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Abstract. By definition, a heavyweight network servicerequiresa significant
amountof computationto completeits task.Providing a heavyweight serviceis
challengingfor a numberof reasons.First, sincetheservicecannottypically be
provided in a timely fashionusing a single server at the remotesite, multiple
hostsat boththeremoteandlocal sitesmustbeemployed.Second,theavailable
computeandnetwork resourceschangewith respectto time. Thus,an effective
servicemustbe adaptive in thesensethat is ableto transparentlyaggregatethe
availableresourcesandreactto the changingavailability of theseresources.In
this paperwe presenta framework that allows us to build thesekinds of adap-
tive heavyweight services.Experimentalresultswith a distrubutedvisualization
servicesuggestthatthecostimposedby thenew capabilityis reasonable.

1 Introduction

ExistingWeb-basednetwork servicesaretypically lightweight in thesensethatservers
do a relatively small amountof work in orderto satisfyeachrequest.This is primar-
ily dueto concernsaboutminimizing responselatency for clientsandnot overloading
the computeresourcesof high-volumeservers.If theseconcernswereaddressed,ser-
vice providerscould alsooffer heavyweight servicesthat requiresignificantamounts
of computationper request.Examplesincludesearchengineswith advancedIR algo-
rithms,datamining,andremotevisualizationof largedatasets.

Providing heavyweightservicesis challengingfor anumberof reasons:(1) Service
providerscanonly contributesomany computeresources,andoftentheseresourceswill
beinsufficient;(2) For agivenservice,theavailablecomputeandnetwork resourcesare
oftenquitedifferent,andcanalsochangeover time.For example,differentclientswill
have differentrenderingandcomputepower andavailablememoryanddisk storage;
pathsto differentclientswill have differentbandwidthand latency; server loadsand
hencethenumberof availableservercycleswill vary.

Therea numberof implications:(1) Clients must contribute significantcompute
resources;(2) Servicesmustbeableto aggregatethecomputeresourcesmadeavailable
by theindividual clients;(3) Servicesmustbeableto adaptto differentresources.The
bottomline is thatnosingleserverdesignis appropriatefor all conditions.Heavyweight
servicesmust be performance-portable, adaptingautomaticallyto different levels of
availableresources.

In this paperwe describea run-timesystemandits API for building heavyweight
network services.Thesystemis basedon thenotionof active frames, whicharemobile



codeand dataobjectsthat hop from host to host in a computationalgrid [4] (Sec-
tion 2). Adaptivity is achievedby allowing application-level scheduling[3] of thework
performedat eachhopandthe locationof the next hop (Section3). The active frame
systemis the basisfor a remotevisualizationapplication(Section4). In section5 we
evaluatetheactiveframesystemasamechanismto aggregateresourcesin two different
setups.

2 Active Frames

An active frame is anapplication-level transferunit thatcontainsprogramandassoci-
atedapplicationdata.Framesareprocessedby computeserverscalled frame servers.
TheframesaretransferedamongserversusingTCP/IPover a best-effort internet.The
programanddatacontainedin theframearereadby servers,which interpretandexe-
cutetheprogram(Seefigure:1). Theactiveframeinterfacedeclaresasingleexecute
method,which is usedastheentrypoint for theframeexecution.
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Fig. 1. Active frameandserver

interface ActiveFrame {
HostAddress execute(ServerState state);

}

Theexecute methodoperateson the input dataandproducesoutputdata.The
framehasaccessto the stateof the server whereit is executingthroughthe state
parameterpassedto theexecutemethod.After theframeexecutiontheserversendsthe
frameto theaddressreturnedby theexecute method.

2.1 Frame server API

The frameserver definesa small setof primitivesshown in Table1. The application
runningon a hostcaneitherstarta new server on its local hostor accessan already



Method Description

void send(ActiveFrameframe)Executeandsendanactive frameto theserver returnedby its executemethod.
Objectget(Stringid) Retrieve anobjectfrom theserver soft storage
void put(Stringid) Add anobjectto theserver soft storage

Table 1. Frameserver API

runningserveron thesamemachine.Theapplicationthencreatesa frameandusesthe
send primitive to initiate the frame’s processing.Thesend primitive on the server
calls theframe’sexecute methodandsendstheframeto thereturnedaddressif it is
not null. Hereis how anapplicationmight createandstarta frameserver:

1:FrameServer server=new FrameServer(3000);
2:ActiveFrame frame =new SampleFrame();
3:server.send(frame);

