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Abstract

Middleware systemshave emepged in recentyearsto supportapplicationsin heterogenousind ubiquitouscomputingervironments. Speci cally, future
middlevareplatformsareexpectedo provide Quality-of-ServicQoS)supportwhichis requiredoy anew generatiorof QoS-sensitie applicationsuchasmedia
streamingande-commerceThis article presentsour key aspectof a QoS-avaremiddlevare system.First, QoSspeci cationto allow descriptionof application
behaior and QoS parametersSecondQoStranslationand compilationto translatespeci ed applicationbehaior into candidateapplicationcon gurationsfor
differentresourceconditions;Third, QoSsetupto appropriatelyseleciandinstantiatea particularcon guration; Finally, QoSadaptationto adaptto runtimeresource

uctuations. We alsoprovide a comparisorof existing QoS-avaremiddlevare systemsn thesefour aspects.
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|. INTRODUCTION

A new generationof distributed applications suchastelemedicineand e-commercepplications,are being deployed in het-
erogenougndubiquitouscomputingervironments.Theseapplicationsareexpectedto deliver adaptie andsatishctory Quality-
of-Service(QoS),in orderto be acceptedy generalusers.This posesa challengen the supportof QoSspeci cation,setup,and
enforcementor theseapplications.

In the pastdecadeyariousarchitecturesprotocols,andalgorithmshave beenproposedo addresghesechallengingissues For
example,solutionshave beenproposedor settingup andenforcingQoSin IP or ATM networks,in operatingsystem(OS)kernels,
andin applicationghemseles. While network and OS level solutionsprovide native andgenericQoSsupport,they may not be
easilyandrapidly deployed on a large scaleandfor all new applications.On the otherhand,applicationlevel solutions,suchas
adaptve or layeredvideo coding,maybe applicableonly to a certainapplicationdomain.

More recently varioussolutionsat the middlewarelayer have alsobeenpresentedwhich residebetweenapplicationsandOS
kernels. In comparisonmiddlewvare solutionsprovide more e xibility whenassistingnew applicationsn ubiquitouscomputing
ervironments. In this article, we proposeour solutionto QoS speci cation, setup,and enforcementat the middlevare layer.
Our middleware easilycooperatesvith existing solutionsat OS, network, andapplicationlevels. FurthermoregvenwhenOS or
networks are besteffort ratherthan QoS-enabledthe middleware systemcanstill assistapplicationswith QoS adaptationsOur
solutionspandrom QoSspeci cationandtranslationin the developmentphaseof anapplication,to QoS setupandadaptatiorat
runtime.We believe thatthesecapabilitiesareessentiato ary QoS-avaremiddlevaresystem.

Theremaindeof thisarticleis organizedasfollows: Sectionll present&narchitecturabverview of our QoS-avaremiddleware.
Sectionlll discusseQoSspeci cationandcompilationissues.SectiondV andV presenQoSsetupandadaptatiorapproaches.
In SectionVI, we compareexisting middlevaresolutionsin relatedwork. We concludewith lessondearnedn SectionVII.

Il. QOS-AWARE MIDDLEWARE ARCHITECTURE

Our QoS-avaremiddlevarearchitecturdavors applicationamodeledby a genericapplicationcomponentnodel In this model,
we view a collectionof interconnecte@pplicationcomponent®n a singlehostasa setof tasks,with input-outputdependencies.
Beyondasingleend-hostwe grouptheentiredistributedapplicationinto clientsandservices Thecollectionof clientsandservices
form anotherdirectedgraphrepresentinghe serviceprovider-consumerelations. This graphis calledan applicationfunctional
graph asillustratedin Figurel(a).

In fact,our QoS-avaremiddlewvareis a component-basgystemitself. Its architecturas shavn in Figure1(b), with components
atbothQoS-avareresourcananagemerandQoS-avareservicemanagemerievels. An instanceof this architecturds runningin
every end-hosin theernvironment.

