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Abstract

Currenttechnologytrendspoint towardsboth anincreasedeterogeneityn hardwareplatformsand
anincreasén themechanismsavailableto applicationgor controllinghow theseplatformsareutilized.
Thesetrendsmotivatethe designof resouce-awae distributedapplicationswhich proactizely monitor
andcontrolutilization of theunderlyingplatform,ensuringa desiredpoerformancéevel by adaptingheir
behavior to changingresourcecharacteristics.

This paperdescribesa generalframenork for enablingapplicationadaptatioron distributed plat-
forms. Theframeavork combinegprogrammespecificatiorof alternateexecutionbehaiors (configura-
tions) with automaticsupportfor decidingwhenandhowto adapt,relying extensively on two compo-
nents:(1) profile-basednodelingof applicationbehaior, automaticallygeneratedby measuringappli-
cationperformancen avirtual executionervironmentwith controllableresourceconsumptionand(2)
application-specificontinuousmonitoringof currentresourcecharacteristicsThe latter detectswhen
applicationconfigurationsieedto changewhile theformerguidesthe selectionof anew configuration.

We evaluatetheseframenork componentsisinganinteractize imagevisualizationapplication.Our
resultsdemonstratéhat startingfrom a naturalspecificationof alternateapplicationbehaiors andan
automaticallygenerategherformancelatabasegur framework permitsthe applicationto bothconfigure
itself in diversedistributedenvironmentsandadaptitself to run-timechangesn resourcecharacteristics
soasto satisfyuserpreferencesf outputquality.

1 Intr oduction

Currentday general-purposapplicationscan executeon a wide rangeof platformsranging from fast
desktopcomputersto mobile laptopsall the way to hand-heldPDAs, spanningsereral ordersof mag-

nitudein processingstorage,and communicationcapabilities. At the sametime, operatingsystemsare

providing increasecdcontrol over systemutilization throughmechanismsuchas fair-shareCPU schedul-
ing [2, 11, 13, 16]. Similarly, QoS-avarenetwork protocols[4, 20] permitcontrol over bandwidth,delay

andlossrate. Thefirst trendimplies that the performanceof a distributed applicationrunningon diverse
heterogeneouglatformsvariesdramatically both becausef differing capabilitiesof theseplatformsand

becausef competitionfor resourcesaffecting their dynamicavailability. Fortunately the secondtrend

suggests way for providing predictableperformancedespitethesevariations. Resouce-awae applica-
tions, which proactizely monitor and control utilization of the underlyingplatform, can ensurea desired
performancdevel by adaptingthemselesto changingresourcecharacteristicsFor instancea distributed

applicationcorveying a video streamfrom a sener to a client machinecanrespondo network bandwidth
reductionby compressinghe streamor selectvely droppingframes.Similarly, it canrespondo increased
sener load by tradingoff sener involvementfor increasedetwork bandwidthandclient computation.
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However, despitea thoroughunderstandingf the needfor adaptatiorat the level of individual compo-
nents(e.g.,the network-congestiorinduceddynamicresizingof the acknavledgmentwindow in the TCP
protocol),little supportis availablefor structuringsuchglobally adaptve applications.Severalresearchers
have begun to addresghis shortcoming[10, 14, 15, 17, 18]; however, mostsuchefforts placean unrea-
sonableburdenon applicationdevelopersrequiringthemto provide explicit specificatiorof bothresouce-
utilization profiles(whichresourcesreusedat which time andin whatquantity),andadaptationbehavios
(haw shouldthe applicationreactto changesn resourceallocationlevels).

This paperdescribes generalframeavork for enablingapplicationadaptatioron distributed platforms,
which reduceghe burdenon the applicationdeveloperby automatingas muchof the adaptatiorprocess
asfeasible. The developeris responsibleonly for specifyingalternateapplicationalgorithmsand config-
urations(broadly referredto as applicationtunability). The executionsystemautomaticallydetermines
both whenadaptationshouldbe performedand how the applicationmust be modified (i.e., which of its
configurationgnustbe chosen).Centralto this framevork, andthe main focusof this paper aretwo com-
ponents:(1) profile-basedmodeling of applicationbehaior, automaticallygeneratedby measuringappli-
cationperformancen avirtual executionervironmentthatenablesontrol over resourceconsumptionand
(2) application-specificcontinuous monitoring of currentresourcecharacteristicsRun-timeadaptation
is triggeredwheneer the secondcomponentietectshat the currentlyactive applicationconfigurationno
longermeetsuserpreferencesf applicationquality, andis guidedby thefirst component.

Thus, our framework articulatesa differentapplicationstructuringand executionstratgy. The pas-
sive form of theapplicationconsistsof multiple configurationandanaccompaying (automaticallygener
ated)performancelatabasef their behaior underdifferentresourceconditions. Application executionis
achieved by selectingpneamongmultiple configurationswith the active configurationdynamicallychosen
basedupona correlationof obseredresourceeharacteristicavith the performancelatabase.

This stratgy hasbeenimplementedn the contet of distributedapplicationgunningon Windows NT
platforms. Applicationtunability is specifiedusinglanguage-ieel annotationsThe performancelatabase
is constructedby samplingthe behaior of eachconfigurationin a controlledtestbedervironmentthatlever-
agesOSneutralmechanism#o limit CPU, network, andmemoryconsumptiorof generaWin32 processes.
Therun-timeernvironmentconsistof amonitoringmodulethatemplgys similarmechanism#o deteciavail-
ableresourcecharacteristicsa schedulingnodulethatusesthe databaséo selectthe next active configura-
tion, anda steeringmodulethatenforcegshe change Experimentswith a distributedinteractve imagevisu-
alizationapplicationdemonstratéhatstartingfrom anaturalspecificatiorof alternateapplicationbehaiors,
it is possibleto automaticallygeneratehe performancelatabaseMoreover, usingothercomponentsf the
framawork, theapplicationcanautomaticallyconfigureitself in diversedistributedervironmentsaswell as
adaptitself to run-timechangesn resourcecharacteristicsoasto satisfyuserpreferencesf outputquality.

Therestof this papelis organizedasfollows. Section2 introduceghenotionof tunabilityanddescribes
theinteractve visualizationapplicationusedin theremaindeiof the paper Section3 overviews the overall
adaptatiorframenork with Sectionst, 5, and6 providing detailsaboutspecifyingalternateconfigurations,
modelingapplicationbehaior usingthe virtual testbed andcontrolling applicationexecutionat run time,
respectiely. Section7 describeghe useof thesecomponentgor dynamicadaptatiorof the visualization
application.Relatedwork is discussedn Section8 andwe concluden Section9.