Theapplicationstartsaserveronthelocalhostusingport3000(line 1),andthencreates
andsendsa new active frame(lines 2,3). An active frameexecutingat a server calls
theseprimitives through the referenceto the server’s statepassedto the execute
method.Hereis a sampleframethatusessoft storageto keepstatebetweenexecution
of frames:

1:class SampleFrame
2: implements ActiveFrame {
3: HostAddress execute(ServerState state) {
4: Integer estimate = (Integer)state.get(ESTIMATE_ID);

... // set app parameters
5: Integer execTime = compute();
6: Integer newEstimate = computeEstimate(estimate, execTime);
7: state.put(ESTIMATE_ID, newEstimate)

...
}
}

The frameusestheget method(line 4) to obtaina previously storedestimateof the
time it will take to completea computation.After the framefinishesthe computation
(line 5) it updatesandstoresthe estimatein the server’s soft storageusing the put
method(lines6-7).

With this simplemechanismthe applicationcanexploit the computeresourcesof
theframeserversby shippingpartof thecomputationalongwith thedatato theservers.
In orderto providemoresophisticatedservicesto theapplication,theserverscanbeex-
tendedwith applicationspecificlibraries.This is a crucialfeaturebecauseit allows the
useof existing packagesandintegrationwith othersystems.For examplea visualiza-
tion programcanusepackageslikevtk [7] or openDX1. In ourcurrentimplementation
theserversloadtheselibrariesatstartuptimeandactive framescanaccessthelibraries
throughouttheir execution.

1 http://www.research.ibm.com/dx



3 Scheduling with active frames

Theschedulerinterfacedefinesa singlemethod:

interface Scheduler {
HostAddress getHost(int hopCount);

}

ThegetHost methodreturnsthe addressof the next host the frameshouldbe sent
to. It takesa singleintegerargumentthatspecifiesthenumberof serverstheframehas
visited.A zeroargumentindicatesthattheframeis at thesource server.

Thescheduleris transmittedalongwith theframeprogram.ThegetHost method
is calledby every server theframevisits.This mechanismpermitsthe implementation
of variousschedulingpolicies,allowing the applicationto make decisionsat different
pointsduringits execution.Herearesomeexamples.

Static scheduling: In this scenariothe applicationusesthe samehostassignment
for all framesof thesametype.Eachframevisits thesamesetof serversandexecutes
the sameset of calculations.The applicationcan exploit information about its own
resourcedemandsto createtheschedule.However it cannotadaptto dynamicresource
availability. Thefollowing exampleshows theimplementationof astaticscheduler:

1:class StaticScheduler
2: implements Scheduler {
3: StaticScheduler(HostAddress[] list) {
4: this.hosts = list;

}
5: HostAddress getHost(int hopCount) {
6: if(hopCount<numberOfHosts) {
7: return this.hosts[hopCount];

}
8: return null;

}
}

...
9: HostAddress[] list = getHostList();
10:Scheduler sched = new StaticScheduler(list);
11:ActiveFrame frame = new SampleFrame(sched);
12:server.send(frame);

Theapplicationcomputesthelist of hoststo executeonceandthenusesthatsetof hosts
for all frames.Theschedulercarriesthelist of hostaddressesandreturnstheappropriate
addressfrom thatlist.

Scheduling at frame creation time: In this scenario,theframesarescheduledat the
sourceserver. The schedulercancombineapplication-specificinformationwith data
from a resourcemonitoringsystemsuchasRemos[5] or NWS[8] to makescheduling
decisions.This schemeaddssomedegreeof adaptivity to theapplication,becausedif-
ferentframesmayfollow differentpathsandusedifferentcomputeresources.However,



sincetheschedulefor any individual frameis static,this adaptationonly occursat the
source.In the following exampletheschedulergeneratesthepathof computehostsat
thesource(hopCount==0) andusesthatpathfor theframetransmission.

1:class AtCreationTimeScheduler
2: implements Scheduler {

...
3: HostAddress getHost(int hopCount) {
4: if(hopCount==0) {
5: this.hosts = computePath();

}
6: if(hopCount<numberOfHosts) {
7: return this.hosts[hopCount];

}
8: return null;

}
}

Scheduling at frame delivery time: In thisscenario,theapplicationcanmakeschedul-
ing decisionsjustbeforetheactiveframeis deliveredto thenext server. Theapplication
canreactto changingresourceconditionsevenif theframeis in flight. This offersthe
highestdegreeof adaptivity, but might introducesignificantoverheaddependingonthe
complexity of thedecisionmakingprocedure.

