eq. (6),� �+�¢� C��GD�� � ���¡  �+��� C'�GDP��� ¤ ���)�b�t� �+� � 	e��� �+��� C'�GD�� � ��] �+�¢� C��GD�� � � c �+�¢� C��GD�� � �6 c��Z� � � 	e��� �+��� C'�GD�� � ��] �+��� C'�GDP� � � c �+��� C'�GDP� � �
¥
where

��� �+��� C'�GD�� � is the bandwidthallocatedto the cluster� , ] �+��� C'�GD�� � denotestheamountof theserver’sCPUresource
allocatedto cluster � , and

c �+��� C'�GDP� � standsfor the amount
of CPU resourcerequiredto decodethe video streamat the
client in cluster� . Sincethe benefitof usersin thecluster�
is alsoidentical,we finally have� �+�¢� C��GD���� � ���)�b�¦� �'�E�+��� C'�GDP��� 6 c��Z� �E�+��� C'�GD���� (8)���)�b�t� �+� �+�¢� C��GD�� � � v �+��� C'�GD�� �, ���)�b�t� �+� 	e��� �+��� C'�GD���� �
]b�+��� C'�GD��P� � c �+��� C'�GD��P� �c��Z� �E�+��� C'�GD���� � � ��� �+��� C'�GD������� � �
DPD 1.� ]b�+��� C'�GD��P�] � ��DED1 ��¡  �+��� C'�GDP���£§ � c �+��� C'�GDP���c � �
DPD� 1�� ��� �+��� C'�GD��P���� � ��DPD� ¨
By maximizingthesumof utilities of all clusters,clusterscan
fairly andeffectively sharetheavailableresources.

3.4 Utility-based ResourceAllocation Scheme

Wenow proceedto introduceour resourceallocationscheme
whichmaximizesthetotalutility undertherestrictionsonthe
network bandwidthandCPUresourcesat endsystems.The
problemcanbeformulatedas:

maximize ©lª � �+��� C'�GD�� � (9)

subjectto ©«ª ��� �+��� C'�GD�� �x¬«��� � �
DPD �© ª;] �+��� C'�GD�� �x¬ ] � ��DED �c �+��� C'�GD�� �­¬ c � ��DED�+��� C'�GD����£® �J���� �+��� C'�GDP� ��¬«��� � �
DPD�+��� C'�GDP���£® �
where

c � �
DPD�+��� C'�GDP��� and
��� � ��DPD�+�¢� C��GD���� denotetheminimumamount

of availableCPUresourceandthebandwidthof accessline at
clientsin thecluster� . Thus,thoseareexpressedasfollows:c � �
DPD�+��� C'�GD��P� � ¯�°²± ¤ c � �
DPD� ³ �µ´·¶�¸¡¹ � � �0º ª ¥L���� � �
DPD�+��� C'�GD��P� � ¯�°²± ¤ ��� � �
DPD� ³ ��´�¶�¸¡¹ � � �)º ª ¥ (10)

To solve themaximizationproblemof Eq.(9), weshould
havetheknowledgeaboutthecharacteristicsof

���0�b�t� �'� �+��� C'�GD�� �
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Figure 3: Relationshipamongquantizationscale,required
bandwidthanduser’sbenefit

and
c��Z� �E�+��� C'�GD��P� . In our work, theuser’sbenefitis described

in termsof MOS (MeanOpinion Score)sinceMOS values
directly reflectthe perceived video quality. As having been
discussedin Section2, therequiredresources(i.e.,

�����
, ] �

and
c �

) canberepresentedby thecodingparameters� �
, � �

,� � , and � �
of theMPEG-2video(seeEqs.(1) through(3)).

Therefore,thebenefitfunction
���)�b�¦� �'� � 	e��� � �
] � � c � � of the

aboveequationcanberewrittenas
���)�b�¦� �'� � 	 � � ��� � ��� � ��� � � .

