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Abstract

Interactive heavyweightservicesare processesthat make intensive useof resourcessuchas computing
power, memory, bandwidthandstorage.The interactive natureof theseservicesmeansthat they have to
satisfyuserrequestsin a timely manner. An exampleof this kind of serviceis theremotevisualizationof
massive scienti�c datasets.In orderto presenta visual representationof thedatasetto theuser, thevisual-
izationprocesshasto executea seriesof computeintensive transformationto thedata.Theseheavyweight
servicesusuallyencountersituationsof limited, heterogeneousanddynamicresources.In orderto deploy
this type of servicewe proposea simplemechanism,calledactiveframes, that easilyenablesus to move
work anddatato othercomputehosts.With this mechanism,heavyweightservicescanaggregateresources
from multiplecomputehoststo satisfyarequest.Theactive framemechanismallows theuseof application-
level informationin theselectionof resourcesto satisfytherequest.This is accomplishedby delegatingthe
resourceselectionto an application-level scheduler. Our initial resultsshow that this �e xible mechanism
doesnot introducesigni�cant overhead.
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1 INTRODUCTION

1 Introduction

Thereexistsa kind of Internetservicethat requirevastamountof resourcesto satisfya requestfrom each
singleclient. Examplesof this classof serviceincludedatamining,advancedsearchengineswith sophisti-
catedinformationretrieval algorithms,distributedvirtual reality environmentsandtheremotevisualization
of large scienti�c datasets.To allow userinteractionthe serviceshouldsatisfythe requestandprovide a
responsewithin a reasonabletime limit. Wecall this typeof servicesInteractiveHeavyweightServices[9].

A challengeto deploy interactive heavyweight servicesis to allocatethe appropriatesetof resources
neededto satisfyeachrequest.Usually, theresourcerequirementsof theseservicesarenotwell understood
or dif�cult to characterizeandvary accordingto theparametersof eachrequest.Moreover, theseservices
usuallyexecutein environmentswith limited, heterogeneousanddynamicresources.

Limitedresources. Servicesexecuteonhostswith �nite computepower. Servercomputecyclesareused
to satisfyrequestsfrom multiple clients. For heavyweight serviceeachrequestrequireslarge amountsof
computationresultingin thesupportof a relatively smallnumberof clients.

For example,in a remotevisualizationservicethe datasetsto visualizeare storedat the remotesite
wherethe datawascollectedor generatedthroughsimulation. In an ideal world, we would simply copy
theentiredatasetfrom theremotesuper-computingcenterandmanipulateit locally. Unfortunately, copying
multi-terabyte�les is not feasiblein today's networks. Copying a 1 TB �le over a 100Mb Ethernetwould
take more than 22 hoursassumingno crosstraf�c andno protocoloverhead. Even if we hadaccessto
suf�cient network bandwidth,we would not have the resourcesto storeandbackupmulti-terabyte�les.
More important,the client would not have enoughcomputingpower to processthe datasetandgenerate
thedesiredvisualizations.Thecrucial implicationsarethat (1) large scienti�c datasetsmustresideon the
remotesitewherethey arecomputed;and(2) interactivevisualizationapplicationsmustbeableto aggregate
multiple resourcesacrossmachinesat theremoteandlocal sitesto manipulatetheseremotedatasets.

Heterogeneousresources. Servicesexecutein environmentscomposedof heterogeneousresources.
Networks have differentbandwidthandmachineshave differentcomputingpower, memory, anddisplay
capabilities.For example,specializedworkstationsfor visualizationhave a large amountof memoryand
acceleratedhardwarerenderingengines,whereasregulardesktopcomputersandlaptopshaverelatively less
computepower andmodestgraphicscapabilities.Userswant to utilize theseservicesfrom the machines
they have accessto, usingthe resourcesavailableto them. It is desirableto be ableto run thesamevisu-
alizationapplicationacrossthesedifferentresourcecon�gurations,with differentquality level accordingto
theavailableresources.

Dynamicresources. Servicesoftenexecutewith sharedcomputingandnetworking resources.Thesere-
sourcesoperateeitherunderabest-effort modelor areservationmodel.In abest-effort modeltheamountof
resourcesaserviceobtainsto processarequestis notguaranteed.Networksbecomemoreor lesscongested,
processorsbecomemoreor lessloaded,andthustheavailability of theseresourceschangesover time. As
moreclientsmake simultaneousrequeststo a server theeffective computepower andbandwidthto process
eachrequestdecreases,thus increasingthe delayexperiencedby the user. In a reservation model, there
existsa resourcemanagerthatarbitratestheaccessto resources.Underthis modeltheresourceavailability
is lessdynamic. Oncetheaccessto a resourceis grantedthe requestedamountof resourceis guaranteed
to be available for a negotiatedtime period. However, beforenegotiatingwith the resourcemanagerthe
applicationmustdeterminetheamountof resourcesit needsto execute.

In orderto deploy interactive heavyweightservices,we needwaysto dealwith limited, heterogeneous
anddynamicresources.Servicesneedto aggregateresourceswhenpossibleto dealwith insuf�cient re-
sources.Servicesneedto beperformanceportableto canrununderheterogeneousresourcecon�gurations.
In general,servicesneedto adaptto the available resourcesand degradegracefully when thereare not
enoughresources.
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2 RESOURCE MODEL

We proposea modelto provide interactive heavyweightserviceson a computationalgrid [14] of hosts.
In this model the serviceaggregatesresourcesfrom the remoteandlocal site aswell as from within the
network to satisfyarequest.With thismodelusersaccessingtheservicecancontributeadditionalresources
to executetheservice.Section2 describestheresourcemodelto deploy interactiveheavyweightserviceson
acomputationalgrid.

For this model to be effective, the applicationsmust be able to usethe resourceprovided be these
differenthosts.Wehave implementedasimplemechanism,calledActiveFrame, thatallows theapplication
to easilymove work anddatato hostsin the computationalgrid. An active frameis an application-level
transferunit thatcontainsbothapplicationdataandaprogram.Theprogramincludedin theframespeci�es
thecomputationto beperformedonthedata.Active framesareprocessedby active frameservers,or simply
frameservers,thatrun in hostslocatedin thecomputationalgrid. Theactive framemechanismis described
in section3. Section3.3explainshow to createapplication-speci�cextensionsto providehigh-level services

We usedthe active framemechanismto build a simpleremotevisualizationservicethat we call Dv.
This serviceenablestheuserto generatein his local workstationa visualrepresentationof a datasetstored
remotely. Section4 presentsanoverview of thestructureof theservice.Wecreatedextensionsto theactive
framemechanismto build our remotevisualizationservice.Theseextensionsareasetof specializedactive
framesandapplicationroutinesusedto moveandprocessthedatasetsin thecomputehosts.Weexpectthese
extensionsto begeneralenoughto beusedin similarremotevisualizationservices.Section6describesthese
extensions.

To deploy our remotevisualizationserviceunderdifferentresourcecon�gurationswe useapplication-
level schedulers[5]. Section7 describestheschedulinginterface,which is amechanismthatenablestheuse
of application-speci�c informationin theresourceselectionprocess.

Section8 resumeshow theactive framesmechanismis usedto build the remotevisualizationservice.
Thissectionalsoexplainshow theDv extensionscouldbeusedto build adifferentvisualizationapplication.

The �e xibility offeredby the active framemechanismcould introducepotentialoverhead.Section9
evaluatesthe cost of processingactive framesin a remotevisualizationapplication. The applicationis
evaluatedin two differentresourcecon�gurations.Our initial resultsshow thattheoverheadintroducedby
themechanismis reasonable.

Thework reportedhereis a steptowardssupportingthecreationof resource-awareapplications.Sec-
tion 10.3pointsout thedirectionfor futureresearch.This work integratesdifferentapproachesdeveloped
by otherresearchprojects.Section11 describestherelatedwork.

2 Resource model

It is often the casethat heavyweight servicesencounterlimited resourcesto execute. In the model we
propose,theseservicesareexecutedon a computationalgrid of hosts[14]. Servicesaggregateresources
from differenthoststo obtaintherequiredcomputationalpower, memoryandsatisfyotherresourcerequire-
ments.In this approachtheapplicationis partitionedinto many computationalmodules,which in orderto
be effective, have to be placedintelligently in the availablehosts.Thestaticplacementof themodulesis
not adequatein all cases.The appropriatepartitioningof the applicationis both applicationandresource
dependent.

Figure1 ilustratesthisresourcemodel.Supposethatascientistatsomesitehasaninterestingdatasetthat
hewantsto make availableto membersof theresearchcommunityto visualizeandotherwisemanipulate.
Wewill referto him astheserviceproviderandto hissiteastheremotesite. As apartof creatingtheservice,
theserviceproviderdesignatesacollectionof ����� hostsunderhisadministrativecontrolto satisfyservice
requests.At leastoneof these� hostshasaccessto thedatasetandin generalthe � hostswill beshared
with otherapplications.The � hostswill typically bephysicallylocatedat theremotesite,but in general
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3 ACTIVE FRAMES
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Figure1: Grid resourcemodel.

this is not a requirement;someof the � hostscouldbe locatedwithin thenetwork andthey areacquired
usinggrid-basedresourcemanagementservicessuchasGlobus[13].

A scientistat anothersite (i.e., a serviceuserat the local site) visualizesor manipulatesthe remote
datasetby issuinga �nite seriesof requeststo a hoston the remotesite. The periodof time betweenthe
�rst requestandthelastrequestis calleda session. Beforethescientistbeginsa particularsession,hemust
designatea collectionof � � � hoststhatareavailablefor runningany programsthatareneededto satisfy
servicerequests.Oneof this � hostswill bedesignatedastheclienthost.Theclienthostsrunstheprocesses
thatprovide theinterfacefor theuserto interactwith theremoteservice.As with the � remotehosts,the �

hostsarenotnecessarilyphysicallylocatedat thelocal site,althoughmostlikely they will be.
Themain ideais that therearea total of ����� hostsavailableto performthenecessarycomputations

duringthesession,� of whichweredesignatedby theserviceproviderto handleall requestsfrom all service
users,and � of whichwhereallocatedby theserviceuserat thelocalsitefor thatsession.Themotivationfor
choosingthis particularmodelis that it givestheserviceusertheoptionto contribute resourcesthatmight
helpreducetheresponsetimesfor their servicerequests.In variouscases,a serviceuserwho needsbetter
responsetimescangetit by increasingthevalueof � .

Note that our model is a simplegeneralizationof someothergrid servicemodels. For example,the
usualclient/server Internetmodelassumes������� � , andNetsolve, a network-enabledsolver toolkit
from Universityof Tennessee[6] has� � � and ��� � .

3 Active frames

Active framesprovide a simple mechanismto sendwork and datato computehosts. With this �e xible
mechanismtheservicescantake advantageof theresourcesin hostsat thelocalandremotesites.An active
frameis anapplication-level transferunit thatcontainsprogramandassociatedapplicationdata.Section3.1
describestheactive frameinterface.Active framesareprocessedby computeserverscalledframeservers.
The frameserversareuser-level processesthat run on computehosts.Figure2 illustratesthestructureof
a frameserver. A server consistsof two components:anapplication-independent interpreterthatexecutes
active frameprograms,andan optionalcollectionof application-speci�croutinesthat canbe calledfrom
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3 ACTIVE FRAMES 3.1 Active frame interface

theframeprogram.Section3.2 describesthedetailsof theframeserver implementation.Theactive frame
mechanismcanbeextendedto build sophisticatedservicesthroughtheuseof specializedactive framesand
applicationlibrariesthatareloadedinto theservers.Section3.3describesthisextensionmechanism.

