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Abstract

MATLAB [20] is one of the most widely usedmathematicalcomputingenvironmentsin technical

computing.It is an interactive environmentthat provideshigh performancecomputationalroutinesand

an easy-to-use,C-like scripting language.It hasstartedout asan interactive interfaceto EISPACK [31]

andLINPACK [13], andhasremaineda serialprogram.In 1995,Cleve Moler of Mathworksarguedthat

therewasno market at the time for a parallelMATLAB [26]. But timeshave changedandwe areseeing

increasinginterestin developinga parallelMATLAB, from both academicandcommercialsectors.In a

recentsurvey, [10] 27 parallelMATLAB projectshave beenidenti�ed.

In this paperwe will expandupon that survey and discussthe approachesthe projectshave taken

to parallelizeMATLAB. Also we will describeinnovative featuresin someof the parallel MATLAB

projects.Then we will concludewith an idea of a `right' parallel MATLAB.Finally we will give an

exampleof what we think is a `right' parallelMATLAB: MATLAB*P [11]

I . MATLAB

MATLAB [20] is oneof the mostwidely usedtools in scienti�c andtechnicalcomputing.It startedin

the 1970sasan interactive interfaceto EISPACK [31] andLINPACK [13], a setof eigenvalueandlinear

systemsolutionroutines.It hassincegrown to a featurerich productutilizing modernnumericallibraries

suchasATLAS [36] andFFTW [16], andwith toolboxesin a numberof applicationareas,for example,

�nancial mathematics,neuralnetworks, and control theory. It hasa built-in interpretedlanguagethat is

similar to C and HPF, and the �e xible matrix indexing makes it very suitablefor programmingmatrix

problems.Also it provideshooksto the Java programminglanguage,making integrationwith compiled

programseasy.

MATLAB gainedpopularitybecauseof its user-friendliness.It hasseenwidespreadusein classrooms

asa teachingtool. Its stronggraphicalcapabilitiesmakes it a gooddataanalysistool. Also researchers

have beenknown to build very complex systemsusingMATLAB scriptsandtoolboxes.
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I I . WHY THERE SHOULD BE A PARALLEL MATLAB

Becauseof its rootsin serialnumericallibraries,MATLAB hasalwaysbeena serialprogram.In 1995,

Cleve Moler of MathworkswroteanarticleWhythere isn't a parallel MATLAB[26], statingMathworks'

intentionnot to developa parallelMATLAB at that time. His argumentscouldbesummarizedasfollows:

1) Memory model

Distributed memorywas the dominantmodel for parallel computers,and for linear algebraappli-

cations,scatter/gatherof the matrix took too long to make parallelcomputationworthwhile.

2) Granularity

For typical use,MATLAB spendsmostof its time in the parser, interpreterandgraphicsroutines,

whereany parallelismis dif�cult to �nd. Also, to handleembarrassinglyparallelapplications,which

only requiresa collection of resultsat the end,MATLAB would requirefundamentalchangesin

its architecture.

3) Businesssituation

Therewerenot enoughcustomerswith parallelcomputersto supportthe development.

It has beeneight yearssince the article was written, and we have seentremendouschangesin the

computing world. Thesechangeshave invalidated the argumentsthat there should not be a parallel

MATLAB.

1) Memory model

As modernscienti�c and engineeringproblemsgrow in complexity, the computationtime and

memoryrequirementsskyrocket. The increasein processorspeedand the amountof memorythat

can �t in a single machinecould not catchup with the paceof computationrequirements.Very

often current scienti�c problemssimply do not �t into the memory of a single machine,mak-

ing parallel computationa necessity. Combiningwith improvementsin interconnecttechnologies,

parallelcomputationhasbecomea worthwhile endeavor.
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2) Granularity

Over the past eight yearssimple parallel MATLAB projects,someconsistingof only 2 m-�les,

have shown that multiple MATLAB instancesrunning on a parallel computercould be usedto

solve embarrassinglyparallel problems,without any changeto MATLAB itself. Also, increasein

problem sizesand processorspeedhave reducedthe portion of time spent in non-computation

relatedroutines.

3) Businesssituation

The pastfew yearshave seenthe proliferation of Beowulf clusters.Beowulf clustersare parallel

computersmadefrom commodityoff-the-shelf(COTS) hardware.They often consistof worksta-

tions connectedtogetherwith ethernetor othercommon,non-proprietaryinterconnect.Researchers

preferBeowulf clustersover traditionalsupercomputersbecauseBeowulfs are quite easyto setup

andmaintain,andcheapenoughso that a researchercanget his or her 'personalsupercomputer'.

