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Abstract

In this paper, we introducean XML-basedHierarchicalQoS Markup Language,called HQML, to enhance

distributedmultimediaapplicationson theWorld Wide Web(WWW) with Quality of Service(QoS)capability. The

designof HQML is basedontwo observations:(1) theabsenceof asystematicQoSspeci�cationlanguage,thatcanbe

usedby distributedmultimediaapplicationsontheWWW to utilize thestate-of-the-artQoSmanagementtechnology;

and(2) thepowerandpopularityof XML to deliverrichly structuredcontentsovertheWeb. HQML allowsdistributed

multimediaapplicationsto specifyall kindsof application-speci�cQoSpoliciesandrequirements.During runtime,

theHQML ExecutortranslatestheHQML �le into desireddatastructuresandcooperateswith theQoSproxiesthat

assistapplicationsin end-to-endQoSnegotiation,setupandenforcement.In orderto make QoSservicestailored

toward userpreferencesandmeetthe challengesof uncertaintyin the distributedheterogeneousenvironments,the

designof HQML is featuredasinteractiveand�exible. In orderto allow applicationdevelopersto createHQML

speci�cationscorrectlyandeasily, we havedesignedanddevelopeda uni�ed visualQoSprogrammingenvironment,

called QoSTalk. In QoSTalk, we adopta grammaticalapproachto perform consistency checkon the visual QoS

speci�cationsandgenerateHQML �les automatically. Finally, we introducethe distributedQoScompiler, which

performstheautomaticmappingsbetweenapplicationandresourcelevel QoSparametersto relieve theapplication

developerof theburdenof dealingwith low level QoSspeci�cations.
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1 Intr oduction

Futurecomputingsystemshave beenenvisionedas ubiquitous,pervasive and nomadic[42, 3, 25]. They will

consistof devices that are diversein size, capability, and power consumption. Peopleview videosor join video
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conferencingon the Web using laptops,PersonalDigital Assistants(PDAs) or even Cell-Phones.The emergence

of wirelessnetwork further increasesthe heterogeneityof currentcomputingenvironment. Nomadicusershope

to receive consistent,predictable,timely, and reliable serviceson the World Wide Web (WWW) in spite of the

�uctuation andshortageof underlyingresources(e.g.,network congestion).In orderto realizesucha vision, Web

multimediaapplicationsneedspeci�cationandprovision of Quality of Service(QoS).By “QoS”, we meannot only

thespeci�cationandprovisionof propersynchronizationandintegrationof multimediastreams,whichareextensively

addressedby differentmultimedialanguages[7, 10], but alsothe speci�cationandprovision of predictability (the

ability to maintainthecontractedQoSandhaveminimumprobabilityof QoSviolationsduringtheresource�uctuation

period), continuity (the ability to degradegracefully and adjust resourceallocationdistributions dynamically to

toleratetransientresourcescarcity)andaccessibility(theability to accesstheservicefrom a wide rangeof devices,

includingPCs,workstations,cell-phones,andPDAs).

A wealthof researchwork hasbeendoneto supportQuality of Servicefor distributedmultimediaapplications.

Researchersprovidedsolutionsfor setupandenforcementof QoSin thenetworks, in theoperatingsystem(OS), in

applicationsthemselves,andmostrecentlyin themiddlewaresystemswhichresidebetweenapplicationsandOS.The

network andOSsolutionsde�nitely help,but they maynot beeasilyandrapidly deployed,hencethey maynot keep

up with theexplosivegrowth of theInternet.Theapplication-level solutions,suchasadaptive sourcecoding[38] and

tightly-coupledapplicationcontrolof critical QoSparameters[8], yield (1) complex implementationof applications,

and(2) dif�cult adjustmentor full re-implementationof applicationsto new devices,andtheir underlyingoperating

systemsand networks. In recentyears,middleware solutionshave evolved to overcomethe above shortcomings.

QoSmiddlewaresystemsassistmultimediaapplicationsin QoSsetupandenforcementby utilizing QoSservicesin

networksandoperatingsystemsif available,or by providing adaptationservicesif besteffort servicesexist only. Two

major typesof QoSmiddlewaresystemshave beendeveloped:(1) Reservation-basedSystems[27, 34] get theQoS

speci�cationsin the form of systemresourcerequirements,reserve the speci�ed resourcesandenforcethe delivery

of requestedQoS during runtime; and (2) Adaptation-basedSystems[6, 4, 29] get the QoS speci�cationsin the

form of boundson resourceutilization,application-speci�cadaptationrules,andadaptresourceallocationsaccording

to changesin resourceavailability. Recentlydevelopedrecon�gurablecomponent-basedQoSmiddlewaresystems

[26, 35, 22, 41] combinethesetwo mechanismstogether. In thesesystems,QoS managementmechanisms(e.g.,

reservation,adaptation,recon�guration)andQoSpolicies,areseparatedin orderto reducetheburdenon application

developersandenablegenericQoSmiddlewaresystems.In this paper, we call thosegenericQoSmiddlewareentities

the QoSProxies. They shouldprovide QoS managementservices(e.g.,negotiation,adaptation,(re)con�guration,

resourceallocationand reservation, service/hostdiscovery, etc.) for the applicationaccordingto the application-

speci�c QoSspeci�cations.

Althoughsomany QoSsolutionsareavailable,applicationdevelopersstill cannotcreateQoS-awaremultimedia
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applicationseasily, especiallyfor theWebapplications.Thereasonlies in thefact thata universalQoSspeci�cation

languageis still absent.AlthoughdifferentQoSspeci�cationlanguageshave beendeveloped,they areeithertightly

coupledwith aspeci�c programminglanguageor cannotbeextendedeasilyto catchupwith therapiddevelopmentof

new QoSservices.Ontheotherhand,thetraditionalWeblanguageslikeHTML cannotbeusedandextendedto ful�ll

thetaskof QoSspeci�cation.Althoughnew multimedialanguages(e.g.,TAOML [7], SMIL [10]) havebeenproposed

to addressthe increasingrequirementsof distributedmultimediaapplicationson the WWW, their solutionsarestill

limited to thesynchronizationandintegrationissuesanddo not provide interactionswith genericQoSmanagement

systems(QoS Proxies)to addressthe quality guaranteesandadaptationissuesin caseof resource�uctuation and

scarcityin thedistributedheterogeneousenvironments.TheExtensibleMarkupLanguage(XML) [9] is anidealQoS

speci�cationlanguage,thatcanbeusedby distributedWebmultimediaapplications,becauseit is theuniversalformat

for structureddocumentsanddataon theWebandalsoextensible.In addition,we canuseXML querylanguage[12]

to accessand lookup the XML-basedQoSspeci�cationon the WWW very easily. However, XML itself doesnot

tell applicationdevelopershow to specifyQoSrequirementsfor his/herapplications.We mustde�ne a minimumset

of suitabletagsto allow applicationdevelopersto expresstheir QoSrequirementsandpolicies,basedon the XML

syntax.Applicationdevelopersarealsoallowedto de�ne theirown service-speci�ctags.

In this paper, we introduceanXML-basedQoSenablinglanguagefor theWWW, calledHQML, anacronym for

“HierarchicalQoSMarkupLanguage”.TheHQML speci�cationsareclassi�edinto threelevels.

� UserLevel HQML speci�cationsprovide tagsto specifyqualitativeQoScriteria(e.g.,high, low, average),user

focusof attention(e.g.,smoothness,clarity), pricesfor therequiredservicesandthepricemodel(e.g.,�at rate,

per transmittedbyte charges)the serviceprovider adopts.The userlevel QoSspeci�cationsareused,during

runtime,to �nd thebest“match” betweentheuser's economiccondition,preferredQoSlevel andtheavailable

QoSlevels provided by differentserviceproviders. We do not expectusersto give very detailedquantitative

speci�cationsof all kindsof application-speci�cQoSparameterswhichmaypotentiallybeverycomplex.

� Application Level HQML speci�cationsprovide tagsto specifyall kindsof applicationlevel QoSparameters

(e.g.,framerate,framesize,resolution,etc.),application-speci�cQoSpolicies(e.g.,adaptationrules,recon-

�guration rules). For distributed Web multimediaapplications,HQML also provides tagsto describetheir

applicationcon�gurations,which area setof applicationcomponentsconnectedinto directedacyclic graphs.

The QoS speci�cationsof this level are usedby the QoS Proxies(e.g., adaptor, con�gurator) to set up and

enforcetheQoSonbehalfof theapplicationevenif theunderlyingOSandnetwork QoSsupportis absent.

� SystemResourceLevel HQML speci�cationsprovide tagsto specifydifferentsystemresourcerequirements.

(e.g.,memory, cpu,networkbandwidth,power, etc.).If OSandnetworkQoSmanagementservicesareavailable,

theQoSProxiescouldinitiate thereservationof therequiredend-to-endresourceson behalfof theapplication
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accordingto this level'sQoSspeci�cations.

In order to improve QoS provisions automatically, basedon history dataand user's preferences,HQML provides

specialtagsto enabletheinteractionsbetweentheuserandQoSProxies.Applicationdeveloperscouldusethosetags

to specifyunderwhatcircumstancesa particularnoti�cation shouldbesentto theuser(e.g.,if a certainadaptationor

recon�gurationhappens)or aspeci�c feedbackis desiredfrom theuser. (e.g.,”satisfaction”,”dissatisfaction”). These

feedbacksareusedto derive userspreferencepro�les andimprove the satisfactiondegreeof QoSprovisions(e.g.,

optimizationof adaptationrules)basedon AI methodsfor learningrules(e.g.,NeuralNetworks) [20]. Furthermore,

thesyntaxof HQML is designedas�e xible aspossibleto enablethehighestaccessibilityof QoS-awaremultimedia

serviceson theWWW. For example,theremaybeservicesavailableto anapplicationat run-timethatarenot known

or available to the applicationdeveloperat design-time,but may be useful for multimediaapplications.Thus, the

applicationdevelopershouldbeallowedto abstractlyspecifyoptionalservicesthat,if presentat runtime,enhancethe

application.But if theoptionalservicesarenotavailable,theapplicationshouldbeallowedto startaswell.

AlthoughHQML follows standardXML syntaxandcanbeusedveryeasily, severalcritical issuesrequirecareful

considerations.First,someinformationin HQML speci�cationscannotbederiveddirectly. For example,theapplica-

tion developermaynotknow thesystemresourcerequirementsfor his/herapplicationsin advance.For theadaptation

rules,theapplicationdeveloperneedsto specifythethresholdvaluesof eachadaptationtriggers,which will actually

decidetheactivationtiming of eachadaptationchoice.But thosethresholdvaluesmaynot beeasilyderived.Second,

we needto checkthe consistency or accuracy of HQML speci�cations. Sinceapplicationdevelopersareallowed

to useHQML to specify their own QoSrequirementsandpolicies, any illegal speci�cationsmay breakdown the

underlyingsystems.Although documenttype de�nition (DTD) [9] canbe usedto checksomeerrorsin the XML-

based�les, it is far from enoughfor theQoSspeci�cations.For example,wemustmakesurethatthereis nodeadlock

or starvation in the speci�cationsof applicationcon�gurationsfor a distributedmultimediaapplication. Moreover,

theQoSparametersbetweentwo connectedcomponentsmustbeconsistent.For example,if anMPEGII encoderis

connectedwith an H261 decoder, or a low quality video playeris connectedwith a high performancevideo server,

thenthe applicationwill not work properly. We addressthoseproblemsby introducinga visual QoSprogramming

environment,calledQoSTalk, whichassistsapplicationdevelopersto generateHQML �les correctlyandeasily.