Active Frame Server

Active
frame

interpreter

Application
specific
libraries

frame
program

frame
data

frame
program

frame
data

Input Active Frame Output Active Frame

Figure2: Active frameserver.

3.1 Active frame interface

Theactive frameinterfacedeclaresasingleexecute method.

interface ActiveFrame {
HostAddress execute(Server St at e state);

}

The speci�c frame's executemethodis calledwhenthe framearrivesat the server. The executemethod
is the entry point for frameexecutionandcanbe usedto processthe frame's data. This methodreceives
oneparameterof typeServerState . Thestateobjectprovidesasoft storageservicethatframescanuse
to keeparbitrarydata.Thesoft storagemechanismis describedin moredetail in section3.2.2. Whenthe
frameexecution�nishes, theserver forwardstheframeto theserverspeci�edby theaddressreturnedby the
executemethod.

Thissimplemechanismallows applicationsto specifywhatoperationsto executeon thedataandwhere
to executethem.Heavyweightservicescanusethismechanismto movecomputationalongwith thedatato
servers,takingadvantageof thetheextra resourcesthesecomputeserversoffer.

Application-speci�c framesprovide the appropriateimplementationof the executemethod. For in-
stance,long-livedframescanbeusedto installservicesin thecomputehoststhatsatisfyrequestsfrom other
clients.Othercompute-intensive serviceslike futuresearchenginesanddatamining couldbeimplemented
with moreshort-lived framesthat crawl the databasessearchingfor speci�c information. Visual anima-
tion of physicalprocessescouldbeimplementedwith a streamof multiple active frameswhereeachframe
processespartof thedataset.

3.2 Frame servers

Frameserversareprocessesthat receive, executeandforward active frames. We implementedthe frame
serversasuser-level processesusingJava [18]. This hasallowed us to easilyimplementthe active frame
mechanismwhile avoiding OSandmachinespeci�c dependencies.Most of thefunctionalityof theactive
framemechanismis facilitatedor built directly on top of Java's features.For example,themarshallingof
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3 ACTIVE FRAMES 3.2 Frame servers

void FrameServer.sen d( Act iv eFra me frame) :

Executeandsendanactive frameto theserver returnedby its executemethod.

Object ServerState.get (St ri ng id) :

Retrieve anobjectfrom theserver soft storage.

void ServerState.put (S tri ng id) :

Add anobjectto theserver soft storage.

Figure3: Frameserver API

active framesis doneusingJava's serializationprotocolandthe frame's codedistribution mechanismgets
leveragefrom Java's dynamicbyte-codeloading. Frameserversprovide the following functionality: (1)
frameprocessingandforwarding,and(2) soft storage.

3.2.1 Frame processingand forwarding

An applicationstartsa new server in the sameprocessby creatinga new instanceof a FrameServer
object. The frame server processesoutgoingframescoming from the applicationand incoming frames
arriving from the network. The applicationcalls the tt sendmethodof the frameserver (SeeFigure3) to
initiate theprocessof a frame.Hereis how anapplicationmightcreateandstarta frameserver:

1: FrameServer server = new FrameServer(300 0);
2: ActiveFrame frame = new SampleFrame();
3: server.send(fr ame) ;

Theapplicationstartsa server on the local hostusingport 3000(line 1), andthencreatesandsendsa new
active frame(lines2,3). Theserver's send methodinvokestheframe's execute methodbeforesending
theframe. Thentheserver sendstheframeto theaddressreturnedby theexecutemethodif theaddressis
notnull.

FramesaretransferedamongserversusingTCP/IP. At run-time,a frameserver waitson a well-known
port for anactive frameto arrive from thenetwork. Whenanew framearrives,theserver readstheprogram
anddatacontainedin the frame; thenthe server interpretsandexecutesthe frameprogram. We built the
frameserversusingthe standardapproachwhereeachframesis executedin a separatethreadof control.
This processis describednext. Figure4 shows an active framein the �rst server to the left that is about

Frame server

Active
Frame

Frame thread

Control
thread

Frame server

Control
thread

Frame server

Control
thread

Figure4: Frametransmissioninitialization

to be sentto the server in the middle. The control threadin the receiving server (middle) listensfor new
connections.Thesendingserver establishesaTCPconnectionto thereceiving server to transfertheframe.
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3 ACTIVE FRAMES 3.2 Frame servers

Frame server
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Figure5: Frametransmission

In Figure5 thecontrol threadin thereceiving server createsa new thread,labeledframethreadin the
�gure. The control threadhandsthe connectionto the framethreadandreturnsto wait for new connec-
tions.Theframethreadunmarshallstheframefrom thestreamusinga FrameInputStre amobject.The
FrameInputStrea mobjectperformstwo functions:(1) It takescareof thedetailsof unmarshallingthe
frame,and(2) it dynamicallyloadsthecodeneededto executetheframe.

Frame server

Active
Frame

Control
thread

Frame server

Frame thread

Control
thread

Frame server

Control
thread

Figure6: Frameexecution

Oncetheframeis unmarshalled,theframe's execute methodis calledin theframethread(Figure6).
Theexecutemethodperformsthedesiredcomputation(i.e., transformthedata).

Frame server

Active
Frame

Frame thread

Control
thread

Frame server

Frame thread

Control
thread

Frame server

Control
thread

Figure7: Frameforwarding

Oncethe executemethod�nishes it returnsthe addressof a frameserver. If this addressis not null
theserver forwardsthe frameto this address.The framethreadusestheaddressto establisha connection
to thenext server andthencreatesa FrameOutputStr eamobjectto marshalltheframeinto thestream
(Figure7).

3.2.2 Soft storage

The soft storageis a mechanismto save arbitrarydatatemporarilyat the frameservers. Applicationscan
usethis mechanismto keepstateat theservers.Thestorageacceptskey/valuepairsto storethedata.Later
thesamekey canbeusedto retrieve andmodify thedataor remove it from thestorage.An objectof type
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3 ACTIVE FRAMES 3.3 Extension support for active frames

ServerState is passedto theframe'sexecute method.Theframeusesmethodsin theServerState
classto put , get andremove datafrom thestore(See�gure 3).

Thesoft storage,asimplied by its name,makesno guaranteesaboutpreservingthedatait keeps.This
implies that applicationframesshouldbe preparedto recover informationthat hasbeen�ushed from the
storage.Theentriesin thesoftstorageareleasebased[7], meaningthattheentriesarekeptonly for a �nite
periodof timeasde�ned by thelease.At theendof thespeci�edperiodtheentryis removedif its leasehas
not beenrenewed. Althoughthestoremakesaneffort to keepanentryuntil theendof theleaseperiod,the
entrycouldberemovedbeforetheleaseexpires.

This simplemechanismprovidedby thesoft storageis usefulfor sharinginformationbetweendifferent
framesthat belongto a sessionor a type of application. For example,framesbelongingto a datastream
canstoreandretrieve parametersandperformancemetricsrelatedto theprocessingof thestream.Hereis a
sampleframethatusessoft storageto keepstatebetweenexecutionof frames:

1:class SampleFrame implements ActiveFrame {
2: HostAddress execute(Server St ate state) {
3: Integer estimate = (Integer)state .g et (ESTI MATE_I D);

... // set application parameters
4: Integer execTime = compute();
5: Integer newEstimate = computeEstimate (es ti mate , execTime);
6: state.put(ESTIM ATE_I D, newEstimate)

...
}

}

In this example,the frameusesthe get method(line 3) to obtaina previously storedestimateof the
time it will take to completeacomputation.After theframe�nishes thecomputation(line 4) it updatesand
storestheestimatein theserver's soft storageusingtheput method(lines5-6).

3.3 Extensionsupport for active frames

In orderto createhigher-level servicesusingactive frames,theframesneedto performapplicationspeci�c
operationat theservers.This is a crucialfeaturebecauseit allows theuseof existing packagesandintegra-
tion with othersystems.For example,visualizationalgorithmsarecomplex anddif�cult to develop,avisu-
alizationservicecanincorporateexistingvisualizationpackagessuchasvtk [29], AVS [32] andopenDX1.

Active framesusetwo mechanismsto extendthebasicfunctionalityof theservers:dynamiccodeload-
ingandapplicationlibraries. Theimplementationof thesetwomechanismsreliesonfeaturesthatarecentral
to Java: dynamicclassloading,theobjectserializationprotocolandJNI (Java Native Interface)[21, 17].

3.3.1 Dynamic codeloading

Thecodeneededto executeanactive frameprogramis loadedondemandandcachedby theframeservers.
Theprogramcarriedby theactive framesis meantto bea gluecodethatcalls into theapplicationspeci�c
librariesto implementaserviceor adistributedapplication.In general,active frameprogramsareexpected
to be relatively small andcanbe easily loadedover a network. The codeloadingmechanismusedwith
active framesis similar to theoneusedby Java's RMI (RemoteMethodInvocation)[12]. This mechanism
is supportedby theJVM's (JavaVirtual Machine)[22] ability to dynamicallyresolve andlink classesat run
time.

1Seehttp://www.research.ibm.com/dx
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3 ACTIVE FRAMES 3.3 Extension support for active frames

Theserversloadthecodefor theframesusingasignalingprotocolseparatefrom theoneusedto forward
theframes.However thecodeloadingmechanismis tightly coupledwith themarshallingprotocolusedto
forward the frames.Theframesaremarshalledin thedatausingJava's objectserializationprotocol. This
protocolhastheoptionof includinga classannotationalongwith theobjectmarshalledin thedatastream.
This annotationis usedto indicatewhereto �nd thecodefor a particularframe.With theuseof a separate
signalingprotocol the classbelongingto a framecanbe cachedfor future useavoiding the cost incurred
in fetching, loadingand interpretingthe classthe �rst time. The processingof a frameis slowed down
considerablythe �rst time a particularclassis loaded,especiallyif theclasseshave to be transferedfrom
a remoteclassserver. This canbesolved by prefetchingtheclassesaheadof time so by the time a frame
arrivesthetheserver thecorrespondingclasseshave alreadybeenloaded.

Whenaframeserver forwardsanactive frameto anotherserver, thesendingserver usesaFrameOut-
putStream to marshalltheframeinto a bytestreamusingJava's serializationprotocol.Theserialization
protocol is implementedin FrameOutputStr eam's superclass,ObjectOutputStr eam. Frame-
OutputStream overridesthe annotateClass method. This methodis calledoncefor eachunique
classin thestreamthe�rst timeanobjectof thatclassis marshalled.Themethodaddsasetof URLs to the
stream.TheseURLs arecommonlyknown ascodebase. Thecodebasecanbe usedby theunmarshalling
processto locatetheappropriatecodefor theframeor otherobjectsincludedwith theframe.TheFrame-
OutputStream obtainstheURLsby queryingtheclassloaderof theclassto annotate;if theclassloader
cannotprovide acodebase,thenadefault valueis used.