QoS-awae resouce managiementconsistsof Resouce Brokers, Resouce Adaptoss and Observes. They areresponsibleor
resourcaesenation,enforcementadaptationandmonitoring. QoS-avareresourcenanagemeris built on top of individual OS
andnetwork resourcananagemerfunctions,suchastheresenationandschedulingpf CPU, disk, andnetwork bandwidth.

QoS-awae servicemanaements representedly a collectionof middlevarecomponentscollectively referredto asthe
QoSPoxy. Thedecisionsandactionsof aQoSProxyaredrivenby resourceonditionsreporteddy theunderlyingresourcananage-
mentcomponentsThede nitions of thesedecisionsandactionsareinitially injectedvia QoSspeci cationandcompilation(to be
describedn Sectionlll), andthey re ect themiddleware's capabilitiesof servicediscovery, applicationcon gurationselection/re-
selection/instantiationand coordinatedmulti-resourceallocation. It is worth noting that QoSProxiesoperateonly on the con-



/Application

QoS-aware service management

Service Configurator I QoSProxy
( @ ) r ) Resource Coordinator Component Configurator
It Services QoS-aware|resource management application-neutral control values
—

«f
host states
@‘ @ | CEEEEEE— CResource BrokeD @esource Adaptor Observer)
@ enforce resource reservations resource variations as "triggers”

\ Client y | Services ) \_ Operating systems and protocol stack Y,

(a) An Application FunctionalGraph (b) Componentén a QoS-avareMiddleware Architecture

Fig. 1. QoS-avareMiddlewareArchitecture:An Overvienv

trol/managemenplaneof anapplication,not on its dataplane. Therefore they do not hinderthe processingandtransmissiorof
theapplicationdata.

For anapplication the QoS-avaremiddlevareprovidessupportspanningrom its developmeniphaseo its runtimephase.

During the developmentphase(Sectionlll), the applicationdeveloperspeci es QoS parameterspossiblecon gurationsand
applicableenvironmentsof anapplication. The speci cationsarethentranslatedy the QoScompiler, a companiordevelopment
tool of the middleware (not shawvn in Figure 1(b)), into internalrepresentationsyhich will be injectedinto the middlewareand
usedatruntime.

Duringtheruntimephasethe QoS-avaremiddlevareperformsQoSsetupandadaptatiorfor theapplication.QoSsetup(Section
IV) takesplaceright beforethe executionof the application while QoSadaptation(SectionV) is triggeredduringthe application
executionby resourceuctuation, usermobility, andchangeof userpreference.

I1l. APPLICATION DEVELOPMENT PHASE
A. QoSSpeci cation

During applicationdevelopmentphase an applicationdeveloperprovides QoSspeci cation aboutthe targetapplication. The
format of QoS speci cationvariesin differentQoS-avare middleware systems.For example,in QoSME[1], QoSis described
via a Quality of ServiceAssuranca.anguaggQUAL); in Agilos [2], QoSis de ned via rulesandmembershigunctions;while in
Q-RAM [3], QoSis representedly resourcautility functions.However, QoSspeci cationssharethe following characteristics(1)
they areapplication-speci cy(2) their formatsaretailoredfor thetargetedapplicationdomains and(3) they needtranslationgrom
theoriginal application-leel notationsnto the system-lgel QoS parameterandrepresentations.

For QoSspeci cationof applicationsn ubiquitouservironmentswe adopta representatiowhich includes:(1) anapplication
descriptiondetailingthe setof participatingapplicationcomponentsthe applicationQoSparameterandlevels,andthe mapping
functionfrom userpercevedQoSlevelsto theapplicationQoSlevels,(2) applicationadaptationpoliciesindicatingwhenandhow
theapplicationshouldadaptto changingernvironmentsandresourceconditions(to bedetailedin SectionV), and(3) anapplication
statetemplatede ning the necessanrgtateinformationwith which the applicationexecutioncanproperlypauseandresume.For
example,the application statetemplateof a mediastreamingapplicationmay be speci ed asits currentvideo and audio frame
numbes. Our middlewaresupportsa companionQoSprogrammingervironmentwhich helpsdevelopersconformto sucha QoS
speci cationformat.

