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Abstract— Distributed and grid computing has become
the choiceof computing in high performance applications.
Various projects have developed software infrastructur e
to harnessthe enormous power of distrib uted resources.
Applying market approachesto computing, though not
new, is an active eld of reseach. Various key issueslike
QoSof matching, protocolsfor negotiation and sewvice level
agreementsare not fully understood. Academic projects
like Nimr od/G and commerical projectslik e GridMP have
made good contributions in answeringthesekey questions.
In this survey, we explore the distributed computing
paradigm and issues.We presentan overview of meth-
ods used by various projects and how they do resource
management. We conclude with a list of open reseach
problemsin this eld.

. INTRODUCTION

Distributed computingstrivesto harnesgshe power of
resourcedistributed in a network. There are millions
of computersconnectedo Internetthat are usuallyidle
and can be part of collectve computing. In today's
world, distributed computing has attainednewv heights
with comple projectslike SETI@home[1].But, there
arevariouschallengedor achieving the noble goal of a
globalcomputerRecentlytherehasbheenmary advances
in solving theseproblemsusing the grid. Grid[2], asit
is known, enableghe sharing,selectionandaggreation
of awide variety of geographicallydistributedresources
including supercomputerstoragesystemsgdatasources
andspecializedlevicesownedby differentorganizations
administeredwith differentpolicies.

Grid computinghasbecomethe choiceof distributed
computingespeciallyin academidisciplines.To harness
the power of the grid, there are some key issuesto
be solved in resourcemanagementlin the last few
years, a number of exciting projects like Globus[3],
Legion[4] and UNICORE[5], developed the software
infrastructureand protocolsneededfor grid computing.
Various distributed computingissueshave beensolved

using these tools and libraries. But, we do not yet
have a scalable high-performanceself-servingresource
managemenarchitecture.

Surprisingly we can apply the resourcemanagement
stratgies usedin economicmarketsin distributed com-
puting. In this paper we provide an overview of market
approachesand how they are applied to distributed
computing. First, we provide a backgroundof market
approachesmcludingreview of someexisting distributed
computing projects. Then, we explain various issues
involved in resourcemanagementNext, we presenta
detailedsuney of various projectsusing market based
approachedor resourcemanagementWe concludeby
summarizingour ndings and open researchissuesin
this actve eld.

Il. BACKGROUND RESEARCH

Economicsystemsin humansociety can be broadly
classi ed into two models:CentralPlanningModel and
FreeMarket Model. In CentralPlanningModel, a single
institution hastotal authority and decideswhat to pro-
duce, how to produceandto whom. In a free market
model, producersand consumeramake thesedecisions
suitingtheir bene ts. CentralPlanningModelis aimedat
the overall welfare of all individualsat the costof some
individuals' freedom.Suchan economymalkesfreetrade
tougher Thus, the free market model wins in this case
even thoughit hasits shareof disadwantages.

Auctioning playsa majorrole in a free market model.
Auctioning has history dating back to 500B.C., when
men used to bid for women, whom they wanted to
marry on the streetsof Babylon. Auctioning hasevolved
constantlyover years.Christie's and Sothebys are few
of the popular auction housescurrently where people
trade things. Changein technologyalso brings change
in our economicernvironment.Advent of computersand
Internet brings new dimensionto auctioning. Online
auctioningserviceslike e-bayand Yahoo Auctionshave
major impacton how we buy variouscommodities.



Now, researcherare trying to apply the sametech-
niquesto distributed computing. It all startedback in
1968 when Sutherlanddemonstrated¢hon auctionmeth-
ods were usedto allocatetime to usersof the PDP-1
Computerin Aiken ComputationLaboratoryat Harvard
University[g. In this system, hours of the day were
divided into time slots. Users were assigneddifferent
amountsof curreny basedon the importanceof their
projects. Users bid for a particular time slot and a
userwho submitsthe highestbid getsthe privilege of
usingthe computerfor thattime-slot. This is one of the
rst applicationsof economicgo problemsof computer
resourceallocation.

