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Abstract

Middleware systemshave emerged in recentyearsto supportapplicationsin heterogenousand ubiquitouscomputingenvironments. Speci�cally, future
middlewareplatformsareexpectedto provideQuality-of-Service(QoS)support,whichis requiredby anew generationof QoS-sensitive applicationssuchasmedia
streamingande-commerce.This articlepresentsfour key aspectsof a QoS-awaremiddlewaresystem.First, QoSspeci�cationto allow descriptionof application
behavior andQoSparameters;Second,QoStranslationandcompilationto translatespeci�ed applicationbehavior into candidateapplicationcon�gurationsfor
differentresourceconditions;Third,QoSsetupto appropriatelyselectandinstantiateaparticularcon�guration;Finally, QoSadaptationto adaptto runtimeresource
�uctuations.Wealsoprovide acomparisonof existing QoS-awaremiddlewaresystemsin thesefour aspects.
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I . INTRODUCTION

A new generationof distributedapplications,suchas telemedicineande-commerceapplications,arebeingdeployed in het-
erogenousandubiquitouscomputingenvironments.Theseapplicationsareexpectedto deliver adaptive andsatisfactoryQuality-
of-Service(QoS),in orderto beacceptedby generalusers.This posesa challengein thesupportof QoSspeci�cation,setup,and
enforcementfor theseapplications.

In thepastdecade,variousarchitectures,protocols,andalgorithmshavebeenproposedto addressthesechallengingissues.For
example,solutionshavebeenproposedfor settingupandenforcingQoSin IP or ATM networks,in operatingsystem(OS)kernels,
andin applicationsthemselves. While network andOSlevel solutionsprovide native andgenericQoSsupport,they maynot be
easilyandrapidly deployedon a largescaleandfor all new applications.On theotherhand,applicationlevel solutions,suchas
adaptiveor layeredvideocoding,maybeapplicableonly to a certainapplicationdomain.

More recently, varioussolutionsat themiddlewarelayerhave alsobeenpresented,which residebetweenapplicationsandOS
kernels. In comparison,middlewaresolutionsprovide more�e xibility whenassistingnew applicationsin ubiquitouscomputing
environments. In this article, we proposeour solution to QoS speci�cation, setup,and enforcementat the middleware layer.
Our middlewareeasilycooperateswith existing solutionsat OS,network, andapplicationlevels. Furthermore,evenwhenOSor
networksarebesteffort ratherthanQoS-enabled,themiddlewaresystemcanstill assistapplicationswith QoSadaptations.Our
solutionspansfrom QoSspeci�cationandtranslationin thedevelopmentphaseof anapplication,to QoSsetupandadaptationat
runtime.We believethatthesecapabilitiesareessentialto any QoS-awaremiddlewaresystem.

Theremainderof thisarticleis organizedasfollows: SectionII presentsanarchitecturaloverview of ourQoS-awaremiddleware.
SectionIII discussesQoSspeci�cationandcompilationissues.SectionsIV andV presentQoSsetupandadaptationapproaches.
In SectionVI, we compareexistingmiddlewaresolutionsin relatedwork. We concludewith lessonslearnedin SectionVII.

I I . QOS-AWARE M IDDLEWARE ARCHITECTURE

OurQoS-awaremiddlewarearchitecturefavorsapplicationsmodeledby a genericapplicationcomponentmodel. In this model,
we view a collectionof interconnectedapplicationcomponentson a singlehostasa setof tasks,with input-outputdependencies.
Beyondasingleend-host,wegrouptheentiredistributedapplicationinto clientsandservices. Thecollectionof clientsandservices
form anotherdirectedgraphrepresentingtheserviceprovider-consumerrelations.This graphis calledan applicationfunctional
graph, asillustratedin Figure1(a).

In fact,ourQoS-awaremiddlewareis acomponent-basesystemitself. Its architectureis shown in Figure1(b),with components
atbothQoS-awareresourcemanagementandQoS-awareservicemanagementlevels.An instanceof thisarchitectureis runningin
everyend-hostin theenvironment.