Finally, we introducetheHQML Executormodulethatis responsiblefor translatingtheHQML speci�cationsinto

desireddatastructuresandcooperatingwith QoSproxiesto provide QoSfor theWebmultimediaapplications.The

HQML Executorcanbe installedinto any user-preferredWeb browser in advance. Our approachdoesnot require

any major re-implementationof the legacy Web multimediaapplications.Application developersarerelieved from

theburdenof implementingQoS“knowledge” in their applicationsthemselves. Instead,they useHQML to specify

their application-speci�cQoSpoliciesandrequirementsanddelegatetheresponsibilityof QoSprovisionsto theQoS
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Proxies.By following thisapproach,theQoScanbeprovidedin amorefair andef�cient waybecausetheQoSProxies

havetheglobalknowledgeaboutthesystemresourceconditionsandcontrolmultipleapplicationssimultaneously. Our

approachdoesnotassumeany speci�c QoSmiddlewareframework andcanbeappliedto any of themaslongasthey

provide genericQoSmiddleware services(negotiation,adaptation,con�guration, monitoring, resourcereservation

(optional)). SinceHQML is basedon the XML syntax,new tagscan be incorporatedvery easily to utilize any

emergingQoSservicesvia self-describing,extensiblenatureof XML.

Therestof thepaperis organizedasfollows. In section2, we presentthedesignof HQML in detail. In section3,

we presenttheVisualQoSProgrammingEnvironmentQoSTalk. In section4, we introducetheHQML Executor. In

section5, we presentthe initial experimentalresultsfrom theHQML ExecutorandQoSTalk prototype.In section6,

we review relatedworksaboutmultimedialanguagesandQoSspeci�cations. Section7 concludesthis paper.

2 HQML: XML-based Hierar chical QoSMarkup Language

2.1 Application Model

Figure1: ApplicationCon�gurationfor Video-On-DemandApplication.

We �rst introducethe applicationmodel upon which the designof HQML is based. We considera generic

application componentmodelto characterizethe structureof distributed multimediaapplications. All application

componentsareconstructedastasks, whichperformspeci�c operationsonthemultimediadatapassingthroughthem,

suchastransformation,aggregation,prefetchingand�ltering. Eachcomponentacceptsinput with a QoSlevel
�����

andgeneratesoutputwith a QoSlevel
�����
	

, bothof which arevectorsof application-level QoSparametervalues.In

orderto processinput andgenerateout,a speci�c amountof resourcesis required.Themultimediadatacanbeeither

basicmultimediaobjects,suchastext, image,video/audiostreamsor compositeobjectscontainingmultiple media

types.Taskscanbeconnectedinto a directedacyclic graph(DAG), which is calledanapplicationcon�guration. The

applicationcon�gurationis the“�o w chart” uponwhichmultimediadata�o wsbetweentheserviceprovidersandthe

enduser. Finally, all multimediaobjects,receivedby theendhost,aresynchronized(if necessary)andpresentedto the

Webuserby usingany existing multimedialanguagesor softwares(e.g.,SMIL, TAOML, AuthoringSystems).For

example,in thevideo-on-demandapplicationillustratedin Figure1, datais readfrom thedisk,storedin buffersat the

senderside,transmittedover thenetwork andagain storedin thereceiver buffer, andthendecodedbeforepresenting
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to theWebuser. Thebuffersareregardedasapplicationcomponentsratherthanmemorystoragesothatwecanutilize

differentbuffer managementschemesexplicitly.

Figure2: ServicePolymorphismin Video-On-DemandApplication.

The designof HQML is basedon the importantQoSconceptof “ServicePolymorphism”. More precisely, the

samedistributedmultimediaWebservicescanbedeliveredin multiple formsandformats,usingdifferentapplication

con�gurationsfrom the serviceprovider to differenttypesof clients,andpossiblythroughan intermediategateway

(infrastructureproxy) [17, 45]. Differentapplicationcon�gurationsprovide variousquality levelsor similar quality

levelsbut havedistinctresourcerequirements.For example,asimpleVideoOnDemandapplicationontheWWW can

have two differentcon�gurations. For a powerful desktopclient, connectedto a high-speedLAN, the application

con�guration may only contain two components,a MPEG Video Server (serviceprovider) and a MPEG Video

Playerincluding theMPEGdecoder(WWW user). For a resource-constraineddevice, like HandheldPC connected

with a wirelessnetwork, however, the applicationcon�guration may be changedto include threecomponents,a

MPEG Video Server (serviceprovider), a MPEG to Bitmap Transcoder(gateway), and a Bitmap Player(WWW

user). The secondcon�guration deliverslower or similar quality, dependingon the performanceof transcoder, but

requireslesscomputationresourceon the WWW client. Figure2 illustratesthe above concept.For othercomplex

distributedmultimediaapplicationslike VideoConferencing, morediversi�ed applicationcon�gurationsmayexist to

accommodatethelargerangeof client capabilities.

We adopta hierarchicalapproachto characterizetheapplicationcon�gurations.Thehierarchicalapproachhelps

accommodatethe scalabilityproblemfor the complex distributedmultimediaapplications.[21] The basicbuilding

block of the con�guration is calledatomiccomponent, which only containsonebasicmultimediafunction, ( e.g.,

MPEGII Decoder, MPEGto BitmapTranscoder, Prefetcher, etc.).A collectionof interconnectedatomiccomponents

forms a serviceon a singlehost, which is called compoundcomponent. Beyond a singleend host, we group the

entiredistributedapplicationinto clients, gateways, serversandpeers, with eachof themrunningononeof networked

hosts.A groupof interconnectedhostsof thesametype,suchasserversor gateways, formsacluster. Theconnections

betweenthesecomponents,whicharecalledlinks, representthemediatransfer�o ws. Wehavedesignedthreedifferent
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link types: (1) Fixed Links; (2) Mobile Host Links; and(3) Mobile UserLinks. A �x ed link de�nes a wired data

communicationchannel,which cannotbe interruptedor “moved” during the runtime. A mobile host link de�nes a

wirelesscommunicationchannel,whichmeanstheendhostcouldmovewithin certainrangeduringruntime.A mobile

userlink is de�ned to specifytheusermobility, whichmeanstheusercouldmovefrom onemachineto anotherduring

theruntime. Whentheusermovesfrom theold machineto a new oneduring theruntimeof anapplication,suchas

theVideo On Demandapplication,theold link from the server to theold machineis torn down. A new connection

from the server to the new machineis establishedand the applicationsessionis recoveredandresumed,from the

interruptionpoint, automatically. All of theselinks couldbeone-way or two-way connections.Themediadata�o w

betweentwo atomiccomponentsin asinglehostis alsode�ned asthe�x edlink.

Figure3: Two HierarchicalCon�gurationsfor theLiveMediaStreamingApplication.

Figure3 (a) and(b) illustratetwo possiblehierarchicalcon�gurationsfor theLive MediaStreamingapplication.

The con�guration (a) delivershigherquality (for higherprice) to a client with high resourceavailability, suchasa

powerful PCconnectedto theMBone. The“server2” is a mirror siteof theprimarylive mediaserver “server1”. The

QoSproxiescould automaticallyswitch from the server 1 to server 2 whenthe primary server is overloaded.The

dottedline representsanalternativeroute.Thecon�guration(b) deliversloweryetacceptablequality (for lowerprice)

to a clientwith low resourceavailability, suchasa PDA connectedwith awirelessnetwork. An intermediategateway

performstransformationsandnecessarydegradationsto meetcapabilitiesof resource-constraineddeviceslike PDA.

Wewill usethis LiveMediaStreamingapplicationasanexamplethroughoutthepaper.
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2.2 XML Overview

We now provide a shortoverview of XML. It is a markuplanguagefor documentscontainingstructuredinforma-

tion. Structuredinformationcontainsbothcontent(words,pictures,etc.)andsomeindicationof whatrolethatcontent

plays (for example,contentin a sectionheadinghasa differentmeaningfrom contentin a footnote.). Almost all

documentshave somestructure.A markuplanguageis a mechanismto identify structuresin a document.TheXML

speci�cationde�nesa standardway to addmarkupto documents.Unlike HTML, thesetof tagsin XML is �e xible;

the tag syntaxis de�ned by a document's associatedDTDs. In fact, XML is really a meta-languagefor describing

markuplanguages.In otherwords,XML providesa facility to de�ne tagsandthe structuralrelationshipsbetween

them.Sincethere'snoprede�nedtagset,therecan't beany preconceivedsemantics.All of thesemanticsof anXML

documentwill bede�ned by theapplicationsthatprocessthem.

Wehavechosento build atoptheXML for theHQML schemadesign,leveragingits allowancesfor thecreationof

customizable,application-speci�cmarkuplanguages.We believe thereis a naturalsynergy betweenXML's needfor

new schemato becomesuccessfulandtheQoSspeci�cationrequirementsof Webmultimediaapplications.We will

introducethe HQML syntaxin the next section. The designof HQML schemais basedon a hierarchicalapproach

andorganizedinto threedifferentlevels: (1) User level, (2) Applicationlevel and(3) Systemresourcelevel. Figure4

illustratesthethree-level hierarchicalstructureof theHQML schema.

Figure4: Three-level HierarchicalStructureof theHQML Schema.

2.3 HQML Syntax for UserLevel QoSSpeci�cations

Theuserlevel QoSspeci�cationsmainly includethreeparts: (1) Theoverall descriptionsaboutthe application.

(e.g.,name,serviceprovider); (2) Themultiple applicationcon�gurationswith associatedqualitative userlevel QoS

criteria (e.g., low, average,high, smoothness,clarity) andthe initial prices($1, $5, $10); and(3) The price models

which theserviceproviderwould like to use(e.g.,�at rate,pertransmittedbytecharges,perminutescharges).
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   <Configuration id = "100">
       <UserLevelQoS> high </UserLevelQoS>

   </Configuration>
   <Configuration id = "101">   

       <Price unit = "$"> 5 </Price>

       <UserLevelQoS> Average </UerLevelQoS> 

       <Price unit = "$"> 1 </Price>

       <PriceModel> flat rate </PriceModel>

 
       <PriceModel> flat rate </PriceModel>
   </Configuration>
   <Configuration id = "200">
       <UserLevelQoS> high </UserLevelQoS>

       <Price unit = "$"> 2 </Price>
       <PriceModel> per hour increase <PriceModel>
   </Configuration>
</App>

<App name = "Live Media Streaming" ServiceProvider = "Company X">

       <QoSPreference> smoothness </QoSPreference>

       <QoSPreference> smoothness </QoSPreference> 

       <QoSPreference> clarity </QoSPreference> 

Figure5: Exampleof UserLevel HQML Speci�cationsfor theLiveMediaStreamingApplicationShown in Figure3.

The � App � tagis acontainertag.It hasonerequiredattribute,“name”,whichis eitherastringor areferenceiden-

tifying thetype/classof theapplicationbeingdescribed.It hasseveraloptionalattributessuchas“ServiceProvider”,

which is a string specifyingthe company nameof the serviceprovider. It containsat leastone � Con�guration�

tag, which is alsoa containertag. The � Con�guration� tag hasonerequiredattribute, “id”, which is the identi-

�cation numberusedto retrieve the HQML �le aboutthe correspondingapplicationcon�guration. It includesone

� UserLevelQoS� tag providing the qualitative descriptionof the applicationcon�guration from a user's point of

view. It containsone � QoSPreference� tag indicating the user's quality preferencewhile using the multimedia

serviceson theWWW. For example,someusersmay think ”smoothness”is themostimportantsatisfactioncriteria

for theVideoOn Demandapplicationfor thepurposeof entertainment.However, if theVideoOn Demandserviceis

usedfor the remotemedicalsurgery, thedoctormay think “clarity” is themostimportantcriteria. In the lattercase,

we candropsomeframes(especiallyB or P framesof theMPEGvideo)to preserve theresolutionof thevideowhen

thenetwork bandwidthbecomesde�cient. Each � Con�guration� tagalsoincludesone � Price� tag,indicatingthe

initial charging price,whentheuserinvokesthemultimediaservicewith a speci�c applicationcon�guration on the

WWW. It alsocontainsone � PriceModel� tag indicatingthepricemodeltheserviceprovider would like to adopt.