However, often researchersin sciencewanting to usea parallel computerto solve problemsare

not expertsin parallelprogramming.The dominantway of parallelprogramming,MPI [15], is too

low-level and too error prone.MATLAB is well known for its user-friendliness.There is a huge

potentialmarket for a MATLAB that could be usedto programparallelcomputers.

I I I . MATLAB, MAPLE, AND MATHEMATICA

BesidesMATLAB, therearetwo othervery populartechnicalcomputingenvironments.First is Maple

R
�

, developedby Maplesoft,which is well known for its excellentsymboliccalculationcapabilities.Then

there is Mathematica R
�

, developedby Wolfram Research,which featuresa proceduralprogramming

language.

We are interestedin looking at parallelMATLAB mainly because:

1) MATLAB is popular
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Comparedto Maple andMathematica,we feel a parallelMATLAB would reacha wider audience.

MATLAB hasseenextensive use in classroomsat MIT and worldwide. To get a rough idea of

the popularityof the threesoftware packages,we did a searchon CiteSeer[8] for the numberof

citationsandGooglefor the numberof pagehits:

CiteSeer Google
MATLAB 3117 1720000
Maple 1733 Commonword
Mathematica 1773 1530000

TABLE I: CiteSeer and Google search for 3 popular math
packages,measuredon November15, 2003

2) MATLAB is userfriendly

Fromour experienceof usingthethreepackages,we feel thatMATLAB hasthebestuserinterface.

Its C/HPF like scripting languageis the most intuitive among the three for numerical parallel

computingapplications.

IV. PARALLEL MATLAB SURVEY

The popularity of MATLAB and the fact that it could only utilize one processorsparked a lot of

interestin creatinga parallelMATLAB. We have donea survey [10] and found throughextensive web

searching27 parallelMATLAB projects.Theseprojectsvary in their scope:someareone-manprojects

that provide basicembarrassinglyparallel capabilitiesto MATLAB; someare university or government

lab researchprojects;while somearecommercialprojectsthat enablesthe userof MATLAB in product

development.Also their approachesto makingMATLAB parallelaredifferent:somecompileMATLAB

scripts into parallel native code;someprovide a parallel backend to MATLAB, using MATLAB as a

graphicalfrontend;andsomeotherscoordinatemultiple MATLAB processesto work in parallel.These

projectsalso vary widely in their status:someare now defunct and exist only in Google web cache,

while someareenteringtheir secondor third revision.
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A. EmbarrassinglyParallel

MATLAB #0

MATLAB #1

MATLAB #2

MATLAB #3

Software that make useof this approach:Multi [24], Paralize[1], PLab[23], Parmatlab[3]

This approachmakes useof multiple MATLAB processesrunning on different machinesor a single

machinewith multipleprocessors.HowevernocoordinationbetweentheMATLAB processesis provided..

Instead,a parentprocesspassesoff datato thechild processes.Thenall processeswork on its local data,

andreturn the result to the parentprocess.

Under this model, the type of functions that can be parallelizedis limited. For example,a for-loop

with any datadependency acrossiterationwould be impossibleto parallelizeunderthis model.However,

this model hasthe advantageof simplicity. In the software we found that utilize this approach,usually

no changein existing code is neededto parallelize the code, if the code is parallelizableusing this

simpleapproach.Fromour experience,this approachis suf�cient for a lot of realworld applications.For

example,Seti@Homebelongsto this category.
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B. Message Passing

MATLAB #1

MATLAB #3

MATLAB #0

MATLAB #2

Softwarethatmakeuseof thisapproach:MultiMATLAB [34], CMTM [37], DPToolbox[28], MPITB/PVMTB

[5], MATmarks[2], PMI [25], PTToolbox[18], MatlabMPI [22], pMatlab [21]

This approachprovidesmessagepassingroutinesbetweenMATLAB processes.This enablesusersto

write their own parallel programsin MATLAB in a fashionsimilar to writing parallel programswith a

compiledlanguageusingMPI. In fact, for someof the projects[34] [37] [5] [22], the routinesprovided

are wrappersfor MPI routines.This approachhas the advantageof �e xibility: usersare theoretically

ableto build any parallelsystemin MATLAB that they canbuild in compiledlanguageswith MPI. This

approachis a supersetof the embarrassinglyparallelapproach.

C. BackendSupport

MATLAB #0
Commands

Data

PARALLEL

SERVER

Software that make use of this approach:NetSolve [4], DLab [27], Matpar [32], PLAPACK [35],

PARAMAT [33], MATLAB*P [11]

This approachusesMATLAB asa front end for a parallel computationengine.Computationis done

on theengine,usuallymakinguseof high performancenumericalcomputationlibrarieslike ScaLAPACK
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[7]. For someapproachese.g. [4] [27], the dataresidesin MATLAB and are passedto the engineand

back.And for someapproachese.g.[11], the dataresideon the server andarepassedbackto MATLAB

only uponrequest.The latter approachhasthe advantagethat thereis lessdatatraf�c. This is important

for performancewhendatasetsare large.

