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Abstract

Interactive heavyweighiservicesare processeshat make intensie use of resourcessuchas computing
power, memory bandwidthand storage. The interactve natureof theseservicesmeansthat they have to
satisfyuserrequestsn atimely manner An exampleof this kind of serviceis the remotevisualizationof
massve scienti ¢ datasetsIn orderto presenta visualrepresentationf the dataseto the user the visual-
ization processhasto executea seriesof computeintensve transformatiorto the data. Thesehearyweight
servicesusuallyencountesituationsof limited, hetepgeneousanddynamicresourcesin orderto deploy
this type of servicewe proposea simple mechanismg¢alledactive frames that easilyenablesus to move
work anddatato othercomputehosts.With this mechanismhearyweightservicescanaggreateresources
from multiple computehoststo satisfyarequest.Theactive framemechanisnallows theuseof application-
level informationin the selectionof resourceso satisfytherequestThis is accomplishedy delegatingthe
resourceselectionto an application-lgel scheduler Our initial resultsshav thatthis e xible mechanism
doesnotintroducesigni cant overhead.
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1 INTRODUCTION

1 Introduction

Thereexistsa kind of Internetservicethat requirevastamountof resourceso satisfya requestrom each
singleclient. Examplesof this classof serviceincludedataminingadwancedsearchengineswith sophisti-
catedinformationretrieval algorithms distributedvirtual reality ervironmentsandthe remotevisualization
of large scienti ¢ datasets.To allow userinteractionthe serviceshouldsatisfythe requestand provide a
responsavithin areasonabléme limit. We call this type of servicednteractiveHeavyweighBerviceg9].

A challengeto deplo interactve hearyweight servicesis to allocatethe appropriatesetof resources
neededo satisfyeachrequestUsually theresourcaequirement®f theseservicesarenot well understood
or dif cult to characterizendvary accordingto the parameter®f eachrequest.Moreover, theseservices
usuallyexecutein ervironmentswith limited, hetebgeneousanddynamicresouces

Limitedresouces Servicesxecuteonhostswith nite computepower. Serercomputecyclesareused
to satisfyrequestdrom multiple clients. For hearyweight serviceeachrequestrequireslarge amountsof
computatiorresultingin the supportof arelatively smallnumberof clients.

For example,in a remotevisualizationservicethe datasetgo visualizeare storedat the remotesite
wherethe datawas collectedor generatedhroughsimulation. In anideal world, we would simply copy
theentiredatasefrom theremotesupercomputingcenterandmanipulatet locally. Unfortunately copying
multi-terabyte les is not feasiblein today’s networks. Copyingal TB le overa100Mb Ethernetwould
take more than 22 hoursassumingno crosstrafc andno protocoloverhead. Even if we had accesdo
sufcient network bandwidth,we would not have the resourcego storeand backupmulti-terabyte les.
More important,the client would not have enoughcomputingpower to processhe datasetand generate
the desiredvisualizations.The crucialimplicationsarethat (1) large scienti ¢ datasetsnustresideon the
remotesitewherethey arecomputedand(2) interactve visualizatiorapplicationsmustbeableto aggregate
multiple resourcesicrossnachinesat theremoteandlocal sitesto manipulateheseremotedatasets.

Hetelogeneousresouces Servicesexecutein ervironmentscomposedof heterogeneousesources.
Networks have differentbandwidthand machineshave differentcomputingpower, memory anddisplay
capabilities. For example,specializedvorkstationsfor visualizationhave a large amountof memoryand
acceleratethardwarerenderingengineswhereasegulardesktopcomputerandlaptopshave relatively less
computepower and modestgraphicscapabilities. Userswant to utilize theseservicesfrom the machines
they have accesdo, usingthe resourceswvailableto them. It is desirableto be ableto run the samevisu-
alizationapplicationacrosghesedifferentresourcecon gurations,with differentquality level accordingto
theavailableresources.

Dynamicresouces Serviceftenexecutewith shareccomputingandnetworking resourcesThesere-
source®perateeitherunderabest-efiort modelor areservatiormodel.In abest-efort modeltheamountof
resources serviceobtainsto procesarequesis notguaranteedNetworksbecomemoreor lesscongested,
processordecomemoreor lessloaded,andthusthe availability of theseresourceghangesver time. As
moreclientsmale simultaneousequestso a sener the effective computepower andbandwidthto process
eachrequestdecreaseghus increasingthe delay experiencedby the user In a resenation model, there
existsaresourcananagethatarbitrategshe accesdo resourcesUnderthis modelthe resourceavailability
is lessdynamic. Oncethe accesgo a resourcds grantedthe requestecamountof resourcds guaranteed
to be available for a negotiatedtime period. However, beforenegotiatingwith the resourcemanagetthe
applicationmustdeterminghe amountof resource$ needgo execute.

In orderto deplo interactve hearyweight serviceswe needwaysto dealwith limited, heterogeneous
anddynamicresources.Servicesneedto aggrgateresourcesvhen possibleto dealwith insufcient re-
sources Servicemeedto be performanceortableto canrun underheterogeneougsourcecon gurations.
In general,servicesneedto adaptto the available resourcesand degradegracefully when there are not
enouglresources.



2 RESOURCE MODEL

We proposea modelto provide interactve hearyweight serviceson a computationabrid [14] of hosts.
In this modelthe serviceaggrgatesresourcegrom the remoteandlocal site aswell asfrom within the
network to satisfyarequestWith this modelusersaccessinghe servicecancontribute additionalresources
to executethe service.Section2 describesheresourcenodelto deplg interactve hearyweightserviceson
acomputationagrid.

For this modelto be effective, the applicationsmust be able to usethe resourceprovided be these
differenthosts.We have implemented simplemechanismcalledActiveFrame thatallows theapplication
to easilymove work anddatato hostsin the computationabrid. An active frameis an application-lgel
transferunit thatcontainsbothapplicationdataanda program.The programincludedin theframespeci es
thecomputatiorto beperformedonthedata.Active framesareprocessetby active frameseners,or simply
frameseners,thatrunin hostslocatedin the computationagrid. Theactive framemechanisms described
in section3. Section3.3explainshow to createapplication-speci eextensiongo provide high-level services

We usedthe actve frame mechanisnto build a simple remotevisualizationservicethat we call Dv.
This serviceenableghe userto generatén his local workstationa visual representatioof a datasestored
remotely Sectiond present@anoverview of thestructureof the service.We createdextensiongo the active
framemechanismio build our remotevisualizationservice. Theseextensionsarea setof specializedactive
framesandapplicationroutinesusedto move andprocesshedatasetin thecomputehosts.We expectthese
extensiongo begeneraknougho beusedn similarremotevisualizationservices Section6 describeshese
extensions.

To deplg our remotevisualizationserviceunderdifferentresourcecon gurationswe useapplication-
level scheduler§s]. Section7 describesheschedulingnterface,whichis amechanisnthatenablegheuse
of application-spea informationin theresourceselectionprocess.

Section8 resumeshow the active framesmechanismis usedto build the remotevisualizationservice.
This sectionalsoexplainshow theDv extensionouldbeusedto build a differentvisualizationapplication.

The e xibility offeredby the active frame mechanisntould introducepotentialoverhead. Section9
evaluatesthe cost of processingactive framesin a remotevisualizationapplication. The applicationis
evaluatedn two differentresourcecon gurations. Ourinitial resultsshav thatthe overheadntroducedby
themechanisnis reasonable.

Thework reportedhereis a steptowardssupportingthe creationof resource-aare applications.Sec-
tion 10.3 pointsout the directionfor future research.This work integratesdifferentapproacheseveloped
by otherresearclprojects.Sectionl1 describesherelatedwork.

2 Resource model

It is often the casethat hearyweight servicesencounterimited resourcedo execute. In the modelwe
proposetheseservicesare executedon a computationabrid of hosts[14]. Servicesaggrgateresources
from differenthoststo obtaintherequiredcomputationapower, memoryandsatisfyotherresourceequire-
ments.In this approachthe applicationis partitionedinto mary computationamoduleswhichin orderto
be effective, have to be placedintelligently in the available hosts. The static placemenbf the modulesis
not adequaten all cases.The appropriatgoartitioningof the applicationis both applicationandresource
dependent.

Figurelilustrateghisresourcenodel. Suppos¢hatascientisiatsomesitehasaninterestinglatasethat
he wantsto make availableto membersf the researcltcommunityto visualizeand otherwisemanipulate.
Wewill referto him astheserviceproviderandto hissiteastheremotesite As apartof creatingtheservice,
theserviceproviderdesignateacollectionof m > 1 hostsunderhisadministratie controlto satisfyservice
requestsAt leastoneof thesem hostshasaccesgo the datasetandin generathe m hostswill be shared
with otherapplications.The m hostswill typically be physicallylocatedat the remotesite, but in general
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Figurel: Grid resourcenodel.

this is not a requirementsomeof the m hostscould be locatedwithin the network andthey areacquired
usinggrid-basedesourcenanagemergervicessuchasGlobus[13].

A scientistat anothersite (i.e., a serviceuser at the local site) visualizesor manipulateshe remote
dataseby issuinga nite seriesof requestd4o a hoston the remotesite. The periodof time betweenthe

rst requestandthelastrequesis calleda sessionBeforethe scientistbegins a particularsessionhe must
designate collectionof n > 1 hoststhatareavailablefor runningany programshatareneededo satisfy
servicerequestsOneof thisn hostswill bedesignate@stheclienthost. Theclienthostsrunstheprocesses
thatprovide theinterfacefor the userto interactwith theremoteservice.As with them remotehosts then
hostsarenot necessarilyphysicallylocatedat thelocal site,althoughmostlik ely they will be.

The mainideais thatthereareatotal of m + n hostsavailableto performthe necessargomputations
duringthesessionsn of whichweredesignatedby theserviceproviderto handleall requestérom all service
usersandn of whichwhereallocatedby the serviceuseratthelocal sitefor thatsessionThe motivationfor
choosingthis particularmodelis thatit givesthe serviceuserthe optionto contrikute resourceshat might
helpreducethe responsgimesfor their servicerequestsin variouscasesa serviceuserwho needsetter
responséimescangetit by increasinghevalueof n.

Note that our modelis a simple generalizatiorof someothergrid servicemodels. For example,the
usualclient/serer Internetmodelassumesn = n = 1, and Netsole, a network-enabledsolver toolkit
from Universityof Tennessefs] hasm > 1 andn = 1.

3 Activeframes

Active framesprovide a simple mechanisnto sendwork and datato computehosts. With this e xible
mechanisnthe servicesantake adwantageof theresources hostsatthelocal andremotesites.An actve
frameis anapplication-lgel transferunit thatcontaingprogramandassociatedpplicationdata.Section3.1
describeghe active frameinterface. Active framesare processedby computesenerscalledframeserves.
Theframesenersareuserlevel processeshatrun on computehosts. Figure 2 illustratesthe structureof
aframesener. A sener consistof two componentsan application-indepedent interpreterthat executes
active frame programsandan optional collection of application-speci croutinesthat canbe calledfrom
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the frameprogram. Section3.2 describeghe detailsof theframesener implementation.The active frame
mechanisntanbe extendedo build sophisticatederviceghroughthe useof specializedhctive framesand
applicationlibrariesthatareloadedinto the seners. Section3.3 describeghis extensionmechanism.

Input Active Frame Output Active Frame
frame frame frame frame
data | program Active data | program

p| frame )
interpreter

Application

specific

libraries

Active Frame Server

Figure2: Active framesener.