In ourpreviouswork [2], wehaveobservedthattheMOS
valueis amonotonicallyincreasingfunctionof eachQoSpa-
rameter, but is not necessarilycontinuousandconcave. This
factimpliesthattheoptimalsolutioncannotbeobtainedby a
directmathematicaloperation.We thereforeintroducesome
assumptionson the setof QoSparameter. Consideringthe
fact that the temporalandspatialresolutionshave muchin-
fluenceon the perceived video quality [2], we assumethat
thoseparametersaredeterministicallyspecifiedby the QoS
manager, consideringthe characteristicsof applicationand
videocontents.OncethoseQoSparametersarespecified,the
amountof server’s CPU resourcebecomesa functionof the
GoPstructurealone(seeEq. (2)). In addition,the required
amountof theCPUresourceat theclientcanbederivedfrom
Eq.(3) asa functionof theallocatedbandwidthandtheGoP
structure.Thus,in thecasewheretheGoPstructure���+�¢� C��GD����
is usedfor cluster� , wenow rewrite thebenefitfunctiononly
asa functionof thebandwidth,i.e.,½¿¾ÁÀ\¾0ÂLÃÅÄ'ÆPÇ¡½ÉÈ�Æ'ÊEËTÆ'ÊEÌnÆGÍÏÎ�½¿¾ÁÀ[¾ ÂLÃÅÄPÐ\ÑGÒ Ó�ÔeÕ×ÖGØ � Ç¡½ÉÈÚÙ+ÛYÜ0Ý'Þ²ß'à � Í

(11)

SubstitutingEq. (11) to thebenefitfunctionof clusterin
Eq.(8) yields���)�b�t� �+�E�+�¢� C��GD���� � v��+�¢� C��GD����, ���)�b�t� �+� ` ÑGÒ Ó�ÔeÕ²ÖeØ � 	G��� �+�¢� C��GD���� � (12)

Hereafter, weinvestigatethedetailedrelationshipbetween
the cluster’s benefit

���0�b�t� �'�E�+��� C'�GD��P� andthe requiredband-
width

��� �+��� C'�GDP��� . Figure3 depictsthe relationshipamong
theSNRresolution(i.e.,thequantizationscale)andtheuser’s
benefitin termsof MOSvaluesandrequiredbandwidth.Points
in thefigureareobtainedthroughtheactualMOS evaluation
involving seventestees.In theevaluation,theGoPstructure
consistsof only I pictures.FromFig. 3, we canobserve that
theuser’sbenefitis amonotonicallyincreasingconcavefunc-
tion of allocatedbandwidth.While not shown in thefigure,
the sametendencieswereobserved in otherGoPstructures

Utility

Bandwidth

Cost

B
en

ef
it

Figure4: Relationshipbetweenallocatedbandwidthandben-
efit with costfunction

andresolutions.Thebasicpropertiesaresummarizedasfol-
lows.

Property 1 Thebenefitfunction
���)�b�t� �'� ` ÑGÒ Ó�ÔeÕ×ÖGØ � is contin-

uousanddifferentiablewith respectto thebandwidth.

Property 2 User’sbenefitis amonotonicallyincreasingcon-
cavefunctionof allocatedbandwidth(seeFig. 3).á ���)�b�t� �'� ` ÑeÒ Ó�ÔGÕ×ÖGØ � 	e��� �+��� C'�GD���� �á ��� �+��� C'�GD�� � â I �áäã ���0�b�t� �'�P` ÑeÒ Ó�ÔGÕ×ÖeØ � 	G��� �+��� C'�GDP� � �á ��� ã�+��� C'�GDP� � å I
Whentheallocatedbandwidthincreases,theperceivedvideo
quality getshigher. However, the increaseof the bandwidth
becomeslesseffectiveastheallocatedbandwidthis large.

Similarly to thecaseof thebenefitfunction,thecostfunc-
tion is rewritten as:c��Z� � �+��� C'�GD�� � � � ��� �+��� C'�GD��������� �
DPD 1.� ]a` ÑeÒ Ó�ÔGÕ×ÖeØ �] � �
DPD1 ��¡  �+�¢� C��GD�����§ � c ` ÑGÒ Ó�ÔeÕ²ÖeØ � 	e��� �+��� C'�GD�� � �c � �
DPD� 1æ� ��� �+��� C'�GDP� ���� � ��DED� ¨ (13)

where ] ` ÑGÒ Ó�ÔeÕ²ÖeØ � is a constantvalueonly dependenton the
GoPstructure.

