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Abstract

We describeMW — a softwae framevork that allows
usersto quickly and easily parallelize scienti c computa-
tions using the masterworker paradigm on the computa-
tional grid. MW providesbotha “top level” interfaceto ap-
plication softwae and a “bottom level” interfaceto exist-
ing grid computingtoolkits. Bothinterfacesare brie y de-
scribed.We concludewith a casestudy wheethenecessary
Grid servicesare providedby the Condorhigh-throughput
computingsystemandthe MW-enabledapplicationcodeis
usedto solvea combinatorialoptimizationproblemof un-
precedentedompleity.

*This work wassupportedn partby GrantsNo. CDA-9726385and
CDA-9623632from the National Science-oundation.

1 Intr oduction

By its very de nition, the Grid [12] is a powerful and
complex computingervironment. In orderto help harness
its power, alarge numberof differentprogrammingefforts
are underwaythat seekto provide robust middlevare ser
vices [11] [16] [19] [10] [3] [24]. For usershopingto
parallelizea large, single, coordinatedapplicationover the
Grid, the overheadrequiredto learn and assemblehese
Grid-enablingsoftwarecomponentgould (at this stageof
their implementation)be discouraging. Thus, to enablea
larger communityof usersto build applicationsunningin
parallelonthe Grid, higherlevel programmingramevorks
leveragingexisting Grid servicessoftwareareneededNet-
Solve [5] providesan API to accessandscheduleGrid re-
sourcesin a seamlesavay but it is not suitedfor writing



non-embarrassinglyparallel codes. Everyware[25] is a

heroiceffort thatshavsthatanapplicationcandrav compu-
tationalpower transparentlhffrom the Grid, but Everyware
is not abstractedasa programmingtool at this stageof its

implementation CARMI/Wodi [22] wasa usefulprogram-
ming interfacefor developingmastetworkerbasedarallel
applicationsto run on the Grid, but it wasstronglytied to

theCondorPVM [21] softwaretool, limited to applications
with x edwork cycles,and nally abandoned.

Our abstractprogrammingframevork MW is a com-
plete, easyto usetool wherebyuserscandistribute large,
diverse,scienti ¢ computationsn a Grid computingenvi-
ronment. The focusis on parallelapplicationswith weak
synchronizatiorandreasonablyarge grainsizethatcanbe
t into amastesworkerparadigmwithoutsigni cant lossof
efciency. To parallelizesuchalgorithmson Grid comput-
ing platforms,usersmustaddresdssuessuchasfault tol-
erance task scheduling,and interprocessommunication.
By handlingsomeof theseissuesautomaticallyandexpos-
ing others,MW providesan API for rapidly implementing
Grid-enablednastesworkeralgorithms.MW alsoabstracts
an InfrastructureProgramminginterface(IP1) suchthat it
can be portedto usevariousGrid softwaretoolkits with-
out ary changedrom the applicationdeveloper MW has
beenusedin the MetaNEOSproject[20] to implementef -
cientparallelnumericaloptimizationalgorithmswith com-
plex controlstructuresThemarriageof ef cient algorithms
with Grid computationatesource$iasallowedthesolution
of problemsof record-breakingsizes[2] [4] [17]. Other
authorshave alsofocusedon providing supportfor master
workerapplicationsgn a dynamiccomputingervironment;
Piranhg13] andBayanihar{23] arenotableexamples.

Thepapelis organizedasfollows. In Section?, weintro-
duceMW, andwedescribeheinterfacego bothapplication
softwareand Grid infrastructuresoftware. Section3 dis-
cusseadditionalfeaturesof MW thathelpdevelopersbuild
efcient androbustapplications.Section4 presentsa case
studywherethe Grid servicesareprovidedby Condor[19,
andthe applicationcodeis usedto solve a combinatorial
optimizationproblemof unprecedentedompleity. Con-
clusionsaboutthisline of researclarealsogiven.

2 MW

MW is a softwareframavork thatallows a userto easily

parallelizea mastesworker applicationon Grid resources.