But, Sutherlands work failed to addresghe problem
in distributedsystem Drexler andMiller approachedhis
problem in paper[7], which describesauction mecha-
nisms for allocating distributed resources.This paper
madetwo importantcontritutionsto computationamar
ket. First, market based mechanismsto allocate dis-
tributedresourcess providedandsecondthe problemof

stability of pricingin computationamarlketis addressed.

The adwent of personalcomputersand Internettech-
nology causedcomputationaleconomyto attain new
dimensionsincreasen high performancecomputations
that require huge amountof resourcedike processing
power, memoryetc. makesit impossiblefor an average
personto getsuchcomputationgloneon a normalcom-
puter The usermay wantto getthe computationsdone
on otheridle machineghat are connectedo Internet.

Usually a personalcomputersits idle for mostof the
time, other than doing simple taskslike browsing the
netor editing a letter which only consumes fraction of
total CPU power. This has led peopleto think about
harnessingthe computing power of millions of idle
computersaround the world. A big step towards this
directionwas SETI@homeproject which usescomput-
ing power spreacacrosgheworld to analyzeradiowaves
from outerspacdn searchof extraterrestrialntelligence.
Anyoneinterestedn participatingin SETI@homehasto
download a SETI screen-seer that takes care of using
the idle cpu cycles of the machine.lt is amazingthat
the creatorsof the Toy Story used117 multiprocessor
Sun Sparcworkstationsworking around the clock for
more than nine monthsto generatethe Ims' images.
SETI@homecould have accomplishedhis taskin less
thanseven hours|[g.

SETI@homeis not a market-basedapproach rather
it is a simple cycle stealingtechniquewherea userlets
the SETI@homeprojectto usethe computingpower of
his machinefree of cost.But SETI@homeopeneddoors
to the developmentof new market basedapproache
this areaby differentplayers.With lot of researctgoing
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on in this area,there are lot of private companiesand

academidnstitutionsworking on this. Peoplehave tried

to applydifferenteconomianodelsexisting in thehuman
economicsociety Someof the mostcommononesare

auction model, commodity market model, contract-net
model, baigaining model and barteringmodel[9.

Few of the popular projects that use market-based
approachare Nimrod/G[10Q, United Devices' Grid MP
Platform[11],Frontier(ParabonComputation)[12 Com-
pute Pover Market[13], Mojo Nation[14, Entropias
DCGrid[19 projects.We will give an insight into re-
source managemenin the next section before going
throughsomeof the projectsin detail.

I1l. RESOURCE MANAGEMENT

Grid Systemsallow applicationsto assembleand use
collectionsof resourcen an as-neededasis,without
regard to its physical location. Grid middlewvare and
other software architecturethat manageresourceshave
to locateandallocateresourcesccordingto application
requirementsThey alsohave to manageotheractvities
like authenticatiorand processcreationthatarerequired
to preparea resourceto use.

Someof the challengesnvolved in this taskinclude
site autonomy heterogeneousubstrate policy extensi-
bility, co-allocationand online control[16.

Site autonomymeansresourcesare owned and oper
ated by different organizationswhich may have differ-
ent policies, security mechanismsetc. Owner of these
resourceshastotal control over the usageof resources.

Different sites may use different local resource
management systems like Condor CODINE, and
LoadLeveler etc, which leadsto heterogeneousubstrate
problem.Even if two different sitesusethe samelocal
resourcemanagemensystemthey might differ in con-
guration leadingto differencein functionality

Resource Management should support frequent
change®f domainspeci ¢ managemerstructureswith-
out ary requiremento changethe codethus supporting
policy extensibility. Resourcananagemenshouldadapt
itself to new userrequirementandshouldbe capableof
evolving itself to meetfuture demands.

Lots of applicationsneedresourceghat can be sat-
is ed only by allocationof resourcesimultaneouslyat
several differentsites,leadingto co-allocationproblem.

Resourceequirementandcharacteristicenay change
during execution, thus making it necessaryfor having
anonline control becausesubstantiahegotiationmay be
requiredto adaptto applicationrequirements.

