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Abstract

This paperdescribesPARDIS,a systemcontainingex-
plicit supportfor interoperability of PARallel DIStributed
applications.PARDISis basedon theCommonObjectRe-
questBroker Architecture (CORBA) [15]. Like CORBA,
it providesinteroperability betweenheterogeneouscompo-
nentsby specifyingtheir interfacesin a meta-language, the
CORBA IDL, which can be translatedinto the language
of interacting components.However, PARDISextendsthe
CORBA objectmodelby introducingSPMDobjectsrepre-
sentingdata-parallel computations.

SPMD objectsallow the requestbroker to interact di-
rectly with the distributedresourcesof a parallel applica-
tion. Thiscapabilityensuresrequestdeliveryto all thecom-
puting threadsof a parallel applicationandallows the re-
questbroker to transferdistributedargumentsdirectly be-
tweenthe computingthreadsof the client and the server.
To supportthis kind of argumenttransfer, PARDISdefines
a distributed argumenttype — distributed sequence— a
generalizationof CORBAsequencerepresentingdistributed
datastructuresof parallel applications.

In this paper we will give a brief descriptionof basic
componentinteraction in PARDISand give an accountof
therationaleandsupportfor SPMDobjectsanddistributed
sequences.We will thendescribetwo waysof implement-
ing argumenttransferin invocationson SPMDobjectsand
evaluateandcomparetheir performance.
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1. Intr oduction

Advancesin researchon network protocolsand band-
widths,andinnovationsin supercomputerdesignhavemade
practicalthedevelopmentof high-performanceapplications
whoseprocessingis distributedover several supercomput-
ers. Theseapplicationsmake useof the combinedcom-
putationalpower of several resourcesto increasetheir per-
formance,and exploit the heterogeneityof diversearchi-
tecturesand softwaresystemsby assigningselectedtasks
to platformswhich canbestsupportthem. Experiencesof
the I-WAY [5] networking experimentdemonstratedthat
this way of approachinghigh-performancecomputinghas
enormouspotential for solving importantscientific prob-
lems[?].

At the sametime anotherdevelopmentin distributed
object-orientedtechnology, the CommonObject Request
Broker Architecture(CORBA) [15] hasmadeit possible
to seamlesslyintegrate heterogeneousdistributed objects
within onesystem. CORBA providesinteroperabilitybe-
tweendifferentcomponentsby specifyingtheir interfaces
in a meta-language,the CORBA InterfaceDefinition Lan-
guage(IDL), which is translatedinto thelanguageof inter-
actingcomponentsby a compiler. Codegeneratedin this
way may containcalls to a part of the framework called
theObjectRequestBroker (ORB), which allows the inter-
acting objectsto locateeachother, and containsnetwork
communicationlibraries providing network transportin a
distributeddomain.

High performanceapplicationscomposedof many dis-
tributed,heterogeneouscomponentshave previously been
developedin an ad hoc fashiontrying to explicitly com-
bine differentcommunicationlibrariesand languagesand
developingspecial-casetools. Systemsconstructedin this
way usuallyrequireextensive modificationsto theoriginal
applicationcodeandresult in softwarewhich is complex,
and difficult to debug and maintain. Implementingthese
systemsrequiressubstantialeffort on the part of the pro-



grammerandmakestuningandoptimizingthecodedifficult
andtime-consuming.Our researchis basedon thestipula-
tion thatapplyingtheCORBA approachto distributedpar-
allel computationswill enablethe programmerto develop
high-performanceheterogeneousscenariosquickly andef-
ficiently.

