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Abstract

Adaptive parallel computations—computationthat
can adapt to changes in resouce availability and
requirrment—careffectivelyusenetworled madinesbe-
causethey dynamicallyexpandas mactineshecomeavail-
able and dynamicallyacquire madinesas needed.While
mostparallel programmingsystemsrovide the meansto
developadaptiveprograms,they do not provide any func-
tional interfaceto externalresouce mangementystems.
Thus,no existingresouce manajemensystenhastheca-
pability to manaye resouces on commoditysystemsoft-
ware, arbitratingthedemand®f multipleadaptivecompu-
tationswritten usingdiverseprogrammingernvironments.

Thispaperpresenta setof novelmetanismghatfacil-
itate dynamicallocation of resoucesto adaptiveparallel
computationsThemedanismsare built on low-level fea-
turescommonto manyprogrammingsystemsand unique
in their ability to transpaently manae multiple adaptive
parallel programsthat were not developedto havetheir
resoucesmanajed by external systemsWe also describe
the designand the implementatiorof the initial prototype
of ResouceBoker, a resouce managementystenbuilt to
validatethesemedanisms.

1. Introduction

Adaptive programsare thosethat can adaptto exter
nal changesn resourcevailability andinternalchangesn
resourcerequirements.Most masterslave PVM [9] pro-
grams, self-schedulingMPI [10] programs,bag-of-tasks
Linda[3] programsandall Calypsd1] programsareadap-
tive. For PVM, MPI, andLinda, programamustbe written
sothatthey areableto toleratemachineremovals;whereas
for Calypso.this serviceis provided by the runtimelayer.
Adaptive computationscan efficiently utilize networked
machinedfor two reasons.First, they can expandto ex-
ecuteon machineghat, otherwise,would be left unused.
Secondthey canacquiremachinesas their requirements
grow, ratherthanreservinghelargestpool of machinese-

quiredatary singleinstanceduringtheir execution.

Even in computing environments of adaptve jobs
with excessie resources,significant load-unbalancing
could still occur, resultingin slov turnaroundand non-
responsieness. This indicatesthat intelligent allocation
of resourceds necessatyespeciallyone that could full-
fil the potentialimposedby the existenceof adaptie pro-
grams. We call the entity performingthis functionality a
resouce manaer. ldeally, the serviceprovided by a re-
sourcemanageishouldbe availableto any compiledexe-
cutablewithout requiringexplicit programming.For effi-
cientutilization of resourcesnachineshouldbeallocated
to computation®nly whenrequestedndnot pre-allocated
andresened. We referto this ability asjust-in-timealloca-
tion of resouces Furthermorearesourcenanageshould
beableto managerogramsievelopedusingdifferentpro-
grammingsystems.However, asdiscussedater, noneof
the existing systemsachieves this, which severely limits
their applicability.

Parallel programmingsystemslike PVM, MPI, Ca-
lypso, and Linda have a built-in resourcemanagemwith
limited functionality. It is commonfor this type of re-
sourcemanagetto (1) scheduleparallel tasksamongthe
(already)allocatedmachines,andto (2) assistin adding
explicitly-named machinesto a computation. This type
of resourcananageis referedto asanintra-job resouce
manayer, sinceits primaryresponsibilityis to managere-
sourceswithin onejob. To differentiatefrom the resource
managebuilt into parallelprogrammingystemsinter-job
resouce manaer is usedto referto the systenthatman-
agesall the madinesamongall the executingjobs The
concepbf separatinghesawo typesof managersvasfirst
discusseth thework in BenevolentBanditLaboratory[7].

Dynamicallocationandreallocatiorof machineso jobs
requirescommunicationbetweeninterjob managerand
multiple intra-job managersThe lack of acommoninter
faceintroducesa challengeto inter-job resourcananager
developers:how cantheir software systemcommunicate
with a variety of parallelsystemsgspeciallywith systems
thatdo not provide aninterface? This is the reasonexist-
ing resourcananagersor adaptie programsestrictthem-
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Figure 1. Components of Resour ceBroker.

selvesto supportingonly a singleprogrammingsystem.
ResourceBroris thefirstresourcenanageto uselow-
level featurescommonto popular parallel programming
systemdor its communicationhencejt is ableto manage
unmodifiedPVM, MPI, CalypsoandPLindaprograms.