MW is a setof C++ abstractlassegproviding interfacego
both applicationprogrammerand Grid-infrastructurepro-
grammer To Grid-enablean applicationwith MW, the ap-
plication programmemust re-implementa small number
of virtual functions. Likewise, to portthe MW framevork
to a new Grid softwaretoolkit, the Grid infrastructurepro-
grammemeedonly re-implement smallnumberof virtual

functions.
2.1 Infrastructure Interface

To distribute a mastesworker computationon the Grid,
we atleastrequiresoftwarethatcanperform

e Communication- Portionsof the computatiorandre-
sultsmustbe passedetweemmasterandworkers,

¢ ResourceManagement- The stateof the available
computationatesource®n the Grid mustbeknown.

Our usageof the term resouce managemenis a bit
broaderthan most. In this contet, resourcemanagement
encompasses

¢ Resourceequestinddetection- Asking for andiden-
tifying availableprocessors,

¢ Infrastructure querying — Determining information
about processorsand the interconnectionsbetween
them,

¢ Fault-detection- Noticing when processorseave the
computation,

¢ Remoteexecution— Startingprocessesn remotema-
chineswhenthey becomeavailable.

There are a numberof tools being built that provide
thesebasicservicesaswell asfeaturesnecessaryo other
Grid applicationgsuchassecurityandremotedataaccess).
The Infrastructue programminginterface (IP1) abstracts
the corecommunicatiorandresourceananagemenequire-
ments for mastesworker applicationsinto the MWRM-
Commclass.To allow MW applicationgo interactwith ex-
isting Grid-servicesoftware,a concretanstanceof theab-
stractMWRMComm classis derived, wherethe function-
ality requiredoy MWRMCommis providedby theservices
in the speci c Grid softwaretoolkit.

2.1.1 Communication

The sole communications functionality required by
MWRMCommis that point-to-point messagesanbe sent
betweenthe masterand the worker processes.As such,
MWRMCommhasthe (pure)virtual functions:

e pack(<type> array, int size)
e unpack(<type> array, int size)
e send(int  to whom, int message _tag)

e recv(int from _.whom, int message tag)



All messagesnust be buffered by the MWRMComm
implementationandthesend() functionshouldbeimple-
mentedasa nonblockingcall. Thesedesigncriteriaaredue
to thefact that processorsnay disappeaduring the course
of the computation. Sincethe Grid is heterogeneoughe
pack() andunpack() functionsmustaccountfor dif-
ferentnative datatypes. In MWRMComm, the recv()
routineshouldbe implementedasa blocking function call,
for reasonslescribedn Section2.1.2.

2.1.2 Resource management

Theapplicationprogrammemay makea resourceequests
by calling thefunction

MWRMComm::settarget _numworkers( int
numworkers ). It is up to the MWRMComm im-
plementationto make appropriateresourcerequestsin
an attempt to garner this number of workers for the
mastetworker application,and alsoto makenew requests
if participatingworkersleave thecomputation.

An important design decision for MW is that both
communicatiorand resourcemanagementunctionality is
included in a common class. MW relies on an up-
call mechanismfrom the resourcemanagemensoftware
to signal changesin the state of the computationalre-
sources. The changesare signalledas messageseceved
by the masterwith speci c tags suchas HOSTADDand
HOSTDELETEThus, an implementationof the (block-
ing) MWRMComm::recv() functiononthemasteiprocess
shouldnot only testfor incoming messagefrom workers,
but alsocheckfor changedo the stateof the existing com-
putationalresourcesindreportthesechangesasmessages.

For example, when a HOSTADDOmessageas receved,
the MWRMComm speci cation requiresthat the function
call MWRMComm::start worker(MWWorkerID  *w)
will (attemptto) startaremoteprocessonthe machinethat
hasbeenadded,and will assigna unique processidenti-
er in the MWWorkerID. Whena HOSTDELETHEnessage
is receved, MWRMCommrequireshatthe uniqueprocess
identi er be packedn the messagéuffer.