In this paper, we describeour initial experimentswith
PARDIS, a distributedsystemwhich employs thekey idea
of CORBA — interoperabilitythroughmeta-languageinter-
faces,to implementinteractionof distributedparallelappli-
cations.PARDIS extendstheCORBA objectmodelby the
notionof anSPMDobject. SPMDobjectsallow therequest
brokerto interactdirectlywith thedistributedresourcesof a
parallelapplication,takingadvantageof locality andmulti-
pleprocessingresourceswheneverpossible.To supportdis-
tributedargumenttransfer, PARDIS introducesthe notion
of a distributedsequence— a generalizationof a CORBA
sequencerepresentingdistributed datastructuresof inter-
actingparallelapplications.We will describetwo methods
of argumenttransferusedin invocationson SPMDobjects,
andshow how theapplication-level knowledgeof datadis-
tribution canbe employed to increasethe performanceof
operationinvocationonSPMDobjects.

In brief, thispapermakesthefollowing contributions:

� describesthebasicconceptsunderlyingourvisionof
a parallelapproachto CORBA andtheir interaction

� presentstwo methodsof argumenttransferin invoca-
tions madeon SPMD objectsandtheir performance
analysis

� demonstratesthat taking advantageof knowledge
aboutlocal datadistribution can bring performance
improvementevenin thepresenceof only onephys-
ical network link to supportcommunicationbetween
thedistributedlocationsof interactingobjects.

PARDIS is an on-goingproject. In its final shapeit is
meantto be fully interoperablewith vendor-suppliedim-
plementationsof CORBA.

2. SPMD Objectsand Distributed Sequences

CORBA definesa framework basedon the conceptof
a requestbroker, which delivers requestsfrom clients to
objects, definedasanencapsulatedentitiescapableof per-
forming specificservices. CORBA doesnot specifyhow
an objectmay satisfya request.In particular, if an object
usesmorethanonecomputingresource(henceforthcalled
a computingthread) in processinga request,this fact is in-
visibleto theclientandtherequestbroker, whichregardthe
objectasa single,encapsulatedentity.

There is a classof serviceswhich can be efficiently
implementedby a SingleProgramMultiple Data(SPMD)
computation— a collaborationof computingthreads,each
of which is working on a similar task.Thosecomputations
areveryoftenassociatedwith a distributedmemorymodel,
andsupportdistributeddatastructures.It maybeusefulfor
anobjectproviding suchservicesto make theexistenceof
themultiplecomputingresourcesvisible to therequestbro-
ker, sincethedistributedresourcescanmakeit necessaryto
deliver argumentvalues(or their parts)for onerequestto
differentdestinations,andinteractwith multiple resources
in deliveringtherequest.

PARDIS supportsthis notionby introducingSPMDob-
jects, which canbedefinedasobjectsassociatedwith a set
of oneor morecomputingthreadsvisibleto therequestbro-
ker, andarecapableof satisfyingservicesif andonly if a
requestfor themis deliveredto all thecomputingthreads.

2.1. Programming with SPMD Objects — An Ex-
ample

From the point of view of a systemdesigner, program-
mingwith SPMDobjectsis notcruciallydifferentfrompro-
grammingwith CORBA objects.Considera simpleexam-
ple,in whichaprogrammerwantsto build adistributedsce-
nariocomposedof two components:a parallelapplication�

, computingsimplediffusionsimulationon anarraydis-
tributed over the nodes

�
is executingon, and a parallel

application� , whichwants
�

to computediffusionondata
provided by � and to usethe result of this computation.
We will show how to usePARDIS in order to implement
this systemby makingapplication

�
anSPMDobject,and

application� its client.
As in CORBA, the first stepconsistsof specifyingan

interfaceto theobject. In our example,application
�

will
performthe“dif fusion” service,which takesasaninputar-
gumentthenumberof diffusion timesteps,anda diffusion
arraywhich it laterreturns.An IDL interfaceto this object
would look like this:

interface diff_object {
void diffusion(in long timestep,

inout diff_array darray);
};

In this specificationdiff array is a distributed ar-
gumenttype; when deliveredto the server, this argument
will bedistributedover theaddressspacesof its computing
threadsaccordingto a previously specifiedtemplate. We
will discussdistributedsequencesin detail in thenext sec-
tion.

