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Abstract

A “ConsumerGrid” providestheindividual-basedcoun-
terpart to the organisation-basedcomputationalGrid. We
describea Peer-to-Peer systemfor utilising computational
resourcesontheGrid – extendingexistingworkundertaken
in systemssuch asEntropiaandSETI@home. Thepotential
of such a distributedcomputingresourcehasbeenin some
ways demonstrated recentlyby the SETI@homeproject,
having usedover 650,000years of CPU time at the time
of writing. A userdevelopsapplicationswithin such an en-
vironmentusinga visualworkflowsystemcalled “Triana”
– which automaticallygeneratessuitablecodefor distribu-
tion, and can supportthe user in makingplacementdeci-
sionsfor their modules.Triana will alsobedeployedasthe
workflowenactmentenginealongwith theGrid Application
Toolkit (GAT) within theEuropeanGridLab project.

1 Introduction

The Internetprovides a fast growing resourcecapable
of a vastamountof CPU power if connectedin an organ-
isedway. Recentresultsfrom demographicstudiesby the
ComputerIndustry Almanac[1] reportsan expected490
million Internetusersby year-end2002andover 765 mil-
lion by year-end2005.Currentreferencesolutionsfor Grid
computing[2] have addressedthis problempartially by al-
lowing organisationsin widespreadlocations to be con-
nectedin asecurewayto createcomputationalGrids.How-
ever, thisdoesnotaddresswhatweconsiderthe“Consumer
Grid” [13], that is, a Grid environmentbasedon usersthat
arepotentiallypermanentlyconnectedto a network via ca-
ble, DSL or similar but which do not belongto an organ-
isation. Suchusersare likely to provide a majority of the
usableGrid resources,and CPU power that they can of-
fer hasyet to be adequatelyutilised in both the scientific
andbusinesscomputingarenas.We presenta construction
tool for developingPeer-to-Peer(P2P)systemsandappli-
cations,calledTriana,thatcangraphicallybuild distributed
programsthat can be easily deployed onto the Consumer
Grid. It is importantto emphasiseat this point, however,

thattheConsumerGrid is intendedto targetresourcessuch
asDSL/Cable,andthe variety of devicesthat canbe con-
nectedtogetherusing thesetechnologies– comprisingof,
primarily, privatelyconnectedindividuals. Suchresources
do not belongto an organisationassuchandthereforeare
currently not targetedby Grid research. The Consumer
Grid thereforeis acomplimentingparadigmto existingGrid
technologiesandnot acompetitor.

Our vision of The ConsumerGrid is aimedat provid-
ing the capability to bring Grid technologyto the masses
(thevarietyof individualusers),andenabletruly distributed
computingover public networks. We assumethat the user
has accessto the executablecode (in the form of Java
classes),which they canexecuteontheirown resourcesand
canbe transferredto thenodewheretheexecutionis to be
performed. P2Pcomputingand Web servicesideashave
beenexplored by other authors,suchas [3], whereideas
relatedto computingportals,anda commonsoftwarecom-
ponentarchitecture(CCA) have beenoutlined. End users
who programapplicationsusingpre-packagedsoftwareare
likely to be the most prolific usersof Grid infrastructure.
Thedevelopmentof interfacesto enablesuchusersto utilise
existing softwarelibrariesthereforebecomescrucial,espe-
cially if suchinterfacescanbe accessedacrossa network.
Suchuserswould needto know very little aboutGrid in-
frastructure,protocolsor servicesdirectly. TheWebinfras-
tructure(Webservers,client browsers)hasprovideda use-
ful first stepto realisingsuchinterfaces,althoughthecom-
plexity of servicesthat can be supportedis limited. This
is shown by the lack of semanticsthat can be captured
in an HTML document,necessitatingthe developmentof
specialisedmetadatastandardsbasedon XML. Examples
of Grid portalscurrently in useinclude XCAT [4], Gate-
way [5], andGridPort[6].

A useful abstractionto adoptin the context of a Con-
sumerGrid is the notion of a “service”. We canconsider
theavailability of all computationalresourcesontheGrid as
a typeof service.Furthermore,within P2Psystems,every
entity on thenetwork canbebotha serviceuseranda ser-
viceprovider. In thiscontext, aConsumerGrid is composed
of a numberof peers.Eachpeerprovidesa servicethat is
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analogousto aWebserver, in thatit canreceiveandprocess
requestsandreturnsresults. For example,a Web browser
(client) will make an HTTP requestto a Web server, and
theWebserver utilising a numberof server-sideprograms,
will returnaresultbackto theclient,whichwill berendered
accordingto theWebbrowserscapabilities.Therearealso
similaritiesbetweenthis modelandtheOpenGrid Services
Architecture(OGSA) [12], in that both utilise the service
abstraction.However, theConsumerGrid makesuseof in-
teractingpeers,ratherthantheclient-servermodeladopted
in OGSA.