2 Application Tunability

Applicationtunability, a notionwe initially introducedin [9, 8], refersto anapplication$ ability to trade
off resourcerequirementover several dimensionsjncluding time, quality, andresourcaype, while still
producinganoutputof adequateuality Tunableapplicationsareableto compensatéor alower allocation



in onestageof the computatiorby (1) requiringa higherallocationin anotherstage pr (2) lowering output
quality, or (3) raisingdemandor resource®f anothertype.

Applicationtunability is a characteristiof several paralleland distributed computations.The key at-
tribute is the existenceof alternateapplication configuations eachwith a differentexecutionpath and
resourceprofile. Thesemultiple resourceprofilesprovide run-timeflexibility, permittingchoiceof analter
nateconfiguratiorbettersuitedto matchinguserpreferencegivenavailablesystenresources.

2.1 Active Visualization: A Tunable Distrib uted Application

Theactve visualizationapplication[6] is ageneral-purposelient-serer applicationfor interactvely view-

ing, attheclientside,largeimagesstoredn thesener. Activevisualizationexploits severalmulti-resolution
and progressie transmissiortechniquedo reduceclient lateng. First, imagesare storedat the sener as
waveletcoeficients[5], enablingthe constructiornof imagesat differentlevels of resolution(includingthe
original one). Second,t usesprogressie transmissionmakingit unnecessaryo fetch the entireimage
at a singletime. Baseduponan initial specificationof the highestresolutionrequiredby the client, the
sener constructa pyramidof imagesangingfrom thefinestto the coarsestesolution.The sener useghis

pyramid to transmitan areaof the imagethat correspondso the users fovea (the users focusof interest
asidentifiedby locationof the mousecursor),startingfrom the coarsestesolutionand progressingup to

theuserpreferredresolution.If theusers foveadoesnot changetheclientrequestshesenerto sendit an
incrementategion surroundinghe fovea,ensuringeventualtransmissiorof the entireimageat the highest
resolution.To furtherreduceclientlateng, theapplicationcanoptionallycompresshedatabeforeinjecting
it into the network, reducingnetwork bandwidthat the expenseof requiringdecompressioat theclient.

Active visualizationis a tunableapplicationin thatits behaior is affectedby valuesassociatedvith
parametersuchaspreferredesolutionievel andsizeof thefovealregion. In additionto reflectingdifferent
userquality preferencestheseparametersnfluencethe resourceutilization profile of the application. A
lower preferredresolutionvalue implies a smalleramountof dataprocessingandtransmissiortime, and
consequentha lower utilization of processingand network resources.The foveal region size parameter
affectsresponsienessandtotal imagetransmissioniime. Thebiggerthevalueof this parameterthelonger
the round-tripresponseaime, but the shorterit takesto receve the entireimage. In addition,the value of
the optionalcompressiomparametemwhich controlschoiceof the compressioralgorithm,impactsresource
utilization at the clientandsener nodesaswell asof the network connectiorbetweerthem.

3 Application Structuring and Adaptation Framework

Figure 1 shavs the generalframeavork for enablingapplicationadaptatioron distributed platforms. The
framevork consistf severalintegratedcomponentshat supportthreefunctions: (1) specificatiorof ap-
plication configuations (2) modelingof applicationbehavior and(3) run-timeapplicationadaptation A
detaileddescriptionof the componentss deferredto SectionsA—6; here,we focuson providing an under
standingof haw thesecomponentsvork togetherto enableadaptation.

Specifyingapplication configurations. Alternateexecutionbehaiors arespecifiedusinglanguageanno-
tations whichidentify the controlparametershatdeterminealternatepaths executionervironmentswhere
thesepathsexecute, transitionsbetweenpaths,and application-specifiquality metrics. This annotated
programis corvertedby a preprocessoiinto anexecutabldorm of theapplicationithelatterincludesappli-
cationmodulesthatmale up the differentpathsaswell assteeringandmonitoringagentshatareusedfor
run-timeadaptation.In addition,the preprocessogenerateperformancealatabaseéemplatesusedduring
themodelingof applicationbehaior.
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Figurel: GeneratiorandExecutionof TunableApplications.

Modeling application behavior. Run-timeadaptatioris guidedby modelsof the behaior of different
applicationconfigurationsinderavariety of resourceeonditions. Thesemodelsareautomaticallygenerated
by executingeachconfigurationin a virtual testbed ervironmentthat allows control over the amountof
resource$CPU,memory network) availableto theapplication.Thetestbedenableghe executionbehaior
of eachconfiguratiorto besampledat differentpointsin amultidimensionafesourcespacewithoutactually
requiring the applicationto be executedin eachof thesedifferent ervironments. The outcomeof these
controlledexecutionsis a performancanodelthat maps,for eachconfiguration the applicationinput and
resourcewvailability to applicationoutputquality. Thesemodelsarestoredn aperformancedatabaseused
duringrun-timeadaptation.

Run-time Application Adaptation. At run time, an appropriateapplicationconfigurationis chosento

satisfy user preferenceconstraints(i.e., QoS constraints) given available resourcecharacteristics.The
monitoring agent combinedwith the system-widemonitor, keepstrack of the actualportion of system
resourceswvailableto applicationprocessedJpondetectinghatuserpreferencesf applicationquality can
no longerbe satisfiedusingthe currentlyactive configuration the monitoringagentinvokesthe resource
schedulerwhich decideson analternateconfiguratiorby correlatingavailableresourcecharacteristicwvith

the modelsof configurationbehaior storedin the performancedatabase.Actual adaptationis realized
by a control messageentfrom the resourcescheduleto the steering agent causingthe latter to switch
applicationconfigurationdy appropriatelyupdatingthe control parameters.

4 SpecifyingApplication Configurations

Althoughsereralapplicationsallow flexible execution thisflexibility is oftenhiddendeepinsidethespecific
expressiorof applicationfunctionality For automaticadaptationywe needto identify thecontrolparameters
(“knobs”) thatdetermineexecutionbehaior andexplicitly specifydifferentexecutionpaths. To facilitate
this, our approachrelies uponlanguage-keel annotationgo the original applicationsourcecode, which

4



specifythe executionervironment,control parametersapplicationqualitiesandtheir measuremenhecha-
nism,tunableapplicationmodules andthe specialpointswhereconfiguratiorandreconfiguratiorcantake

effect. A detaileddescriptionof the syntaxand semanticof theseannotationsappearslsavhere[9, 8];

here weillustratetheir usagausingthe active visualizationapplication.

