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Abstract

TheOpenGrid ServicesArchitecture(OGSA)presentstheGrid communitywith anopportunityto
definestandardinterfacesto enabletheconstructionof aninteroperableGrid infrastructure.Theprovision
of this infrastructurehasto datecomefrom thedonationof time andeffort from theresearchcommunity
primarily for their own use. The growing involvementof industry and commercein Grid activity is
acceleratingtheneedto find businessmodelsthatsupporttheir particpation.It is thereforeessentialthat
an economicinfrastructurebe incorporatedinto the OGSA to supporteconomictransactionsbetween
serviceprovidersandtheir clients. Within this paperwe describethe currentstatusof the ‘Market for
ComputationalSerivces’ project fundedby the UK e-ScienceCore Programmeand the efforts taking
placewith theGlobalGrid Forumto build globalinteroperablestandardsin this area.

1 Introduction

The term ‘ComputationalGrid’ is so namedbe-
causeof an intendedanalogyto electricalpower
grids; a vision of computational‘power’ avail-
able on tap, without the user needingto really
careaboutpreciselywhereandhow thepowerwas
‘generated’. For this vision to becomea reality,
it mustbe possiblefor Grid users,or consumers,
to accessappropriatecomputationalpower; simi-
larly, it mustbepossiblefor theresourceprovided
to be ableto receive paymentfor the useof their
resources.

The recent moves within the Grid commu-

nity throughthe OpenGrid ServicesArchitecture
(OGSA) [OGSA] to standardiseon a framework
specificationas opposedto a serviceimplemen-
tation, has provided a genericmechanismupon
which an infrastructureto enablethe purchaseof
Grid Servicesmaybebuilt. Without thiscapability
thereis no economicincentive to provide service
implementations(be they software, dataor com-
puteservices)asthereis nostandardmechanismto
generaterevenuefor their provision. Existingon-
line paymentschemescouldbeusedin the imple-
mentationof sucha serviceinterface,e.g. World-
Pay [WORLDPAY]

With standardisedschemesto describeelec-
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tronic money and to virtualise the underlyingre-
sourceas servicesthrough OGSA our only out-
standingrequirementis to provide standardised
mechanismsto describethe protocolsneededto
set the cost of using the service, which is cur-
rently thefocusof theGrid EconomicServicesAr-
chitectureWorkingGroup(GESA-WG)within the
GlobalGrid Forum(GGF) [GESA-WG] of which
theauthorsarethechairs.

We describethemotivation for Computational
Economicsandthendescribeactivity takingplace
within the UK’s e-Scienceprogrammeto build
suchaninfrastructureusingtheOGSA.This work
is motivatedby asetof usecases,oneof which re-
lating to serviceprovisioningthrougheitherdirect
invocationor indirectly througha resourcebroker,
is describedin this paper. We thenexaminehow
thedemandsof suchaninfrastructurecouldbemet
by theemerging OpenGrid ServicesArchitecture
(OGSA) by extendingits standardGrid Services
with interfacestosupporteconomicactivity, before
describingthecurrentstateof the implementation
activity andfutureresearchdirections.

2 Economy Based Grids

The marketing of computationalservicesfor eco-
nomic reward has beenthe subjectof much re-
searchactivity over thelastdecadeastheavailabil-
ity andpower of distributedcomputingresources
hasevolved. One exampleof early work in ex-
ploiting distributedcomputinginfrastructureswas
Spawn which demonstratedhow different fund-
ing ratios could be usedto guide resourceallo-
cation and usage[Waldspurgeretal., 1992]. The
growth of Grid infrastructures,such as Globus
[GLOBUS], Unicore [UNICORE] and Condor
[Litzkow etal., 1988] haspromotedfurtherdiscus-
sionasto how economicparadigmsmaynot only
be usedasan approachto resourceallocationbut
as a meansto making money. For instance,Ni-
mord/Ghasshown how historicalexecutiontimes
andheterogeneousresourcecostscanbe usedfor
thedeadlineschedulingof multiple taskswithin a
fixedbudget[Abramsonetal., 1995].