In our referenceimplementation,the ConsumerGrid is
composedof a numberof Trianapeers.Trianais a service,
which utilisesservicesfrom otherpeersto scheduleappli-
cationsacrossanetwork. A Trianapeerreceivesrequestsin
the form of TrianascriptsandTrianadata,processesthese
on the local computationalresources,and returnsresults
back to the Trianaclient or onto anotherpeer. Thesere-
questsareencodedasXML scripts,andoutlinevariousat-
tributesof thehoston which theserviceis to be executed,
andthe executioninterfacefor the service. We alsohope
to provide a Web ServicesDescriptionLanguage(WSDL)
interfaceto theseat a later time, throughtheJava2WSDL
interfacefrom IBM [14]. In the sameway that an Applet
hassecurityon the client side, we provide a similar level
of securityon theTrianaserver throughthe Java Sandbox.
TheJava Sandboxcomprisesa numberof cooperatingsys-
tem components,rangingfrom securitymanagersthat ex-
ecuteas part of the application,to securitymeasuresde-
signedinto the Java Virtual Machine(JVM) and the lan-
guageitself. The sandboxensuresthat an untrustedand
possiblymalicious-applicationcannotgain accessto sys-
tem resources[8]. Furthermore,a Trianaserver could be
implementedasaServletandrunasa Webservice.

2 Interactions with Globus

A currentsystemfor deploying Grid basedapplications
is Globus [2] [11], which provides a meansto securely
connectorganisationstogetherby offering a singlesign-on
methodfor accessingall resourceswithin anorganisation’s
network. Globususespublicandprivatekeysobtainedfrom
a,hopefullytrusted,third partycertificateagency (CA) that
allows for securesign-onanddatatransfermethodsto re-
sources. Globus at presentprovides accessto CPU re-
sourcesprimarily on UNIX platformsalthoughsomeof the
client-sidetoolsdoexist for PCsrunninganon-UNIXbased
operatingsystemsuchas Windows: an operatingsystem
adoptedby themajorityof computerusers.

AlthoughGlobushasasophisticatedlevel of authentica-
tion, it is in many wayssimilar to standardtelnet, ftp and
otherjob submissionmethodscurrentlyin use. After suit-
able certificatesand keys have beenobtained,and an ac-

countrequestedfrom anadministratorof aresource,onehas
to sign on to the Globus environmentandexplicitly target
a resourcefor job execution.This normallyoccursthrough
the batchjob scheduler, althoughaccessto an interactive
sessioncanbemadethroughtheuseof shellscriptsandthe
fork process.

Someof the difficulties with Globus andperhapssome
of the biggestdrawbacksassociatedwith it, is the admin-
istrationcostanddifficulty of use.Administratorswith re-
sourcesthatthey arewilling to makeavailablehavetocreate
accountsexplicitly for Globususers.If thousandsof users
wantedaccessto a resourceit would bea dauntingtaskin-
deedfor any administrator. The useof an “anonymous”
Grid accountis supportedon otherGrid systems,suchas
Legion, but not on Globus. It is alsolikely thatusersmay
utilise a machineinfrequently, making the administrative
overheadsof creatingandregisteringaccountsa significant
overhead.However, the problemof job interference(and
securityissues)with limited numberof Grid accountsis an-
otherissuethatwearecurrentlyinvestigatingin thecontext
of theConsumerGrid. This functionalitywould perhapsbe
bestservedby thecreationof asingleGlobusaccount,with
an associatedGlobus shell (similar to cshor tcsh) for the
resourceanda daemoninforming the CA of the resources
available.Theshellwouldalsomaintainbilling information
for resourcesused.

Triana, however, doesnot implementthis level of au-
thenticationand is platform independent– as it is imple-
mentedin Java. Triana Servicescan be run on various
hardware and operatingsystemplatforms that supporta
Java Virtual Machine.This implicitly means,like theSETI
project, that anybody can make their spareCPU cycles
available.It installseasilywith a “point-and-click” method
to instantiatea servicedaemon. Triana doesnot rely on
CertificationAgencies:oncea simpleservicedaemonhas
beeninstalledon a platform it will allow accessto that re-
source.Programmodulesareautomaticallytransportedand
executedon resourcesenrolledin the Trianaenvironment
effectively usingavirtual account.As Trianais Java based,
it makesuseof theJavaSandbox,andresourcefile systems
arealsoautomaticallyprotected.Trianacanseamlesslydis-
tributemodulesandentirejobsacrossanetwork of compute
resourcesallowing a Triananetwork to performHigh Per-
formanceThroughput(HPT) calculations,parameterspace
searches,Parallelcomputation,andevenbehaveasamacro-
scopicpipelineprocessorwhereonemachineperformsone
specifictaskandthenpipesdataontoanothermachine.