Grid ResourceAllocation Manager(GRAM)[16] API
developedin the contet of Globus project addresses



all the ve issueslisted abore. GRAM allows pro-

gramsto be executedon remote resourcesregardless
of ary heterogeneitylt provides a standardinterface

for executingjobs usingremoteresourcesRequirements
arecommunicatedising resourcespeci cationlanguage
(RSL).

Legion[17], another grid middlevare developed at
University of Virginia, has similar resourcemanage-
ment architecture.Featuresof the architectureinclude
global, sharednamespacesyide areadatasharing,het-
erogeneity security efcient schedulingand resource
managementLegion has an object-basednodel where
eachof its componentds an object. Theseobjectsare
independentf eachotherandthey communicateusing
remotemethodinvocation.

There are other projects that employ market based
appraochesfor resource management.These include
Nimrod/G, OCEAN, Compute Paver Market etc. For
example Nimrod/G supports Commodity market and
Contract-neimodels.

IV. SURVEY

Finding optimal mechanismdor distributed comput-
ing using market-basedapproachess an active research
problem. Various academicand commercial projects
like Nimrod/G, United Devices' Grid MP Platform,
ParabonComputatiors Frontie; ComputePower Mar-
ket, OCEAN, Mojo Nation, and Entropias DCGrid are
theresultof researchn this area.Someof theseprojects
areexplainedin detailwith a brief overvien on the rest.

A. Criterion for choosingthe projects

We have selectediew projectsbasedon the following
criteria. First, it shouldbe distributed computingproject,
secondit should have mechanismsto solwe various
issuesin resourcemanagemenand third, market-based
approachshouldbe useddirectly or indirectly.

B. Nimod/G
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the statusof the submittedjobs. It allows running
multiple instancesof the sameclient at different
locations

Parametric Engine Heartof the systemthat man-
ages the whole experiment. As a persistentjob
control agent,it is responsiblgor creationof jobs,
maintenanceof job status,interactingwith clients
and schedulingdispatcher Declaratve parametric
modeling languageis usedto give input to the
experiment.Experimentis recordedin a persistent
storage,so that the experimentcan be restartedin
caseof failure.

Sdeduler It is responsibldor resourcediscovery,
resourceselectionand job assignment.Resource
discovery algorithminteractswith grid-information
servicediscorery (MDS) [18]and identi es the list
of authorizedsystemsResourceselectionalgorithm
selectsthoseresourceghat meetthe deadlineand
minimize the costof computation.

Dispatder: It initiates execution of a task on the
selectedesourceThis is doneby startinga remote
componennamedjob wrapper

Job-Wmapper It is responsibldor startingexecution
of a task on the selectedresourceand sendingthe
resultsbackto parametricengine.

2) Selectionof computationaresouces: Selectionof
computationatesourcess handledn two waysasshavn
below:

The work is completedwithin a given cost and
deadline.

User is allowed to negotiate for resourcein the
grid. Thesystemcanemploy resourceesenationor
tradingtechniqueto identify suitableresourcesThe
useris thenallowed to rengyotiatewith a different
deadlineor cost.

C. United Devices- Grid MP Platform

Grid MP platform[11] aggr@atescomputerresources
acrosglustersseners,workstationsandPCsto enhance
the performancef compute-intense applicationsMain

Nimrod/G[10Q, a grid enabledresourcemanagement featuresare

and scheduling system that uses Globus middlevare
servicedor resourcaliscorery anddispatchingobsover
grid. Nimrod/Gis modular extensible portable provides
interoperabilityof independentlydevelopedcomponents
and provides a simple declaratve parametricmodeling
languagefor expressinga parametricexperiment.

1) SystemArchitectue: Nimrod/G has5 key compo-
nentsasshavn in the gure 1.

Client or User System|t provides a userinterface
that allows userto vary parametersand monitor

supportswide variety of applicationsfrom message
passinginterfacejobs to dataparalleljobs that run
on clusters,seners and desktops.
enablesnulti-stepparallelor pipelinedapplications
to be executedas single job on the grid.
includesLinux Binary Emulatorthatexecuted.inux
applications on Windows platform without ary
modi cations.