3.1 Activeframe interface

Theactive frameinterfacedeclaresa singleexecute method.

interface ActiveFrame  {
HostAddress execute(Server  Stat e state);

}

The speci ¢ frames executemethodis calledwhenthe framearrives at the sener. The executemethod
is the entry point for frame executionand canbe usedto processhe frames data. This methodreceves
oneparametepf typeServerState . Thestateobjectprovidesa soft storageservicethatframescanuse
to keeparbitrarydata. The soft storagemechanisms describedn moredetailin section3.2.2. Whenthe
frameexecution nishes, thesener forwardstheframeto the sener speci edby theaddresseturnedby the
executemethod.

This simplemechanisnallows applicationgo specifywhatoperationgo executeonthedataandwhere
to executethem.Heavyweightservicesanusethis mechanismo move computatioralongwith the datato
seners,takingadwantageof thethe extraresourceshesecomputesenersoffer.

Application-speci ¢ framesprovide the appropriateimplementationof the executemethod. For in-
stancelong-livedframescanbeusedto install servicesn thecomputehoststhatsatisfyrequest$rom other
clients.Othercompute-intense servicedik e future searchenginesanddatamining could beimplemented
with more short-lived framesthat crawl the databasesearchingfor speci ¢ information. Visual anima-
tion of physicalprocessesould beimplementedvith a streamof multiple active frameswhereeachframe
processepartof thedataset.

3.2 Frame sewers

Framesenersare processeshat receive, executeand forward active frames. We implementedhe frame
senersasuserlevel processesisingJava [18]. This hasallowed usto easilyimplementthe active frame
mechanisnwhile avoiding OS andmachinespeci ¢ dependenciesMost of the functionality of the active
framemechanismis facilitatedor built directly on top of Java’s features.For example,the marshallingof
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void FrameServer.sen d( Act iv eFra me frame)
Executeandsendanactive frameto the sener returnedby its executemethod.

Object ServerState.get (Stri ng id) :
Retrieve anobjectfrom the sener soft storage.

void ServerState.put (Stri ng id) :
Add anobjectto the sener soft storage.

Figure3: Framesener API

active framesis doneusingJava's serializationprotocolandthe frames codedistribution mechanisngets
leveragefrom Java's dynamicbyte-codeloading. Frameseners provide the following functionality: (1)
frameprocessingindforwarding,and(2) soft storage.

3.2.1 Frame processingand forwarding

An applicationstartsa new sener in the sameprocessuy creatinga new instanceof a FrameServer
object. The frame sener processesutgoing framescoming from the applicationand incoming frames
arriving from the network. The applicationcalls the tt sendmethodof the framesener (SeeFigure3) to
initiate the procesof aframe.Hereis how anapplicationmight createandstarta framesener:

1: FrameServer server
2: ActiveFrame frame
3. server.send(fr anme) ;

new FrameServer(300 0);
new SampleFrame();

The applicationstartsa sener on the local hostusingport 3000(line 1), andthencreatesandsendsa new
active frame(lines 2,3). Thesener's send methodinvokestheframes execute methodbeforesending
theframe. Thenthe sener sendgsheframeto the addresseturnedoy the executemethodif the addresss
notnull.

Framesaretransferecamongsenersusing TCP/IR At run-time,a framesener waits on a well-known
portfor anactive frameto arrive from the network. Whena new framearrives,the senerreadsheprogram
anddatacontainedn the frame;thenthe sener interpretsand executesthe frame program. We built the
frame senersusingthe standardapproachwhereeachframesis executedin a separateéhreadof control.
This processs describechext. Figure4 shavs an active framein the rst sener to the left thatis about

fD_ Control fD_ Control /D— Control
thread e thread thread
Active
Frame

Frame thread

Frame server Frame server Frame server
Figure4: Frametransmissiorinitialization

to be sentto the sener in the middle. The contiol threadin the receving sener (middle) listensfor new
connectionsThe sendingsener establishes TCP connectiorto thereceving sener to transfertheframe.

5
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Control
thread
Active
Frame

Frame thread

Control Control
thread thread

' Frame thread

Frame server Frame server Frame server

Figure5: Frametransmission

In Figure5 the controlthreadin the receving sener createsa new thread,labeledframethreadin the
gure. The control threadhandsthe connectionto the frame threadandreturnsto wait for new connec-
tions. Theframethreadunmarshallshe framefrom the streamusinga FramelnputStre  amobject. The
FramelnputStrea  mobjectperformstwo functions: (1) It takescareof the detailsof unmarshallinghe
frame,and(2) it dynamicallyloadsthe codeneededo executethe frame.

Control Control Control

thread thread thread
Active
Frame

Frame thread

Frame server Frame server Frame server
Figure6: Frameexecution

Oncetheframeis unmarshalledtheframes execute methodis calledin the framethread(Figure6).
Theexecutemethodperformsthe desiredcomputatior(i.e., transformthe data).

Control Control Control
thread thread thread
Active
Frame

Frame thread >Fralme thread

Frame server Frame server Frame server
Figure7: Frameforwarding

Oncethe executemethod nishes it returnsthe addressof a framesener. If this addresdss not null
the sener forwardsthe frameto this address.The framethreadusesthe addresgo establisha connection

to the next sener andthencreatesa FrameQutputStr  eamobjectto marshallthe frameinto the stream
(Figure7).

3.2.2 Softstorage

The soft storageis a mechanisnto save arbitrary datatemporarilyat the frame seners. Applicationscan
usethis mechanismo keepstateatthe seners. The storageacceptskey/valuepairsto storethe data. Later
the samekey canbe usedto retrieve andmodify the dataor remove it from the storage.An objectof type

6



3 ACTIVEFRAMES 3.3 Extension support for active frames

ServerState  ispassedotheframesexecute method.Theframeuseanethodsn theServerState
classto put , get andremove datafrom thestore(See gure 3).

The soft storageasimplied by its name malkesno guaranteeaboutpreservinghe datait keeps.This
implies that applicationframesshouldbe preparedo recover informationthat hasbeen ushed from the
storage.Theentriesin the softstorageareleasebased 7], meaninghattheentriesarekeptonly for a nite
periodof time asde ned by thelease At theendof thespeci ed periodtheentryis removedif its leasehas
not beenrenaved. Althoughthe storemakesaneffort to keepanentry until theendof theleaseperiod,the
entrycouldberemovedbeforetheleaseexpires.

This simplemechanisnprovided by the soft storages usefulfor sharinginformationbetweerdifferent
framesthat belongto a sessioror a type of application. For example,framesbelongingto a datastream
canstoreandretrieve parameterandperformancenetricsrelatedto the processingf the stream Hereis a
sampleframethatusessoft storageio keepstatebetweerexecutionof frames:

l.class SampleFrame implements ActiveFrame  {
2. HostAddress execute(Server State state) {

3: Integer estimate = (Integer)state .g et (ESTI MATE_I D);
.. Il set application parameters
4. Integer execTime = compute();
5: Integer newEstimate = computeEstimate (esti mae , execTime);
6: state.put(ESTIM ATE_| D, newEstimate)
}
}

In this example,the frameusesthe get method(line 3) to obtaina previously storedestimateof the
time it will take to completea computation After theframe nishes the computatior(line 4) it updatesand
storeghe estimatan the sener's soft storageusingthe put method(lines5-6).

3.3 Extensionsupport for active frames

In orderto createhigherlevel servicesusingactive frames the framesneedto performapplicationspeci ¢
operatiomatthe seners. Thisis a crucialfeaturebecausdt allows the useof existing packagesndintegra-
tion with othersystemsFor example,visualizationalgorithmsarecomple< anddif cult to develop,avisu-
alizationservicecanincorporateexisting visualizationpackagesuchasvtk [29], AVS [32] andopenDX 2.

Active framesusetwo mechanismso extendthe basicfunctionality of the seners: dynamiccodeload-
ing andapplicationlibraries Theimplementatiorof theseéwo mechanismseliesonfeatureghatarecentral
to Java: dynamicclassloading,the objectserializationprotocolandJNI (Java Native Interface)[21, 17].

3.3.1 Dynamic codeloading

Thecodeneededo executeanactive frameprogramis loadedon demandandcachedy theframeseners.
The programcarriedby the active framesis meantto be a glue codethat callsinto the applicationspeci ¢
librariesto implementa serviceor adistributedapplication.ln generalactive frameprogramsareexpected
to be relatvely small and canbe easilyloadedover a network. The codeloading mechanisnusedwith
active framesis similar to the oneusedby Java's RMI (RemoteMethodInvocation)[12]. This mechanism
is supportedby the JVM's (Java Virtual Machine)[22] ability to dynamicallyresolhe andlink classestrun
time.

1Seehttp:/iwww.research.ibm.com/dx
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Thesenersloadthecodefor theframesusingasignalingprotocolseparatérom theoneusedto forward
the frames.However the codeloadingmechanisms tightly coupledwith the marshallingprotocolusedto
forward the frames. The framesare marshalledn the datausingJava's objectserializationprotocol. This
protocolhasthe option of includinga classannotationalongwith the objectmarshalledn the datastream.
This annotations usedto indicatewhereto nd thecodefor a particularframe. With the useof a separate
signalingprotocolthe classbelongingto a frame canbe cachedfor future useavoiding the costincurred
in fetching, loading andinterpretingthe classthe rst time. The processingf a frameis sloved down
considerablythe rst time a particularclassis loaded,especiallyif the classesave to be transferedrom
aremoteclasssener. This canbe solved by prefetchingthe classesaheadof time so by the time a frame
arrivesthethesener thecorrespondinglassediave alreadybeenloaded.

Whenaframesener forwardsanactive frameto anothersener, the sendingsener usesa FrameOut-
putStream to marshalltheframeinto a byte streamusingJava's serializationprotocol. The serialization
protocolis implementedn FrameOutputStr eanis superclassQbjectOutputStr eam. Frame-
OutputStream  overridesthe annotateClass  method. This methodis called oncefor eachunique
classin thestreanthe rst time anobjectof thatclassis marshalledThe methodaddsa setof URLsto the
stream.TheseURLs arecommonlyknown ascodebase The codebase&anbe usedby the unmarshalling
procesgo locatethe appropriatecodefor the frameor otherobjectsincludedwith theframe. The Frame-
OutputStream obtainsthe URLs by queryingthe classloaderof the classto annotateif the classloader
cannotprovide acodebaseghena default valueis used.

Thereceving framesener usesa FramelnputStre  amto unmarshalthe framefrom theincoming
stream.ThereadObject in the superclas©bjectinputStre amimplementghe unmarshallingpro-
tocol. ThereadObject usesinformationincludedin the datastreamto determinethe classof anobject
thatit is reading.Whenanew classis foundin thestreantheresolveClass  methodis calledto loadthe
correspondinglass. The FramelnputStrea  mclassoverridesthe resolveClass method,which is
the counterparbf FrameOutputStr eam's annotateClass  method.TheresolveClass  method
readsthe codebasé&om thebyte streamandthenit delgyatesthe classresolutionandloadingto a Frame-
ClassLoader

FrameClassLoade r isasubclas®f java.lang.ClassL oader thatloadsclassegrom a speci-

ed setof URLs(codebase)ln JDK (Java DevelopmenkKit) versionl.2[8] anew classjava.net.URLCla
wasintroducedwhich providesthis functionality Theloaderscacheclasseshathave alreadybeenfetched
to avoid the expensve processof contactingthe classsener and dynamicallyvalidating and linking the
code.If theclasscannotbefoundanexceptionis raised.