At present,the Grid assumesthat participatingusers
are trusted(or that they have obtaineda certificatefrom
a trustedauthority – as discussedabove). This is gener-
ally a valid assumption,asexisting sitesoffering Grid en-
abledsoftwarearelargeresearchcentresor institutionsand
can be held accountableif they refuseaccessto their re-
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sourcesonce they have committed. To make Grid tech-
nologiesmorewidely usable,however, suchanassumption
maynot hold. Furthermore,whereserviceprovidersdo not
belongto one of theselarge sites,managingand running
servicesover largeandcomplex serversmaynot beanop-
tion. Hence,if individual scientistswerenot allowedto of-
fer software libraries that they hadimplemented,the Grid
would be restrictedto specialisedserviceproviders,andis
unlikely to have a large impacton the scientificandbusi-
nesscommunity. We thereforeseethe needfor finding a
synergy betweenthe Grid infrastructureas it is being im-
plementedatpresent,andamoregenericinfrastructurethat
canbemoreeasilysharedanddeployed.

The P2Papproachprovidesa useful way to overcome
thislimitation – aP2Pnetwork is atypeof network in which
eachconnecteddevice is ableto communicateandcollabo-
rateasapeer. Suchinfrastructurehasalreadydemonstrated
scalabilityto over 3 million usersworld-wide (in the case
of Napster),althoughatpresentsuchtoolstargetonly apar-
ticularkind of service(e.g.theavailability of MP3files).

3 Triana

3.1 The Triana Software Environment

Triana [17] is a Java-basedproblem-solving, data-
analysisandprogrammingenvironment,which allows the
compositionof various network Peersto collaborateto
solve a singleproblem. It providesa visual programming
environmentallowing a userto constructanapplicationby
connectingdifferent Peerservices. It comeswith many
built-in functionsthat canbe usedto manipulatenumeric,
signal,imageandtextual data– andalsoprovidesa setof
built-in datatypesthatcanbeusedto connectdifferentPeer
services– andundertake typecheckingon their connectiv-
ity. Thereare several hundredunits (i.e. programs)and
networks of units canbe createdby graphicalconnections
to constructnew andmorecomplex programs.

Triana is a two-layeredapplicationconsistingof a Tri-
anaengineandagraphicaluserinterface(GUI). TheTriana
GUI usesthe Trianaengineto connectobjectstogetherto
constructdata-flow networks.A Triananetwork canbecon-
structedusingtheGUI or directlyby writing anXML task-
graph(in Web ServicesFlow Language(WSFL), Petri net
or BusinessProcessEnactmentLanguagefor WebServices
(BPEL4WS)formats).An applicationexampleis illustrated
in Figure1. Thefigureillustratesasimplenetwork thatcre-
atesasinewave,contaminatesit with Gaussian-noise,takes
its powerspectrumandthenusesaunit calledAccumStat
to averagethe spectraover successive iterationsto remove
thenoisefrom theoriginal signal. In figure2 we show two
outputs,onetakenafterthefirst iteration(noticethatthesig-
nal is buriedin thenoise)andtheotherafter20 iterationsof

Figure 1. Triana user interface

Figure 2. Triana graph output component

thealgorithm.
EachTriananoderequirestheexecutionof botha client

componentanda servercomponent– hencethenotionof a
TrianaPeer. A usermay connectto a TrianaPeerservice
usingacommandline or GUI interface.Theclientpartof a
Trianaservicecandistributecodeto many servers,depend-
ing on whereexecutionis required. A Triana network is
composedof acollectionof Peers,eachcapableof interpret-
ing TrianaXML task-graphs.Theservercomponentwithin
eachpeercan interactwith Globus GRAM to launchjobs
locally on thenode. This is usefulto supportnodeswhich
hostparallelmachinesor workstationsclusters. A Triana
network thereforecanbe composedof a numberof differ-
entkindsof resourcemanagementsystems– supportedvia
a gateway betweena TrianaPeerandtheparticularsystem
usedto launchandmanagejobs. The complexity of such
local systemscanvary, dependingon the capabilityof the
device hostingthe TrianaPeer. In the casewhereno local
resourcemanageris available,theTrianaservercomponent
canitself beusedto launchtheapplication.