2. Design Goals

Thegoalof ResourceBro#ris to provide acomprehen-
sive resourcemanagemengervicethatis ableto dynami-
cally allocatemachineamongmultiple competingcompu-
tationswritten in differentparallelprogrammingsystems.
Thefollowing is thekey objectvesmetin this system:

1. Parallel programmingsystemsare treatedas com-
modity, sothatthe executablesbuilt for environmentswith
no globalresourcananagemergervicearenotexpectedo
be modifiedto take advantageof the service;

2. Operatingsystemsaretreatedascommaodity andthe
only privilege requiredis userlevel, thusResourceBrogr
doesnt comprisethe securityof the network;

3. Theuseof theresourcananageis optional,andit is
sometimegeferredto asa “service” to emphasizets un-
obtrusie availability;

4. The servicecan dynamically reallocateresources
amongadaptye jobsasresourcevailability changes;

5. Mechanisnandpolicy areseparatednakingthelater
aneasilypluginmodule.

Comparedwith mechanism,policy is relatvely dy-
namic. Differentuserrequiresdifferentpolicy, andsame
policy evolvesover time, it's desirableto make the inte-
grationof new policy into the systemaseasilyaspossible.
Whenthe systemwasfirst implementedthefollowing has
beenused. Userjobs are divided into two classes:adap-
tive, andothers. Similarly, machinesaredivided into two
classesprivate andpublic. Privatemachineselongto in-
dividualsandthe ownerhasabsolutepriority overits use,
whereaspublicmachinesreavailableto all usersandtypi-
cally residein apubliclaboratory Thepolicy implemented
by ResourceBro#r is to allocateprivatemachinesonly to
adaptve jobs. Hence,adaptve jobsrunningon a privately
ownedmachinecanbe deallocatedncethe owner of the
machinereturns. In other casesResourceBrogr tries to
evenly partitionmachinesamongjobs.

3. Architecture

ResourceBroér consistsof two weaklycoupledlayers:

Figure 2. The three entities in job execution.

the resouce-mangementayer andthe agentlayer. Fig-
ure 1 depictsthe software layersduring the executionof
two paralleljobs.

The resouce mangiementlayer consistsof a single
network-wide resourcenanageiprocessanda singledae-
mon processon eachmachine. It is possibleto run the
resourcemanagerprocesswith non-priilege useraccess
rights, asopposedo administratoraccesgights. The re-
sourcemanagetprocessspavns the daemonprocessesit
startupandrestartghemif they fail. Daemonsarerespon-
siblefor monitoringresourcesuchasthe CPU status the
userswho areloggedon, the numberof runningjobs, and
the keyboard-andthe mouse-statusn the machine. This
informationis periodically reportedto the resourceman-
agerprocessTheresourcananageprocesss responsible
for decidingwhich job canusewhich machine.

The agent layer consistsof dynamicallychangingsets
of processesA userwho wantsto useResourceBroér's
servicedfirst startsan agent procesgo submitthe job for
execution. As the job extendsto remotemachinessub-
agentprocessareautomaticallystartedto monitorthe new
processesThis s illustratedin Figurel. Thecombination
of agentandsubagenprocesseformstheagentayer. The
agentlayer providesthe meansfor the resourcemanager
to monitorandactively intervenein the executionof adap-
tive jobs. In a broadersensejt actsasa broker between
the resourcemanagementyer andthe runningjobs, and
is ableto coerceprogramgo achieve the allocationpolicy
determinedy theresourcananagemeriayer

Many existing resourcemanagergl2, 16, 14, 11] em-
ploy asingle-level architectureywherethe monitoringdae-
mon processesiso carry out the responsibilitiesof agent
and subagenprocesses.The purposebehinda two-level
architectures to allow ResourceBroér to run with user
level privilegesonly. Althoughresource-managemdayer
processesunwith userprivilege,it is ableto managesther
usersjobs. Thesemechanismaredescribedn Sectionb.

4. User, Job, and ResourceBroker Interactions

In the presenceof a resourcemanagertherearethree
entitiesin every job invocation: (1) the resourcemanager
(2) theuser and(3) the job submittedfor execution. Fig-
ure 2 depictsthemandtheir interactions. The interaction
betweena userandthe resourcananagerandthe interac-
tion betweena runningjob andthe resourcemanagerare



of particularinterestand are briefly discussedext, more
detailsis availableat[2].