Basedonthisspecification,theIDL compilerwill gener-
atestubstranslatingthedefinitionsabove into thelanguage
of package(for exampleHPC++ [3]), in which the client
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andserver areimplemented.The stubcodecontainscalls
to communicationlibrariesprovidedby PARDIS.Linkedto
theobject’s implementation,it allows therequestbroker to
invokemethodsontheobject;theclientcanuseit to invoke
methodsonremoteobjects.

For example, the C++ stub class generated for
diff object will offer thefollowing functionalityonthe
client’sside:

class diff_object: public PARDIS::Object{
static diff_object*

_bind(char* obj_name, char* host_name);
static diff_object*

_spmd_bind(char* obj_name,
char* host_name);

void diffusion(int, diff_array&);
void diffusion(int, diff_array_nd&);
void diffusion_nb(int,

future<diff_array>&);
void diffusion_nb(int,

future<diff_array_nd>&);
};

Note that the diffusion operation is representedby
four methods: a method operatingon distributed argu-
ments(diff array ), a methodoperatingon their non-
distributed versions (diff array nd) and their non-
blocking counterparts.The choiceof methoddependson
the kind of binding establishedto the object implementa-
tion asexplainedbelow.

Throughthis proxy, the client can make calls on pos-
sibly remoteobjects,implementedusingsystemsdifferent
from the client’s, asif they wereimplementedin termsof
theclient’s packageandwithout theneedto explicitly han-
dle their remoteness.All client � needsto do in orderto
requestthediffusionserviceis establisha bindingbetween
anobjectproxy anda concreteimplementation,andinvoke
thediffusion method:

diff_object* diff =
diff_object::_spmd_bind("example",

HOST1);
diff->diffusion(64, my_diff_array);

PARDIS providesa namingdomainfor objects.At the
time of binding the client hasto identify which particular
objectof a given type it wantsto work with; specifyinga
hostis optional. Therearetwo operationswhich a parallel
client can useto establisha binding betweenthe client’s
stubrepresentinganobjectandtheobject’simplementation:

� spmd bind is a collective form of bind; it hasto
becalledby all thecomputingthreadsof a clientand
shouldbeusedby clientswishingto actasoneentity
in interactionswith objects.After spmd bind , ev-
ery invocationto theobjectmustbecalledby all the

threadsthatparticipatedin thebind call, andwill re-
sult makingonerequeston the object. If a request
operateson distributed arguments,a proxy method
usingdistributedmappingshouldbe used. It is as-
sumedthat all threadswill invoke the requestwith
identicalvaluesof non-distributedarguments(suchas
timesteps in thisexample).

� bind is non-collective andalwaysestablishesone
binding per thread,so invoking it from all threads
of a parallelprogramwould establishmultiple bind-
ingseitherto thesameobject,or to differentobjects
of thesametypedependingon argumentsto bind .
After this form of bind, proxy methodsusing non-
distributedmappingof distributedargumentsshould
beused;theinvocationsarenon-collective.Thiskind
of interactioncanbeusefulto parallelclientswhich
want to interactin parallelwith multiple distributed
objects.

On the server’s side, PARDIS usesthe CORBA C++
mappingthroughinheritance[15] to invoke operationson
the object. All the programmerof the server needsto do,
is provide the implementationof an objectcomputingdif-
fusion simulation,and instantiatethat object. In the case
of both the client and the server the generatedstub code
containsall the codenecessaryto performargumentmar-
shaling.

As theexampleof theclient’s stubshows,PARDIS sup-
portsnon-blockinginvocationsreturningfutures(similar to
ABC++ futures[14]) as its “out” arguments.This allows
theclientto useremoteresourcesconcurrentlywith its own,
andprovidestheprogrammerwith anelegantwayof repre-
sentingresultswhich arenot yet available. PARDIS also
allows the server to interrupt its computationin order to
processoutstandingrequests;full discussionof theseca-
pabilitiesis beyondthescopeof thispaper, for detailsrefer
to [13].