1:class AtDeliveryTimeScheduler
2: implements Scheduler {
3: HostAddress getHost(int hopCount) {
4: if(hopCount<numberOfHosts) {
5: return getHostNow();

}
6: return null;

}
}

4 Motivating remote viz service

We have the active framesystemto implementa generalremotevisualizationservice
calledDv [1]. The specificviz application(Quakeviz) producesan animationof the
groundmotionduringthe1994Northridgeearthquake[2].

EachQuakeviz input datasetconsistsof a 3D tetrahedralmeshanda sequenceof
frames,whereeachframedescribesthemagnitudeof theearth’s displacementat each
nodein themeshat a particularpoint in time.Rangingin sizefrom hundredsof GB to
TBs,thedatasetsaregenerallytoomassiveto copy from theremotesupercomputersite
wherethey arecomputedto our localsite.Wemustmanipulatethemremotely, andthus
theneedfor a remoteviz service.



The Quakeviz input datasetsfor the examplesin this paperwereproducedby our
183.equake benchmarkprogramin the SPECCPU2000benchmarksuite[6]. The
visualizationof the183.equake datasetproducesa 3D animationof thewave prop-
agationduringthefirst 40 secondsof aquake.

Figure2 shows thetransformationsthatareappliedto eachframein thedatasetto
producea framein theanimation.Thefirst stepselectsa regionof interestbothin time
andspacefrom thedatasetafter it is loadedfrom a file. Thenext stepfindsregionsin
the datasetwith similar featuresto generateisosurfaces.The final tasksapplya color
mapto thevaluesin thedataset,synthesizea scene,andthenrenderthefinal image.
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Fig. 2. A QuakeViz applicationimplementedwith Dv

4.1 Dv

Dv is atoolkit built ontopof theactiveframesystemthatenablesauserto visualizeand
interactwith datasetsstoredat remotesites[1]. Figure2 shows an exampleQuakeviz
applicationimplementedwith Dv. This particularinstanceof thevisualizationrunson
threehosts:(1) asource host thatreadsthedataset;(2) acompute host wheretheisosur-
faceextractionis performedanda client hostthat thatperformsisosurfaceextraction;
and(3) aclient host thatperformsthescenesynthesisandrendering.EachDv server is
a frameserver thatis extendedwith existingvisualizationlibraries.TheDv clientsends
a specialtype of active frame,calleda request frame, to the sourcehost.The request
server readsthedatasetandgeneratesa seriesof response frames thataresentbackto
theclient.Examplesof theseframesareshown below.

1:class RequestFrame
2: implements ActiveFrame {
3: HostAddress execute(ServerState state) {
4: Source source = new QvDataSource();

...
5: while (moreFrames()) {
6: Dataset data



7: = source.getFrame(roi_parameters);
8: ResponseFrame fr=new ResponseFrame();
9: fr.setData(data);
10: Scheduler sched = createScheduler();
11: fr.setScheduler(sched);
12: state.getServer().send(fr);

}
...

13: return null;
}
}

The requestframecreatesa sourceobject (lines 4–7), which is definedin the vi-
sualizationlibrary, to accessthedataset.Thenit createsa responseframe(line 8) and
a scheduler(line 10). The requestframesendsthe responsewith its scheduler(lines
11-12)usingtheframeserver API. Therequestframereturnsnull (line 13) after it has
senttheresponseframesbackto theclient.

1:class ResponseFrame
2: implements ActiveFrame {

...
3: HostAddress execute(ServerState state) {

...
4: Filter filter = new Filter();
5: filter.setInput(this.data);
6: filter.compute();
7: this.data = filter.getOutput();

...
8: return scheduler.getHost(hopCount);

}
}

Theresponseframeusesafilter from thevisualizationlibrary to processthedataset
(lines 4-6), and then it updatesthe frame datawith filter output (line 7). Finally the
responseframecallstheschedulerto obtaintheaddressof thenext hostandreturnsit.

5 Evaluation

It is clearthat the active framesystemprovidesa flexible mechanismfor application-
level scheduling.In this sectionwe begin to evaluatethecostsandbenefitsof this flex-
ibility .

