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Abstract

In this paper we introducean XML-based Hierarchical QoS Markup Language,called HQML, to enhance
distributedmultimediaapplicationson the World Wide Web (WWW) with Quality of Service(QoS)capability The
designof HQML is basedntwo obsenations:(1) theabsencef asystematic®QoSspeci cationlanguagethatcanbe
usedby distributedmultimediaapplicationsonthe WWW to utilize the state-of-the-aQoSmanagemertechnology;
and(2) thepowerandpopularityof XML to deliverrichly structureccontentovertheWeh HQML allowsdistributed
multimediaapplicationgto specifyall kinds of application-speci cQoSpoliciesandrequirementsDuring runtime,
the HQML Executortranslateshe HQML le into desireddatastructuresandcooperatesvith the QoSproxiesthat
assistapplicationsin end-to-endQoS negotiation, setupand enforcement.In orderto make QoS servicestailored
toward userpreferencesnd meetthe challengef uncertaintyin the distributed heterogeneousrvironments,the
designof HQML is featuredasinteractiveand exible. In orderto allow applicationdevelopersto createHQML
speci cationscorrectlyandeasily we have designecanddevelopeda uni ed visualQoSprogrammingervironment,
called QoSHlk. In QoS®&lk, we adopta grammaticalapproachto perform consisteng checkon the visual QoS
speci cationsandgeneratetHQML les automatically Finally, we introducethe distributed QoS compiler, which
performsthe automaticmappingsbetweenapplicationandresourcdevel QoS parameterso relieve the application

developerof the burdenof dealingwith low level QoSspeci cations.
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1 Intr oduction

Future computingsystemshave beenervisionedas ubiquitous, penasive and nomadic[42, 3, 25]. They will

consistof devicesthat are diversein size, capability and power consumption. Peopleview videosor join video



conferencingon the Web using laptops,PersonabDigital Assistants(PDAs) or even Cell-Phones. The emegence
of wirelessnetwork further increaseshe heterogeneityof currentcomputingenvironment. Nomadic usershope
to receve consistent,predictable timely, and reliable serviceson the World Wide Web (WWW) in spite of the
uctuation andshortageof underlyingresourcege.g., network congestion).In orderto realizesucha vision, Web
multimediaapplicationsneedspeci cationandprovision of Quality of Service(QoS).By “QoS”, we meannot only

thespeci cationandprovision of propersyndironizationandintegration of multimediastreamswhich areextensiely

addressedby differentmultimedialanguageg7, 10], but alsothe speci cation and provision of predictability (the
ability to maintainthe contracted)oSandhave minimumprobabilityof QoSviolationsduringtheresourceuctuation

period), continuity (the ability to degradegracefully and adjustresourceallocation distributions dynamically to

toleratetransientresourcescarcity)andaccessibility (the ability to accesghe servicefrom a wide rangeof devices,
including PCs,workstationscell-phonesandPDAS).

A wealthof researctwork hasbeendoneto supportQuality of Servicefor distributed multimediaapplications.
Researcherprovided solutionsfor setupandenforcementf QoSin the networks, in the operatingsystem(OS), in
applicationghemseles,andmostrecentlyin the middlevaresystemavhich residebetweerapplicationsandOS.The
network andOS solutionsde nitely help,but they may not be easilyandrapidly deployed, hencethey may not keep
up with the explosive growth of the Internet. The application-leel solutions,suchasadaptve sourcecoding[38] and
tightly-coupledapplicationcontrol of critical QoSparameter$s], yield (1) complex implementatiorof applications,
and(2) dif cult adjustmenbr full re-implementatiorof applicationsto new devices,andtheir underlyingoperating
systemsand networks. In recentyears, middlevare solutionshave evolved to overcomethe above shortcomings.
QoS middlevare systemsassistmultimediaapplicationsn QoS setupandenforcemenby utilizing QoS servicesin
networksandoperatingsystemsf available,or by providing adaptatiorservicedf besteffort servicesexist only. Two
major typesof QoS middlevare systemshave beendeveloped: (1) Reservation-basefystem$27, 34] getthe QoS
speci cationsin the form of systemresourcerequirementsresene the speci ed resourcesand enforcethe delivery
of requestedQoS during runtime; and (2) Adaptation-base®ystemg6, 4, 29] get the QoS speci cationsin the
form of boundson resourcautilization, application-speci cadaptationules,andadaptresourcellocationsaccording
to changesn resourceavailability. Recentlydevelopedrecon gurablecomponent-base@®oS middlevare systems
[26, 35, 22, 41] combinethesetwo mechanismgogether In thesesystems,QoS managemenimechanismge.g.,
resenation,adaptationrecon guration)andQoSpolicies,areseparatedh orderto reducethe burdenon application
developersandenablegenericQoSmiddlevaresystemsin this paperwe call thosegenericQoSmiddlevareentities
the QoSProxies They shouldprovide QoS managemenservices(e.g., negotiation, adaptation(re)con guration,
resourceallocationand resenation, service/hostiscovery, etc.) for the applicationaccordingto the application-
speci ¢ QoSspeci cations.

Although so mary QoSsolutionsareavailable,applicationdevelopersstill cannotcreateQoS-avare multimedia
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applicationseasily especiallyfor the Web applications.Thereasorlies in thefactthata universalQoSspeci cation
languagas still absent.Although differentQoSspeci cationlanguage$ave beendeveloped they areeithertightly
coupledwith aspeci ¢ programmindanguageor cannotbe extendedeasilyto catchup with therapiddevelopmeniof
new QoSservicesOntheotherhand thetraditionalWeblanguage$ke HTML cannotbe usedandextendedo ful |l
thetaskof QoSspeci cation. Althoughnew multimedialanguagesge.g., TAOML [7], SMIL [10]) have beenproposed
to addresghe increasingrequirementf distributed multimediaapplicationson the WWW, their solutionsare still
limited to the synchronizatiorandintegrationissuesanddo not provide interactionswith genericQoS management
systems(QoS Proxies)to addresghe quality guaranteesind adaptationissuesin caseof resource uctuation and
scarcityin the distributedheterogeneousrvironments.The ExtensibleMarkup LanguaggXML) [9] is anideal QoS
speci cationlanguagethatcanbeusedby distributedWebmultimediaapplicationshecausét is theuniversalformat
for structureddocumentsanddataon the Webandalsoextensible.In addition,we canuseXML querylanguagg12]
to accessandlookup the XML-basedQoS speci cation on the WWW very easily However, XML itself doesnot
tell applicationdevelopershow to specifyQoSrequirementgor his/herapplications.We mustde ne a minimum set
of suitabletagsto allow applicationdevelopersto expresstheir QoS requirementsand policies, basedon the XML
syntax.Applicationdevelopersarealsoallowedto de ne their own service-speci dags.

In this paper we introducean XML-basedQoSenablinglanguagedor the WWW, calledHQML, anacrorym for

“HierarchicalQoSMarkupLanguage”.The HQML speci cationsareclassi edinto threelevels.

User Level HQML speci cationsprovide tagsto specifyqualitatve QoScriteria(e.g.,high, low, average)user
focusof attention(e.g.,smoothnesg;larity), pricesfor therequiredservicesandthe pricemodel(e.qg., at rate,
pertransmittedbyte chages)the serviceprovider adopts. The userlevel QoS speci cationsare used,during
runtime,to nd thebest‘match” betweerthe users economiccondition,preferredQoSlevel andthe available
QoSlevels provided by differentserviceproviders. We do not expectusersto give very detailedquantitatve

speci cationsof all kinds of application-speci cQoSparametersvhich may potentiallybe very comple.

Application Level HQML speci cationsprovide tagsto specifyall kinds of applicationlevel QoSparameters
(e.g.,framerate,framesize, resolution,etc.), application-speci cQoS policies (e.g., adaptatiorrules, recon-
guration rules). For distributed Web multimediaapplications,HQML also providestagsto describetheir
applicationcon gurations,which are a setof applicationcomponentsonnectednto directedagyclic graphs.
The QoS speci cationsof this level are usedby the QoS Proxies(e.g., adaptoy con gurator) to setup and

enforcethe QoSon behalfof theapplicationevenif theunderlyingOSandnetwork QoSsupportis absent.

SystemResource Level HQML speci cationsprovide tagsto specifydifferentsystemresourceaequirements.
(e.g.,memory cpu,network bandwidth power, etc.).If OSandnetwork QoSmanagemergervicesareavailable,

the QoSProxiescouldinitiate the reseration of the requiredend-to-endesource®n behalfof the application
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accordingo thislevel's QoSspeci cations.

In orderto improve QoS provisions automatically basedon history dataand users preferencesHQML provides
specialtagsto enabletheinteractionsbetweerthe userandQoSProxies.Applicationdeveloperscouldusethosetags
to specifyunderwhatcircumstancea particularnoti cation shouldbe sentto theuser(e.qg.,if a certainadaptatioror
recon gurationhappenspr a speci c feedbacks desiredrom theuser (e.g.,”satisfaction”, "dissatishction”). These
feedbacksare usedto derive userspreferencepro les andimprove the satistction degreeof QoS provisions (e.g.,
optimizationof adaptatiorrules)basedon Al methoddor learningrules(e.g.,NeuralNetworks) [20]. Furthermore,
the syntaxof HQML is designedas e xible aspossibleto enablethe highestaccessibilityof QoS-avare multimedia
serviceon the WWW. For example theremaybe servicesavailableto anapplicationat run-timethatarenot known
or availableto the applicationdeveloperat design-time but may be useful for multimediaapplications. Thus, the
applicationdevelopershouldbe allowedto abstractlyspecifyoptional serviceghat,if presenttruntime,enhancehe
application.But if the optionalservicesarenot available,theapplicationshouldbe allowedto startaswell.
AlthoughHQML follows standardXML syntaxandcanbeusedvery easily severalcritical issuesequirecareful
considerationskirst, someinformationin HQML speci cationscannotbederiveddirectly. For example theapplica-
tion developermaynotknow the systenresourcaequirementsgor his/herapplicationsn advance.For theadaptation
rules,the applicationdeveloperneedso specifythe thresholdvaluesof eachadaptatiortriggers,which will actually
decidetheactivationtiming of eachadaptatiorchoice.But thosethresholdvaluesmay not be easilyderived. Second,
we needto checkthe consisteng or accurag of HQML speci cations. Sinceapplicationdevelopersare allowed
to useHQML to specify their own QoS requirementsand policies, ary illegal speci cationsmay breakdown the
underlyingsystems.Although documentype de nition (DTD) [9] canbe usedto checksomeerrorsin the XML-
basedles, it is farfrom enoughfor the QoSspeci cations.For example we mustmale surethatthereis no deadlock
or stanationin the speci cationsof applicationcon gurationsfor a distributed multimediaapplication. Moreover,
the QoS parameterdetweentwo connecteccomponentsnustbe consistent.For example,if an MPEGII encodelis
connectedvith an H261 decoderor a low quality video playeris connectedvith a high performancevideo sener,
thenthe applicationwill notwork properly We addresghoseproblemsby introducinga visual QoS programming
ernvironment,calledQoSalk, which assistsaapplicationdevelopersto generatdHQML les correctlyandeasily
Finally, we introducethe HQML Executormodulethatis responsibldor translatinghe HQML speci cationsinto
desireddatastructuresandcooperatingvith QoS proxiesto provide QoSfor the Web multimediaapplications.The
HQML Executorcanbe installedinto any userpreferredWeb browserin advance. Our approachdoesnot require
ary major re-implementatiorof the legacy Web multimediaapplications. Application developersare relieved from
the burdenof implementingQoS“knowledge”in their applicationghemseles. Instead they useHQML to specify

their application-speci cQoSpoliciesandrequirementanddelegatetheresponsibilityof QoSprovisionsto the QoS



Proxies.By following thisapproachtheQoScanbeprovidedin amorefair andef cient waybecaus¢he QoSProxies
have theglobalknowledgeaboutthesystenresourceeonditionsandcontrolmultiple applicationsimultaneouslyOur
approactdoesnotassumery speci ¢ QoSmiddlevareframevork andcanbe appliedto arny of themaslong asthey
provide genericQoS middleware services(nhegotiation, adaptation,con guration, monitoring, resourceresenation
(optional)). SinceHQML is basedon the XML syntax, newv tagscan be incorporatedvery easily to utilize any
emepging QoSservicesvia self-describingextensiblenatureof XML.