Principlesappliedin this simplescenariocanbeusedto
constructmorecomplex interactionscomposedof multiple
parallelapplications,aswell asunits visualizingor other-
wise monitoring their progress(see[13] for an example).
Interoperabilitywith CORBA will eventuallyenablePAR-
DIS to integratemany existing systemsbasedon this tech-
nology.

2.2 Distributed Sequences

In orderto make full useof interactionwith SPMDob-
jectsin adistributedenvironment,theprogrammerneedsto
be ableto defineandmanipulateargumentdatastructures
distributedovertheaddressspacesof thecomputingthreads
of an SPMD object. At this time, PARDIS providesone
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suchstructure,a generalizationof the CORBA sequence,
calledadistributedsequence.

The distributedsequencefrom the examplein the pre-
ceedingsectioncanbedefinedin IDL as

typedef dsequence<double,1024,(BLOCK,BLOCK)>
diff_array;

This definition representsa boundeddistributed se-
quenceof 1024elementsof typedouble , uniformlyblock-
wisedistributedon theclient’s aswell astheserver’s side.
In this definition, double can be replacedby any non-
distributedtypedefinedin IDL, rangingfrom basictypesto
complex user-definedtypessuchasarrays,structuresor in-
terfaces.Both thelengthanddistributionareoptionalin the
definitionof thesequence.Leaving thedistributionunspec-
ified allows interactingobjectsto tradesequencesof differ-
entdistributionsatclientandserver, andprovidingrun-time
lengthspecificationsallows theobjectsto grow andshrink
sequencesbetweeninteractions.

For parallelC++ programsbuilt directly on top of run-
time systemlibraries(ratherthanbuilt in termsof a paral-
lel C++ package),a sequenceis mappedto a classwhich
behaveslike a distributedone-dimensionalarraywith addi-
tional lengthanddistribution parameters,in a stylesimilar
to CORBA sequencemapping. The codefragmentbelow
shows an examplefunctionality of codegeneratedfor se-
quenceof doubleswith nofixedlengthor distribution:

//IDL
typedef dsequence<double> ds_double;

//C++
class ds_double{
public:

ds_double();
ds_double(unsigned int length,

DistTempl* dist = default);
//*** conversion constructor:

ds_double(unsigned int local_length,
double* data,
Boolean release=FALSE);

ds_double(const ds_double& s);
˜ds_double();
ds_double& operator=(const ds_double& s);

unsigned int length() const;
void length(unsigned int len);
double_proxy operator[] (int index);
void redistribute(DistTempl* dist);
double* local_data();
unsigned int local_length();

};

operator[] provides accessto the elementsof the
sequencewith locationtransparency. It is currentlyan er-
ror to accesselementbeyond the valueof the lengthof a

sequence.The length of an unboundedsequencecan be
changedat run-time using the length method; if a se-
quenceis shrunk,the dataabove the lengthvaluewill be
discarded,if a sequenceis lengthened,new elementswill
be addedto the ownershipof the computingthreadwhich
ownedthelastelementsof theold sequence.Theprogram-
mer can usethe redistribute methodto redistribute
elementsof asequencewhosedistribution is notpreset.

At present,it is assumedthat most invocationsof the
methodson the sequencewill beSPMD-style,that is they
will be called collectively by all the computingthreads.
This assumptionwas madein order to provide interoper-
ability with packagesbasedon run-timesystemswhich do
not includesupportfor global pointersandcannothandle
asynchronousaccessto an arbitrarycontext. In later ver-
sions,PARDIS will supporttwo run-timesysteminterfaces
capturingthe functionality of messagepassingand one-
sidedrun-timesystemswhich will allow us to take advan-
tageof thesetwo stylesin ourmapping.