1) Grid MP Interfaces: It includestools and inter
facesto createand managevariousfunctionsin the grid.
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Fig. 1. Nimrod/G architecture

Fig. 2. Grid MP 4.0 architecture



MP Web Console Userinterfacefor administrators
to manageusers,devices and jobs. It also allows

usersto monitor the progressof their jobs.

MP Grid Service Interface (MGSI} It is a

XML/SOAP basedweb servicesinterface that en-

ablesapplicationsto be grid enabled.

MPSUB It provides a commandline interface to

submitapplicationsto resources.

MPIRUN: It enablesparallel jobs to run on the

resourceghat are capableof runningthem.

MP Softwae DevelopmenKit (SDK) Development
kit for programmersand usersto develop custom
grid applications.

2) Grid MP SystenComponentsit is a collectionof
componentghat perform speci ¢ functionsto run and
managegrid applications.

3) Grid MP Agent: It is the software that runs on
all the participatingmachineslt is responsibldor iden-
tifying and authenticatingitself to the MP Services,
downloading jobs and returning results after executing
the jobs. It takes care of securingthe job application
from otherapplicationsexecutingon the samemachine.
It alsoexecuted.inux librarieson Windows without ary
modi cations to the code.

4) Grid MP Services:It includesthe following core
servicesthat operateon the grid:

RealmService Registers,authenticateandlicenses
deviceson the grid. MP Agentsauthenticateéhem-
seles with Realm Servicesbefore starting execu-
tion.

Monitoring Service Uses polling to periodically
processstate information of all active devices on
the grid.

File Service It is responsiblefor sendingand re-
ceving les from MP Agent. It usesan underlying
le systemlike NFS or AFS. It also provides
garbagecollectionfor those les thatareno longer
needed.

Dispatd Service As the namesays,it dispatches
jobs to thosedevices that areidle connectto it. It
usesa centralizedschedulingenginethat selectsa
job basedon device's capability job priority, device
availability, usage preferencesand other de ned
constraintslt alsoreschedulesailed jobs.
Metadata Repository It is a databasehat stores
information on devices, device con gurations, user
accounts,user roles, applications,jobs and data.
Currently it supportsDB2 and Oracle.

5) Grid MP ManagementFunctions: Grid MP incor
poratesa setof managemenfunctionsfor administrators
and usersto apply on the grid.
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Application Management It enablesadministrators
to register applicationsand managethem.
Device Management It enablesadministratorsto
separatedevices basedon their capability or geo-
graphiclocation.
Data Management It enableghe sharingandman-
aging applicationdataacrossthe system.
User Management It allows administratorgo man-
ageuserson the system.
Workload Management It allows both usersand
administratorsto managethe jobs running on the
grid.
Grid MP hasbeenmostsuccessfuhmongorganizations
that want to harwest the spare cycles of their own
organization.

D. ComputePower Market

ComputePaver Market (CPM)[13 is a market based
resourcananagemenrdandjob schedulingsystemfor grid
computing. CPM is comprisedof Markets, Resource
Consumersand ResourceProviders. It supportsthree
major economymodels- Commodity market, Contract-
net/tenderingand Auction models.

1) SystemArchitectue: Three major componentsof
CPM are Market, Market ResourceAgent, and Market
ResourceBroker asshowvn in the gure 3.

Market is the point of interactionfor both consumers
andproducersConsumerandproducerave to register
with amarketto buy or sell computationapower. Market
providesthe following services.

Repositoryof informationon providers
Agentsfor consumersand providers
Mechanismdor updatingthe information
Interactionwith other markets

Market Resourcelndex is a databasehat hasinfor-
mationon providersand consumersvithin that markets'
domain.It alsostoresinformationon othermarketslike
addressesf other markets, capabilitiesetc.

Market Control Unit is the Central processingunit
of a market. It is responsiblefor channelizing and
regulatingrequestsmonitoring the market behaior and
synchronizingwith other marlets.