4.1. Users' Interaction with Resour ceBroker

Users communicatewith ResourceBro&r to query
machineavailability, to learn the statusof queuedjobs,
to submit a job for execution and specify its resource
requirements. ResourceBrodr adoptedthe Resource
SpecificationLanguageof Globus [8], and extendedit
to supportadaptive programs. Specifically adapt i ve,
start _scri pt, andnodul e parametersvereaddecto
describeadaptve jobs. As an example,the specification
+(count >=4) (arch="i 86Li nux") ( nodul e="pvni)
is a requestto executea PVM programon at leastfour
Intelx86 Linux machines. Option (modul e="pvni')
specifiegthatResourceBrofr shoulduseexternalmodules
to carry out someof its responsibilities Externalmodules
arediscussechext.

4.2. Interaction of Jobs and ResourceBroker

Interactionbetweerresourcenanageandjobsis com-
plicatedby the fact that they are typically developedin-
dependently To addresghis, ResourceBrodr relieson a
setof commonfeaturego build aninterfacebetweerintra-
andinter-job resourcenanagers.

Most parallelprogrammingsystemsintra-jobresource
managersare capableof relinquishingmachinesput are
unableto locateadditionalunderutilizedmachines As the
requirementof adaptve jobs changeover time, the re-
sourcananagemustbealertedo thesechangesThus,ata
minimum,adaptve jobsmustinform theresourcenanager
of their desireto addadditionalmachines.

On Unix, the rsh commandandr exec() system
call arethe commonunderlyingmechanismso startpro-
gramexecutionson remotemachinesalthoughthe actual
methodusedby the programmerds likely to be higher
level, e.g., Calypsoand PVM programsgrow by calling
cal ypso_spawnWr ker () and pvmaddhost s()
respectiely, but ultimatelythey resultsn ar sh command.
Thisis alsotrueif the computatiorpoolis grovn usingthe
Calypsographicaluserinterfaceor PVM console.

Ther sh commandequiresan explicit machinename
argument,asin “rsh host <conmand>." Resource-
Broker interceptsr sh commandsssuedby jobs running
underits control. Intercepted sh commandswith sym-
bolic hostnamesg.g.anyHost areinterpretedasintra-job
resourceamanagerstequestdor assistances; sh with real
hostnamesareallowedto proceed.Symbolichostnames
arealsousedasarequesspecificationg.g.,anyLinuxindi-
catesary machinerunningLinux. As shawvn in Section5,
it is easyto make existing programdgssuer sh commands
with symbolichostnames.

OnceResourceBroér decidegto allocatea machineto
arunningjob, the actionis carriedout by the agentpro-
cess(seeSection3) responsibldor thatjob. Parallelpro-

#! fbinfbash

echoadd $1 2 $HOME}.pvmrc
echo quit 22 $HOMES.pvmrc
pvm 2 fdevfnull

rm $HOMEf.pvmrc

Figure 3. Module to grow PVM.

rsh daemon

$

rsh node01 <cmd...>
node01

node00

Figure 4. Representative scenario of a paral-
lel job acquiring a machine.

grammingsystemghatallow anorymousmachinego join
a computatiorare handleslightly differentlyfrom the sys-
temsthatdo not. Thedefaultbehaior of theagentprocess
is to replacethe symbolichost-namewith a realnameand
thento allow ther sh commandto proceed—ina sense,
theagentprocessedirectsher sh commando amachine
unknown to the job. The default behaior is appropriate
for Calypso,PLindaandsequentiajobs. For systemdike
PVM andLAM whichdonotallow anunexpectednachine
to join a computationthe agentprocesgelieson external
moduleso communicateéherealhostnameto thejob and
to coercethejob to acceptit. Modulesareexecutablegro-
gramspr shellscripts thatareexternalto ResourceBror.
Thisarchitecturallows futuresupportor asyet undefined
programmingsystemswithout having to recompilethere-
sourcemanager

When a user submitsa job along with a module op-
tion, asin nodul e="xxx" , ResourceBro&rassumeshe
existenceof three external programsnamedxxXx gr ow,
xxx_shrink, and xxx_hal t, to assistin growing,
shrinking, and halting the job respectrely. According
to this scheme,PVM modules would be pvmgr ow,
pvmshri nk, and pvmhal t. Figure 3 depictsthe
sourcecodeof pvmgr ow : it writes a sequencef com-
mandsto $/ . pvnr ¢ andtheninvokesa PVM consoleto
executethem.Noticehow thisis a simplescriptthatsimu-
lateusers’actions thisis alsotruefor LAM modules.