4.1 Tunability in Active Visualization

Figure2 shavs the specificatiorof alternateconfigurationsn theactive visualizationapplication.Although
the applicationhasboth a senersideanda client-sidecomponentin therestof this paper we restrictour
attentionto the client-sidecomponentjreatingthe sener-sidecomponenasa black-boxwhosebehaior is
entirelydeterminedy the controlmessagesentto it from theclient.

Thetop partof Figure2 shavs asimplifiedversionof theoriginal client-sidecode while the bottompart
shaws this codeannotatedvith tunability specifications.The client first establishes connectiornwith the
sener andnotifiesthelatterregardingchoiceof compressiomethod.Theclientthenretrievestheimagein
steps.In eachstep,it requests squareareadenotedoy the foveal center(z, y) andsizer up to animage
resolutionlevel I. The client decompressethe datauponreceptionandthenupdateghe display It then
checkdfor ary userinteractionwhich hasthe effect of changinghelocationandsizeof thefovealregion.

Thetunability specificatiorincludesfive kinds of annotations:

1. Contwol parametes: Thebottompartof Figure2 identifiesdR, ¢, andl asparametersyhich deter
minethe executionpathtaken by the applicationandthe behaior alongthis path.

2. Executiorervironment: The executionervironmentspecifieghe systemcomponentghostsandnet-
work links) onwhichtheapplicationexecutes Eachsystencomponenencapsulatess/eralresources
that affect applicationbehaior. For instancea hostis characterizedby its CPU, memory andnet-
work resourceswhile anetwork link is characterizetdy its bandwidth.In ourexample the execution
ervironmentconsistf two hosts,the client andthe sener. The network link betweernthemis not
explicitly includedin the executionervironmentbecausén this application Jink resourceconstraints
canbe capturedn termsof constrainton hostnetwork resources.

3. Quality metrics: TheQoS_net r i ¢ constructspecifieghe applicationoutputmetricsof interest.In
our example,thesemetricsincludethetotal datatransmissioniime (t r ansm t _t i ne), averagere-
sponsdime (r esponse _ti ne, andimageresolutionlevel (r esol ut i on). We requirethatdiffer-
entvaluesof thesamequality metriccanbecomparedvith eachother As shawn in Figure2, updates
to thesemetricsarehandledby codeseggmentscontainedwithin the QS _noni t or construct.

4. Tunablemodules:The abstractmodelof a tunableapplicationis that of a family of DAGs built up
fromindividual modules Eachmoduleis specifiedoy thet ask constructwhichspecifieghecontrol
parametersffecting moduleexecution,the environmentcomponentandresourcaypesutilized by
the module,andapplication-specifiguality metricsthat denotetaskoutputs. Application execution
pathsarespecifiedby associatingyuardexpression®f control parametergnot shawvn in the Figure)
with eachtask and specifyingintertask control flow. In this example,the entire datatransmission
taskis treatedasa singlemodulenamednodul e{l }{dR}{c}. The controlparameteré thetask
nameareevaluatedasname-alue pairswhenthetaskconstructs instantiatedat run time, andsene
asa handlefor referringto a specifictaskconfiguration.

5. Configuation Transitions: Whenresourceavailability changesthe systemreconfigureshe applica-
tion. The new configuration(indicatedby new.cont r ol ) takeseffectwhenat r ansi t i on con-
structor t ask construcis encounteredThet r ansi t i on constructtontainscodefor application-
specificactions. As shawvn in Figure 2, reconfiguratiormay requiresettingsomelocal variableor



Original program:

est abl i sh_connection();
noti fy_server _conpression_type(c);
while (r < imagesize(l)) {
r += dR
send_request(x, vy, r, |);
recv_repl y(&data);
deconpress(c, &data);
updat e_di splay(x, vy, r, |, data);
check_for _user_interaction(&, &, &, &IR);
}

cl ose_connection();

Tunable program :

control paraneters {

int dR /1 increnental fovea size
int c; /1 conpression type
int |; /1 level of image resolution
} control;
executionenv {
host client; /1 1ocal host
host server;
} env;
QSoetric {
int transmt_tine; /1 total image transm ssion tine
int response_ting; /1 maxi mum response tine of a single round
int resolution; /1 the resolution of the image
} QS;

est abl i sh_connection();
noti fy_server _conpressi ontype(control.c);

task nodul e{l }{dR}{c} [I, dR c] [client.CPU, client.network]
[QS.transmit _tinme, QoS.responsetine, QS.resolution]

‘while (r < imagesize(control.l)) {‘
QoS_monitor {t0 = clock();}

r += control.dR

send_request(x, y, r, control.l);

recv_repl y(&dat a);

deconpress(control.c, &data);

updat e_di spl ay(x, y, r, control.l, data);

check_for user_interaction(&, &y, &, &control.dR);

QoS.noni tor {
t1l = clock();
QoS.responsetine = avg(QS. responsetine, t1-t0);
QoS.transmit tine += (t1-t0);
QS.resolution = control.l;
}
transition (new.control) {
if (new_control.c !'= control.c) notify(env.server, new control.c);

t askend

cl ose_connection();

Figure2: Expressiorof applicationtunability in Active Visualization.



notifying a remotehost. Similar to tasks,the transitionconstructcanalsohave associateduardex-
pressionsthesedeterminavhetheror nottransitiondrom/to aspecifictaskconfiguratiorarepossible.

5 Modeling Application Behavior

An applicationusuallyexhibits differentbehaiors, mostnoticeablyin termsof executionduration,whenits
input or theresourceconditionsin its executionervironmentchange Explicit specification®f application
tunability enableusto developamodelof behaior for eachof theapplicationconfigurationandatrun-time
chooseaheappropriateonfiguratiorfor desirecoehaior. We modelthebehaior of atunableapplicatioras
the mappingfrom control parametergapplicationinput canbe viewed asan additionalcontrol parameter)
and resourceconditionsto application-specifiquality metrics, where eachof them constitutesa multi-
dimensionabdomain.In practiceandfor general-purposapplicationsthe interactionof thesefactorsis so
comple thatit is difficult to obtainananalyticalexpressiorcapturingtheir relationship.Consequent|ywe
useprofile-basednodelingto approximatehis mapping:for eachapplicationconfigurationwe measure¢he
achieredquality metricsfor asamplingof differentresourceonditions andinterpolatehesemeasurements
to getperformanceunesthatsummarizeconfiguratiorperformance.

