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Abstract. By definition, a hearyweight network servicerequiresa significant
amountof computatiorto completeits task.Providing a hearyweight serviceis

challengingfor a numberof reasonsFirst, sincethe servicecannottypically be
provided in a timely fashionusing a single sener at the remotesite, multiple
hostsat boththe remoteandlocal sitesmustbe emplgred. Secondthe available
computeandnetwork resourceshangewith respecto time. Thus,an effective
servicemustbe adaptve in the sensehatis ableto transparentiyaggr@atethe
available resourcesaandreactto the changingavailability of theseresourcesln

this paperwe presenta framework that allows us to build thesekinds of adap-
tive heavyweight services Experimentakesultswith a distrututedvisualization
servicesuggesthatthe costimposedby the new capabilityis reasonable.

1 Introduction

Existing Web-basedetwork servicesaretypically lightweight in the sensdhatseners
do a relatively small amountof work in orderto satisfyeachrequestThis is primar
ily dueto concernsaboutminimizing responséateng for clientsandnot overloading
the computeresource®f high-volumeseners.If theseconcernsvereaddressedser
vice providers could also offer heavyweight servicesthat requiresignificantamounts
of computationper requestExamplesinclude searchengineswith advancedR algo-
rithms,datamining, andremotevisualizationof large datasets.

Providing hearyweightserviceds challengingfor anumberof reasons(1) Service
providerscanonly contributesomary computeesourcesandoftentheseresourcesvill
beinsufficient; (2) For agivenservice theavailablecomputeandnetwork resourcegare
often quite different,andcanalsochangeover time. For example differentclientswill
have differentrenderingand computepower and available memoryand disk storage;
pathsto differentclientswill have differentbandwidthand lateng; sener loadsand
hencethe numberof availablesener cycleswill vary.

Therea numberof implications: (1) Clients must contribute significantcompute
resources(2) Servicesnustbeableto aggrejatethe computeresourcesnadeavailable
by theindividual clients;(3) Servicesnustbe ableto adaptto differentresourcesThe
bottomline is thatnosinglesenerdesignis appropriatdor all conditions Hearyweight
servicesmust be performance-portable, adaptingautomaticallyto differentlevels of
availableresources.

In this paperwe describea run-time systemandits API for building hearyweight
network servicesThe systemis basecn thenotionof active frames, which aremobile



code and dataobjectsthat hop from hostto hostin a computationalgrid [4] (Sec-
tion 2). Adaptiity is achiezedby allowing application-le&el scheduling3] of thework
performedat eachhop andthe location of the next hop (Section3). The active frame
systemis the basisfor a remotevisualizationapplication(Section4). In section5 we
evaluatetheactive framesystemasamechanisnto aggreyateresources two different
setups.

2 Active Frames

An active frame is an application-lerel transferunit that containsprogramandassoci-
atedapplicationdata.Framesare processedby computesenerscalledframe servers.
The framesaretransferecamongsenersusing TCP/IPover a best-efort internet. The
programanddatacontainedn the framearereadby seners,which interpretandexe-
cutetheprogram(Seefigure:1). Theactive frameinterfacedeclaresisingleexecut e
methodwhichis usedasthe entry pointfor the frameexecution.
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Fig. 1. Active frameandsener

interface ActiveFrane {
Host Addr ess execute(Server State state);
}

The execut e methodoperateson the input dataand producesoutputdata.The
frame hasaccesdo the stateof the sener whereit is executingthroughthe st at e
parametepassedo the executemethod After theframeexecutionthe sener sendghe
frameto theaddresseturnedby theexecut e method.

2.1 Frameserver API

The frame sener definesa small setof primitivesshavn in Table 1. The application
runningon a hostcan either starta new sener on its local hostor accessan already



[Method |Description |

void send(ActveFrameframe) Executeandsendanactive frameto the sener returnedby its executemethod
Objectget(Stringid) Retrieve anobjectfrom the sener soft storage
void put(Stringid) Add anobjectto the sener soft storage

Table 1. Framesener API

runningsener onthesamemachine Theapplicationthencreatesa frameandusesthe
send primitive to initiate the frame’s processingThe send primitive on the sener
callstheframes execut e methodandsendgheframeto thereturnedaddressf it is
not null. Hereis how anapplicationmight createandstarta framesener:

1: FraneServer server=new FraneServer (3000);
2: ActiveFrame frame =new Sanpl eFramne();
3:server.send(frane);