A nal importantfunctionin the MWRMComm classis
MWRMComm::getworker _info( MWWorkerID *w
) . This functionusesunderlyingGrid servicesto populate
the MWWorkerID classwith “useful” information about
the remoteprocessar Datamemberof the MWWorkerID
classincludethe architecturepperatingsystemamountof
memory disk spaceandspeedf theremotemachine.

Clearly, this is not the entire speci cation of the
MWRMComm class. Indeed,we considerthe IPI thatwe
have laid out in MW to be a work in progress.The inter-
facewill likely changeandadditionalfunctionalitywill be
addedaswarranted.Duethe layereddesignof MW, appli-
cationprogramswill beshieldedrom theinterfacechanges.

213 Example MWRM Comm Implementations

Thereare currently two implementationsof the MWRM-
Comm class. Both rely on the resourcemanagementa-
cilities providedby the Condorhigh-throughputomputing
system[19]. As such,the MWDriver mustdealwith mary
processofaults,sincethe defaultCondorbehaior is to va-
catea running processvhenthe owner of the machinere-
turns.

In one implementation,communicationis done with
PVM, andin the other communicationis done by using
Condors remotel/O mechanisn{18] to write a seriesof
sharedles. Preliminaryplansare beingmadefor a port
to the Globus softwaretoolkit [11]. Table1 highlightshow
the Grid servicesoftwareprovides (or could provide) the
functionalityrequiredoy MWRMComm.

Theadditionalsoftwardayeractsasa lter , hidingcom-
plexity of Grid servicesoftware but alsopotentiallyhiding
underlyingfunctionalityandknowledgeof how thecommu-
nicationandresourcananagemengervicesareperformed.
A signi cant challengeis how to impart this functionality
and knowledgeto the applicationprogrammerwhile still
presentinga simpleinterface.MW errson the sideof sim-
plicity, with the thoughtthat additional Grid servicefunc-
tionality will be madeavailableto theapplicationprogram-
merasneeded.

An adwantageof the layeredapproachs that somead-
vancesin Grid servicessoftwarecan be leveragedby the
application programmersto increaseapplication perfor
mance.For our CondorbasedMWRMCommimplementa-
tions, two examplesinclude ocking [9], wheregeograph-
ically distributed Condorpools are conceptuallylinked as
one, and glide-in [8], where processorgrom an existing
Globusresourcecanbeaddedo aCondorpool onatempo-
rary basis.TheseadvancedCondorfeaturesareusedby the
applicationpresentedh Section4.

2.2 MW Application Programming Inter-
face

In acompaniorwork [15], we arguethatmary scienti ¢
applicationscanbe parallelizedquite effectively for a Grid
ervironmentby using the mastesworker paradigm. Our
speci ¢ experiencds with algorithmsfor solvingnumerical
optimizationproblemsandmary of thesealgorithmsshare
thefollowing characteristics:

¢ IncrementaDataRequirement,
e WeakSynchronization,
e DynamicGrainSize.

The MW API wasdesignedo provide aninterfacethat
would be easyfor application programmergo use, but
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Table 1. Summary of How Grid Services are
Provided

alsowould allow thesealgorithmiccharacteristic$o be ex-
ploitedto build ef cient masterworkerapplications.

In orderto parallelizeanapplicationwith MW, theappli-
cation programmemustre-implementthree abstractbase
classes- MWDriver, MWTask,andMWWorker.

221 MWDriver

To createthe MWDriver, theusemeedonly implementfour
purevirtual functions:

e get _userinfo(int argc, char *argv[])
— Processeagumentsanddoesbasicsetup.

e setup _initial _tasks(int *n, MWTask
***tasks) — Returnsa set of taskson which the
computatioris to begin.

e pack worker _init _data() — Packs the initial
datato be sentto theworkeruponstartup.Useof this
functionallowstheapplicationto exploit anincremen-
tal datarequirement

e act _on_completed _task(MWTask *task)
— Is called every time a task nishes. Some ac-
tions that the user could take include adding more
tasks or making calculations based on the result
of the task. Tasksare addedby calling the MW-
Driver::addTasks(MWTask **tasks) base
method.