The protocol usedto transferthe class les from their repositoryis independenbf the classloader;
this meanghatthe classexanbetransferedbver HTTP FTP or otherprotocolaslong asthe namecanbe
speci edasa URL andthereexistsaninstalledhandlerfor the protocol. In our setupthe classesrestored
atacentralrepositoryandaremadeavailableto theframesenersthrougha simpleHTTP sener.

3.3.2 Application libraries

The dynamiccodeloadingmechanisnexplainedin the previous sectionis well suitedfor small programs,
like gluecode,carriedin theactive frames.However, in orderto implementusefulservicestheframesneed
to performcomplex application-speci coperations.For examplea visualizationapplicationneedsa series
of lters to processa dataseandproducea 3D modelor animageout of thedata.

The framesenerscanbe extendedto provide a richer setof operationgo Active Frames.The frame
senersareextendedby addingapplicationspeci c routinesin the form of librariesthatare colocatedwith
the seners. The senersload the librariesat initialization time. This mechanismmalesit possible(1) to
useof existing codeand libraries; (2) take advantageof platform and applicationspeci ¢ optimizations

ss Loader ,
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that can be implementedn the libraries; and (3) avoid the overheadinvolved with the e xibility of the
runtime ervironment, namelyinterpretationand compilation. Theseapproachs well-suitedfor compute
intensve taskslike remotevisualization.In mary caseghe sizeof thelibrary makesit impracticalto load
the codeon demandover a slow network. Thusextendingthe senerswith librariesprovidesa richer API
thatapplication-speci cactve framescanusewithoutincurringa high overhead.

Active Framescan call methodsin the librariesthrough JNI, which is Jara's mechanismto execute
platformdependentode,alsocallednative code. To accessoutinesin existing applicationlibrariesa thin
layerof wrappercodetranslatesara methodcallsinto library calls.

Theapplicationlibrarieshave the following threecomponents(1) the Java wrappersy2) the C method
wrappersand(3) the applicationroutines. The Javawrappes declarethe interfacefor the routinesin the
libraries. Thesewrappersdo not provide ary implementationof the routines,they just declarethat the
routinesexist andthatthey arepartof thelibrary. The C methodwrappes area seriesof stubroutineswith
namingand parametercorventionsusedby JNI. Thesewrappersareresponsibldor conversionsbetween
Java typesand native types. The applicationroutinesprovide the actualimplementationof the desired
function. If theapplicatiorlibrariesarewrittenin anobjectorientedanguagédik e C++thenadirectmapping
from exportedlibrary classeso Java classess the naturalapproach.

Librariesareloadedinto the framesenersat startuptime usingthe System.load = methodof theJava
API. An actve frameaccessea routinein theapplicationlibrary by calling the correspondingnethodin a
Javawrapperobject. The Java runtimecallsthe appropriatanethodwrapperwith the speci ed parameters.
Finally the methodwrappercalls the speci ¢ functionin thelibrary. Whenthelibrary routinereturns,the
wrapperpasseshereturnvaluebackto the Java runtime.Hereis the basicform of a Jasawrapper:

l:class  SampleWrapper {
2. private native void libMethodO(int parameter);
3: public void libMethod(int parameter)  {
/I Check parameters and then call the native method.
4. return  this.libMethod 0( para meter);

}
}

The Java wrappersare objectsthat provide accesgo the library routinesthroughinstancemethods
thataredeclarednative . In the exampleabove the classSampleWrapper declaredibMethod0  to
be native (line 2). Objectsfrom other classescan accesghe native methodthroughthe public method
libMethod (lines3-4). ThemethodibMethod canbeusedto checktheparameterd necessary

l:iextern  "C" JNIEXPORT void JNICALL

2:Java_SampleWr apper_lib Meh od_10(J NIEnv *env, jobject obj, jint par) {
/[ call the actual Ilibrary method

3: libMethod( par );

}

Themethodwrappersaresmallfunctionsthatconformto thenamingandparametepassingcornvention
of JNI. Thesefunctionsare calledwheneer a Java programcalls a methoddeclarednative in the corre-
spondingwrapperobjects. A methodwrapperusesthe parameterst recevesfrom the JVM to construct
the parametersieededo call the correspondin@pplicationroutinein thelibrary. After thelibrary routine
returns,the methodwrapperconverts the returnvalueto conformwith the JNI corvention. The method
wrappersarewrittenin C/C++,compiledinto platformspeci c instructionsandlinked with theapplication
library to generatea dynamiclibrary. The exampleabove shawvs the correspondingnethodwrapperfor the
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4 REMOTE VISUALIZATION SERVICE

native methodof the sampleclass. The function declarationfollows the JNI corvention (lines 1-2). The
applicationroutinesareatthe coreof thelibrary andcarryoutthe actualcomputatior(line 3).

4 Remote visualization service

In mary situationsthe amountof datacollectedby a particularprocesds extremelylarge. The sizeof the
datamalesit dif cult for ahumanbeingto interpretandanalyze.Visualizationtechniquesrevery useful
to analyzdargeamountf databecauseéhey highlightinterestingfeaturesof thedata. Thegoalof aremote
visualizationserviceis to enableusersto createin their desktopwisualrepresentationsf massve datasets
thatarestoredremotely

In general,the ability to interactwith the visualizationprocessncreaseghe users understandingf
the datasetFor example,changingparameterin thevisualizationor exploring the datasefrom a different
viewpoint might reveal featuresof the datasethatwerehidden. In orderto allow this kind of interaction,
thedelaybetweerthe userinput andthe outputhasto be within reasonabléounds.

Userswouldliketo analyzetheir datasetinteractvely from theirpersonatiesktopandlaptopcomputers
using the computationakesourceshey have accesdo. The visualizationprocessperformsa sequence
of computeintensve transformationdo the datato producean image. The size of the datasetsandthe
computationalequirement®f the visualizationprogramsdif cult the creationof interactve applications
thatrun on atypical desktopworkstation.The bottomline is thatvery oftena useris far away from datasets
hewantsto accessOftenthedatasetsredif cult to transferoverthenetwork to theuserssite,sothey have
to remainat aremotesite wherethe datawascollectedor generated.

The processof interactve visualizationcan be thoughtof as seriesof queriesto a massie dataset.
Beforethe datais presentedo the userit mustbe processedby a sequencef lters. Remotevisualization
of scienti ¢ datasetss ahearyweightinteractie service.We have createchremotevisualizationservicethat
we call Dv (Distributedvisualization)[1]. Dv enableghe userto visualizethe massve scienti ¢ datasets
thatarestoredatremotesites.The serviceis providedundertheresourcanodeldescribedn section2, thus
thevisualizationprocesss partitionedamongthe hostsat the remoteandlocal sitesto satisfytheresource
requirements.

[ Viz application

§ Dv library | Scheduler
= Active frames

g Transport

8 Network

Figure8: Dv service composition
Dv operatestthe applicationlevel usingexisting network servicesthusit doesnot requirechangesn
the currentnetwork infrastructure Figure8 shavs the compositionof the Dv service.

e The visualizationapplicationspeci eshow procesghe setof Iters requiredto transformthe data
into images.

e The Dv library is a collection of routinesto processandtransferdatasets.In orderto processhe
dataDv usesvtk, a powerful and comprehense open-sourcevisualizationlibrary [29]. Section6
describesheapplicationmodelde nedin thelibrary.
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5 MOTIVATING APPLICATION

e The Stedulinginterface describedn section 7, allows the useof application-lgel informationto
selecttheresourcesequiredto executethevisualization.

¢ Dv aggrgatesresourcedrom multiple hoststo executethe visualizationprocess. Dv usesactive
framesto shipdataandcomputatiorto the computehosts.

5 Motivating application

Scientistandengineerdrequentlyusecomputersimulationsto solve complex modelsfor their problemof

interest. The outputof thesesimulationsresultin large amountsof data. For example,the Quale project
at CMU [4] usessupercomputerto simulatethe motion of the groundduring strongearthquaks. Quale

simulationsproducedataset®n the orderof hundredsof gigabyteso terabytesof oating point numbers
that representhe displacement®sf pointsin the earthduring an earthquak. Visualization,datamining,

statisticalanalysisandothermethodsnustbeusedto obtaininsightof the data.

Quale simulationsmanipulatdarge unstructurednite elementmodels. For a moderatelysizedbasin
suchasthe SanFernandd/alley of SoutherrCalifornia,the modelsconsistof 15M nodesand80M tetrahe-
dralelementsA simulationof 60 second®f shakingcangeneratenthe orderof 6 TB of data.The output
datasetconsistsof a large 3D unstructuredetrahedrameshthat modelsthe groundand a seriesof data
frames Eachframerecordsthe stateof the meshat a giventime-stepin the simulation. A framecontains
datavaluesassociateavith eachpointin the mesh.Thesevaluesdescribdeaturesof the pointsin themesh,
suchasthedisplacemenamplitude(i.e., theamountof motion)ata pointin the earth.The seriesof frames
describeshe stateof themeshovertime.

Displacement Amplitude 9.1440 seconds

Figure9: Quake visualization snapshot

Figure9 shavs a visualizationof the displacemenamplitudeof the groundduringthe 1994 Northridge
aftershockin SanFernandoVvalley. The top part of the picture shavs the densityof the terrain nearthe
surface. Underneathifferenttonesof gray representhe displacemendf grounds magnitudeasthe wave
propagateso thesurface.
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ROI Isovalues Camera Resolution

Simulation Reading Isosurfz_;\ce Scene_
database extraction synthesis

Figure10: Flowgraph for a Quake visualization

In orderto produceanimage,the visualizationprocessappliesa seriesof transformationgo the data.
Thesetransformationsre usually expressedn the form of a visualization owgraph Figure 10 shaws
the owgraph of the transformationsnvolvedin a simpli ed visualizationof a Quale dataset.Theground
motionvaluesarestoredin theremotedatasetA useratthelocal siteinteractvely requesthevisualization
of aROI (region of interes) in the datasetTheregion of interestis expressedothin spacegvolume/plane
of the ground)andin time (setof frames). If the userrequestdatafrom a singleframe,thenthe result
is a still image. If the userrequestsnultiple framesthenthe resultis ananimation. The rst stageof the

0 wgraphreadsa subsebf the datasefsindicatedby the ROI. The next stagecomputessosurbicesbased
onsoil densitiesandgrounddisplacemenamplitudedo highlight characteristicin thedata. The next stage
in the o wgraphsynthesizeshe sceneaccordingto varioussceneparametersuchas point of view and
cameradistance.Finally, the scenes renderedrom polygonsinto pixels thataredisplayedon a monitor
Theresolutionof thedisplayedmageis determinedy aresolutionparameter

Figure1l shavs a simpli ed versionof the C++ codeusedto implementthe o wgraphshavn in Fig-
ure10. Thecodeshavn hereusesvtk lters to producethevisualization.

In lines2-7thevtk objectsrequiredto visualizethedatasetarecreateddvQVolumeReade r (line 2)is
the objectthatreadsthe quale dataset.ThevtkContourFilter object(line 3) performstheisosurfice
extraction on the dataset. The vtkPolyDataMapp er, vtkActor  andvtkRenderer  objects(lines
4-6) work togethetto synthesizeandrenderthe 3D sceneFinally, thevtkRenderWindow object(line 7)
displaystheresultingscene.In lines8-24the Iters aresetupwith theinitial parametersAlso the objects
thatform the o wgraphareconnectedogetherLine 8 speci esto thereadembjectthe nameof thedataset
to visualize.Thecontour lter generateasmary isovaluesasspeci edby the _numlsos paramete(Line
10). Thesevaluesvaluesareevenly distributedbetweerthegivenminimumandmaximumvalues(_minval
and_maxval parameters)For the sale of simplicity the sceneparameterfiave beenomitted. If no light
andcamergoositionarespeci edtherenderercreatesadefault light anda camerao renderthe scene Also
thedefault valuesfor thewindow sizeandresolutionparameterareusedto displaythe nal image.