5. Mechanisms

To provide the context usedin illustrating the mecha-
nismsbehindResourceBroér, a representadie scenarioof
how paralleljobs acquireresourcesn the absenceof re-
sourcemanagerss briefly described.

A userrunning a programnamedapp on machine
node00 wants the computationto grov to nodeO1
when needed,s/he preparesa hostfile, named. host s,
containingnode0l1 and startsapp on node00. At
some point app decidesto spavn a processon an-



other machine. Figure 4 depictsthe stepsinvolved in
this process. The app processconsults. hosts for
a machinename, readsnode01, and issuesthe com-
mand‘r sh node01 <conmand>"(stepl). In thejob’s
sourcecodethis could have beena higherlevel function,
but ultimately it is translatedto the standardr sh com-
mand.Ther sh commandontactgshershdaemor(r shd)
onnode01 (step2), which spavnsa procesnnode01
on behalfof app (step3). The new processstablishes
communicatiorwith app (step4). This completeghe ad-
dition of node01 to thecomputation.

When using ResourceBroér, selectionof the second
machinecanbedelayeduntil thejob is readyto usethema-
chine. It is thenthe responsibilityof the agentprocesgo
coercethejob to usea machinethatis selectedat runtime.
Schematicallythe agentprocessneedsto (1) realizethat
thejob “wants”to spavn a remoteprocessj2) notify the
resourcenanagethata new machinehasbeenrequested,;
(3) obtainthe nameof thetargetmachinethatis “most ap-
propriate”; (4) spavn, or causeto spavn, the secondoro-
cesonthetargetmachine;(5) enablethetwo processeso
establisha communicatiorstream;(6) fadein to the back-
ground,soasnotto imposeanoverhead.

5.1. Required Conditions

ResourceBroéris capableof dynamicallyselectingre-
sourcegor unmodifiedexecutablesslongasthefollowing
requirementsremet:

1. Theprogramdoesnt usehard-codednachinenames.

2. The programdoesnot have the absolutepathof the
r sh commanchard-codedThis is the casefor mostpro-
grammingsystemse.g.PVM andLAM(MPI).

3. For programmingsystemghat do not allow anory-
mousmachinegoining a computationthereis acommand
line interfacefor usergo grow thepoolof machinesisedn
a computationmoreover, it could toleratefailed attempts
to addadditionalmachines.This is the casefor PVM and
LAM.

5.2. Default Behavior

Continuingwith the previous example(page3), to use
ResourceBro#ér a userdoestwo things. First, the user
preparesthe . host s file containinganyLinux a sym-
bolic machinename. Second,on host0O0the usertypes:
$agent app =ar gunment sa. This startsan agentpro-
cess,which immediatelyspavns a child processto exe-
cuteapp. Figure5 depictsthe stepsinvolvedfor app to
spavn a processon anothermachinewhen executingun-
derResourceBrodér’'s control. Whenapp decidego grow,
it consults. host s, finds anyLinux andissuesthe com-
mand‘r sh anyLi nux <ar gument s>". Seestepl of
Figure5, whereour implementatiorof r sh is depictedas
¥alh . RealizingthatanyLinuxis asymbolicmachinename,
ResourceBroérintervenes. Theran processontactghe

C resource manager )

I
«rsh daemon
>

4
20 ~Glient
app

node01

rsh node01 subagent..

node00

Figure 5. Adding a dynamicall y allocated ma-
chine (default behavior).

agent(step2), which contactsthe resourcemanageipro-
cesswith a requestfor a machine(step3). Oncea target
machinenameis givento the agent,saynode01, it noti-
fiesran’ of this machinename(step4). Thenrah uses
thestandard sh to spavn asubagenprocesonnode01
(steps5-7). The subagentontactsthe agentprocessfor
a programto execute(step8), andspavnsthe appropriate
procesqstep9) onnode01. Thenewly createdprocess
contactsthe original app (step10) andthe job continues
executingnormally Notice how the agentlayer redirects
ther sh to useatamgetmachineselectedat runtime.