Therestof the paperis organizedasfollows. In section2, we presenthe designof HQML in detail. In section3,
we presenthe Visual QoS ProgrammingernvironmentQoSalk. In section4, we introducethe HQML Executor In
sectionb, we presentheinitial experimentalresultsfrom the HQML ExecutorandQoS&lk prototype.In section6,

we review relatedworksaboutmultimedialanguagesndQoSspeci cations. Section7 concludeghis paper

2 HQML: XML-based Hierarchical QoSMarkup Language

2.1 Application Model

C, C,
disk reade bufferl

video server WWW client

Figurel: ApplicationCon gurationfor Video-On-Demandpplication.

We rst introducethe applicationmodel upon which the designof HQML is based. We considera generic
application componenimodelto characterizehe structureof distributed multimediaapplications. All application
componentsireconstructedstasks which performspeci ¢ operationson themultimediadatapassinghroughthem,
suchastransformationaggreation, prefetchingand Itering. Eachcomponentcceptdanput with a QoSlevel
andgeneratesutputwith a QoSlevel , both of which arevectorsof application-leel QoS parametewalues.In
orderto processnputandgenerateut, a speci ¢ amountof resourcess required.The multimediadatacanbe either
basicmultimediaobjects,suchastext, image,video/audiostreamsor compositeobjectscontainingmultiple media
types.Taskscanbe connectednto a directedacyclic graph(DAG), whichis calledanapplicationcon guration. The
applicationcon gurationis the” o w chart” uponwhich multimediadata o ws betweerthe serviceprovidersandthe
enduser Finally, all multimediaobjectsreceivedby theendhost,aresynchronizedif necessaryandpresentedo the
Web userby usingary existing multimedialanguage®r softwares(e.g.,SMIL, TAOML, Authoring Systems).For
example,in thevideo-on-demandpplicationillustratedin Figurel, datais readfrom thedisk, storedin buffersatthe

sendeside,transmittedover the network andagain storedin the recever buffer, andthendecodedeforepresenting
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to theWebuser Thebuffersareregardedasapplicationcomponentsatherthanmemorystoragesothatwe canutilize

differentbuffer managemergchemesxplicitly.

video server |, -
-
¢ Y
[c]

Internet

gateway

wirel:;s
_ network

Configuration A: C,— C,

Configuration B: C,— C,— C;

Figure2: ServicePolymorphismin Video-On-Demand\pplication.

The designof HQML is basedon the importantQoS conceptof “Service Polymorphism”. More precisely the
samedistributedmultimediaWeb servicescanbe deliveredin multiple formsandformats,usingdifferentapplication
con gurationsfrom the serviceprovider to differenttypesof clients, and possiblythroughan intermediategatevay
(infrastructureproxy) [17, 45]. Differentapplicationcon gurationsprovide variousquality levels or similar quality
levelsbut have distinctresourcegequirementskor example,asimpleVideoOn Demandapplicationonthe WWW can
have two differentcon gurations. For a powerful desktopclient, connectedo a high-speed_AN, the application
con guration may only containtwo componentsa MPEG Video Sener (serviceprovider) and a MPEG Video
Playerincluding the MPEG decodelWWW user). For a resource-constrainedkvice, like HandheldPC connected
with a wirelessnetwork, however, the applicationcon guration may be changedto include three componentsa
MPEG Video Sener (serviceprovider), a MPEG to Bitmap Transcodergatavay), and a Bitmap Player (WWW
user). The secondcon guration deliverslower or similar quality, dependingon the performanceof transcoderbut
requireslesscomputationresourceon the WWW client. Figure2 illustratesthe above concept. For othercomple
distributedmultimediaapplicationdik e Video Confeencing morediversi ed applicationcon gurationsmay exist to
accommodatéhelarge rangeof client capabilities.

We adopta hierarchicalapproacho characterizehe applicationcon gurations. The hierarchicalapproachelps
accommodaté¢he scalability problemfor the complex distributed multimediaapplications.[21] The basicbuilding
block of the con guration is called atomic componentwhich only containsone basic multimediafunction, ( e.g.,
MPEGII Decoder MPEGto BitmapTranscodeyPrefetder, etc.). A collectionof interconnecte@tomiccomponents
forms a serviceon a single host, which is called compoundcomponent Beyond a single end host, we group the
entiredistributedapplicationinto clients gatevays serves andpeerss, with eachof themrunningon oneof networked
hosts.A groupof interconnectetiostsof thesametype,suchasserves or gatevays formsacluster. Theconnections

betweerthesecomponentsyhicharecalledlinks, representhemediatransfer o ws. We have designedhreedifferent
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link types: (1) Fixed Links; (2) Mobile Host Links; and (3) Mobile UserLinks. A x edlink de nes a wired data
communicatiorchannelwhich cannotbe interruptedor “moved” during the runtime. A mobile hostlink de nesa
wirelesscommunicatiorchannelwhich meangheendhostcouldmove within certainrangeduringruntime. A mobile
userlink is de nedto specifytheusermobility, which meangheusercouldmove from onemachineto anotheuring
the runtime. Whenthe usermovesfrom the old machineto a nev oneduringthe runtimeof an application,suchas
the Video On Demandapplication,the old link from the sener to the old machineis torn down. A new connection
from the sener to the new machineis establishecand the applicationsessions recoreredand resumedfrom the
interruptionpoint, automatically All of theselinks could be one-way or two-way connections.The mediadata o w

betweertwo atomiccomponent$n asinglehostis alsode ned asthe x edlink.

Live Media Server
g
Serve | Sework |
.............................. ’
Live Media Server|| . .....ooreensrenemesee=

Server 2

Client{PC)

Live Media Server
d

Server 1
{Transcoder} {ColorFilterJ | Prefetcher
Live Media Server "' Gateway

S Client{(PDA)

(b}

Figure3: Two HierarchicalCon gurationsfor the Live Media StreamingApplication.

Figure3 (a) and(b) illustratetwo possiblehierarchicalcon gurationsfor the Live Media Streamingapplication.
The con guration (a) delivershigherquality (for higher price) to a client with high resourceavailability, suchasa
powerful PC connectedo the MBone. The“sernver2” is a mirror site of the primarylive mediasener “serverl”. The
QoS proxiescould automaticallyswitch from the sener 1 to sener 2 whenthe primary sener is overloaded. The
dottedline representanalternatve route. The con guration (b) deliverslower yetacceptableguality (for lower price)
to aclientwith low resourceavailability, suchasa PDA connectedvith awirelessnetwork. An intermediategatevay
performstransformationsndnecessarglegradationgo meetcapabilitiesof resource-constrainegkviceslike PDA.

We will usethis Live Media Streamingapplicationasanexamplethroughouthe paper



2.2 XML Overview

We now provide ashortoverview of XML. It is amarkuplanguagdor documentsontainingstructurednforma-
tion. Structurednformationcontainsbothcontent{words,pictures.etc.)andsomeindicationof whatrole thatcontent
plays (for example,contentin a sectionheadinghasa different meaningfrom contentin a footnote.). Almost all
documentdave somestructure.A markuplanguageas a mechanisnto identify structuresn a document.The XML
speci cationde nes a standardvay to addmarkupto documentsUnlike HTML, the setof tagsin XML is e xible;
the tag syntaxis de ned by a document associatedTDs. In fact, XML is really a meta-languagéor describing
markuplanguages.In otherwords, XML providesa facility to de ne tagsandthe structuralrelationshipsetween
them. Sincetheres no prede nedtagset,therecant beary preconceiedsemanticsAll of thesemanticof anXML
documenwill bede ned by theapplicationghatprocesghem.

We have choserto build atopthe XML for theHQML schemalesign Jeveragingits allowancedor the creationof
customizableapplication-speci cmarkuplanguagesWe believe thereis a naturalsynegy betweenXML's needfor
new schemao becomesuccessfuandthe QoSspeci cationrequirement®f Web multimediaapplications.We will
introducethe HQML syntaxin the next section. The designof HQML schemas basedon a hierarchicalapproach
andorganizedinto threedifferentlevels: (1) Userlevel, (2) Applicationlevel and(3) Systenresoucelevel. Figure4

illustratesthe three-level hierarchicaktructureof the HQML schema.

Application 3
Eiser Level
HOML Specification
for
Configuration A,
Configuration B;

g ~

Appiivation Level
HQNL Specification

Canfiguration A

I

Application Level
HOML Specification
for

Configrration 5

Qos Compiler

o—

QoS Compiler

Resource Level

HQMML Specification
for

Configuration A

Resource Level
HQML Specification

Configuration B

Figure4: Three-level HierarchicalStructureof theHQML Schema.

2.3 HQML Syntaxfor UserLevel QoS Speci cations

The userlevel QoSspeci cationsmainly includethreeparts: (1) The overall descriptionsaboutthe application.
(e.g.,name,serviceprovider); (2) The multiple applicationcon gurationswith associatedjualitative userlevel QoS
criteria (e.g.,low, average high, smoothness;larity) andthe initial prices($1, $5, $10); and(3) The price models

whichtheserviceproviderwould like to use(e.qg., at rate,pertransmittecbyte chages,perminuteschagges).



<App name = "Live Media Streaming" ServiceProvider = "Company X">
<Configuration id = "100">
<UserLevelQoS> high </UserLevelQoS>
<QoSPreference> smoothness </QoSPreference>
<Price unit = "$"> 5 </Price>
<PriceModel> flat rate </PriceModel>
</Configuration>
<Configuration id = "101">
<UserLevelQoS> Average </UerLevelQoS>
<QoSPreference> smoothness </QoSPreference>
<Price unit = "$"> 1 </Price>
<PriceModel> flat rate </PriceModel>
</Configuration>
<Configuration id = "200">
<UserLevelQoS> high </UserLevelQoS>
<QoSPreference> clarity </QoSPreference>
<Price unit = "$"> 2 </Price>
<PriceModel> per hour increase <PriceModel>
</Configuration>
</App>

Figure5: Exampleof UserLevel HQML Speci cationsfor the Live MediaStreamingApplicationShavn in Figure3.