Figure5 givesanexampleof userlevel HQML speci�cationsfor theLive MediaStreamingapplicationillustratedin

Figure3. TheCon�guration“100” representstheapplicationcon�gurationof Figure3(a).Thecon�guration“101” is

shown in Figure3 (b).

2.4 HQML Syntax for Application Level QoSSpeci�cations

HQML provides many tags for applicationlevel QoS speci�cations,which include all applicationlevel QoS

parametersandpoliciesaboutaparticularapplicationcon�guration.Thespeci�cationsbegin with the � AppCon�g �
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  <ServerCluster>

       <HostAddr type = "Primary"> 
           paris.cs.uiuc.edu
       </HostAddr>

           boston.cs.uiuc.edu
       </HostAddr>
       ...
    </Server>
  </ServerCluster>
  <GatewayCluster>

       ...
     <Gateway>
  </GatewayCluster>
  <ClientCluster>

        ...
     <Client>
  </ClientCluster>
  <LinkList>

 

        <End> gateway </End>
        ...
     </Link>

     <Link type = "FixedLink">

         <Start> gateway </Start>
         <End> Client </End>
         ...
     </Link>
  </LinkList>
</AppConfig>

        <Start> Server </Start>    

     <Client type = "required">

    <Server type = "replacable">

<AppConfig id = "101">
  <CriticalQoS type = "frame rate">

  </CriticalQoS>
    </Range>

      <LowerBound> 10 </LowerBound>
    <Range unit = "fps">

     <Gateway type = "replacable">

       <HostAddr type = "alternative">

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

       Configuration Shown in Figure 3 (b).

    <Range unit = "fps">
      <UpperBound> 40 </UpperBound>    
      <LowerBound> 30 </LowerBound>
    </Range>
  </CriticalQoS>
  <ServerCluster>

      </HostAddr>

      </HostAddr>
      ...
    </Server>
  </ServerCluster>
  <ClientCluster>

      <Software> Windows 2000 </Software>
      ...  
    </Client>
  </ClientCluster>
  <LinkList>
    <Link type = "FixedLink">
      <Start> Server </Start>
      <End> Client </End>
      ...
    </Link>
  </LinkList>

    <ReconfigRule>
 

       </Condition>

<AppConfig id = "100">
  <CriticalQoS type = "frame rate">

    <Server type = "replacable">
      <HostAddr type = "primary">
         paris.cs.uiuc.edu

      <HostAddr type = "alternative">
         boston.cs.uiuc.edu

    <Client type = "required">   

  <ReconfigRuleList>

         very low          

      <Hardware> Pentium PC 500 </Hardware>

(a)Example Specification of Application  

    <ReconfigRule>

 </ReconfigRuleList>
</AppConfig>

    <Notification> Reconfigured </Notification>
    <Feedback> early or late </Feedback>

      <UpperBound> 20 </UpperBound>         

     <Link type = "MobileHostLink">        

       <Condition type = "Bandwidth">

                        </ReconfigAction> 

       <ReconfigAction type = "switch to" > 
                          101 

Figure 6: Exampleof Application Level HQML Speci�cations for the Two Con�gurations of the Live Media
StreamingApplicationShown in Figure3.

tag, which is a containertag with onerequiredattribute, “id”, the sameas that of the � Con�guration� tag in the

user level speci�cations. The � AppCon�g � tag containsone � CriticalQoS� tag, zero or one � ServerCluster�

tag, � GatewayCluster� tag, � ClientCluster� tag, and � PeerCluster� tag. The “server”, “gateway” and “client”

areusedto specifythe dedicatedservices.We canuse“peer” to describeany othergenericservices.The network

connectionsamongapplicationcomponentsarespeci�ed by the � LinkList � tag. � AppCon�g � couldalsocontain

one � Recon�gRuleList� tagto specifythepoliciesfor thedynamicQoSrecon�gurationservices.Figure6 givesthe

examplesof applicationlevel QoSspeci�cationsin HQML for thecon�gurations“100” and“101” of theLive Media

Streamingapplication.

The � CriticalQoS� tagspeci�esthecritical QoSparameter[29] whichis themostimportantend-to-endapplication-

level QoSparameterprotectedby degradingotherQoSparametersduringtheresourcede�ciency period.Thecritical

QoS parametersare usually mappedto the user's quality preference. This tag hasone requiredattribute ”type”

specifyingthe nameof the parameter(e.g., frame rate, resolution). It hasone internal tag � Range� specifying

theallowed�uctuation rangeof thecritical QoSparameter. The � Range� taghasoneattribute”unit” indicatingthe
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   <Hardware> Pentium 500 </Hardware>   
   <Software> Windows 2000 </Software>

      <Method name = "getStates"/>
      <Method name = "setStates">
         <param lextype = "strings"> states </param>
      </Method>
      <Method name = "scale">

            scalingfactor
         </param>            
      </Method>
      <InputQoSList>
         <MediaObjectList>

         <param lextype = "real:range = 0-1"> 

Video
</MediaObject>

Audio
</MediaObject>

            <MediaObject format = "wav">         

...

   <Atomic type = "Replacable">
      <Name> Transcoder </Name>

         <MediaObjectList>
         ...
      </OutputQoSList>
   </Atomic>

         <param lextype = "int:range = 2-256">
      </Method>
      ...       
   </Atomic>
   <LinkList>
      <Link type = "FixedLink">   
         <Start> Transcoder </Start>
         <End> ColorFilter </End>
      </Link>
   </LinkList>
</Gateway>

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

         </MediaObjectList>                     

Video
</Mediaobject>

             <MediaObject format = "Bitmap"> 

      <Name> ColorFilter </Name>
      <Method name = "ChangeColorDepth">

            <MediaObject format = "MPEGII">                     

<Gateway type = "replacable">

   <Atomic type = "optional">

(a)Example of Application Level Specification for Compound 
       Component "Gateway" Shown in Figure 3 (b).

(b)Example of Application Level Specification for Compound 
      Component "Client" Shown in Figure 3 (b).

   <Hardware> PDA </Hardware>
   <Software> Windows CE </Software>

      <InputQoSList>
         <MediaObjectList>

               Video
            </MediaOjbect>

            <MediaObject format = "Bitmap"> 

            ...            
         </MediaObjectList>
         <FrameRate unit = "fps">
            <UpperBound> 30 </UpperBound>
            <LowerBound> 5  </LowerBound>
         </FrameRate>

      ...
   </Atomic>

      ...
   </Atomic>

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

   </Condition>
   <Action>

   </Action>

</AdaptationRule>
</AdaptationRuleList>

</InputQoSList>

...

</Client>

<Client type = "required">

   <Atomic type = "Optinal">
      <name> Prefetcher </Name>      

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

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

<AdaptationRule>

      <Component> ColorFilter </Component>
      <Method> ChangeColorDepth </Method>

   <Notification> color degrade! </Notification>
   <Feedback> early or late </Feedback>   

      low
   <Condition type = "Bandwidth">

Figure7: Exampleof ApplicationLevel HQML Speci�cationsfor theTwo CompoundComponentsin Con�guration
“101” - “Gateway” and“Client”.

measuredunit (e.g.,”ms”, ”fps (framespersecond)”).The � Range� tagincludestwo internaltags, � UpperBound�

and � LowerBound� .

The � ServerCluster� , � GatewayCluster� , � ClientCluster� and � PeerCluster� tagsareall containertagsand

have similar internalstructures.We use � GatewayCluster� asanexampleto explain their internalstructures.Each

� GatewayCluster� tag should include at leastone � Gateway� tag which representsone compoundapplication

componentor onehostmachine.TheFigure7 (a) illustratestheHQML speci�cationsfor thecompoundcomponent,

“Gateway” of the con�guration “101”. As we mentionedin Section1, HQML allows the applicationdeveloperto

abstractlyspecifyoptionalservicesthat,if presentat runtime,enhancetheapplication.Thus,eachcomponenthasan

attribute“type” to specifywhetherit is “required”,“replacable”or “optional”.

If the componenthasthe type “required”, the QoSProxiesmustdiscover andinstantiatethe component.If the

componentis speci�ed as“replacable”anda QoSviolation is detected,the QoSProxiescould selectoneor more

alternatecomponentsandperforma transparenttransitionfrom the primary componentsto the alternative onesto

maintainthe initially agreedQoS.For example,whenthe initial videoserver becomesoverloaded,theQoSProxies

could selectoneof its mirror serversto recover automaticallyfrom the QoSviolations. Finally the type “optional”

givesthehighest�e xibility to theQoSProxieswhich coulddiscover a similar serviceto replaceit or simply neglect
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it to accommodateunexpectedruntimeenvironments.The � Server� , � Gateway� and � Peer� tagscanincludeany

numberof � HostAddr� tagswhichindicatethehostaddresseswhereall theiratomiccomponentswill bedynamically

downloadedandinstantiated.If multiple � HostAddr� tagsareincluded,oneof themis theprimaryserveror gateway

while othersaretheirmirror sites.Figure6 (a)givestheexampleof � HostAddr� tagusagefor the“Server” compound

component.If thereis no � HostAddr� tag included,the QoSdiscovery proxy will discover a suitablemachinein

the distributed environmentto instantiatethe compoundcomponent. In this case,the � Server� tag will include

two internaltags, � Hardware� and � Software� , which speci�esthe hardware(e.g.,PC,PDA) andsoftware(e.g.,

Windows 2000,Solaris5.3) requirementsof executingthe speci�ed services. Figure7 (a) givessuchan example

for the “Gateway” component.Thusthe QoSdiscovery proxy will try to �nd a machineto instantiatethe gateway

compoundcomponent,which is at leasta Pentium500PCandhasinstalledwindows2000.

Each � Gateway� tag containsat leastone � Atomic � tag, which representsan atomicapplicationcomponent.

The � Atomic � tagalsohasoneattribute“type” specifyingwhetherit is “required”,“replacable”or “optional”. It has

oneinternaltag � Name� to give theservicenameof theatomiccomponent(e.g.,“Transcoder”,“ColorFilter”). Each

� Atomic � tagcould includeany numberof � Method� tagsspecifyingthemethodcalls thatcanbe invokedon it.

Therearetwo defaultmethodsfor eachatomiccomponent,“start” and“stop”. In Figure7 (a),threeadditionalmethods

“getstates”,“setstates”and“scale” are includedin the atomiccomponent“transcoder”. Each � Method� tag may

includeseveral internaltags“ � Param� ”, which describetheinput parametersrequiredby themethod.For example,

the “scale” methodrequiresoneinput parameter“scalingfactor”, which controlsthe resolutionof theoutputbitmap

imagesfrom the transcoder. For eachatomiccomponent,we alsoneedto specify its input andoutputapplication

level QoSparametersby usingtags � InputQoSList� and � OutputQoSList� . The applicationdevelopercould use

� MediaObjectList� to characterizethefeaturesof theinputor outputmediastreams.Thespeci�cationsmayinclude

the “media type”(e.g.,text, image,audio, video), “media format” (e.g., JPEG,MPEG, Bitmap, wav) andalso the

temporalandspatialrelationshipsamongmultiple streams.We coulduseTAOML [7] to describethecomplex media

streams.Next, we needto specifythe input QoSparametersrequiredby theatomiccomponentandtheoutputQoS

parametersguaranteedby it. HQML providestagslike � Delay� , � Jitter� , � LossRate� , � Throughput� to ful�ll

the task. Application developerscould alsode�ne their own application-speci�cQoSparametersin HQML. Then

applicationdeveloperscoulduse � LinkList � tagto specifytheconnectionsbetweendifferentatomiccomponents.