The key to trading in the ‘real world’ is
a medium of exchangethat is deemedto have
value, and goods whose value can be assessed
for exchange. Bringing an economicmodel into
Grid computingpresentstwo opportunities: us-
ing an economicparadigmto drive effective re-
sourceutilisation, and motivating serviceprovi-
sioningfor real economicgain by third party ser-
viceproviders.

3 Building the UK’s Computa-
tional Marketplace

As theglobalgrid infrastructurestartedto emerge
and its commercialadoptionstartedto becomea
reality asopposedto a dream,thelack of any eco-
nomic infrastructureto motivate the provision of
grid servicesstartedto becomea barrier to adop-
tion. This hasbeenrecognisedwithin the UK’s
Coreprogrammeandhasled to the formationof
the‘ComputationalMarkets’project[MARKETS]
to developandexplorethepotentialof suchanin-
frastructurewithin the academicand commercial
Grid communities.Its participantsincludethe re-
gionale-Sciencecentresin London(leadsite),the
North West and Southampton,a variety of com-
mercialpartnersincluding hardwarevendors,ap-
plication software vendorsand serviceproviders,
andenduserswithin the engineeringandphysics
communities.TheUK’s Grid SupportCentrewill
deploy the infrastructuredeveloped through the
projectthroughouttheUK e-ScienceGrid.

Therearetwo maingoalsof theproject: to de-
velopanOGSAbasedinfrastructurethatsupports
the tradingof Grid Services,andto explore a va-
riety of economicmodelswithin this infrastruc-
ture through its deployment acrossa testbedbe-
tweenthee-Sciencecentresinvolvedin theproject.
Thiswill involvethedevelopmentandinstantiation
of the ChargeableGrid Services,ResourceUsage
Serviceand Grid Banking Servicesacrossa dis-
tributedtestbed.

A key goal within the UK’s Computational
Markets project, and within the wider UK pro-
gramme,is that the project’s activity shouldcon-
tribute to building internationalstandardswithin
theGrid community. It is envisagedthattheproject
will producea referenceimplementationof thear-
chitecturedefinedthroughactivitieswithin various
GlobalGrid Forum(GGF)WorkingGroups.

4 Motivating Use Cases

The availability of flexible charging mechanisms
that are fully integratedinto the Grid infrastruc-
ture presentsmany commercialopportunitiesfor
independentservicesuppliers. One of the many
architecturalpossibilitiesofferedby OGSAis that
of serviceprovisioningthroughhierarchicalencap-
sulationof serviceworkflow andoffering this asa
serviceto theuser. Theinfrastructureprovidedby
OGSA,whencoupledwith economicmechanisms,
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offersconsiderablescopefor new serviceoriented
markets. Thesehave recentlybeenexplored in a
seriesof usecasesthatarebeingdevelopedwithin
theGGF’s GESA-WG[GESA-WG].

4.1 Coordination between services

Considerasimplescenarioof auserwishingto use
a commercialthird party applicationto analysea
self-generateddataset using a computationalre-
source.

User

Software
ApplicationComputational

Resource

1 2

3

Figure 1: Coordinateduseof anapplicationsoftwareon
hardware.

Settingasidefor themomenttheimportantfac-
tors that drive the selectionof theseservices,it is
necessaryfor the user to obtain a quotationand
reservationonthecomputational resource provider
(1) before approachingthe application software
provider (2) to obtainaquotationfor theuseof that
particularsoftwareon thecomputationalresource.
Onceanacceptablequotationhasbeenfoundfrom
the computeand applicationproviders (and this

maybeaniterative processasthecostof thesoft-
waremaydependenton theclassof computational
resourceandthetimethedatamaytaketo process)
thequotationsandreservationsareconfirmedand
thecomputationalresourcemaydownloadandin-
stall theapplicationsoftwareasrequired(3).

This processhas already placed several de-
mandsontheGrid infrastructurefrom bothaneco-
nomic and generalusageperspective. Thereis a
needfor a multiphasecommitmentto a resource
reservation and a requirementfor iterative nego-
tiation to converge on an acceptablepricing for
the resourcereservation. Additional requirements
suchas authentication,authorisation,and imper-
sonation(of the user by the ComputationalRe-
sourceprovider in orderto retrieve theapplication
software)shouldbeprovidedthroughthecoremid-
dleware.