Theapplicationstartsaseneronthelocal hostusingport3000(line 1), andthencreates
andsendsa new active frame (lines 2,3). An active frame executingat a sener calls
theseprimitives throughthe referenceto the sener’s statepassedo the execut e
method.Hereis a sampleframethat usessoft storageto keepstatebetweenexecution
of frames:

1: cl ass Sanpl eFrane

2: inplenents ActiveFrane {
3: Host Address execute(ServerState state) {
4: Integer estimate = (Integer)state. get (ESTI MATE_I D);
/1 set app paraneters
5: Integer execTi ne = conpute();
6: Integer newEstinate = conput eEsti nmate(esti mate, execTi ne);

7: state.put (ESTI MATE | D, newEsti nmate)

o
}

The frameusesthe get method(line 4) to obtaina previously storedestimateof the
time it will take to completea computation After the framefinishesthe computation
(line 5) it updatesand storesthe estimatein the sener’s soft storageusing the put
method(lines6-7).

With this simple mechanisnthe applicationcan exploit the computeresource®f
theframesenersby shippingpartof thecomputatioralongwith thedatato theseners.
In orderto provide moresophisticatedervicedo theapplication thesenerscanbeex-
tendedwith applicationspecificlibraries.Thisis a crucialfeaturebecausét allowsthe
useof existing packagesandintegrationwith othersystemsFor examplea visualiza-
tion programcanusepackagesik e vtk [7] or openDX?. In our currentimplementation
thesenersloadthesdibrariesat startuptime andactive framescanaccesshelibraries
throughoutheir execution.

! http:/mww.research.ibm.com/dx



3 Scheduling with active frames

Thescheduleinterfacedefinesa singlemethod:

i nterface Schedul er {
Host Addr ess get Host (i nt hopCount);

}

The get Host methodreturnsthe addressof the next hostthe frame shouldbe sent
to. It takesa singleintegerargumentthatspecifiegshe numberof senerstheframehas
visited.A zeroargumentindicatesthatthe frameis atthe source server.

Thescheduleis transmittecalongwith theframeprogram.Theget Host method
is calledby every senerthe framevisits. This mechanisnpermitsthe implementation
of variousschedulingpolicies,allowing the applicationto make decisionsat different
pointsduringits execution.Herearesomeexamples.

Satic scheduling: In this scenariothe applicationusesthe samehostassignment
for all framesof the sametype. Eachframevisits the samesetof senersandexecutes
the sameset of calculations.The applicationcan exploit information aboutits own
resourcedemanddo createthe scheduleHoweverit cannotadaptto dynamicresource
availability. Thefollowing exampleshavs the implementatiorof a staticscheduler:

1:class StaticSchedul er
2: i mpl ements Schedul er {
3: StaticSchedul er(Host Address[] list) {
4 this.hosts = |ist;

}
5: Host Address get Host (i nt hopCount) {
6: if(hopCount <number Of Hosts) {
7 return this.hosts[hopCount];

}

8: return null;

}

}

9: Host Address[] i st
10: Schedul er sched

11: Acti veFrane frane
12: server. send(frane);

get Host Li st ();
new StaticSchedul er(list);
new Sanpl eFr ane(sched);

Theapplicationcomputeghelist of hoststo executeonceandthenuseghatsetof hosts
for all frames.Theschedulecarriesthelist of hostaddresseandreturnstheappropriate
addresdrom thatlist.

Scheduling at frame creation time: In this scenariothe framesarescheduledtthe
sourcesener. The schedulercan combineapplication-specifignformationwith data
from aresourcemonitoringsystemsuchasRemog5] or NWS [8] to make scheduling
decisionsThis schemeaddssomedegreeof adaptvity to the application becausalif-
ferentframesmayfollow differentpathsandusedifferentcomputeresources-However,



sincethe scheduldor ary individual frameis static, this adaptatioronly occursat the
source.n thefollowing examplethe schedulegenerateshe pathof computehostsat
thesource(hopCount ==0) andusesthatpathfor theframetransmission.

1:cl ass At CreationTi neSchedul er

2: i mpl enents Schedul er {

3: Host Address get Host (i nt hopCount) {

4: if(hopCount==0) {

5: thi s. hosts = conputePath();
}

6: if(hopCount <nunmber O Hosts) {

7 return this.hosts[hopCount];
}

8: return null;

}
}

Scheduling at frame delivery time: In thisscenariotheapplicationcanmake schedul-
ing decisiongustbeforetheactive frameis deliveredto the next sener. Theapplication
canreactto changingresourceconditionsevenif the frameis in flight. This offersthe
highestdegreeof adaptvity, but mightintroducesignificantoverheaddependingnthe
compleity of thedecisionmakingprocedure.