5.1 Single-host setup

This sectioncharacterizesthe executiontime on a singlehostof the visualizationde-
scribedin Section4, usingarelatively smalldatasetasinput.Theinputdatasetcontains



183.equake groundmotiondatawith 30Kunstructuredmeshnodeand151Ktetrahe-
dralelements.Thesizeof eachframedatais 120KB. Thedatasetcontains165frames,
eachcontainingascalarvaluefor thehorizontaldisplacementof eachnodein themesh.
Theregion of interestspecifiedfor theanimationincludesthecompletevolumeof the
basinandall theframesin thedataset.Themeasurementsshown below weretakenon
a Pentium-III/450MHzhostwith 512 MB of memoryrunningNT 4.0 with a Real3D
StarfighterAGP/8MBvideoaccelerator.

Isosurfaces 10 20 50
Operation time(ms) time(ms) time (ms)

Readframedata 584.35 582.65 586.13
Isosurfaceextraction 1044.37 1669.73 3562.36
Rendering 55.72 63.73 125.77
Total 1684.44 2316.11 4274.26

Framespersecond 0.59 0.43 0.23
Table 2. Meanexecutiontime (local)

Table 2 summarizesthe cost of running a purely sequentialC++ versionof the
visualizationon a singlehost.Theapplicationpaysanaverageone-timecostof 5.389
secondsto load the meshtopology (not shown in table).The applicationcachesthe
meshinformationsinceit is thesamefor all frames.To processaframe,theapplication
spendsanaverageof 583.78msloadingthedatafor eachframe.

Figures3 and4 show the executiontime of isosurfaceextractionand rendering.
Executiontimefor eachtasksdependson thenumber-of-isosurfaces parameter(Seeta-
ble2).Theisosurfaceextractiontaskproducesamorecomplex outputdatasetwith finer
granularityanda greaternumberof polygonsasthe number-of-isosurfacesparameter
increases,which in turn slows down therenderingtask.Figure4 shows thattheexecu-
tion timeof therenderingtaskis affectedby thecontentof thedataset.Duringtheinitial
time stepsonly the groundcloseto the epicenteris moving. As time passesthe wave
propagatesto thesurface,which affectsa largerregion of thedataset.Towardtheend,
theeffectof thewave is dampenedandonly thegroundnearthesurfaceis still shaking.

Theseresultssuggestthat(1) additionalresourcesareneeded;and(2) expectedex-
ecutiontime of a taskcanbecontrolledby varyingapplicationparameters.In orderto
achieve interactivity, the applicationmustbe responsive to the user’s input. The total
time requiredto processa singleframe(SeeTable2) is too large for interaction.By
varying applicationparameterssuchasnumber-of-isosurfaces,the applicationcanei-
ther producea higherquality versionof the visualizationwhenenoughresourcesare
available,or it canreducetheframe’sprocessingtime to meettheframe’sdeadline.

5.2 Pipeline setup

To try to make the animationmoreresponsive, we canswitch (without changing the
application source code) from thesingle-hostsetupto a three-hostsetup.Two of these
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Fig. 3. Isosurfaceextraction(local).

hostsareusedascomputeserversandthe otherasa displayclient. The client host is
thesameasin Section5.1.Thetwo additionalcomputeserversare550MHz Pentium
III processormachineswith Ultra SCSIharddisksrunningversion2.0.36of theLinux
kernel.Theserver hostsareconnectedusinga 100Mbit switchedEthernet.Theclient
communicateswith theserversthrougha10Mbit Ethernet.

Theschedulerusedin this configurationassignsthetasksto thethreehostsasfol-
lows(Seefigure5):Oneof thehostscontainsthedatasetto visualize.Theothercompute
hostperformsthe isosurfaceextraction.The client hostperformsthe remainingtasks,
includingscenegenerationandrenderingto thescreen.

Table3showsthetimerequiredto completeeachof theoperations,includingthead-
ditional transferof thedataandprogramfrom thesourceto thecomputeserver(marked
ass-s)andfrom the server to the client (s-c).Note that the transferof the programis
significantlyslowerfrom thesourceto thecomputeserverthanfrom thecomputeserver
to theclient.Thecomputeserverbecomesthebottleneckof theexecution(Seetable4)
andthetaskreceiving theframemustcompetefor computeresourcesto demarshallthe
frameprogramanddata.The time to transferthedatafrom the computeserver to the
client is significantlyhigherfor theextractionof 50 isosurfacesbecausethepolygonal
structureis muchmoredetailedandcomplex in this case,requiringmorebandwidth.