Finally, each� Server� , � Gateway� , � Client� or � Peer� tagcouldcontainzeroor one � AdaptationRuleList�

tagwhichspeci�estheadaptationpoliciesthecompoundcomponentwill follow. In Figure7 (b), � AdaptationRuleList�

tag is usedto specify the adaptationpolicies the client compoundcomponentof con�ugration “101” follows. The

� AdaptationRuleList� tagincludesat leastone � AdaptationRule� tagwhich consistsof two requiredinternaltags,

� ConditionList� and � Action � tags.The � ConditionList� tagspeci�esa list of linguistic values(e.g.,high, low,

verylow) for eachsystemresources(e.g.,cpu,network,power)thatdecidetheactivationtiming of acertainadaptation
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action. Theselinguistic valueswill be mappedinto a setof thresholdvaluesaccordingto thesystemresourcelevel

QoSspeci�cationsintroducedin thenext section.The � Action � tagincludestwo internaltags, � Component� and

� Method� thatde�neswhichmethodbelongingto whichcomponentwill beinvokedfor theaction.Thecomponent

may residein the local hostor a remotesite. In Figure7 (b), for example,oneadaptationaction for the client to

take, whenthebandwidthdropsbelow a certainthreshold,is to askthe“ColorFilter” componentin the intermediate

gateway to decreasecolordepth.

Aswementionedin Section1, thedesignof HQML is featuredasinteractive. HQML providestwo tags� Noti�cation �

and � Feedback� to enablethe interactionsbetweentheuserandtheQoSProxies.In Figure7 (b), for instance,the

applicationdeveloperspeci�es that a noti�cation message“Color degrade!” shouldbe sentto the userwhen that

particularadaptationhappens.Thedeveloperalsotells theQoSProxy to requesta feedbackaboutthe timing of the

adaptationfrom the user. Thesefeedbacksareuseful for the QoSProxiesto derive a userpro�le so that the QoS

provisionscanbetunedtowarduserpreferencesandimprovedwith experience.

After we �nish the QoS speci�cationsfor eachclustercomponent,we needto specify how thesecompound

componentsareconnectedinto anapplicationcon�guration.HQML providesthe � LinkList � tagfor thispurpose.It

includesa setof � Link � tags.Each � Link � taghasoneattribute“type”. As we mentionedin section3.1, thereare

threedifferentlink types:(1) FixedLink; (2) Mobile HostLink; and(3) Mobile UserLink. TheQoSproxy will treat

themdifferently, suchasdifferentcalculationfunctionof end-to-endbandwidthfor thewired andwirelessnetworks.

For themobileuserlink, theQoSProxyalsoneedsto insertthepersistentstatemanagerto storethe framenumber,

for example.Thusthevideostreamingsessioncouldberestartedfrom theinterruptingpoint whentheusermovesto

anew machine.The � Link � tagincludestwo internaltags, � Start� and � End� indicatingthetwo endpointsof the

connection.

The � Recon�gRuleList� is the last important internal tag containedin the � AppCon�g � tag. It includesa

list of � Recon�gRule� tags,which tell the QoS proxy how to dynamicallyrecon�gure the applicationwhen the

systemresourcesdropbelow certainminimumboundsandcannotbehiddenby thedataadaptationslike decreasing

colordepth,droppingframes. The syntaxof the � Recon�gRule� tagsis similar to that of the � AdaptationRule�

tags. It alsoconsistsof two internal tags, � Condition� and � Action � . However, the actionhereis switchingto

anotherapplicationcon�guration insteadof invoking somemethodof a component.In Figure6 (a), theapplication

developerspeci�esthatwhentheend-to-endbandwidthbetweentheserver andtheclient dropsto a very low degree,

the QoSproxiesshouldrecon�gure the applicationfrom con�guration “100” to “101” to guaranteethe continuity

of services. Similar to the adaptationrule speci�cations,the applicationdevelopercould use � Noti�cation � and

� Feedback� tagshereto enabletheinteractionsbetweentheuserandtheQoSProxies.Thedynamicrecon�guration

usuallytakesrelatively larger overheadandcausesQoSviolations. Thusit shouldbe avoidedasmuchaspossible.

Thus,theadvantageof HQML is to allow theQoSproxy to alwayschoosetheoptimalcon�gurationat thebeginning
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ratherthana �x edcon�gurationlikecurrentdistributedmultimediaapplicationson theWWW.

2.5 HQML Syntax for ResourceLevel QoSSpeci�cations

       <high type = "CPU">

             40
          <LowerBound unit = "%">

          </LowerBound>
          <UpperBound unit = "%">
             60
          <UpperBound>
       </high>
       <low type = "Bandwidth">
          <LowerBound unit = "KB">
             60
          </LowerBound>
          <UpperBound unit = "KB">
             100
          </UpperBound>
       </low>

    

<AppConfig id = "100">
  ...
  <ServerCluster>
    ...
  </ServerCluster>
  <ClientCluster>
    ...
  </ClientCluster>
  <LinkList>
    <Link type = "FixedLink">
       ...

       <Delay unit = "ms"> 100 </Delay>

<Throughput>
          <Average unit = "MB"> 50 </Average>
          <Burstiness unit = "MB"> 5 </Burstiness>

</Throughput>

       <Jitter unit = "ms"> 10 </Jitter>       
       <Level> hard </Level>
    </Link>
    <Link type = "FixedLink">
    <ReconfigRuleList>
       ...
    </ReconfigRuleList>

       <very high type = "Bandwidth">
          <LowerBound unit = "MB">    

          </LowerBound>
             70 

</very high>
       <high type = "Bandwidth">
          <LowerBound unit = "MB">
             50
          </LowerBound>
       ...
       <very low type = "Bandwidth">
          <UpperBound unit = "MB">
             5
          </UpperBound>
       </very low>
       ...   

 </AppConfig>

       <LossRate unit = "%"> 3 </LossRate>

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

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

    <ThresholdList>

    </ThresholdList>

<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> 
           <Deviation> 0 </Deviation>
       </Disk>
    </Atomic>
    ...

       ...

</Client>

    <ThresholdList>

    </ThresholdList>

Figure8: Exampleof ResourceLevel HQML Speci�cations.

The importanceof the systemresourcelevel QoS speci�cationsis two fold. First, they allow multimediaap-

plicationsto utilize the OS andnetwork QoSservices(e.g.,CPU schedulingandreservations,network bandwidth

reservations)if they areavailable.To beableto commitnecessaryOSandnetwork resources,theQoSProxiesmust

have prior knowledgeof theexpectedtraf�c characteristicsassociatedwith eachcomponentandlink beforeresource

guaranteescanbe met. In Figure8 (a), the end-to-endnetwork QoSparametersarespeci�ed for the link between

the live mediaserver andclient. The “throughput”, “delay”, “loss rate” and“jitter” hererefer to the network level

parametersandhave differentmeaningsfrom thosein theapplicationlevel speci�cations.For example,the “delay”

in the network level meansthe interval betweentwo TCP or UDP packets. However, in the applicationlevel, the

“delay” meanstheinterval betweentwo applicationsamples. The � Level � tagis usedto specifythedegreeof end-

to-endresourcecommitmentrequired(e.g.,hard(deterministic),�rm (predictive),andsoft (besteffort)). HQML also

providestagslike � CPU� , � Memory� , � Disk � to specifytheQoSparametersof theendsystemresources.The
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QoSspeci�cationsat this level areoftenbasedon a statisticalmodelandexpressedin averageanddeviation values.

In Figure8 (b), theendsystemresourceQoSrequirementsarespeci�edfor theatomiccomponent“prefetcher”in the

client compoundcomponent.

Second,thesystemresourcelevel QoSspeci�cationssetthethresholdvaluesfor thelinguistic values(e.g.,high,

low) of differentresourcesusedin adaptationandrecon�gurationrules. Thosethresholdvaluesactuallydetermine

theactivationtiming of a speci�c adaptationor recon�gurationaction.HQML providesthe � ThresholdList� tagfor

this purpose.In Figure8 (a),anexampleof thresholdlist speci�cationsaregivenfor thelinguistic valuesusedin the

recon�gurationrulesof theLive MediaStreamingapplication.In Figure8 (b), thethresholdspeci�cationsaregiven

for theadaptationrulesof the“client” compoundcomponent.

As we mentionedin section1, althoughHQML can be usedvery easily to specify application-speci�cQoS

requirementsandpolicies,severalcritical issuesrequirethoroughexplorationsfor thesuccessof HQML, mostnotably

ConsistencyCheck andAutomaticQoSMappings. We have developedthevisualQoSprogrammingenvironmentto

assistapplicationdevelopersto createaccurateHQML speci�cationseasily.

3 Visual QoSProgramming Envir onmentQoSTalk

In thissection,weintroducethevisualQoSprogrammingenvironmentQoSTalk in detail.QoSTalk providesvisual

toolsto helptheapplicationdeveloperto createQoSspeci�cationsin HQML easily. It providestheconsistencycheck

onQoSspeci�cationsbasedon thetheoryof graphgrammar. Further, QoSTalk includesthedistributedQoScompiler

to performtheautomaticmappingsbetweenapplicationandresourcelevel QoSparametersto relieve theapplication

developerof theburdenof dealingwith low level QoSspeci�cations

3.1 Ar chitecture Overview

Theoverallarchitectureof QoSTalk is shown in Figure9. Theapplicationdeveloper�rst usestheVisualHierarchi-

cal QoSEditor to draw all possibleapplicationcon�gurations,usingvisualtools,andinputall kindsof user-level and

application-level QoSrequirementsvia dialogs.Second,thedeveloperusesour ConsistencyCheck tools to “debug”

the input visualQoSspeci�cations(applicationcon�gurationswith user-level QoSparametersandapplication-level

QoSparametersfor eachindividual components).If thereis any inconsistency, the error messagesarereturnedto

theapplicationdeveloperin theVisual Hierarchical QoSEditor. Otherwise,the legal applicationcon�gurationsare

passedto theDistributedQoSCompiler[43] to instrumenttheapplicationsourcecodewith middlewareAPIs,probe

the resourcerequirementsandestablishthe mappingsbetweenapplication-level andresource-level QoSparameters

automatically. In thefourthstep,thelegal applicationcon�gurationswith completeQoSspeci�cations(user, applica-

tion andresourcelevel) arepassedto theHQML Generator. It “traverses”thecompleteapplicationcon�gurationsto
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Figure9: TheQoSProgrammingEnvironmentArchitecture.

generatetheHQML �le automatically. Finally, thecompleteHQML �le is savedinto theQoSPro�le Database.

3.2 Visual Hierarchical QoSEditor

(a) Screenshot(1) (b) Screenshot(2)

Figure10: Screenshotsof theVisualHierarchicalQoSEditor.