Inline 9, thereademndthecontour Iter areconnectedy assigninghe outputof thereadeito theinput
of the contour Iter. Similarly, in line 11 the contour lter is connectedo the datamapper In line 12, the
actoris associatewith themappeiandin line 13theactoris addedo thelist of actorsin therendererFinally
in line 14,therenderelis associateavith thedisplaywindow. ThefunctiondisplayTimeSte  p (line 15)
is calledwhenthe userspeci esa dataframecorrespondingo a particulartime stepin the simulation.This
parameters updatedn thereader(line 16) andtheRender methodin thewindow object(line 17)triggers
the executionof the o wgraph.

Figurel2 shavs aDv versionof thegroundmotionvisualizationgeneratedby the programin Figurel1l.
In thisexample,the Dv client sendsanactive framewith arequesto theremotesener wherethe datasets
located.This active framegenerate®neor moreactive framesasa responseEachresponsdramecarries
a programthat assignghe readingcomponenbf the visualization o wgraphto the rst remoteDv sener,
theisosurhceextractionstagedo the secondv sener, the scenesynthesisthe renderingandthe display
stagedo thelocal Dv client.
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1. void setup()

{
2. dvQVolumeReade r* reader = dvQVolumeReade r:: New();
3.  vtkContourFilt er* contourFilter = vtkContourFilt er. :New() ;
4. vikPolyDataMap per* polyMapper = vitkPolyDataMap per :: New();
5. vtkActor* actor = vtkActor::New( );
6: vtkRenderer* renderer = vtkRenderer::N  ew();
7.  vikRenderWindo w* renWin = vtkRenderWindo w:: New();

/[ set up the filters

8: reader->SetFil eNameg( _datasetname );
9.  contourFilter- >Setl nput ( reader->GetOutpu  t( ) );
10:  contourFilter- >CGenerate Valu es( _numlsos, _minval, _maxval );
11. polyMapper->Se tl nput( contourFilter- >GetO ut put( ) );

12: actor->SetMapp er ( polyMapper );
13: renderer->AddA ct or( actor );
14: renWin->AddRen derer ( renderer );

15: void displayTimeStep (i nt timestep)

{

16: reader->SetTim eStep (t imeste p);
17.  renWin->Render () ;

Figurell: Sequentiabualeviz program
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Figure12: ExampleDv Quale simulation.
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| Method

voi d DvFraneServer. sendDat a( vt kDat aSet data, DvHost Address address, int
sessionld, int datald)

vt kDat aSet DvFraneServer. get Dat aSet (i nt sessionld, int datald)

Host Addr ess DvFrameSer ver. get Local Addr ess()

Figurel3: Dv sener API

6 Dvlibrary

TheDv library containgheroutinesto build thevisualizationservice. Theservices providedonacollection
of computehostsrunningDv serves. A Dv sener is anactive framesener extendedwith the Dv library.
Dv senersareexplainedin section6.1. The userinteractswith the visualizationprocesshroughthe Dv
client. The Dv client is an active frame sener extendedwith an interfaceto display the visualization.
Section6.2 describeghe Dv client. In orderto provide a particularvisualizationservicewith Dv, the
applicationdesignethasto transformde applicationanddivide it in variouscomponentasde ned by the
Dv library. The visualizationcomponentsandapplicationmodelare describedn section6.3. To initiate
a Dv sessionthe Dv client sendsa specialkind of actve frame, called requesthandler to a Dv sener
thatis colocatedwith theremotedatase(the datasetservej. During the courseof avisualizationsession,
the Dv client sendsa seriesof requestframesto thatDv sener. Eachrequestframecontainsvisualization
parametersuchasregion of interestand resolution,a descriptionof the visualization o wgraph,anda
schedulethatassignso wgraphnodesto Dv seners. The requesthandlerproducesa sequencef oneor
moreresponsdramesdependingn whetherthe clientrequestananimationor a still image.

6.1 Dv sewers

A Dv seneris a specializedramesener thathasbeenextendedto provide additionalservicedor visual-
izationapplications A Dv seneris extendedwith visualizationlibrariesusingthe mechanisndescribedn
section3.3.2.1n our currentimplementatiorthe Dv senersareextendedwith vtk libraries. Thesenersare
alsoextendedwith routinesto transfervtk datasetbetweerseners.

Using existing visualizationlibrarieshasvariousadwantagesWe do not have to rewrite comple visu-
alizationroutinesto supportremotevisualizationservices. Existing librariesare morereliable sincethey
have beenwidely usedby the visualizationcommunity Theselibrarieshave beenoptimizedover their life
cycleto befastandmemoryef cient, which resultsin anoverall performanceainthatwould bedif cult to
achieve if we wroteour own visualizationroutines.

Thevisualizationlibrariesde ne their own datatypesandprovide the routinesto operateon thosedata
types.In vik, the datatypesareall sub-typeof thevtkDataSet class.Sincedatasetsieedto be moved
betweerseners,we createda seriesof marshalleobjectsto transferthe dataset®ver TCP streams.There
is onemarshaller demarshallepair for eachvtk datasetype. Thesemarshallersare C++ objectsthatare
includedin theapplicationlibrariesusedto extendthe Dv seners. TheDv sener's API providesasimpli ed
interfaceto transferthe datasetbetweersenersusingthesemarshallers.

At the senderside the applicationcan usethe sendData methodto initiate a datasetransferto a
particularhost(SeeFigurel3). This methodtakesfour parametersThe rst parameteis areferenceo the
dataseto send,the secondoarametespeci esthe destinatiorhost,thethird andfourth parameteareused
to identify andretrieve the datasetat the receving sener. Eachdataseis associateavith a sessioranda
frameit belongsto.

At therecever's sidea DataFrameReceive r objectreadsthe dataseusingthe correspondingle-
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6 DV LIBRARY 6.2 Dv Client

marshallerdor the datatype. The datasets bufferedfor laterretrieval. Lateranapplicationframecanuse
thegetDataSet method(SeeFigurel3)to retrieve the datasetlf anapplications framecallsthe get-
DataSet methodbeforethe datasehasbeenreceved, the calling framewaitsfor a predeterminegeriod
of timefor thedataseto arrive. An applicationcanalsousetheextendedAPI (notshavn in table)to specify
thetimeoutvalueit is willing to wait for the dataset.

An applicationframe canobtainthe addresof the Dv sener it is executingon throughthe getLo-
calAddress method.This methodreturnsa DvHostAddress object,whichis asubclas®f HostAd-
dress .

6.2 Dv Client

The Dv client displaysthe outputof the visualizationand allows the userto interactwith the visualiza-
tion process.The Dv clientis in essence frame sener with the following functionality: (1) userinput
processing(2) visualizationoutputrendering,(3) sessiomanagemeniand (4) dataframe buffering and
reordering.

The usertinterface of the Dv client canbe easily customized. We expectthe Dv client to be useful
to createbasicuserinterfacesfor simplevisualizationservices.More comple interfacesandinteraction
might requirethe constructionof an application-speci cclient from the scratch. A visualizationdesigner
cancreatethe userinterfaceappropriateo visualizea particulardataset.If no userinterfaceis provided,
the client createsa default window to display all the dataframesthat arrive. The interactionwith the
visualizationprocessaisingthe default window is limited to rotate,panandzoominto the datasethowever
theusercannotmodify ary of thevisualizationparameterslirectly.

TheDv clientassociateBameswith asessionTheclientstartsasessiorby sendinga RequestHandler
frameto a sener. Usuallythis sener is colocatedwith the dataseto bevisualized. The requeshandleris
along-lived framethatacceptgequestdsrom the client andsendsesponsdramesbackto the client. The
responsdramesexecuteon the computehostsalongthe pathbackto the client. The responsdramesalso
executewhenthey arrive to theclient,the sameway they doin ary otherframesener. Therequestandley
requestandresponsdramesaredescribedn detailin section6.4

TheDv client providesa call backmechanisnio announcehearrival of responsérames.The applica-
tion designeiprovidestheimplementatiorfor the FrameListener  interfaceshavn below.

public interface FrameListener {
void frameArrived(R esponseFrame frame, vtkDataSet data, int id);

}

The frameArrived methodof the registeredframelisteneris called after the frame's executemethod
returns.The rst parametefor this methodis the framethatjust arrived, the secondparameteis the out-
put dataseproducedby the responsdrame, the last parameteis the identi er of the dataset.Using this
mechanisnthe applicationdesignercancustomizethe behaior of the client. For example,one particular
implementatiorof this interfacecouldrenderthe datasebnceit arrivesto the client. Anotherimplementa-
tion couldupdatea eld in the screerwith the currentframenumber

The ClientBuffer is a helperclassthatimplementshe FramelListener  interfaces. Theclient
buffer orderstheresponsdramesrecevedfrom the sener. This classis particularlyusefulto createanima-
tions, wheretheresponsdo a requesis a streamof framesthat have to be displayedin orderat a speci ¢
time.
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6.3 Visualization components

In orderto build a Dv application the applicationdesignemeedso implementthe following components:
(1) adatasource,(2) avisualization o wgraph,(3) requestsandoptionally (4) a scheduleand(5) a cus-

tomizeda graphicaluserinterface. Thesecomponentsre presentin the toolkit in the form of interfaces,
leaving the concretamplementatiorio the applicationspeci ¢ needs.

6.3.1 Datasource

Thedatasourcereadsthe datasetTheinterfacefor the datasourceis shovn below:

public interface DataSource extends java.io.Serial iz able {
public  vtkDataSet  getDataFrame();

}

TheDataSource interfaceextendsthe Serializable interfacesodatasourcesanbe marshalled
andtransmittecalongwith theactive frames.Thisinterfacedeclarea singlegetDataFrame methodthat
returnsareferencdo avtkDataSet  object. A particularimplementatiorof this interfacecouldreadthe
datafrom a databasea le or directly from outputof a simulationprocess.The datasources methodsare
executedin a framesener thathasaccesdo the data. Usually the datasourceobjectexists throughouthe
durationof a sessiorandthis objectkeepsstatelike open les, establishedlatabaseonnectionscurrent
loadedframe,etc.

1. public class QuakeSource implements dv.DataSource {

2. String datasetName = null;
3. int timeStep = 0;
4 public  vtkDataSet getDataFrame() {
5: if (this.reader==nu ) {
6: reader = new dvQVolumeReade r( );
7 reader.SetFileNa met hi s.d at aset Name);
}

8: this.reader.Se tTi meStep(t his .t imeSte p);
9: this.reader.Up dat e();
10: return  this.reader.Ge tOut put () ;

}
11: public void setTimeStep(in t step) ({
12: this.timeStep = step;

}

}

In theexampleabove, theQuakeSource classis usedto readtheoutput les generatedby Quale sim-
ulations.Thesimulations output les containanunstructuredetrahedraimeshanda seriesof scalarvalues
associatedo the verticesof the meshfor eachtime stepof the simulationprocess.The QuakeSource
classimplementsthe getDataFrame method(line 4) declaredin the DataSource interface. In line
5 this methodchecksif aninstanceof a dvQVolumeReader hasbeencreated. If no readerhasbeen
createdoneis instantiatecandinitialized (lines6 & 7). dvQVolumeReade r is a classin the application
library thatreadsthequale les andproducesstk datasetasoutput. In line 8 the desirectime stepto read
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is speci edto thereader Thereaders Update method(line 9) loadsthe actualdataset.Finally andthe
GetOutput returnsareferencdo thedatasetTheQuakeSource classalsoprovidesmethoddo specify
thetime stepof the simulationof interestto theuser

6.3.2 Visualization o wgraph

Thevisualization o wgraphdescribeghe setof transformationso performto the datasetsThe o wgraph
containsthe actualprogram,in the form of datasetlters, to createa visualrepresentationf the datasets.
Thevisualizationdesignepartitionsthe o wgraphinto nodes,eachcontainingoneor more lters thatare
appliedto aninput dataseto producean outputdataset.Nodesin the o wgraphareindependentf each
otherandconnectednly by the input and outputsdatasetsallowing the nodesto be executedseparately
For instancethe rst nodeof the o wgraphcould be executedon hostA, whenexecutionwould nish the
outputwould betransferedo hostB wherethe secondhodewould executeusingthe rst nodes outputas
input for the secondhode. Also, multiple consecutie nodesin the o wgraphcanbe executedin the same
host.