The advantageof this approachis that it only requiresone MATLAB session(thereforeonly one

license),and it usuallydoesnot requirethe enduserto have knowledgeof parallelprogramming.

D. MATLAB Compilers

MATLAB #0

Parallel Excutable

PARALLEL 

SERVER
Compile

Software that make use of this approach:Otter [30], RTExpress[19], ParAL [29], FALCON [12],

CONLAB [14], MATCH [6], Menhir [9]

ThesesoftwarescompileMATLAB scriptsinto an executable,sometimestranslatingthe scriptsinto a

compiledlanguageasan intermediatestep.Somesoftwarese.g. [30] [14] links the compiledcodewith

parallelnumericallibraries,while somesoftwarese.g. [12] generatescodethat is alreadyparallel.

This approachhas the advantagethat the compiled code runs without the overheadincurred by

MATLAB. Also the compiledcodecan be linked with codewritten in C or FORTRAN, so MATLAB

can be usedto develop part of a systeminsteadof the whole system.In this approach,MATLAB is

usedas a developmentplatform insteadof a computingenvironment.This allows the producedparallel

programto run on platformswhich doesnot supportMATLAB (e.g.SGI).

E. TheParallel MATLABs
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MultiMATLAB [34] Cornell University
CMTM [37] Cornell University
DP-Toolbox [28] University of Rostock,Germany
MPITB/PVMTB [5] University of Granada,Spain
MATmarks[2] UIUC
PMI [25] LucentTechnologies
PT Toolbox [18] Wake ForestUniversity
MatlabMPI [22] MIT Lincoln Lab
pMatlab[21] MIT Lincoln Lab

TABLE II: MessagePassing

Matlab ParallelizationToolkit [17] LinkopingsUniversitet,Sweden
MULTI Toolbox [24] PurdueUniversity
Paralize[1] ChalmersUniversity of Technology, Sweden
PLab [23] TechnicalUniversity of Denmark
Parmatlab[3] NortheasternUniversity

TABLE III: EmbarrassinglyParallel

Netsolve [4] University of Tennessee,Knoxville
DLab [27] UIUC
Matpar [32] JetPropulsionLab
PLAPACK [35] University of Texasat Austin
Paramat[33] Alpha DataParallel Systems
MATLAB*P [11] MIT

TABLE IV: BackendSupport

Otter [30] Oregon StateUniversity
RTExpress[19] IntegratedSensorsInc.
ParAL [29] University of Sydney, Australia
FALCON [12] UIUC
CONLAB [14] University of Umea,Sweden
MATCH [6] Accelchip Inc.
Menhir [9] IRISA, France

TABLE V: MATLAB Compiler
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V. PARALLEL MATLAB FEATURES

In evaluatingthe27 parallelMATLAB projects,we foundthatsomecontainfeaturesthatareinnovative

in the parallelMATLAB world:

A. File SystemBasedCommunication

The earlierparallel MATLABs like MultiMATLAB [34] usedTCP/IPbasedcommunication.TCP/IP

implementationsandroutinecalls areoften systemdependent.Thus,a TCP/IPbasedparallelMATLAB

would not work crossplatform.

Realizing that problem,someparallel MATLAB projectsbegan to utilize a �le systembasedcom-

municationsystem.Machinesin a Beowulf cluster often sharea common�le system,e.g. NFS, and

it can be exploited for communication.One of the earliestparallel MATLAB projectsto make useof

this is Paralize [1](1998). Sendsand receives are handlesthrough writing to and reading from �les,

and synchronizationis done through checkingfor the existenceof certain lock �les. MatlabMPI [22]

implementsbasicMPI functions in MATLAB using cross-mounteddirectories.Bandwidthcomparable

to C-basedMPI is reported,althoughthe latency is inferior.

B. Pure m-�le Implementation

Simple parallel MATLAB approacheslike the embarrassinglyparallel approachor MPI could be

implementedwith pureMATLAB m-�les. Oneof the earliestparallelMATLAB to be implementedthis

way is Paralize [1] (1998), a parallel MATLAB using the embarrassinglyapproachand implementing

dynamic load balancingin only 120 lines of MATLAB code. Pure m-�le implementationhas the

advantageof beingportableto any platformon which MATLAB runs.Also, it makesinstallationsimple

anduser-friendly - no compilationis needed.
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C. Parallelism throughPolymorphism

Parallel MATLABs often introducenew commandsinto MATLAB. For example,a pfor function for

parallel for-loops,or a setof MPI-like functionsfor messagepassingoperations.The problemwith this

approachis that it doesnot reducethe complexity of writing a parallel program.MPI is not the level

generaluserswant to or shouldwant to programat.