c ` ÑGÒ Ó�ÔeÕ²ÖeØ � denotesa functionof theallocated
bandwidthandis a monotonicallyincreasinglinear function
(Eq. (3)). FromEq. (13), we canobtainthefollowing equa-
tions by differentiatingthe costfunction with respectto the
allocatedbandwidth

��� �+��� C'�GD��P� .ç Ìéè)ê
Ä Ù'ÛYÜ Ý'Þ×ß'à �ç ½ÉÈ Ù+ÛYÜ0Ý+Þ×ß'à � Î�ë­ìAí=Ê ç\î Ìéè)ê�Ä Ù'ÛYÜ Ý'Þ×ß+à � Ç¡½­È Ù'ÛYÜ Ý'Þ×ß'à � Íç ½ÉÈ îÙ+ÛYÜ0Ý+Þ×ß'à � Îæí
(14)

whereï denotesa gradientof thecostfunction.
By usingEqs.(12) and(13), the cluster’s utility is now

definedas a function of the allocatedbandwidthfor given
GoPstructure���+��� C'�GD���� . From Properties1 and2, the rela-
tionshipbetweenthe allocatedbandwidthanduser’s utility
canbedescribedby usingEqs.(14)as;á � `;ðá ���A� � á ���)�b�t� �+� `Ïð 	e���A� �á ����� 6 ïT�áäã � ` ðá ��� ã� � áäã ���)�b�t� �'�P` ð 	G��� � �á ��� ã� å I

(15)
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Theserelationshipsarealsoshown in Fig. 4. As shown in
Fig.4, theutility is substantiallyincreasedwhentheallocated
bandwidthis relatively small. On the other hand,the cost
is increasedfasterthanthevideoquality whenthesufficient
bandwidthhasalreadybeenallocated. Thoseresultscome
from therelationshipbetweenthe“linear” costfunctionand
the“concave” benefitfunction.

Because
� �+��� C'�GD�� � is a statically concave function, the

maximizationproblem for the total utilities of all clusters
(Eq.(9)) canbere–statedby thefollowingoptimizationprob-
lem.

maximize� Æòñ Ù'ÛYÜ Ý'Þ×ß+à � Î.½¿¾ÁÀ[¾ ÂLÃÅÄ Ù+ÛYÜ0Ý+Þ×ß'à ��ó Ìéè¦ê�Ä Ù+ÛYÜ0Ý+Þ×ß'à �
(16)

subjectto ©.ô ½­È Ù'ÛYÜ Ý'Þ×ß'à �öõ ½ÉÈl÷ àEß+ß Ê© ô Ë Ð ÑGÒ Ó�ÔeÕ²ÖeØ � õ Ë ÷ àEß+ß ÊÌ Ð ÑeÒ Ó�ÔGÕ×ÖGØ � Ç¡½ÉÈ Ù'ÛYÜ Ý'Þ×ß+à � Í õ Ì ÷ àPß'ßÙ+ÛYÜ0Ý+Þ×ß'à �ùøZú Ê½ÉÈ Ù'ÛYÜ Ý'Þ×ß+à ��õ ½­È ÷ àPß'ßÙ'ÛYÜ Ý'Þ×ß'à �ûøZú
As mentionedbefore,the requiredCPU resourceat the

server, ] ` ÑGÒ Ó�ÔeÕ²ÖeØ � , is constantfor givenGoPstructure���+��� C'�GD���� .
Thus,wecanassumethattheQoSmanagercomputestheto-
tal CPU resourcerequiredat the server a priori. Whenthe
resultant© ªÏ]a` ÑGÒ Ó�ÔeÕ²ÖeØ � exceedsthe availableCPU resource] � �
DPD

, the QoSmanagerneedsto force the cluster(i.e., the
userwhose] ` ÑeÒ Ó�ÔGÕ×ÖeØ � is largest)to changetheGoPstructure
to decrease© ªÏ]a` ÑGÒ Ó�ÔeÕ²ÖeØ � . By usingit asthefirst stepof an
optimizationprocedure,we do not have to considerthe re-
strictionon theCPUresourceat theserveragain.