� QoS-aware resource managementconsistsof Resource Brokers, Resource Adaptors andObservers. They areresponsiblefor
resourcereservation,enforcement,adaptation,andmonitoring. QoS-awareresourcemanagementis built on top of individual OS
andnetwork resourcemanagementfunctions,suchasthereservationandschedulingof CPU,disk,andnetwork bandwidth.

� QoS-awareservicemanagementis representedby a collectionof middlewarecomponents,collectively referredto asthe
QoSProxy. Thedecisionsandactionsof aQoSProxyaredrivenby resourceconditionsreportedby theunderlyingresourcemanage-
mentcomponents.Thede�nitions of thesedecisionsandactionsareinitially injectedvia QoSspeci�cationandcompilation(to be
describedin SectionIII), andthey re�ect themiddleware'scapabilitiesof servicediscovery, applicationcon�gurationselection/re-
selection/instantiation,andcoordinatedmulti-resourceallocation. It is worth noting that QoSProxiesoperateonly on the con-
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Fig. 1. QoS-awareMiddlewareArchitecture:An Overview

trol/managementplaneof anapplication,not on its dataplane.Therefore,they do not hindertheprocessingandtransmissionof
theapplicationdata.

For anapplication,theQoS-awaremiddlewareprovidessupportspanningfrom its developmentphaseto its runtimephase.
� During the developmentphase(SectionIII), the applicationdeveloperspeci�es QoSparameters,possiblecon�gurationsand
applicableenvironmentsof anapplication.Thespeci�cationsarethentranslatedby theQoScompiler, a companiondevelopment
tool of themiddleware(not shown in Figure1(b)), into internalrepresentations,which will be injectedinto the middlewareand
usedat runtime.

� Duringtheruntimephase,theQoS-awaremiddlewareperformsQoSsetupandadaptationfor theapplication.QoSsetup(Section
IV) takesplaceright beforetheexecutionof theapplication,while QoSadaptation(SectionV) is triggeredduringtheapplication
executionby resource�uctuation, usermobility, andchangeof userpreference.

I I I . APPLICATION DEVELOPMENT PHASE

A. QoSSpeci�cation

During applicationdevelopmentphase,an applicationdeveloperprovidesQoSspeci�cationaboutthe targetapplication. The
format of QoSspeci�cationvariesin differentQoS-awaremiddlewaresystems.For example,in QoSME[1], QoSis described
via a Quality of ServiceAssuranceLanguage(QuAL); in Agilos [2], QoSis de�ned via rulesandmembershipfunctions;while in
Q-RAM [3], QoSis representedby resourceutility functions.However, QoSspeci�cationssharethefollowing characteristics:(1)
they areapplication-speci�c;(2) their formatsaretailoredfor thetargetedapplicationdomains,and(3) they needtranslationsfrom
theoriginalapplication-level notationsinto thesystem-level QoSparametersandrepresentations.

For QoSspeci�cationof applicationsin ubiquitousenvironments,we adopta representationwhich includes:(1) anapplication
descriptiondetailingthesetof participatingapplicationcomponents,theapplicationQoSparametersandlevels,andthemapping
functionfrom user-perceivedQoSlevelsto theapplicationQoSlevels,(2) applicationadaptationpoliciesindicatingwhenandhow
theapplicationshouldadaptto changingenvironmentsandresourceconditions(to bedetailedin SectionV), and(3) anapplication
statetemplatede�ning thenecessarystateinformationwith which theapplicationexecutioncanproperlypauseandresume.For
example,the applicationstatetemplateof a mediastreamingapplicationmay be speci�ed asits currentvideo andaudioframe
numbers. Our middlewaresupportsa companionQoSprogrammingenvironmentwhich helpsdevelopersconformto sucha QoS
speci�cationformat.