The distribution mechanismusedin Triana utilises an
on-demanddownloadof code– if this featureis supported
within the local resourcemanageron the device. Hence,
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whendistributing an application,a Trianapeercansenda
connectivity graphto anotherpeernodewithin thenetwork.
This peermustnow decidewhethertheconnectivity graph
it hasreceivedshouldbeexecutedlocally, or whetherall or
partsof it shouldbesubmittedto otherpeer(s).If thegraph
is to be locally executed,the peercan requestexecutable
codefor modulesthat are presentwithin the connectivity
graph.Thisdynamicdownloadof code,dependingonwhat
is to beexecutedby apeer, allowsthepeerto only hostcode
thatis necessary– andovercomestheproblemof having in-
consistentversionsof executables(asthe executablemust
be requestedfrom the owner whenever an executionis to
be undertaken). This modelis alsousefulwhena particu-
lar device haslimited capabilityto hostcodelocally – due
to memoryconstraintsfor instance.A resource-constrained
devicemayalsodecideto selectively downloadandrelease
executablemodulesbasedon dependenciesinherentwithin
the connectivity graph. This dynamicmodel is therefore
particular useful for handheldand mobile devices – and
maybeusedto supportthedevelopmentof TrianaPeernet-
works wheredevicesdownloadandreleasecodemodules
on-demand.Transmittingthe connectivity graphto nodes
hasa limited overhead– asthegraphitself is a text file that
doesnotconsumemany resources.

3.2 Triana implementation of a Consumer Grid

To supportthe consumerGrid, the Triana implementa-
tion disconnectsthe userinterfacefrom the Trianaengine.
Communicationfrom theuserinterfaceis via adefinedAPI
to the Triana enginethat can be accessedby other views
of the Triananetwork. For example,the referencegraphi-
caluserinterfaceprovidedin theTrianadistributionmaybe
theoneof choiceby softwaredevelopersworkingonadesk-
topor laptopcomputer, but usersmaywantadifferentview
whenutilising a WAP enabledmobile phonesor PDA de-
vice. Furthermore,usersshouldbeableto obtainprogress
of their runningnetwork via the internetusinga standard
Web browser. The descriptionof a Trianaunit is alsoen-
codedin XML, andbasedon thetheCommonComponent
Architecture(CCA) [20].

As seenin figure3 therearetwo distinctcomponentsin
theTrianaimplementation:theTrianaService(TS) andthe
TrianaController(TC).TheTrianacontrolleris auserinter-
faceto Trianaservicedaemons.The Trianacontrollercan
bebasedeitheron a commandline or a GUI userinterface,
and the Trianaservicedaemonmay be either local or re-
mote.TheTrianacontrollerprovidesaccessto anetwork of
computersrunningTrianaservicedaemonsvia a gateway
daemonandallows the userto describethe kinds of func-
tionality requiredof Triana: themoduledeploymentmodel
anddatastreampathways. A singleTrianacontrollercan
control multiple Triana networks deployed over multiple

Figure 3. Shows a schematic representation
of the Triana implementation.

CPUresources.TheTrianaServicedaemonshavemultiple
functionality and may be downloadedfrom a pre-defined
portal.SinceTrianais implementedin Java,theTrianaCon-
troller andTrianaServicescanbeinstalledon any platform
that supportsa Java Virtual Machine. The TrianaService
is comprisedof threecomponents:a client, a server and
a commandprocessserver. Typically in a Triananetwork
onlyoneof theTrianaservicescommandprocessserverwill
be active andin communicationwith the Trianacontroller
– which actsasa schedulingmanagerfor thecompleteap-
plication being run over a Triana network. The client of
theTrianaservicein contactwith theTrianacontrollerthen
pipesmodules,programsanddatato theotherrequiredTri-
anaservicedaemons.TheseTrianaserviceswill simply act
in server modeto executethe byte codeand pipe datato
othersvia theprescriptiongivenby theTrianacontroller.

Figure4 showstheimplementationof theGUI versionof
the TrianaController. It alsoshows the pallet uponwhich
modulesmay be placedandhow dataflow is achieved by
linking modulestogether: in this particularcasea simple
distributedpipelinedlinear network hasbeencreated.The
figurealsoshowshow a TrianaServiceprovidescommuni-
cationto the TrianaControllerandalsohow it alsopasses
moduleinformationontotheserversideof otherTrianaSer-
vicesrunningon remotemachines.

3.3 Distribution Mechanisms Within Triana

We imposedseveral designconstraintsfor the distribu-
tion mechanismwithin Triana. Firstly, thevisual represen-
tationwithin theTGUI shouldhidethecomplexity from the
user. Secondly, we wantedthe implementationto be mid-
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Figure 4. Illustrates the actual implementation
of the Triana model.

dlewareindependenti.e. mappingto alternativemiddleware
architecturesshouldbe trivial. Thirdly, we wanteda flexi-
bleenoughapproachto allow easyextensibilityof new user
distributionpolicies.

The current implementationmeets these three con-
straints. It is basedaroundthe conceptof Triana Group
units. Group units are aggregatetools which can contain
many interconnectedunits. They have thesameproperties
asnormaltools e.g. they have input/outputnodes,proper-
ties etc,andtherefore,they canbe connectedto otherTri-
anaunits usingthe standardmechanism.Tools have to be
groupedin orderto bedistributedallowing singleor groups
of units to bedistributedontotheGrid i.e. theuserhasthe
completecontrolof choosingthedesiredlevel of granular-
ity. However, theway in which groupscanbedistributedis
extremelyflexible.