Theconstrainton the total bandwidthallocatedis repre-
sentedas © ª ��� �+��� C'�GD�����¬i��� � ��DPD

. It canbe appliedby
usinga barrierfunctionsuchas½ýüZþ0þ ÃG¾Áþ ÿ���Î �½­È ÷ àPß'ß ó ©æô ½­È Ù'ÛYÜ Ý'Þ×ß'à � (17)

As far as the total allocatedbandwidth © ª ��� �+�¢� C��GD����
doesnotexceedtheavailablebandwidth

��� � �
DPD
,
���Lº¦º � �)º����

is a monotonicallyincreasingandstrictly convex functionof
thetotalallocatedbandwidth.In thesameway, theconstraint
on the client’s CPU resourceand bandwidthof accessline
allocatedto userscanbewrittenas:½ýü=þ þ Ãe¾Áþ
	ÚÎ ©æô �	�� Ø�Ö+ÖÑeÒ Ó�ÔGÕ×ÖGØ ��
 	�� ÑeÒ Ó�ÔGÕ×ÖGØ ��� ÿ�� ÑGÒ Ó�ÔeÕ²ÖeØ ��� Ê½ýüZþ0þ ÃG¾Áþ ÿ���� ÑGÑeÖeÔ+Ô Î © ô �ÿ���� Ø�Ö+ÖÑGÒ Ó�ÔeÕ×ÖGØ � 
 ÿ��µÑGÒ Ó�ÔeÕ²ÖeØ � (18)

Then, the maximizationproblemcan be formulatedby the
following equation;¯���� ¤ � ª � �+��� C'�GD�� � 6 ���Jº¦º � �)º ���6 ���Lº¦º � �)º�� 6 ���Lº)º � �)º���� � ÑGÑGÖ+Ô+Ô ¥ (19)

FromEq. (15), eachcluster’s utility is a strictly concave
functionof thebandwidth(

��� �+��� C'�GD�� � ) allocatedto theusers
in the cluster. Further,

���Lº¦º � �)º ��� ,
���Lº¦º � �)º � and���Jº¦º � �)º ��� � ÑeÑGÖ+ÔeÔ are monotonicallyincreasingand strictly

convex functionsof
��� �+��� C'�GD���� . Then,our problemhasan

uniqueandoptimal solution. The optimal conditioncanbe
describedby thefollowing equation.á © ª � �+��� C'�GDP���á ��� �+��� C'�GD��P� 6 á ���Lº¦º � �0º����á ��� �+�¢� C��GD���� 6 á ���Lº¦º � �)º��á ��� �+��� C'�GD����6 á ���Lº¦º � �)º���� � ÑGÑeÖeÔ+Ôá ��� �+��� C'�GD�� � � I � ® � (20)

Whenthebandwidthallocationsatisfiestheabove equation,
maximizationof both the user’s utility and the total utility
areassured.We cansolve this problemby usinga descent
methodsuchasNewton’smethod.

4 Numerical ExamplesandDiscussions

4.1 Applicability of ProposedResource Allo-
cation Scheme

In this subsection,we demonstratethe applicability of our
schemeusing MPEG-2 video traces. We usethe network
modeldepictedin Fig.2 wheretheoutputlink of theserver is
thebottlenecklink. TheQoSmanagerexists in theserver in
orderto managetheresourcesonthebottlenecklink

��� � �
DPD
andtheserver’s CPU ] � �
DPD

. Thenumberof clientsis setto
be 200. Eachclient knows its own availableCPU resourcec � �
DPD� andbandwidthof accessline

��� � �
DPD� . The client’s
benefitis given asa function of MOS (Fig. 3). For sake of
simplicity, we assumethat clients requestthe server of the
singlevideocontents.

In evaluation,the available resourceson the bottleneck
link andtheserver’sCPUaresetto be

��� � ��DED � U I [Mbps]
and ] � �
DPD � y I [Gcycles/sec],respectively. The available
amountof CPUresourceat theclient

c � ��DPD� is chosenat ran-
domfrom M S M to y S I [Gcycles/sec].Thebandwidthof access
line

��� � �
DPD�
is alsorandomlychosenfrom arangeof 3 to 20

[Mbps]. Thenumberof clusteris setto be6. Thespatialand
temporalresolutionof videoarefixedat 640x480pixelsand
30 fps, respectively, for easeof presentation.Thecharacter-
isticsof resourcesatclustersaresummarizedin Table1.