Since the numberof functions in MATLAB is �nite, it is suf�cient to parallelizethe functions in

MATLAB throughoverloading,and make the userscall the parallel versioninstead.This is introduced

in MATLAB*P [11] seamlesslyin the conceptof Parallelism throughPolymorphism. MATLAB*P is a

parallelMATLAB usingthebackendsupportapproach,attachinga parallelbackendserver to MATLAB.

This will be explainedfurther in a later section.

D. LazyEvaluation

BackendsupportparallelMATLABs utilize a server to perform the computation.While the server is

busy computing,the frontendMATLAB often idles, wastingpreciouscycles.To remedythis problem,

DLab [27] introducesa conceptcalled lazy evaluation. When a commandis sent to the server, the

MATLAB programdoesnot block and wait for the result. Instead,the MATLAB programonly blocks

when it tries to make a server call again.This way, additionalcomputationscould be donein the time

betweenthe server call and the next, which is wastefulin otherbackendsupportparallelMATLABs.

VI. WHAT DOES THE USER WANT IN A PARALLEL MATLAB?

A. TheMATLAB experience

We could re�ect on the experienceof MATLAB to understandwhat a userwould want in a parallel

MATLAB.

MATLAB startedout asan interactive interfaceto EISPACK andLINPACK, a set of eigenvalueand

linear systemsolution routines.EISPACK and LINPACK were written in FORTRAN, so normally a
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user would have to write programin FORTRAN to use the routines.That way the user will have to

take careof the memoryallocation,indexing, and studyingthe (quirky) EISPACK/LINPACK syntaxes.

Furthermore,thereis no way to visualizethe resultwithout writing your own code.

But MATLAB took careof all of this. User calls creatematricesand operateon them using simple,

intuitive calls. Visualization could also be done in the sameframework. Furthermore,the scripting

languagein MATLAB containsfeaturesfrom C and HPF, making it easierto use than FORTRAN

andmoresuitablefor matrix computationthanC.

All this conveniencecameat a costof performance.Thegraphicaluserinterface,parserandinterpreter

takesaway processorcycleswhich could be usedfor computation.Also the interpretedscriptscould not

match the performanceof compiledC or FORTRAN code.Yet still, MATLAB is a hugesuccess.We

canseethat what the usersreally want is ease-of-use,not peakperformance.Usersprefera systemthat

is easyto useand hasgood performance,over a systemwith peakperformancebut is hard to useand

clumsy. The gain in performancein the latter systemis easily offset by the additional time neededto

programit.

B. Modesof Parallel Computation

Over the years we have seenmany parallel programsfrom various application areas:e.g. signal

processing,graphics,arti�cial intelligence,computationalmathematics,andclimatemodeling.From the

codewe have seen,we divide parallelcomputationin generalinto four categories:

1) A lot of small problemsthat requireno communication

Also known asembarrassinglyparallelproblems.The problemsize is small enoughso that it will

�t into the memoryof onemachine,but therearea lot of themso parallelcomputationis needed.

No communicationis requiredbetweenthe parallel threadsof computation,except for an initial

scatter- to distribute the computationanda �nal gather- to collect the results.An exampleof this
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type of computationwould be animationrendering.This is the largestclassof problems.

2) A lot of small problemsthat requiresomecommunication

Just like the �rst case,the problemsize is small enoughto �t into the memoryof one machine.

However, in this category it is necessaryto communicatebetweenthe parallel threadsduring the

computation.

3) Large problems

This classof problemshasa problemsizethat would not �t into the memoryof a singlemachine.

Example:the high performanceLinpack (HPL) benchmark

4) A mixture of the three

In this classof problems,the datais sometimesprocessedindividually in embarrassinglyparallel

mode,while sometimesit is treatedasa global datastructure.We have seenan exampleof this in

climatemodeling.

A goodparallelMATLAB shouldaddressat leastoneof theseareaswell.

C. The 'Right' Parallel MATLAB

Whenbuilding the 'Right' parallelMATLAB targeting the widestpossibleaudience(and thuswould

be most commerciallyviable), we shouldtake the above argumentsinto account.First, the interfacein

the parallel MATLAB shouldbe easyto use,doesnot differ much from ordinary MATLAB, and does

not requirelearningon the users'part.Secondly, it shouldallow the four modesof parallelcomputation

describedabove.

VII . MATLAB* P

WepresentMATLAB*P [11] asanexampleof whatcouldbea 'Right' parallelMATLAB. MATLAB*P

is a parallel MATLAB using the backend supportapproach,aimedat widespreadcirculation amonga

generalaudience.In order to achieve this, we took ideasfrom the approachesusedby other software
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found in the survey. For example, the embarrassinglyparallel approachallow simplistic, yet useful,

division of work into multiple MATLAB sessions.The message passingapproach,which is a superset

of the embarrassinglyparallelapproach,allows �ner control betweenthe MATLAB sessions.