B. QoSCompilation

After acceptingthe QoSspeci�cationof an application,the QoScompilertranslatesthe speci�cation into a QoSpro�le . The
QoSpro�le servesasbotha `contract'anda `script' to befollowedby theQoS-awaremiddlewareat runtime.QoScompilationis
analogousto programcompilation:theapplicationsourcecodeis translatedinto anobjectcodeby thelanguagecompiler, sothat
at runtime,theobjectcodewill beexecutedby theruntimesupportsystem.Similarly, QoSpro�le — the`objectcode'generated
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by theQoScompiler, will be`executed'by theQoS-awaremiddlewaresystemfor thesetup,delivery, andadaptationof application
QoS.

With QoSspeci�cationasthe`sourcecode',QoScompilationproceedsasfollows(moredetailscanbefoundin [4]):
� Step 1: QoS compiler translatesthe QoS speci�cation into a set of application functional graphs. Eachgraphcontainsa
differentsetof applicationcomponents,representinga possiblecon�gurationof theapplication.In ubiquitousandheterogeneous
environments,it is desirablefor anapplicationto havemultiplecon�gurations,eachsuitedfor adifferentQoSrequirement,resource
condition,or physicalenvironmentof users.

� Step2: QoScompilerassociateseachapplicationfunctionalgraphwith appropriatesystemservicecomponents— components
which performdomain-speci�cbut application-independentfunctions,suchasCPUmonitors,buffers,or RTP-basedsendersand
receivers.Step2 canbeseenasa re�nementof theapplicationfunctionalgraphsgeneratedin Step1.

� Step 3: QoS compilerderives the end-to-endresourceassignmentto applicationcomponentsin eachapplicationfunctional
graph,i.e. eachapplicationcon�guration. This is doneby eitheranalyticalresourcecalculationor experimentalresourceprobing.
OurQoScompileronly determinestheminimumend-to-endresourceassignmentfor eachcon�gurationof theapplication.

The resultantQoSpro�le consistsof threeparts: (1) candidateapplicationcon�gurationsandtheir resourceassignments,(2)
applicationadaptationpolicies, and(3) applicationstatetemplate.

IV. RUNTIME PHASE: QOS SETUP

After QoScompilation,theapplicationis readyfor deployment: theapplicationcomponentswill be installedin theserversor
clientsof this application;theQoS-awaremiddlewarerunsin eachhostin theenvironment;andtheresultof QoScompilation—
QoSpro�le, will �rst bestoredin theQoSProxyof theapplicationserver. At runtime,partsof theQoSpro�le will bedownloaded
to theQoSProxyof eachclient,aswill bedescribedshortly.

In this section,we presentthe runtimeQoSsetupperformedby the QoS-awaremiddleware. QoSsetupbegins whena user
startsanapplicationwith acertainQoSrequirement,andendswhentheapplicationbeginsto execute.Theentitiesinvolvedin this
phaseareshown in Figure2. During QoSsetup,themiddlewarecustomizestheapplicationby selectingoneof thepre-speci�ed
con�gurations.Theselectionis drivenby theuser'sQoSrequirementandcurrentend-to-endresourcecondition.