This modeloffers great e xibility allowing the o wgraphto be scheduledn mary differentwaysac-
cordingto resourceavailability. However, the e xibility of the modelhasa cost. Not all applicationst
naturallyin this programmingnodelandthe modelmakesit moredif cult to reasoraboutthe control o w
of the program. We arestill evaluatingthis modelto improve its easeof useor adopta differentmodelif
necessary

TheFlowgraph interfacedeclaredwo methodsbuildNode andgetNumberOfNod es.

public interface Flowgraph extends java.io.Seriali zabl e {
public int getNumberOfNode s();

public  vtkDataSet  buildNode(int nodenumber, vtkDataSet input)
throws FrameException;

The getNumberOfNode s returnsthe numberof nodesin the o wgraph. This methodis usedpri-
marily by the schedulersThe buildNode methodinstantiatesa singlenodeof the o wgraph. The rst
parametepf this methodis a zero-basedndex thatidenti es the nodeto be instantiated.The secondpa-
rameteiis ahandleto theinputfor thenodeto build. The methodreturnsa handleto the outputof thenode.
Notethatatthis pointthe o wgraphs nodehasonly beenconstructedndit hasnot beenexecutedyet, thus
thereturnoutputdatasets still empty

Hereis anexampleof how a o wgraphcanbeimplemented.

1:public class SampleFlowgrap h implements Flowgraph {
2:  public int getNumberOfNod es() {

3 return  2;
}
4 vtkDataSet  buildNode(int nodeNumber, vtkDataSet input) {
5 switch  (nodeNumber) {
6: case 0: return buildNodeO(inpu t) ;
7 case 1. return buildNodel(inpu t) ;
8 default: throw new FrameException( I nval id node number");
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/* Build node 0 to extract the region of interest.
* Interesect the input with a plane (ROI). */
9: vtkPolyData buildNodeO(vtkD  ata Set data) {

10: vtkCutter cutter = new vtkCutter();
11: vtkPlane  plane = new vtk.vtkPlane();
12: plane.SetOrigi n( 0.0, 0.0, this.zvalue );
13: plane.SetNorma I( 0.0, 0.0, 1.0 );
14. planeCut.Setin put ( data );
15: planeCut.SetCu tFu ncti on( plane );
16: return  planeCut.GetOu tp ut ();
¥

/**  Build node 1: Extract isosurfaces */
17:  vtkPolyData buildNodel(vtkD  ata Set data) {

18: vtkContourFilt er filter = new vtkContourFilte r¢ );
19: filter.Setlnpu t( data );
20: filter.Generat eValu es( this.isovalues, this.low, this.high );
21: return filter.GetOutp ut () ;
¥
}

The sample o wgraphshavn above hastwo nodes. The rst nodeextractsa region of interestin the
datasetTheseconthodedecimateshedatasetThebuildNode methoduseshenodenumberparameter
to determinethe nodeto build (lines 4-8). The o wgraphcanbe implementedusing visualization lters
androutinesin the applicationlibrary. For example,in the buildNode0 methodavtkCutter  nodeis
instantiatedrom the vtk libraries(line 12). The mechanisnto connecthedifferentnodesof the o wgraph
is explainedin section6.4.3.

6.3.3 Request

A requesspeci esthe parametersf thevisualization.Requestsnightbeusedto changeheROI, isovalues
andotherparameteri the visualization o wgraph.Requestganalsobe usedto changeparametern the
datasourceor in theschedulerHereis asimpli ed versionof theRequest class.

1:public class Request implements java.io.Seriali zabl e {
2.  protected DataSource source;
3.  protected Flowgraph flowgraph;
4.  protected Scheduler  scheduler;
5.  protected boolean override;
6: protected int sessionld;
7.  protected int frameld;
[** Gets a new or updates an existing flowgraph. */
8. public Flowgraph getFlowgraph(Fl owgr aph current) { ... }

[**  Gets a new or updates an existing data source. */
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9: public DataSource getSource(Data Sour ce current) { .. }
[**  Gets a new or updates an existing scheduler. */
10: public  Scheduler getScheduler(Sc  hedule r existing) { .. }
/** Does this request require more response frames */
11. public  boolean hasMoreFrames() { .. }
/** Is this an overriding request?  */
12: public boolean overrideRequest () {
13: return  this.override;
}
}
TheRequest classimplementghe Serializable interface(line 1) allowing it to be marshalled

unmarshalledisingJava's serializationprotocol. The requestarrieswith it a datasourcea o wgraphand
aschedule(lines2-4). The correspondingiet methodglines 8-10) areusedto retrieve these elds from
therequest.Theseget methodsmay changeparameterso the eld. For examplethe getFlowgraph
methodreceves the current o wgraph,if ary, asa parameter Thesemethodcan changeparameterso
the existing o wgraph,or replacethe existing o wgraphwith the one carriedby the request. The default
implementatiorof thesemethodseturnthe objectpassedsparametewithout any modi cation if it is not
null, otherwisethe correspondingbjectcarriedin the requestis returned. The requestalsohas elds to
identify the sessiorandthe responsdrames(lines 6-7). Sincea requesttangeneratanultiple responses,
thehasMoreFrames method(line 11) is usedto determinef moreresponsdramesareto be sentback
to theclientfor this requestWhetherarequesmay overrideoutstandingequestss determinedalling the
overrideRequest method(lines12-13).

6.3.4 Scheduler

The schedulemapsthe executionof o wgraphnodesto computehosts.Flowgraphnodescanbe executed
independently Theseallows to executea o wgraphnodein onehostandthenexecutethe next nodein a
differenthost. Also, multiple nodesof the o wgraphcanbeexecutedn thesamehost. Theresponsdérames
(describedn section6.4.3)usethe scheduleto determinevhereeach o wgraphnodeis executed.Hereis

theinterfaceof the Scheduler:

public interface Scheduler {
DvHostAddress  getHost(int hopCount)

}

Thescheduledeclaresa singlegetHost method. This methodrecevesa hop countparametethatindi-
catesthe numberof hoststhe correspondingramehastraveledsofar. A valueof zerofor thenodenumber
indicategthattheframeis atthe soucce server ThegetHost methodreturnsthe addresof the next host
whereto frameis to be sentandexecuted.Frameschedulings describedn moredetailin section?.

6.4 Dv frames

Dv de nes threetypesof framesfor the executionand control of the visualizationapplication: request
handlerframe requesframeandresponsdrame
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6.4.1 Requesthandler frame

To initiate anapplicationsessionthe client sendsarequeshandlerframeto a framesener thathasaccess
to thedataseto visualize. Therequeshandleris a long-lived active framethatsatis esthe clientrequests
for thedurationof the session.

request . . -

initial data visualization
handler scheduler
data request source flowgraph

Figurel4: Requeshandlerframe

Figure14 shaws the structureof a RequestHandler  frame. The handlerframemay carryarequest
with itself. This rst requestspeci estheinitial datasource visualization o wgraphandscheduler The
requeshandleinitializesandmaintainsstatefor thesessioronbehalfof theclient. For example therequest
keepsareferenceo thedatasource which maintainsopen le handlesor databaseonnections.

1:public class RequestHandler  implements ActiveFrame  {
2. private Request firstRequest; /[ The first request
3. private transient RequestQueue requestQueue;
4: public HostAddress execute(ServerS tate state)
5: throws FrameException
{
/I Register the handler in the server state
6: this.requestQu eue = new RequestQueue();
7 this.requestQu eue.a ddRequest (t hi s. fi rst Request) ;
8: state.addObjec  t(t hi s. session Id, this);
9: FrameServer server = state.getServer 0;
10: int framelD;
11: Flowgraph flowgraph = null;
12: DataSource source = null;
13: Scheduler scheduler = null;
14. Request request = null;
15: while((request = this.nextReques t( request)) '=null) {
/I update or receive a new flowgraph
16: source = request.getSourc e(source) ;
17: flowgraph = request.getFlowg ra ph(f low gr aph) ;
18: scheduler = request.getSched ul er (s cheduler) ;
19: framelD = request.getRespo nsel d();
20: ResponseFrame responseframe = new ResponseFrame();
21: responseframe.i ni t( fl owgra ph, scheduler, 0);
22: responseframe.s et Sessio nID (t hi s. fSessio nl D);
23: responseframe.s et Data ID (fr anel D);
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24: vikDataSet data = source.getData Frameg() ;
25: responseframe.s et Data (d ata );
26: server.send(res ponseFra me);
}
27. state.deleteOb jec t( fSessi onl D);
28: return  null;
¥
}

Thehandlers execute methodinitializestherequestjueue addingthe rst requesto thequeue.The
handleris registeredin the sener's soft storage(line 8), allowing later requestframesto get a reference
to the handler If aninitial requests includedin the requesthandler this requestis processedight after
theinitialization, otherwisethe requesthandlerwaits for requestdsrom the client. The handlerobtainsthe
next requestrom the queue(line 5) andcreatesa new responsdramewith the appropriateo wgraphand
scheduler(lines 16-23). The datafor the responsdrameis readfrom the source(line 24). The response
frameis sentto thenext hostusingthesend methodde nedin thesener'sinterface. Thehandlemprocesses
requestsuntil it recevesa end-sessiomequesbr timeoutswaiting for a requesinextRequest method,
line 15). Whenthereareno morerequestso procesghe handleris unragisteredfrom thesener's state(line
27)andanull hostaddresss returnedirom the executemethod(line 28) causinghe frameto bediscarded
afterits execution.

6.4.2 Requestframes

request
frame request
data

Figurel5: Requeshandlerframe

Figure 15 shaws the structureof a RequestFrame object. RequestFrame is anactive framethat
carriesarequestrom theclientto thesener.

1:public class RequestFrame implements ActiveFrame {
2. private Request request;

3: public HostAddress execute(Server Stat e state)

4: throws FrameException

{
5: RequestHandler  rserver
6: = (RequestHandler )state. getObj ect(t hi s. session ID);
7. if  (rserver I= null) |
8: rserver.addReque st (t hi s. req uest);

}

9: return  null;

}

}
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6 DV LIBRARY 6.4 Dv frames

Theexecute method nds thetheregisteredrequestandlerfor the session(lines 4-5). Therequest
carriedby thisframeis addedo therequestjueuglines6-7). TheaddRequest methodhandlegshequeue
including whetherthe passeparameteis an overriding requesibr not. This methodalwaysreturnsa null
hostaddresgline 8) andtheframeis discardedhfterexecution.