The App tagisacontainetag.It hasonerequiredattribute,“name”,whichis eitherastringor areferenceden-
tifying thetype/clasof the applicationbeingdescribed.It hasseveral optionalattributessuchas“ServiceProider”,
which is a string specifyingthe compay nameof the serviceprovider. It containsat leastone Con guration
tag, which is alsoa containertag. The Con guration taghasonerequiredattribute, “id”, which is the identi-
cation numberusedto retrieve the HQML le aboutthe correspondingpplicationcon guration. It includesone

UserLerelQoS tag providing the qualitative descriptionof the applicationcon guration from a users point of
view. It containsone QoSPreference tag indicating the users quality preferencewhile using the multimedia
serviceson the WWW. For example,someusersmay think "smoothness’ls the mostimportantsatistctioncriteria
for the Video On Demandapplicationfor the purposeof entertainmentHowever, if the Video On Demandserviceis
usedfor the remotemedicalsugery, the doctormay think “clarity” is the mostimportantcriteria. In the latter case,
we candrop someframes(especiallyB or P framesof the MPEG video)to presere theresolutionof thevideowhen
the network bandwidthbecomesle cient. Each Con guration tagalsoincludesone Price tag,indicatingthe
initial chaging price, whenthe userinvokesthe multimediaservicewith a speci ¢ applicationcon guration on the
WWW. It alsocontainsone PriceModel tagindicatingthe price modelthe serviceprovider would like to adopt.
Figure5 givesan exampleof userlevel HQML speci cationsfor the Live Media Streamingapplicationillustratedin
Figure3. TheCon guration“100” representsheapplicationcon guration of Figure3(a). Thecon guration“101” is

shawvn in Figure3 (b).

2.4 HQML Syntaxfor Application Level QoS Speci cations

HQML provides mary tagsfor applicationlevel QoS speci cations, which include all applicationlevel QoS

parameterandpoliciesabouta particularapplicationcon guration. Thespeci cationsbegin with the AppCon g
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<AppConfig id = "100">
<CriticalQoS type = "frame rate">
<Range unit = "fps">
<UpperBound> 40 </UpperBound>
<LowerBound> 30 </LowerBound>
</Range>
</CriticalQoS>
<ServerCluster>
<Server type = "replacable">
<HostAddr type = "primary">
paris.cs.uiuc.edu
</HostAddr>
<HostAddr type = "alternative">
boston.cs.uiuc.edu
</HostAddr>

</Server>
</ServerCluster>
<ClientCluster>
<Client type = "required">
<Hardware> Pentium PC 500 </Hardware>
<Software> Windows 2000 </Software>

</Client>
</ClientCluster>
<LinkList>
<Link type = "FixedLink">
<Start> Server </Start>
<End> Client </End>

</Link>
</LinkList>
<Rec0nfitquuIeList>
<ReconfigRule>
<Condition type = "Bandwidth">
very low
</Condition>
<ReconfigAction type = "switch to" >
101

</ReconfigAction>
<ReconfigRule>
<Notification> Reconfigured </Notification>
<Feedback> early or late </Feedback>
</ReconfigRuleList>
</AppConfig>

<A8pConfi id ="101">
<CriticalQoS type = "frame rate">
<Range unit = "fps">
<LowerBound> 10 </LowerBound>

<UpperBound> 20 </UpperBound>
</Range>

<[CriticalQ0S>
<ServerCluster>
<Server type = "replacable">
<HostAddr type = "Primary">
paris.cs.uiuc.edu
</HostAddr>
<HostAddr type = "alternative">
boston.cs.uiuc.edu
</HostAddr>

</Server>
</ServerCluster>
<GatewayCluster>

<Gateway type = "replacable">

<Gateway>
</GatewayCluster>
<ClientCluster>

<Client type = "required">

<Client>
</ClientCluster>
<LinkList>
<Link type = "FixedLink">
<Start> Server </Start>
<End> gateway </End>

</Link>
<Link type = "MobileHostLink">
<Start> gateway </Start>
<End> Client </End>
</Link>
</LinkList>
</AppConfig>

(a)Example Specification of Application
Configuration Shown in Figure 3 (a).

(b)Example Specification of Application
Configuration Shown in Figure 3 (b).

Figure 6: Example of Application Level HQML Speci cationsfor the Two Con gurations of the Live Media
StreamingApplication Shovn in Figure3.

tag, which is a containertag with onerequiredattribute, “id”, the sameasthatof the Con guration tagin the
userlevel speci cations. The AppCong tagcontainsone CriticalQoS tag, zeroor one SenerCluster
tag, GatevayCluster tag, ClientCluster tag,and PeerCluster tag. The “server”, “gatavay” and“client”
are usedto specifythe dedicatedservices.We canuse“peer” to describeary othergenericservices. The network
connectionsamongapplicationcomponentarespeci ed by the LinkList tag. AppCong couldalsocontain
one Recon gRuleList tagto specifythe policiesfor thedynamicQoSrecon gurationservices Figure6 givesthe
examplesof applicationlevel QoSspeci cationsin HQML for thecon gurations“100” and“101” of the Live Media
Streamingapplication.

The CriticalQoS tagspeci esthecritical QoSparamete{29] whichis themostimportantend-to-endapplication-
level QoSparameteprotectedoy degradingotherQoSparametersluringtheresourcede ciency period. Thecritical
QoS parametersare usually mappedto the users quality preference. This tag has one requiredattribute "type”
specifyingthe nameof the parameter(e.g., frame rate, resolution). It hasoneinternaltag Range specifying

theallowed uctuation rangeof the critical QoSparameterThe Range taghasoneattribute”unit” indicatingthe
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<Gateway type = "replacable">
<Hardware> Pentium 500 </Hardware>
<Software> Windows 2000 </Software>
<Atomic type = "Replacable">
<Name> Transcoder </Name>
<Method name = "getStates"/>
<Method name = “setStates">
<param lextype = "strings"> states </param>
</Method>
<Method name = "scale">
<param lextype = “real:range = 0-1">
scalingfactor
</param>
</Method>
<InputQoSList>
<MediaOhjectLisp>
<NTet?|a8|bJEect %ormat ="MPEGII">
Video
</MediaObject>
<MediaObject format = "wav">

udio
</MediaObject>
</MediaObjectList>
<Delay unit = "ms"> 100 </Delay>
<Jitter unit = "ms"> 30 </Jitter>
<LossRate unit = "%"> 5 <LossRate>
<InputQoSList>
<OutputQoSList>
<MediaObjectList>
<MediaObject format = "Bitmap">

Video
</Mediaobject>
<Med\aObjéEtList>

</OutputQoSList>
</Atomic>
<Atomic type = "optional">
<Name> ColorFilter </Name>
<Method name = "ChangeColorDepth">
<param lextype = "int:range = 2-256">
</Method>

</Atomic>
<LinkList>
<Link type = "FixedLink">
<Start> Transcoder </Start>
<End> ColorFilter </End>

<Client type = "required">

<Hardware> PDA </Hardware>
<Software> Windows CE </Software>
<Atomic type = "Optinal">

<name> Prefetcher </Name>

<InputQoSList>

<MediaObjectList>
<MediaObject format = "Bitmap">

Video
</MediaOjbect>
</MediaObjectList>
<FrameRate unit = "fps">
<UpperBound> 30 </UpperBound>

<LowerBound>5 </LowerBound>
</FrameRate>

</InputQoSList>

</Atomic>
<Atomic type = "Required">
<Name> Video Player </Name>

</Atomic>
<Atomic type = "Required">
<Name> Audio Player </Name>

</Atomic>
<LinkList>
<Link type = "FixedLink">
<Start> Prefetcher </Start>
<End> Video Player </End>
</Link>

<LinkList>
<AdaptationRuleList>
<AdaptationRule>
<Condition type = "Bandwidth">
ow
</Condition>
<Action>
<Component> ColorFilter </Component>
<Method> ChangeColorDepth </Method>
</Action>
<Notification> color degrade! </Notification>
<Feedback> early or late </Feedback>

f </AdaptationRule>
</E{r|;i<l?_'?;> </Adapta't)ionRuIeList>
</Gateway> <[Client>
(a)Example of Application Level Specification for Compound (b)Example of Application Level Specification for Compound

Component "Gateway" Shown in Figure 3 (b). Component “Client" Shown in Figure 3 (b).

Figure7: Exampleof ApplicationLevel HQML Speci cationsfor the Two CompoundComponentén Con guration
“101” - “Gateway” and“Client”.

measuredinit (e.g.,”"ms”, "fps (framespersecond)”).The Range tagincludestwo internaltags, UpperBound
and LowerBound .

The SenerCluster , GatavayCluster , ClientCluster and PeerCluster tagsareall containertagsand

have similar internalstructures.We use GatevayCluster asanexampleto explain their internalstructures.Each

GatevayCluster tag shouldinclude at leastone Gatavay tag which represent®ne compoundapplication
componenbr onehostmachine.The Figure7 (a) illustratesthe HQML speci cationsfor the compoundcomponent,
“Gateway” of the con guration“101". As we mentionedin Sectionl, HQML allows the applicationdeveloperto
abstractlyspecifyoptionalserviceghat,if presentat runtime,enhancehe application.Thus,eachcomponentasan
attribute “type” to specifywhetherit is “required”, “replacable”or “optional”.

If the componenhasthe type “required”, the QoS Proxiesmustdiscoser and instantiatethe component.If the
componentis speci ed as“replacable”’anda QoS violation is detectedthe QoS Proxiescould selectone or more
alternatecomponentsand perform a transparentransitionfrom the primary componentgo the alternatve onesto
maintainthe initially agreedQoS.For example,whentheinitial video sener becomesverloadedthe QoS Proxies
could selectone of its mirror senersto recover automaticallyfrom the QoSviolations. Finally the type “optional”

givesthe highest e xibility to the QoSProxieswhich could discover a similar serviceto replaceit or simply neglect
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it to accommodatenexpectedruntimeervironments.The Sener , Gatavay and Peer tagscanincludeary

numberof HostAddr tagswhichindicatethehostaddressewhereall theiratomiccomponentsvill bedynamically
downloadedandinstantiated!f multiple HostAddr tagsareincluded,oneof themistheprimaryseneror gatevay
while othersaretheirmirror sites.Figure6 (a) givestheexampleof HostAddr tagusagedorthe“Server” compound
component.If thereis no HostAddr tagincluded,the QoSdiscovery proxy will discover a suitablemachinein

the distributed ervironmentto instantiatethe compoundcomponent. In this case,the Sener tagwill include
two internaltags, Hardware and Software , which speci esthe hardware (e.g.,PC,PDA) andsoftware(e.g.,
Windows 2000, Solaris5.3) requirementf executingthe speci ed services. Figure 7 (a) gives suchan example
for the “Gateway” component.Thusthe QoSdiscovery proxy will try to nd a machineto instantiatethe gatavay
compounccomponentwhichis atleasta Pentium500 PC andhasinstalledwindows 2000.