Eachgroup hasa distribution policy which is, in fact,
implementedasa Trianaunit. Suchunits arecalledcon-
trol units. A distribution policy is the mechanismfor dis-
tribution within a groupandthereforethereis onecontrol
unit pergroup.This flexible approachmeansthat it is easy
for new usersto createtheir own distribution policieswith-
out needingto know aboutthe underlyingmiddlewareor
specificsaboutindividual Trianaunits. Therearetwo dis-
tribution policiescurrentlyimplementedin Triana,parallel
andpeerto peer. Parallel is a farmingout mechanismand
generallyinvolvesno communicationbetweenhosts.Peer
to Peermeansdistributing the group vertically i.e. each
unit in the group is distributed onto a separateresource
anddatais passedbetweenthem. Controlunits reroutein-
put dataanddynamicallyre-wirethetaskgraphto createa
distributedversionthat is annotatedwith the particularre-

sourcesthe particulargroupswill run on and the specific
datachannelsthatareusedfor thecommunication.

3.4 Triana P2P Consumer Grid Implementation
using JXTA

Trianacurrentlyhastheability to distributeasingleunit,
or any collectionsof its units amongsta setof distributed
computers.This is currentlybasedon the JXTA architec-
turesfor distributing and locatingavailable peersthrough
resourcediscovery. Thefull implementationdetailsof this
is availablefrom [17] but briefly describedbelow.

TheJXTA mappingusestheso-calledJXTAServeAPI to
implementthemappingbetweenTrianagroupsandTriana
resources.JXTAServe is an API developedaspart of the
Triana project to enableusersto build applicationsusing
the JXTA protocol. It implementsthe basicfunctionality
that an applicationneedsandhidesthe complexity of the
detailsof JXTA from developers.Furthermore,sinceJXTA
is anevolving systemJXTAServe providesthestability for
our implementationin Trianai.e. even thoughJXTA may
change,the interfaceto JXTAServe will not. This protects
theTrianadevelopersfrom needingto rewrite thecorecode
for eachnew JXTA release. Eventually, JXTAServe will
be merged into the GAT (Grid Application Toolkit). The
GAT is beyondthescopeof this paper, for moredetailssee
http://www.gridlab.org/.

JXTAServe thereforeimplementsa service-orientedar-
chitecturebasedon JXTA. It conceptuallylooksvery simi-
lar to a Trianagroupunit. A JXTAServe servicecanhave
oneor moreinput nodes(oneis neededfor controlat least)
andcanhave zero,oneor moreoutputnodes.It advertises
its input andoutputnodesasJXTA pipesandconnectsbe-
tweenpipesusing the virtual communicationparadigmin
JXTA networks. This adaptsto theparticularcommunica-
tion protocolwhich lies beneaththeapplicationdepending
on thesituation.

Trianaservicesarerun asJXTAServe servicesandtheir
input andoutputnodesareadvertisedasJXTAServe input
andoutputpipes. Thereis almosta oneto onecorrelation
with theTrianaimplementationandthefunctionalityof JX-
TAServe. This is oneuseof JXTAServe,however, thenorm
is verydifferent.

<tool>
<name>GroupTest</name>
<tasks>

<task>
<taskname>Wave</taskname>
<output>triana.types.SampleSet</output>
<parameters>

<param name="intensity"
type="userAccessible" value="1"> ...

</parameters>
</task>
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<task> <taskname>Grapher</taskname> ... </task>

<task>
<taskname>GroupTask</taskname>
<tasks>
<task> <taskname>FFT</taskname> ... </task>
<task> <taskname>Gaussian</taskname> ... </task>
</task>
<connection>

<source taskname="Gaussian" node="0" />
<target taskname="FFT" node="0" />

</connection>
<groupnodemapping>
<input> <node externalnode="0"
taskname="Gaussian" node="0" /> </input>

<output> <node externalnode="0"
taskname="FFT" node="0" /> </output>

</groupnodemapping>
</tasks>

</task>

<connection>
<source taskname="Wave" node="0" />
<target taskname="GroupTask" node="0" />

</connection>
<connection>

<source taskname="GroupTask" node="0" />
<target taskname="Grapher" node="0" />

</connection>
</tasks>

</tool>

CodeSegment1

CodeSegment1 providesa simplifiedexampleof a Tri-
anaworkflow definition. This exampleworkflow defines
four tasks(aWavegeneratortask,Gaussiannoisetask,FFT
taskanda Graphertask)andthedataflow connectionsbe-
tween them (Wave to Gaussianto FFT to Grapher),and
basedon theconnectivity in figure1. Within theworkflow
theGaussiannoisetaskandthe FFT taskaregroupedinto
a group unit (called GroupTask). Hence,rather than the
Wave taskbeingconnecteddirectly to theGaussiantask,it
is connectedto node0of theGroupTask,andit is within the
group that the mappingbetweennode0of the GroupTask
andnode0of theGaussianis made(in <groupnodemap-
ping>).