From this point, until resourcesieedto be reallocated,
thereis no interactionbetweenapp and ResourceBrodr.
Thevariousagent-layeprocessesemaindormantandno
overheads imposedoy their existence Futureinteractions
canbegin in two ways: first, by the job attemptingto add
anothemachine;secondpy the resourcananagedecid-
ing to reallocatemachines. To take away node01 from
app, thesubagensendsastandardJnix signalto thechild
processandif thechild doesnotterminatewithin a speci-
fiedamountof time, the subagenterminateghe child pro-
cess.

The default behaior describedabore is usedfor Ca-
lypso and PLindaprograms for parallelizabletaskssuch
asnmake, andfor executingsequentiajobsremotely

5.3. External Modules

In reviewing thedefaultbehaior, notethatapp running
onnode00 attemptedo spavn a proceson a machineit
believedto beanyLinux whereaghe processvasspavned
on node0l1. Generally redirectingthe r sh goesunno-
ticed. However, PVM andLAM programswill refuseto
acceptprocessefrom machinesotherthanthosethey at-
temptedo spavn.

To handlethis type of situation,ResourceBroér relies
onexternalmodulego carryoutits responsibilitiesA sim-
ilar mechanisnis usedfor bothPVM andLAM programs:
the “plug-in” externalmoduleapproachmakesthe design
extensibleandthusableto accommodatgariousprogram-
ming systemsconcurrently A PVM-specificscenarioas
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Figure 6. Adding a dynamicall y allocated ma-
chine (using external modules).

illustratedbelaw, is usedasarepresentatie usageof exter-
nalmodules.

Knowing thatapp is a PVM program,the usertypes:
$agent pvm --(nodul e="pvnt). This submits the
PVM consoleprogram,pvm to an agentprocessandin-
structsResourceBro#rto usePVM-specificmodules.The
agent processmmediatelyspavns pvm which in turn
startsthemastePVM daemonTheusercancreatea PVM
virtual machineandstartPVM programsasusual.

PVM'’s virtual machinecangrow in two ways: at the
PVM console,the usercantype pvne add anyLi nux,
or the programcan call the pymaddhost s() library
function with anyLinuxas the host nameargument. In
both casesthis resultsin the masterPVM daemonissu-
ing “rsh anyLi nux <argunent s>". ResourceBro-
kerinterveneswhenit detectsaanr sh with asymbolichost
name.Theallocationof resourcesisingexternalmodules
happensn two phasesFigure6 depictsthe stepsinvolved
in this process.

Once “r sh anyLi nux <argunent s>" is issued
by PVM daemon(stef of Figure6(a)),rnh' contactghe
agent(step2), which asksthe resourcemanagetprocess
for amachine(steps2 and3). Theresourcenanagepro-
cessknows thatthe job is a PVM taskandpropagateshis
informationto »an” (steps3 and4). Therar' thentermi-
nateswith anerror statuscode(step5). Thefirst phases
completedwith theresultthat(1) themastePVM daemon
seesxfailedattemptto grow thevirtual machine put more
importantly (2) ResourceBro#rrecognizesherequesfor
anadditionalresource.

Figure 6(b) depictsthe stepsin the secondphaseof
this process. Following ResourceBrodér’s recognitionof
PVM'’s requestfor an additionalmachine,phasetwo be-
ginsby theagentexecutingtheexternalmodulepvmgr ow
with agumenthost01(stepl). This scriptconsistof five
lines andis shawvn in Figure3. The script opensanother
PVM console,asksthe masterPVM daemonto add ma-
chinehost01to thevirtual machineandclosegheconsole.
Thisresultsin thePVM daemorissuinganother sh com-
mandwith node01 asthe machinename(step2). The
secondphaseproceeddik e the default caseandresultsin
startinga PVM daemorproces®n host01(steps3-10).

Operation Time (s)
rshnOlnul | 0.4
¥ah' n01nul | 0.6
rah aryLinux nul | 0.6
rsh n01l oop 36.9
ran nOLl oop 37.0
ran aryLinux | oop 37.1

Table 1. Performance of wan’

Threeimportantfeaturesareworth emphasizing First,
the PVM daemonwascoercednto acceptinghostO1 Sec-
ond,PVM’ssecondiattemptio addahostproceedsisusual;
allocating“a suitablemachineat the time of request’be-
camean “invisible” service. Finally, asmachinesbecome
available,ResourceBrodr is ableto asynchronouslyniti-
atethe secondphaseto increasethe sizeof PVM’s virtual
machine.