1:class AtDeliveryTi meSchedul er
2: i mpl ements Schedul er {
3: Host Address get Host (i nt hopCount) {
4 i f (hopCount <nunber O Hosts) {
5 return get Host Now() ;
}
6: return null;
}
}

4 Motivating remote viz service

We have the active frame systemto implementa generalremotevisualizationservice
called Dv [1]. The specificviz application(Qualeviz) producesan animationof the
groundmotionduringthe 1994 Northridgeearthquak [2].

EachQualeviz input datasetonsistsof a 3D tetrahedraimeshanda sequencef
frames,whereeachframedescribeghe magnitudeof the earths displacemenat each
nodein the meshat a particularpointin time. Rangingin sizefrom hundredof GB to
TBs, thedatasetaregenerallytoo massve to copy from theremotesupercomputesite
wherethey arecomputedo ourlocal site.We mustmanipulatehemremotely andthus
theneedfor aremoteviz service.



The Qualeviz input datasetdor the examplesin this paperwere producedby our
183. equake benchmarkprogramin the SPECCPU2000benchmarksuite[6]. The
visualizationof the 183. equake dataseproducesa 3D animationof the wave prop-
agationduringthefirst 40 second®f aquale.

Figure2 shows the transformationshat areappliedto eachframein the dataseto
produceaframein theanimation.Thefirst stepselectsaregion of interestbothin time
andspacefrom the datasegfterit is loadedfrom a file. The next stepfindsregionsin
the datasewith similar featuresto generatdsosurfices.The final tasksapply a color
mapto thevaluesin the datasetsynthesizea sceneandthenrenderthefinal image.

Dv

l client

read (1) —> ir;;%r?”gl) —Piscene (Iv)

Remote
dataset

Remote Remote Local
Dv server Dv server Dv server

Fig. 2. A QualeViz applicationimplementedvith Dv

41 Dv

Dv is atoolkit built ontop of theactive framesystenthatenables userto visualizeand
interactwith datasetstoredat remotesites[1]. Figure2 shavs an exampleQualeviz
applicationimplementedvith Dv. This particularinstanceof the visualizationrunson
threehosts:(1) asource host thatreadshe dataset(2) acompute host wheretheisosur
faceextractionis performedanda client hostthat that performsisosurficeextraction;
and(3) aclient host thatperformsthe scenesynthesisandrendering EachDv seneris
aframesenerthatis extendedwith existing visualizationlibraries. The Dv clientsends
a specialtype of active frame, calleda request frame, to the sourcehost. The request
sener readsthe dataseaindgenerates seriesof response frames thataresentbackto
theclient. Examplef theseframesareshowvn below.

1: cl ass Request Frane

2 i mpl ements ActiveFrane {

3: Host Address execute(ServerState state) {
4 Source source = new QuDat aSource();

5: while (noreFrames()) {
6 Dat aset data



7: = source. get Frane(roi _paraneters);
8: ResponseFrane fr=new ResponseFrane();
9: fr.setData(data);

10: Schedul er sched = createSchedul er();
11: fr.setSchedul er (sched);

12: state.getServer().send(fr);

}

13: return null;
}
}

The requestframe createsa sourceobject (lines 4-7), which is definedin the vi-
sualizationlibrary, to accesshe datasetThenit createsa responsdrame(line 8) and
a scheduler(line 10). The requestframe sendsthe responsewith its scheduler(lines
11-12)usingtheframesener API. Therequesframereturnsnull (line 13) afterit has
senttheresponsdramesbackto theclient.

1: cl ass ResponseFrane
2: i mpl enents ActiveFrane {

3: Host Address execute(ServerState state) {

Filter filter = new Filter();

4.

5: filter.setlnput(this.data);

6: filter.conpute();

7: this.data = filter.getCQutput();

8: return schedul er. get Host (hopCount) ;

}
}

Theresponsdérameusesafilter from thevisualizationlibrary to procesghedataset
(lines 4-6), andthenit updateshe frame datawith filter output(line 7). Finally the
responsdramecallsthe scheduleto obtainthe addres®f thenext hostandreturnsit.

5 Evaluation

It is clearthatthe active frame systemprovidesa flexible mechanisnfor application-
level schedulingln this sectionwe begin to evaluatethe costsandbenefitsof this flex-
ibility .