In performingourallocationscheme,thequantizationscale
is varied from 4 (highestSNR) to 40 (lowest). The candi-
dateGoPstructuresare‘I’, ‘IP’, ‘IB’, ‘IPPPPP’,‘IBPBPB’,
‘IBBPBB’ and‘IBBBBB’. Theweightingparameters� , � , �
and � areassumedto beidenticalandfixedat

ITS y . Notethat
morediscussionson weightingparameterswill bepresented
in Subsection4.2.

Theresultis summarizedin Table2, wherewe show the
assignedGoPstructure,thecluster’s utility, theclient’s ben-
efit andthe utilization ratio of resources(determinedby our
allocationscheme). From Tables1 and2, we can observe
thatourschemecanoffer adequateresourceallocationbased
on the availabilities of resources.For instance,clusters1
and 2, which do not have sufficient CPU resources(about
1.2 [Gcycle/sec])at the client, canenjoy high quality video
presentationby usinga relatively largeamountof resources.
Clientsof cluster2 do not have sufficient accessline band-
width, and thereforeour schemeallocatesthe large server
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Table1: Characteristicsof clusters
cluster # of clients

Ì ÷ àPß'ßÙ+ÛYÜ0Ý'Þ²ß'à � [Gcycle/sec]
½ÉÈ ÷ àPß'ßÙ+ÛYÜ0Ý'Þ²ß'à � [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 ratioof resources,selectedGoPstructureandutility of clusters
selected utilization ratio (%)

GoP cluster’s bottleneck server client accessline
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 IB 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 ratioof resources
utilization ratio (%)

proposed total average bottleneck server 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

CPUresourcein orderto reducetherequiredresourcesat the
client side. On theotherhand,clientsof cluster1 canenjoy
higher–quality video presentationowing to the large band-
width. It is becausein this case,theend-systemscanbefree
from complicatedcodingtasksfor encoding/decodingof P/B
pictures.In our previousstudy[15], we observedthatthere-
quiredbandwidthdecreasesasthenumberof P/Bpicturesin
GoPincreases.However, the requiredamountsof CPU re-
sourcesat the end-systemsbecomelarger asthe numberof
P/B picturesin GoPincreasesasmentionedin Section2. In
Tables1 and2, wecanseethatourschemecanoffer theade-
quateresourceallocationbasedon thecompromisebetween
thenetwork andCPUresources.

In [15], we alsoobservedthatP picturesrequirea larger
amountof server’sCPUresourcethanB pictures,but there-
quiredamountof client’s CPU resourceis lessthan that of
B pictures. Sucha trade-off relationshipbetweenthe CPU
resourcesat theserver andclientscanactuallybetaken into
accountin our scheme. Clusters4 and 6 have almost the
sameavailableaccessline bandwidth(about3.4[Mbps]), but
the available amountsof CPU resourcesat clients are dif-
ferent. Our resourceallocationschemethenselectstheGoP
structure“IBPBPB” for cluster4. On the other hand, the
GoPstructure“IBBBBB” requiringlessserverCPUresource
andmoreclient CPU resourceis chosenfor cluster6. That
is, whenthe availableamountsof client CPU resourcesbe-
comeinsufficient, the GoPstructurewith lessB picturesis
chosento decreasethe requiredamountsof client CPU re-

sourceswithout the degradationof clients’ benefit. As a re-
sult, total costfor thevideotransfercanbedecreasedthough
the requiredserver CPU resourceis increased.This result
comesfrom thecharacteristicsof our costfunction(Eq. (5)).
Thecostfor theinsufficient resourceis increasedfasterthan
that of otherresources.On the otherhand,asthe available
amountsof the client CPU resourcebecomelarge, the GoP
structurewith moreB picturesis chosenin orderto decrease
the requiredamountsof the server’s CPU resource.The re-
mainingserver’s CPUresourcearedistributedto otherclus-
ters,whoseresourcesaremoreinsufficient,to improveclients’
benefit(i.e.,videoquality)andreducetherequiredamountof
insufficient resources.Theseresultsreflect the fact that the
client’s utility is derived asthe subtractionof the cost from
thebenefit.