The main idea in MATLAB*P is that dataexist on the parallel server as distributed matrices.Any

operationson a distributed matrix (which exists in the MATLAB frontend only as a handle)will be

relayedto the server transparently. The server calls the appropriateroutine from a parallel numerical

library (e.g.ScaLAPACK, FFTW, ...) and the resultsstayon the server until explicitly requested.

The ' transparency' comesfrom the useof polymorphismin MATLAB. This will be explainedin the

next section.

VII I . FEATURES OF MATLAB* P

A. Parallelism throughPolymophism- *p

The key to the parallelismlies in the *p variable.It is an object of dlayout classin MATLAB. By

overloadingMATLAB functionsfor the classdlayout, we were able to createa parallel MATLAB that

hasexactly the sameinterfaceasMATLAB.

Throughthe useof the *p variable,matricesthat are distributed on the server could be created.For

example,

X = randn(8192*p,8192);

The above createsa row distributed,8192 x 8192 normally distributed randommatrix on the server.

X is a handleto the distributedmatrix, identi�ed by MATLAB asa ddenseclassobject.By overloading

randnandmany otherbuilt-in functionsin MATLAB, we areableto tie in theparallelsupporttransparent
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to the user. This is calledparallelismthroughpolymorphism. Note that the syntaxis exactly the sameas

ordinaryMATLAB except for the additional*p variable.

e = eig(X);

The commandcomputesthe eigenvaluesof X by calling the appropriateScaLAPACK routines,and

storethe result in a matrix e, which resideson the server. The result is not returnedto the client unless

explicitly requested,to reducedatatraf�c. Again the syntaxis the sameasordinaryMATLAB.

E = pp2matlab(e);

This commandreturnsthe result to MATLAB. This is oneof the few commandsin MATLAB*P not

found in ordinaryMATLAB (matlab2ppis anotherof them).

The useof the *p variablealongwith overloadedMATLAB routinesenableexisting MATLAB scripts

to be reused.For example,

function H = hilb(n)

J = 1:n;

J = J(ones(n,1),:);

I = J';

E = ones(n,n);

H = E./(I+J-1);
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The above is the built-in MATLAB routineto constructa Hilbert matrix (obtainedthroughtypehilb).

Becausethe operatorsin the routine (colon, ones,subsasgn,transpose,rdivide, +, -) are overloadedto

work with *p, typing

H = hilb(16384*p)

would createa 16384 by 16384 Hilbert matrix on the server. By exploiting MATLAB' s object-

orientedfeaturesin this way, many existing scripts would run in parallel under MATLAB*P without

any modi�cation.

B. 'MultiMATLAB/MultiOctavemode'

Oneof thegoalsof theprojectis to make thesoftwareto beusefulto aswide anaudienceaspossible.

In orderto achieve this,we foundthat it would befruitful to combineotherparallelMATLAB approaches

into MATLAB*P, to provide a uni�ed parallelMATLAB framework.

In conjunctionwith ParryHusbands,wedevelopedaprototypeimplementationof aMultiMATLAB[34]-

like, distributedMATLAB packagein MATLAB*P, which we call the PPEngine.With this packageand

associatedm-�les, we can run multiple MATLAB processeson the backend and evaluateMATLAB

functionsin parallelon densematrices.

The systemworks by starting up MATLAB engine instanceson each node through calls to the

MATLAB engineinterface.From that point on, MATLAB commandscan be relayedto the MATLAB

engine.

Examplesof the usageof the PPEnginesystem:

>> % Example 1

>> a = 1:100*p;
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>> b = mm('chi2rnd',a);

The �rst examplecreatesa distributed matrix of length 100, then �ll it with randomvaluesfrom the

chi-squaredistribution throughcalls to the function chi2rnd from MATLAB statisticstoolbox.

>> % Example 2

>> a = rand(100,100*p);

>> b = rand(100,100*p);

>> c = mm('plus',a,b);

This examplecreatestwo columndistributedmatricesof size100x100,addsthem,andputsthe result

in anothermatrix. This is the slow way of doing the equivalentof:

>> a = rand(100,100*p);

>> b = rand(100,100*p);

>> c = a+b;

The 'MultiOctave' mode works exactly the sameas 'MultiMA TLAB' mode, only using Octave, a

freely availableMATLAB-lik e scienti�c computingsoftware,for the computation.