B. QoSCompilation

After acceptingthe QoS speci cation of an application,the QoScompilertranslateghe speci cationinto a QoSpro le. The
QoSpro le senesasbotha “contract'anda “script' to befollowedby the QoS-avaremiddlevareat runtime. QoScompilationis
analogougo programcompilation: the applicationsourcecodeis translatednto an objectcodeby the languagecompiler, sothat
atruntime,the objectcodewill be executedby the runtimesupportsystem.Similarly, QoSpro le — the “objectcode’ generated



by the QoScompiler, will be executed’by the QoS-avaremiddlevaresystentor thesetup delivery, andadaptatiorof application
QoS.

With QoSspeci cationasthe “sourcecode’, QoScompilationproceedsasfollows (moredetailscanbefoundin [4]):

Step 1: QoS compiler translateghe QoS speci cation into a set of application functional graphs Each graph containsa
differentsetof applicationcomponentstepresenting possiblecon guration of theapplication.In ubiquitousandheterogeneous
ervironmentsit is desirabldor anapplicationto have multiple con gurations,eachsuitedfor adifferentQoSrequirementyesource
condition,or physicalernvironmentof users.

Step2: QoScompilerassociatesachapplicationfunctionalgraphwith appropriatesystenservicecomponents— components
which performdomain-speci cbut application-independefiinctions,suchas CPU monitors,buffers, or RTP-basedendersand
recevers.Step2 canbeseenasare nementof theapplicationfunctionalgraphsgeneratedh Stepl.

Step 3: QoS compilerderivesthe end-to-endresourceassignmento applicationcomponentsn eachapplicationfunctional
graph,i.e. eachapplicationcon guration. This is doneby eitheranalyticalresourcecalculationor experimentakesourceprobing.
Our QoScompileronly determineshe minimumend-to-endesourceassignmentor eachcon guration of theapplication.

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

IV. RUNTIME PHASE: QOS SETUP

After QoScompilation,the applicationis readyfor deployment: the applicationcomponentsvill be installedin the senersor
clientsof this application;the QoS-avaremiddlevarerunsin eachhostin the ervironment;andtheresultof QoScompilation—
QoSpro le, will rst bestoredin the QoSProxyof the applicationsener. At runtime,partsof the QoSpro le will bedownloaded
to the QoSProxyof eachclient, aswill bedescribedshortly.

In this section,we presentthe runtime QoS setupperformedby the QoS-avare middlevare. QoS setupbegins whena user
startsanapplicationwith a certainQoSrequirementandendswhenthe applicationbeginsto execute.The entitiesinvolvedin this
phaseareshavn in Figure2. During QoS setup,the middlewvarecustomizeghe applicationby selectingone of the pre-speci ed
con gurations. The selectionis drivenby theusers QoSrequirementaindcurrentend-to-endesourcecondition.

A. QoSSetupProtocol

Major stepsin QoSsetupincludeservicediscorery, applicationcon guration selectionandresourceallocation. In addition,if
theuseris mobile,QoSsetupalsoperformsapplication-level handof whenthe userslocationor physicalervironmentchanges.
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Step 1 (Sewvice Discovery): Theusers requestoesnot have to designatehelocationof the correspondingpplicationsener.