4.2 Service Aggregation

The processjust undertaken by the userexposes
them to the potential complexity of negotiating
andreservingresourcesbetweendifferentservice
providers.An alternativeapproachis for anorgan-
isation to provide this combinedfunctionality di-
rectto theuser. This form of resourcebrokercould
bedescribedasanapplicationserviceproviderasit
providesa complete‘service’ to theuser- running
their datathroughthe applicationon an arbitrary
resource.

Software
ApplicationComputational

Resource

Application
Service Provider

User

Application
Service Provider

Figure 2: Serviceaggregationandvirtualisation.

While previously the userwasexposedto the
full complexity of the underlyingresourcein this
scenariothe applicationserviceprovider had ag-
gregatedthe servicesto supplya ‘completepack-

age’. The applicationserviceprovider has two
mechanismsin providing this approach.They can
provide the computationalinfrastructureand ap-
plication software through off-line purchasesof
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therelevantequipmentandsoftwareaswouldnor-
mally be expected. The serviceprovider hasfull
control of their costsand can offer a servicedi-
rectly to theuser. Alternatively, they maydynami-
callyacquiretheseresourcesin muchthesameway
astheuserdid in theearlierscenario.

In this second case of service aggregation
wherearethe economicbenefitsto the user?The
applicationserviceprovider is able to derive po-
tential economiesof scalethrough the bulk pur-
chaseof computerresourcesandsoftwarelicences
throughtheuseof theeconomicgrid infrastructure.
Thesecanbepassedontotheuserby reducedcosts
while still retaininga profit margin for theservice
aggregator. Theserviceaggregatorretainstheflex-
ibility to switchsuppliersaslongit continuesto de-
liver any contractedservicelevels. From the user
perspective, theserviceaggregatormaybeableto
offer betterpricing, fasterdiscovery (asthe a sin-
gle aggregatedserviceneedsto be discoveredas
opposedto several compatibleserviceshaving to
bediscovered)andfasterservicedelivery (assoft-
waremaybepre-installed).

4.3 Service Brokering

While serviceaggregationmayoffer directbenefits
to the user, this is a form of service(or resource)
brokering that offers a conveniencefunction - all
therequiredservicesaregrouped‘underoneroof’.
Buildingonourpreviousexampleshow doesauser
determinewhich out of severalapplicationservice
providersshouldbe selectedfor their work? The
usercould retainthe right to selectan application
serviceprovider servicebasedon thosethat have
beendiscoveredfrom a registry service. Alterna-
tively, thisdecisioncouldbedelegatedto aservice
broker, which maintainsan index of availableap-
plicationserviceproviders.

Theservicebroker is ableto ‘add value’ to its
registryof applicationserviceprovidersby provid-
ing extra informationabouttheir services.These
differencesmay be assimpleascostbut may in-
cludedifferencesaboutthereliability, trustworthi-
ness,thequalityof theservice/ servicelevel agree-
mentsandpossiblecompensationroutesto namea
few. Much like a financialconsultant,the broker
is not expectedto provide this addedvalueservice
for free. Indeed,it mayhave a role in thefinancial
transactionto provideanescrow account,actingas
a trustedthird partyholdingthefeeuntil thejob is
complete.

5 Architectural Requirements

Thepreviousexampleof applicationserviceprovi-
siondoesnot illustrateall of thefeaturesthatmay
berequiredfrom aneconomicgrid servicesarchi-
tecture. Indeed,many of the requirementsfrom
the scenarioare a featureof the serviceoriented
architectureratherthanthatof any economicpric-
ing mechanism.Theemergenceof theOpenGrid
ServicesArchitecture(OGSA)from theGrid com-
munity is providing servicedeveloperswith anin-
frastructurethat may be easily extendedto sup-
port theseeconomicservicesby providing a ser-
vice infrastructureupon which a variety of eco-
nomicmodelsmaybedevelopedandexplored.

Our purposein this sectionis to sketchout the
basicmechanismsrequiredto supportsuchan in-
frastructure.We will assumethat economicmod-
els, dealingwith issuessuchas price settingand
Grid servicesmarket creation, will be provided
by otherwork in this area. Our goal is to define
anopeninfrastructureto enabletheapplicationof
thesepricingmodelsto genericGrid Services.