>> % Example 3

>> a = randn(4,4*p);

>> b = mm('sin',a)

>> c = mo('sin',a)

>> norm(b-c)
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ans =

6.7820e-07

Theabove interestingexampleshows thatOctave andMATLAB usesa differentalgorithmfor thesine

function. Octave serves the purposeof an embarrassinglyparallel backendvery well, becausealthough

its graphicalcapabilitiesis not as good as MATLAB, it' s numericalpartsis up to par with MATLAB.

As a backendengine,we aremostly concernedwith numericalperformance.

>> % Example 4

>> a = (0:(np-1)*p)/np;

>> b = a + (1/np);

>> [mypi, fcnt] = mm('quadl','4./(1+x.ˆ2)',a,b);

>> disp('Pi calculated from quadl in mm mode')

>> pi_from_quadl=sum(mypi)

>> disp('Number of function evaluation on each processor')

>> fcnt(:)

Pi calculated from quadl in mm mode

pi_from_quadl =

3.1416
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Number of function evaluation on each processor

ans =

18

18

18

18

The above exampleillustrateshow np, the variablethat returnsthe numberof processesrunning on

the backendserver, canbe usedin a script to write adaptive code.Whenthe above exampleis run on 4

processes,a is 0:0.25:0.75,andb is 0.25:0.25:1.In the 'MultiMA TLAB' call eachslave MATLAB will

computethe adaptive Lobattoquadratureof

�

�������

in the intervals (0,0.25), (0.25,0.50),(0.50,0.75),(0.75,1.0)respectively. The result from eachslave

MATLAB is summedto form pi.

C. VisualizationPackage

This visualizationpackagewas written by Bruning, Holloway and Sulejmanpasic,undersupervision

of Ron Choy, asa term project for the class6.338/18.337- Applied Parallel Computingat MIT. It has

sincethenbeenmerged into the main MATLAB*P source.

This packageaddsspy, surf, andmeshroutinesto MATLAB*P. This enablevisualizationof very large

matrices.The renderingis donein parallel,using the MesaOpenGLlibrary.

Figure1, 2, 3 shows the routinesin action.
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Fig. 1. ppspy on a distributed1024x1024matrix on eight nodes

Fig. 2. ppsurfon the distributed1024x1024'peaks' matrix

All threeroutinesallow zoominginto a portionof thematrix. Also, ppsurfandppmeshallow changing

of the cameraangle,just assupportedin MATLAB.
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Fig. 3. ppmeshon the distributed1024x1024'peaks' matrix
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Fig. 4. Structureof MATLAB*P 2.0

D. Structure of MATLAB*P 2.0 system

MATLAB*P 2.0 is written in C++ usingextensive useof templates.It interfaceswith MATLAB using

the MEX (MATLAB Extension)interface.

The server itself is divided in four self-containedparts:

1) Client ConnectionManager

Client ConnectionManageris responsiblefor communicationswith theclient. It providesfunctions
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for readingcommandsandargumentsfrom the client andsendingthe resultsback to the client. It

is only usedin the headserver process.

2) Server ConnectionManager

Server ConnectionManagertakes care of communicationsbetweenserver processes.It mainly

controlsbroadcastingof commandsand argumentsfrom headprocessto the slave processes,and

collectionof resultsanderror codes.Also it providesrank andsize informationto the processes.

3) PackageManager

PackageManageris responsiblefor maintaininga list of availablepackagesandfunctionsprovided

by them.Wheninitiated by the server process,PackageManagerwill alsoperformthe actualcall

to the functions.

4) Matrix Manager

Matrix Managercontainsall the functionsneededto create,deleteandchangethe matriceson the

server processes.It maintainsa mappingfrom client-sidematrix identi�ers to actualmatriceson

the server. It is also responsiblefor performinggarbagecollection.

This organizationoffers great advantages.First of all, debugging is madeeasierbecausebugs are

localizedand thus are much easierto track down. Also, this compartmentizedapproachallows easier

extensionof the server. For example,the basicServer ConnectionManagermakesuseof MPI (Message

PassingInterface)as the meansof communicationbetweenserver processes.However, onecould write

a Server ConnectionManagerthat usesPVM (Parallel Virtual Machine) instead.As long as the new

version implementsall the public functions in the class,no changeis neededin any other part of the

code.

Similar extensionscan be madeto Client ConnectionManageras well. The basicClient Connection

ManagerusesTCP socket. An interestingreplacementwould be to make a Client ConnectionManager

that act asan interfaceto a languagelike C++ or Java.
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IX. BENCHMARKS

We comparethe performanceof MATLAB*P, MATLAB, and ScaLAPACK on a Beowulf cluster

runningLinux.

A. TestPlatform

	 Beowulf clusterwith 9 nodes(2 nodesareusedin the tests).

	 Dual-processornodes,eachwith two 1.533GHzAthlon MP processors.