Thereceiving frameserver usesa FrameInputStre amto unmarshallthe framefrom the incoming
stream.ThereadObject in thesuperclassObjectInputStre amimplementstheunmarshallingpro-
tocol. ThereadObject usesinformationincludedin thedatastreamto determinetheclassof anobject
thatit is reading.Whenanew classis foundin thestreamtheresolveClass methodis calledto loadthe
correspondingclass. The FrameInputStrea mclassoverridesthe resolveClass method,which is
thecounterpartof FrameOutputStr eam's annotateClass method.TheresolveClass method
readsthecodebasefrom thebytestreamandthenit delegatestheclassresolutionandloadingto aFrame-
ClassLoader .

FrameClassLoade r is asubclassof java.lang.ClassL oader thatloadsclassesfrom aspeci-
�ed setof URLs(codebase).In JDK(JavaDevelopmentKit) version1.2[8] anew class,java.net.URLCla ss Loader ,
wasintroducedwhich providesthis functionality. Theloaderscacheclassesthathave alreadybeenfetched
to avoid the expensive processof contactingthe classserver anddynamicallyvalidatingand linking the
code.If theclasscannotbefoundanexceptionis raised.

The protocolusedto transferthe class�les from their repositoryis independentof the classloader;
this meansthat theclassescanbetransferedover HTTP, FTPor otherprotocolaslong asthenamecanbe
speci�edasa URL andthereexistsaninstalledhandlerfor theprotocol. In our setuptheclassesarestored
atacentralrepositoryandaremadeavailableto theframeserversthrougha simpleHTTPserver.

3.3.2 Application libraries

Thedynamiccodeloadingmechanismexplainedin theprevioussectionis well suitedfor smallprograms,
likegluecode,carriedin theactive frames.However, in orderto implementusefulservices,theframesneed
to performcomplex application-speci�coperations.For examplea visualizationapplicationneedsa series
of �lters to processadatasetandproducea3D modelor animageoutof thedata.

The frameserverscanbe extendedto provide a richersetof operationsto Active Frames.The frame
serversareextendedby addingapplicationspeci�c routinesin theform of librariesthatarecolocatedwith
the servers. The servers load the librariesat initialization time. This mechanismmakesit possible(1) to
useof existing codeand libraries; (2) take advantageof platform and applicationspeci�c optimizations

8



3 ACTIVE FRAMES 3.3 Extension support for active frames

that canbe implementedin the libraries; and (3) avoid the overheadinvolved with the �e xibility of the
runtimeenvironment,namelyinterpretationandcompilation. Theseapproachis well-suitedfor compute
intensive taskslike remotevisualization.In many casesthesizeof thelibrary makesit impracticalto load
thecodeon demandover a slow network. Thusextendingtheserverswith librariesprovidesa richerAPI
thatapplication-speci�cactive framescanusewithout incurringa highoverhead.

Active Framescan call methodsin the libraries throughJNI, which is Java's mechanismto execute
platformdependentcode,alsocallednative code.To accessroutinesin existing applicationlibrariesa thin
layerof wrappercodetranslatesJava methodcallsinto library calls.

Theapplicationlibrarieshave thefollowing threecomponents:(1) theJava wrappers;(2) theC method
wrappers;and(3) theapplicationroutines.TheJavawrappers declarethe interfacefor theroutinesin the
libraries. Thesewrappersdo not provide any implementationof the routines,they just declarethat the
routinesexist andthatthey arepartof thelibrary. TheC methodwrappers areaseriesof stubroutineswith
namingandparameterconventionsusedby JNI. Thesewrappersareresponsiblefor conversionsbetween
Java typesand native types. The application routinesprovide the actualimplementationof the desired
function.If theapplicationlibrariesarewrittenin anobjectorientedlanguagelikeC++thenadirectmapping
from exportedlibrary classesto Java classesis thenaturalapproach.

Librariesareloadedinto theframeserversatstartuptimeusingtheSystem.load methodof theJava
API. An active frameaccessesa routinein theapplicationlibrary by calling thecorrespondingmethodin a
Java wrapperobject.TheJava runtimecallstheappropriatemethodwrapperwith thespeci�edparameters.
Finally themethodwrappercalls thespeci�c function in the library. Whenthe library routinereturns,the
wrapperpassesthereturnvaluebackto theJava runtime.Hereis thebasicform of aJava wrapper:

1:class SampleWrapper
�

2: private native void libMethod0(int parameter);
3: public void libMethod(int parameter)

�

// Check parameters and then call the native method.
4: return this.libMethod 0( para meter );�

�

The Java wrappersare objectsthat provide accessto the library routinesthroughinstancemethods
thataredeclarednative . In theexampleabove theclassSampleWrapper declareslibMethod0 to
be native (line 2). Objectsfrom other classescan accessthe native methodthroughthe public method
libMethod (lines3-4). ThemethodlibMethod canbeusedto checktheparametersif necessary.

1:extern "C" JNIEXPORT void JNICALL
2:Java_SampleWr apper_ lib Meth od_10(J NI Env *env, jobject obj, jint par)

�

// call the actual library method
3: libMethod( par );�

Themethodwrappersaresmallfunctionsthatconformto thenamingandparameterpassingconvention
of JNI. Thesefunctionsarecalledwhenever a Java programcalls a methoddeclarednative in the corre-
spondingwrapperobjects. A methodwrapperusesthe parametersit receives from the JVM to construct
theparametersneededto call thecorrespondingapplicationroutinein the library. After the library routine
returns,the methodwrapperconverts the returnvalue to conformwith the JNI convention. The method
wrappersarewritten in C/C++,compiledinto platformspeci�c instructionsandlinkedwith theapplication
library to generatea dynamiclibrary. Theexampleabove shows thecorrespondingmethodwrapperfor the
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native methodof the sampleclass. The function declarationfollows the JNI convention(lines 1-2). The
applicationroutinesareat thecoreof thelibrary andcarryout theactualcomputation(line 3).

4 Remote visualization service

In many situationstheamountof datacollectedby a particularprocessis extremelylarge. Thesizeof the
datamakesit dif�cult for a humanbeingto interpretandanalyze.Visualizationtechniquesarevery useful
to analyzelargeamountsof databecausethey highlight interestingfeaturesof thedata.Thegoalof aremote
visualizationserviceis to enableusersto createin their desktopsvisualrepresentationsof massive datasets
thatarestoredremotely.

In general,the ability to interactwith the visualizationprocessincreasesthe user's understandingof
thedataset.For example,changingparametersin thevisualizationor exploring thedatasetfrom a different
viewpoint might reveal featuresof thedatasetthatwerehidden. In orderto allow this kind of interaction,
thedelaybetweentheuserinputandtheoutputhasto bewithin reasonablebounds.

Userswouldlike to analyzetheirdatasetsinteractively from theirpersonaldesktopandlaptopcomputers
using the computationalresourcesthey have accessto. The visualizationprocessperformsa sequence
of computeintensive transformationsto the datato producean image. The size of the datasetsand the
computationalrequirementsof the visualizationprogramsdif�cult the creationof interactive applications
thatrunona typicaldesktopworkstation.Thebottomline is thatveryoftenauseris faraway from datasets
hewantsto access.Oftenthedatasetsaredif�cult to transferover thenetwork to theuserssite,sothey have
to remainata remotesitewherethedatawascollectedor generated.

The processof interactive visualizationcan be thoughtof as seriesof queriesto a massive dataset.
Beforethedatais presentedto theuserit mustbeprocessedby a sequenceof �lters. Remotevisualization
of scienti�c datasetsis aheavyweightinteractiveservice.Wehavecreatedaremotevisualizationservicethat
we call Dv (Distributedvisualization)[1]. Dv enablestheuserto visualizethemassive scienti�c datasets
thatarestoredat remotesites.Theserviceis providedundertheresourcemodeldescribedin section2, thus
thevisualizationprocessis partitionedamongthehostsat theremoteandlocal sitesto satisfytheresource
requirements.
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Figure8: Dv service composition

Dv operatesat theapplicationlevel usingexisting network services,thusit doesnot requirechangesin
thecurrentnetwork infrastructure.Figure8 shows thecompositionof theDv service.

, The visualizationapplicationspeci�eshow processthe setof �lters requiredto transformthe data
into images.

, The Dv library is a collectionof routinesto processandtransferdatasets.In order to processthe
dataDv usesvtk, a powerful andcomprehensive open-sourcevisualizationlibrary [29]. Section6
describestheapplicationmodelde�ned in thelibrary.
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, TheSchedulinginterface, describedin section 7, allows theuseof application-level informationto
selecttheresourcesrequiredto executethevisualization.

, Dv aggregatesresourcesfrom multiple hoststo executethe visualizationprocess.Dv usesactive
framesto shipdataandcomputationto thecomputehosts.

5 Motivating application

Scientistsandengineersfrequentlyusecomputersimulationsto solve complex modelsfor their problemof
interest.Theoutputof thesesimulationsresultin large amountsof data. For example,the Quake project
at CMU [4] usessupercomputersto simulatethe motionof thegroundduringstrongearthquakes. Quake
simulationsproducedatasetson theorderof hundredsof gigabytesto terabytesof �oating point numbers
that representthe displacementsof points in the earthduring an earthquake. Visualization,datamining,
statisticalanalysisandothermethodsmustbeusedto obtaininsightof thedata.

Quake simulationsmanipulatelarge unstructured�nite elementmodels.For a moderatelysizedbasin
suchastheSanFernandoValley of SouthernCalifornia,themodelsconsistof 15M nodesand80M tetrahe-
dralelements.A simulationof 60secondsof shakingcangenerateon theorderof 6 TB of data.Theoutput
datasetconsistsof a large 3D unstructuredtetrahedralmeshthat modelsthe groundanda seriesof data
frames. Eachframerecordsthestateof themeshat a given time-stepin thesimulation.A framecontains
datavaluesassociatedwith eachpoint in themesh.Thesevaluesdescribefeaturesof thepointsin themesh,
suchasthedisplacementamplitude(i.e., theamountof motion)at apoint in theearth.Theseriesof frames
describesthestateof themeshover time.

Figure9: Quake visualization snapshot

Figure9 shows a visualizationof thedisplacementamplitudeof thegroundduringthe1994Northridge
aftershockin SanFernandoValley. The top part of the pictureshows the densityof the terrainnearthe
surface.Underneathdifferenttonesof grayrepresentthedisplacementof ground's magnitudeasthewave
propagatesto thesurface.
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Figure10: Flowgraph for a Quake visualization

In orderto producean image,thevisualizationprocessappliesa seriesof transformationsto thedata.
Thesetransformationsare usuallyexpressedin the form of a visualization�owgraph. Figure 10 shows
the�owgraphof thetransformationsinvolved in a simpli�ed visualizationof a Quake dataset.Theground
motionvaluesarestoredin theremotedataset.A userat thelocal siteinteractively requestthevisualization
of a ROI (region of interest) in thedataset.Theregion of interestis expressedbothin space(volume/plane
of the ground)andin time (setof frames). If the userrequestsdatafrom a singleframe,thenthe result
is a still image. If theuserrequestsmultiple framesthenthe resultis an animation.The �rst stageof the
�o wgraphreadsa subsetof thedatasetasindicatedby theROI. Thenext stagecomputesisosurfacesbased
onsoil densitiesandgrounddisplacementamplitudesto highlightcharacteristicsin thedata.Thenext stage
in the �o wgraphsynthesizesthe sceneaccordingto varioussceneparameterssuchaspoint of view and
cameradistance.Finally, thesceneis renderedfrom polygonsinto pixels thataredisplayedon a monitor.
Theresolutionof thedisplayedimageis determinedby a resolutionparameter.