5.1 Exploiting the Open Grid Services
Architecture

The OGSA builds upon the establishedweb ser-
vices infrastructureprovided through the eXten-
sible Markup Language(XML), the Simple Ob-
ject AccessProtocol (SOAP) and the Web Ser-
vicesDescriptionLanguage(WSDL). It provides
an infrastructureto securelycreate,manage,in-
teractanddestroy transientweb serviceinstances
within distributedhostingenvironmentsthatbuilds
uponthe framework usedto supportconventional
long-lived web services[OGSA]. The Grid Ser-
vice Specificationdefinestheinterfaceandthese-
mantic behaviour that must be supportedby the
webservicein orderfor it to classedasaGrid Ser-
vice [OGSI]. This specificationis currentlyunder
developmentandis beingstandardisedwithin the
OpenGrid ServicesInfrastructureWorking Group
(OGSI-WG)of theGlobalGrid Forum(GGF).

A Grid Servicehasthreefeaturesthat are of
interestin constructinganeconomicframework to
traderesources:

� The Grid ServiceHandle(GSH) providesa
unique identifier to a serviceinstancerun-
ning in aserviceenvironment.

� EachGrid Servicehasa ServiceDataEle-
ments(SDE)- anXML document- thatde-
scribesthe internalstateof theservice.The
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Grid Serviceprovidesstandardportsto sup-
port the update,searchingetc. of the SDE
by otherentities.

� A Grid Servicemaysupporta ‘Factory’port
(or interface)that allows new serviceinter-
facesto be instantiatedwithin the hosting
environment.

A full analysisof thearchitecturalrequirementsof
an economicinfrastructurewithin the context of
the OGSA is being developedwithin the GESA-
WG [GESA-WG].

5.1.1 Grid Service Handle (GSH)

The GSH is usedby the client side codeto con-
tact the specifiedserviceor factory instance. By
assumingthat theeconomicarchitectureis ableto
embedthecostof atransientGrid serviceasoneof
theServiceDataElementsof aserviceFactory(not
anunreasonableassumption),theGSHeffectively
providesanidentifierto acostquotationfor theuse
of the service. This price can of coursealso be
advertisedby otherGrid advertisingmechanisms;
however we will assumethe factory to be a reli-
ablesourceof suchquotations.This serviceprice
quotemayvarydependingonvariousfactors,such
as: time in which the servicewill be performed;
timeatwhichthequoteis requested;identityof the
requestor;thelevel of qualityof service(QoS)fac-
tors with which the serviceshouldbe performed;
andtheguaranteeonthosefactorsrequestedby the
user(e.g.soft real-timeversushardreal-time).

5.1.2 Service Data Elements (SDE)

Theapplicationserviceproviderscenariohasillus-
tratedthat many of the issuesrelating to the se-
lectionof serviceswithin aneconomicarchitecture
areessentiallynon-functional:

� Does this serviceoffer any bulk purchase
discounts?

� CanI trustthisserviceto deliveron its com-
mitments?

� Is my datasecurewhile it is residingon the
remoteserver?

� Will I be compensatedif anything goes
wrong?

Suchservicemeta-datais encapsulatedwithin
an advertising servicebasedon the servicefac-
tory data elements(SDE) structureprovided by

theOGSA.Thismeta-datamaybestatic(extracted
from theGrid ServicesDescriptionLanguagedoc-
ument that definesthe service interface) or dy-
namic data generatedby the serviceor inserted
from other (authorised)services. Standardisation
of therequiredandoptionalelementsof thismeta-
datathat is oneof the challengesnow facing the
community.

5.1.3 An Example: Application Service
Provider

We continuewith our motivating exampleof the
coordinateduseof acomputationalresourceandan
applicationsoftwareservices.Theusersearchesa
communityregistry for serviceinstancesthatsup-
port thesecapabilities. The usermay specifyad-
ditionalnon-functionalrequirementssuchasacer-
tain refundpolicy, or aparticulararchitecture.The
user’s client contactsthe factoryport on eachser-
vice andrequestsa particularlevel of resourceuse
from bothservices(e.g. 16 processorswith an in-
terconnectgreaterthan100Mbsrunninga Solaris
2.8 operatingsystemanda compatibleversionof
theapplicationsoftware)anda minimumtermina-
tion timeof thereservation.