As describedn Section4, languageannotationsspecify application-specificontrol parametersthe
underlyingexecutionervironment,and quality metrics. Startingfrom theseannotationsthe preprocessor
generatesonfiguratiorfiles that allows dynamicselectionof individual configurations.A driver program
executeseachconfigurationrepeatedlyin a virtual executionernvironmentfor differentlevels of allocated
resources As mentionecearlier this hasthe effect of samplingconfigurationbehaior at differentpoints
in a multidimensionaresourcedomain. For eachsuchrun, application-specifioutputquality metricsare
measurednd storedin a database A separatdool analyzeshis performancedata, performssensitvity
analysigo determineconfigurationsandregionsof theresourcespacethatrequireadditionalsamplesThe
outputof the modelingstepis a performancelatabas¢hatrecordsinformationabouta maximalsubsebf
the configurationgepresentinghe resourceprofile of this applicationt Interpolationof thesedatagives
reasonapredicationof applicationperformanceinderdifferentrun-timeconditions.

In therestof this sectionwe first describeherealizationof thevirtual “testbed”executionenvironment
thatallows profile-basednodelingof applicationbehaior, andthenpresentan exampleof suchmodeling
in the contet of the active visualizationapplication.

5.1 Virtual Execution Environment

Ourvirtual executionenvironmenteffectively createsa sandboX7] aroundanapplicationwhich constrains
applicationutilization (in termsof capacity)of systemresourcesuchasthe CPU, memory disk, andnet-
work. For thekindsof applicationghatwe areinterestedn, it is suficient for thevirtual executionerviron-
mentto ensureghataverageutilization of aresourceover atime periodis belov specifiedimits.

The sandboxis realizedat the userlevel for generalWin32 applicationsrunningon the Windowvs NT
operatingsystemusinga combinationof novel techniques.The basicideais to inject somefunctionality
into theapplicationatrun-time,usingatechniqueknown asAPI interception1, 12]. Thiscodecontinually
monitorsapplicationrequestdor operatingsystemresourcesndestimates “progress’metric (e.g.,what
fraction of the CPU sharehasthe applicationbeenreceving). Upon detectingthat the applicationhas

1Thesecaninformally be definedas configurationghat outperformotherconfigurationsunderat leastoneresourcesituation.
Additionally, configurationghat exhibit similar executionbehaior canbe meiged (with only one of thembeingstored)in the
performancelatabase.
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Figure3: (a) Dynamiccontrolof CPUshare(b) Applicationexecutionwith controlledCPUshare.

receved eithermoreor lessthanits share the injectedcodeactiely contols future applicationexecution,
relying on generallyavailableOS mechanismap ensurecompliancewith specifiedimits.

The sandboxhasbeenusedto allot a specificshareof the CPU, limit the amountof physicalmemory
usage andadjustthe network bandwidthon request.In particular for theseresourcesapplicationcontrol
involves dynamicallymanipulatingapplicationpriority (every few milliseconds)to ensurea properCPU
share,switching protectionbits of mappedpagesto ensurephysicalmemoryusagelimits, and delaying
sendingandreceving of message® ensurethatthe applicationseeghe desiredbandwidthin its network
interactions. Thesecontrolsincur very low overheadand interferencewith othersystemapplications;in
fact, we canrun several virtual machineson the samephysicalhost, without them interferingwith each
other Whenthe systemis underloaded,the virtual executionervironmentguaranteeghatthe application
will getthe exactamountof resourcessrequestedThereforejt cansene asatestbedor examiningthe
applicationbehaior asif thelatterrunsin anervironmentwith the specifiedresourcecharacteristics.

A detaileddescriptionof thetechniquesisedfor constructinghe virtual executionervironmentandits
capabilitieds reportedelsavhere[7]. Herewe areinterestedn understandingvhetherthevirtual execution
ervironmentcansene asa usefultool for modelingapplicationperformancen a (different)physicalenvi-
ronment. To do this, we measurdhe behaior of applicationson the controlledtestbed comparingit with
thaton avariety of physicalmachinesThe experimentsvereconductedn four PCs:two Pentiumll (450
MHz), onePentiumll (333MHz), andonePentiumPro(200MHz), all with 128 MB memoryandrunning
Windows NT 4.0 (servicepack5). They areconnectedy 100MbpsEthernetwith 10/100MB auto-sensing
network cardsfrom differentmanufictures ThetestbedunsonaPentiumil (450MHz) machingo emulate
lesspowerful machinesAlthoughour experimentsnvolved multiple resourcaypesandtheir combinations,
we only describeheresultsfor onekind of resourcdype,the CPU.

Figure3(a) shavs a snapshofwith addedaxes)of CPU usageof a simpletoy applicationfrom the NT
Performancévonitor. At startupthetestbeds configuredo provide the applicationwith 80% of the CPU
sharewhich changego 40% after20 secondsandto 60% CPU afteranadditional30 secondsThis figure
shaws that the applicationdoesget the CPU shareas specifiedand that its resourceusageis stableover
time, thusdemonstratinghe testbeds ability to createan executionernvironmentwheredynamicresource
availability is controlledasdesired.

Tounderstanthow applicationbehaior underthetestbedliffersfrom thatonaslowver physicalmachine,
we measurehe executiontime of this simpleapplicationon a Pentiumll (450MHz) machineandcompare
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it with the executiontimes measuredor the applicationwhen running underthe testbedconfiguredfor
variousCPU sharegangingfrom 10% to 100%. Figure3(b) plotsthe measuredimes(on the testbed)and
the expectedtimes (the executiontime measuredn the physicalmachine normalizedwith the requested
share). As the figure shavs, the application$ executiontime underthe testbedis very closeto what we
expect,with negligible differencesxceptfor the casewhentherequesis for 100% CPU share?