6. Experiments

This sectionpresentsxperimentalresultsthat validate
the proposedmechanisms.Experimentswere conducted
using up to 16 200MHz PentiumPromachinesrunning
Linux RedHat4.0 connectedby FastEthernet. Reported
times are medianmeasureclapsedimestaking into ac-
countall overheadsln this section,we user sh to denote
the standardJnix remoteshell program,andxak to de-
noteResourceBrogr's version.

6.1. Micro Benchmarks

Tablel shovstheperformancef ¥ah ' comparedvith
rsh. Two sequentialapplications- nul | (a C program
with emptynmai n() function),l oop(a C programwith a
tight loop runningin 34.4seconds)andtwo idle machines
- n00, n01wereusedin the experiment.The commandsn
Tablel wereissuedonn00anddirectedto executeon n01
Thus,thecommand=an’ n01 | oop” resultsin execut-
ing | oop onnOL The anyLinuxkeyword is interpreted

any available Linux maching. Thus, the command
ra.h anyLi nux | oop” allows the resourcemanager
to choosea machineto executel oop. In this particular
experiment,the available set of machineswas limited to
n01, soin factn01wasalwayschosen.As the resultsin-
dicate the overheadassociatesvith xan” is approximately
0.2secondsywhichis hardlynoticeabléby users.Thesmall
overheadilsoindicateghatreplacinghesystem-wide sh
with zah’ is feasible evenif someusersdo notusethefea-
turesprovidedby ResourceBrodr.

The secondset of experimentsmeasureahe required
timesto reallocatamachinesTheresultsareshovn in Ta-
ble 2. Threemachinesvereusedin this experiment:n0Q,
n01, andn02 An adaptve CalypsoprogranranonnOland
n02 Similarto the previousexperimentthe commandof
Table2 wereissuedon n00, andin every caseresultedin



Operation Time (s)
rsh n0lnul | 0.4
ral arnyLinux nul | 15
rsh n01l oop 38.2
ralh aryLinux | oop 37.9

Table 2. Performance of reallocation.

14 4

12 A
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1 2 3 4

] 6 7. A 10 1 12
number of machines

Figure 7. Performance of resour ce realloca-
tion using PVM and xan’.

the allocationof nOL In the caseof »an’, ResourceBro-
ker terminatedhe Calypsoprocessunningon n01 before
satisfyingthe request.Theresultsshav thata reallocation
completesn approximatelyl second. It is alsointerest-
ing to notethatin the caseof | oop (andothercompute-
intensize jobs), usersexperiencea fasterturnaroundtime
sincen0lis clearedof externalprocessebeforeexecuting
thejob.

6.2. Parallel Computations

This sectionpresentghe performancef ResourceBro-
ker managingparalleljobs,in particular the effectsof ex-
ternalmoduleswithin theagentlayeraremeasured.

Table 3 shaws the performancef ¥ah” whenusedby
parallelprograms Theoperation‘pvm w/ xan’ host”
meanghe PVM programexplicitly namedthe machinest
wantedto use,and“pvm w #ah’ anyLi nux” means
the PVM programleft the choice of the machineto Re-
sourceBrokr. Theresultsllustratethatwhenthemachines
areexplicitly namedResourceBroér introducedessthan
0.1 millisecondsof overheadper machine. Allowing Re-
sourceBrokrto choosea machine(i.e, xak” anyLinuy in-
cursapproximatelyl.4 secondsverheador PVM and3.5
seconddor LAM programs. This overheadoccursonce
permachineandonly atstartup.Thisresultreinforcegshat
replacingthe system-wide sh with rah’ is feasible,and
thatthis will go unnoticedby userswvho do not usethe ad-
ditional featuregrovidedby rah

Next experimentmeasureghe time to reallocatere-
sourcedor paralleljobs. An adaptve Calypsojob ranon
every machine.A PVM virtual machinewas createdser-
eral times, and eachtime a differentsize (denotedby #)
virtual machinewas built. To satisfythe PVM requests,
machinesadto betakenaway from the Calypsojob first.
Figure7 reportstheelapsedimesfrom theinvocationuntil
the resourcesvere madeavailable. The resultsshav that

the reallocationcompletesn approximatelyl secondper
maching(whichis consistentvith the secondsetof exper
iments),andthatthis numberscaledinearly to at least12
machines.