The factory generatesa new serviceinstance
for eachrequestedserviceuse and returnsthese
to the user. By queryingthe SDEsof the newly
createdservicestheuserwill beableto obtainthe
agreedprice for using the serviceand the agreed
termsandconditions.The SDE of the newly cre-
atedservicemay differ from that of the original
as the latter may supportmultiple approachesto
settingthe price of the softwarewhile the created
servicewill only describethe agreeduponproto-
col. If theuseris unhappy with theofferedreserva-
tion, theGSHmaybediscarded(or retaineduntil
it expires)andtheprocessrestartedfrom theorig-
inal service.Alternatively, thepricesettingproto-
col mayallow thepriceto beadjustedthroughthe
newly createdservice,which will again generatea
new GSHfor furthernegotiation.

At somepoint thesetransientservicereserva-
tionswill bedestroyedwhentheir lifetime expires.
If the user takes up the reservation, by invoking
partof theunderlyingGrid Service,thenthereser-
vation will effectively be confirmed,any subse-
quentresourceconsumptionwill bemonitoredand
recordedin a ResourceUsageService,andcharg-
ing will thentake placewhenthe serviceinvoca-
tion is completethroughtheGrid BankingService
interface.
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5.2 The Grid Economic Services Ar-
chitecture

Grid Economic
Service Interface

Service InterfaceService Data

Contract
Negotation

Contract
Verification

Service
Charging

Service
Economic

Data

Service Data Service Interface

OGSA Grid
Banking
Service

OGSA Grid
Reource
Usage
Service

Grid
User/Actor

Record
Resource

Usage

OGSA Grid Service

OGSA Chargeable
Grid

Service

Figure 3: ThecurrentGrid ServiceEconomicArchitec-
ture.

The constructs provided by OGSA enable a
ChargeableGrid Serviceto be built that is able
to encapsulatean existing Grid Servicewith the
mechanismsneededto setthe costof usinga ser-
vice andto offer it for sale.This approachis able
to exploit thebasicinfrastructurewithin OGSAfor
transientGrid Serviceswhile retainingagreatdeal
of flexibility as to the eventualeconomicmodel
thatis usedto setthecostof usingtheservice.

Figure 3 shows a high-level representationof
theinternalstructurewithin aChargeableGrid Ser-
vice. Theservicedataelementsarecomposedfrom
thosecontainedby theunderlyingGrid Serviceand
the additionalelementsgeneratedby the Charge-
ableGrid Serviceto describetheeconomicstateof
theservice.This informationis accessiblethrough
the standardGrid Serviceports. Any invocation
by an authorisedclient on the service interface
is verified and passedthrough to the underlying
service. On completionof the serviceinvocation
the resourcesusedby the serviceare recordedin
an externalservice- the ResourceUsageService.
The resourcesconsumedduring the serviceinvo-
cation (and thesemight be memory, disk space,
CPU time) may be chargedper unit of consumed
resourcerather than per serviceinvocation. The
cost of using the serviceis passedto an external
service- the Grid BankingService- for later rec-
onciliation.

6 Activity Within the Global
Grid Fourm

We focushereon threeworking groupswithin the
GGF’sSchedulingandResourceManagementarea
thatareactively contributingto thedefinitionof the
economicarchitecturedescribedearlier. TheGrid
EcocomicServicesArchitectureWorking Group
(GESA-WG) is capturinga setof motivating use
casesto inform the requirementsfor the underly-
ing economicservicearchitecturewhich hasbeen
definedearlierin thispaper.

A key elementwithin theoverallarchitectureis
the consumptionof resources.The ResourceUs-
ageServicewithin GESA exposesthe consump-
tion of resourceswithin anorganisationby a user.
Many of theseresources(e.g. CPU andmemory)
might be usedwhendeterminingthe costof hav-
ing usedthe service. The controlled sharingof
resourceusageinformationthathasbeencaptured
by theunderlyingserviceinfrastructureis becom-
inganincreasingpriority with virtual organisations
aroundthe world. A service interface is being
definedby the ResourceUsageServiceWorking
Group(RUS-WG)[RUS-WG] thatwill enablethe
secureuploadingof consumedresourceinforma-
tion andtheextractionfrom theserviceby autho-
risedclients.