Insteadtheuserspeci esadescriptive servicequery, includingthe QoSrequirementThequerywill thenbesubmittedo a Service
Discovery Systemwhichis a publicinfrastructurakervice(lik e the DNS) responsibldor discoveringthe sener of anapplication.
Fromausers point of view, the ServiceDiscovery Systemacceptsa servicequery andreturnsservicehandlesof a setof quali ed
seners.Looking into the ServiceDiscovery Systemjt consistof threetypesof entities: User Agent(UA), DirectoryAgent(DA),
and ServiceAgent (SA). As part of the QoSProxiesthe UAs and SAsrun in clientsandin seners, respectiely. The DAs are
logically independenbrokersbetweenJAs andSAs. A UA interceptsa users servicequeryandsubmitsit to the DA. Meanwhile,
anSA sendsa servicehandleon behalfof the senerto the DA. Uponreceving a servicequeryfrom a UA, the DA pulls out every
quali ed servicehandlethatsatis esthe query If therearemultiple quali ed servicehandlesgitherthe DA or the UA will make
a choiceamongthem. Examplesof ServiceDiscovery Systemsncludethe IETF ServiceLocationProtocol(SLP)[5], Jini by Sun
Microsystemg6], andBerkeley's ServiceDiscovery Service(SDS)[7].
QoS-avarenesss alsoanimportantrequiremenfor a ServiceDiscovery System. It requiresthat a discoreredsener be ableto
deliver satishctoryQoSto the queryingclient. To make a ServiceDiscovery SystemQoS-avare,thereexist bothsener-basedand
client-basedhpproachesthe formerinvolvesthe reportingof currentsener performancestatusby the SA to the DA; while the
latterleverageshe client feedbacksaboutrecentlypercevedapplicationQoSfrom the UA backto the DA [8]. The DA will then
usethesenerreportor QoSfeedbacko make QoS-avaresener selectiongor upcomingservicequeries.

Step2 (Application Con guration Selection): After the applicationsener hasbeendiscovered,the next stepis to customize,
or to con gure the application. In ubiquitouservironments,the end-to-endresourceconditionsobsened by clients are highly
heterogeneousFor example, the sener load or end-to-endnetwork bandwidthmay uctuate, and different clients may have
differentprocessingapabilities.Thereforejt is desirablehata ubiquitousapplicationdoesnot executein a singleform. Instead,
differentcon gurationswill be selectedlynamicallyunderdifferentend-to-endesourceconditions.

Application con guration selectionis basedon both the user QoS requirementand the QoS pro le generatediuring the QoS
compilation. First, the currentend-to-endresourceconditionis collectedby queryingthe ResourceBrokers (RBs) in the client
andin thesener. Secondthe sener-sideQoSProxycompareshe currentresourceconditionwith theresourceassignmenof each
candidateapplicationcon gurationin the QoSpro le. Thecon gurationis thenselectecasthe onewhoseresourceassignment
is satis ed by the currentresourcecondition,andwhoseresultantend-to-endQoSis equalto or betterthanthe QoSrequirement
speci edbytheuser If nocandidateon gurationis ableto delivertherequiredQoS theusemaybenoti ed, andthecon guration
thatdeliversthe bestpossibleend-to-endQoSunderthe currentresourceconditionmay be selected.

In aselectedhpplicationcon guration,theremaybeapplicationcomponentshatrun on someauxiliary applicationseners. These
componentperform QoS customizatiorunderthe resourceconditionthat this con guration targets. Locationsof the auxiliary
applicationsenersalsohave to bediscovered. Thisis againperformedby queryingthe ServiceDiscovery System.

Step 3 (Resource Allocation): After the applicationcon guration hasbeenselected andthe location of every participating
senerdiscovered thenext stepis to make multi-resourcallocation.First,anend-to-endillocationplanwill begeneratedccording
to the end-to-endresourceassignmengivenin the QoSpro le. Secondthe end-to-endallocationplanwill be fragmentedand
dispatchedo the QoSProxiesunningonthesener (locally), theclient, andtheauxiliary sener(s)— if ary. Third, afterreceving
the correspondingegmentof the end-to-endesourceallocationplan,the QoSProxyrunningon thathostwill furtherdispatchthe
planto thelocal RBs. Finally, the RBswill make theactualallocations.