The Visual Hierarchical QoSEditor is a visual programmingtool, which allows applicationdevelopersto draw

applicationcon�gurations for distributed multimediaapplicationseasily. It also provides dialogs for application

developersto input all kinds of QoS parametersand policies. The designof the Visual QoSEditor is basedon

the applicationmodel introducedin Section2.1 and follows the hierarchicalapproach.The applicationdeveloper

could re�ne a compoundcomponentby drawing all of its subcomponentsin a subframe.We usedifferentshapesto

differentiatebetweendifferentcomponenttypes:(1) therectanglerepresentstheservercomponent;(2) therhombus

representsthegatewaycomponent;(3) theoval representstheclientcomponent;and(4) theroundrectanglerepresents
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Figure11: Illegal Con�gurationGraphExamples.

thepeercomponent.We alsousethreeline typesto representthreedifferentlinks: (1) thesolid line is usedto de�ne

the�xed link; (2) thedashedline is usedto de�ne themobilehostlink; and(3) thedottedline is usedto representthe

mobileuserlink. Finally weusethreedifferentcolors,blue,green,andyellow to representthecluster, compoundand

atomiccomponentrespectively. Figure10 shows somescreenshotsof theVisual Hierarchical QoSEditor. After the

applicationdeveloper�nishes thosevisualQoSspeci�cations,thenext challengesarehow to checktheirconsistencies

andgeneratetheHQML �le from themautomatically. Our solutionfor theabove challengesis to utilize the formal

graphgrammartheory. We havedesigneda specialBoundarySymbolRelationgrammar, calledCon�gG, which will

beintroducedin thenext section.

3.3 Con�gG: A SpecialBoundary SymbolRelation Grammar

Thetasksof consistency checkaretwo fold: (1) �nd illegal applicationcon�gurations;(2) �nd mismatchedQoS

parametersbetweenany two connectedcomponents(atomicor compound).Figure11showssomeexamplesof illegal

con�gurations.In Figure11(a), theatomiccomponent“c1” is notconnectedwith any othercomponents;In Figure11

(b), theclientcomponent“c4” doesnotreceiveany data�o w; In Figure11(c), thereis notclientcomponentto receive

themediadata�o w; In Figure11 (d), thereis a loop within theserver host(compoundcomponent).Theexamples

of mismatchedQoSparametersincludeanMPEGII encoderconnectedwith anH261decoder, or a low quality video

player, which couldonly handleup to 15 fps (framespersecond),connectedwith a high performancevideoserver,

whichsendsvideostreamat 30 fps.

Oursolutionto addressthesechallengesis to utilize formalgraphgrammartheory. Eachapplicationcon�guration

is describedby agraphgrammarsentence.Hence,theproblemsof consistency checkonthevisualQoSspeci�cations

(applicationcon�gurationswith application-level QoSparametersfor eachindividualcomponent)is reducedto thatof

”debugging”a graphgrammarsentenceusingits syntacticandsemanticparsers.TheSymbolRelation(SR)grammar

[14] is averypowerful graphgrammarfor handlingcomplex graphstructures.Wedesignedaspecialgrammar, called

Con�gG, for theconsistencycheck basedontheSRgrammar. Theconsistency checkis dividedinto two stages.In the

�rst stage,theCon�gG SyntacticParsertranslatestheinputapplicationcon�gurationsinto aCon�gG sentence.If the
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translationprocessis not successful,thecon�gurationgraphis illegal. Otherwise,a derivationtree[14] is generated

for thecon�guration graph. In thesecondstage,theCon�gG SemanticParser traversesthederivation treeto check

thesemanticconsistenciesaccordingto thesemanticrulesassociatedwith eachderivationstep.

3.3.1 SymbolRelation Grammar Overview

In thissection,wegiveabrief overview of SymbolRelation(SR)[14] Grammar. Eachsentencein anSRlanguage

is composedof a setof symboloccurrencesrepresentingvisual elementaryobjects,which arerelatedthrougha set

of binary relationalitems. The main featureof SR grammarsis that the derivationof a sentenceis performedby

rewriting bothsymboloccurrencesandrelationitemsby meansof simplecontext-freestylerules. Thebasicconcepts

of the SR grammarare formalizedin the following de�nitions. We will demonstrateeachconceptwith examples

from ourspecialSymbolRelationgrammar, calledCon�gG. Wewill presentCon�gG in thenext sectionbasedon the

de�nitions introducedin this section.

DEFINITION 3.1GivenanalphabetT, thesetof symboloccurrences(s-items)on T is de�ned as ���������
	 ,

whereN is thesetof naturalnumbers.For simplicity, theelement�
������� of ��� will bewrittenas ��� .

For example,thealphabetT in Con�gG includesVideoServer, Transcoder, etc.Thes-itemsin Con�gG arede�ned

as ���������! "�$#!%��&#(' , �)#+*-,/.�01�2���&#�3 , etc.

DEFINITION 3.2 Given a setR of relationsymbols,an alphabetT, andM 45��� (de�nition 3.1), a relational

item(r-item)on R andM hastheform r(X,Y), where #76�8 , �96�: , ;<6�: , and �>= �?; . ThesetL of r-itemsis

de�ned asL ��@ r(X,Y) A1#B6C8 , �D6
: , ;E6
: and �F= �G;IH .

For example,thesetR in Con�gG includes@ �, mul, mhl H (“�”, “mul”, “mhl” representsthe�x edlink, themobile

userlink andthemobilehostlink respectively). Correspondingly, ther-itemsarede�ned as:
JLK

( ���������! NMO#(�$*-PQ�R,LST3 , :VU

K

MO�W0X*�.1MW' ), P�Y

K

( �)#+*-,/.�01�2���&#(Z , [\�RMOPQ*�]L^

K

*-_`�$#+a ), etc.

Thenotionof aSymbolRelation(SR)sentencecanbenow formally de�ned basedon theDe�nition 3.1,3.2.

DEFINITION 3.3 Given a setR of relationsymbolsandan alphabetT, an SRsentenceon R andT is a pair

�b:V�dc � , whereM is a �nite nonemptysubsetof �e� (de�nition 3.1), and K is a �nite nonemptysubsetof L

(de�nition 3.2) . Moreexplicitly, thegeneralform of asentenceis

�f:V��c �g� ��@$�

3

�$hihjh �lkmHn�o@&#

3

�p;q3���r�3X�X�$hihjh #�sL�p;msL��rts���H � , where

u�vVw

�dx

vVw , �zy{67�|� , for 1 } j }

u

#

�

6C8 , for 1 } i }~x , ;

�

�Xr

�

6 M, for 1 } i }~x

For example,aCon�gG sentencehastheform asfollowing:
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��@!���������! "�&#!%`�&#+' , ���O�-���!^

K

*-_`�&#+'(H , @

JLK

( � �������! "�&#!%`�&#+' , ���������!^

K

*-_`�&#+' ) H � .

An SRgrammaris speci�edby asetof productionsthatstatehow to rewrite s-itemsandr-items.Therewrite rules

of s-itemsarecalleds-productions, andthe rewrite rulesof r-itemsarecalledr-productions. The right-handsideof

eachs-productionconsistsof anSRsentenceandther-productionsallow usto embedtherighthandsideof theapplied

s-productioninto thehostsentence.In otherwords,r-productionsreplacer-itemscontainingtherewrittens-item,with

r-itemsrelatingthenew s-itemsto existingonesin thehostsentence.Theabove ideasareformalizedin thefollowing

de�nition.

DEFINITION 3.4A SymbolRelation(SR)grammaris a6-tupleG = ( �

�

� �)�d8 �d t�d "^e�d8�^ ), where

- �

� is a �nite nonemptysetof nonterminalsymbols.

- T is a �nite nonemptysetof terminalsymbols,i.e. thealphabetin theDe�nition 3.1.

- R is a �nite setof relationsymbols,i.e. theset“R” in theDe�nition 3.2.

-  6��

� is thestartsymbol.

- SPis a �nite setof symbol-itemrewriting rules,calleds-productions, of theform
K��

;z'�� �f:V�dc � , where:
K

is anintegeruniquelylabelingthes-production;�f:V�dc � is anSRsentenceonR and �

���

� ; ;E6��

�

�d;\'B= 6

: .

- RPis a �nite setof relation-itemrewriting rules,calledr-productions, of theform

#��p;z'+� � 3X���
	

K�� �

or #��
� 3$�d;\'2�
��	

K�� �

, where:

#
6~8 ; l is the labelof ans-production; '�� � :V�dc � ; � 6 �

���

� and � 3 =6 : ;
�

=��� is a �nite setof

r-itemsof theform #���r�� �~3X� or #��
� 3$��r{� , with rV6
: .

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

r-productions;i.e.,anr-production

#��p;z'+� � 3X���
	

K�� �

h

canbe appliedonly after the symbol ;l' hasbeenrewritten usingthe s-productionwith label “l” . More precisely,

during a derivation step,a symboloccurrence��' in a sentence e3 is replacedby a sentence Z , accordingto a s-

productionof theform � '��  oZ . After ��' hasbeenrewritten, thereplacementof thesetof r-itemsinvolving ��' is

performedthroughr-productionof theform #��
� '(� ;q3X���

�

, whereQ is asetof r-itemsrelating ; 3 to s-itemsin  oZ .

Multiple occurrenceof thesamesymbolwithin asentenceis possible.Thus,they aredistinguishedby differentindex

numbers.

We concludethis sectionwith a note aboutcomplexity issues. A limit on the complexity of parsersof graph
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grammarshasbeengiven by Brandenburg in the con�uenceproperty.[5] The con�uence propertymeansthat all

grammaticalderivationsin a languageareindependentof the rewriting orderof the nonterminals.This propertyis

indispensablefor ef�cient parserssinceany orderof applicationrulesmustresultin therecognitionof thesentences

belongingto the language. The BoundarySymbolRelation(BSR)grammarhasthe con�uencepropertyand thus

a lower computationalcomplexity. An ef�cient parserhasbeengiven [14] for BSR grammars,which have the

connectivity andlimited degreeproperties.This last propertymeansthat the numberof relationsthat associateone

objectwith anotheris limited. Sinceourlegal con�gurationgraphshavetheconnectivity andlimited degreeproperties,

theCon�gG, which is usedto generateall legal con�gurationgraphs,hasthecon�uencepropertyandthusbelongsto

theBSRgrammars.

3.3.2 Con�gG SyntacticParser

Wenow introducethespecialSRgrammarCon�gG basedon thede�nition 3.4 in theprevioussection.

Con�gG = ( �

� , � , 8 ,  ,  "^ , 8�^ ), where

- �

� = @ S, SC,GWC, CC, GC, A, B, C, D, AT, BT, CT, DT H . S is the startsymbol. SC,GWC, CC andGC

representthe server, gateway, client, andgeneralcompositecomponentgroup(cluster)respectively. A, B, C andD

representtheserver, gateway, clientandgeneralcompositecomponent,respectively. AT, BT, CT andDT aretemporary

symbolsusedduringderivationto avoid ambiguity;

- � = @ AR, AP, VR, VP, RC, ..., etcH is the set of terminalsrepresentingthe atomic components,such as

AudioRecorder(AR), AudioPlayer(AP), VideoRecorder(VR), RemoteController(RC),etc;

- 8 = @ �, mul, mhl H is thesetof terminalsrepresentingdifferentlinks (�x ed link, mobileuserlink, mobilehost

link) betweencomponents;

- S is thestartsymbol;

- SPis thesetof s-productions;

- RPis thesetof r-productions.

Thecompletesetof theCon�gG productionrulesis givenin [19]. A simpleCon�gG SyntacticParseralgorithmis

givenin Figure12. The“L” representseitherFixedLink,MobileHostLinkor MobileUserLink.Now, let usconsiderthe

con�gurationgraphof theLive VideoStreamingapplication,illustratedin Figure3(b). We will show how derivation

stepsareperformedto constructtheCon�gG sentenceaccordingto thealgorithmgivenin Figure12.