An assumptionwith theRUS activity is a stan-
dardmechanismto interchangedatabetweendif-
ferentGrid entitites.Theresourceinformation(its
values,quantitiesandstructure)that may needto
be exchangedbetweendifferent centresis being
definedwithin theUsageRecordsWorking Group
(UR-WG)[UR-WG]. Severalpossibleinterchange
formatsareenvisagedfor this informationinclude-
ing XML.

7 Implementation

The implementationactivities within the Compu-
tationalMarketsareongoing. For the All Hands
Meeting in Spetember2003 we will be able to
demonstratethe simple pricing and purchaseof
a economically enabled Counter Grid Service,
wheretheserviceinvocationsarerecordedin aRe-
sourceUsageServiceandthetransferof money is
recordedin the Grid BankingService,acrossdis-
tributed resources.The developmentand imple-
mentationof thesethreeserviceshave beendis-
tributedbetweenthecentresandtheir staff:

� ChargeableGrid Service (LeSC): Miqdad
Asaria,William LeeandAnthony Mayer
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� ResourceUsageService(eSNW): Jon Ma-
cLaren

� Grid BankingService(SeSC):KushanNam-
muni

Theseservicesare describedin prototype form
in the specificationdocumentsavailable from the
GESAandRUSworkinggroupswithin theGGF.

8 Future Plans

Thelast few yearshave seentheearlyadoptionof
Grid infrastructureswithin theacademicandbusi-
nesscommunity. While the use of Grid mech-
anismsis not yet widespread,the recent emer-
genceof theOpenGrid ServicesArchitectureand
its adoptionof Web Servicesasits serviceinfras-
tructurewill certainlyacceleratetheir uptake. Fu-
tureGrid environmentsmaythereforecompriseof
thousandsof Grid Servicesexposingapplications,
software libraries, computeresources,disk stor-
age,network links, instrumentsand visualisation
devicesfor useby their communities.While this
vision is appealing,a pool of Grid Servicesavail-
able for generaluse, it is not realistic, as sucha
serviceinfrastructurewould have to bepaidfor by
its users.

Within such an environment we foreseethe
emergenceof resourcebrokersthatarecapableof
‘adding value’ to the basicserviceinfrastructure
by finding and annotatingserviceswith informa-
tion relatingto theircapabilityandtrustworthiness.
Users are able to obtain their required services
from thesebrokers,who mayoffer a guaranteeas
to their capability, or alternatively seekout and
discover their own services.Theseservicesneed
not be provided for free and for widespreadac-
ceptanceof theGrid paradigmorganisationsmust
haveamechanismfor definingandconnectingrev-
enuefrom serviceprovision.

The key to suchan infrastructureis interoper-
ability. The work being donewithin the Global
Grid Forum and areasof the wider Web Service
communityis definingstandardsis enablinginter-
operability. The ‘Marketsfor ComputationalSer-
vices’ project is an early adopterof the OGSA
and has developed the Grid Economic Services
Architectureand ResourceUsageService(RUS)
working groupswithin the GGF. The RUS-WG
will define a key lower-level servicewithin the
OGSAwhile activities within theGESA-WGwill
definekey higher-level serviceinterfaces.We are
able to benefit from work that hasalreadytaken
place within the UsageRecord Working Group

and expect to contribute to the emerging OGSI-
Agreementspecificationbeingdefinedwithin the
GRAAPWorkingGroup[GRAAP-WG].

The internethasbroughtus ubiquitousaccess
to dataand simple servicesfor little or no cost.
The Grid offers the possibility of ubiquitousac-
cessto morecomplex servicesbut theirappearance
will be predicatedon the serviceprovider receiv-
ing anincomefor its provision. Theproposedeco-
nomic architectureis in its early stagesof devel-
opment,but will build uponOGSAto beopenand
extensibleacrossmany deploymentscenariosand
economicmodelsandtherebyproviding aninfras-
tructurethatwill enableutility computing.Within
this architecturewe can seethe speculative pur-
chaseof resourcesby servicesfor later resale(a
futuresmarket), customerdependentpricing poli-
cies(grid miles)andothermechanismsto encour-
agethemaximumutilisationof resourcesby max-
imising revenuegeneration.
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