Each Gatevay tagcontainsatleastone Atomic tag,which represent@natomicapplicationcomponent.
The Atomic tagalsohasoneattribute“type” specifyingwhetherit is “required”,“replacable”or “optional”. It has
oneinternaltag Name to givetheservicenameof theatomiccomponent{e.g.,“Transcoder”;ColorFilter”). Each

Atomic tagcouldincludeary numberof Method tagsspecifyingthe methodcallsthatcanbeinvokedon it.
Therearetwo defaultmethoddor eachatomiccomponent;start” and“stop”. In Figure7 (a),threeadditionalmethods
“getstates” “setstates’and “scale” areincludedin the atomiccomponenttranscoder”. Each Method tag may

includeseveralinternaltags” Param ”, which describeheinput parametersequiredby the method.For example,
the “scale” methodrequiresoneinput parametef'scalingfactor”, which controlsthe resolutionof the outputbitmap
imagesfrom the transcoder For eachatomic componentwe also needto specifyits input and outputapplication
level QoS parameterdy usingtags InputQoSList and OutputQoSList . The applicationdevelopercould use
MediaObjectList to characterizehefeaturesof theinputor outputmediastreamsThe speci cationsmayinclude
the “mediatype”(e.g.,text, image,audio, video), “media format” (e.g., JPEG,MPEG, Bitmap, wav) and alsothe
temporalandspatialrelationshipsamongmultiple streamsWe could useTAOML [7] to describethe complex media
streams.Next, we needto specifythe input QoS parametersequiredby the atomiccomponentandthe outputQoS
parameterguaranteedy it. HQML providestagslike Delay , Jitter , LossRate, Throughput to ful ll
the task. Application developerscould also de ne their own application-speci cQoS parametersn HQML. Then
applicationdeveloperscoulduse LinkList tagto specifythe connectiondetweerdifferentatomiccomponents.
Finally, each Sener , Gatavay , Client or Peer tagcouldcontainzeroorone AdaptationRuleList
tagwhichspeci estheadaptatiompoliciesthecompoundcomponenwill follow. In Figure7 (b), AdaptationRuleList
tagis usedto specifythe adaptatiorpoliciesthe client compoundcomponenbf con ugration “101” follows. The
AdaptationRuleList tagincludesatleastone AdaptationRule tagwhich consistof two requiredinternaltags,
ConditionList and Action tags.The ConditionList tagspeciesalist of linguistic values(e.g.,high, low,

verylow) for eachsystenresourcege.g.,cpu,network, power)thatdecidetheactivationtiming of acertainadaptation
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action. Theselinguistic valueswill be mappednto a setof thresholdvaluesaccordingto the systemresourcdevel
QoSspeci cationsintroducedin the next section.The Action tagincludestwo internaltags, Component and

Method thatde neswhich methodbelongingto which componentill beinvokedfor theaction. Thecomponent
may residein the local hostor a remotesite. In Figure7 (b), for example,one adaptatioraction for the client to
take, whenthe bandwidthdropsbelow a certainthreshold,is to askthe “ColorFilter” componentn theintermediate
gatavay to decreaseolor depth.

Aswementionedn Sectionl, thedesignof HQML is featuredasinteractive HQML providestwotags Noti cation
and Feedback to enabletheinteractionshetweerthe userandthe QoSProxies.In Figure7 (b), for instancethe
applicationdeveloperspeci es that a noti cation messageéColor degrade!” shouldbe sentto the userwhenthat
particularadaptatiorhappens.The developeralsotells the QoS Proxy to requesta feedbackaboutthe timing of the
adaptationfrom the user Thesefeedbacksare usefulfor the QoS Proxiesto derive a userpro le sothatthe QoS
provisionscanbetunedtowarduserpreferencesndimprovedwith experience.

After we nish the QoS speci cationsfor eachclustercomponentwe needto specify how thesecompound
componentsreconnectednto anapplicationcon guration. HQML providesthe LinkList tagfor this purposelt
includesasetof Link tags.Each Link taghasoneattribute“type”. As we mentionedn section3.1,thereare
threedifferentlink types:(1) FixedLink; (2) Mobile HostLink; and(3) Mobile UserLink. The QoSproxy will treat
themdifferently suchasdifferentcalculationfunction of end-to-endandwidthfor the wired andwirelessnetworks.
For the mobile userlink, the QoS Proxy alsoneedgo insertthe persistenstatemanageto storethe framenumber
for example. Thusthevideo streamingsessiorcould be restartedrom theinterruptingpoint whenthe usermovesto
anenvy machineThe Link tagincludestwo internaltags, Start and End indicatingthetwo endpointsof the
connection.

The Recon gRuleList is the lastimportantinternal tag containedin the AppCong tag. It includesa
list of Recon gRule tags,which tell the QoS proxy how to dynamicallyrecon gure the applicationwhenthe
systemresourcesirop belon certainminimum boundsandcannotbe hiddenby the dataadaptationdik e decreasing
colordepth,droppingframes. The syntaxof the Recon gRule tagsis similar to thatof the AdaptationRule
tags. It alsoconsistsof two internaltags, Condition and Action . However, the actionhereis switchingto
anotherapplicationcon guration insteadof invoking somemethodof a component.In Figure6 (a), the application
developerspeci esthatwhenthe end-to-endbandwidthbetweerthe sener andthe client dropsto a very low degree,
the QoS proxiesshouldrecon gure the applicationfrom con guration “100” to “101” to guaranteghe continuity
of services. Similar to the adaptatiorrule speci cations,the applicationdevelopercould use Noti cation and

Feedback tagshereto enabletheinteractionsetweerthe userandthe QoSProxies. Thedynamicrecon guration
usuallytakesrelatively larger overheadand causegQoSviolations. Thusit shouldbe avoidedasmuchaspossible.

Thus,theadwantageof HQML is to allow the QoSproxy to alwayschoosehe optimal con gurationat the beginning
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ratherthana x edcon gurationlike currentdistributedmultimediaapplicationson the WWW.

2.5

HQML Syntaxfor Resouice Level QoS Speci cations

<AppConfig id = "100">
<ServerCluster>

</ServerCluster>
<ClientCluster>

</ClientCluster>
<LinkList>
<Link type = "FixedLink">

<Throughput>
<Average unit = "MB"> 50 </Average>

<Burstiness unit = "MB"> 5 </Burstiness>
</Throughput>
<Delay unit = "ms"> 100 </Delay>
<LossRate unit = "%"> 3 </LossRate>

<Client type = "required">
<Hardware> PDA </Hardware>
<Software> Windows CE </Software>

<Atomic type = "optional">
<Name> Prefetcher </Name>

<CPU unit = "%">
<Average> 30 </Average>
<Deviation> 10 </Deviation>

</CPU>

<Memory unit = "KB">
<Average> 3 </Average>
<Deviation> 1 </Deviation>

</Memory>

<Disk unit = "MB">
<Average> 16 </Average>

<Jitter unit = "ms"> 10 </Jitter> <Deviation> 0 </Deviation>

/E!_ekvel> hard </Level> </Disk>
</Link> < o>
<Link type = "FixedLink"> /Atomic
<ReconfigRuleList> <ThresholdList>
</ReconfigRuleList> <high type = "CPU"> wop
<ThresholdList> <LowerBound unit = "%">
<very high type = "Bandwidth"> 40
<LowerBound unit = "MB"> </LowerBound>
70 <UpperBound unit = "%">
</LowerBound> 60
</very high> <UpperBound>
<high type = "Bandwidth"> </high>
<LowerBound unit = "MB"> <low type = "Bandwidth">
50 <LowerBound unit = "KB">
</LowerBound> 60
o N </LowerBound>
<very low type = "Bandwidth"> <UpperBound unit = "KB">
<UpperBound unit = "MB"> 100
5
</UpperBound> /|</UpperBound>
</very low> </low>
</ThresholdList> </_+hresh0|dList>
</AppConfig> </Client>

(b) Example of Resource Level Specification for the Compount
Component "Client(PDA)" Shown in Figure 3 (b).

(a) Example of Resource Level Specification for the
Application Configuration Shown in Figure 3 (a).

Figure8: Exampleof Resourcd-evel HQML Speci cations.

The importanceof the systemresourcelevel QoS speci cationsis two fold. First, they allow multimediaap-
plicationsto utilize the OS and network QoS services(e.g., CPU schedulingand resenations, network bandwidth
resenations)if they areavailable. To be ableto commitnecessar{DS andnetwork resourcesthe QoS Proxiesmust
have prior knowledgeof the expectediraf ¢ characteristicassociateavith eachcomponentindlink beforeresource
guaranteesanbe met. In Figure 8 (a), the end-to-enchetwork QoS parametersre speci ed for the link between
the live mediasener andclient. The “throughput”, “delay”, “loss rate” and"jitter” herereferto the network level
parameteraindhave differentmeaninggrom thosein the applicationlevel speci cations. For example,the “delay”
in the network level meansthe intenal betweentwo TCP or UDP paclets. However, in the applicationlevel, the
“delay” meangheintenval betweerntwo applicationsamples The Level tagis usedto specifythedegreeof end-
to-endresourcecommitmentrequired(e.g.,hard(deterministic),rm (predictive), andsoft (besteffort)). HQML also
providestagslike CPU , Memory , Disk to specifythe QoSparametersf the endsystemresourcesThe
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QoSspeci cationsat this level areoften basedon a statisticalmodelandexpressedn averageanddeviation values.
In Figure8 (b), the endsystenresourceQoSrequirementsrespeci edfor theatomiccomponentprefetcher’in the
clientcompounccomponent.

Secondthe systemresourcdevel QoSspeci cationssetthe thresholdvaluesfor thelinguistic values(e.g.,high,
low) of differentresourcesisedin adaptatiorandrecon gurationrules. Thosethresholdvaluesactually determine
theactivationtiming of a speci ¢ adaptatioror recon gurationaction.HQML providesthe ThresholdList tagfor
this purposeIn Figure8 (a), anexampleof thresholdist speci cationsaregivenfor thelinguistic valuesusedin the
recon gurationrulesof the Live Media Streamingapplication.In Figure8 (b), the thresholdspeci cationsaregiven
for the adaptatiorrulesof the“client” compounccomponent.

As we mentionedin section1, althoughHQML can be usedvery easily to specify application-speci cQoS
requirementandpolicies,severalcritical issuegequirethoroughexplorationsfor thesuccessf HQML, mostnotably
ConsistencyChed and AutomaticQoSMappings We have developedthe visual QoS programmingervironmentto

assistapplicationdevelopergo createaccurateHQML speci cationseasily

3 Visual QoS Programming Environment QoSTalk

In this sectionwe introducethevisualQoSprogrammingervironmentQoSalk in detail. QoS&lk providesvisual
toolsto helptheapplicationdeveloperto createQoSspeci cationsin HQML easily It providesthe consistencghed
on QoSspeci cationshasedn thetheoryof graphgrammar Furtheyr QoS&lk includesthe distributedQoScompiler
to performthe automaticmappingsbetweerapplicationandresourcdevel QoSparameterso relieve the application

developerof the burdenof dealingwith low level QoSspeci cations

3.1 Architecture Overview

Theoverallarchitectureof QoS alkis shavnin Figure9. Theapplicationdeveloper rst usesheVisual Hierarchi-
cal QoSEditor to draw all possibleapplicationcon gurations,usingvisualtools,andinputall kinds of userlevel and
application-leel QoSrequirementwyia dialogs. Secondthe developerusesour ConsistencyChed toolsto “debug”
the input visual QoS speci cations(applicationcon gurationswith userlevel QoS parameterandapplication-leel
QoS parametergor eachindividual components).If thereis ary inconsisteny, the error messageare returnedto
the applicationdeveloperin the Visual Hierarchical QoSEditor. Otherwise thelegal applicationcon gurationsare
passedo the Distributed QoSCompiler[43] to instrumenthe applicationsourcecodewith middlevare APIs, probe
the resourcerequirementand establishthe mappingshetweenapplication-l&el andresource-leel QoS parameters
automatically In thefourth step,thelegal applicationcon gurationswith completeQoSspeci cations(user applica-

tion andresourcdevel) arepassedo the HQML Geneator. It “traverses'the completeapplicationcon gurationsto
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QoS Programming Environment Web/HQML Server

[ Visual Hierarchical QoS Editor ] N

lllegal
Z;o<8 i Configuration Graphs | Configuratio Application Web Pages
Graph .
[ Consistency Checker (ConfigG Pars}r/) QoS Contains
Legal Configurations Multimedia
Distributed QoS Compiler j Profiles Applications

Complete Configurationd

(XML) (HTML)

[ HQML Generator j

pplication-specific

Figure9: The QoSProgrammindernvironmentArchitecture.

generateghe HQML le automatically Finally, thecompleteHQML le is savedinto the QoSPro le Database

3.2 Visual Hierar chical QoS Editor

(a) Screenshofl) (b) Screenshof2)

Figure10: Screenshotsf the VisualHierarchicalQoSEditor.