Step1: Westartfrom thefollowing s-production:

4.  t'�� ��@2 "�\Z2�������\Z!��� �\Z2Hn�1@

JmK

�R "�\Z!������� Z$�X� P�Y

K

�������\Z2�d�\� Z$��H �

Westartfrom thiss-productionbecausethetop-view of theapplicationcon�gurationis theServer-Gateway-Client
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Figure12: TheCon�gG SyntacticParserAlgorithm.

model;ThederivedCon�gG sentencebecomesthefollowing:

��@2 "�

Z

�������

Z

�d�\�

Z

Hn�1@

JLK

�R o�

Z

�������

Z

�X� P
Y

K

�������

Z

��� �

Z

��H � (1)

whichcorrespondsto thecon�gurationgraphillustratedin Figure13(a).

Step2: Rewrite thenonterminals-items“  o�zZ ”, “ �����\Z ”, and“ �\�\Z ” into “ ��Z ”, “ [ Z ”, “ �\Z ” respectively using

thefollowing s-productions:

17.  "�B3 � ��@�� Z2Hn� � �

22. �����B3 � ��@�[ Z!Hn� � �

35. � �B3 � ��@��\Z2Hn� � �

Correspondingly, weneedto rewrite all ther-itemsin thesentence(1). ThederivedCon�gG sentencebecomesthe

following:

��@��

Z

��[

Z

���

Z

Hn�1@

JmK

���

Z

�d[

Z

�X� P�Y

K

�R[

Z

���

Z

��H � (2)

whichcorrespondsto Figure13(b);

Step3: Sincethereis oneatomiccomponentLiveMediaServer( �":? |Z ), weneedto rewrite thenonterminals-item

�
Z usingthefollowing s-productions:
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TC CF PF
VP

AF

SC
Server Cluster

AGWC
Gateway Cluster

CC
Gateway Cluster

CB
Server Gateway

LMS TC CF LMS

Client

C
Client

(a) (b)

(c) (d)

LMS = Live Media Streaming; TC = Transcoder; CF = ColorFilter

Figure13: Con�gG DerivationExamples.

44. ���������	��
��
�������

47. ��
��������
���������������

The r-item �( ��� , ��� ) in the sentence(2), which containsthe rewritten s-item � � , must be rewritten using the

following r-productions:

R112 !#"%$&���'�����	()�+* ,�,�-&��!."/$&��
��'�����	(��

R113 !#"%$&��
��'�����	()�+* ,10	-&��!."/$2���3���������	(��

ThederivedCon�gG sentencebecomesthefollowing:

�4�
���3�

�

���

�

��5

�

���6��!#"%$2�����

�

���

�

(7�98;:<"%$2�

�

��5

�

(�� � (3)

Next, becausethereare two atomiccomponentsTranscoder( 
�5�� ) andColorFilter ( 5>= � ), we needto rewrite the

nonterminals-item ��� usingthefollowing s-productions:

52. �
�

���4�
� 

�

�������

55. �>
������4�
� 
�?���5>= �
���6��!#"%$2� 
�����5>= �@(�� �

57. �>
�?A���B�C
�5 �
�����D� After we rewrite the relatedr-itemscorrespondingly, the derived Con�gG sentence

becomesthefollowing:

�4�
�����

�

�E
�5

�

��5>=

�

��5

�

���6��!."/$2���3�

�

�9
�5

�

(7��!#"%$F
�5

�

��5>=

�

(7�98;:G"/$25>=

�

��5

�

(��>� (4)

whichcorrespondsto Figure13(c);

Step4: we rewrite thenonterminals-items5�� into the terminalsymbols,Prefetcher(HI=�� ), AudioPlayer(��H>� ),
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Component
Application Next

Component Component

C

C.in := c.in; C.out  := c.out
(b)

Component

C

Component

CComponent
c1

c2

Component
c1 c2

c

C.in := c1.in       c2.in; C.in := c1.in; C.out := c2.out

(d)(c)

C.out := c1.out       c2.out;

in inQout Q
Output QoS
parameters

input QoSparameters

Resources

Q

(a)

RS

L V

Figure14: CategorizationandCalculationof QoSparameters.

VideoPlayer(�z^ Z ) usingthefollowing s-productions:

58. � Z � �5@�����Z2Hn� � �

61. � ��Z � �5@�^��\Z+�d����a!Hn�1@

JLK

�R^��\Z!��� ��a+H �

59.
� ��a�� �5@������(��� ���!Hn� � �

63.
� ��� � �5@2�\^ Z!Hn� � �

63. � ��� � �5@ � ^ Z2Hn� � �

Thenwerewrite therelatedr-itemscorrespondingly, thederivedsentencebecomes:

��@��o:? 

Z

� ���

Z

�d���

Z

�d^��

Z

� � ^

Z

���z^

Z

Hn�1@

JLK

� �o:? 

Z

� ���

Z

�X�

JLK

�
���

Z

�d���

Z

�X� P
Y

K

�R���

Z

�d^��

Z

�X�

JmK

�R^��

Z

� � ^

Z

�X�

JmK

�R^��

Z

���\^

Z

��H �
(5)

whichcorrespondsto Figure13(d);

All the illegal con�gurationsillustratedin Figure11 cannotbe translatedinto any Con�gG sentence.Although

Con�gG SyntacticParser could checkmany inconsistenciesin the con�guration graph,it cannot �nd all inconsis-

tencieslike mismatchedQoSparametersbetweentwo connectedcomponents.Our solutionis theCon�gG Semantic

Parser, which is introducedin thenext section.

3.3.3 Con�gG SemanticParser

First, we considera schemeof categorizingQoSparameters.For this purpose,we focuson a singleapplication

component,whichcouldbeanatomiccomponent,acompoundcomponentor acluster. Weassumethattheapplication

componentacceptsinputwith aQoSlevel
�

���

andgeneratesoutputwith aQoSlevel
�

���
	

, bothof whicharevectors

of application-level QoSparametervalues. Thevalueof anapplication-level QoSparametercouldbethemediatype

(text, image,audio,video,etc.),mediaformat (MPEG,JPEG,H261,wav, mp3), resolution(1600*1200),frame-rate

range([15,30]),or colordepth(16),etc. In orderto processinput andgenerateoutput,a speci�c amountof resources
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RSis required,which is a vectorof resourcerequirements.Figure14(a)illustratessuchcharacterizationin termsof

QoSparametersandresources.Formally, wede�ne thevectors
� ���

,
� ���
	

, andRSasfollows:

�

���

� 	 �

���

3

���

���

Z

�$hihjhi���

���

�

�

�

���
	

� 	 �

� � 	

3

���

���
	

Z

�$hihjhi���

� � 	

�

�

8� � 	 8� 

3

� 8� 

Z

�$hihjhj� 8� ��

�

(6)

Intuitively, if acomponentA is connectedto acomponentB, theoutputQoSof A (
� � � 	

� ) must“match” theinputQoS

requirementsof componentB (
� � �

� ). In orderto formally describethis QoSconsistencyrequirements,we de�ne an

inter-componentrelation“ � ”, calledSatisfy, asfollows:
� ���
	

�

�

� ���

� if andonly if

�

�d�

w

} �o}
	l��P��

�

���

�

�X����
n�

w

}�
q}
	q�RP��

�

���

�

�X���

���
	

�

y

���

� �

�

�

�Q�

J

�

� �

�

�

�W.|*\.&�R,LS

K

� %�*

K

UL���

�

���
	

�

y

4��

���

�

�

�C�

J

�

���

�

�

�W.|*�#+*n,LS`�nh (7)

TheDim(
�

� ) representsthedimensionof thevector“
�

� ”. ThesinglevalueQoSparametersincludemediatype(text,

image,video,etc.),mediaformat(JPEG,MPEG,etc.),resolution(1024*768),etc. TherangevalueQoSparameters

includethroughput([10fps,30fps]),jitter ([0,3ms]),delay([0,300ms]),lossrate([0,20%]).

Basedontheabovede�nitions, wefurtherde�ne how to calculateQoSparametervectorof acompoundcomponent

from itssubcomponents'QoSparametervectors.Wede�ne afunction“ � ” betweentwo QoSparametervectors,called

�R, M �&#n.���0XMO�O��,�� , asfollowing:
���

=
�

�

�

�

� if andonly if

 

�

�� 

�
�

 

�

�

�m�

w

}G� }f01*n#+�m�R 

�

�X�Q�

J

.

�

6
 

���

 

�

*-, ���

�

�

h MO_�]L�����

�

ynh MO_�]m�{�5.

�

���

�

�

���

�

�

�

�

�

y

�

J

.

�

6C 

���

 

�

*-, �
�

�

�

h MO_�]L�{�5.

�

���

�

�

���

�

�

�

J

.

�

6  

���

 

�

*n, ���

�

y(h MO_2]m�{�5.

�

���

�

�

���

�

y (8)

 

�

�d 

�

�d 

�

representthesetsof theQoSparametertypescontainedin
�

� ,
�

� and
���

respectively. ( For example,

 

� = @ 1 }g�o}�	l�RP��

�

�

�|A

�

�

h MO_�]L��H ). Thede�nition “card( 

�

)” representsthenumberof elementsin theset  

�

.

Wealsode�ne anew function“ � ” betweentwo QoSparametervectors,called UT, �W��, � , asfollowing:
���

=
�

�

�

�

�

if andonly if

 

�

�� 

�
�

 

�

�

�m�

w

}G� }f01*n#+�m�R 

�

�X�Q�

J

.

�

6
 

���

 

�

*-, ���

�

�

h MO_�]L�����

�

ynh MO_�]m�{�5.

�

���

�

�

���

�

�

�

�

�

y
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Table1: Semanticrulesof s-productionsfor Consistency Check

(4).  t'�� �5@2 "� Z!�������\Z!�d�\� Z!H(�&@

JmK

�R "�\Z2�������\Z$�X�

JLK

�������\Z2�d�\� Z���H �

@e "� Z h ��UTM � ����� Z ������� Z �f� � Z �d "� ' h �R,

�

�� "� Z h �R,��� "� ' h ��UTM

�

��� � Z h ��UTMXh H

(13)  "� '�� ��@2 "� Z+�d "� a!Hn� � �

@e "� '+h �R,

�

�� "�\Z!h �R, �  "� a+h �R,��d o� Z!h ��UTM

�

�� o� Z+h ��UTM �  "��a+h ��UTMXh-H

(47) ����' � ��@ ����Z+�

�

Z!Hn�1@

JmK

������Z!�

�

Z$��H �

@ ����Z!h ��UTM �

�

Z � ����'+h �R,

�

� ����Z+h �R,�� ����'+h ��UTM

�

�

�

Z+h ��UTMXh-H

�

J

.

�

6C 

���

 

�

*-, �
�

�

�

h MO_�]L�{�5.

�

���

�

�

���

�

�

�

J

.

�

6  

���

 

�

*n, ���

�

y(h MO_2]m�{�5.