By carefully deciding on actions to take in the
act _on_completed _task() methodtheusercantake
adwantageof weaksyndronizationinherentin the parallel
application.

The MWDriver manages setof MWTasksanda setof
MWWorkersto executethosetasks. The MWDriver base
classhandlesvorkersjoining andleaving the computation,
assignstasksto appropriateworkers,and rematchegun-
ning taskswhenworkersare lost. All this compleity is
hiddenfrom the applicationprogrammerFurther the MW-
Driver offers moreadwancedfunctionality, asexplainedin
Section3.

222 MWTask

The MWTaskis the abstractionof one unit of work. The
classholds both the datadescribingthat task and the re-
sults computedby the worker. By deciding on the size
of the task, the applicationcan usedynamicgrain sizeto

its advantage easingcontentionat the mastermprocessand
increasingparallelef ciency. The derived taskclassmust
implementfunctionsfor sendingandreceving its databe-
tweenthe masterandworker. Thenamesof thesefunctions
are self-explanatory: pack work() , unpack -work() ,



pack _results()
functions will call associatedpack()
functionsin the MWRMCommclass.

, and unpack _results() These
and unpack()

2.2.3 MWWorker

The MWWorkerclassis the coreof the workerexecutable.
Two purevirtual functionsmustbeimplemented:

e unpack _init _data() — Unpacks the initial-
ization information passed in the MWDriver's
pack _worker _init _data()

e execute _task( MWTask *task
task,computegheresults.

)— Given a

After doing somebasicinitialization, the MWWorker
sits in a simpleloop. Given a task, it computesthe re-
sults, reportsthe resultsback, and waits for anothertask.
Theloop nishes whenthe masterasksthe workerto end.
It is an easymatterto bring in other libraries, such as
highly optimizedFORTRAN routinesto the worker. They
canbelinked with the C++ code,andcalledby the exe-
cute _task() function.

3 Additional Functionality

A number of other useful featuresthat are available
throughmethodsn thebaseMWDriver class.

3.1 Checkpointing

Becausdhe MWDriver rescheduletaskswhenthe pro-
cessorsrunning thesetasksfail, applicationsrunning on
top of MW are fault tolerantin the presenceof all pro-
cessoffailures—eceptfor the masterprocessar In order
to makecomputationdully reliable, MWDriver offersfea-
turesto logically checkpointthe stateof the computation
on the masterprocesson a userde ned frequeng. To en-
able checkpointingthe usermustimplementfunctionsfor
writing andreadingthe statecontainedn its applications
mastetandtaskclassesUseof themastercheckpointfacil-
ity is demonstrateth Section4.

3.2 Normalized Performance Measure-
ment

The heterogeneousind dynamic nature of the Grid
makesapplicationperformancaelif cult to assessStandard
performanceneasuresuchaswall clock time andcumula-
tive CPUtime donotseparatapplicationcodeperformance
from computingplatformperformanceBy normalizingthe
CPU time spenton a given task with the performanceof
the correspondingvorker, the MWDriver aggr@atestime

statisticsthat are comparablebetweenruns. The normal-
ization factor canbe basedon vendorinformationsuchas
MIPS or KFLOPS,if thisinformationis availablefrom the
underlying Grid servicesoftware. Alternatively, MW al-
lows the userto registeran applicationspeci ¢ benchmark
taskthatis sentto all workersthatjoin the computational
pool. The speedat which the benchmarkaskis completed
is usedasthe normalizatiorfactor.
If we makethefollowing de nitions:

e (i) —Workeri, (i € Z), performancenormalization
factor,

U () —Wall clocktime thatworkeri is available,

w(j) —Index of workerwho solvedtaskj, (j € J),

t(j) — CPUtime spentin solvingtaskj,

e W —Wall clocktime,

o T—CumulatveworkerCPUtime: ) .. - ¢(j).
We canthende ne thefollowing statistics:

e 7 —Normalizedcumulativetime :
T =) a(w(j)) *t(),
JjET
¢ P —EquivalentPoolPerformance
2iez (i) ¥ U()
2iez UG)
e N —Averagenumberof workers:

T UG)
N==5—

P =

e 7 —Parallelefciency :

_ 2jestl)
ez UG)

Table 3.2 shavs the variationsof performancestatistics
betweenruns of a Grid-enabledapplication(presentedn
Section4). The sameprobleminstancewas solved eight
times, eachtime on a differentsetof processors A user
de ned benchmarkaskwasusedto de ne the normaliza-
tion factor.

As expected,the statisticsexhibit large varianceof W
and T dueto the dynamicand heterogenousatureof the
computingplatform. However, thereis little varianceof
T, which canthereforebe usedto do comparisondetween
runsandassestheapplicationperformanceUseof thenor-
malized performancemeasuremenhas proved invaluable
for tuningparametersf variousGrid-enabledapplications,
like theonepresentedh Section4.



Mean | Std.Dev. | Min Max
4% 915 1019 489 | 1780
T || 22182| 27900 | 8844 | 37671
T 5864 341 5739 | 6054
P 7.27 7.16 3.2 12.4
N 27.5 21.7 16 39
n 0.87 0.07 0.84 | 0.92

Table 2. Mean, Variance and Extreme Value on
8 different runs.

3.3 Task Scheduling

Internally, the MWDriver manages list of workersand
alist of tasks. Taskschedulings accomplishedy assign-
ing the rst taskin thetasklist to the rst idle workerin the
workerlist. In MWDriver, thereis an interfaceto specify
that the tasklist be orderedby a userde ned key, ensur
ing that“important” tasksareperformedrst. The worker
list may be similarly ordered so that“good” machinesare
the rst to receve tasks. By default,the workerlist is or-
deredusingthe machineKFLOPSinformation(if provided
by the Grid softwareimplementingMWRmComm),or by
the benchmarlfactorif the userhasregisteredan applica-
tion speci ¢ benchmarkask.

While thisis arudimentaryschedulingalgorithm, it has
proven sufcient for all applicationsimplementedo date
with MW. Theapplicationshave hadno needto matchspe-
ci ¢ taskswith speci c workers. Also, the applicationsto
datehave not beendata-intensie, so useof advancedser
vicessuchasthe NetworkWeatherService[26] to improve
schedulinchasnhotbeenwarranted.

4 Application to Combinatorial Optimiza-
tion

MW hasbeenusedin the MetaNEO Sproject[20] to im-
plementseveral grid-enabledparallel optimizationsolvers
[7] [14] [17]. Onesolver hasbeenspecializedo solve the
guadraticassignmenproblem(QAP) [6]. Despiteits sim-
ple statement—taninimize the assignmentostof » facil-
ities to n locations—itis extremely dif cult to solve even
modestsizedinstance®f the QAP. Problemswith n > 20
aredif cult; problemswith » > 30 have not evenbeenat-
temptedyet. By embeddinga new relaxationtechnique1]
into a branch-and-bounftamevork, andimplementinghe
resultingsolver within MW, we managedo solve whatis
regardedby expertsin the eld asthe mostdif cult QAP
instance(sizen=27)to provableoptimality [2].

In orderto usethe computationaresourcesith maxi-
mum ef ciency, the parallelizationstrategy of the branch-

and-boundree searchhasbeencarefully designed.Issues
suchasthe properorderingof thetasklist andthe selection
of thegrainsizewerecarefully consideredn orderto mini-
mize communicatioroverheadandcontentionatthe master
processvithoutintroducinglargeparallelsearcranomalies.
By usingtheintuitive MW API, implementingthe parallel
versionof the sequentiabranch-and-boundodewas ex-
tremely simple and fast. The MW-ized QAP application
codewas compiledto usethe Condor/File-BasedMWRM-
Commmplementation.