The Visual Hierarchical QoSEditor is a visual programmingtool, which allows applicationdevelopersto draw
applicationcon gurations for distributed multimedia applicationseasily It also provides dialogsfor application
developersto input all kinds of QoS parametersaand policies. The designof the Visual QoS Editor is basedon
the applicationmodelintroducedin Section2.1 andfollows the hierarchicalapproach. The applicationdeveloper
couldre ne acompoundcomponenby drawing all of its subcomponents a subframe.We usedifferentshapego
differentiatebetweendifferentcomponentypes: (1) therectanglerepresentshe servercomponent(2) the rhomhus

representthegatevaycomponent(3) theoval representtheclientcomponentand(4) theroundrectanglerepresents
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Figurel1: lllegal Con guration GraphExamples.

the peercomponentWe alsousethreeline typesto representhreedifferentlinks: (1) the solid line is usedto de ne
the xed link; (2) thedashedine is usedto de ne the mobilehostlink; and(3) the dottedline is usedto representhe
mobileuserlink. Finally we usethreedifferentcolors,blue,greenandyellow to representhe cluster compoundand
atomiccomponentespectiely. Figure10 shavs somescreenshotef the Visual Hierarchical QoSEditor. After the
applicationdeveloper nishesthosevisualQoSspeci cations thenext challengesrehow to checktheir consistencies
andgenerateghe HQML le from themautomatically Our solutionfor the above challengess to utilize the formal
graphgrammartheory We have designed specialBoundarySymbolRelationgrammaycalledCon gG, which will

beintroducedn the next section.

3.3 CongG: A SpecialBoundary Symbol Relation Grammar

Thetasksof consisteng checkaretwo fold: (1) nd illegal applicationcon gurations;(2) nd mismatchedQoS
parameterpetweerary two connecteadomponentgatomicor compound) Figure11 shavs someexamplesof illegal
con gurations.In Figurel1 (a),theatomiccomponentcl” is hotconnectedvith ary othercomponentstn Figurell
(b), theclientcomponentc4” doesnotreceve ary data o w; In Figurel1(c), thereis notclientcomponento receive
the mediadata o w; In Figure11 (d), thereis a loop within the sener host(compoundcomponent).The examples
of mismatched)oSparameterincludean MPEGII encodeiconnectedvith anH261 decoderor alow quality video
player which could only handleup to 15 fps (framesper second) connectedvith a high performancevideo sener,
which sendsvideostreamat 30 fps.

Our solutionto addresshesechallengess to utilize formal graphgrammartheory Eachapplicationcon guration
is describedy a graphgrammarsentenceHence the problemsof consisteng checkonthevisualQoSspeci cations
(applicationcon gurationswith application-l@el QoSparameterfor eachindividual component)s reducedo thatof
"debugging” a graphgrammarsentenceisingits syntacticandsemantigparsersThe SymboRelation(SR) grammar
[14] is avery powerful graphgrammarfor handlingcomplex graphstructuresWe designedh specialgrammaycalled
Con gG, for the consistencghed basednthe SRgrammar Theconsisteng checkis dividedinto two stagesin the

rst stagetheCon gG SyntacticParsertranslatesheinputapplicationcon gurationsinto a Con gG sentencelf the
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translationprocesss not successfulthe con guration graphis illegal. Otherwisea derivationtree[14] is generated
for the con guration graph. In the secondstage the Con gG SemantidParser traversesthe derivation treeto check

thesemanticconsistencieaccordingto the semantiqulesassociateavith eachderivationstep.

3.3.1 SymbolRelation Grammar Overview

In this sectionwe give abrief overview of SymbolRelation(SR)[14] Grammar Eachsentencén anSRlanguage
is composedf a setof symboloccurrencesepresentingisual elementaryobjects,which arerelatedthrougha set
of binary relationalitems. The main featureof SR grammarsis that the derivation of a sentences performedby
rewriting both symboloccurrencesandrelationitemsby meansof simplecontect-freestylerules. Thebasicconcepts
of the SR grammarare formalizedin the following de nitions. We will demonstrateeachconceptwith examples
from our specialSymboRelationgrammay calledCon gG. We will presentCon gG in thenext sectionbasednthe

de nitions introducedn this section.

DEFINITION 3.1 GivenanalphabefTl, the setof symboloccurrencegs-items)on T is de ned as ,
whereN is the setof naturalnumbers For simplicity, theelement of  will bewrittenas

For example thealphabefl in Con gG includesVideoServerTranscoderetc. Thes-itemsin Con gG arede ned

as , , etc.

DEFINITION 3.2 Givena setR of relationsymbols,an alphabefl, andM (de nition 3.1), arelational
item(r-item)on R andM hasthe form r(X,Y), where , , , and . ThesetL of r-itemsis
de ned asL r(x,Y) , , and

For examplethesetR in Con gG includes , mul,mhl (“”, “mul”, “mhl” representshe x edlink, themobile

userlink andthe mobile hostlink respectiely). Correspondinglyther-itemsarede ned as:

( , ), ( , ), etc.

Thenotionof a SymboRelation(SR)sentence&anbe now formally de ned basedntheDe nition 3.1,3.2.

DEFINITION 3.3 Given a setR of relation symbolsand an alphabetT, an SRsentenceon R and T is a pair
, whereM is a nite nonemptysubsetof (de nition 3.1), andK is a nite nonemptysubsetof L
(de nition 3.2). More explicitly, the generaform of asentencés
, Where
, ,forl
Jfor 1 i . M, for 1 i

For example,a Con gG sentencéastheform asfollowing:
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An SRgrammaiis speci ed by a setof productionghatstatehow to rewrite s-itemsandr-items. Therewrite rules
of s-itemsare calleds-productions andthe rewrite rulesof r-itemsarecalledr-productions The right-handside of
eachs-productiorconsistof anSRsentencandther-productionsallow usto embedherighthandsideof theapplied
s-productiorinto the hostsentenceln otherwords,r-productiongeplacer-itemscontainingthe rewritten s-item,with

r-itemsrelatingthe new s-itemsto existing onesin the hostsentenceThe above ideasareformalizedin thefollowing

de nition.

DEFINITION 3.4A SymboRelation(SR)grammaiis a 6-tupleG = ( ), where
- isa nite nonemptysetof nonterminakymbols.
- T isa nite honemptysetof terminalsymbols,.e. thealphabein theDe nition 3.1.
- Risa nite setof relationsymbols,.e. theset“R” in the De nition 3.2.
- is the startsymbol.
- SPis a nite setof symbol-itemrewriting rules,calleds-productions of theform
, Where:

is anintegeruniquelylabelingthe s-production; isanSRsentencenR and

- RPis a nite setof relation-itemrewriting rules,calledr-productions of theform
or , where:
; | is thelabel of ans-production ; and ; is a nite setof

r-itemsof theform or , with

The label “I” in the right-handside of an r-productionestablishesan operatve link amongs-productionsand

r-productionsj.e.,anr-production

canbe appliedonly afterthe symbol  hasbeenrewritten usingthe s-productionwith label“I” . More precisely
during a derivation step,a symboloccurrence  in asentence is replacedoy a sentence , accordingto a s-
productionof theform . After hasbeenrewritten, the replacementf the setof r-itemsinvolving is
performedhroughr-productionof theform , WhereQ is asetof r-itemsrelating  to s-itemsin

Multiple occurrencef the samesymbolwithin a sentencés possible Thus,they aredistinguishedy differentindex

numbers.

We concludethis sectionwith a note aboutcompleity issues. A limit on the compleity of parsersof graph
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grammarshasbeengiven by Brandenlrg in the con uenceproperty[5] The con uence property meansthat all
grammaticalderivationsin a languageareindependenof the rewriting order of the nonterminals.This propertyis
indispensablédor ef cient parserssinceary orderof applicationrulesmustresultin the recognitionof the sentences
belongingto the language. The BoundarySymbolRelation (BSR)grammarhasthe con uence property and thus
a lower computationalcompleity. An efcient parserhasbeengiven [14] for BSR grammars,which have the
connectvity andlimited degreeproperties.This last propertymeansthatthe numberof relationsthat associatene
objectwith anothelis limited. Sinceourlegal con gurationgraphshavetheconnectvity andlimited degreeproperties,
the Con gG, whichis usedto generatall legal con gurationgraphshasthe con uencepropertyandthusbelongsto

theBSRgrammars.

3.3.2 Con gG Syntactic Parser

We now introducethe specialSRgrammarCon gG basednthede nition 3.4in the previoussection.

CongG=( , , , , , ) where

- = §,SC,GWC,CC,GC,A, B, C,D, AT, BT, CT, DT . Sis the startsymbol. SC, GWC, CC andGC
representhe sener, gatevay, client, andgeneralcompositecomponengroup (cluster)respectiely. A, B, C andD
representhesener, gatavay, clientandgeneratompositecomponentrespectiely. AT, BT, CT andDT aretemporary
symbolsusedduringderivationto avoid ambiguity;

- = AR, AP, VR, VP, RC, .., etc is the setof terminalsrepresentinghe atomic componentssuch as
AudioRecorde(AR), AudioPlayer(AP), VideoRecordefVR), RemoteControlle(RC), etc;

- = , mul,mhl isthesetof terminalsrepresentinglifferentlinks ( x edlink, mobile userlink, mobile host
link) betweercomponents;

- Sisthestartsymbol;

- SPis thesetof s-productions;

- RPis thesetof r-productions.

Thecompletesetof the Con gG productionrulesis givenin [19]. A simpleCon gG SyntactidParseralgorithmis
givenin Figurel2. The“L” representeitherFixedLink, MobileHostLinkor MobileUserLink.Now, letusconsidetthe
con guration graphof the Live Video Streamingapplication,jllustratedin Figure3(b). We will shawv how derivation
stepsareperformedao constructhe Con gG sentencaccordingo thealgorithmgivenin Figure12.

Stepl We startfrom thefollowing s-production:

4.

We startfrom this s-productiorbecause¢hetop-view of theapplicationcon gurationis the Sener-Gatevay-Client
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Figurel2: TheCon gG SyntacticParserAlgorithm.

model;Thederived Con gG sentencdecomeghefollowing:

@)

which correspondso the con guration graphillustratedin Figure13(a).

Step2: Rewrite thenonterminak-items* " ", and" "into* "% "% " respectrely using
thefollowing s-productions:

17.

22.

35.

Correspondinglywe needto rewrite all ther-itemsin thesentencél). Thederived Con gG sentencéecomeshe

following:

)

which correspondso Figure13(b);
Step3: Sincethereis oneatomiccomponentiveMediaSerer ( ), we needto rewrite thenonterminak-item

usingthefollowing s-productions:
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LMS = Live Media Streaming; TC = Transcoder; CF = ColorFilter

Figurel13: Con gG DerivationExamples.

44,
47.

Ther-item ( , ) in the sentencg2), which containsthe rewritten s-item

following r-productions:
R112
R113

ThederivedCon gG sentencéoecomeshefollowing:

Next, becauseherearetwo atomic componentsTranscodey
nonterminak-item  usingthefollowing s-productions:
52.
55.

) and ColorFilter (

, mustbe rewritten

using the

3

), we needto rewrite the

57. After we rewrite the relatedr-items correspondinglythe derived Con gG sentence

becomeghefollowing:

which correspondso Figure13(c);

Step4: we rewrite the nonterminals-items  into the terminalsymbols,Prefetcher(
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Figurel4: CategorizationandCalculationof QoSparameters.