Despitethe additionalcostof transferringthe dataandthe program,it is possible
to obtainthebenefitsof resourceaggregation.Table4 shows thetimeeachhostspends
processinga singleframeandtherespective framerateeachhostcanproduce.For all
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# Isosurfaces 10 20 50
Operation time (ms) time(ms) time(ms)

Readframedata 286.21 285.98 287.11
programtransfer(s-s) 110.14 94.47 86.51
Datatransfer(s-s) 118.88 116.92 119.52
Isosurfaceextraction 696.43 1152.03 2561.41
Programtransfer(s-c) 39.54 44.13 46.40
Polystransfer 175.10 435.66 1700.59
Render 64.99 162.32 340.40
Total 1491.29 2291.51 5141.95

Table 3. Meanelapsedtime (pipeline)

Processingtime(ms) Framespersecond
# isos 10 20 50 10 20 50
Source 515.23 497.37 493.151.942.01 2.03
Server 1140.091843.214514.440.880.54 0.22
Client 279.63 642.112087.403.581.56 0.48

Max framerate0.880.54 0.22
Table 4. Meanframerate(pipeline)

cases,thecomputeserverhastheslowestframerate,whichdeterminestheoverallframe
rateof thepipeline.Anothersignificantadvantageover thelocal setupis thattheclient
now hasplentyof sparecyclesfor interactionwith theuser(i.e.,Rotate,zoom-in).

Figure6 shows time to the rendera frameat the client throughoutthe animation.
The renderingof a frameis slower andmorevariablein this setupthanin the single-
hostsetupbecausetherenderingtasksharescomputeresourceswith theframetransfer
task.

5.3 Fan setup

In thissetup,two additionalcomputeservers,with thesamespecificationsasdescribed
in theprevioussection,areusedto executetheapplication.For eachframe,thesource
server readsthe datasetandthe client generatesandrendersthe scene.The scheduler
usesthe remainingserversto executethe isosurfaceextractionby sendingeachserver
a different frame in a round-robinfashion(Seefigure 7). The framesare collected,
reorderedif necessary, andrenderedby theclient.

Table5 shows that the client host is saturated,which causesthe whole systemto
slow down. In thiscaseboththeprogramanddatatransferoperationsaresloweddown
at the client (SeeTable6). However, by usingapplication-specificinformationin the
scheduler, thetotal framerateis increasedby a factorof 3 in two out of thethreecases
anddoublein theothercase,comparedto thesingle-hostsetup.

Therenderingtime is increasedevenfurther(SeeTable6) andexhibits highervari-
ability (SeeFigure 8), becausethe client host is underhigh load, which causesthe
renderingtaskto bepreemptedmoreoften.
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Processingtime(ms) Framespersecond
# isos 10 20 50 10 20 50
Source 413.43 414.85 418.242.422.41 2.39
Server x 3 1209.771746.874590.962.481.72 0.65
Client 525.96 701.032345.041.901.43 0.43

Max framerate1.901.43 0.43
Table 5. Meanframerate(fan)

Isosurfaces 10 20 50
Operation time (ms) time(ms) time(ms)

Readdata 283.46 283.58 284.52
Programtransfer(s-s) 13.61 15.09 17.73
pointdatatransfer 116.36 116.18 115.99
Isosurface 677.09 1098.01 2384.19
programtransfer(s-c) 65.26 83.47 173.76
polystransfer 337.45 434.13 1899.29
Render 123.24 183.44 271.99
Total 1616.47 2213.88 5147.48

Table 6. Meanexecutiontime (fan)

6 Conclusions

In orderto provideheavyweightservicesin thefuture,wemustbuild themsothatthey
areperformance-portable,in thesensethatthey canadaptto heterogeneousanddynam-
ically changingresources.Theapproachwe describedhere,basedon theactive frame
mechanism,supportsvariouslevelsof adaptivity, includingcompletelystaticschedul-
ing, schedulingat requesttime,andschedulingat framedelivery time.

Our evaluationsuggeststhat remoteviz is an exampleof a heavyweight service
that benefitsfrom this adaptivity. We evaluatedthe remoteviz serviceundertwo dif-
ferent resourceconfigurations.Although the flexibility of the mechanismintroduces
non-negligible overhead,in all casestheserviceobtainsthebenefitsof resourceaggre-
gation.
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