As mentionedpreviously, in Trianatheunit of distribu-
tion is agroup.In termsof ourworkflow examplewecould
executetheGroupTaskonaremoteTrianaservice,with the
databeingautomaticallysentfrom the Wave to the Gaus-
sian and returnedfrom the FFT to the Grapher. To ini-
tialisethisdistributionaworkflow is annotatedin two ways:
firstly, eachgroupinput andoutputconnectionis uniquely
labelledby thelocalservice;and,secondly, thegroupbeing
distributed is extractedfrom the workflow andsentto the
remoteTrianaservice. The initial uniquelabelling of the
group’s connectionenablesthe local and remoteservices
to mapinput/outputpipesto eachof theseconnections.In
JXTA this is simplydoneusingthestandardJXTA pipedis-

covery mechanism.Briefly, for eachinput connection,the
remoteserviceadvertisesan input pipe with that connec-
tion’s uniquename.Sincethelocal serviceknows thecon-
nection’suniquenameit locatesthepipewith thatnameand
bindsto it; this processworksvice

3.5 Triana Availability and Deployment

Trianais beingextendedto implementits distributionof
units amongsta set of virtual organisationsby using the
GridLab GAT (Grid Application Toolkit) API [22]. The
GAT API definesahigh level API to existingGrid systems,
suchasGlobus, to enableserviceson thesesystemsto be
transparentlyinvoked.

To deploy theConsumerGrid, auserwouldneedto have
theTrianapeerinstalledlocally. Thepeeractsasa hosting
engineonagivenresourcewhichis to beusedto executean
application– andit is assumedthat this hasbeenachieved
prior to initiating the executionof the application. Addi-
tional user interfacecapabilitiesare provided throughthe
TrianaController GUI – which only needsto have a sin-
gle instantiationfor a particularapplication.A device user
mustthereforeagreeto participatein a ConsumerGrid by
allowing the Trianapeerto exist on their computationre-
source. The useris thereforerequiredto trust the Triana
peer– althoughas indicatedabove, the sandboxprovides
someprotectionto theresourceowner. However, this is the
only securitypolicy currentlysupported,althoughwe hope
to investigatethedevelopmentof morecomplex trustmod-
els (andsecuritypolicies) in the future. Anothersecurity
aspectnot addressedyet is the actualapplicationthat will
utilise the ConsumerGrid – for instance,althougha user
mayagreeto contributetheir resources(by hostingaTriana
peer),they wouldnothavedirectcontrolof whatapplication
actuallyutilisestheirresource(this is theclassicproblemof
beingunableto preventa collectionof computationalpeer
resourcebeing usedto crack passwords). This is a diffi-
cult problemto overcome– as it is possiblefor a userto
disguisethe computationaltasksthey distribute to peers–
and thereforedifficult to detect. An alternative approach
would be to allow usersto only downloadexecutablesthat
areselectedfrom a pre-agreed,certified,software library.
WebelievethattheTrianapeerenvironmentwill helpusin-
vestigatesomeof theseissues– by providing a testbedfor
experimentation.

3.6 Triana Application Scenarios

We assumethatin thecontext of aConsumerGrid some
serviceproviders will continueto offer the sameservice
during their lifetime, whilst othersmay changeover time.
We provide usagescenariosto demonstratehow services
maybeutilised:
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3.6.1 Case 1: Galaxy Formation Example

As a testcasefor theTrianadistribution policiesdescribed
in the previous section,we integrateda Java galaxy for-
mationcodedevelopedby theGalaxyFormationGroupat
Cardiff into Triana. The implementationusedthe parallel
distributionpolicy for groupsfor farmingout theindividual
sectionsof theanimation.

Galaxyandstarformationsimulationcodesgeneratebi-
nary datafiles that representa seriesof particlesin three
dimensions,alongwith theirassociatedpropertiesasasnap
shot in time. The userof suchcodeswould like to visu-
alisethis dataasananimationin two dimensions,with the
ability to vary theperspectiveof view, andprojectthatpar-
ticular two dimensionalsliceandre-runtheanimation.Due
to the natureof the data,eachframeor snapshotis a rep-
resentationat a particularpoint in time of thetotal dataset.
It is possibleto distribute eachtime slice or frameover a
numberof processesandcalculatethedifferentviewsbased
on thepointof view in parallel.

In the implementationthe datafile is loadedby a sin-
gle DataReaderUnit within Triana,andpassedto all the
Triananodes.Nodesthenbuffer the datafor future calcu-
lations. Note that thedatafile couldbe copiedbeforehand
anddistributed in a parallelway also. The loadeddatais
thenseparatedinto frames,distributedamongstthevarious
Triana servers on the available network and processedto
calculatethe columndensityusingsmoothparticlehydro-
dynamics.