VideoPlayer( ) usingthefollowing s-productions:
58.
61.
59.
63.
63.

Thenwe rewrite therelatedr-itemscorrespondinglythe derived sentencdecomes:

(®)

which correspondso Figure13(d);

All theillegal con gurationsillustratedin Figure 11 cannotbe translatednto ary Con gG sentence Although
Con gG SyntacticParser could checkmary inconsistencie#n the con guration graph,it cannot nd all inconsis-
tenciedike mismatchedQoS parameterbetweenwo connecteccomponentsOur solutionis the Con gG Semantic

Parser, whichis introducedn the next section.

3.3.3 Con gG SemanticParser

First, we considera schemeof categyorizing QoS parametersFor this purpose we focuson a singleapplication
componentywhich couldbeanatomiccomponentacompounccomponenbr a cluster We assumehattheapplication
componentcceptsnputwith a QoSlevel andgeneratesutputwith a QoSlevel , bothof which arevectos
of application-level QoSparametervalues Thevalueof anapplication-leel QoSparametecould bethe mediatype
(text, image,audio,video, etc.), mediaformat (MPEG, JPEG,H261, wav, mp3), resolution(1600*1200)frame-rate

range([15,30]), or color depth(16), etc. In orderto processnput andgenerateutput,a speci c amountof resources
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RSis required,which is a vectorof resourcerequirementsFigure 14(a)illustratessuchcharacterizatiomn termsof

QoSparameterandresourcesFormally, we de ne thevectors , andRSasfollows:

(6)

Intuitively, if acomponenA is connectedo acomponenB, theoutputQoSof A ( ) must“match” theinput QoS
requirement®f componenB (). In orderto formally describethis QoSconsistencyequirementsye de ne an

inter-componentelation” ", calledSatisfy asfollows: if andonly if

()

TheDim( ) representthedimensiorof thevector®  ”. ThesinglevalueQoSparameterscludemediatype(text,
image,video, etc.),mediaformat (JPEG,MPEG, etc.),resolution(1024*768),etc. The rangevalueQoSparameters
includethroughput([10fps,30fps])jitter ([0,3ms]),delay([0,300ms]),lossratg[0,20%]).

Basedntheaborede nitions, wefurtherde ne how to calculateQoSparametevectorof acompouncomponent

fromits subcomponent)oSparametevectors.We de ne afunction“ " betweeniwo QoSparametevectorscalled

, asfollowing: = if andonly if
o 8
representhe setsof the QoSparametetypescontainedn and  respectiely. ( For example,
=1 ). Thede nition “card( )" representshe numberof elementsn theset
Wealsode ne anew function® ” betweertwo QoSparametevectors called , asfollowing: =

if andonly if
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Tablel: Semantiqulesof s-productiongor Consisteng Check

(4).

(13)

(47)

9)

We useattribute“in” to representinapplicationcomponent input QoSparameterector andthe attribute “out”
to representts outputQoS.If the subgraphof the compoundcomponenis like the oneillustratedin Figure 14(b),
the compoundcomponens attributes,“in” and“out”, arethe sameasthoseof its subcomponentlf the subgraph
is like the oneillustratedin Figure14(c), the attribute “in” of the compoundcomponents the of the
two subcomponentsin” attributes. Intuitively, it meanghatthe input QoSparametersf the compoundcomponent
mustsatisfybothsubcomponentshput QoSparameterdyecausehe streamis sentto bothcomponentsTheattribute
“out” of the compoundcomponents the of the two subcomponents‘out” attributes. It meansthat the
next componentconnectedo this compoundcomponentmustbe ableto handleboth subcomponentutputQoS
parameterslf the con guration of the compoundcomponents like the oneillustratedin Figure14(d), the attribute
“in” of the compoundcomponenis the sameasthatof its rst subcomponentThe attribute “out” of the compound
components the sameas that of its secondsubcomponent.n orderto useCon gG SemantidParser to perform
consisteng checkwe associateemanticuleswith eachs-productior{semanticulesfor r-productionsarenotneeded
for this purpose). We also assignattributes“in” and“out” to eachs-itemasmentionedabore. Someexamplesof

semantiqulesfor s-productiongregivenin tablel. The rst rulein tablel saysthatif thes-productiorwith label4

is usedin a derivation step,the outputQoSof mustsatisfythe input QoS of because is connected
with by aFixedLink“ ( , )”. Similarly, the outputQoSof mustalsosatisfytheinput QoS
of . Therule alsospeci esthattheattributes‘in” and“out” of thes-item  arecalculatedby assigningd' in”
and® .out” to themrespectiely. Theotherrulescanbeinterpretedsimilarly.

If Con gG SyntacticParser derivesa Con gG sentencdrom an input applicationcon guration successfullya
derivationtreeis generated.For example,Figure 15 shows the derivation tree of the Con gG sentencd4) for the

Live Media Streamingapplication,illustratedin gure 13(c). ThenCon gG Semantidarsertraverseshe derivation
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Figurel5: Exampleof Con gG Derivation Treefor the Application Con guration Shavn in Figure13 (c).

Table2: Semantiaqulesof s-productiongor HQML le generation

4

(13)

tree depth- rst to checkthe consisteng (* " operation)and calculatesthe attributesfor the left-handside s-item,
accordingto thesemantiaulesassociateavith eachs-productiorusedin eachderivationstep.If any inconsistengis
found,Con gG Semantidarserstopstraversingthederivationtreeimmediatelyandsendsrrormessagebackto the
\isual Hierarchical QoSEditor. Otherwise the consisteng checkis successfulor theinputappliationcon guration.
A byproductof this procedureis the end-to-endapplication-leel QoSinput ( .in) and QoS output( .out) for
the distributed multimediaapplication. If we associateanotherattribute “s” with eachs-itemto represenits system
resourcerequirementsthe end-to-endesourceequirementgor a particularapplicationcon guration could alsobe
derivedin astraightforvard manner

The Con gG SemantidParser canalsobe usedto generateHQML le automatically Eachs-itemor r-item is
assignedheattribute"hgml”, whichrepresentthe HQML le fragmentthe s-itemor r-item generatesThe Con gG
SemantidParsertraverseshe Con gG derivationtreeof the Con gG sentencdor anapplicationcon guration with
completeandconsistenoSspeci cations,generatingheHQML le accordingo thesemanticulesassociateavith

eachs-or r- productionausedin eachderivationstep.Someexamplesof thesemanticulesfor s-productionsaregiven
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in table2, wherethesymbol” " denoteghe stringconcatenatiofunction.

3.4 Distrib uted QoS Compiler

Applicationdeveloperscouldspecifythesystenresourceequirementin theVisual Hierarchical QoSEditor using
dialogseasilyif they know themin advance.However, it is oftendif cult for developersto mapthe applicationlevel
QoSparameterinto the systenresourcdevel onesdirectly. Thus,we proposehe DistributedQoSCompiler, which
is partof the QoSHlk framevork andperformsthe AutomaticQoSMappings for the developer from the application
level QoS parameterdnto the systemresourceevel parameters.The automatictranslationis basedon two major
approaches(l) theanalyticaltranslation and(2) the probingandpro ling services.

Theanalyticaltranslationis basedn translationfunctionsbetweerapplicationlevel QoSparameterandsystem
resourceparameters.Examplesof the analyticaltranslationfunctionsfrom the applicationQoS parameterso the
transportsubsystenQoS parametersre = / x ,and = X where , .
and  aretransporpacletrate,applicationsamplesize,transporpaclet size,applicationsamplerate,andtransport
network bandwidth,respectiely. and canbeframesizeandframerate speci ed asapplicationlevel QoS
parameters Anotherexampleis the translationof MPEG video's QoS parameterinto CPU requirementswhich is
presentedn [24].

While the analyticaltranslationgivespreciseresourcaequirementfor somecasesthe dependencieamongdif-
ferentQoSparametersandthe dependencieamongmultiple systemresourcesnake anaccurateranslationfunction
hardto be quanti ed. To predictreasonableesourcerequirementsn thesecaseswe utilize resourceprobing and
pro ling techniquesvith the optimisticassumptiorthatthe probingresultis the minimumresourcaequirements$or
instantiatinganapplicationcon guration.

Theprobingandpro ling servicesarebasednthedistributedprobingprotocol[28] [43]. Basedontheapplication
level QoSspeci cationsof an applicationcon guration, the QoS compilercollaborateswith the distributedruntime
systemdo dynamicallydownload,start,andstopan applicationcon gurationin a distributedlightly loadederviron-
ment. The systemresourcerequirementge.g., differentthresholdvalues)are discoseredand predictedby multiple
resourcebrokers, notablycpu, network bandwidthandpower. A hierarchicalQoS probingalgorithmhasbeengiven

in [28].

4 HQML Executor

In this section,we introducethe HQML executormodule,which translateghe HQML speci cationsinto desired
datastructuresandcooperatesvith the QoSProxiesto provide QoSenabledlistributedWebmultimediaapplications.

Figure 16 illustratesthe overall architectureof the QoS enabledWeb browser, the QoS Proxiesandthe underlying
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Figure16: The QoSEnabledWebBrower Architecture.

OS and network systems.The major stepsfor the HQML executorto carry out, during the runtime phase are the

following:

Stepl: TheHQML executorinterceptghe users requesfor the distributedWeb multimediaapplication“X”,
his/herfocusof attentionanddesiredQoSlevel. It thencontactghelocal QoSProxies suchasResourcdrokers

andMonitors, to getclient's currentresourceavailabilities (e.g.,CPU, bandwidthmemory disk, power).

Step 2: The HQML executorforwardsthe userQoS requestswith client's resourceconditionsand also its
platform information (e.g., PDA, Laptop, or Desktopwith Windows CE, PalmOS or windows 2000) to the
Web/HQML sener. The Web/HQML sener searchesherelatedHQML les (QoSPro les) and nds a setof
possibleapplicationcon gurationsthatmatcheghe users requestandcould alsobe supportedy theclient's
currentresourceavailabilities. The matchis found basedon the userlevel and systemresourcelevel QoS
speci cationsin HQML les. TheWeb/HQML senerthensendghoseHQML les backtotheHQML Executor

or failuremessagé@ nomatchcouldbefound.

Step3: TheHQML executordisplaysall possiblechoicego theuseraccordingo therecevedHQML les. The
usercould chooseoneof themaccordingto their pricesandhis/herpreferencesor differentserviceproviders.
ThentheHQML executortranslateshe choserHQML speci cation le (Applicationlevel andsystenresource
level) into desireddatastructuresoy the underlyingQoSProxies. For example,the HQML executorretrieves
adaptatiorrulesandfeedstheminto the QoSadaptor, It retrievesthe applicationcon guration,recon guration

rulesandsendghemto the QoScon gurator; It mayalsogetthe systenresourceaequirementandfeedsthem
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into differentresouce brokers. The resouce brokers initiate resourceresenationsfor the applicationif the

underlyingOS andnetwork QoSservicesareavailable.

After theabovethreestepstheQoSProxieswill beresponsibldor providing theuserwith QoSenabledistributed
Webmultimediaapplications The QoSProxiesquerytheuserpro le to personalizéheadaptatiorandrecon guration
rules. They collaboratewith other QoS Proxiesin the distributed ervironmentto setup and maintainthe end-to-
endQoSlevel accordingto the policiesandrequirementshey receve from the HQML executor By usingHQML,

usersreceve satishctory QoSfrom distributed multimediaapplicationson the Web, within the end-to-endesource

constraintsautomatically

5 Implementation and Experiments

Stepl: Draw Hierarchical Application Configurations& Step2: Consistency Check
Input Application Level QoS parameters and Policies (b)
@)

Step3: Invoke Distributed QoS Compiler to derive the

system resource requirements in the Editor
(c) (d)

Step4: Generate the HQML specification file

Figure17: TheWork ow in the Visual QoSProgrammingenvironmentQoSTalk.