Table3showsthetotalof clients’utility, averageof clients’
benefit and utilization ratio of resources. For comparison
purposes,we alsoconsiderthe casewherethe systempro-
vides all clients with the single video streamwhich maxi-
mizesthebenefitwith theminimumamountof availablere-
sourcesamongall clients, i.e., 1.17 [Gcycle/sec]for client
CPUand3.05[Mbps] for accessline bandwidth(seeTable1).
Thisis, in asense,acowardstrategy toavoid over-consumption
of sharedresources,which easilyoccurswith a greedystrat-
egy. The single video streamwith the GoP structureof
“IPPPPP”is distributedto all clients. FromTable3, we can
observe thatclientscanenjoy highquality (in termsof bene-
fit) videopresentationdueto theeffectiveresourceallocation
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with ourscheme.Ontheotherhand,withoutourscheme,the
system cannotprovideclientswith highqualityvideopresen-
tation. It is becausethatsharedresourcesarenot effectively
utilized. As a result,totalof clients’utility alsobecomesless
thanthatobtainedby our scheme.

From resultspresentedabove, we canconcludethat our
schemecanoffer thereasonableresourceallocationbasedon
the resourceavailabilities and the trade-off amongthe net-
work andCPUresources.

4.2 On Weighting Factors

As statedin Subsection3.2,theweightingfactors� , � , � and� in Eq. (5) arethe positive valuesto control the amountof
consumedresources.If oneof theweightingfactoris setto
0, thecorrespondingresourceis regardedasfree,andcanbe
consumedmoreto achieve thelargerbenefit.As theweight-
ing factor becomeslarger, the QoS managertries to maxi-
mizethetotal utility with a smalleramountof theexpensive
resource.As a result,theutilization of theresourcewith the
increasedweightbecomessmallerthanthatwith thesmaller
weight.

For example,theQoSmanagercanhold down theusage
of bottleneckbandwidthby settinga largerweightingfactor� . It implies that the systemenvironmentsshouldbe taken
into accountin determiningtheweightingfactors.If themul-
timediasystemis distributedover thepublicnetwork andthe
bandwidthis expensive resource,the factor � and � should
belargeenoughto avoid usingexpensive bandwidth.On the
otherhand,in the local areaenvironment,the bandwidthis
free. Thus, the parameters� and � shouldbe small to al-
locatethe bandwidthasmuchaspossible. As a result, the
videoquality canbeimprovedashigh aspossiblewithin the
availableamountof CPUresources.

5 Concluding remarks

In this paper, we first summarizerelationshipsamongthe
video quality andthe amountof network/CPUresourcesin
providing a real–timevideocommunication.Basedon these
relationships,we proposea new resourceallocationscheme
whichfairly allocatesthenetwork bandwidthandtheserver’s
CPUresourcewhile maximizingusers’utility with consider-
ation on the availableresources.Throughnumericalexam-
ples,wehaveshown theapplicabilityof ourschemeby using
theMPEG-2videotraces.

In this work, we first divide clients into several clusters
accordingto theamountof availableclientCPUresourceand
bandwidthof accessline by using

�
-meansclustering.How-

ever, the effectivenessof clusteringdependson the number
of clustersandthesystemenvironment,suchasavailablere-
sourcesand the numberof clients. We needfurther work
on investigatingthe relationshipsamongthemanddetermi-
nationof the numberof clusters.Further, in this paper, we
selectthe setof GoPstructuresby an exhaustive search.It
requiresmuchcomputingpower to determinetheoptimalal-
locationof resources.We believe thata heuristicsearchcan

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

Now, weareworkingonimplementationof videotransfer
systemwith our resourceallocationscheme.Systemconsists
of PCs(PentiumIII 500Mhz) running real–timeOS “Tac-
tix” [10] asendsystemsand100base-Tand/orGigabitether-
netfor thenetwork whereRSVPis employed.Unfortunately,
our MPEG-2softwareencodercurrentlycan’t performreal–
time coding. Hence,we first preparecodedvideo streams
on theserver’s storageandtheserver’s CPUresourceis vir-
tually assigned.The clients currentlycan decode320x240
pixelslargevideostreamat about24 fps in real–time.
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