5.1 Single-host setup

This sectioncharacterizeghe executiontime on a single hostof the visualizationde-
scribedin Sectiond, usingarelatively smalldataseasinput. Theinputdatasetontains



183. equake groundmotiondatawith 30K unstructuresneshnodeand151Ktetrahe-
dralelementsThesizeof eachframedatais 120KB. The datasetontainsl65frames,
eachcontaininga scalarvaluefor thehorizontaldisplacemenof eachnodein themesh.
Theregion of interestspecifiedfor the animationincludesthe completevolumeof the
basinandall theframesin the datasetThe measurementshovn belowv weretakenon
a Pentium-I11/450MHzhostwith 512 MB of memoryrunningNT 4.0 with a Real3D
StarfighterAGP/8MB videoacceleratar

Isosurbces 10 20 50
Operation time (ms) time (ms)[time (ms)
Readframedata 584.34 582.65 586.13
Isosurbceextraction| 1044.37 1669.73 3562.3¢
Rendering 55.72 63.73 125.77
Total 1684.44 2316.11 4274.2¢
|Framespersecond | 0.59 0.43 0.23

Table 2. Meanexecutiontime (local)

Table 2 summarizeghe cost of running a purely sequentialC++ versionof the
visualizationon a singlehost. The applicationpaysan averageone-timecostof 5.389
seconddgo load the meshtopology (not shown in table). The applicationcacheshe
meshinformationsinceit is the samefor all frames.To process frame,theapplication
spendsainaverageof 583.78msloadingthe datafor eachframe.

Figures3 and 4 shav the executiontime of isosurficeextraction and rendering.
Executiontime for eachtasksdepend®n the number-of-isosurfaces paramete(Seeta-
ble 2). Theisosurbceextractiontaskproducesamorecomplex outputdatasetvith finer
granularityanda greatemumberof polygonsasthe numberof-isosuricesparameter
increaseswhichin turn slows down therenderingtask.Figure4 shows thatthe execu-
tion time of therenderingaskis affectedby thecontentof thedatasetDuringtheinitial
time stepsonly the groundcloseto the epicentelris moving. As time passeshe wave
propagateso the surface,which affectsa largerregion of the datasetTowardthe end,
theeffectof thewave is dampene@dndonly thegroundnearthe surfaceis still shaking.

Theseresultssuggesthat (1) additionalresourcesreneededand(2) expectedex-
ecutiontime of ataskcanbe controlledby varying applicationparametersin orderto
achieve interactvity, the applicationmustbe responsie to the users input. The total
time requiredto processa singleframe (SeeTable 2) is too large for interaction.By
varying applicationparametersuchas numberof-isosurticesthe applicationcanei-
ther producea higher quality versionof the visualizationwhen enoughresourcesre
available,or it canreducetheframe’s processindime to meettheframe's deadline.

5.2 Pipeline setup

To try to make the animationmoreresponsie, we can switch (without changing the
application source code) from the single-hossetupto a three-hossetup.Two of these
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Fig. 3. Isosurficeextraction(local).

hostsare usedascomputesenersandthe otherasa displayclient. The client hostis
thesameasin Section5.1. Thetwo additionalcomputesenersare550 MHz Pentium
Il processomachineswith Ultra SCSIharddisksrunningversion2.0.360f the Linux
kernel. The sener hostsareconnectedisinga 100 Mbit switchedEthernet.The client
communicatesvith thesenersthrougha 10Mbit Ethernet.

The schedulewusedin this configurationassignghe tasksto the threehostsasfol-
lows (Sedfigure5): Oneof thehostscontainghedataseto visualize Theothercompute
hostperformsthe isosurticeextraction. The client hostperformsthe remainingtasks,
includingscenegeneratiorandrenderingto thescreen.

Table3 shavsthetime requiredo completesachof theoperationsincludingthead-
ditionaltransferof thedataandprogramfrom the sourceto thecomputesener (marked
ass-s)andfrom the sener to the client (s-c). Note thatthe transferof the programis
significantlyslowerfrom thesourceo thecomputesenerthanfrom thecomputesener
to theclient. Thecomputesener becomeghe bottleneckof the execution(Seetable4)
andthetaskreceving theframemustcompetdor computeresource$o demarshalthe
frame programanddata.The time to transferthe datafrom the computesener to the
clientis significantlyhigherfor the extractionof 50 isosurbcesbecauséehe polygonal
structureis muchmoredetailedandcomple in this case requiringmorebandwidth.