Althoughthedistributedsequenceofferslimited support
for remotedataaccess,its mainpurposeis to beusedasa
containerfor data,not provide its management.The con-
versionconstructor(asspecifiedin themapping)allowsthe
programmerto createa sequencebasedon hisor hermem-
ory managementscheme,with no dataownership. Simi-
larly, thelocalaccessoperationscanbeusedto convertase-
quenceto theprogrammersmemorymanagementscheme.

An “in” argumenton theclient’ssidemustsetthelength
anddistribution of a distributedsequencebeforeit canbe
used. An “out” argument(representedasa managedtype
[15]) shouldbeinitializedby a distribution templatebefore
calling theoperationwhich returnsit; otherwisea uniform
blockwisedistributionwill beassumed.Thedistributionof
returnvaluesis alwaysassumedtobeblockwise.Theserver
cansetthedistributionof adistributedsequencewhichis an
“in” parameterto any of its operationsbeforeregistering;
otherwise,thedistribution for thatsequencewill default to
uniformblockwise.

An alternative to the default distribution is providedby
thePARDIS::Proportions object,which canbecon-
structedby proportionarray or numbers(up to a point).
For example,if thedistribution of diffusion array in
operationdiffusion of thediffusion object from
previousexampleis not predefined,the server canspecify
it by performingthe following assignmentprior to object
registration:

_diff_object_sk::diffusion_myarray =
new DistTempl(Proportions(2,4,2,4));

This will causethe elementsof argumentmyarray to
bedistributedovertheaddressspacesof threads0, 1, 2 and
3 in proportions2:4:2:4whenthediffusionoperationis in-
voked.

The experimentalmappingdescribedhere,althoughit
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provideseasyintegrationwith PARDIS to any data-parallel
applicationimplementedin C++, is not yet a fully satisfac-
tory solution.For a truly seamlessintegration,thesequence
will mapdirectly to constructspresentin theprogrammer’s
package(suchasfor exampledistributedvectorin HPC++
PSTL[3]). We arecurrentlyworking on formulatingdirect
mappingsfor theHPC++PSTLandPOOMA[1] libraries.

2.3 GeneralDesignComponentsof PARDIS

PARDIS is adistributedsoftwaresystemconsistingof an
IDL compiler, communicationlibraries, object repository
databasesandfacilitiesresponsiblefor locatingandactivat-
ing objects.Therelationshipbetweenthesecomponentsis
depictedin figure1. As in otherCORBA implementations,
theIDL compilertranslatesthespecificationsof objectsinto
“stub” codecontainingcallsto communicationlibrariesand
generatingrequeststo locatingandactivatingagents.

PARDIS  ORB� � �� � �� � �� � �� � � client’s
    stub

client’s 
application 
and package

client’s
RTS � � �� � �� � �� � �� � �server’s

stub

       server’s 
  application
and package

server’s
      RTS

compiler

         IDL
specification
         IDL
specification

Figure 1. Interaction of main components of
PARDIS: the shaded areas in the picture de-
note the PARDIS run-time system interface .

In order to provide supportfor interactionwith SPMD
objectsanddistributedsequences,PARDIS mayneedto is-
suecalls to the run-timesystemunderlyinga parallelap-
plication. A genericrun-timesysteminterfacehasthere-
forebeenbuilt into PARDIS librariesandmayalsobeused
by the compiler-generatedstubs. To date only one run-
time systeminterfacehasbeenspecified;it encompasses
thefunctionalityof message-passinglibrariesandhasbeen
testedusingapplicationsbasedonMPI [7] andtheTulip [2]
run-timesystem.In thefuturePARDIS will provide anal-
ternative run-timesysteminterfacecapturingthe function-
ality of themoreflexible one-sidedrun-timesystems.

3. Two Methods of Distributed Ar gument
Transfer — Experimental Performance

We have investigatedtwo methodsof implementing
transferof distributed argumentsin invocationsmadeon

SPMDobject. This sectiondescribesour experimentsand
their results.