6.4.3 Responsdrames

response . L . .
visualization visualization
frame scheduler
data flowgraph dataset

Figurel1l6: Responsé&andlerframe

Figure16 shavs the structureof a ResponseFrame object. Therequeshandleresponddo requests
by sendingresponsdramesbackto the client. Responséramesarespecializedactive framesthatcontaina
visualization o wgraph thedatato visualizeanda schedulerTheresponsdramemaytravel throughmary
framesenersonits way backto theclient. At eachsener alongthis path,theresponsdérameexecutegarts
of thevisualization o wgraph.Hereis a simpli ed versionof theresponsdrame:

1:public class ResponseFrame implements ActiveFrame {

2: Flowgraph flowgraph;
3: Scheduler  scheduler;
/I create and execute a part of the flowgraph in this host
4: public  HostAddress execute(Server Stat e state)
5: throws FrameException
{
/[ get the data receiver
6: DataFrameReceive r dataReceiver =
7 (DataFrameReceiv er)s ta te. getObj ect(" data -r eceiv er") ;
8: vtkDataSet  dataset = dataReceiver.get Data Set(t hi s. session Id,
9: this.datald);
10: DvHostAddress nextHost;
11: HostAddress  localHost = state.getLocalAd dress();
12: int nofnodes = this.flowgraph.g et NumberOfN odes() ;
13: do {
14: dataset=this.flo wgra ph.bu il dNode( thi s. curr entNo de,c ur rData );
15: if (dataset I= null) {
16: dataset.Update () ; // execute the node
}
17: this.currentNode ++;
18: nextHost = this.scheduler.g et Host (th is .c ur re ntN ode) ;
19: } while (this.currentN ode < nofnodes && nextHost = null
20: && nextHost.equals (I ocal Host) );
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7 SCHEDULING OF ACTIVE FRAMES

21: if (nextHost = null) {
22: DvFrameServer server = (DvFrameServer) st ate. get Serv er () ;

/I send the data to next host

23: server.SendData( data set,n extHost, thi s. sessio nld ,t hi s. datal d);
}
/[ return the next hop address
24. return nextHost;
}
}

TheResponseFrame implementghe ActiveFrame interface(line 1). Theresponsdramecarries
with it the visualization o wgraphto execute(line 2) anda schedulefline 3). The scheduledetermines
wherethe differentnodesof the o wgraphare executed. The responsdrameimplementsthe execute
methoddeclaredn the active frameinterface(line 4). In lines 6-9 a handleto the datasetissociateavith
this responsdrame (session/data tuple) is retrieved from the datarecever. In lines 10-20nodesof the

o wgrapharebuilt andexecutedasdeterminedy the schedulefline 18). In line 14 the currentnodeof the
o wgraphis built andthenin line 16 the nodeis executed.In line 18 the scheduleis asledfor theaddress
of the hostto executethe next nodein the o wgraph.If thescheduledetermineghatthe next nodeshould
be executedn the samenodethenthe processs repeatedbackto line 13). Otherwisethe datasets sentto
the next hostusingthe SendData methoddescribedn 6.1 (lines 21-23). Finally the addresf the next
hostis returnedrom the method(line 24) andthe senerwill sendthis responsdrameto thataddressf not
null.

7 Scheduling of active frames

Theschedulingdecisionfor aframeis delegatedto the particularimplementatiorof the scheduleinterface
describedn section6.3.4. The schedulelis transmittedalong with the frame program. The getHost
methodis calledatevery senertheframevisits. The schedulecanmalke decisionsat differentpointsof the
frames lifetime. This mechanisnpermitstheimplementatiorof variousschedulingpolicies,allowing the
particularimplementatiorto adoptthe stratgy mostappropriatdor theapplication.

Theschedulecanuseapplication-speci dnformationto make schedulinglecisiong5]. In thepresence
of resourcemanagemergystemdik e Darwin [30] or Globus[13] theschedulecanuseits “knowledge” of
the applicationto resenre the requiredresources.In ervironmentswhereno resourcereseration is sup-
ported,like a best-effort internet,scheduler€an combineapplications-speci dnformationwith resource
availability datato make schedulingdecisions.Resourcevailability dataand predictionscanbe obtained
from systemssuchasRemos[24] or NWS [35]. Herearesomeexamplesof schedulingscenarioganging
from a completelystaticoneto the mostdynamicone.

Sdedulingat servicedeploymentime In thisscenaridhehostswheretheapplicationexecutesare x ed
exceptfor the client host. The main useof this approachs to satisfywell-knowvn applicationconstraints.
This approachcanalsobe usedin ervironmentswherea single instanceof the applicationhasexclusive
accesdo theresourcesA systemadministratorcanusehis knowvledgeof the applicationrequirementand
executionervironmentto determinethe setof hoststhe applicationwill use. Also an off-line scheduling
algorithmcanbe usedto nd the optimal mapping. The schedulingprocessloesnot take into accountthe
clienthost,limiting the adaptatiorio clientheterogeneityObviously, sincethis approachdoesnottake into
accountresourceavailability informationit cannotadaptdynamicallyto resourcechanges Evenwith this
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rigid approachtheapplicationobtainsthe bene ts of resourceaggreation.lt is alsoworth mentioningthat
this particularapproachs usefulfor applicationandschedulingdelugging.

Sdedulingat sessionstartup In this scenariothe applicationusesthe samehostassignmentor all
framesof thesametype. Eachframevisits the samesetof senersandexecuteghe samesetof calculations.
The schedulercan exploit informationaboutthe applicationresourcedemandsandthe client capabilities
to createthe scheduleat the beginning of a session.This increaseshe level of adaptatiorto client hetero-
geneity However it cannotadaptto dynamicresourceavailability. The scheduleicanchoosefrom a pool
of computeresourceghe hostsneededo executethe application. If the durationof a typical sessioris
relatively long, thenit malkessensedo uselongtermresourcanformationto make a schedulingdecision.A
particularimplementatiorcouldinteractwith aresourcananagemergystemjf available,to make resource
resenations. Thefollowing exampleshavs theimplementatiorof this type of scheduler:

l.class  SessionSchedule r implements Scheduler {
2.  StaticSchedule r( HostA ddre ss[] list) {
3: this.hosts = list;

}
HostAddress  getHost(int hopCount) {

e

5: if(hopCount<nu  mberOfHosts ) {
6: return  this.hosts[hop Count J;
}
7: return  null;
}
}
8:HostAddress[ ] list = getHostList();
9:Scheduler sched = new SessionSchedule r(l ist) ;
10:ActiveFrame frame = new SampleFrame(sch ed) ;

11:server.send( fr ame) ;

The applicationcomputeghe list of hoststo executeonce(line 8) andthenusesthat setof hostsfor all
frames.The schedulecarriesthelist of hostaddresseandreturnsthe appropriateaddresgrom thatlist.

Sdedulingat requestreation In this scenarioanew schedulés computedor eachrequestHowever
all responsdramesfollow the samepath and executethe sameset of calculations. The schedulercan
combineapplication-speci dnformationwith resourceavailability datawhencreatingthescheduleadding
somedegreeof adaptation.

Sdedulingat framecreationtime In this scenariothe framesarescheduledat the sourcesener. The
scheduleccanuseresourceavailability datawhenschedulinga new frame. This schemeprovidesa higher
degreeof adaptvity to theapplication becausdifferentframesmayfollow differentpathsandusedifferent
computeresources.However, sincethe schedulefor ary individual frameis static, this adaptationonly
occursat the source. In the following examplethe schedulergenerateshe path of computehostsat the
sourcewhenthehopCount is O (line 3) anduseshatpathfor theframetransmission.

l.class AtCreationTimeSc hedule r implements Scheduler {

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

}

24



8 PUTTINGIT ALL TOGETHER

5: if(hopCount<num  ber OfHost s) {

6: return  this.hosts[hopC ount] ;
}

7: return  null;

}
}

Sdedulingat framedeliverytime In this scenariothe applicationcanmake schedulingdecisiongust
beforethe active frameis deliveredto the next sener. The applicationcan reactto changingresource
conditionsevenif the frameis in ight. This offersthe highestdegreeof adaptvity, but might introduce
signi cant overheaddependingn the complity of thedecisionmakingprocedure.

l.class  AtDeliveryTimeSc  hedule r

2: implements  Scheduler {
3: HostAddress getHost(int hopCount) {
4: if(hopCount<num  ber OfHost s) {
5 return  getHostNow();
}
6: return  null;

}
}

The previous schedulingscenarioschedulghe framesat a singlepoint, makingit easierto achieve global
coordination. With schedulingat frame delivery time it is more dif cult to coordinatethe executionof
multiple framesthataretraveling throughthe system.

8 Putting it all together

In theprevioussectionave have describedhedifferentcomponentseededo build theremotevisualization
services.In this sectionwe summarizehe procesof usingactive framesto provide higherlevel services
like the remotevisualizationservice. We also summarizethe processof building a speci ¢ visualization
serviceusingtheDv library.

8.1 Building a servicewith Active Frames

In orderto build a hearyweight servicelike Dv it is necessaryo identify the applicationmodelthat better
suitsthe servicewe wantto provide andhow the computationandotherresourceganbe partitioned. For
example,in the caseof Dv, mary visualizationapplicationsare structuredasa o wgraphof independent
Iters thattransformthe datainto images(SeeFigure 10). For this applicationmodel, it is very easyto
partition the application o wgraphinto independentlters. Dv divides the applicationinto datasource
objects,visualization o wgraphsandrequests.The procesgo build a visualizationserviceusingthe Dv
framework is describedn the section8.2.

The next stepis to createa set of actve framesto supportthe most commontasksfor the service.
For example,Dv de nesthreetypesof active frames:RequestHandlerF ra me RequestFrame and
ResponseFrame . TheRequestHandlerF ra mekeepsstateon behalfof theclientatthesenerwhere
the datasets located. This framealsohandlessubsequentequestsrom the client. The RequestFrame
carriestherequestgrom the client to the remotesener. ResponseFrames aregeneratedn responsdo
client'srequests.
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9 EVALUATION 8.2 Building aremote visualization application with Dv

Thenext stepis to extendthe framesenerswith the service-speci dibrariesthat containtheroutines
morecommonlyusedby the framesde ned for the service.In the Dv framevork, the senersareextended
with visualizationlibrariesandhelperfunctionsto transferdatasetbetweerhosts. Thesenersareextended
usingthe mechanismsxplainedexplainedin section3.3.2.

Dv providesan interfacethat enableshe useapplication-lgel informationin resourceselectiondeci-
sions.Theapplicationcanprovide its own implementatiorof the scheduleinterfaceor it canuseoneof the
default schedulerprovided by Dv.

8.2 Building aremotevisualization application with Dv

TheDv framework dividesthe applicationinto threecomponentsDatasource yisualization o wgraphand
requesbbjects.A particularvisualizationapplicationprovidesthespeci ¢ implementatiorof theseobjects.

The datasourceobjectis usedto accesghe dataset. This objectunderstandshe format and mecha-
nismusedto storethe datasetThe datasourceproducesa datasebbjectthatcanbe usedwith theroutines
includedin thevisualizationlibraries. The datasourceobjectcanbereusedn differentvisualizationappli-
cationsthataccesshe samedataset.

Thevisualization o wgraphspeci esthe transformationgo performon the dataset.This objectis the
coreof thevisualizationprocessThis objectalsospeci eshow thevisualizationprocessanbedividedinto
individual tasks for instancesachvisualization lter canbe executedndividually. The o wgraphobijectis
speci ¢ to a particularvisualizationfor a dataset.However, the parametersisedto con gure andexecute
the o wgrapharespeci edby theuseratruntime.