To seeif this resultalso holds acrossdifferent physicalmachineswe executethe applicationon a
Pentiumll (333MHz) andaPentiumPro(200MHz), comparinghemeasuredimesagainsthosemeasured
underthe testbedrunningon a Pentiumll (450 MHz). Thetestbeds configuredto provide a CPU share
thatcorrespondto theratio of processospeedgsuchsimplemodelingof the physicalmachines suficient
becauséhe applicationis atight loop runningout of registers).Figure4(a) shavs thatthe executiontimes
onthetestbedor this simpleapplicationareaboutthe sameasthaton the physicalmachines.

m Physical machine

§ 8 m Physical machine § Virtual machine
~ Virtual machine 2 200
(] [}
E 6 E 150 }
= =
S 4 =) 100 L
‘é 5

[S]
% 2 E 50 |

0 0
200 333 450
CPU speed (MHz) CPU speed (MHz)
(@) (b)

Figure4: Applicationexecutionon testbedandphysicalmachines{a) a simpleapplication(b) active visu-
alizationapplication

We next examineif the samebehaior is truefor moregeneralapplicationghatincludememory disk,
andnetwork effects. Figure 4(b) shavs the measuregerformanceof the active visualizationapplication
with the client side running underthe testbedon the Pentiumll (450 MHz) machine,and comparest
againstmeasuregerformancevhenthe clientis runningon the othertwo physicalmachinegPentiumi|
(333MHz) andPentiumPro(200MHz)). In eachcasethesenerrunsonaPentiumll (450MHz) machine
underatestbedwhich limits its network bandwidthto 1 MBps. In this case the CPUshareson thetestbed
arebasedn ratiosof the SpecInt95index for thesemachinesWe obsere thatthe executiontime on both
the physicalmachineand on the testbedis far lessthanthat obtainedby stretchingthe Pentiumlil (450
MHz) executiontime in proportionto the CPUshare Thisis expectedsinceapplicationwaitingtimes(e.g.,
for messageeception)are not affectedby the nodeCPU performancepur testbednodelssucheffectsas
accuratelyaspossible. As the figure shaws, the resultsare very similar for the emulationof the Pentium
Il (333 MHz) machine.While still good,we obsere a biggerdifference(up to 8%) for the emulationof
the PentiumPro (200 MHz). Severalfactorscontritute to this: heuristicsare usedto estimateapplication
progressthe CPU sharefor which the testbeds configuredmay not be just right for this applicationon
this machine andthe underlyinghardware may exhibit differentbehaiors (e.qg.,differentnetwork cards).
Betteremulationcanbe achieved by factoringtheseeffectsinto the testbedconfiguration.However, such
accurag may not be requiredbecausdor our purposesit suficesto have the testbedaccuratelycapture
relative performancef thedifferentconfigurationgor a particularlevel of resourceavailability.

Thus, the testbedprovides a good emulationplatform for predictingthe behaior of an application
configurationon a variety of physicalmachines.We next describeits usefor populatingthe performance

2Thisis becausef daemonsndotheruncontrollableDS activity.



databasef theactive visualizationapplication.

5.2 Performance Databasefor Active Visualization

Theapplicatiorperformancaatabasstoregrofilesof applicationbehaior, whichareautomaticallygener
atedby measuringapplicationperformancen avirtual executionenvironment.Eachrecordin thedatabase
containscontrol parametesetting, resouceconditions,and the correspondingapplicationquality. These
recordsareinterpolatedo obtainperformanceurves.

As describedn Section2, differentconfiguration®f theactive visualizationapplicationcanbeexecuted
by appropriatelymanipulatingits control parametersWe usea driver programto repeatedlyexecuteeach
of the configurationsin the testbed obtaininga mappingfrom the control parametervaluesto the output
qualitiesfor a wide rangeof resourceconditions. Here,we discussa small subsebf thesemeasurements
andtheresultingmappinggseeFigures5 and6).
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Figure5: Imagetransmissiortime (a) andresponsgime (b), for differentfoveasizesasCPUsharevaries.
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Figure6: Imagetransmissioriime, for (a) differentcompressiomethodsasnetwork bandwidthvaries,and
for (b) imagesof differentresolutionsasCPUsharevaries.

Figure5 shavs theimagetransmissiotime andaverageresponsgime of userinteractiongor different
foveasizesasthe CPU sharevaries(this corresponds$o runningthe applicationon physicalmachineswith
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differentCPU capabilities).In generalanincreasen CPU resourceseduceshoth transmissiortime and
responsdime. ldeally a userwould like thesetwo parameterso be assmall aspossible. However, they
shav oppositetrendswith foveasize. Comparingcurves for different fovea sizes,we obsere that the
larger the foveasize,the smallerthe total transmissioriime, but the larger the responseime. This implies
that simultaneoushsatisfyinguserpreferencesf transmissiortime andresponsedime requireselectinga
differentfoveasizefor differentlevelsof CPUresources.

Figure6(a)shavsimagetransmissionime for differentcompressiomethodsasthenetwork bandwidth
varies(keepingotherresourcesuchasCPUatafixedlevel). Thetwo curvesin thefigurecorrespondo two
differentcompressiomethodaisedn theactive visualizationapplication:compressio (Bzip2) tradeoff
additionalCPUresource$o achieze abettercompressiomatio thancompressiod (LZW). Althoughimage
transmissionimesdecreaswith increasedetwork bandwidthfor bothcompressiomethodsthecrosseer
betweerthetwo cunesindicateghatthereexist resourceonditionswhereonecompressiomethodshould
be preferredover another CompressioB outperformscompressio whenthe network bandwidthis low
becausdessdatais transmitted.However it is not goodwhenthe network bandwidthis high becauseghe
CPU becomeghe bottleneckthen. In this case,compressiorA shouldbe used. Therefore,adaptatiorto
varyingnetwork conditionsandCPU capabilitiesrequireschoosinganappropriatecompressiomethod.

Figure6(b) shavs the transmissionime for imagesof differentresolutionsasthe CPUresourcevaries
(keepingotherresourcesatafixedlevel). In generaladditionalCPUresourceseadto ashortertransmission
time anda low level of CPUresourcesmply alongertransmissiortime. However, transmissiortime can
be loweredby loweringthe imageresolutionimplying thatsatisfyinguserpreference$or imagetransmis-
siontime requireschoosinganimageresolutionlevel thatwill deliver therequiredtransmissiortime given
availableCPUresources.

Section7 shawvs how theseperformancealataareusedfor automaticconfigurationof this application.

6 Run-time Application Adaptation

Given a tunableapplication,an accompaying performancedatabaseanduserpreferenceconstraintsthe
run-time applicationadaptationsubsystemis responsibleor selectingan applicationconfigurationmost
suitablefor meetingthe constraintgivenavailableresourcesanddynamicallyupdatingthis selectiorasand
whenresourcevailability changesSuchconfiguratiorandadaptatiorarerealizedby interactiondbetween
threecomponents:(1) an application-speéic monitoring agent that monitorsresourcecharacteristic®f

interestto the application,(2) a resouce schedulerthat correlatesobsered resourcecharacteristicand
userpreferencesvith performancenodelsstoredin the performancelatabaseand(3) a steeringagentthat
performsthe actualreconfiguration.