�

���

�

�

���

�

y (9)

We useattribute“in” to representanapplicationcomponent's input QoSparametervector, andtheattribute“out”

to representits outputQoS.If the subgraphof the compoundcomponentis like the oneillustratedin Figure14(b),

the compoundcomponent's attributes,“in” and“out”, are the sameasthoseof its subcomponent.If the subgraph

is like theoneillustratedin Figure14(c), theattribute “in” of thecompoundcomponentis the �R, M �&#n.���0�MO�O��, � of the

two subcomponents'“in” attributes.Intuitively, it meansthattheinput QoSparametersof thecompoundcomponent

mustsatisfybothsubcomponents'inputQoSparameters,becausethestreamis sentto bothcomponents.Theattribute

“out” of the compoundcomponentis the UT, �O��, � of the two subcomponents'“out” attributes. It meansthat the

next component,connectedto this compoundcomponent,mustbe ableto handleboth subcomponents'outputQoS

parameters.If thecon�guration of thecompoundcomponentis like theoneillustratedin Figure14(d), theattribute

“in” of thecompoundcomponentis thesameasthatof its �rst subcomponent.Theattribute“out” of thecompound

componentis the sameas that of its secondsubcomponent.In order to useCon�gG SemanticParser to perform

consistency check,weassociatesemanticruleswith eachs-production(semanticrulesfor r-productionsarenotneeded

for this purpose).We alsoassignattributes“in” and“out” to eachs-itemasmentionedabove. Someexamplesof

semanticrulesfor s-productionsaregivenin table1. The�rst rule in table1 saysthatif thes-productionwith label4

is usedin a derivationstep,theoutputQoSof  "� Z mustsatisfytheinput QoSof �����zZ because o�\Z is connected

with ����� Z by aFixedLink “�(  "�zZ , ����� Z )”. Similarly, theoutputQoSof �����zZ mustalsosatisfytheinputQoS

of � �\Z . Therulealsospeci�esthattheattributes“in” and“out” of thes-item  |' arecalculatedby assigning“  "�zZ .in”

and“ � �
Z .out” to themrespectively. Theotherrulescanbeinterpretedsimilarly.

If Con�gG SyntacticParser derivesa Con�gG sentencefrom an input applicationcon�guration successfully, a

derivationtreeis generated.For example,Figure15 shows the derivation treeof the Con�gG sentence(4) for the

Live MediaStreamingapplication,illustratedin �gure 13(c). ThenCon�gG SemanticParsertraversesthederivation
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Figure15: Exampleof Con�gG DerivationTreefor theApplicationCon�gurationShown in Figure13 (c).

Table2: Semanticrulesof s-productionsfor HQML �le generation

(4)  t'�� ��@2 "� Z+������� Z!��� �\Z2H(�&@

JmK

�R "�\Z2�������\Z$�X�

JLK

�������\Z2��� �\Z$��H �

 t'(h Y �2P

K �

�

�

� �o](]m�\��,

J

�RS �

� �

AjA

�

�f "�&#!%`�&#(�

K

U .1M �$# �

� �

AiA� "� Z+h Y �2P

K

AjA

�

�

�

 "�&#!%`�&#(�

K

U .&M �&# �

� �

AjA

�

� ��*-M ���{*-_`�

K

U .&M �&# �

� �

AjA$�����\Z!h Y �2P

K

AjA

�

�

�

��*-M ���{*-_`�

K

U .1M �$# �

� �

AiA

�

�f�

K

�O�&, M �

K

U .&M �&# �

� �

AjA�� �
Z

h Y �2P

K

AjA

�

�

�

�

K

�W�&, M �

K

U .&M �&# �

� �

AiA

�

� �N��,/� �t�W.&M �

� �

AjA

�

� �t�R,/� �

� �

AiA

JmK

h Y �2P

K

AjA

�

�

�

�t�R,/� �

� �

AjA

�

� �N��,/� �

� �

AjA

JLK

h Y �2P

K

AiA

�

�

�

�t�R,/� �

� �

AiA

�

�

�

�t�R,/� �t�W.&M �

� �

AjA

�

�

�

�o]n]m�\��,

J

�pS � ”

(13)
 o�

'
� ��@2 "�

Z
�d o�

a
Hn� � �

 "� '+h Y �2P

K �

�� "�\Z!h Y �2P

K

AjA$ o��a+h Y �2P

K

treedepth-�rst to checkthe consistency (“ � ” operation)andcalculatesthe attributesfor the left-handsides-item,

accordingto thesemanticrulesassociatedwith eachs-productionusedin eachderivationstep.If any inconsistency is

found,Con�gG SemanticParserstopstraversingthederivationtreeimmediately, andsendserrormessagesbackto the

VisualHierarchical QoSEditor. Otherwise,theconsistency checkis successfulfor theinputappliationcon�guration.

A byproductof this procedureis the end-to-endapplication-level QoS input (
 '

.in) and QoS output (
 "'

.out) for

thedistributedmultimediaapplication.If we associateanotherattribute “s” with eachs-itemto representits system

resourcerequirements,theend-to-endresourcerequirementsfor a particularapplicationcon�guration couldalsobe

derivedin astraightforwardmanner.

The Con�gG SemanticParser canalsobe usedto generateHQML �le automatically. Eachs-itemor r-item is

assignedtheattribute”hqml”, which representstheHQML �le fragmentthes-itemor r-item generates.TheCon�gG

SemanticParser traversestheCon�gG derivationtreeof theCon�gG sentencefor anapplicationcon�guration with

completeandconsistentQoSspeci�cations,generatingtheHQML �le accordingto thesemanticrulesassociatedwith

eachs-or r- productionsusedin eachderivationstep.Someexamplesof thesemanticrulesfor s-productionsaregiven
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in table2, wherethesymbol” AiA ” denotesthestringconcatenationfunction.

3.4 Distrib uted QoSCompiler

Applicationdeveloperscouldspecifythesystemresourcerequirementsin theVisualHierarchicalQoSEditorusing

dialogseasilyif they know themin advance.However, it is oftendif�cult for developersto maptheapplicationlevel

QoSparametersinto thesystemresourcelevel onesdirectly. Thus,we proposetheDistributedQoSCompiler, which

is partof theQoSTalk framework andperformstheAutomaticQoSMappings, for thedeveloper, from theapplication

level QoSparametersinto the systemresourcelevel parameters.The automatictranslationis basedon two major

approaches:(1) theanalyticaltranslation; and(2) theprobingandpro�ling services.

Theanalyticaltranslationis basedon translationfunctionsbetweenapplicationlevel QoSparametersandsystem

resourceparameters.Examplesof the analyticaltranslationfunctionsfrom the applicationQoSparametersto the

transportsubsystemQoSparametersare ^

� = �
:

� / :

��� x ^

� , and [

� = ^

� x :

� where ^

� , :

� , :

� , ^

� ,

and [

� aretransportpacket rate,applicationsamplesize,transportpacketsize,applicationsamplerate,andtransport

network bandwidth,respectively. :

� and ^

� canbe framesizeandframeratespeci�ed asapplicationlevel QoS

parameters.Anotherexampleis the translationof MPEG video's QoSparametersinto CPU requirements,which is

presentedin [24].

While theanalyticaltranslationgivespreciseresourcerequirementsfor somecases,thedependenciesamongdif-

ferentQoSparameters,andthedependenciesamongmultiple systemresourcesmake anaccuratetranslationfunction

hardto be quanti�ed. To predict reasonableresourcerequirementsin thesecases,we utilize resourceprobing and

pro�ling techniqueswith theoptimisticassumptionthat theprobingresultis theminimumresourcerequirementsfor

instantiatinganapplicationcon�guration.

Theprobingandpro�ling servicesarebasedonthedistributedprobingprotocol[28] [43]. Basedontheapplication

level QoSspeci�cationsof an applicationcon�guration, theQoScompilercollaborateswith thedistributedruntime

systemsto dynamicallydownload,start,andstopanapplicationcon�guration in a distributedlightly loadedenviron-

ment. The systemresourcerequirements(e.g.,differentthresholdvalues)arediscoveredandpredictedby multiple

resourcebrokers,notablycpu,network bandwidthandpower. A hierarchicalQoSprobingalgorithmhasbeengiven

in [28].

4 HQML Executor

In this section,we introducetheHQML executormodule,which translatestheHQML speci�cationsinto desired

datastructuresandcooperateswith theQoSProxiesto provideQoSenableddistributedWebmultimediaapplications.

Figure16 illustratesthe overall architectureof the QoSenabledWeb browser, the QoSProxiesandthe underlying
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Figure16: TheQoSEnabledWebBrowerArchitecture.

OS andnetwork systems.The major stepsfor the HQML executorto carry out, during the runtimephase,arethe

following:

� Step1: TheHQML executorinterceptstheuser's requestfor thedistributedWebmultimediaapplication“X”,

his/herfocusof attentionanddesiredQoSlevel. It thencontactsthelocalQoSProxies,suchasResourceBrokers

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

� Step 2: The HQML executorforwardsthe userQoS requestswith client's resourceconditionsand also its

platform information (e.g., PDA, Laptop, or Desktopwith Windows CE, PalmOSor windows 2000) to the

Web/HQML server. TheWeb/HQML server searchestherelatedHQML �les (QoSPro�les) and�nds a setof

possibleapplicationcon�gurationsthatmatchestheuser's requestsandcouldalsobesupportedby theclient's

currentresourceavailabilities. The matchis found basedon the user level and systemresourcelevel QoS

speci�cationsin HQML �les. TheWeb/HQMLserverthensendsthoseHQML �les backto theHQML Executor

or failuremessageif nomatchcouldbefound.

� Step3: TheHQML executordisplaysall possiblechoicesto theuseraccordingto thereceivedHQML �les. The

usercouldchooseoneof themaccordingto their pricesandhis/herpreferencesfor differentserviceproviders.

ThentheHQML executortranslatesthechosenHQML speci�cation�le (Applicationlevel andsystemresource

level) into desireddatastructuresby theunderlyingQoSProxies.For example,theHQML executorretrieves

adaptationrulesandfeedstheminto theQoSadaptor; It retrievestheapplicationcon�guration,recon�guration

rulesandsendsthemto theQoScon�gurator; It mayalsogetthesystemresourcerequirementsandfeedsthem
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into different resource brokers. The resource brokers initiate resourcereservationsfor the applicationif the

underlyingOSandnetwork QoSservicesareavailable.

After theabovethreesteps,theQoSProxieswill beresponsiblefor providing theuserwith QoSenableddistributed

Webmultimediaapplications.TheQoSProxiesquerytheuserpro�le to personalizetheadaptationandrecon�guration

rules. They collaboratewith other QoS Proxiesin the distributedenvironmentto set up and maintainthe end-to-

endQoSlevel accordingto thepoliciesandrequirementsthey receive from theHQML executor. By usingHQML,

usersreceive satisfactoryQoSfrom distributedmultimediaapplicationson theWeb,within theend-to-endresource

constraints,automatically.

5 Implementation and Experiments

(a)
      
Step1: Draw Hierarchical Application Configurations& 

  Input Application Level QoS parameters and Policies  

Step3: Invoke Distributed QoS Compiler to derive the
             system resource requirements in the Editor

(c)

Step2: Consistency Check
(b)

Step4: Generate the HQML specification file  

(d)

Figure17: TheWork�o w in theVisualQoSProgrammingEnvironmentQoSTalk.