A Triana visualisationunit on the userslocal machine
is usedto control the entireprocessandrun the animation
oncethe processingis complete. Eachdistributed Triana
servicereturnsit’s processeddata in order, allowing the
framesto be animated. If the userwantsa differentview
of thedatathevisualisationunit hascontrolsthatallow the
manipulationof theview, messagesarethensentto all the
distributedserversso that the new dataslice througheach
timeframecanbecalculatedandreturned.Theresultis that
theusercanvisualisethegalaxyformationin a fractionof
the time thanit would if the simulationwasperformedon
a singlemachine. This implementationwasdemonstrated
successfullyat theAll HandsMeetingin UK in September
2002usingmachineson a localnetwork.

3.6.2 Case 2: Inspiral Search for Coalescing Binaries

Compactbinarystarsorbitingeachotherin acloseorbit are
amongthe most powerful sourcesof gravitational waves.
The gravitational wavesemittedin the processhave twice
thefrequency of thebinaryandcarryaway its energy. This
resultsin the gradualshrinkingof theorbit. As the orbital
radius decreases,a characteristicchirp waveform is pro-
ducedwhoseamplitudeand frequency increasewith time
until eventually the two bodiesmerge together. Laserin-

terferometricdetectors,suchasGEO600shouldbeableto
detectthewavesfrom thelastfew minutesbeforethecolli-
sion[23].

For this search,we needto have a computingresource
capableof speedsin the rangeof 5 and 10 Gigaflopsto
keepup in real time with an on-line search.For example,
within GEO 600, the gravitational wave signal is sampled
at 8kHz in 24-bit resolution(storedin 4 bytes). However,
the searchablefrequency rangeis below 1 KHz andthere-
forearealisticsampledrepresentationof thesignalcontains
2,000samplespersecond.Thereal-timedatasetis divided
into chunksof 15 minutesin duration(i.e. 900 seconds),
which resultsin a 7.2MB of data(4 x 900 x 2000)being
processedat a time. This datais transmittedto a Triana
nodeandprocessedlocally. Thenodeinitialisesi.e. gener-
atesits templates(a trivial computationalstep)andthenit
performsfastcorrelationon thedatasetwith eachtemplate
in a library of between5,000and10,000templates.This
processtakesabout5 hourson a 2 GHz PC running a C
program. Therefore,20 PC’s would needto be employed
full-time to keepup with thedata.

Within a ConsumerGrid scenariothe numberof PCs
would needto be increaseddueto varioustypesof down-
time e.g. connectionlost, user intervenes,computational
bandwidthnot reachedetc.However, sinceit is amassively
parallel problemwe believe it can be solved within such
anenvironmentby simply distributing thecodeto asmany
computersthat areavailableuntil the resultsarebeingre-
turnedwith thespecifiedtime interval. Thelatency of such
a systemis not importantandit canlag behindby several
hoursif necessary. A check-pointingmechanismmayalso
beemployedto migratecomputationif necessary.

3.6.3 Case 3: Database access

A Trianausercanalsoundertake databaseaccessby con-
nectingcomponentstogether– especiallyto enablemulti-
ple usersto manipulatea database.In order to do so, the
userestablishesa pipeline in Triana consistingof: (1) a
dataaccessservice,(2) a datamanipulationservice,(3) a
datavisualisationservice,and (4) a dataverification ser-
vice. Thedataaccessservicecaneitherreadfrom flat files,
or readfrom a structureddatabase.After the pipelinehas
beencomposed,theuserprovidespreferencesfor thekinds
of servicesthat shouldbe utilised in eachof thesecases.
Eachof theseservicesmay now be provided by different
TrianaPeers– whichmaybelocatedatdifferentgeographic
sites. A Peerproviding a dataaccessservice,for instance,
cancommunicatewith adatabaseusingJavaDataBaseCon-
nectivity (JDBC)bridge.

The Triana systemlooks on the network to discover
peerswhich offer each of theseservicesin turn. The
pipelineis instantiatedwith peerreferencesasnew services
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becomeavailable. TheTrianacontrollernow initiatesexe-
cutionof theentirenetwork. If Trianafindsmultiple com-
ponentsto manipulatethe data,the usermay be asked to
selecta servicebasedon otheroptionsthata givenservice
provides(suchasaccuracy, numericalandtextual datama-
nipulationcapabilityetc).Onceaservicehasbeenselected,
andtheTrianasystemhasundertakenaservice-bindto each
of thestagesin thepipeline,Triananow initiatestheexecu-
tion procedure.