Eachuserpreferenceconstraintis expressedisvaluerangeson a subsebf outputquality metricsand
is accompanieavith an objective functionto be optimized® Theseconstraintsvhenconsideredogether
with measuredesourcecharacteristicsiestrictthe suitablesetof applicationconfigurations Of these the
schedulepickstheonethatbestsatisfieghe objective function. Multiple userpreferenceonstraintcanbe
specified.The systemexaminesghemin decreasingrderof preferencein the casethatonerequestannot
be satisfieddueto inadequateesourcesthe systemattemptdulfill the next preferredconstraint.

Therestof thissectiondescribeshemonitoring theschedulingandsteeringcomponenti moredetail.

3For simplicity, we assuma relatively restrictedform of this function: maximizingor minimizing asinglequality metric.
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6.1 Monitoring Agent

The monitoringagentis automaticallygeneratedy preprocessinghe sourcecodetunability annotations.
The monitoring agent,running as an applicationmodule, continually obseres applicationactiities and

estimateghe fraction of resourceghat are available for useby the application. The motivation for such

continuousmonitoringis thata staticview of resourcecharacteristicss insuficientin sharedervironments
comprisingheterogeneougsourcesvith differentdegreesof controlover allocationof their resources.

The monitoring agentattemptsto estimatethe shorthll betweenthe level of resourcesequestedy
the applicationfrom the systemandwhatit actuallyobtained.For instance changesn available network
bandwidthcanbedetectedy observinghatamessagsendncursmoredelaythanwould beexpectedjiven
aprior measuremertdf thesame.Themonitoringagentemplo/s thesamemechanismgreviously described
in thecontet of thevirtual executionenvironmentin Sectionb, relyingon asystem-widemonitorto provide
informationaboutmaximumcapacitieof systemresource$CPU speedphysicalmemorypagesnetwork
bandwidth etc.). The monitorcomputesavailableresourcecapacitiedy comparingalloted CPUtime with
the wall clock time (factoringin periodswherethe applicationis waiting ), comparingphysicalmemory
usagewith virtual memorysize,andkeepingtrack of aggrgatenetwork traffic in a particularduration.

Themonitoringagentrunsperiodically(every 10 ms)andprocessesaw datawithin a historywindow.
Theresultis an estimateaboutresourceavailability, which is suppliedto the resourcescheduleandother
monitoringagentsin remoteinstanceof this application. Our experienceshaws that this datacollection
addsnegligible overheado applicationexecutionevenwhenperformedn very fine-grainedime slots. The
behaior of the monitoringagentis customizedo the currentlyactive configuration affecting both which
resourcesgremonitored,andwhenthe informationis communicatedo the schedulefonly whenresource
availability falls out of arange)andothermonitors.

6.2 Scheduling

Schedulindistributedapplicationgequiresplacinga setof competingapplicationseachwith multiple dis-
tributedinstancespn a collectionof interconnectednachineswith the purposeof optimizing application
andsystemperformancd17]. Schedulingunableapplicationsaddsanotherdimensionto this traditional
problem. The scheduleneedsto decidewhich alternateexecutionpath (correspondinghapplicationcon-
figuration) to choosefor a tunableapplication. While tunability doesnot reducethe compleity of the
schedulingtself, the availability of multiple applicationconfigurationsncreaseshe likelihoodthatappli-
cationuserpreferenceonstraintwill be satisfiedover arangeof resourcesituationg8, 9].

The choiceof which configuratiorto selectgiventheapplicationinput, currentresourceconditions and
userpreferencess guidedby theresourcerofilesof eachconfiguratiorstoredin the performancelatabase.
Givenour focuson mechanism$or configuringtunableapplicationswe adopta relatively straightforvard
heuristicto choosethe configuration. The measuredesourcecharacteristicandrequireduserpreferences
(expressedsallowablevaluerangeson applicationquality metrics)areusedto prunecandidateconfigura-
tions. Of the configurationghat remain,a simple multidimensionabptimizationapproachs usedto pick
the onethat bestsatisfiesthe userspecifiedobjective criterion. Whenresourceconditionsdo not fit the
recordsin the performancalatabasenterpolation(or evenextrapolation)of therepresentate datais used
to predictthe applicationperformancdi.e., valuesfor its quality metrics). If no candidateconfigurations
exist, thenext preferreduserconstrainis examined.

Two issuesmustbe addressedor realizingthe selectedschedule: (1) systemmust have enoughre-
sourcesand(2) applicationsmustnot be allowed to usemorethantheir shareof resourcesThefirst can
be solved by admissioncontrol andreseration. The secondssuerequirespolicing the applicationscon-
strainingtheir resourcaisageso that overusedoesnot happen.Both of theseissuescantake advantageof
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our resource-constraideexecutionervironment,which waspreviously usedasa testbedor automatically
generatinghe performancalatabaseSincemultiple suchexecutionervironmentscanoperateon the same
physicalmachinewith negligible overheadwe canresere a specificCPU share(aswell asnetwork band-
width andamountof physicalmemory)with simpleadmissiorcontrol. For example theapplicationcanbe
admittedif thetotal requesfor CPU shareacrossall applicationss lessthana certainthreshold.Oncead-
mitted,theresource-constrainesecutionervironmentmonitorsandcontrolsapplicationprogressassuring
applicationgherequiredresourcecapacityandsandboxinghemsothatthey do not overuseresources.

6.3 SteeringAgent

Thesteeringagents responsibldor ultimatelyswitchingapplicationconfigurationsexecutingary clean-up
codeasappropriateThesteeringagentrecevescontrolmessagesitherfrom theresourceschedulepr from
otherdistributedinstance®f theapplication.Thesemessagespecifynew valuesfor controlparameteras
well astheresourceconditionsunderwhich thesenew settingsarevalid. Uponreceving them,the steering
agentexecutescorrespondindiandlerswhich setsup the new configuration. The new settingonly takes
effectatthebeaginningof ataskboundaryor atthetransitionpointsspecifiedby thelanguagennotatior(see
Sectiord). At thesepoints,thesteeringagentsendsanacknavledgemento theresourceschedulerbecause
of guardassociatewvith theseransitionsadditionalnegotiationmayberequiredbetweerthesteeringagent
andresourcescheduleto find anappropriatesetting. This new settingremainsvalid aslong astheresource
availability satisfiegheresourceconditionsfor the choserconfiguration.Whenthe monitoringagentfinds
outthattheresourceconditionshave changedit triggerstheresourcescheduleto find anew configuration.