A. QoSSetupProtocol

Major stepsin QoSsetupincludeservicediscovery, applicationcon�gurationselection,andresourceallocation.In addition,if
theuseris mobile,QoSsetupalsoperformsapplication-levelhandoff whentheuser's locationor physicalenvironmentchanges.
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� Step1 (Service Discovery): Theuser's requestdoesnot have to designatethelocationof thecorrespondingapplicationserver.
Instead,theuserspeci�esadescriptiveservicequery, includingtheQoSrequirement.Thequerywill thenbesubmittedto aService
DiscoverySystem, which is a public infrastructuralservice(like theDNS) responsiblefor discoveringtheserverof anapplication.
Fromauser'spointof view, theServiceDiscoverySystemacceptsaservicequery, andreturnsservicehandlesof asetof quali�ed
servers.Looking into theServiceDiscoverySystem,it consistsof threetypesof entities:UserAgent(UA), DirectoryAgent(DA),
andServiceAgent (SA)1. As part of the QoSProxies,the UAs andSAs run in clientsandin servers,respectively. The DAs are
logically independentbrokersbetweenUAs andSAs.A UA interceptsauser'sservicequeryandsubmitsit to theDA. Meanwhile,
anSA sendsa servicehandleonbehalfof theserver to theDA. Uponreceiving a servicequeryfrom aUA, theDA pullsoutevery
quali�ed servicehandlethatsatis�esthequery. If therearemultiple quali�ed servicehandles,eithertheDA or theUA will make
a choiceamongthem.Examplesof ServiceDiscoverySystemsincludetheIETF ServiceLocationProtocol(SLP)[5], Jini by Sun
Microsystems[6], andBerkeley'sServiceDiscoveryService(SDS)[7].
QoS-awarenessis alsoan importantrequirementfor a ServiceDiscovery System.It requiresthat a discoveredserver be ableto
deliversatisfactoryQoSto thequeryingclient. To makeaServiceDiscoverySystemQoS-aware,thereexist bothserver-basedand
client-basedapproaches:the former involvesthe reportingof currentserver performancestatusby the SA to the DA; while the
latter leveragestheclient feedbacksaboutrecentlyperceivedapplicationQoSfrom theUA backto theDA [8]. TheDA will then
usetheserver reportor QoSfeedbackto makeQoS-awareserverselectionsfor upcomingservicequeries.

� Step2 (Application Con�guration Selection):After theapplicationserver hasbeendiscovered,thenext stepis to customize,
or to con�gure the application. In ubiquitousenvironments,the end-to-endresourceconditionsobserved by clientsarehighly
heterogeneous.For example,the server load or end-to-endnetwork bandwidthmay �uctuate, and different clients may have
differentprocessingcapabilities.Therefore,it is desirablethata ubiquitousapplicationdoesnot executein a singleform. Instead,
differentcon�gurationswill beselecteddynamicallyunderdifferentend-to-endresourceconditions.
Application con�guration selectionis basedon both the userQoS requirementand the QoS pro�le generatedduring the QoS
compilation. First, the currentend-to-endresourceconditionis collectedby queryingthe ResourceBrokers(RBs) in the client
andin theserver. Second,theserver-sideQoSProxycomparesthecurrentresourceconditionwith theresourceassignmentof each
candidateapplicationcon�guration in theQoSpro�le. Thecon�guration is thenselectedastheonewhoseresourceassignment
is satis�ed by thecurrentresourcecondition,andwhoseresultantend-to-endQoSis equalto or betterthantheQoSrequirement
speci�edby theuser. If nocandidatecon�gurationisabletodelivertherequiredQoS,theusermaybenoti�ed, andthecon�guration
thatdeliversthebestpossibleend-to-endQoSunderthecurrentresourceconditionmaybeselected.
In aselectedapplicationcon�guration,theremaybeapplicationcomponentsthatrunonsomeauxiliaryapplicationservers.These
componentsperformQoScustomizationunderthe resourceconditionthat this con�guration targets. Locationsof the auxiliary
applicationserversalsohave to bediscovered.This is againperformedby queryingtheServiceDiscoverySystem.

� Step 3 (Resource Allocation): After the applicationcon�guration hasbeenselected,and the locationof every participating
serverdiscovered,thenext stepis to makemulti-resourceallocation.First,anend-to-endallocationplanwill begeneratedaccording
to the end-to-endresourceassignmentgiven in the QoSpro�le. Second,the end-to-endallocationplan will be fragmentedand
dispatchedto theQoSProxiesrunningon theserver (locally), theclient,andtheauxiliaryserver(s)— if any. Third, afterreceiving
thecorrespondingsegmentof theend-to-endresourceallocationplan,theQoSProxyrunningon thathostwill furtherdispatchthe
planto thelocal RBs.Finally, theRBswill make theactualallocations.

� Step4 (QoSpro�le downloading): Theclient-sideQoSProxywill downloadthe following two partsof theQoSpro�le from
theserver-sideQoSProxy:applicationadaptationpoliciesandapplicationstatetemplate. Applicationadaptationpoliciesarefor
QoSadaptation(SectionV), while applicationstatetemplateis for thesupportof application-level mobility.