	 1GB DDR RAM on eachnode.No swappingoccurredduring benchmarks.

	 Fastethernet(100Mbps/sec)interconnect.Intel Etherfast410T switch.

	 Linux 2.4.18-4smp

	 MATLAB 6.1.0R12.1

B. Timing Results

Seegraphsof matrix multiplication timing resultsand linear systemsolve timing results.
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Fig. 6. Linear systemsolve timing results

C. Analysisof Performance

1) MATLAB*P and MATLAB: From the results,MATLAB*P on 4 processorsbegins to outperform

MATLAB on single processorwhen the problemsize is 2048and upward. This shows that for smaller

problems,one should use plain MATLAB insteadof MATLAB*P. When the problem size is large,

MATLAB*P offers two advantages:

	 Betterperformance

	 Distributedmemory, enablinglarger problemsto �t in memory.

And all thesecomeat closeto zeroeffort on the user's part.

2) MATLAB*P andScaLAPACK: Comparingthe timing resultsof MATLAB*P andScaLAPACK, we

seethatScaLAPACK is alwaysfasterthanMATLAB*P, althoughthegapnarrows at largerproblemsize.

This shouldbe obvious from the fact that MATLAB*P usesScaLAPACK for matrix multiplication and

linear systemsolution,andMATLAB*P incursoverhead.

Thedifferencein the timing resultscomefrom both overheadincurredby MATLAB*P andthe design

of the benchmarkitself:

	 Timing for MATLAB*P is doneinsideMATLAB, usingtic/toc on theMATLAB call. TheMATLAB
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call includesmemoryallocationandmatrix copying on the server side.Timing for ScaLAPACK is

donein C++ usingclock(), andonly the actualcomputationroutine is timed.

	 Thereis a messagingoverheadfrom the MATLAB client to the server. As the MATLAB call yields

multiple calls to the server, this messagingoverheadis multiplied.

	 In linear systemsolution, ScaLAPACK overwrites the input matrix. In MATLAB*P, in order to

mimic standardMATLAB behaviour, the input matrix is copiedinto anothermatrix which is used

in the ScaLAPACK call. This incurredadditionaloverhead.

X. CONCLUSION

MATLAB*P shows how a parallelMATLAB systemcanaddressdifferentneedsof parallelcomputing.

Backend calls to ScaLAPACK handleslarge problemsin parallel. The 'MultiMA TLAB/MultiOctave'

mode takes care of problemsthat are embarrassinglyparallel in nature,and collect the result in a

distributedmatrix so that global operationscanbe performedon the result.

The systemhasbeenusedto solve denselinear systemof size 100000x100000and 2D FFT of size

64000x64000with success.It hasbeenusedfor biomedicalimagingandclimatemodelingapplications,

aswell asa teachingtool in MIT.

REFERENCES

[1] ThomasAbrahamsson.Paralize:. ftp://ftp.mathworks.com/pub/contrib/v5/tools/paralize/, 1998.

[2] George Almasi, Calin Cascaval, andDvaid A. Padua.Matmarks:A sharedmemoryenvironmentfor matlabprogramming.

1999.

[3] Lucio Andrade.Parmatlab. ftp://ftp.mathworks.com/pub/contrib/v5/tools/parmatlab/, 2001.

[4] D. Arnold, S. Agrawal, S. Blackford,J. Dongarra,M. Miller, K. Sagi,Z. Shi, andS. Vadhiyar. Users' Guideto NetSolve

V1.4. ComputerScienceDept. TechnicalReportCS-01-467,University of Tennessee,Knoxville, TN, July 2001.

[5] Javier FernndezBaldomero.Mpi/pvm toolbox for matlab. http://atc.ugr.es/javier-bin/mpitb, 2000.

[6] P. Banerjee. A matlab compiler for distributed, hetergeneous,recon�gurablecomputingsystems. IEEE Symposiumon

FPGAsfor CustomComputingMachines,2000., 2000.

November15, 2003 DRAFT



26

[7] L. S.Blackford,J.Choi,A. Cleary, E. D'Azevedo,J.Demmel,I. Dhillon, J.Dongarra,S.Hammarling,G. Henry, A. Petitet,

K. Stanley, D. Walker, and R. C. Whaley. ScaLAPACK Users' Guide. Society for Industrial and Applied Mathematics,

Philadelphia,PA, 1997.

[8] Kurt Bollacker, Steve Lawrence,and C. Lee Giles. A systemfor automaticpersonalizedtracking of scienti�c literature

on the web. In Digital Libraries 99 - TheFourth ACM Conferenceon Digital Libraries, pages105–113,New York, 1999.

ACM Press.