The computationalpool was composedof machines
from the Condorpool and a Linux clusterat the Univer-
sity of Wisconsin,a ocked Condor pool at the Univer
sity of New Mexico, a ocked Condor pool at the Na-
tional Institutefor NuclearPhysicgBologna,ltaly), andthe
SGI/Origin2000at ArgonneNational Laboratoryacquired
via Globusthroughthe glide-in mechanism Furtherinfor-
mationaboutthe computationapool is summarizedn Ta-
ble 3.

(Peak)
Number Arch-OS Where How GFLOPS
179 INTEL/LINUX Wisc Main Pool 13.88
34 INTEL/LINUX UNM Flocked 1.12
64 INTEL/LINUX INFN Flocked 2.76
150 INTEL/SOLARIS Wisc Main Pool 7.64
35 SUN/SOLARIS Wisc Main Pool 1.44
8 SUN/SOLARIS INFN Flocked 0.38
32 SGI/IRIX Argonne | Glide-in 3.84
| 502 | - | - | - | 31.06 |

Table 3. The Computational Pool.

Figure 1 depictsthe cumulatve evolution of the num-
ber of machinesf eachtypeduringour run. A few events
areof note. At 11:30AM a glide-in requestwas madefor
32 SGI processor®n Argonnes Origin for a periodof 12
hours. (The readercannotethesemachinesappeaiin Fig-
urel aroundthistime). At 6:30PM, the Condorscheduling
daemonwasrecon guredto allow ocking with the INFN
Condorpoolin Bologna,ltaly. Thejob wasstoppedmanu-
ally at11PM,andwe restartedt at BAM from the masters
checkpointle, asexplainedin Section3.1. Whenrestarted,
we did not placea new glide-inrequest.

In all, 87,036tasks eachconsistingpf anumberof nodes
of the branchandboundtree,were sentfrom the masterto
workers. It is impossibleto predictthe numberof nodes
in atask, resultingin a wide variancein task grain sizes.
Thetaskgrainsizesvariedfrom 0.01 CPU secondgo over
1200 CPU secondswith a meanvalue of 190.6seconds.
567,793,86odeswere exploredin solving the problem.
Figure 2 shonvs a moving averageof the numberof nodes
evaluatedper second.Over the courseof the computation,
we usedan averageof 211.3machinesandwith a peakof
285. The parallel ef ciency obtainedduring the run was



n = 0.83. The averageperformanceof the computational
poolwas195timestheperformancef oneof thededicated
Linux nodes.Neglectingparallelsearchranomaliesthe so-

lution of this problemin sequentialwould have required
aroundover 177 daysof computationwith the sequential
algorithmonadedicated.inux node.Themarriageof Grid

resourcesvith theadvancedalgorithmallowedthesolution
of aheretoforeunsohedproblem.

T T
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'+ 02K glide-in' ----
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'+ UNM Flocked Pool
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5 Conclusionsand Futur e Work

MW hasallowedalgorithmdevelopersto bring together
alarge numberof heterogeneougjeographicallydispersed
resourcedo solve extremely large problems. The simple
API of MW provided a convenient programmingmodel
enablingthe userto focuson algorithmicfeatureswithout
worrying on the detailsof settingup computationsandthe
IPI hasallowed a betterportability of the resultingcodeto
differentgrid computingenvironments.

It is the continuedgoal of this work to draw furtherap-
plicationdevelopersby providing asimpleinterface access
to Grid resourcesandusefulfunctionality at no expenseto
the applicationcode. We alsowish to entice Grid infras-
tructuredevelopersto supportMW by providing a simple,
well-de ned interface,and interestingand useful applica-
tions. Thereis still work to bedoneto turnthesegoalsinto
realities.

FurtherinformationaboutMW is availablefrom

http://www.cs.wisc.edu/condor/mw
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