Wehaveimplementedaprototypeof QoSTalk ontopof the �(c

�

middlewaresystem.[44] TheHierarchicalVisual

QoSEditor is implementedin Java Swing. The Con�gG SyntacticParser, Con�gG SemanticParser, Distributed

QoSCompilerandHQML Executorarealsoimplementedin Java. TheQoSProxies,namelytheuni�ed middleware
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Figure18: AverageProcessingTime of QoSProgrammingPhase.

managemententities,suchas Con�gurator, Adaptor, and ResourceBrokers, are implementedas CORBA objects

andwritten in C++. The multimediaapplicationcomponentsarealso implementedasCORBA objects. Figure17

illustratesthe work�o w of building a QoS-awareVideo On Demandapplicationin QoSTalk framework. It includes

boththeoff-line programmingphaseandtheruntimeinstantiationphase.Figure18 (a) shows theaverageprocessing

time of Con�gG SyntacticParserandSemanticParserfor differentapplicationcon�gurations.Thex-axisrepresents

thenumberof components(includinglinks) containedin theapplicationcon�gurationgraphs.Theprocessingtimes

(y-axis) of both parsersincreasepolynomially with the numberof components.Figure18 (b) shows the overhead

of probing protocol in the Distributed QoS Compiler for threedifferent con�gurationsof the Video On Demand

application.
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Figure 19 shows the averageprocessingoverheadof runtime instantiationphase. It includestwo parts: (a)
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The HQML translationoverheadincreaseslinearly with the numberof components(including links) containedin

applicationcon�gurations, illustratedby Figure 19(a). (b) Runtime instantiationoverheadincludesthe dynamic

downloadingtime of componentsfrom the componentrepositoryand initialization overhead,illustratedin Figure

19(b).

6 RelatedWork

In themultimedialanguageresearchcommunity, severalnew languageshave beenproposedto addressthechal-

lengesof supportingdistributedmultimediaapplicationson the WWW. Most notablyTAOML [7], an extensionof

HTML, hasbeenintroducedto allow distributedmultimediaapplicationsto beprototypedontheWebeasily. TAOML

framework is basedon the conceptof TeleactionObject,which is a multimediaobjectwith associatedhyper-graph

structureandknowledgestructure. TAOML canalsobe translatedinto XML. But TAOML mainly focuseson the

integrationandsynchronizationissuesin prototypingdistributedmultimediaapplications.Their supportfor QoSis

limited to theQoSservicesof network subsystems.ThusTAOML cannotutilize many otheravailableQoSservices

suchasCPUreservationandschedulingservices,middlewareadaptationanddynamicrecon�gurationservices.More-

over, applicationdevelopersarerequiredto explicitly dealwith thesystemresourceQoSparameters(e.g.,bandwidth),

whichoftencannotbemappedfrom application-level QoSparameters(e.g.,framerate)straightforwardly. Thequality

of serviceis alsoconsideredin thepresentationlayerof themultimediasystems[18, 32]. In [31], authorsproposean

extensionof HTML to describethemeta-datafor usingQoSmanagementin theWWW. However, their speci�cation

languageonly provideslimited QoSsupportfor simplemultimediaapplicationsbecauseof the limitation of HTML.

Recently, researchershave proposednew formattingstandardslike XML to addressthe limitationsof HTML. XML

hasbeenusedasuserinterfacelanguage[33, 23], applicationdescriptionlanguage[13] andmany otherspeci�cation

languagesdueto its extensibilityand�e xibility. Ourwork is orthogonalandcomplementaryto theaboveapproaches,

sinceour researchfocuseson leveragingXML andall thestate-of-the-artQoStechnologyto provide accessto QoS

supportfor complex distributedmultimediaapplicationson theWWW in theheterogeneousenvironments.

In the QoSresearchcommunity, several recentworks have addressedthe problemsof QoSspeci�cationsfrom

differentdirectionsandat differentlevels,namelyuserlevel, applicationlevel andsystemresourcelevel. In INDEX

project[1], authorsaddresstheuser-level QoSspeci�cations,suchasdifferentuserpreferencesandpricemodels,in

detail.Somesystemresourcelevel QoSspeci�cationssuchasRSLby theGlobusproject[11, 16] arealsodeveloped.

However, much effort hasbeenput in how to specify QoS at the applicationlevel. In [37], a scripting language

SafeTcl is implementedto allow existing applications,written in C language,to take advantageof QoS facilities

describedby theDiffServframework. In QOS-A[40], a servicecontract-basedAPI is designedto formalizetheend-

to-endQoSrequirementsof theuserandthepotentialdegreeof servicecommitmentof theprovider. A contractis a
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C datastructure,includingall theconceivedclauses.In [15], authorsdevelopedQuAL (Quality-of-ServiceAssurance

Language),whichis aprocess-orientedprogramminglanguageandfurtherextendsC language.Althoughit is possible

to mix QoS-relatedcodeor speci�cationwith thefunctionalcode,it is highly desirableto separatethenon-functional

requirementsfrom thefunctionalrequirementssothatthetwo partscanbedevelopedandmaintainedindependently.

Moreover, all theseapproachesaretightly coupledwith C programminglanguage.Thusit is dif�cult for applications

written in otherlanguageslike Java to utilize them. TheQuality Object(QuO) framework [30, 2, 36] supportsQoS

at theCORBA objectlayerby openingup distributedobjectimplementationsto give accessto thesystemproperties

of the CORBA ORB andobjects. QuO extendsthe CORBA functional IDL (InterfaceDe�nition Language)with

a QoS DescriptionLanguage(QDL). QDL allows speci�cationsof possibleQoS states,the systemresourcesand

mechanismsfor measuringandproviding QoS,andbehavior for adaptingto changesin QoS.QML (QoSModeling

Language)[39]is anotherindependentQoS speci�cation languagefor distributed object systems(by independent,

we meanthe speci�cation languageis not coupledwith any speci�c programminglanguage). It allows usersto

specifynon-functionalaspectsof services(suchasQoSspeci�cations)separatefromtheinterfacede�nition. However,

QDL andQML doesnotconsidertheQoSspeci�cationsaboutmultiplepossiblecon�gurationsfor therecon�gurable

applications.[45] Furthermore,they doesnot provide any consistencycheck mechanismto prevent incorrectQoS

speci�cations,suchas illegal con�gurationsor mismatchedQoS requirements,from injecting into the underlying

systems.Most of all, they arenot extensibleandcannotbeusedby Webapplicationsconveniently. In Figure20,we

summarizethemainfeaturesof theQoSspeci�cationlanguagesandmultimedialanguagesintroducedabove.
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7 Conclusions

In this paper, we introducean XML-basedQoSEnablinglanguagefor the Web, calledHQML, an acronym for

“HierarchicalQoSMarkupLanguage”.HQML allows differentdistributedmultimediaapplicationsincludingall the

legacy applicationson the WWW, to utilize all kinds of availableQoStechnology(middleware,OS andnetwork).

Then,we introducea visualQoSprogrammingenvironment,calledQoSTalk, which assistsapplicationdevelopersto

createHQML �les correctlyandeasily. We proposea specialboundarysymbolrelationgrammar, calledCon�gG, to

performconsistencycheck andgenerateHQML �les automatically. Finally, weintroducethedistributedQoScompiler

to performautomaticQoSmappingsbetweendifferentlevelsandthusrelievetheapplicationdeveloperof theburdens

of dealingwith complex low level QoSspeci�cations. The future works includeextendingHQML andvisual QoS

programmingenvironmentto meetthe following challenges:(1) scalability (how do we apply HQML to complex

distributedapplicationswith a large amountof componentsandmany con�gurations; (2) extensibility (how do we

includenew QoSservices,suchassecurityandpower management,easily.) and(3) reusability(how do we apply

HQML to differenttypesof multimediaapplications.).
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A SchemaDTD for HQML

Thedocumenttypede�nition (DTD) for theinitial, minimal versionof userlevelHQML is asfollows.

� !ElEMENT App (Con�guration+) �

� !ATTLIST App nameCDATA #REQUIRED ServiceProviderCDATA #IMPLIED �

� !ELEMENT Con�guration(UserLevelQoS,QoSPreference,Price,PriceModel)�

� !ATTLIST Con�gurationid ID #REQUIRED �

� !ELEMENT UserlevelQoS(#PCDATA) �

� !ELEMENT QoSPreference(#PCDATA) �

� !ELEMENT Price(#PCDATA) �

� !ATTLIST Priceunit DATA #REQUIRED �

� !ELEMENT PriceModel(#PCDATA) �

Thedocumenttypede�nition (DTD) for theinitial, minimalversionof applicationlevelandsystemresourcelevel

HQML is as follows. Due to the pagelimit, we omittedDTD for the tagswhich have the similar structureto the

following tags.

� !ELEMENT AppCon�g (CriticalQoS,ServerCluster*,GatewayCluster*,ClientCluster*,PeerCluster*,Lin-

kList, Recon�gRuleList?,ThresholdList?)�

� !ATTLIST AppCon�g id ID #REQUIRED �

� !ElEMENT CriticalQoS(Range)�

� !ATTLIST CriticalQoStypeCDATA #REQUIRED �

� !ELEMENT Range(UpperBound,LowerBound)�

� !ATTLIST Rangeunit CDATA #REQUIRED �

� !ELEMENT UpperBound(#PCDATA) �

� !ELEMENT LowerBound(#PCDATA) �

� !ELEMENT ServerCluster(Server+,LinkList?) �

� !ELEMENT Server (HostAddr*,Hardware?,Software?,Atomic+,CPU?,Memory?,Disk?,Power?,LinkList?,

AdaptationRuleList?�

� !ATTLIST Server type(required A replacableA optional)' required' �
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� !ELEMENT HostAddr(#PCDATA) �

� !ATTLIST HostAddrtype(primary A alternative) 'alternative' �

� !ELEMENT Hardware(#PCDATA) �

� !ELEMENT software(#PCDATA) �

� !ELEMENT Atomic (name,Method*, InputQoSList,OutputQoSList,CPU?,Memory?,Disk?,Power?) �

� !ATTLIST Atomic type(required A replacableA optional)' required' �

� !ELEMENT name(#PCDATA) �

� !ELEMENT Method(param*) �

� !ATTLIST MethodnameCDATA #REQUIED �

� !ELEMENT param(#PCDATA) �

� !ATTLIST paramnameCDATA #REQUIRED lexType(int A real A booleanA enum A string)'string' �

� !ELEMENT InputQoSList(MediaObjectList,Delay?,Jitter?,LossRate?,FrameRate?,FrameSize?,...)�

� !ELEMENT MediaObjectList(MediaObject+)�

� !ELEMENT MediaObject(#PCDATA) �

� !ATTLIST MediaObjectformat(JPEG A MPEGI A MPEGII A Bitmap A wav ...) 'MPEGI' �

� !ELEMENT Delay(#PCDATA) �

� !ELEMENT Jitter(#PCDATA) �

� !ELEMENT LossRate(#PCDATA) �

� !ELEMENT LinkList (Link+) �

� !ELEMENT Link (Start,End,Throughput?,Delay?,Jitter?,LossRate?)�

� !ATTLIST Link type(FixedLink A MobileHostLink A MobileUserLink)'FixedLink' �

� !ELEMENT Start(#PCDATA) �

� !ELEMENT End(#PCDATA) �

� !ELEMENT Throughput(Average,Burstiness)�

� !ELEMENT Average(#PCDATA) �

� !ATTLIST Averageunit CDATA #REQUIRED �

� !ELEMENT AdaptationRule(Condition+,Action+,Noti�cation?, Feedback?)�

� !ELEMENT Condition(#PCDATA) �

� !ATTLIST AveragetypeCDATA #REQUIRED �

� !ELEMENT Action (Component,Method) �

� !ELEMENT Noti�cation (#PCDATA) �

� !ELEMENT Feedback(#PCDATA) �

� !ELEMENT Recon�gRule(Condition+,Recon�gAction,Noti�cation?, Feedback?)�
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� !ELEMENT Recon�gAction(#PCDATA) �

� !ELEMENT CPU(Average,Deviation) �

� !ELEMENT ThresholdList(VeryHigh?,High?,Average?,Low?,VeryLow?) �

� !ELEMENT VeryHigh(LowerBound)�

� !ATTLIST VeryHightype(Bandwidth A CPU A Memory A Disk A Power) 'Bandwidth' �
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