Step4 (QoSpro le downloading): The client-sideQoSProxywill downloadthe following two partsof the QoSpro le from
the sener-side QoSProxy:applicationadaptationpoliciesandapplicationstatetemplate Applicationadaptationpoliciesarefor
QoSadaptatior(SectionV), while applicationstatetemplates for the supportof application-leel mobility.

Whenthe four stepsare completedthe QoSProxyon eachhostwill startthe local applicationcomponent(s)nvolved in the
selectedton guration. The executionof the applicationwill thenbegin.

B. Application-levelMobility Support

In ubiquitouservironments the mobility of usersshouldbe treatedasa normalcaseinsteadof asan exception. This requires
that the QoS setupalsoincorporatesupportfor usermobility, asillustratedin Figure3. A usermay startan application,and
thenmove to anotherdocation. The usermay move with the sameclient machinewith 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 intermediateexecutionstatehasto be restored;and its client machineas well as the
correspondingpplicationcon guration may have to bere-determinedThe reasorfor a possiblechangeof client machineis the
users changingphysicalernvironment. For example,a userat homeusesa desktopPCto view anon-line musicvideo. However,
whenhe/shegetsinto a car, the samemusicwill be deliveredin audio-onlyform to the soundsystemcontrolledby an on-board
computer Sucha scenaridnvolving usermobility andapplicationcontinuityis calledapplication-level hand-of.

Mechanismgo supportapplication-l&el handof needto be incorporatednto the QoSsetupprotocol. First, the deploymentof
a User Tradking Systems necessarylt keepstrack of users,andmaintainsinformationabouteachuser includingthe users ID,
carry-ondevice(s),andcurrentlocation. Secondthefollowing additionalstepsareperformedduring QoSsetupfor amobile user

lwe usethesetermsin accordancevith the IETF Servicel ocationProtocolspeci cation[5].



User moves.

1 User Tracking Systeft
I

C: Application Component  Inside User Tracking System:
RB: Resource Broker o L

Fig. 3. UserMobility andApplication-Level Handof

Whentheuserarrivesatanew location,the UserTrackingSystenis invokedto recognizehe user andto updateandretrieve the
correspondingiserinformation. Contactwith the UserTrackingSystemcaneitherbeinitiated manuallyby the user(for example,
via userlog on), or betriggeredautomaticallyby anactive userdetectiordevice— for example,eachusercouldcarryanintelligent
badgewhichis capableof automatichand-sha&with a computerbasedon the computers proximity to theuser

A pausingapplicationstartedearlierby thisuserdoesnothaveto berequeste@gain.instead QoSsetupcanresumats execution
automatically First, the usualstepsof QoSsetupwill be performed jncluding servicediscorery (which maybe necessarglueto
theuserslocationchange)applicationcon guration (re)selectionandresourceallocation.

Then theintermediatexecutionstateof theapplicatiorwill beretrievedandrestoredy theclient-sideQoSProxy Theexecution
statecanberetrievedeitheraspartof the userinformationfrom the UserTrackingSystem or from the users carry-ondevice, the
onethattheuseralwayscarrieswith him/hersuchasa PDA. However, this requireshatthe statebe capturedvhentheusermoves
away from the previouslocation. To do this, whenthe usermovesaway, the QoSProxyof the previousclient takesa “snapshotof
the applicationexecution,accordingto the downloadedapplicationstatetemplate(recall Step4 in SectionlV-A). The snapshot,
which containsnecessargtateinformationto properlyresumethe application,is thensentto eitherthe UserTrackingSystemor
theusers carry-ondevice.