We haveimplemented prototypeof QoSTalk ontop of the middlevaresystem [44] TheHierarchical Visual
QoSEditor is implementedn Java Swing. The Con gG SyntacticParser, Con gG SemanticParser, Distributed

QoSCompilerandHQML Executorarealsoimplementedn Java. The QoSProxiesnamelythe uni ed middlevare
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Figure18: AverageProcessindime of QoSProgrammindghase.

managemenentities, suchas Con gurator, Adaptor and ResourceBrokers, are implementedas CORBA objects
andwritten in C++. The multimediaapplicationcomponentare alsoimplementedas CORBA objects. Figure 17

illustratesthe work ow of building a QoS-avare Video On Demandapplicationin QoS&lk framework. It includes
boththe off-line programmingphaseandthe runtimeinstantiationphase Figure 18 (a) shovs the averageprocessing
time of Con gG SyntacticParserandSemantidParserfor differentapplicationcon gurations. The x-axisrepresents
the numberof componentgincludinglinks) containedn the applicationcon guration graphs.The processindimes

(y-axis) of both parserdancreasepolynomially with the numberof components.Figure 18 (b) shows the overhead

of probing protocolin the Distributed QoS Compiler for three different con gurations of the Video On Demand

application.
300 T T
"HQML-Translator" —+—
: 100
number of components
(a) AverageProcessingdverheadof HQML Trans- (b) AverageOverheadof QoS Setupusing QoS
lation Proxiesin LAN

Figurel19: AverageProcessingdverheacf RuntimePhase.

Figure 19 shaws the averageprocessingoverheadof runtime instantiationphase. It includestwo parts: (a)
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The HQML translationoverheadincreasedinearly with the numberof componentgincluding links) containedin
applicationcon gurations, illustrated by Figure 19(a). (b) Runtime instantiationoverheadincludesthe dynamic
downloadingtime of componentdrom the componentrepositoryand initialization overhead,illustratedin Figure

19(b).

6 RelatedWork

In the multimedialanguageesearcltommunity several new languagesiave beenproposedo addresghe chal-
lengesof supportingdistributed multimediaapplicationson the WWW. Most notably TAOML [7], an extensionof
HTML, hasbeenintroducedo allow distributedmultimediaapplicationgo be prototypedonthe Webeasily TAOML
framework is basedon the conceptof TeleactionObject, which is a multimediaobjectwith associatedypergraph
structureand knowledgestructure. TAOML canalso be translatednto XML. But TAOML mainly focuseson the
integrationand synchronizatiorissuesin prototypingdistributed multimediaapplications. Their supportfor QoSis
limited to the QoSservicesof network subsystemsThus TAOML cannotutilize mary otheravailable QoSservices
suchasCPUresenationandschedulingservicesmiddlevareadaptatioranddynamicrecon gurationservicesMore-
over, applicationdevelopersarerequiredto explicitly dealwith thesystenresourc&QoSparameterge.g.,bandwidth),
which oftencannotbe mappedrom application-leel QoSparameterge.g.,framerate)straightforvardly. The quality
of serviceis alsoconsideredn the presentatiomayerof the multimediasystemg18, 32]. In [31], authorsproposean
extensionof HTML to describethe meta-datdor usingQoSmanagemerin the WWW. However, their speci cation
languageonly provideslimited QoSsupportfor simplemultimediaapplicationsbecausef the limitation of HTML.
Recently researcherbave proposecdhew formattingstandarddike XML to addresghelimitations of HTML. XML
hasbeenusedasuserinterfacelanguagd33, 23], applicationdescriptionlanguagg13] andmary otherspeci cation
languageslueto its extensibility and e xibility. Ourwork is orthogonalndcomplementaryo theabove approaches,
sinceour researcHocuseson leveragingXML andall the state-of-the-arQoStechnologyto provide accesgo QoS
supportfor comple distributedmultimediaapplicationson the WWW in the heterogeneousnvironments.

In the QoS researclcommunity several recentworks have addressedhe problemsof QoS speci cationsfrom
differentdirectionsandat differentlevels, namelyuserlevel, applicationlevel andsystemresourcdevel. In INDEX
project[1], authorsaddresghe userlevel QoSspeci cations,suchasdifferentuserpreferenceandprice models,in
detail. Somesystenresourcdevel QoSspeci cationssuchasRSL by the Globus project[11, 16] arealsodeveloped.
However, much effort hasbeenput in how to specify QoS at the applicationlevel. In [37], a scripting language
SafeTclis implementedto allow existing applications,written in C languageto take advantageof QoS facilities
describeddy the DiffServframewvork. In QOS-A[40], aservicecontract-basedPl is designedo formalizethe end-

to-endQoSrequirement®f the userandthe potentialdegreeof servicecommitmentof the provider. A contractis a
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User Application Resource Automatic | Independent Integration Consistency Automatic
Level Level Level . with Web Specification
Mapping Language

QoS QoS QoS Application Check Generation
Index Yes No No No No No No No
SafeTcl No Yes No No No No No No
Qo0S-A No Yes No No No No No No
QUAL No Yes Yes No No No No No
QDL No Yes Yes No Yes No No No
QML No Yes No No Yes No No No
RSL No No Yes No Yes No No No
TAOML No No Yes Yes Yes Yes No No
HQML Yes Yes Yes Yes Yes Yes Yes Yes

Figure20: ComparisongmongDifferentQoSSpeci cations.

C datastructurejncludingall the concevedclausesin [15], authorsdevelopedQuAL (Quality-of-ServiceAssurance
Language)whichis aprocess-orientepgrogrammindanguageandfurtherextendsC languageAlthoughit is possible
to mix QoS-relateatodeor speci cationwith thefunctionalcode,it is highly desirableto separatehe non-functional
requirementgrom the functionalrequirementsothatthe two partscanbe developedand maintainedndependently
Moreover, all theseapproachearetightly coupledwith C programmindanguage Thusit is dif cult for applications
written in otherlanguagedike Java to utilize them. The Quality Object(QuO) framework [30, 2, 36] supportsQoS
atthe CORBA objectlayerby openingup distributedobjectimplementationgo give accesgo the systemproperties
of the CORBA ORB and objects. QuO extendsthe CORBA functional IDL (InterfaceDe nition Language)with
a QoS DescriptionLanguage(QDL). QDL allows speci cationsof possibleQoS states,the systemresourcesand
mechanismgor measuringand providing QoS,andbehaior for adaptingto changesn QoS.QML (QoSModeling
Language)[39]s anotherindependentQosS speci cation languagefor distributed object systems(by independent,
we meanthe speci cation languageis not coupledwith ary speci ¢ programminglanguage). It allows usersto
specifynon-functionabspect®f servicegsuchasQoSspeci cations)separatérom theinterfacede nition. However,
QDL andQML doesnot considetthe QoSspeci cationsaboutmultiple possiblecon gurationsfor therecon gurable
applications.[4b Furthermore they doesnot provide ary consistencychedk mechanisnmto prevent incorrect QoS
speci cations,suchasillegal con gurationsor mismatchedQoS requirementsfrom injecting into the underlying
systemsMost of all, they arenot extensibleandcannotbe usedby Web applicationsconveniently In Figure20, we

summarizeéhe mainfeaturesf the QoSspeci cationlanguagesndmultimedialanguagesntroducedabove.
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7 Conclusions

In this paper we introducean XML-basedQoS Enablinglanguagefor the Web, called HQML, an acrorym for
“HierarchicalQoSMarkup Language”.HQML allows differentdistributed multimediaapplicationgncludingall the
legacy applicationson the WWW, to utilize all kinds of available QoS technology(middlevare, OS and network).
Then,we introducea visual QoS programmingenvironment,calledQoS&lk, which assistsapplicationdevelopersto
createHQML les correctlyandeasily We proposea specialboundarysymbolrelationgrammaycalledCon gG, to
performconsistencghed andgeneratéiQML les automatically Finally, we introducethedistributedQoScompiler
to performautomaticQoSmappingsetweerdifferentlevelsandthusrelieve theapplicationdeveloperof theburdens
of dealingwith comple low level QoS speci cations. The future works include extendingHQML andvisual QoS
programmingervironmentto meetthe following challenges:(1) scalability (how do we apply HQML to comple
distributed applicationswith a large amountof componentsand mary con gurations; (2) extensibility (how do we
include new QoS servicessuchassecurityand power managementasily) and(3) reusability(how do we apply

HQML to differenttypesof multimediaapplications.).

8 Acknowledgment

This work was supportedby the NASA grant under contractnumberNASA NAG 2-1406, National Science
Foundationundercontractnumber9870736 National ScienceFoundationCareerGrantundercontractnumberNSF
CCR96-23867NSF CISE InfrastructuregrantundercontractnumberNSF EIA 99-72884 NSF CISE Infrastructure
grantundercontracnumberNSFCDA 96-24396.The views andconclusiongontainedn this paperarethoseof the
authorsandshouldnot beinterpretedasrepresentingheof cial policies,eitherexpressearimplied,of NASA, NSFK

or theU.S.government.

References

[1] J. AltmannandP. Varaiya. INDEX: User Supportfor Buying QoS with Regard to User's Preferences.Sixth
InternationalWbrkshopon Quality of Service(IWQOS98)May 1998.

[2] JohnA.Zinky, David E.Baklen,andRichardD.SchantzArchitecturalSupportfor Quality of Servicefor CORBA

Objects.Theoryand Practiceof ObjectSystems,1997.

[3] G.Banavar, J.Beck,E. Gluzbeg, J.Munson,J. SussmanandD. Zukowski. An ApplicationModelfor Penasive
Computing. Proceedingsf MobiCOM 2000: the 6th Annuallnternational Confeenceon Mobile Computing
andNetworking 2000.

33



[4] GordonS.Blair, Geof Coulson,Nigel Davies, PhilippeRobin,and Tom Fitzpatrick. Adaptive Middlewarefor
Mobile MultimediaApplications.Networkand Operating Systensupportfor Digital Audio andVideo, 1997.

[5] F.J.Brandenlkirg. Onpolynomialtime graphgrammarsLecture Notesin ComputerSciencg 294,1988.

[6] A. Campbelland G. Coulson. A QoS Adaptive TransportSystem: Design, Implementatiorand Experience.

Forth ACM InternationalConfeenceon Multimedia(ACM Multimedia96), 1996.
[7] S.K. Chang.MultimediaSoftwareEngineering Kluser Academid?ublishes, Boston/Dodrecht/London 2000.

[8] Z.Chen,S.M. Tan,R.H. Campbellandy. Li. RealTime VideoandAudio in theWorld Wide Web. World Wide
WebJournal,vol. 1, 1996.

[9] World Wide Web Consortium.eXtensibleMarkup Language http://wwww3c.og/XML/.

[10] World Wide Web Consortium. SynchronizedMultimedia Integration Language(SMIL) 1.0 Speci cation.
http://mwww3c.og/TR/REC-smil/

[11] Karl Czajkowski, lan Foster Carl KesselmanStuartMartin, WarrenSmith, and Steven Tuecle. A Resource
ManagementArchitecture for MetacomputingSystems. Proceedingsof IPPS/SPDP98Workshop on Job
SdedulingStrategiesfor Parallel Processing1998.