7 Adaptation in the Visualization Application

In this sectionwe describéhow our framevork enablegheactie visualizationapplicationadaptatruntime
to changesn availableresourcecharacteristics.

The interactie natureof the applicationimplies that both outputquality andtimelinessareof interest.
Thefirstimpliesa higherresolutionlevel for the outputimage,andthe latterimplies somecombinationof
a low responsdime andlow overall imagetransmissiortime. However, the importanceof thesequality
metricsvariesfrom situationto situation. To capturea wide rangeof usagescenarioswe describethree
experimentsgachwith unigueuserobjectives. Thefirst experimentasksfor high imagequality and mini-
mizedimagetransmissiortime. The secondexperimentemphasizeimeliness requiringthateachimage
transmissiotefinishedby arigid deadlinewhile trying to getimagesof thehighestresolution.In this case,
the underlyingsystemattemptsto maximizethe resolutionthat can be deliveredwithout violating timing
constraints.The third experimentemphasizegesponsienessrequiringthatindividual imagecomponents
be deliveredwithin someboundedime while preferringto getthe entireimageassoonaspossible.As we
shallsee theapplicationneedgo continuallymonitorresourceavailability andswitchconfigurationst run
timein orderto satisfytheseobjectvesin the presencef run-timevariationsin resourcecharacteristics.

Therestof thissectiorfirst describesheimplementatiorstatusof thegeneraframeavork andthenshavs
how theframework helpsthe active visualizationapplicationachieve the abore objectives.
7.1 Implementation Statusand Experiment Setting

At the currenttime, the virtual executiontestbed the monitoringinfrastructure andearly versionsof the
performancelatabasandresourceschedulehave beenfully implementedThepreprocessahatgenerates
the tunableversionof the applicationcomponentss underdevelopment,sothe experimentseportedhere
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rely on manuallygeneratedteeringcodefor switchingbetweendifferentapplicationconfigurations.The
performancedatabaseas populatedby running eachapplicationconfigurationunderthe virtual execution
testbedusinga simpledriver loop thatlooks up a configurationfile listing the variousapplicationconfig-
urations,their control parametersand a collection of manuallydeterminedresourcesettings. The latter
compensatefor the currentlack of a sensitvity analysistool thatcanautomaticallydrive the collectionof
performancealatain the mostrelevantregionsof a multidimensionakesourcespace.An additionallimita-
tion of the framework asit currentlyexistsis thatthe resourcescheduledoesnot do ary interpolationon
the performanceprofiles;a new configurationis selectedoy examiningdiscretepointsin the performance
databaséhatprovide the bestmatchto the measuredesourcecondition.

Thesener andclientcomponentsf the active visualizationapplicationarerun ontwo Pentiumll (450
MHz) machinesconnectedby 100 Mbps Ethernet. The performancedatabases generatedas described
earlierin Section5; a subsedf the performancerofilesusedin theexperimentgeportedhereareshavn in
Figures5 and6 in Section5. For simplicity, we restrictour attentionin theseexperimentgo variationsin
CPUandnetwork resourceskeepingmemoryresourcesit afixedlevel.

Eachexperimentemulateghe downloadingof tenimagesfrom the sener. To testthe capabilityof the
applicationto adaptto run-timevariationsin resourceconditions we vary oneof theresourcegeitherCPU
shareor network bandwidth)after a fixedtime into the experiment.For simplicity, we restrictour attention
to only theclient sideof theapplicationandvary only CPUandnetwork resourcesResourcevariationsare
enforcedby changingthe parametersf the virtual executionervironmentwithin which the client executes
forcing the latterto adaptby switchingto a differentconfiguration.Changesn applicationconfigurations
arecommunicatedo the sener componenby sendingcontrolmessages.

Figure 7 shaws differentapplicationquality metricsversustime as resourceavailability at the client
is varied. In eachplot, the thick line representshe performanceof the tunableapplicationand the two
thinnerlinesrepresenthe(non-adaptie) performancef thetwo configurationshattheadaptve application
switchesamongst.

7.2 Experiment 1. Adapting CompressionMethod to Network Conditions

Figure7(a)shavstheadaptatiorof theactie visualizationapplicationin responséo changesn thenetwork
bandwidthavailablebetweersener andclient. Theuserpreferencés to minimizeimagetransmissiotime.

The network bandwidthis variedasfollows: at the startof the experiment.the virtual executionervi-
ronmentprovidesa bandwidthof 500 KBps, whichis changedo 50 KBps after 25 secondsTheresource
scheduleresponddo this patternof resourceavailability asbelow:

e At startup,it configureghe applicationto usecompressiomethodA (LZW), leadingto fastertrans-
missiontimes but requiring additionalnetwork bandwidth. This decisionis basedon the resource
availability andthe applicationbehaior describedn performancealatabaseAs Figure6(a) shaws,
for a bandwidthof 500 KBps, compressiommethodA (LZW) outperformscompressiommethodB
(Bzip2); theformer deliversa transmissiortime of around5 secondsyhile thelatterrequiresmore
than 12 seconds.This choiceallows the applicationto download four imagesbeforethe available
bandwidthchangesttime 25 seconds.

e Thechangen bandwidthis detectedby the applicationmonitoringagentbeforethe endof the fifth
imagetransmission Awarethat currentresourceavailability is well belov the resourcaequirement
of the original configuration,it informs the resourceschedulerwhich reconfigureghe application
to switchto compressiorB (Bzip2). Again, this selectionis basedupona correlationof resource
availability andtheapplicatiorbehaior describedn theperformancelatabaseAs Figure6(a)shawvs,
compressiomethodB yieldsbetterperformancehancompressiomethodA whenthe bandwidthis
50KBps. Theswitchtakeseffectin themiddleof transmittingthefifth image whichtakes16 seconds
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asCPUsharechanges.

to complete SubsequerimagetransmissionsisecompressiomethodB andcompletein 24 seconds
apiece.