Figure11 shows a simpli�ed versionof theC++ codeusedto implementthe �o wgraphshown in Fig-
ure10. Thecodeshown hereusesvtk �lters to producethevisualization.

In lines2-7thevtk objectsrequiredto visualizethedatasetarecreated.dvQVolumeReade r (line 2) is
theobjectthatreadsthequake dataset.ThevtkContourFilter object(line 3) performstheisosurface
extractionon the dataset.The vtkPolyDataMapp er , vtkActor andvtkRenderer objects(lines
4-6)work togetherto synthesizeandrenderthe3D scene.Finally, thevtkRenderWindow object(line 7)
displaystheresultingscene.In lines8-24the�lters aresetupwith the initial parameters.Also theobjects
thatform the�o wgraphareconnectedtogether. Line 8 speci�esto thereaderobjectthenameof thedataset
to visualize.Thecontour�lter generatesasmany isovaluesasspeci�edby the numIsos parameter(Line
10). Thesevaluesvaluesareevenlydistributedbetweenthegivenminimumandmaximumvalues( minval
and maxval parameters).For thesake of simplicity thesceneparametershave beenomitted. If no light
andcamerapositionarespeci�edtherenderercreatesadefault light andacamerato renderthescene.Also
thedefault valuesfor thewindow sizeandresolutionparametersareusedto displaythe�nal image.

In line 9, thereaderandthecontour�lter areconnectedby assigningtheoutputof thereaderto theinput
of thecontour�lter . Similarly, in line 11 thecontour�lter is connectedto thedatamapper. In line 12, the
actorisassociatedwith themapperandin line13theactorisaddedto thelist of actorsin therenderer. Finally
in line 14, therendereris associatedwith thedisplaywindow. ThefunctiondisplayTimeSte p (line 15)
is calledwhentheuserspeci�esadataframecorrespondingto aparticulartimestepin thesimulation.This
parameteris updatedin thereader(line 16)andtheRender methodin thewindow object(line 17) triggers
theexecutionof the�o wgraph.

Figure12showsaDv versionof thegroundmotionvisualizationgeneratedby theprogramin Figure11.
In thisexample,theDv client sendsanactive framewith a requestto theremoteserver wherethedatasetis
located.This active framegeneratesoneor moreactive framesasa response.Eachresponseframecarries
a programthatassignsthereadingcomponentof thevisualization�o wgraphto the�rst remoteDv server,
the isosurfaceextractionstagesto thesecondDv server, thescenesynthesis,the renderingandthedisplay
stagesto thelocalDv client.
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5 MOTIVATING APPLICATION

1: void setup()�

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

// set up the filters
8: reader->SetFil eName( _datasetname );
9: contourFilter- >SetI nput ( reader->GetOutpu t( ) );

10: contourFilter- >Genera te Valu es( _numIsos, _minval, _maxval );
11: polyMapper->Se tI npu t( 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 im es te p);
17: renWin->Render () ;�

Figure11: Sequentialquakeviz program
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Figure12: ExampleDv Quake simulation.
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Method

void DvFrameServer.sendData(vtkDataSet data, DvHostAddress address, int

sessionId, int dataId)

vtkDataSet DvFrameServer.getDataSet(int sessionId, int dataId)

HostAddress DvFrameServer.getLocalAddress()

Figure13: Dv server API

6 Dv library

TheDv librarycontainstheroutinesto build thevisualizationservice.Theserviceisprovidedonacollection
of computehostsrunningDv servers. A Dv server is anactive frameserver extendedwith theDv library.
Dv serversareexplainedin section6.1. The userinteractswith the visualizationprocessthroughthe Dv
client. The Dv client is an active frame server extendedwith an interface to display the visualization.
Section6.2 describesthe Dv client. In order to provide a particularvisualizationservicewith Dv, the
applicationdesignerhasto transformdeapplicationanddivide it in variouscomponentsasde�ned by the
Dv library. The visualizationcomponentsandapplicationmodelaredescribedin section6.3. To initiate
a Dv session,the Dv client sendsa specialkind of active frame,called requesthandler, to a Dv server
that is colocatedwith theremotedataset(thedatasetserver). During thecourseof a visualizationsession,
theDv client sendsa seriesof requestframesto thatDv server. Eachrequestframecontainsvisualization
parameterssuchas region of interestand resolution,a descriptionof the visualization�o wgraph,and a
schedulerthatassigns�o wgraphnodesto Dv servers. The requesthandlerproducesa sequenceof oneor
moreresponseframesdependingon whethertheclient requestsananimationor astill image.

6.1 Dv servers

A Dv server is a specializedframeserver thathasbeenextendedto provide additionalservicesfor visual-
izationapplications.A Dv server is extendedwith visualizationlibrariesusingthemechanismdescribedin
section3.3.2.In our currentimplementationtheDv serversareextendedwith vtk libraries.Theserversare
alsoextendedwith routinesto transfervtk datasetsbetweenservers.

Usingexisting visualizationlibrarieshasvariousadvantages.We do not have to rewrite complex visu-
alizationroutinesto supportremotevisualizationservices.Existing librariesaremorereliablesincethey
have beenwidely usedby thevisualizationcommunity. Theselibrarieshave beenoptimizedover their life
cycle to befastandmemoryef�cient, whichresultsin anoverallperformancegainthatwouldbedif�cult to
achieve if we wroteourown visualizationroutines.

Thevisualizationlibrariesde�ne their own datatypesandprovide theroutinesto operateon thosedata
types.In vtk, thedatatypesareall sub-typesof thevtkDataSet class.Sincedatasetsneedto bemoved
betweenservers,we createda seriesof marshallerobjectsto transferthedatasetsover TCPstreams.There
is onemarshaller/ demarshallerpair for eachvtk datasettype. ThesemarshallersareC++ objectsthatare
includedin theapplicationlibrariesusedto extendtheDv servers.TheDv server'sAPI providesasimpli�ed
interfaceto transferthedatasetsbetweenserversusingthesemarshallers.

At the senderside the applicationcan usethe sendData methodto initiate a datasettransferto a
particularhost(SeeFigure13). Thismethodtakesfour parameters.The�rst parameteris a referenceto the
datasetto send,thesecondparameterspeci�esthedestinationhost,thethird andfourth parameterareused
to identify andretrieve thedatasetat the receiving server. Eachdatasetis associatedwith a sessionanda
frameit belongsto.

At the receiver's sidea DataFrameReceive r objectreadsthe datasetusingthecorrespondingde-
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marshallersfor thedatatype. Thedatasetis bufferedfor laterretrieval. Lateranapplicationframecanuse
thegetDataSet method(SeeFigure13) to retrieve thedataset.If anapplication's framecallstheget-
DataSet methodbeforethedatasethasbeenreceived,thecalling framewaitsfor a predeterminedperiod
of timefor thedatasetto arrive. An applicationcanalsousetheextendedAPI (notshown in table)to specify
thetimeoutvalueit is willing to wait for thedataset.

An applicationframecanobtainthe addressof the Dv server it is executingon throughthe getLo-
calAddress method.ThismethodreturnsaDvHostAddress object,which is asubclassof HostAd-
dress .

6.2 Dv Client

The Dv client displaysthe outputof the visualizationandallows the userto interactwith the visualiza-
tion process.The Dv client is in essencea frameserver with the following functionality: (1) userinput
processing,(2) visualizationoutputrendering,(3) sessionmanagement,and(4) dataframebuffering and
reordering.

The usertinterfaceof the Dv client canbe easilycustomized.We expect the Dv client to be useful
to createbasicuserinterfacesfor simplevisualizationservices.More complex interfacesandinteraction
might requiretheconstructionof an application-speci�cclient from the scratch.A visualizationdesigner
cancreatethe userinterfaceappropriateto visualizea particulardataset.If no userinterfaceis provided,
the client createsa default window to display all the data framesthat arrive. The interactionwith the
visualizationprocessusingthedefault window is limited to rotate,panandzoominto thedataset,however
theusercannotmodify any of thevisualizationparametersdirectly.

TheDv clientassociatesframeswith asession.TheclientstartsasessionbysendingaRequestHandler
frameto a server. Usually this server is colocatedwith thedatasetto bevisualized.Therequesthandleris
a long-lived framethatacceptsrequestsfrom theclient andsendsresponseframesbackto theclient. The
responseframesexecuteon thecomputehostsalongthepathbackto theclient. Theresponseframesalso
executewhenthey arrive to theclient, thesameway they do in any otherframeserver. Therequesthandler,
requestandresponseframesaredescribedin detail in section6.4

TheDv clientprovidesa call backmechanismto announcethearrival of responseframes.Theapplica-
tion designerprovidestheimplementationfor theFrameListener interfaceshown below.

public interface FrameListener {
void frameArrived(R esp onse Fr ame frame, vtkDataSet data, int id);

}

The frameArrived methodof the registeredframelisteneris calledafter the frame's executemethod
returns.The �rst parameterfor this methodis the framethat just arrived, thesecondparameteris theout-
put datasetproducedby the responseframe,the last parameteris the identi�er of the dataset.Using this
mechanismtheapplicationdesignercancustomizethebehavior of theclient. For example,oneparticular
implementationof this interfacecouldrenderthedatasetonceit arrivesto theclient. Anotherimplementa-
tion couldupdatea �eld in thescreenwith thecurrentframenumber.

The ClientBuffer is a helperclassthat implementsthe FrameListener interfaces.The client
buffer orderstheresponseframesreceivedfrom theserver. This classis particularlyusefulto createanima-
tions,wheretheresponseto a requestis a streamof framesthathave to bedisplayedin orderat a speci�c
time.
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6.3 Visualization components

In orderto build a Dv application,theapplicationdesignerneedsto implementthefollowing components:
(1) a datasource,(2) a visualization�o wgraph,(3) requests,andoptionally (4) a schedulerand(5) a cus-
tomizeda graphicaluserinterface. Thesecomponentsarepresentin the toolkit in the form of interfaces,
leaving theconcreteimplementationto theapplicationspeci�c needs.