Therequesibjectscarry the parametergor the o wgraph. Theseparametersnodify the way the vi-
sualizationprocessehaes. For instancehe requestcontainsparameterdik e the region of interest,mesh
resolutionandisovalues. The requestobjectsare stronglytied to the o wgraph,sincethe requestsarry

0 wgraph-speci cparameters.

9 Evaluation

The active framemechanisnis clearly generaland e xible. However, a potentialdisadwantageis thatthis
e xibility introducegperformanceverhead Additional spaceandthusbandwidth s requiredby theframe
programandextraprocessingimeis necessario interpretandexecutetheframe. Theapplicationsn which
weareinterestedequiresigni cant amounibf resourceso procesandtransferthelargeamountof datathey
operateon. For theseresource-intenge applicationswe expectthe overheadassociatedvith processing
theframeprogramto berelatively smallcomparedo theresourcesequiredto procesghe applicationdata.
In this sectionwe begin to evaluatethe costsandbene tsof this e xibility.

The evaluationwas done using a relatvely small datasetas input, thus making it more dif cult to
amortizethe costof processingActive Frames. The input datasetfor this evaluationwas producedby
the183.equake benchmarkprogramin the SPECCPU2000benchmarlsuite[27, 19]. Theinputdataset
containsgroundmotiondatawith 30K unstructuredneshnodeand151K tetrahedraklementsThesizeof
eachframedatais 120KB. Thedatasetontainsl65frames,eachcontaininga scalarvaluefor thehorizon-
tal displacemenbf eachnodein the mesh. The region of interestspeci ed for the animationincludesthe
completevolumeof the basinandall theframesin thedataset.

9.1 Single-hostsetup

We wantto obtaina baselineof thetime elapsedo satisfythe users requestandthe elapsedime for each
stageof thevisualization o wgraph.Additionally, we wantto know whethernt is possibleto obtainaccept-
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Figurel?7: Singlehostsetup.

ableresponsdimeswhenvisualizingthe datasetisingonly theresourceswvailableto the clientmachine.

This sectioncharacterizeshe executiontime on a single host of the visualizationdescribedn Sec-
tion 5. Themeasurementshavn belav weretakenon a Pentium-111/450MHzhostwith 512MB of memory
runningNT 4.0with a Real3DStar ghter AGP/8MB videoaccelerator

Isosurbices 10 20 50
Operation time (ms) | time(ms) | time (ms)
Readframedata 584.35 582.65 586.13
Isosurficeextraction| 1044.37| 1669.73| 3562.36
Rendering 55.72 63.73 125.77
Total 1684.44| 2316.11| 4274.26
| Framegersecond | 0.59 | 0.43 ] 0.23]

Figure18: Meanexecutiontime (local)
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Figure19: Executiontime breakdan (local).

Figure 18 summarizeghe costof running a purely sequentialC++ versionof the visualizationon a
singlehost. The applicationpaysanaverageone-timecostof 5.389seconddo loadthe meshtopology(not
shawvn in table). Theapplicationcacheghe meshinformationsinceit is the samefor all frames.To process
aframe,theapplicationspendsan averageof 583.78msloadingthe datafor eachframe.

Figures20 and21 shav the executiontime of isosurficeextractionandrendering.Executiontime for
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Figure20: Isosurficeextraction(local).

eachtasksdepend®n the numberof-isosurfZesparamete(SeeFigure18). Theisosurhceextractiontask
producesa more comple outputdatasetwith ner granularityanda greaternumberof polygonsasthe
numberof-isosurices parameteincreaseswhichin turn slovs down the renderingtask. Figure21 shawvs
thatthe executiontime of therenderingtaskis affectedby the contentof the datasetDuring theinitial time
stepsonly the groundcloseto the epicentelis moving. As time passeshe wave propagateso the surface,
which affectsalargerregion of thedatasetTowardtheend,the effect of thewave is dampenedndonly the
groundnearthesurfaceis still shaking.
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Figure21: Renderinglocal).

Theseresultssuggesthat(1) additionalresourcesireneededand(2) expectedexecutiontime of atask
canbe controlledby varying applicationparametersin orderto achiere interactvity, the applicationmust
be responasie to the users input. Thetotal time requiredto processa singleframe (SeeFigure 18) is too
largefor interaction.By varyingapplicationparametersuchasnumberof-isosurbces the applicationcan
eitherproducea higherquality versionof the visualizationwhenenoughresourcesreavailable,or it can
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reducethe frame's processingime to meettheframe's deadline.

9.2 Pipelinesetup

We wantedto nd out (1) the costof processingActive Framesn the remotevisualizationserviceand(2)
whetheraddingmorecomputeresourceso satisfyuserrequestsvould actuallydecreaseesponsegime and
increasehenumberof framesthatcanbe processegersecond.

To try to make the animationmoreresponsie, we canswitch (withoutchangingthe applicationsource
codg fromthesingle-hossetupto athree-hossetup.Two of thesehostsareusedascomputesenersandthe
otherasadisplayclient. Theclient hostis the sameasin Section9.1. Thetwo additionalcomputeseners
are550MHz Pentiumill processomachinesvith Ultra SCSlharddisksrunningversion2.0.360f theLinux
kernel. The sener hostsareconnectedisinga 100 Mbps switchedEthernet. The client communicatesvith
the senersthrougha 10MbpsEthernet.

Isosurface
extraction

Simulation
database

Scene Renderin Local
synthesis 9 display

__________________________________

______________

Figure22: Pipelinesetup

Theschedulewusedin this con guration assignghetasksto the threehostsasfollows (SeeFigure22):
Oneof thehostscontainghedataseto visualize. Theothercomputehostperformstheisosurficeextraction.
Theclienthostperformsthe remainingtasks,including scenegeneratiorandrenderingto the screen.

# Isosurfices 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
Isosurficeextraction 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

Figure23: Meanelapsedime (pipeline)

Figure23shavsthetime requiredto completesachof the operationsincludingtheadditionaltransferof
thedataandprogramfrom thesourceto thecomputesener (markedass-s)andfrom the senerto theclient
(s-c). Notethatthetransferof the programis signi cantly slowverfrom thesourceto thecomputesenerthan
from the computesener to the client. The computesener becomesghe bottleneckof the execution(See
Figure 25) andthe taskreceving the framemustcompetefor computeresource$o demarshalthe frame
programanddata. Thetime to transferthe datafrom the computesener to theclientis signi cantly higher
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Figure24: Executiontime breakdevn (pipe).

for the extractionof 50 isosurficesbecauséehe polygonalstructureis muchmoredetailedandcomple in
this case requiringmorebandwidth.

Processingime (ms) Framesersecond
#isos 10 20 50| 10| 20| 50
Source| 515.23| 497.37| 493.15| 1.94| 2.01| 2.03
Sener | 1140.09| 1843.21| 4514.44| 0.88 | 0.54 | 0.22
Client | 279.63| 642.11| 2087.40| 3.58 | 1.56 | 0.48
Max framerate | 0.88 | 0.54 | 0.22

Figure25: Meanframerate(pipeline)

Despitethe additionalcostof transferringthe dataandthe program,it is possibleto obtainthe bene ts
of resourceaggrgation. Figure 25 shavs the time eachhost spendsprocessinga single frame and the
respecire framerateeachhostcanproduce.For all casesthe computesener hasthe slovestframerate,
which determineghe overall framerateof the pipeline. Anothersigni cant advantageover thelocal setup
is thattheclientnow hasplenty of sparecyclesfor interactionwith theuser(i.e., Rotate zoom-in).

Figure 26 shawvs time to the rendera frame at the client throughoutthe animation. The renderingof
a frameis slower andmorevariablein this setupthanin the single-hostsetupbecausdhe renderingtask
sharecomputeresourcesvith theframetransfertask.

9.3 Fansetup

In the previous setup(Section9.2), the isosurbceextractionstageof the o wgraphbecomes bottleneck.
We wantedto know (1) whetheraddingresourcesvould improve the performancef the visualizationand
(2) how this new resourcecon guration would affect time to executeeach o wgraphstageandthe costof
processingictive Frames.

In this setup,two additionalcomputeseners,with the samespeci cationsasdescribedn the previous
section,are usedto executethe application. For eachframe, the sourcesener readsthe dataseandthe
client generatesndrenderghe scene.The scheduleusesthe remainingsenersto executetheisosurace
extractionby sendingeachsener adifferentframein around-robinfashion(SeeFigure27). Theframesare
collectedreorderedf necessaryandrenderedy theclient.

Figure 28 shaws thatthe client hostis saturatedyhich causeghe whole systemto slow down. In this
caseboththe programanddatatransferoperationsaresloveddown attheclient (SeeFigure29). However,
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Figure26: Render(pipeline).
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Figure27: Fansetup

Processingime (ms) Framespersecond
#isos 10 20 50| 10| 20| 50
Source 413.43| 414.85| 418.24|2.42|2.41| 2.39
Senerx 3 | 1209.77| 1746.87| 4590.96| 2.48 | 1.72 | 0.65
Client 525.96| 701.03| 2345.04| 1.90| 1.43| 0.43
Max framerate | 1.90 | 1.43| 0.43

Figure28: Meanframerate(fan)

31



10 BARRIERSTO ACCEPTANCE

by usingapplication-speci cdnformationin the schedulerthe total framerateis increasedy a factorof 3
in two out of thethreecasesanddoublein the othercase comparedo the single-hostetup.

Isosurfices 10 20 50
Operation time (ms) | time (ms) | time (Ms)
Readdata 283.46 283.58 284.52
Progranmtransfer(s-s) 13.61 15.09 17.73
pointdatatransfer 116.36 116.18 115.99
Isosurfice 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

Figure29: Meanexecutiontime (fan)

Therenderingtime is increasedven further (SeeFigure 29) and exhibits highervariability (SeeFig-
ure 30), becausehe client hostis underhigh load, which causeghe renderingtaskto be preemptednore

often.
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Figure30: Render(fan).

10 Barriersto acceptance

120 140 160

This sectiondescribesurrentlywhatthe mainlimiting issuesarein usingactive framesto deplo/ remote
visualizationand other hearyweight services. The discussionis divided in threetopics. The rst topic
discussedn section10.1is aboutthe limitations of the currentimplementation Section10.2discusseshe
securityissuesf the system.Thelastsection10.3pointsthedirectionfor futureresearch.
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10 BARRIERSTO ACCEPTANCE 10.1 Current limitations

10.1 Curr ent limitations

The currentimplementation®f the active framesmechanismand Dv frameavork are not optimized. Two
commonoptimizationstechniquesusedto improve the performanceof Internetservicesare connection
poolingandthreadpooling.

Connectiorpooling After aframeis transfereetweerseners,the senerscouldkeepthe connection
openfor agivenperiodof timeinsteadof shuttingit down. Thenext timeaframeis forwardedbetweerthese
two seners, the sendingsener would checkits connectionpool. If a connectiorbetweenthe two seners
existsandit is in goodstate(i.e., it hasnot timedout) thenthatconnectiorcould be reused.This approach
would reducethe total time to transfera frame whenthe lateny betweenthe involved pair of senersis
relatively high. However, if the lateny betweenthe senersis low this approachwould not provide ary
bene t andit might actuallyhurt performance Anothercaveatof this approachis thatit is not completely
clearwhatis a goodpolicy to managehe connectiorpool. If too mary idle connectionsemainopen,they
consumevaluablesystemresourcesik e connectiordescriptorandbuffer space.

Threadpooling Theframesenersusethe standardapproactof creatinga new threadto processanev
framethatarrives. A sener could createa pool of threadsaheadof time to procesghe incomingframes.
This approacheliminatesthe threadcreationtime. Althoughat rst it seemdike this mechanisnwould
reducgheframeprocessingime, we chosenotto implementit sincethethreadcreationdoesnot contrikute
signi cantly to thetotal processingime of aframe.