3.1. Hardwareand Description of Experiment

In theexperimentsdescribedbelow wemeasurethetime
of invocationmadeby a clientexecutingona a 4-nodeSGI
Onyx R4400on an SPMD objectexecutingon a 10-node
SGI PC R8000. The network transferis conductedover a
155 MB/s ATM link using the LAN Emulationprotocol.
During the experiments,the machinesas well as the link
werededicated.

Both the client and the server were relying on the
MPICH [12] (v 1.0.12,compiledto usesharedmemory)
implementationof MPI [7] for their internal communica-
tion. Althoughthehardwareweusedsupportssharedmem-
ory, our experimentswerebasedon a distributedmemory
model. Thecurrentversionof PARDIS usesNexusLite to
provide network transport;sincewe do not usethe asyn-
chronousfeaturesof Nexus, no threadsadditional to the
implementationof client andserver arespawned,andthe
sendsandreceivesfor largedatasizesarein practicesyn-
chronousoperations.Referto [10] for detailsonNexusim-
plementation.

In orderto bring out the asymmetryof interaction(dif-
ferentnumberof interactingprocessesat client andserver,
anddifferenthardware)in our invocationswe wereinclud-
ingone“in” argumentsentonly fromtheclientto theserver.
Both client andserver assumeuniform blockwisedistribu-
tion of thesequence.Theperformanceanalysiswasbased
onaveragesobtainedover1000blockinginvocationsonthe
server. We would like to stressthattheresultsgivenin this
sectionareonly intendedto show relativeperformanceof
the two methods.PARDIS is still underdevelopmentand
nooptimizationshaveyetbeenapplied.

3.2. Centralized Ar gumentTransfer

In this methodof argumenttransfer, the SPMD object
makes available only one network connectionto clients.
This connectionis waitedon by oneof theSPMDthreads
which we will subsequentlycall a communicatingthread.
All othercomputingthreadsarecommunicatingwith this
threadthroughthe PARDIS interfaceto the run-timesys-
temunderlyingtheobjectimplementation.Similarly, apar-
allel client alsodesignatesa communicatingthreadwhich
handlesrequestsandtheirarguments.

On invocation,the computingthreadsof the client first
synchronize,marshalargumentsandthentherequestis sent
to the server asonemessage.The communicatingthread
of server receives the request,unmarshalsargumentsand
performstherequest;aftertheinvocationtheserver’scom-
puting threadssynchronizeandthe communicatingthread
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informs the client of the completionstatusof the request.
Thedistributedargumentsaregatheredandscatteredby the
communicatingthreadsof the client andserver aspart of
themarshalingor unmarshalingprocess(seefigure2). This
processis performedby PARDIS usingtheinterfaceto the
run-timesystemandis invisible to theprogrammer.

client server

Figure 2. Centraliz ed Argument Transf er: the
dotted lines sho w run-time system comm u-
nication taking place during argument mar-
shaling and unmar shaling, the thic k black line
sho ws netw ork transf er.

The mainadvantageof centralizedargumenttransferis
its simplicity andfor this reasonit is often usedin hand-
codedsolutionsto inter-MPPcommunication.In ourexpe-
rience,it is alsothemostpracticalmethodof communica-
tion with parallelapplicationsexecutingon front-endbased
architecturessuchasT3D.

Let 	�
 denotetimeof invocationandargumenttransferin
thecentralizedmethod.It canthenbedescribedas:

	�
��	������������������! "	$#% "	'&( )	'*+ )	�,'
��-�.��������/0�
where 	 # is the time of packingthe data, 	 * is the time

of receiving andunpackingthe data, 	 & denotesthe time
from thebeginningof thesendoperationto the endof the
receiveoperation,and � and / arethenumbersof comput-
ing threadsof the client andserver respectively. We will
investigatehow thesetimes influencethe total invocation
time in differentconfigurationsof client andserver. In our
measurementswealsoincludedthetimeit tookto complete
theprocessof sendingthesequenceasit provedto influence
theresults( 	$#213, denotestimeof packingandsending,time
of packingis constant).Sinceit is likely thatinvocationson
SPMDobjectswill mostofteninvolvetransferringlargear-
guments,wewill concentrateonevaluatingtheefficiency of
thismethodfor arelatively largesequencecomposedof 46587
of elementsof typedouble.Table1 summarizestheresults.