The final experimentmeasureshe utilization factor of
a dynamicervironment. The settingwasasfollows. An
adaptve Calypsgob raninitially oneightmachinesEvery
100secondsa scriptstarteda sequentiaprogramthatran
for t minuteswheret waschoseruniformly from theinter-
val [1,10]. After five hours,thetotal detecteddlenesqthe
total amountof time thatthe machinesvereidle) wasless
than1%. This numbercanbe viewedin two ways. First,
it indicatesthe efficiency of the reallocationmechanisms.
Secondit shavsthatin thepresencef adaptve programs,
a resourcemanagercan boostutilization of a network to
abore 99%.

7. Related Work

Early systemdor resourcananagemenieredesigned
to dispersgobsamongavailablemachine®nanetwork, in
which the systemselectghe machineto executethe user
submittedprogram,and redirectsthe terminal 10. How-
ever, the focusof themis to supportsequentiacomputa-
tionsandthey do notmalke ary specialprovisionfor paral-
lel programs.

Othersystemdike Condor[12] and Utopia[16], were
developedfor managingheterogenousesourcesof net-
works of workstations.They aretypically QueueManage-
mentSystemsandwereoriginally intendedo beusedwith
batchsequentiagjobs. With theincreasegopularityof par
allel programmingsystemssuchas PVM and MPI, they
extendedto supportparallelinteractve jobs. Globus [8]
andLegion[6] arelarge-scal@esourcananagersiesigned
to unite machinesfrom multiple administratve domains.
In thesesystemstesourcaequirementsreonly submitted
togethemith thejob, andresourcesreallocatedonly once
andbeforethejobs startsexecuting.

More recentsystemsspecificallytarget adaptve paral-
lel computationgndarecapableof dynamicresourceallo-
cation. Cilk-NOW andPiranha[4] aresystemscombined
of a parallelprogramminganguageaswell asa resource
manager PiranhaextendsLinda to allow adaptve jobs,
however, it requiredmodificationgo theLindasystemand
only supported.inda programghathad beenmodifiedto
useit; bothCondor/CARMI[15] andMPVM [5] required
major modification of PVM systemto supportadaptie
PVM programsand they only work for PVM programs.
DistributedResourcéManagemen®ystem(DRMS[13]) is
tightly integratedwith the SP2systemandMPI implemen-
tation(it modifiesroutingtablesto redirectMPIl messages),
its dynamicservicesarealsolimited to programsthat are
explicitly programmedor DRMS.

Unique from the previously mentionedresourceman-
agers,our systemis thefirst to supportadaptve programs
written for differentparallelprogrammingsystems.



Operation 1 machine(s)| 2 machines(s) 4 machines(s) 8 machines(s)
pvmw/r sh 0.5 1.1 2.3 6.7
pvmw/eat’ host 0.6 1.4 3.2 7.1
pvmw/xan’ anylLinux 2.1 3.6 9.1 17.6
lamw/r sh 1.8 1.8 2.1 2.0
lamw/ xan’ host 2.5 2.8 2.4 2.4
lamean’ anyLinux 4.2 8.8 16.8 33.5

Table 3. Performance of Resour ceBroker to dynamicall y add a resour ce to PVM and LAM programs.

8. Conclusions

Theefficiency of adaptve computationgn utilizing net-
worked machinegelieson the resourcemanages ability
to communicateesourceavailability to computationsand
computations’ability to communicatetheir resourcere-
guirementdo the resourcananager The lack of standard
interfacefor this communicationimits existing resource
managersinableto supportdifferentparallelprogramming
systemsn auniformway.

In this paperwe presentedi setof mechanismgo ef-
fectively build this communicatiorinterface,evenfor pro-

grams not developedto work with resourcemanagers.

Built on mechanismsef interceptingandinterpretinglow-
level actionscommonto mary parallelprogrammingsys-
temsandexternalplug-in modules ResourceBrodr is the
first to supportmultiple systemssuchas PVM, MPI, Ca-
lypsoandPLindawithoutary requiremento modify them,
it alsofacilitatesfuture supportfor asyet undefinedpro-
gramming systems. Furthermore,ResourceBroér exe-
cutesat userlevel, andhencedoesnot compromisghese-
curity of the networkedmachinesvenif it malfunctions.
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