10.2 Security issues

Active framesprovide a e xible mechanisnto deploy new servicesor customizeexisting ones. However,
this e xibility introducesvarious securitythreatsto the grid of host executingthe actve frames. Even
thoughwe do not addresshe securityissuecompletelywe imposevariousrestrictionso thedynamiccode
loadingmechanismandthe executionof the actve frames.TheserestrictionsareimplementedusingJava’s
securityfacilities. For example,the dynamiccodecanbe loadedonly from a setof trustedcodeseners.
The applicationlibrarieshave to be locatedin the samehostwherethe framesener executesandthey are
pre-loadedvhenthe frame sener startsexecution. Active framescall the methodsdeclaredin the frame
sener interface. Additionally, the active framescancall the methodsde ned in the pre-loadedapplication
librariesasdescribedn the previous section.However, this doesnot preventa faulty library from crashing
theframesener. More elaboratedechniqueslike codesigning[16], softwarefaultisolation[34] or proof
carryingcode[25] couldbeusedin this case.

Resourceananagemeris probablythe mostdif cult taskin building a safeexecutionervironment.The
framesenersdo not restricton the amountof resourcesonsumedy a frame. For instancea mishehaed
framecould consumean unboundedumberof computecycleswithin onesener or acrosamultiple sener.
In this caseotherframesareableto make progressnuchmoreslowly thanthey normallywould. In general,
we expecttheunderlyingresourcenanagerso take careof theaccesso theresourcesReserationsystems
at the network level like Darwin [30] will helpto limit the amountof bandwidtha misbehsed framecan
consume.

10.3 Futuredirections

Active framesprovide a mechanisnior hearyweightservicego sendcomputatiorto othercomputehosts.
The scheduleinterfaceallows for the useof application-lgel informationto selectthe resourcesisedby

theapplication.In orderto supportresource-a&areservicessompletelytheframevork mustprovide: (1) in-

formationabouttheresourceavailability, (2) informationabouttheresourcaequirement®sf theapplication
and(3) amechanismio automatdhe adaptatiorprocess.

33



10 BARRIERSTO ACCEPTANCE 10.3 Futuredirections

Resouce availability. The applicationneedsresourcenformationaheadof time to be ableto adapt.
Thenthe applicationcould choosebetweentwo or moreresourcedasedon availability and overall cost.
Moreover, the servicenot only needsnformationaboutthe currentresourceavailability, but alsoaboutthe
availability of thoseresourcesvhile theservicewill beusingthemin the nearfuture.

If the underlyingmanagetfor a particularsupportsreserationsthenit is assumedhat the manager
will performthe appropriateadmissioncontrol whenthe resourcds requestedlt is alsoassumedhatthe
resourcemanagewill guarante¢heavailability of theresourcdor therequestegberiod.

Unfortunately mary resourcesvork undera best-effort modelandseldomlyprovide informationabout
thecurrentresourcewvailability. In thiscasat is necessarjo measureéhecurrentioadof aresourceandalso
predictits futureavailability. Thisinformationcanbeobtainedrom systemdike CMU REMOS(REsource
MOnitoring System)[24] or NWS (Network WeatherService)[35]. We planto leveragethe work donein
theseprojects.Initially theREMOSimplementatiomwill beintegratedin theframavork. Thecurrentrelease
of REMOSprovidesinformationandpredictionaboutnetwork bandwidthanddelaybetweera given setof
nodes REMOSalsoprovidesinformationaboutthe futureload of a computehostbasedn prediction.

Applicationresouce requirement In orderto selectthe appropriateresourcedo provide a service,
the application rst needso know the resourcerequirementso completea task. In general theresource
requirement®f the applicationsarenot well understoodMoreover, the resourceequirementsary during
the applicationexecutionas the applicationgoesfrom one stageor modeto anotheror asa resultof a
parametepr inputchange.

Wethink thatanapproactihatinvolvesbothsystenmsupporiandcollaboratiorfrom theapplicationcould
prove usefulto determingheresourcerequirecdto completeatask. Thesystencouldprovide mechanismgo
measureandkeepahistoryof theresourceconsumptiorior a particulartask. Theapplicationhasto provide
the systemwith informationaboutthe tasksthe applicationexecutedik e the startingandendingpointsand
the parametersisedto executethe task. The systemcould thenusethe collecteddatato characterizehe
resourcausageof theindividual tasksin theapplication.

Automaticadaptation Given the information aboutthe available resourcesand tasks' resourcecon-
sumptionit is desirableto automatehe adaptatiorprocesdor the application. The goal of the adaptation
processs to improve the users perceved experienceof the application. The motivation to automatehis
processs thatin generalcomputersarevery ef cient andfastat processindarge amountsof dataandde-
tecting patternsin noisy data. Therearetwo differenttypesof adaptatiorapproachesve think would be
usefulfor thiskind of applicationsi(1) resourceselectionand(2) quality level selection.

Resouce selection The schedulinginterfacede ned in the Dv frameawork is a powverful mechanism
that enableghe the useof application-lgel informationfor resourceselection. So far, we have usedthe
interfaceto selectresourcestaticallybeforetheapplicationstartsexecuting. Theuserspeci esthemapping
from tasksto computeseners. This provides a very basicform of adaptatiorwherethe knowledge of
the programmermboutthe applicationandthe users intuition areusedto selectresourcest “load time”.
However this approachs errorproneanddoesnottake into accountdynamicresourcenformation.

The next logical stepis to create“smarter” implementationf the application-lgel schedulerghat
useresourceinformation to automatethe selectionof resources. Theseschedulersvould take as input
the resourcerequirementdor the applicationtasksand a set of available resourcesand would selectthe
resourcesnostappropriatdo executethetasks.An importantpointto keepin mindis thattheseschedulers
have to malke a decisionvery quickly to satisfythe time constrains.In this casea “good” but suboptimal
answerntimeis muchmoreimportantthananoptimalresourceselectiorthatis late. Remembealso,that
theapplication-lgel scheduleis not doingresourcananagemenr schedulingperse, it is just selectinga
goodcombinationof resourceso executethe desiredtasks.It is up to the underlyingmanageto arbitrate
theaccesgo theresourcesiccordingwvhetherit is best-efort or guaranteedervice.

Quiality level selection In this approachthe objectve is to nd a setof applicationparametershat
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would allow the tasksto executewith the availableresourcesThe ideabehindthis approactis thatthere
is a reducedset of parameterghat in uence signi cantly the resourceconsumptionof a particulartask.
For example, it takeslongerto compute20 isosurbicesfrom a particulardatasethanto computeonly 5
isosurhicesonthe samedatasetTheapplication-lgel schedulersvould take asinputinformationaboutthe
availableresourcesnda descriptiorof resourceconsumptioraccordingo taskparametersTheschedulers
would producea setof taskparameterso executethe application.

Thesewo approachearenotmutuallyexclusive. It would bepossiblego try to selecthemostappropri-
ateresources$o executethetasksandatthe sametime vary theapplicationparameters-However, this might
becomantractablevery fast. A simplerapproachwould beto selectresourcesvith a x setof parameters,
andonly try to changeapplicationparametersvhenthe availableresourcesre not sufcient to complete
thedesiredsetof tasks.At this point,a candidatesetof resourcess x edandtheschedulesimply searches
for theparameterghatwould allow thetasksto executewith thatsetof resourcesln generalwe expectthe
userto chooseheapplicationparametersTheseparametersvould only bemodi ed if therearenotenough
resources$o executethetasks.

11 Related work

The idea of bundling programswith network datais certainly not new to actve frames. This ideawas
exploitedeffectively by active messagem thecontet of parallelprocessing33], andby active networksin

the context of addingadditionalfunctionalityto network routers[31]. Active servicesandproxies [2, 15]

adwocatedor the placemenbdf userde ned computatiorwithin the network without perturbingthe network
layerimplementingvalue-addedervicesatthe applicationlevel.

Similarly, procesdevel migrationis supportedn systemdike Condor23] andSprite[11] whichintend
to migrateprocesseto load balancea clusterof workstations Fine-grainedapplicationcontrolledmobility
is supportedn Emerald[20].

Theideaof extendingthe runtimeervironmentdynamicallyis centralto Java [18, 22]. Dv'simplemen-
tation reliesheavily on Java's dynamicclassloadingmechanisms.Systemdike HARNESS[10] provide
plug-ininterfacesthatallows applicationgo extendtheruntimes features.

ABACUS [3] supportsautomaticfunction placementn the context of data-intensie applicationsin
systemand local areanetworks. Odyssg [26, 28] supportsadaptationfor applicationsin the contet of
mobile computing. Odyssg provides system-lgel supporton the mobile hostto achie/e the bestoverall
quality level for theapplicationgunningatthe mobile host. The systenmonitorsandmanagesheavailable
resourcest the mobile host. The systemalsogivesthe applicationfeedbackaboutthe availableresources
andthe quality level atwhich the applicationshouldrun.

Theuseof application-lgel informationto make schedulingdecisionsn distributedsystemss success-
fully implementedn AppLeSbasedsystemg5]. Theschedulingnterfacede ned by the Dv framework is
atypeof application-lgel scheduler

Customizableesourcananagemennechanisméike Darwin[30] allow applicationdo combineband-
width andothernetwork resourcest the endpointswith resourcesnsidethe network to deliver enhanced
quality servicedo theuser Active framescomplementshisideaby allowing theuseof applications-speci ¢
informationto combinebandwidthandcomputeresources.

12 Conclusions

Hearyweight services suchasremotevisualization,often requiremoreresourceshanthe onesavailable
to the client requestinghe service. We proposeda modelwhereresource®f multiple computehostsare
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aggrgatedto satisfytheusersrequestWe have shavn it is possibleto provide serviceswith thismodel. We
built aremotevisualizationservicethattakesadwantageof the proposedesourcenodel. Active Framess
thekey mechanisno exploit this resourcanodel,allowing applicationgo move work anddatato the hosts
in the remoteandlocal sites. Our evaluationshaws thatthe costof processingactive framesis relatively
smallfor hearyweightservices.

Informationaboutthe applications resourceconsumptioris importantto to successfullyexploit avail-
ableresourcesTheschedulingnterfacepermitstheuseof application-lgel informationto selectresources.
Sofar, we have usedthe schedulingnterfaceto staticallyselectthe resourceso executeour visualization
service.Usingthis mechanisnwe areableto run our visualizationserviceunderdifferentresourcecon gu-
rations.However, we did notusedynamicinformationaboutapplicationresourceconsumptiorandresource
availability.

The resultof our experimentsshav that the resourceconsumptiorof our visualizationservicevaries
considerablyaccordingto runtime parametersik e resolution,region of interestandnumberof isosurfices
to visualize. This suggestshattheruntimeparametersanbe usedasinformationto determineapplication
resourceconsumptiorthusimproving the resourceselectionprocess.However, furtherresearchs needed
to nd how to usetheruntimeparameterso characterizéhe resourceconsumptiorof theapplication.

In ourevaluation theremotevisualizationserviceexecutednisolatedresourcesghusnodynamicinfor-
mationaboutresourceavailability wasused.However, in orderto executethe servicewith sharedesources
theresourceselectiorprocesshouldtake into accountdynamicinformationaboutresourceavailability.

We createdthe Dv library, to build our remotevisualizationserviceby grid-enablingexisting visual-
ization packagesDv providestheinterfaceto accesghe existing visualizationlibrary andthe routinesto
transfervisualizationdatasetdetweerhosts.
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