Provider domainis associatedvith resourceproviders
in the CPM. It is madeup of Market Resourcédownload
Unit and UpdateUnit. Market ResourceDownload Unit
keepstrack of download of market resourceagentsby
providers.On completionof download,an entryis made
in Market Resourcdndex for that provider. Updateunit
is responsiblefor updating the provider information,
wheneer the provider speci cation changesConsumer



Fig. 3.
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domain is similar to provider domain but deals with
resourceconsumers.

Resource providers download Market Resource
Agent(MRA) from the market. MRA is responsible
for updating the market with the latest information
on providers' resourcesand accepting,deplg/ing and
launchingthe job. MRA works on a push-pull mech-
anism with the pull unit extracting information like
available memory number of processesetc. whereas
the pushunit pushesthis datainto the market through
communicationunit.

ResourceConsumersiovnloadMarket ResourceBro-
ker (MRB), which is responsibldor locatingthe appro-
priate provider basedon the information furnished by
the marlet. It acts as a middlemanbetweenuser ap-
plicationsand CPM resourceslt includesthe following
components:

Job Control Agent
Market Explorer
Resourcelrader
Scheduler
Deployment Agent

JobControlagentis responsibldor shepherding job
throughthe systemby interactingwith othercomponents
of the broker. Economycomputationsn the CPM grid
is managedy scheduleadvisor trademangerandtrade
sener. The schedule advisor uses grid explorer for
resourcaliscovery, tradesener for nggotiatingcostsand
schedulingalgorithmsfor identifying mappingsbetween
jobs andresourceghat meetdeadlineand minimize the
costof computation.

E. Frontier: The PremierInternet ComputingPlatform

ParabonComputationis the rst comparwy to release
a commercialdistributed computingplatform - Frontier
[12]. Frontier delivers the spare processingpower of
millions of computerconnectedto Internet. It de nes
three catayories - Clients (one who needsprocessing
power), Providers (one who provides unutilized power
of his/her computer)and Developers(one who writes
applicationon Frontier).

Frontieris comprisedof threecomponents:

Pioneer ComputeEngine It is a desktopapplica-
tion that manageghe unusedprocessingoower of
provider's computerlt is responsibldor dowvnload-
ing taskson the provider's computerfrom frontier
Seneranduploadingtheresultsof thetasksbackto
the Frontier sener. Pioneerstartsprocessingvhen
the provider's computerbecomesddle and uploads
theresultsinto the Frontiersenerwhenthe provider
connectdo the Internet.

CISE Technical ReportTR03-013 Aug 2003

Frontier Server It is acentralizedsenerresponsible
for scheduling,dispatchingand executing jobs. It

monitorsall thetasksthatarerunningandalsotakes
careof switching jobs to anothermachinein case
of systemfailure.

Frontier Softwae DevelopmentKit: Software tool

that enablesclients to write, monitor and control

the executionof their jobs.

F. MiscellaneousProjects

Mojo Nationis a peerto-peer le sharingsystemlike
Napstey but the userscannotsimply share les free of
costinsteadusersshouldpay the providersfor whatever
they download. It employs barteringmodeland builds a
contentsharingcommunitywithin a network.

Entropias DCGrid is aimedat organizationghat have
computationalbottlenecksin critical path processing.
DCGrid aimsto utilize untappedCPU cyclesof the Win-
dows basedDesktopsin the existing enterprisenetwork.

DCGrid is comprisedof two key modules- DCGrid
Schedulerand DCGrid Manager DC Grid Scheduler
schedulesdeploys and managesexecution of jobs on
the network, whereasDCGrid Managerprovides a web
based, centralized managementonsole for managing
the resourceslt takes care of splitting, submittingand
gatheringof job results.

G. Conclusion

We have suneyed variousprojectssupportingmarket-
orienteddistributed computing. There has beensigni -
cantwork in variousissuesin market approachesBut,
there is a lot of potential for more research.Finding
optimal protocolsfor resourcematchingandbenchmark-
ing various protocolsis still an open task. Research
needsto be done for evolution protocolsof matching
networks. How much overheaddo theseprotocolsim-
poseon networks?How mary messagesare distributed
in the network? How to reducethe overhead? all these
questionsare not fully answeredoy ary of the projects.
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