3.7 Availability of Peers?

An obvious questionat this point is why Grid users
wouldmaketheirCPUavailableto others?Ourbeliefis that
userswould altruistically make their computersCPU and
RAM available if they trustedthe software, whetherthey
thoughtits usewasa worthy causeandif they could have
controlaboutwhentheir resourcecouldbemadeavailable.
An obvioussolutionto this is to taketheapproachthatCon-
dor [24] andSETI [25] takeandmakeuser’sCPUavailable
when their workstationis idle i.e. when the screensaver
turnson, for example. Usersalso would have the option
to specifyhow muchRAM the applicationscoulduseand
publishthis on thenetwork. Userswould thenrun thesoft-
ware in the sameway in which Napsteror Gnutellausers
run their peers,but insteadof sharingmp3files they would
besharingtheircomputationalpowerwith otherswhocould
makeuseof it. Currentexamplesof sharingresourcesare:

� SETI@home [25] is a scientificexperimentthatuses
Internet-connectedcomputersin the Searchfor Ex-
traterrestrialIntelligence(SETI). You can participate
by runninga freeprogramthatdownloadsandanaly-
sesradio telescopedata. With 3154517userstaking
part therehasbeena total CPU time of 668852.233
years(asof 19thJuly 2001)andthis figureis growing
ona daily basis.

� Gnutella [19] is an open,decentralised,P2Psearch
protocol that is mainly used to find files. By
April 2000,oneGnutellaimplementationcalledFast-
Track[26] matchedthepopularityreachedby Napster.

� Napster [27] is thecontroversialmusicfile-swapping
application,hadreported6.7 million usersby August
2000. In February2001, JupiterMedia Matrix [28],
the global leaderin market intelligence,reportedthat
Napsterwas usedby 14.3 percentof online usersat
homein thirteenleadingwired countries. Note that
Napsteris not a trueP2Psystemsincetheavailability
of peersis locatedthrougha centraldatabaseat Nap-
sterswebsite.

An importantaspectalsosupportedin thesesystemsis sup-
port for peerdiscovery and routing. An importantprob-

lem in thecontext of P2Psystemshasbeentheeffectof the
heavy traffic generatedas a result of messageinteraction
betweenpeers– especiallyas thereis no centralisedcon-
trol in suchsystems.A numberof P2Papplicationutilise
a “flooding” mechanismto forwardmessagesto maximise
reachability. This severely restrictsthe scalabilityof such
approaches– andvariousapproachesto overcomethisprob-
lem have beeninvestigated,suchas [7]. This issueis of
particularimportancein thecontext of a ConsumerGrid –
wherea potentiallyvery largenumberof resources(nodes)
may participate. Currently, we utilise the discovery pro-
cesseswithin JXTA [16] to achieve this – relying on Tri-
anapeersto bediscoveredbasedonverysimpleattributes–
suchasCPUcapabilityandavailablefreememory. Wealso
aim to explore additionalcapabilitiesof a peerto support
this discovery process– in particularthe ability to group
peerswith commoncapabilityinto virtual peergroups.

A securityaspectnot addressedyet is the actualappli-
cation that will utilise the ConsumerGrid – for instance,
althougha usermayagreeto contributetheir resources(by
hostinga Trianapeer),they would not have direct control
of what applicationactuallyutilises their resource(this is
theclassicproblemof beingunableto preventa collection
of computationalpeerresourcebeing usedto crack pass-
words). This is a difficult problemto overcome– as it is
possiblefor a userto disguisethecomputationaltasksthey
distribute to peers– and thereforedifficult to detect. An
alternativeapproachwould beto allow usersto only down-
loadexecutablesthatareselectedfrom a pre-agreed,certi-
fied,softwarelibrary. We believe that theTrianapeerenvi-
ronmentwill help us investigatesomeof theseissues– by
providing a testbedfor experimentation.

4 Conclusions

This paperdescribestheTrianasoftwarefor developing
applicationsusingGrid andP2Pinfrastructure.Trianasup-
portsthecreationof applicationsby migratingcodeto a re-
sourcewhereexecutionis desired.This is achievedby dis-
coveringpeersthatofferparticularcomputationalcapability
andthendownloadingthecodeto thesepeersfor execution.
TheConsumerGrid ideais centredon thenotionthat indi-
vidualsor organisationsmay wish to contribute computa-
tional resources,with resourcespossessingdifferentcom-
putationalcapabilitiesandaccesspatterns.Two ideasfrom
P2Psystemsare utilised in this system: (1) File sharing
ideasfrom systemssuchasNapsterandGnutella,whereby
executableanddatafiles aretransferredto thepoint of exe-
cution. Peernaming,grouping,andadvertisingis achieved
usingJXTA, (2) sharingof (unused)computationalcycles
managedby the resourcemanager, from systemssuchas
SETI@HOME,Entropia[29] andParabon[30]. Trianapro-
videsa userinteractionfacility thatmakestheexistenceof
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suchan infrastructuretransparentto the user. We believe
that thesuccessof P2Psystems(suchasNapster)andutil-
isationof Web serversto supportingboth file sharingand
CPU sharing,will be importantto supporta wider useof
Grid technologiesandapplications.
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