V. RUNTIME PHASE: QOS ADAPTATION

At runtime, after QoS setup,the QoS-avare middlevare may perform QoS adaptatiorduring the executionof an application.
Recallthatin Sectionlll, theend-to-endesourceassignmentor eachapplicationcon gurationis the minimumassignmenthased
onthelowestacceptabl®oSdeliveredby this con guration. Thereforeduringtheexecution thedeliveredapplicationQoSshould
be dynamicallyadjustedaccordingto the actual resourceavailability. In a worsecase the environmentmight not even support
resourcaesenations.In bothcasesruntimeQoSadaptatioris necessary

QoSadaptatiortakes placeat both resourcemanagemenand servicemanagemenevels. At resourcananagemenievel, Re-
sourceObsenersand Adaptorsperformapplication-neutrahdaptation At servicemanagemenevel, QoSProxieperformadap-
tation on applicationcomponent@ndcon gurations,basedon applicationadaptationpolicies a partof the QoSpro le (Section
). An integratedmodelof all adaptationss shovnin Figure4 asa controlloop.
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A. QoSAdaptationby Resouce Adaptois

Resourceéddaptorsareneutralto applicationsandspeci c to resourceaypes,suchasCPU andnetwork bandwidth.A Resource
Adaptorcontrolsall concurrentapplicationssharingthe sameresourcan an endhost. It reactsto resourceuctuation by fairly
re-allocatingthe availableresourceo the sharingapplicationsandnotifying themof the changes Eachapplication,in turn, will
adapttherate,volume,or delity of its applicationdataaccordingto the resourceallocationchanges.Notice thatin this type of
QoSadaptationpnly applicationdataareadaptedyhile theapplicationcon gurationremainsunchanged.

B. QoSAdaptationby Componen€on gurators

As part of the QoSProxya ComponentCon gurator performsQoSadaptatiorat a higherlevel. This type of QoSadaptation
involvesthereplacementgeletion,or additionof applicationcomponent(sin theapplicationcon guration. Actionsof Component
Con guratorsarede ned in the application adaptationpolicies (part of the QoSpro le). The policiesare basedon the Fuzzy
Contol Model[2]. Theadoptionof fuzzy logic is justi ed by the obsenationthatmultiple recon gurationandparametetuning
optionsspandifferentdomains,andthatthe controllableregionsandvariableswithin the applicationarediscreteand non-linear
In sucha scenariofuzzy logic allows the speci cationof sucha decision-makingprocesswith a smallnumberof fuzzyrules The
non-linearityof thefuzzy controllernaturallymatcheghe complexities broughtby having multiple adaptatiorchoices.

The Fuzzy Control Model utilizes fuzzy logic to expressapplication adaptationpolicies asa con gurable rule base which
“fuels' agenericfuzzyinferenceengineto derive the exactcontroldecisions.It containstwo parts:linguistic rules consistingof a
setof linguistic variablesandvaluesandmembeshipfunctionsfor linguistic values.A typical linguistic rule is:

if (cpu is high) and (rate is low) then rateaction ;= activate_encoder;
Sucharule speci esthatif the CPU AdaptorallocatesCPU in high amountbut the BandwidthAdaptorallocatesbandwidthin
low rate,thenrecon gurethe applicationto activatethe videoencodempplicationcomponentA typical membershigunctionfor
a linguistic valuesuchashigh canbe expressedvith four deterministicpoints of ary trapezoid-shapethembershigunctions,
dependingnadaptatiomequirementsTheoutputof thefunctionisin therangeof [0, 1], representinghepossibilitythatadaptation
shouldhappen.

The application-neutrabutput of the ResourceAdaptorsis pipedinto the ComponentCon gurator, fuzzi ed asinput to the
inferenceenginebasenits rulebase Any outputfrom theinferenceengines thentheQoSadaptatiordecisiorfor theapplication.
For example,in Figure5(a), the application-neutrabutputof the BandwidthAdaptormay be "decreasenew bandwidthresouce
requestso z', andthe outputof the Componenton guratormaybe "activatethevideoencode.261".

C. QoSAdaptationby ServiceCon gurators

As partof the QoSProxythe ServiceCon gurator performsQoSadaptatiorin an end-to-endashion,removing the limitation
that QoS adaptationcan only be performedin a single endhost. More speci cally, the ServiceCon gurator is ableto change
the applicationcon guration selectedduring the QoS setupphase(SectionlV). For example,in Omnitrack, a distributedvisual
trackingapplication[2], whenthe end-to-endandwidthbecomesinacceptablyow, the ServiceCon guratorwill decidethatthe
bestQoSadaptatioris to switchto anothewideocamerasener with alow-bit-ratevideocodec.