6.3.1 Data source

Thedatasourcereadsthedataset.Theinterfacefor thedatasourceis shown below:

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

}

TheDataSource interfaceextendstheSerializable interfacesodatasourcescanbemarshalled
andtransmittedalongwith theactive frames.This interfacedeclaresasinglegetDataFrame methodthat
returnsa referenceto a vtkDataSet object.A particularimplementationof this interfacecouldreadthe
datafrom a database,a �le or directly from outputof a simulationprocess.Thedatasource's methodsare
executedin a frameserver thathasaccessto thedata.Usually thedatasourceobjectexists throughoutthe
durationof a sessionandthis objectkeepsstatelike open�les, establisheddatabaseconnections,current
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 ll ) {
6: reader = new dvQVolumeReade r( );
7: reader.SetFileNa me(t hi s.d at as et Name);

}
8: this.reader.Se tTi meSt ep(t his .t im eSte p);
9: this.reader.Up dat e( );

10: return this.reader.Ge tO ut put () ;
}

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

}
}

In theexampleabove,theQuakeSource classis usedto readtheoutput�les generatedby Quakesim-
ulations.Thesimulation's output�les containanunstructuredtetrahedralmeshandaseriesof scalarvalues
associatedto the verticesof the meshfor eachtime stepof the simulationprocess.The QuakeSource
classimplementsthe getDataFrame method(line 4) declaredin the DataSource interface. In line
5 this methodchecksif an instanceof a dvQVolumeReader hasbeencreated. If no readerhasbeen
createdoneis instantiatedandinitialized (lines6 & 7). dvQVolumeReade r is a classin theapplication
library thatreadsthequake �les andproducesvtk datasetsasoutput. In line 8 thedesiredtime stepto read
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is speci�ed to the reader. The reader's Update method(line 9) loadstheactualdataset.Finally andthe
GetOutput returnsareferenceto thedataset.TheQuakeSource classalsoprovidesmethodsto specify
thetimestepof thesimulationof interestto theuser.

6.3.2 Visualization �o wgraph

Thevisualization�o wgraphdescribesthesetof transformationsto performto thedatasets.The�o wgraph
containstheactualprogram,in the form of dataset�lters, to createa visual representationof thedatasets.
Thevisualizationdesignerpartitionsthe�o wgraphinto nodes,eachcontainingoneor more�lters thatare
appliedto an input datasetto producean outputdataset.Nodesin the �o wgraphareindependentof each
otherandconnectedonly by the input andoutputsdatasets,allowing thenodesto be executedseparately.
For instancethe�rst nodeof the �o wgraphcouldbeexecutedon hostA, whenexecutionwould �nish the
outputwould betransferedto hostB wherethesecondnodewould executeusingthe�rst node's outputas
input for thesecondnode.Also, multiple consecutive nodesin the �o wgraphcanbeexecutedin thesame
host.

This modeloffers great�e xibility allowing the �o wgraphto be scheduledin many differentwaysac-
cordingto resourceavailability. However, the �e xibility of the modelhasa cost. Not all applications�t
naturallyin thisprogrammingmodelandthemodelmakesit moredif�cult to reasonaboutthecontrol�o w
of theprogram.We arestill evaluatingthis modelto improve its easeof useor adopta differentmodelif
necessary.

TheFlowgraph interfacedeclarestwo methods:buildNode andgetNumberOfNod es .

public interface Flowgraph extends java.io.Seriali za bl 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 theschedulers.ThebuildNode methodinstantiatesa singlenodeof the �o wgraph. The �rst
parameterof this methodis a zero-basedindex that identi�es thenodeto be instantiated.Thesecondpa-
rameteris ahandleto theinput for thenodeto build. Themethodreturnsahandleto theoutputof thenode.
Notethatat thispoint the�o wgraph's nodehasonly beenconstructedandit hasnotbeenexecutedyet, thus
thereturnoutputdatasetis 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 buildNode0(inpu t) ;
7: case 1: return buildNode1(inpu t) ;
8: default: throw new FrameException( ``I nv al 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 buildNode0(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 l( 0.0, 0.0, 1.0 );
14: planeCut.SetIn put ( data );
15: planeCut.SetCu tFu nc ti on( plane );
16: return planeCut.GetOu tp ut ();�

/** Build node 1: Extract isosurfaces */
17: vtkPolyData buildNode1(vtkD ata Set data)

�

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

�

The sample�o wgraphshown above hastwo nodes.The �rst nodeextractsa region of interestin the
dataset.Thesecondnodedecimatesthedataset.ThebuildNode methodusesthenodenumberparameter
to determinethe nodeto build (lines 4-8). The �o wgraphcanbe implementedusingvisualization�lters
androutinesin theapplicationlibrary. For example,in thebuildNode0 methoda vtkCutter nodeis
instantiatedfrom thevtk libraries(line 12). Themechanismto connectthedifferentnodesof the�o wgraph
is explainedin section6.4.3.

6.3.3 Request

A requestspeci�estheparametersof thevisualization.Requestsmightbeusedto changetheROI, isovalues
andotherparametersin thevisualization�o wgraph.Requestscanalsobeusedto changeparametersin the
datasourceor in thescheduler. Hereis asimpli�ed versionof theRequest class.

1:public class Request implements java.io.Seriali za bl e {

2: protected DataSource source;
3: protected Flowgraph flowgraph;
4: protected Scheduler scheduler;
5: protected boolean override;
6: protected int sessionId;
7: protected int frameId;

/** 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 classimplementstheSerializable interface(line 1) allowing it to bemarshalled/
unmarshalledusingJava's serializationprotocol.Therequestcarrieswith it a datasource,a �o wgraphand
a scheduler(lines2-4). Thecorrespondingget methods(lines8-10)areusedto retrieve these�elds from
the request.Theseget methodsmay changeparametersto the �eld. For examplethegetFlowgraph
methodreceives the current�o wgraph,if any, as a parameter. Thesemethodcanchangeparametersto
the existing �o wgraph,or replacetheexisting �o wgraphwith theonecarriedby the request.Thedefault
implementationof thesemethodsreturntheobjectpassedasparameterwithoutany modi�cation if it is not
null, otherwisethe correspondingobjectcarriedin the requestis returned.The requestalsohas�elds to
identify the sessionandthe responseframes(lines 6-7). Sincea requestcangeneratemultiple responses,
thehasMoreFrames method(line 11) is usedto determineif moreresponseframesareto be sentback
to theclient for this request.Whethera requestmayoverrideoutstandingrequestsis determinedcalling the
overrideRequest method(lines12-13).

6.3.4 Scheduler

Theschedulermapstheexecutionof �o wgraphnodesto computehosts.Flowgraphnodescanbeexecuted
independently. Theseallows to executea �o wgraphnodein onehostandthenexecutethenext nodein a
differenthost.Also,multiplenodesof the�o wgraphcanbeexecutedin thesamehost.Theresponseframes
(describedin section6.4.3)usetheschedulerto determinewhereeach�o wgraphnodeis executed.Hereis
theinterfaceof theScheduler:

public interface Scheduler {
DvHostAddress getHost(int hopCount)

}

Theschedulerdeclaresa singlegetHost method.This methodreceivesa hopcountparameterthat indi-
catesthenumberof hoststhecorrespondingframehastraveledsofar. A valueof zerofor thenodenumber
indicatesthat theframeis at thesourceserver. ThegetHost methodreturnstheaddressof thenext host
whereto frameis to besentandexecuted.Frameschedulingis describedin moredetail in section7.

6.4 Dv frames

Dv de�nes threetypesof framesfor the executionand control of the visualizationapplication: request
handlerframe, requestframeandresponseframe.
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6 DV LIBRARY 6.4 Dv frames

6.4.1 Requesthandler frame

To initiate anapplicationsession,theclient sendsa requesthandlerframeto a frameserver thathasaccess
to thedatasetto visualize.Therequesthandleris a long-livedactive framethatsatis�estheclient requests
for thedurationof thesession.

request
handler

data

initial
request

data
source

visualization
flowgraph

scheduler

Figure14: Requesthandlerframe

Figure14 shows thestructureof a RequestHandler frame.Thehandlerframemaycarrya request
with itself. This �rst requestspeci�es the initial datasource,visualization�o wgraphandscheduler. The
requesthandlerinitializesandmaintainsstatefor thesessiononbehalfof theclient. Forexample,therequest
keepsa referenceto thedatasource,whichmaintainsopen�le handlesor databaseconnections.

1:public class RequestHandler implements ActiveFrame
�

2: private Request firstRequest; // The first request
3: private transient RequestQueue requestQueue;

4: public HostAddress execute(ServerS ta te state)
5: throws FrameException�

// Register the handler in the server state
6: this.requestQu eue = new RequestQueue();
7: this.requestQu eue .a ddRequest (t hi s. fi rst Reques t) ;
8: state.addObjec t(t hi s. se ss ion Id , this);

9: FrameServer server = state.getServer ();

10: int frameID;
11: Flowgraph flowgraph = null;
12: DataSource source = null;
13: Scheduler scheduler = null;
14: Request request = null;

15: while((request = this.nextReques t( re quest )) != null)
�

// update or receive a new flowgraph
16: source = request.getSourc e( so ur ce) ;
17: flowgraph = request.getFlowg ra ph(f low gr aph) ;
18: scheduler = request.getSched ul er (s che dule r) ;
19: frameID = request.getRespo ns eI d( );

20: ResponseFrame responseframe = new ResponseFrame();
21: responseframe.i ni t( fl owgra ph, scheduler, 0);
22: responseframe.s et Sess io nID (t hi s. fS ess io nI D) ;
23: responseframe.s et Data ID (fr ameI D) ;
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6 DV LIBRARY 6.4 Dv frames

24: vtkDataSet data = source.getData Fr ame() ;
25: responseframe.s et Data (d ata );
26: server.send(res pons eFra me);�

27: state.deleteOb jec t( fS es si onI D) ;
28: return null;�

�

Thehandler's execute methodinitializestherequestqueue,addingthe�rst requestto thequeue.The
handleris registeredin the server's soft storage(line 8), allowing later requestframesto get a reference
to the handler. If an initial requestis includedin the requesthandler, this requestis processedright after
the initialization,otherwisetherequesthandlerwaits for requestsfrom theclient. Thehandlerobtainsthe
next requestfrom thequeue(line 5) andcreatesa new responseframewith theappropriate�o wgraphand
scheduler(lines 16-23). The datafor the responseframeis readfrom the source(line 24). The response
frameis sentto thenext hostusingthesend methodde�ned in theserver's interface.Thehandlerprocesses
requestsuntil it receivesa end-sessionrequestor timeoutswaiting for a request(nextRequest method,
line 15). Whentherearenomorerequeststo processthehandleris unregisteredfrom theserver's state(line
27) anda null hostaddressis returnedfrom theexecutemethod(line 28) causingtheframeto bediscarded
afterits execution.

6.4.2 Requestframes

request
frame
data

request

Figure15: Requesthandlerframe

Figure15 shows thestructureof a RequestFrame object. RequestFrame is anactive framethat
carriesa requestfrom theclient to theserver.

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

3: public HostAddress execute(Server St at e state)
4: throws FrameException

{
5: RequestHandler rserver
6: = (RequestHandler )s ta te. getO bj ec t(t hi s. se ss ion ID );

7: if (rserver != 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 the theregisteredrequesthandlerfor thesession(lines4-5). Therequest
carriedby thisframeis addedto therequestqueue(lines6-7). TheaddRequest methodhandlesthequeue
includingwhetherthepassesparameteris anoverridingrequestor not. This methodalwaysreturnsa null
hostaddress(line 8) andtheframeis discardedafterexecution.