Despitethe additionalcostof transferringthe dataandthe program,it is possible
to obtainthe benefitsof resourceaggreyation.Table4 shavs thetime eachhostspends
processing singleframeandthe respectie framerateeachhostcanproduce For all
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# Isosurbices 10 20 50
Operation time (ms) time (ms)[time (Ms)
Readframedata 286.21 285.98 287.11
programtransfer(s-s) 110.14 94.44  86.51
Datatransfer(s-s) 118.88 116.92 119.57
Isosurbceextraction| 696.43 1152.03 2561.41
Programtransfer(s-d) 39.54 44.13  46.4Q

Polystransfer 175.1q 435.66 1700.59
Render 64.99 162.32 340.4(
Total 1491.29 2291.51 5141.94%

Table 3. Meanelapsedime (pipeline)

Processingime (ms) |Framespersecond
#isos 10 20 50 10[ 20 50
Source 515.23 497.37 493.151.942.01f 2.03
Sener 1140.091843.21.4514.440.88 0.54 0.22
Client| 279.63 642.112087.403.581.56 0.48

Max frameratg0.880.54 0.22
Table 4. Meanframerate(pipeline

casesthecomputesenerhastheslowvestframerate,whichdeterminesheoverallframe
rateof the pipeline.Anothersignificantadvantageover thelocal setupis thatthe client
now hasplenty of sparecyclesfor interactionwith theuser(i.e., Rotate,zoom-in).

Figure 6 shows time to the rendera frameat the client throughoutthe animation.
The renderingof a frameis slower andmorevariablein this setupthanin the single-
hostsetupbecausé¢herenderingtasksharecomputeresourcesvith theframetransfer
task.

5.3 Fan setup

In this setup two additionalcomputeseners,with the samespecificationsasdescribed
in the previous section,areusedto executethe application.For eachframe,the source
sener readsthe dataseandthe client generatesindrendersthe scene The scheduler
usesthe remainingsenersto executetheisosurbiceextractionby sendingeachsener
a differentframe in a round-robinfashion(Seefigure 7). The framesare collected,
reorderedf necessarnandrenderedy theclient.

Table5 shaws that the client hostis saturatedwhich causeghe whole systemto
slow down. In this caseboththe programanddatatransferoperationsareslowed down
at the client (SeeTable 6). However, by usingapplication-specifiégnformationin the
schedulerthetotal framerateis increasedy afactorof 3 in two out of thethreecases
anddoublein the othercase comparedo the single-hossetup.

Therenderingtime is increasedvenfurther (SeeTable6) andexhibits highervari-
ability (SeeFigure 8), becausehe client hostis underhigh load, which causeghe
renderingtaskto be preemptednoreoften.
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Processingime (ms) |Framesersecond
#isos 10 20 50 10[ 20 50
Source | 413.43 414.88 418.242.422.41  2.39
Senerx 3|1209.711746.874590.962.481.72  0.65
Client 525.96 701.032345.041.901.43 0.43

Max frameratg1.901.43 0.43
Table 5. Meanframerate(fan)

Isosurices 10 20 50
Operation time (ms) time (ms)|time (ms)
Readdata 283.46 283.58 284.52

Programtransfer(s-g) 13.61 15.09 17.73
pointdatatransfer 116.36 116.1§ 115.99

Isosurbice 677.09 1098.01 2384.19
programtransfer(s-g) 65.26 83.47 173.74
polystransfer 337.45 434.13 1899.29
Render 123.24 183.44 271.99
Total 1616.47 2213.88 5147.44

Table 6. Meanexecutiontime (fan)

6 Conclusions

In orderto provide hearyweightservicesn thefuture,we mustbuild themsothatthey
areperformance-portabl@ thesensdhatthey canadaptto heterogeneousnddynam-
ically changingresourcesThe approachwe describechere,basedon the active frame
mechanismsupportsvariouslevels of adaptvity, including completelystaticschedul-
ing, schedulingat requestime, andschedulingat framedelivery time.

Our evaluationsuggestghat remoteviz is an example of a hearyweight service
that benefitsfrom this adaptvity. We evaluatedthe remoteviz serviceundertwo dif-
ferentresourceconfigurations Although the flexibility of the mechanismntroduces
non-ngligible overheadin all caseghe serviceobtainsthe benefitsof resourceaggre-
gation.
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