Internally;, the ServiceCon gurator maintainsa statetablefor eachof the clientsandseners,aswell asanapplicationfunctional
graphrepresentinghe currently selectedapplicationcon guration (asshown in Figure 5(b)). If a re-con gurationoccurs,the
graphwill be updatedcorrespondingly The central processingmodulemalesthe QoS adaptationdecisions. We againadopt
the fuzzy logic basedfuzzyinferenceenginefor the purposeof processingnput statesfrom hostsandgeneratingan application
re-con gurationdecision. As in the ComponentCon gurator, suchaninferenceprocesss alsobasedon applicationadaptation
policies(partof the QoSpro le) expressedisarule base andon statesof individual hostsin the applicationfunctionalgraph.In
the Omnitrack example,arule in therule basecanbe:

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 dynamicallygeneratedralue derived from the stateof a particularclient and sener,
includingtheactualangleof theclient'sdesiredview, theview thatthe seneroffers,andthedifferencebetweerthem.Ontheother
hand,server _load istheobsenedCPUloadonasener. Thebettera sener matcheshis criteria, the higherthe rankingof a
senerwill have. The highestrankedsener shouldbe selectedo sene the client, thereforethe applicationcon gurationinvolving
this senerwill beselectedandinstantiated.

V1. COMPARISON OF QOS-AWARE MIDDLEWARE SYSTEMS

Figure 6 providesa comparisorof existing QoS-avare middleware systems:2K © [9], Agilos [2], QoSservicesin CORBA,
TAO [10], QuO [11], QoSME[1], Had and Bochmanns QoS managemenframenork [12], and Q-RAM [3]. We compare
thesesystemsin the following aspects:QoS speci cation, QoStranslation,supportedapplications, QoS enforcementand QoS
adaptation.

VII. CONCLUSION

QoS-avare middleware systemshave emegedto assista new spectrumof applicationsthat requireQoSin heterogenouand
ubiquitouscomputingernvironments. In this article, we have shavn that using an applicationcomponentmodel, it is possible
to provide end-to-endapplicationQoSvia QoS-avaremiddlenvaresystemspy (1) generatingappropriatéQoSspeci cations;(2)
translatingandcompilingmultiple applicationcon gurationsfor thesameapplicationto berunin heterogeneousnvironmentsy3)
selectinganappropriatecon guration anddiscoveringthe participatingapplicationcomponentsand(4) adaptingQoSat multiple
levelsandwith differentgranularitiesn caseof QoSdegradations.

Ourown experiencesvith QoS-avaremiddlewaresystemssuchas2 K © andAgilos, provideduswith severallessonsFirst, it is
dif cult to designa uniform QoSspeci cationlanguageo allow for QoSdescriptionin differentapplicationdomainsandfurther
researchis needed. Second,QoS compilationsmay require applicationcodeinstrumentationand hencedeveloperawareness,
becausaotall translationdrom applicationQoSto resourceassignmentanbe automatedThird, theresource-leel QoSsupport
via ResourceéBrokers,suchasCPUandBandwidthBrokers,arehighly desirablefor the provision of end-to-endapplicationQoS.
A middlewaresystenmcandeliver muchbetterend-to-endQoS,if it collaboratesvith theunderlyingOSandnetwork QoSsupport.
Finally, QoSadaptatiorcapabilityis necessaryn middlewaresystemsgspeciallyif they areto assistapplicationson top of best
effort OSandnetworks.

Overall, the resultsfrom our currentdevelopmentof QoS-avare middleware systemsare encouraging.We believe that such
middlewarewill becomean integral constituentof the applicationenablingplatform for emeging ubiquitousand heterogeneous
ervironments.
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