Whenthe four stepsarecompleted,the QoSProxyon eachhostwill start the local applicationcomponent(s)involved in the
selectedcon�guration. Theexecutionof theapplicationwill thenbegin.

B. Application-levelMobility Support

In ubiquitousenvironments,themobility of usersshouldbe treatedasa normalcaseinsteadof asanexception.This requires
that the QoSsetupalso incorporatessupportfor usermobility, as illustratedin Figure3. A usermay startan application,and
thenmove to anotherlocation. Theusermaymove with thesameclient machine,with no client machine,or even,with multiple
client machinessuchas laptop computer, PDA, and cellular phone. At the new location, the QoS setupmust accommodate
the continuationof the application: its intermediateexecutionstatehas to be restored;and its client machineas well as the
correspondingapplicationcon�gurationmayhave to bere-determined.Thereasonfor a possiblechangeof client machineis the
user's changingphysicalenvironment.For example,a userat homeusesa desktopPCto view anon-linemusicvideo. However,
whenhe/shegetsinto a car, thesamemusicwill bedeliveredin audio-onlyform to thesoundsystemcontrolledby anon-board
computer. Sucha scenarioinvolving usermobility andapplicationcontinuityis calledapplication-levelhand-off.

Mechanismsto supportapplication-level handoff needto beincorporatedinto theQoSsetupprotocol.First, thedeploymentof
a UserTracking Systemis necessary. It keepstrackof users,andmaintainsinformationabouteachuser, including theuser's ID,
carry-ondevice(s),andcurrentlocation.Second,thefollowing additionalstepsareperformedduringQoSsetupfor amobileuser.

�

Weusethesetermsin accordancewith theIETF ServiceLocationProtocolspeci�cation[5].
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� Whentheuserarrivesatanew location,theUserTrackingSystemis invokedto recognizetheuser, andto updateandretrievethe
correspondinguserinformation.Contactwith theUserTrackingSystemcaneitherbeinitiatedmanuallyby theuser(for example,
via userlog on),or betriggeredautomaticallyby anactiveuserdetectiondevice— for example,eachusercouldcarryanintelligent
badgewhich is capableof automatichand-shakewith acomputer, basedon thecomputer'sproximity to theuser.

� A pausingapplicationstartedearlierby thisuserdoesnothaveto berequestedagain.Instead,QoSsetupcanresumeits execution
automatically. First, theusualstepsof QoSsetupwill beperformed,includingservicediscovery (which maybenecessarydueto
theuser's locationchange),applicationcon�guration(re)selection,andresourceallocation.

� Then,theintermediateexecutionstateof theapplicationwill beretrievedandrestoredby theclient-sideQoSProxy. Theexecution
statecanberetrievedeitheraspartof theuserinformationfrom theUserTrackingSystem,or from theuser's carry-ondevice, the
onethattheuseralwayscarrieswith him/hersuchasaPDA. However, this requiresthatthestatebecapturedwhentheusermoves
away from thepreviouslocation.To do this,whentheusermovesaway, theQoSProxyof thepreviousclient takesa `snapshot'of
theapplicationexecution,accordingto thedownloadedapplicationstatetemplate(recallStep4 in SectionIV-A). Thesnapshot,
which containsnecessarystateinformationto properlyresumetheapplication,is thensentto eithertheUserTrackingSystemor
theuser's carry-ondevice.

V. RUNTIME PHASE: QOS ADAPTATION

At runtime,after QoSsetup,the QoS-awaremiddlewaremay performQoSadaptationduring theexecutionof an application.
Recallthatin SectionIII, theend-to-endresourceassignmentfor eachapplicationcon�gurationis theminimumassignment,based
onthelowestacceptableQoSdeliveredby thiscon�guration.Therefore,duringtheexecution,thedeliveredapplicationQoSshould
be dynamicallyadjustedaccordingto the actual resourceavailability. In a worsecase,the environmentmight not even support
resourcereservations.In bothcases,runtimeQoSadaptationis necessary.