Thus,our framevork allows the applicationto correctly configureitself andadaptits behaior at run-
time to respondo changesn resourceconditions(in this case hetwork bandwidth).As Figure7(a)shaws,
the behaior of the adaptve applicationcloselytracksthe behaior of the appropriatgnon-adaptie) con-
figurationsduring periodsof steadyresourceavailability (compressioomethodA beforetime 25 seconds,
andcompressiomethodB afterwards). Justselectingthe right initial configurationis not adequateif the
applicationhad continuedwith compressiormethodA, the total transmissiortime would have been260
secondasopposedo the 160secondst endsup taking.

7.3 Experiment 2: Adapting Image Resolutionto CPU Conditions

Figure7(b) shavstheapplicationadaptationn responséo changesn CPUconditions(attheclient). In this
casetheusermreferenceequireghatimagetransmissionime notexceedl0 secondsindthatimagequality
be maximized.For simplicity, we constrainimageresolutionto be one of two levels (referredhereafteras
level 3 andlevel 4).

The CPU conditionsat the client arevariedasfollows: at startup the CPU shareavailableto the client
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is setat 90%, which changedo 40% at time 30 seconds.The resourceschedulerespondgo this pattern
of resourceavailability by startingoff with a configurationthat setsthe imageresolutionto be level 4, but
then degradesimagequality to level 3 upondetectinga reductionin CPU resources.Thesechoicesare
consistentvith the performancerofile shavn in Figure6(b). Whenthe CPUshares 90%, resolutionlevel
4 resultsin imagetransmissionimeswithin the userrequestedange(lessthan10 seconds)However, with
a CPU shareof 40%, imagetransmissiortimesat this level of resolutionconsumeake about18 seconds
apiece which would violate userconstraints Degradingthe resolutionto level 3 permitseachimageto be
transmittedn about4 secondssatisfyinguserrequirements.

7.4 Experiment 3: Adapting FoveaSizeto CPU conditions

Figures7(c) and 7(d) shawv applicationadaptatiorby changingfoveasizein responseéo changesn CPU
conditions(at the client). In this case the userpreferencds to minimize imagetransmissiortime while
keepingaverageresponseime of userinteractionsbelov onesecond.

The CPU conditionsat the client arevariedasfollows: initially, the CPU shareis setto 90%, but de-
crease$o 40% attime 40 secondsThetwo figuresshawv responséime andtransmissiortime of executions
underthisresourcevailability pattern. Theresourceschedulerespondso this patternby initially selecting
afoveasizeof 320,andswitchingdown to a foveasizeof 80 upondetectinga changédn resourceavailabil-
ity. As before theseselectionsareconsistentvith the performancerofilesshavn in Figure5. A foveasize
of 320satisfieghe userpreferencef responsdimesbelov onesecondwhile achiering the fastesimage
transmissiortime of candidateconfigurations.However, whenthe amountof available CPU sharedrops,
this configurationresultsin responsdimes of aboutl.4 secondswhich falls outsidethe userrequested
range.Consequent|yfrom the seventhtransmissioronwards,the scheduleswitchesto a foveasizeof 80,
ensuringesponse¢imesof belov onesecondor theremaindeof the experiment.

7.5 Summary

Thesethree experimentsclearly demonstrateghe ability of our adaptationframevork as appliedon the
active visualizationapplicationto appropriatelyconfigureitself andadaptitself at run-timein responsdo
changingesourcevailability patterns Themonitoringagenintegratedwith theapplicationdetectchanges
in resourcevailability andtriggerstheresourceschedulerwhichin turn suggestanalternateconfiguration
thatsatisfieauserpreferencesf applicationquality by relying upona performancealatabasef application
resourceprofiles.

We shouldnotethatalthoughour simpleresourcescheduleandperformancelatabasgeresuficientto
appropriatelyadaptheactive visualizationapplicationin theabore experimentspneof themainreasongor
thisis relatively large variationsin resourceavailability. Smallervariationswould requirebetteralgorithms
thattake into consideratiorthe sensitvity of applicationconfigurationgo resourcevariationsso asto not
degradeoverall performancéy unnecessargdaptations.

8 RelatedWork

Our work is mostcloselyrelatedto a few recently-startegbrojects[3, 10, 14, 17, 18, 19 that are look-
ing into the problemof adaptingapplicationbehaior in responsdo variationsof systemresources.The
Darwin project[17] permitsanapplicationto specifyits resourcaequestsn theform of a virtual meshof
nodes(representinglesiredservices)and edges(denotingcommunicatiorflows). The virtual meshin its
specificapplicationdomainis similar to our notion of alternateexecutionpaths. ActiveHarmowy [14] and
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AppLeS|[3, 19] projectsprovide application-lgel mechanismsndresourcemonitoringtoolsto enablean
applicationto adaptitself to changingesourceharacteristicsEP1Q[18] andErDos[10] projectsarecloser
to ourapproachn thatthey look into the quality aspect®f anapplication tradingoff outputquality against
resourcagequirements.

Our approactdiffersfrom themin thedivision of responsibilitybetweerapplicationdeveloperandex-
ecutionsystem. Applicationdevelopersare concernedvith annotatingthe original sourcecodeto specify
applicationtunability Executionsystemprovidesvirtual ervironmentfor obtainingapplicationbehaior
profiles. In addition,theresourcescheduleis insulatedfrom application-specifiknovledgewhenconfig-
uring application.As faraswe know, our stratgy is uniquein its usingof avirtual executionervironment
for measuringapplicationperformanceandin monitoringapplication-specificesourceavailability instead
of thetotal capacityof resources.

9 Conclusion

This paperstudieshelanguageconstructgor specifyingapplicationtunability. It proposes way to struc-
ture tunableapplicationsso thatthey could be automaticallyconfiguredto take the appropriateexecution
pathfor betteror more predictableperformance.lt validatesthe usageof softwarevirtual machineasthe
testbedo studyapplicationbehaior. It demonstrateautomaticconfigurationof applicationswith a case
study Our resultsto dateis encouragingit is corvenientto specifyapplicationtunability with language-
level annotations.The virtual executionervironmentapproximateshe real executionplatformandcanbe
usedto automateapplicationbehaior modeling. Significantperformancémprovementcanbe gainedby
dynamicallyadaptingapplicationexecutionto resourcecharacteristicsOur framework providesa substrate
for exploiting the tunability inherentin mary applicationsequippingthemto "self-adapt”themselesin
a variety of resourcesituations.More work is neededo automateanalysisof applicationbehaior andto
studyschedulingpoliciesin termsof its sensitvity in responséo resourcevariations.
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