6.4.3 Responseframes

visualization
dataset

visualization
flowgraph

scheduler
response

frame
data

Figure16: Responsehandlerframe

Figure16 shows thestructureof a ResponseFrame object.Therequesthandlerrespondsto requests
by sendingresponseframesbackto theclient. Responseframesarespecializedactive framesthatcontaina
visualization�o wgraph,thedatato visualizeandascheduler. Theresponseframemaytravel throughmany
frameserverson its waybackto theclient. At eachserveralongthispath,theresponseframeexecutesparts
of thevisualization�o wgraph.Hereis asimpli�ed versionof theresponseframe:

1:public class ResponseFrame implements ActiveFrame {
2: Flowgraph flowgraph;
3: Scheduler scheduler;

...
// create and execute a part of the flowgraph in this host

4: public HostAddress execute(Server St at e state)
5: throws FrameException

{
// get the data receiver

6: DataFrameReceive r dataReceiver =
7: (DataFrameReceiv er )s ta te. getO bj ec t(" data -r ec eiv er ") ;
8: vtkDataSet dataset = dataReceiver.get Data Set(t hi s. se ss ion Id ,
9: this.dataId);

10: DvHostAddress nextHost;
11: HostAddress localHost = state.getLocalAd dr es s( );
12: int nofnodes = this.flowgraph.g et NumberOfN odes () ;

13: do {
14: dataset=this.flo wgra ph.bu il dNode( thi s. cu rr entNo de,c ur rD ata );

15: if (dataset != 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 (l oc al Host) );
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21: if (nextHost != null) {
22: DvFrameServer server = (DvFrameServer) st at e. get Serv er () ;

// send the data to next host
23: server.SendData( data se t,n ex tH os t, thi s. se ss io nId ,t hi s. dataI d) ;

}
// return the next hop address

24: return nextHost;
}

}

TheResponseFrame implementstheActiveFrame interface(line 1). Theresponseframecarries
with it the visualization�o wgraphto execute(line 2) anda scheduler(line 3). The schedulerdetermines
wherethe differentnodesof the �o wgraphareexecuted. The responseframeimplementsthe execute
methoddeclaredin theactive frameinterface(line 4). In lines6-9 a handleto thedatasetassociatedwith
this responseframe(session/dataid tuple) is retrieved from the datareceiver. In lines 10-20nodesof the
�o wgrapharebuilt andexecutedasdeterminedby thescheduler(line 18). In line 14 thecurrentnodeof the
�o wgraphis built andthenin line 16 thenodeis executed.In line 18 thescheduleris askedfor theaddress
of thehostto executethenext nodein the�o wgraph.If theschedulerdeterminesthatthenext nodeshould
beexecutedin thesamenodethentheprocessis repeated(backto line 13). Otherwisethedatasetis sentto
thenext hostusingtheSendData methoddescribedin 6.1 (lines21-23). Finally theaddressof thenext
hostis returnedfrom themethod(line 24)andtheserver will sendthis responseframeto thataddressif not
null.

7 Scheduling of active frames

Theschedulingdecisionfor a frameis delegatedto theparticularimplementationof theschedulerinterface
describedin section6.3.4. The scheduleris transmittedalong with the frameprogram. The getHost
methodis calledateveryserver theframevisits. Theschedulercanmakedecisionsatdifferentpointsof the
frame's lifetime. This mechanismpermitsthe implementationof variousschedulingpolicies,allowing the
particularimplementationto adoptthestrategy mostappropriatefor theapplication.

Theschedulercanuseapplication-speci�cinformationto makeschedulingdecisions[5]. In thepresence
of resourcemanagementsystemslike Darwin [30] or Globus[13] theschedulercanuseits “knowledge”of
the applicationto reserve the requiredresources.In environmentswhereno resourcereservation is sup-
ported,like a best-effort internet,schedulerscancombineapplications-speci�cinformationwith resource
availability datato make schedulingdecisions.Resourceavailability dataandpredictionscanbeobtained
from systemssuchasRemos[24] or NWS [35]. Herearesomeexamplesof schedulingscenariosranging
from a completelystaticoneto themostdynamicone.

Schedulingat servicedeploymenttime: In thisscenariothehostswheretheapplicationexecutesare�x ed
exceptfor theclient host. Themainuseof this approachis to satisfywell-known applicationconstraints.
This approachcanalsobe usedin environmentswherea single instanceof the applicationhasexclusive
accessto theresources.A systemadministratorcanusehis knowledgeof theapplicationrequirementsand
executionenvironmentto determinethe setof hoststhe applicationwill use. Also an off-line scheduling
algorithmcanbeusedto �nd theoptimalmapping.Theschedulingprocessdoesnot take into accountthe
clienthost,limiting theadaptationto clientheterogeneity. Obviously, sincethisapproachdoesnot take into
accountresourceavailability informationit cannotadaptdynamicallyto resourcechanges.Evenwith this
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rigid approach,theapplicationobtainsthebene�tsof resourceaggregation.It is alsoworthmentioningthat
thisparticularapproachis usefulfor applicationandschedulingdebugging.

Schedulingat sessionstartup: In this scenariothe applicationusesthe samehostassignmentfor all
framesof thesametype.Eachframevisits thesamesetof serversandexecutesthesamesetof calculations.
The schedulercanexploit informationaboutthe applicationresourcedemandsandthe client capabilities
to createthescheduleat thebeginningof a session.This increasesthe level of adaptationto client hetero-
geneity. However it cannotadaptto dynamicresourceavailability. Theschedulercanchoosefrom a pool
of computeresourcesthe hostsneededto executethe application. If the durationof a typical sessionis
relatively long, thenit makessenseto uselong termresourceinformationto make aschedulingdecision.A
particularimplementationcouldinteractwith a resourcemanagementsystem,if available,to makeresource
reservations.Thefollowing exampleshows theimplementationof this typeof scheduler:

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

}
4: HostAddress getHost(int hopCount) {
5: if(hopCount<nu mberOfH os ts ) {
6: return this.hosts[hop Count ];

}
7: return null;

}
}
...

8:HostAddress[ ] list = getHostList();
9:Scheduler sched = new SessionSchedule r(l is t) ;

10:ActiveFrame frame = new SampleFrame(sch ed) ;
11:server.send( fr ame) ;

The applicationcomputesthe list of hoststo executeonce(line 8) andthenusesthat setof hostsfor all
frames.Theschedulercarriesthelist of hostaddressesandreturnstheappropriateaddressfrom thatlist.

Schedulingat requestcreation: In this scenario,anew scheduleis computedfor eachrequest.However
all responseframesfollow the samepath and executethe sameset of calculations. The schedulercan
combineapplication-speci�cinformationwith resourceavailability datawhencreatingtheschedule,adding
somedegreeof adaptation.

Schedulingat framecreationtime: In this scenario,theframesarescheduledat thesourceserver. The
schedulercanuseresourceavailability datawhenschedulinga new frame. This schemeprovidesa higher
degreeof adaptivity to theapplication,becausedifferentframesmayfollow differentpathsandusedifferent
computeresources.However, sincethe schedulefor any individual frame is static, this adaptationonly
occursat the source. In the following examplethe schedulergeneratesthe pathof computehostsat the
sourcewhenthehopCount is 0 (line 3) andusesthatpathfor theframetransmission.

1:class AtCreationTimeSc hedule r implements Scheduler {
...

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

}
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5: if(hopCount<num ber Of Host s) {
6: return this.hosts[hopC ount] ;

}
7: return null;

}
}

Schedulingat framedeliverytime: In this scenario,theapplicationcanmake schedulingdecisionsjust
beforethe active frame is deliveredto the next server. The applicationcan react to changingresource
conditionseven if the frameis in �ight. This offers the highestdegreeof adaptivity, but might introduce
signi�cant overheaddependingon thecomplexity of thedecisionmakingprocedure.

1:class AtDeliveryTimeSc hedule r
2: implements Scheduler {
3: HostAddress getHost(int hopCount) {
4: if(hopCount<num ber Of Host s) {
5: return getHostNow();

}
6: return null;

}
}

Thepreviousschedulingscenariosscheduletheframesat a singlepoint,makingit easierto achieve global
coordination. With schedulingat frame delivery time it is more dif�cult to coordinatethe executionof
multiple framesthataretraveling throughthesystem.

8 Putting it all together

In theprevioussectionswehavedescribedthedifferentcomponentsneededto build theremotevisualization
services.In this sectionwe summarizetheprocessof usingactive framesto provide higherlevel services
like the remotevisualizationservice. We alsosummarizethe processof building a speci�c visualization
serviceusingtheDv library.

8.1 Building a servicewith ActiveFrames

In orderto build a heavyweightservicelike Dv it is necessaryto identify theapplicationmodelthatbetter
suitstheservicewe want to provide andhow thecomputationandotherresourcescanbepartitioned.For
example,in the caseof Dv, many visualizationapplicationsarestructuredasa �o wgraphof independent
�lters that transformthe datainto images(SeeFigure10). For this applicationmodel, it is very easyto
partition the application�o wgraphinto independent�lters. Dv divides the applicationinto datasource
objects,visualization�o wgraphsandrequests.The processto build a visualizationserviceusingthe Dv
framework is describedin thesection8.2.

The next stepis to createa set of active framesto supportthe most commontasksfor the service.
For example,Dv de�nes threetypesof active frames:RequestHandlerF ra me, RequestFrame and
ResponseFrame . TheRequestHandlerF ra mekeepsstateonbehalfof theclientat theserver where
thedatasetis located.This framealsohandlessubsequentrequestsfrom theclient. TheRequestFrame
carriestherequestsfrom theclient to theremoteserver. ResponseFrames aregeneratedin responseto
client's requests.
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Thenext stepis to extendtheframeserverswith theservice-speci�clibrariesthatcontaintheroutines
morecommonlyusedby theframesde�ned for theservice.In theDv framework, theserversareextended
with visualizationlibrariesandhelperfunctionsto transferdatasetsbetweenhosts.Theserversareextended
usingthemechanismsexplainedexplainedin section3.3.2.

Dv providesan interfacethat enablesthe useapplication-level informationin resourceselectiondeci-
sions.Theapplicationcanprovide its own implementationof theschedulerinterfaceor it canuseoneof the
default schedulersprovidedby Dv.

8.2 Building a remotevisualization application with Dv

TheDv framework dividestheapplicationinto threecomponents:Datasource,visualization�o wgraphand
requestobjects.A particularvisualizationapplicationprovidesthespeci�c implementationof theseobjects.

The datasourceobject is usedto accessthe dataset.This objectunderstandsthe format andmecha-
nismusedto storethedataset.Thedatasourceproducesa datasetobjectthatcanbeusedwith theroutines
includedin thevisualizationlibraries.Thedatasourceobjectcanbereusedin differentvisualizationappli-
cationsthataccessthesamedataset.

Thevisualization�o wgraphspeci�esthe transformationsto performon thedataset.This objectis the
coreof thevisualizationprocess.Thisobjectalsospeci�eshow thevisualizationprocesscanbedividedinto
individual tasks,for instanceeachvisualization�lter canbeexecutedindividually. The�o wgraphobjectis
speci�c to a particularvisualizationfor a dataset.However, theparametersusedto con�gure andexecute
the�o wgrapharespeci�edby theuserat runtime.