[12] A. Deutsch,M. FernandezD. Florescu,A. Levy, andD. Suciu. XML-QL: A Query Languagefor XML.
http:wwww3c.og/TR/1998/NO@E-xmI-ql-19980819/1998.

[13] K. Eustice,T. LehmanA. MoralesM.C. Muson,S.Edlund,andM. Guillen. A UniversalinformationAppliance.
IBM Systemsournal, 1999.

[14] F. Ferrucci, G. Pacini, and G. Satta. Symbol-RelationGrammars: A Formalismfor GraphicalLanguages.

Informationand Computation131,1996.

[15] P. Florissi. QoSME:QoSManagemenEnvironment. PhD Thesis Departmenibf ComputerScienceColumbia
University, 1996.

[16] lan Foster and Carl Kesselman. The Globus Project: A StatusReport. Proceedingsof IPPS/SPDP98

HetelogeneousComputingorkshop 1998.

[17] A. Fox, S.D. Gribble,andY. Chavathe. Adaptingto Network andClient VariationUsing InfrastruralProxies:

LessonsandPerspecties. IEEE PersonalCommunicationsAugust1998.

[18] K. Fujikawa and et.al S. Shimojo. Application Level QoS Modeling for a Distributed Multimedia System.
Proceeding®f 1995Paci ¢ Wbrkshopon DistributedMultimediaSystemaviarch 1995.

34



[19] X. Gu. VisualQuality of ServiceProgrammind=rnvironmentfor DistributedHeterogeneouSystemsMSThesis,

Departmenbf ComputerScienceUniversity of lllinois at Urbana-ChampaignJanuary2001.

[20] X. Gu andK. Nahrstedt. An Event-Driven, UserCentric, QoS-avare Middleware Framavork for Ubiquitous

Multimedia Applications.Proc. of 9th ACM Multimedia(MultimediaMiddleware Workshop) 2001.

[21] X. Gu, D. Wichadakul,andK. Nahrstedt. Visual QoS Programmingenvironmentfor UbiquitousMultimedia
Services.Proc. of IEEE InternationalConfeenceon Multimediaand Expo2001(ICME2001) 2001.

[22] A. Had and G. Bochmann. Quality of Service Adaptationin Distributed Multimedia Applications. ACM

Springer-Verlag MultimediaSystemdournal, vol. 6, no. 5, 1998.

[23] ToddD. HodesandR. H. Katz. A Document-baseBramevork for InternetApplication Control. 2nd USENIX
Symposiunon InternetTedhnolggiesand Systems1999.

[24] K. Kim andK. NahrstedtQoSTranslatiorandAdmissionControlfor MPEG Video. Proceeding®f IEEE/IFIP
InternationalWbrkshopon QoS1997(IWQo0S97), May 1997.

[25] T. Kindberg andJ. Barton. A Web-basedNomadicComputingSystem.ComputemMetworks SpecialEdition on
PervasiveComputing 2001.

[26] R.KosterandT. Kramp. StructuringQoS-SupporServiceswvith SmartProxies. Middleware 2000: IFIP/ACM

InternationalConfeenceon Distributed System®latforms 2000.

[27] C. Lee,J.Lehoczly, R. Rajkumar andD. Siewiorek. On Quality of ServiceOptimizationwith DiscreteQoS
Options.Proceeding®f the IEEE Real-timeTechnolagy and ApplicationsSymposiunil999.

[28] B. Li, W. Kalter, andK. Nahrstedt. A HierarchicalQuality of ServiceControl Architecturefor Con gurable
Multimedia Applications. Journal of High SpeedNetworks, Speciallssue on Managementof Multimedia

NetworkinglOS Press 2001.

[29] B. Li andK. NahrstedtA control-basedniddlenvareframeavork for quality of serviceadaptationlEEE Journal

on Selecteddreasin CommunicationSeptembef999.

[30] JoseptP. Loyall, RichardE. Schantz,JohnA.Zinky, andDavid E.Baklken. SpecifyingandMeasuringQuality of
Servicein DistributedObjectSystemsProceeding®f ISORC981998.

[31] E. Madja, A. Had, R. Dssouli,G. v. Bochmann,andJ. Gecsei. Meta-dataModeling for Quality of Service
(QoS)Managemenin the World Wide Web (WWW). Proceeding®f InternationalConfeenceon Multimedia

Modeling LausanneSwitzerlang1998.

35



[32] D. Maier, R. Staehli,andJ. Walpole. Quality of ServiceSpeci cationfor MultimediaPresentationdMultimedia

Systems3 (5/6), pp. 251-263 Springer-\erlag, 1995.

[33] Mozilla.org. Introduction to a XUL  (XML-based User Interface Language).

http://mwwmozilla.og/xpfe/xptoolkit/xulint.html

[34] K. Nahrstedt,H. Chu, and S. Narayan. QoS-Avare ResourceManagementfor Distributed Multi-media

Applications.Journal on High-SpeedNetworking Speciallssueon MultimediaNetworking 8, 1998.

[35] K. NahrstedtpuangdadVichadakulandDongyanXu. DistributedQoSCompilationandRuntimelnstantiation.
Proceeding®f IEEE/IFIP International\Workshopon QoS2000(1IWQ0S2000),June2000.

[36] JosephPLoyall, David E. Bakken, Richard E.Schantz John A.Zinky, David A.karr, Rodrigo Vanegas, and
KennethR.Anderson. QoS AspectLanguagesand Their Runtime Integration. Lecture Notesin Computer

Sciencel511,May 1998.

[37] T. RoscoeandG.Bowen. Script-driven Packet Marking for Quality of ServiceSupportin Legacy Applicaitons.
Proceeding®f SPIEConfeenceon MultimediaComputingand Networking200Q January2000.

[38] S.Senetto,K. Ramchandrany. VaishampayamndK. Nahrstedt.Multiple DescriptionWaveletBasedimage

Coding. IEEE Transactionson Image ProcessingMay 2000.

[39] S.FrolundandJ.Koistinen.QML: A Language€for Quality of ServiceSpeci cation. Technical ReportHPL-98-
10, February1998.

[40] Andrenv T.Campbell. A Quality of ServiceArchitecture. PhD Thesis,ComputingDepartment,Lancaster

University,, Januaryl996.

[41] R. Vanaas,J. Zinky, J. Loyall, D. Karr, R. SchantzandD. Bakken. QuO's RuntimeSupportfor Quality of
Servicein DistributedObjects.Proceeding®f IFIP InternationalConfeenceon DistributedSystem#latforms

and OpenDistributedProcessingdMiddleware 98), Springer, 1998.

[42] M. Weiser SomeComputerSciencelssuesn UbiquitousComputing. Communicatiorof the ACM, 36(7), pp.
74-84 1993.

[43] D. WichadakulandK. Nahrstedt.DistributedQoSCompiler. TechniqueReportNo. UIUC DCS-R-2000-2201,

ComputerScienceDepartmentUniversity of lllinois at Urbana-Champaign2001.

[44] D. Wichadakul,K. NahrstedtX. Gu, andD. Xu. 2KQ+: An IntegratedApproachof QoS Compilationand
Component-BasedRuntime Middleware for the Uni ed QoS Managementramevork. Proc. of IFIP/ACM

InternationalConfeenceon Distributed System®latforms(Middleware 2001) 2001.

36



[45] D. Xu, D. Wichadakul,andK. Nahrstedt.Multimedia ServiceCon guration andReserationin Heterogeneous
Environments.Proceeding®f IEEE InternationalConfeenceon DistributedComputingSystems(ICDC23000)

April 2000.

A SchemaDTD for HOQML

Thedocumentypede nition (DTD) for theinitial, minimal versionof userlevel HQML is asfollows.
IEIEMENT App (Con guration+)
IATTLIST App nameCDATA #REQUIRED ServicePraider CDATA #IMPLIED
IELEMENT Con guration (UserLerelQoS,QoSPreferencdlrice,PriceModel)
IATTLIST Con gurationid ID #REQUIRED
IELEMENT UserlerelQoS(#PCDATA)
IELEMENT QoSPreferencgPCDATA)
IELEMENT Price(#PCDATA)
IATTLIST Priceunit DATA #REQUIRED
IELEMENT PriceModel(#PCDATA)

Thedocumentypede nition (DTD) for theinitial, minimal versionof applicationlevel andsystenresoucelevel
HQML is asfollows. Due to the pagelimit, we omittedDTD for the tagswhich have the similar structureto the
following tags.

IELEMENT AppCon g (CriticalQoS, SenerCluster*, GatavayCluster*, ClientCluster*, PeerCluster* Lin-
kList, Recon gRuleList?,ThresholdList?)

IATTLIST AppCon g id ID #REQUIRED

IEIEMENT CriticalQoS(Range)

IATTLIST CriticalQoStype CDATA #REQUIRED

IELEMENT Rangeg(UpperBound,LaverBound)

IATTLIST Rangeunit CDATA #REQJIRED

IELEMENT UpperBound#PCDATA)

IELEMENT LowerBound(#PCDATA)

IELEMENT SenerCluster(Sener+, LinkList?)

IELEMENT Sener (HostAddr*, Hardware? Software? Atomic+, CPU? Memory?,Disk?,Paver?,LinkList?,
AdaptationRuleList?

IATTLIST Senertype(required replacable optional)' required'
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IELEMENT HostAddr(#PCDATA)

IATTLIST HostAddrtype(primary alternatve) 'alternative’

IELEMENT Hardware (#PCDATA)

IELEMENT software(#PCDATA)

IELEMENT Atomic (name Method*, InputQoSList,OutputQoSListCPU? ,Memory?,Disk?,Paver?)
IATTLIST Atomic type (required replacable optional)'required’

IELEMENT name(#PCDATA)

IELEMENT Method(param*)

IATTLIST MethodnameCDATA #REQUIED

IELEMENT param(#PCDATA)

IATTLIST paramnameCDATA #REQUIRED lexType(int real boolean enum string)'string’
IELEMENT InputQoSList(MediaObjectListDelay? Jitter? L ossRate-rameRate FrameSize?,...)
IELEMENT MediaObijectLis{MediaObject+)

IELEMENT MediaObject{#PCDATA)

IATTLIST MediaObjecformat(JPEG MPEGI MPEGII Bitmap wav ...)'MPEGI'
IELEMENT Delay (#PCDATA)

IELEMENT Jitter (#PCDATA)

IELEMENT LossRatg#PCDATA)

IELEMENT LinkList (Link+)

IELEMENT Link (Start,End;Throughput?Delay? Jitter? LossRate?)

IATTLIST Link type (FixedLink MobileHostLink MobileUserLink)'Fix edLink'
IELEMENT Start(#PCDATA)

IELEMENT End (#PCDATA)

IELEMENT Throughput{Average Burstiness)

IELEMENT Average(#PCDATA)

IATTLIST Averageunit CDATA #REQUIRED

IELEMENT AdaptationRulgCondition+,Action+, Noti cation?, Feedback?)
IELEMENT Condition(#PCDATA)

IATTLIST Averagetype CDATA #REQUIRED

IELEMENT Action (ComponentMethod)

IELEMENT Noti cation (#PCDATA)

IELEMENT FeedbacK#PCDATA)

IELEMENT Recon gRule(Condition+,Recon gAction, Noti cation?, Feedback?)
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IELEMENT Recon gAction (#PCDATA)

IELEMENT CPU (Average Deviation)

IELEMENT ThresholdList(VeryHigh? ,High?,Average?Low?, VeryLow?)
IELEMENT VeryHigh (LowerBound)

IATTLIST VeryHightype (Bandwidth CPU Memory Disk Power)'Bandwidth'
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