[9] StephaneChauveauandFrancoisBodin. Menhir: An environmentfor high performancematlab. In Languages,Compilers,

and Run-Time Systemsfor ScalableComputers, pages27–40,1998.

[10] R. Choy. Parallel matlabsurvey. http://theory.lcs.mit.edu/
 cly/survey.html, 2001.

[11] R. Choy. Matlab*p 2.0: Interactive supercomputingmadepractical.Sc.M. Thesis,MassachusettsInstituteof Technology,

2002.

[12] L. DeRose,K. Gallivan, E. Gallopoulos,B. Marsolf, and D. Padua. Falcon: A matlab interactive restructingcompiler.

Technicalreport,1995.

[13] J.J.Dongarra,J.R.Bunch,C.B.Moler, andG.W.Stewart. LINPACK User's Guide. SIAM, Philadelphia,1979.

[14] PeterDrakenberg, PeterJacobson,andBo K	agstr̈om. A CONLAB compiler for a distributedmemorymulticomputer. The

SixthSIAM Conferenceon Parallel Processingfor Scienti�c Computation,Volume2, pages814–821,1993.

[15] MessagePassingInterfaceForum. MPI: A message-passinginterfacestandard.TechnicalReportUT-CS-94-230,1994.

[16] M. Frigo andS. Johnson.Fftw: An adaptive software architecturefor the fft. Proc. Intl. Conf. of Acoustics,Speech and

SignalProcessing, 1998,v. 3, p. 1381, 1998.

[17] Einar Heiberg. Matlab parallelizationtoolkit

. http://hem.passagen.se/einarheiberg/history.html, 2001.

[18] J. Hollingsworth, K. Liu, andP. Pauca.Parallel toolbox for matlabpt v. 1.00: Manualandreferencepages.1996.

[19] IntegratedSensorsInc. Rtexpress.http://www.rtexpress.com/.

[20] Mathworks Inc. MATLAB 6 User's Guide. 2001.

[21] J. KepnerandN. Travinin. Parallel matlab:The next generation.7th High PerformanceEmbeddedComputingWorkshop

(HPEC 2003), 2003.

[22] JeremyKepner. Parallel programmingwith matlabmpi. Acceptedby High PerformanceEmbeddedComputing(HPEC

2001)Workshop, 2001.

[23] Ulrik Kjems. Plab: referencepage.http://bond.imm.dtu.dk/plab/, 2000.

[24] Tom Krauss.Multi - a multiple matlabprocesssimulationengine.2000.

November15, 2003 DRAFT



27

[25] Daniel D. Lee. Pmi toolbox. ftp://ftp.mathworks.com/pub/contrib/v5/tools/PMI, 1999.

[26] C. Moler. Why thereisn't a parallelmatlab. Cleve's corner, MathworksNewsletter, 1995.

[27] B.R. Norris. An environmentfor interactive parallelnumericalcomputing.TechnicalReport2123,Urbana,Illinois, 1999.

[28] Sven Pawletta, AndreasWestphal,ThorstenPawletta, Wolfgang Drewelow, and PeterDuenow. Distributed and parallel

applicationtoolbox (dp toolbox) for usewith matlab(r)version1.4. 1999.

[29] M. Philippsen.Automatic alignmentof array dataand processesto reducecommunicationtime on dmpps. Proceedings

of the Fifth ACM SIGPLANSymposiumon Principlesand Practiceof Parallel Programming, 1995.

[30] M. Quinn,A. Malishevsky, andN. Seelam.Otter:Bridging thegapbetweenmatlabandscalapack.7th IEEE International

Symposiumon High PerformanceDistributedComputing, 1998.

[31] B.T. Smith, J.M. Boyle, J.J.Dongarra,B.S. Garbow, Y. Ilebe, V.C. Kelma,andC.B. Moler. Matrix EigensystemRoutines

- EISPACK Guide. Springer-Verlag,2nd edition, 1976.

[32] Paul L. Springer. Matpar:Parallel extensionsfor matlab. Proceedingsof PDPTA, 1998.

[33] Alpha DataParallel Systems.Paramat.1999.

[34] A.E. Trefethen,V.S.Menon,C.C.Chang,G.J.Czajkowski, C. Myers,andL.N. Trefethen.Multimatlab:Matlabon multiple

processors.Technicalreport,1996.

[35] RobertA. van de Geijn. Using PLAPACK: Parallel Linear Algebra Package. MIT Press,Cambridge,MA, USA, 1997.

[36] R. Clint Whaley and JackJ. Dongarra. Automatically tuned linear algebrasoftware. TechnicalReport UT-CS-97-366,

1997.

[37] J. Zollweg. Cornell multitask toolbox for matlab

. http://www.tc.cornell.edu/Services/Software/CMTM/, 2001.

November15, 2003 DRAFT