QoSadaptationtakesplaceat both resourcemanagementandservicemanagementlevels. At resourcemanagementlevel, Re-
sourceObserversandAdaptorsperformapplication-neutraladaptation.At servicemanagementlevel, QoSProxiesperformadap-
tationon applicationcomponentsandcon�gurations,basedon applicationadaptationpolicies, a partof theQoSpro�le (Section
III). An integratedmodelof all adaptationsis shown in Figure4 asa controlloop.
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A. QoSAdaptationbyResourceAdaptors

ResourceAdaptorsareneutralto applicationsandspeci�c to resourcetypes,suchasCPUandnetwork bandwidth.A Resource
Adaptorcontrolsall concurrentapplicationssharingthesameresourcein an endhost. It reactsto resource�uctuation by fairly
re-allocatingtheavailableresourceto thesharingapplicationsandnotifying themof thechanges.Eachapplication,in turn, will
adaptthe rate,volume,or �delity of its applicationdataaccordingto theresourceallocationchanges.Notice that in this typeof
QoSadaptation,only applicationdataareadapted,while theapplicationcon�gurationremainsunchanged.

B. QoSAdaptationbyComponentCon�gurators

As part of theQoSProxy, a ComponentCon�gurator performsQoSadaptationat a higherlevel. This type of QoSadaptation
involvesthereplacement,deletion,or additionof applicationcomponent(s)in theapplicationcon�guration.Actionsof Component
Con�guratorsarede�ned in the applicationadaptationpolicies(part of the QoSpro�le). The policiesarebasedon the Fuzzy
Control Model [2]. Theadoptionof fuzzy logic is justi�ed by theobservationthatmultiple recon�gurationandparameter-tuning
optionsspandifferentdomains,andthat thecontrollableregionsandvariableswithin theapplicationarediscreteandnon-linear.
In sucha scenario,fuzzy logic allows thespeci�cationof sucha decision-makingprocesswith a smallnumberof fuzzyrules. The
non-linearityof thefuzzycontrollernaturallymatchesthecomplexitiesbroughtby having multiple adaptationchoices.

The FuzzyControl Model utilizes fuzzy logic to expressapplicationadaptationpoliciesasa con�gurable rule base, which
`fuels' a genericfuzzyinferenceengineto derive theexactcontroldecisions.It containstwo parts:linguistic rulesconsistingof a
setof linguistic variablesandvalues,andmembershipfunctionsfor linguisticvalues.A typical linguistic rule is:

if (cpu is high) and (rate is low) then rateaction := activate_encoder;
Sucha rule speci�es that if the CPU AdaptorallocatesCPU in high amountbut the BandwidthAdaptorallocatesbandwidthin
low rate,thenrecon�guretheapplicationto activatethevideoencoderapplicationcomponent.A typicalmembershipfunctionfor
a linguistic valuesuchashigh canbe expressedwith four deterministicpointsof any trapezoid-shapedmembershipfunctions,
dependingonadaptationrequirements.Theoutputof thefunctionis in therangeof

� �������
, representingthepossibilitythatadaptation

shouldhappen.
The application-neutraloutputof the ResourceAdaptorsis piped into the ComponentCon�gurator, fuzzi�ed as input to the

inferenceenginebasedonits rulebase.Any outputfromtheinferenceengineis thentheQoSadaptationdecisionfor theapplication.
For example,in Figure5(a), theapplication-neutraloutputof theBandwidthAdaptormaybe`decreasenew bandwidthresource
requeststo � ' , andtheoutputof theComponentCon�guratormaybe`activatethevideoencoderH.261'.

C. QoSAdaptationbyServiceCon�gurators

As partof theQoSProxy, theServiceCon�guratorperformsQoSadaptationin anend-to-endfashion,removing the limitation
that QoSadaptationcanonly be performedin a singleendhost. More speci�cally, the ServiceCon�gurator is able to change
the applicationcon�guration selectedduring theQoSsetupphase(SectionIV). For example,in Omnitrack, a distributedvisual
trackingapplication[2], whentheend-to-endbandwidthbecomesunacceptablylow, theServiceCon�guratorwill decidethatthe
bestQoSadaptationis to switchto anothervideocameraserverwith a low-bit-ratevideocodec.