The requestobjectscarry theparametersfor the �o wgraph. Theseparametersmodify the way thevi-
sualizationprocessbehaves. For instancetherequestcontainsparameterslike theregion of interest,mesh
resolutionandisovalues. The requestobjectsarestrongly tied to the �o wgraph,sincethe requestscarry
�o wgraph-speci�cparameters.

9 Evaluation

Theactive framemechanismis clearlygeneraland�e xible. However, a potentialdisadvantageis that this
�e xibility introducesperformanceoverhead.Additionalspace,andthusbandwidth,is requiredby theframe
program,andextraprocessingtimeisnecessaryto interpretandexecutetheframe.Theapplicationsin which
weareinterestedrequiresigni�cant amountof resourcesto processandtransferthelargeamountof datathey
operateon. For theseresource-intensive applications,we expectthe overheadassociatedwith processing
theframeprogramto berelatively smallcomparedto theresourcesrequiredto processtheapplicationdata.
In this sectionwe begin to evaluatethecostsandbene�tsof this �e xibility.

The evaluationwas doneusing a relatively small datasetas input, thus making it more dif�cult to
amortizethe cost of processingActive Frames. The input datasetfor this evaluationwas producedby
the183.equake benchmarkprogramin theSPECCPU2000benchmarksuite[27, 19]. Theinputdataset
containsgroundmotiondatawith 30K unstructuredmeshnodeand151K tetrahedralelements.Thesizeof
eachframedatais 120KB. Thedatasetcontains165frames,eachcontainingascalarvaluefor thehorizon-
tal displacementof eachnodein themesh.The region of interestspeci�ed for theanimationincludesthe
completevolumeof thebasinandall theframesin thedataset.

9.1 Single-hostsetup

We wantto obtaina baselineof thetime elapsedto satisfytheuser's requestandtheelapsedtime for each
stageof thevisualization�o wgraph.Additionally, we wantto know whetherit is possibleto obtainaccept-
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Figure17: Singlehostsetup.

ableresponsetimeswhenvisualizingthedatasetusingonly theresourcesavailableto theclientmachine.
This sectioncharacterizesthe executiontime on a single host of the visualizationdescribedin Sec-

tion 5. Themeasurementsshown below weretakenonaPentium-III/450MHzhostwith 512MB of memory
runningNT 4.0with aReal3DStar�ghterAGP/8MBvideoaccelerator.

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

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

Framespersecond 0.59 0.43 0.23

Figure18: Meanexecutiontime(local)
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Figure19: Executiontimebreakdown (local).

Figure18 summarizesthe cost of runninga purely sequentialC++ versionof the visualizationon a
singlehost.Theapplicationpaysanaverageone-timecostof 5.389secondsto loadthemeshtopology(not
shown in table).Theapplicationcachesthemeshinformationsinceit is thesamefor all frames.To process
a frame,theapplicationspendsanaverageof 583.78msloadingthedatafor eachframe.

Figures20 and21 show theexecutiontime of isosurfaceextractionandrendering.Executiontime for
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Figure20: Isosurfaceextraction(local).

eachtasksdependson thenumber-of-isosurfacesparameter(SeeFigure18). Theisosurfaceextractiontask
producesa morecomplex outputdatasetwith �ner granularityanda greaternumberof polygonsas the
number-of-isosurfaces parameterincreases,which in turn slows down therenderingtask.Figure21 shows
thattheexecutiontimeof therenderingtaskis affectedby thecontentof thedataset.During theinitial time
stepsonly thegroundcloseto theepicenteris moving. As time passesthewave propagatesto thesurface,
whichaffectsa largerregionof thedataset.Towardtheend,theeffectof thewaveis dampenedandonly the
groundnearthesurfaceis still shaking.
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Figure21: Rendering(local).

Theseresultssuggestthat(1) additionalresourcesareneeded;and(2) expectedexecutiontimeof a task
canbecontrolledby varyingapplicationparameters.In orderto achieve interactivity, theapplicationmust
be responsive to theuser's input. The total time requiredto processa singleframe(SeeFigure18) is too
largefor interaction.By varyingapplicationparameterssuchasnumber-of-isosurfaces, theapplicationcan
eitherproducea higherquality versionof thevisualizationwhenenoughresourcesareavailable,or it can
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reducetheframe's processingtime to meettheframe's deadline.

9.2 Pipelinesetup

We wantedto �nd out (1) thecostof processingActive Framesin theremotevisualizationserviceand(2)
whetheraddingmorecomputeresourcesto satisfyuserrequestswould actuallydecreaseresponsetime and
increasethenumberof framesthatcanbeprocessedpersecond.

To try to make theanimationmoreresponsive, we canswitch(withoutchangingtheapplicationsource
code) from thesingle-hostsetupto athree-hostsetup.Twoof thesehostsareusedascomputeserversandthe
otherasa displayclient. Theclient hostis thesameasin Section9.1. Thetwo additionalcomputeservers
are550MHz PentiumIII processormachineswith UltraSCSIharddisksrunningversion2.0.36of theLinux
kernel.Theserver hostsareconnectedusinga100MbpsswitchedEthernet.Theclient communicateswith
theserversthrougha10MbpsEthernet.
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Figure22: Pipelinesetup

Theschedulerusedin this con�gurationassignsthetasksto thethreehostsasfollows (SeeFigure22):
Oneof thehostscontainsthedatasetto visualize.Theothercomputehostperformstheisosurfaceextraction.
Theclienthostperformstheremainingtasks,includingscenegenerationandrenderingto thescreen.

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

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

Figure23: Meanelapsedtime(pipeline)

Figure23showsthetimerequiredto completeeachof theoperations,includingtheadditionaltransferof
thedataandprogramfrom thesourceto thecomputeserver (markedass-s)andfrom theserver to theclient
(s-c).Notethatthetransferof theprogramis signi�cantly slower from thesourceto thecomputeserver than
from the computeserver to the client. The computeserver becomesthe bottleneckof the execution(See
Figure25) andthe taskreceiving the framemustcompetefor computeresourcesto demarshallthe frame
programanddata.Thetime to transferthedatafrom thecomputeserver to theclient is signi�cantly higher
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Figure24: Executiontimebreakdown (pipe).

for theextractionof 50 isosurfacesbecausethepolygonalstructureis muchmoredetailedandcomplex in
thiscase,requiringmorebandwidth.

Processingtime (ms) Framespersecond
# isos 10 20 50 10 20 50
Source 515.23 497.37 493.15 1.94 2.01 2.03
Server 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)

Despitetheadditionalcostof transferringthedataandtheprogram,it is possibleto obtainthebene�ts
of resourceaggregation. Figure 25 shows the time eachhost spendsprocessinga single frame and the
respective framerateeachhostcanproduce.For all cases,thecomputeserver hastheslowestframerate,
which determinestheoverall framerateof thepipeline.Anothersigni�cant advantageover thelocal setup
is thattheclientnow hasplentyof sparecyclesfor interactionwith theuser(i.e.,Rotate,zoom-in).

Figure26 shows time to the rendera frameat the client throughoutthe animation. The renderingof
a frameis slower andmorevariablein this setupthanin the single-hostsetupbecausethe renderingtask
sharescomputeresourceswith theframetransfertask.

9.3 Fan setup

In theprevioussetup(Section9.2), the isosurfaceextractionstageof the �o wgraphbecomesa bottleneck.
We wantedto know (1) whetheraddingresourceswould improve theperformanceof thevisualizationand
(2) how this new resourcecon�gurationwould affect time to executeeach�o wgraphstageandthecostof
processingActiveFrames.

In this setup,two additionalcomputeservers,with thesamespeci�cationsasdescribedin theprevious
section,areusedto executethe application. For eachframe, the sourceserver readsthe datasetandthe
client generatesandrendersthescene.Theschedulerusestheremainingserversto executethe isosurface
extractionby sendingeachserveradifferentframein around-robinfashion(SeeFigure27). Theframesare
collected,reorderedif necessary, andrenderedby theclient.

Figure28 shows that theclient hostis saturated,which causesthewholesystemto slow down. In this
caseboththeprogramanddatatransferoperationsaresloweddown at theclient (SeeFigure29). However,
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9 EVALUATION 9.3 Fan setup
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Figure27: Fansetup

Processingtime(ms) Framespersecond
# isos 10 20 50 10 20 50
Source 413.43 414.85 418.24 2.42 2.41 2.39
Serverx 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)
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10 BARRIERS TO ACCEPTANCE

by usingapplication-speci�cinformationin thescheduler, thetotal framerateis increasedby a factorof 3
in two outof thethreecasesanddoublein theothercase,comparedto thesingle-hostsetup.

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

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

Figure29: Meanexecutiontime(fan)

The renderingtime is increasedeven further (SeeFigure29) andexhibits highervariability (SeeFig-
ure30), becausetheclient hostis underhigh load,which causestherenderingtaskto bepreemptedmore
often.
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Figure30: Render(fan).

10 Barriers to acceptance

This sectiondescribescurrentlywhat themain limiting issuesarein usingactive framesto deploy remote
visualizationand other heavyweight services. The discussionis divided in threetopics. The �rst topic
discussedin section10.1is aboutthelimitationsof thecurrentimplementation.Section10.2discussesthe
securityissuesof thesystem.Thelastsection10.3pointsthedirectionfor futureresearch.
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10 BARRIERS TO ACCEPTANCE 10.1 Current limitations

10.1 Curr ent limitations

The currentimplementationsof the active framesmechanismandDv framework arenot optimized. Two
commonoptimizationstechniquesusedto improve the performanceof Internetservicesare connection
poolingandthreadpooling.

Connectionpooling: After a frameis transferedbetweenservers,theserverscouldkeeptheconnection
openfor agivenperiodof timeinsteadof shuttingit down. Thenext timeaframeis forwardedbetweenthese
two servers,thesendingserver would checkits connectionpool. If a connectionbetweenthe two servers
existsandit is in goodstate(i.e., it hasnot timedout) thenthatconnectioncouldbereused.This approach
would reducethe total time to transfera framewhenthe latency betweenthe involved pair of servers is
relatively high. However, if the latency betweenthe servers is low this approachwould not provide any
bene�t andit might actuallyhurt performance.Anothercaveatof this approachis that it is not completely
clearwhatis a goodpolicy to managetheconnectionpool. If too many idle connectionsremainopen,they
consumevaluablesystemresourceslike connectiondescriptorsandbuffer space.

Threadpooling: Theframeserversusethestandardapproachof creatinganew threadto processanew
framethat arrives. A server couldcreatea pool of threadsaheadof time to processthe incomingframes.
This approacheliminatesthe threadcreationtime. Although at �rst it seemslike this mechanismwould
reducetheframeprocessingtime,wechosenot to implementit sincethethreadcreationdoesnotcontribute
signi�cantly to thetotalprocessingtime of a frame.