Internally, theServiceCon�guratormaintainsastatetablefor eachof theclientsandservers,aswell asanapplicationfunctional
graphrepresentingthe currentlyselectedapplicationcon�guration (asshown in Figure5(b)). If a re-con�gurationoccurs,the
graphwill be updatedcorrespondingly. The central processingmodulemakes the QoS adaptationdecisions. We againadopt
the fuzzy logic basedfuzzyinferenceenginefor the purposeof processinginput statesfrom hostsandgeneratingan application
re-con�gurationdecision.As in theComponentCon�gurator, suchan inferenceprocessis alsobasedon applicationadaptation
policies(partof theQoSpro�le) expressedasa rule base, andon statesof individual hostsin theapplicationfunctionalgraph.In
theOmnitrack example,a rule in therulebasecanbe:

if (server_load is low) and (server_angle is close) then server_ranking is high;
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In this example,server angle is a dynamicallygeneratedvalue derived from the stateof a particularclient and server,
includingtheactualangleof theclient'sdesiredview, theview thattheserveroffers,andthedifferencebetweenthem.Ontheother
hand,server load is theobservedCPUloadon a server. Thebettera server matchesthis criteria,thehigherthe rankingof a
serverwill have. Thehighestrankedservershouldbeselectedto serve theclient, thereforetheapplicationcon�gurationinvolving
this serverwill beselectedandinstantiated.

VI . COMPARISON OF QOS-AWARE M IDDLEWARE SYSTEMS

Figure6 providesa comparisonof existing QoS-awaremiddlewaresystems:
�����

[9], Agilos [2], QoSservicesin CORBA,
TAO [10], QuO [11], QoSME [1], Ha�d and Bochmann's QoS managementframework [12], and Q-RAM [3]. We compare
thesesystemsin the following aspects:QoSspeci�cation,QoStranslation,supportedapplications,QoSenforcement,andQoS
adaptation.

VI I . CONCLUSION

QoS-awaremiddlewaresystemshave emergedto assista new spectrumof applicationsthat requireQoSin heterogenousand
ubiquitouscomputingenvironments. In this article, we have shown that usingan applicationcomponentmodel, it is possible
to provide end-to-endapplicationQoSvia QoS-awaremiddlewaresystems,by (1) generatingappropriateQoSspeci�cations;(2)
translatingandcompilingmultipleapplicationcon�gurationsfor thesameapplicationto berunin heterogeneousenvironments;(3)
selectinganappropriatecon�gurationanddiscoveringtheparticipatingapplicationcomponents;and(4) adaptingQoSat multiple
levelsandwith differentgranularitiesin caseof QoSdegradations.

Ourown experienceswith QoS-awaremiddlewaresystems,suchas
�����

andAgilos,provideduswith severallessons.First, it is
dif�cult to designa uniform QoSspeci�cationlanguageto allow for QoSdescriptionin differentapplicationdomains,andfurther
researchis needed.Second,QoScompilationsmay requireapplicationcodeinstrumentation,andhencedeveloperawareness,
becausenotall translationsfrom applicationQoSto resourceassignmentcanbeautomated.Third, theresource-level QoSsupport
via ResourceBrokers,suchasCPUandBandwidthBrokers,arehighly desirablefor theprovisionof end-to-endapplicationQoS.
A middlewaresystemcandelivermuchbetterend-to-endQoS,if it collaborateswith theunderlyingOSandnetwork QoSsupport.
Finally, QoSadaptationcapabilityis necessaryin middlewaresystems,especiallyif they areto assistapplicationson top of best
effort OSandnetworks.

Overall, the resultsfrom our currentdevelopmentof QoS-awaremiddlewaresystemsareencouraging.We believe that such
middlewarewill becomean integral constituentof theapplicationenablingplatform for emerging ubiquitousandheterogeneous
environments.
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