10.2 Security issues

Active framesprovide a �e xible mechanismto deploy new servicesor customizeexisting ones.However,
this �e xibility introducesvarioussecuritythreatsto the grid of host executingthe active frames. Even
thoughwedonotaddressthesecurityissuecompletely, we imposevariousrestrictionsto thedynamiccode
loadingmechanismandtheexecutionof theactive frames.TheserestrictionsareimplementedusingJava's
securityfacilities. For example,the dynamiccodecanbe loadedonly from a setof trustedcodeservers.
Theapplicationlibrarieshave to be locatedin thesamehostwherethe frameserver executesandthey are
pre-loadedwhenthe frameserver startsexecution. Active framescall the methodsdeclaredin the frame
server interface.Additionally, theactive framescancall themethodsde�ned in thepre-loadedapplication
librariesasdescribedin theprevioussection.However, this doesnot preventa faulty library from crashing
theframeserver. More elaboratedtechniques,like codesigning[16], softwarefault isolation[34] or proof
carryingcode[25] couldbeusedin thiscase.

Resourcemanagementis probablythemostdif�cult taskin building asafeexecutionenvironment.The
frameserversdo not restricton theamountof resourcesconsumedby a frame. For instancea misbehaved
framecouldconsumeanunboundednumberof computecycleswithin oneserver or acrossmultiple server.
In thiscaseotherframesareableto makeprogressmuchmoreslowly thanthey normallywould. In general,
weexpecttheunderlyingresourcemanagersto takecareof theaccessto theresources.Reservationsystems
at thenetwork level like Darwin [30] will help to limit theamountof bandwidtha misbehaved framecan
consume.

10.3 Future dir ections

Active framesprovide a mechanismfor heavyweightservicesto sendcomputationto othercomputehosts.
Theschedulerinterfaceallows for theuseof application-level informationto selectthe resourcesusedby
theapplication.In orderto supportresource-awareservicescompletelytheframework mustprovide: (1) in-
formationabouttheresourceavailability, (2) informationabouttheresourcerequirementsof theapplication
and(3) amechanismto automatetheadaptationprocess.
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10 BARRIERS TO ACCEPTANCE 10.3 Future directions

Resource availability: The applicationneedsresourceinformationaheadof time to be able to adapt.
Thenthe applicationcould choosebetweentwo or moreresourcesbasedon availability andoverall cost.
Moreover, theservicenot only needsinformationaboutthecurrentresourceavailability, but alsoaboutthe
availability of thoseresourceswhile theservicewill beusingthemin thenearfuture.

If the underlyingmanagerfor a particularsupportsreservationsthen it is assumedthat the manager
will performtheappropriateadmissioncontrolwhentheresourceis requested.It is alsoassumedthat the
resourcemanagerwill guaranteetheavailability of theresourcefor therequestedperiod.

Unfortunately, many resourceswork undera best-effort modelandseldomlyprovide informationabout
thecurrentresourceavailability. In thiscaseit is necessaryto measurethecurrentloadof aresourceandalso
predictits futureavailability. This informationcanbeobtainedfrom systemslikeCMU REMOS(REsource
MOnitoring System)[24] or NWS (Network WeatherService)[35]. We planto leveragethework donein
theseprojects.Initially theREMOSimplementationwill beintegratedin theframework. Thecurrentrelease
of REMOSprovidesinformationandpredictionaboutnetwork bandwidthanddelaybetweenagivensetof
nodes.REMOSalsoprovidesinformationaboutthefutureloadof acomputehostbasedonprediction.

Application resource requirement: In order to selectthe appropriateresourcesto provide a service,
the application�rst needsto know the resourcerequirementsto completea task. In general,the resource
requirementsof theapplicationsarenot well understood.Moreover, theresourcerequirementsvary during
the applicationexecutionas the applicationgoesfrom one stageor modeto anotheror as a result of a
parameteror inputchange.

Wethink thatanapproachthatinvolvesbothsystemsupportandcollaborationfromtheapplicationcould
proveusefulto determinetheresourcerequiredto completeatask.Thesystemcouldprovidemechanismsto
measureandkeepahistoryof theresourceconsumptionfor aparticulartask.Theapplicationhasto provide
thesystemwith informationaboutthetaskstheapplicationexecuteslike thestartingandendingpointsand
the parametersusedto executethe task. The systemcould thenusethe collecteddatato characterizethe
resourceusageof theindividual tasksin theapplication.

Automaticadaptation: Given the informationaboutthe available resourcesand tasks' resourcecon-
sumptionit is desirableto automatetheadaptationprocessfor theapplication.Thegoalof theadaptation
processis to improve the user's perceived experienceof the application.The motivation to automatethis
processis that in generalcomputersarevery ef�cient andfastat processinglargeamountsof dataandde-
tectingpatternsin noisy data. Therearetwo differenttypesof adaptationapproacheswe think would be
usefulfor thiskind of applications:(1) resourceselectionand(2) quality level selection.

Resource selection: The schedulinginterfacede�ned in the Dv framework is a powerful mechanism
that enablesthe the useof application-level informationfor resourceselection.So far, we have usedthe
interfaceto selectresourcesstaticallybeforetheapplicationstartsexecuting.Theuserspeci�esthemapping
from tasksto computeservers. This provides a very basicform of adaptationwherethe knowledgeof
the programmeraboutthe applicationandthe user's intuition areusedto selectresourcesat “load time”.
However thisapproachis errorproneanddoesnot take into accountdynamicresourceinformation.

The next logical stepis to create“smarter” implementationsof the application-level schedulersthat
useresourceinformation to automatethe selectionof resources.Theseschedulerswould take as input
the resourcerequirementsfor the applicationtasksanda setof available resourcesandwould selectthe
resourcesmostappropriateto executethetasks.An importantpoint to keepin mind is thattheseschedulers
have to make a decisionvery quickly to satisfythe time constrains.In this casea “good” but suboptimal
answeron time is muchmoreimportantthananoptimalresourceselectionthatis late.Rememberalso,that
theapplication-level scheduleris not doingresourcemanagementor schedulingperse,it is just selectinga
goodcombinationof resourcesto executethedesiredtasks.It is up to theunderlyingmanagerto arbitrate
theaccessto theresourcesaccordingwhetherit is best-effort or guaranteedservice.

Quality level selection: In this approach,the objective is to �nd a setof applicationparametersthat
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12 CONCLUSIONS

would allow the tasksto executewith theavailableresources.The ideabehindthis approachis that there
is a reducedsetof parametersthat in�uence signi�cantly the resourceconsumptionof a particulartask.
For example,it takes longer to compute20 isosurfacesfrom a particulardatasetthanto computeonly 5
isosurfaceson thesamedataset.Theapplication-level schedulerswould take asinput informationaboutthe
availableresourcesandadescriptionof resourceconsumptionaccordingto taskparameters.Theschedulers
wouldproduceasetof taskparametersto executetheapplication.

Thesetwo approachesarenotmutuallyexclusive. It wouldbepossibleto try to selectthemostappropri-
ateresourcesto executethetasksandat thesametimevary theapplicationparameters.However, thismight
becomeintractablevery fast.A simplerapproachwould beto selectresourceswith a �x setof parameters,
andonly try to changeapplicationparameterswhenthe availableresourcesarenot suf�cient to complete
thedesiredsetof tasks.At thispoint,acandidatesetof resourcesis �x edandtheschedulersimplysearches
for theparametersthatwouldallow thetasksto executewith thatsetof resources.In general,weexpectthe
userto choosetheapplicationparameters.Theseparameterswouldonly bemodi�ed if therearenotenough
resourcesto executethetasks.

11 Related work

The idea of bundling programswith network datais certainly not new to active frames. This idea was
exploitedeffectively by activemessagesin thecontext of parallelprocessing[33], andby activenetworksin
thecontext of addingadditionalfunctionalityto network routers[31]. Active servicesandproxies [2, 15]
advocatesfor theplacementof userde�ned computationwithin thenetwork withoutperturbingthenetwork
layerimplementingvalue-addedservicesat theapplicationlevel.

Similarly, processlevel migrationis supportedin systemslikeCondor[23] andSprite[11] which intend
to migrateprocessesto loadbalanceaclusterof workstations.Fine-grainedapplicationcontrolledmobility
is supportedin Emerald[20].

Theideaof extendingtheruntimeenvironmentdynamicallyis centralto Java [18, 22]. Dv's implemen-
tation reliesheavily on Java's dynamicclassloadingmechanisms.Systemslike HARNESS[10] provide
plug-in interfacesthatallows applicationsto extendtheruntime's features.

ABACUS [3] supportsautomaticfunction placementin the context of data-intensive applicationsin
systemand local areanetworks. Odyssey [26, 28] supportsadaptationfor applicationsin the context of
mobile computing. Odyssey providessystem-level supporton the mobile hostto achieve the bestoverall
quality level for theapplicationsrunningat themobilehost.Thesystemmonitorsandmanagestheavailable
resourcesat themobilehost. Thesystemalsogivestheapplicationfeedbackabouttheavailableresources
andthequality level atwhich theapplicationshouldrun.

Theuseof application-level informationto makeschedulingdecisionsin distributedsystemsis success-
fully implementedin AppLeSbasedsystems[5]. Theschedulinginterfacede�ned by theDv framework is
a typeof application-level scheduler.

Customizableresourcemanagementmechanismslike Darwin [30] allow applicationsto combineband-
width andothernetwork resourcesat theendpointswith resourcesinsidethenetwork to deliver enhanced
qualityservicesto theuser. Activeframescomplementsthisideaby allowing theuseof applications-speci�c
informationto combinebandwidthandcomputeresources.

12 Conclusions

Heavyweight services,suchasremotevisualization,often requiremoreresourcesthanthe onesavailable
to the client requestingthe service.We proposeda modelwhereresourcesof multiple computehostsare
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aggregatedto satisfytheuser's request.Wehaveshown it is possibleto provideserviceswith thismodel.We
built a remotevisualizationservicethat takesadvantageof theproposedresourcemodel.Active Framesis
thekey mechanismto exploit this resourcemodel,allowing applicationsto movework anddatato thehosts
in the remoteandlocal sites. Our evaluationshows that the costof processingactive framesis relatively
smallfor heavyweightservices.

Informationabouttheapplication's resourceconsumptionis importantto to successfullyexploit avail-
ableresources.Theschedulinginterfacepermitstheuseof application-level informationto selectresources.
So far, we have usedtheschedulinginterfaceto staticallyselectthe resourcesto executeour visualization
service.Usingthismechanismweareableto runourvisualizationserviceunderdifferentresourcecon�gu-
rations.However, wedid notusedynamicinformationaboutapplicationresourceconsumptionandresource
availability.

The resultof our experimentsshow that the resourceconsumptionof our visualizationservicevaries
considerablyaccordingto runtimeparameterslike resolution,region of interestandnumberof isosurfaces
to visualize.This suggeststhattheruntimeparameterscanbeusedasinformationto determineapplication
resourceconsumptionthusimproving theresourceselectionprocess.However, further researchis needed
to �nd how to usetheruntimeparametersto characterizetheresourceconsumptionof theapplication.

In ourevaluation,theremotevisualizationserviceexecutedonisolatedresources,thusnodynamicinfor-
mationaboutresourceavailability wasused.However, in orderto executetheservicewith sharedresources
theresourceselectionprocessshouldtake into accountdynamicinformationaboutresourceavailability.

We createdthe Dv library, to build our remotevisualizationserviceby grid-enablingexisting visual-
izationpackages.Dv providesthe interfaceto accesstheexisting visualizationlibrary andthe routinesto
transfervisualizationdatasetsbetweenhosts.
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