The resultsshow that the increasein the time of invo-
cation is accountedfor by two main factors: the cost of
gatherandscatter( 	������������ and 	�,'
����.���'� in the tableabove)
andby the increasein time of sendandreceive ( 	$#�1�, and
	 * ) asthenumberof computingthreadson eithersidegoes
up. Sinceexactly thesameoperationsareinvolvedin pack-

ing, sendingandreceiving the messageeachtime, we hy-
pothesizethat the latter effect is dueto schedulerinterfer-
ence.It appearsthatthecomputingthreadsaredescheduled
on issuingsystemcalls andthat increasingthe numberof
computingthreadsdecreasestheprobabilitythata particu-
lar threadwill bescheduledatany time. Communicational-
waystakesplacebetweena particularpairof threadsandis
synchronousfor largedatasizes,sothisbehavior will cause
thetime of sendto increase,leadingalsoto theincreaseof
total invocationtime. However, evenassumingthatthis ef-
fect couldbeeliminated,from thetimesof gatherandscat-
terwecanseethatthetimeof argumenttransferwouldstill
grow with thenumberof client’sandserver’s resources.

3.3. Multi-P ort Ar gumentTransfer

In order to enablemulti-port argumenttransfer, each
computingthreadof theSPMDobjectopensanetwork con-
nectionon a separateport. Theseconnectionsbecomea
partof objectreferencefor thisparticularobjectandareac-
cessibleto clients wanting to connect. Similarly, parallel
clientsalsoopenmultiple connections,oneper thread,so
that eachcomputingthreadof the client cancommunicate
directlywith eachthreadof theserver.

In thecentralizedmethod,argumenttransferis a partof
the invocationmessage;all informationassociatedwith a
requestis sentin onemessage.However, sendingthe in-
vocationto every computingthreadinsteadof having only
onethreadbroadcastit tootherscouldleadtocontentionbe-
tweendifferentinvoking clients(aswithin thesameobject
somethreadsmightacceptinvocationfrom oneclientwhile
othersacceptinvocationfrom anotherresultingin calling
differentmethods).In this method,we will thereforesepa-
ratetheinvocationfrom theargumenttransfer. Theinvoca-
tion headerwill be deliveredusingthe centralizedmethod
asabove, anduponits receiptthe computingthreadswill
await argumenttransferonnetwork ports.As in thecaseof
thecentralizedmethod,theclient’s threadssynchronizeon
makingtheinvocationandtheserver’s threadssynchronize
aftertheinvocationis completed.

client server

Figure 3. Multi-P or t Argument Transf er

Transferringthe argumentsfrom eachthreadmay in-
volvesendingthemto morethenonedestination(seefigure
3). Basedon informationprovidedby theORB,theclient’s
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1 417 380 16.7 0.2 497 421 17.1 0.2 571 486 15.9 0.2
2 442 382 20.5 21.3 529 430 20.3 20.2 634 528 20 18.9
4 451 385 21.1 25 538 433 21.2 24.6 685 571 21.1 25.5
8 461 394 21.8 25.8 552 446 21.7 26.2 697 577 21.6 26.7

Table 1. Time of invocation using the centraliz ed method of argument transf er: / is the number of
server’s processes, � is the number of client’ s processes, the time is given in milliseconds.

threadsfirst calculateto which of theserver’s threadsthey
shouldsenddata. Eachthreadthen marshalsthe part of
data it owns, and sendsit. The server’s threadsreceive
all the datatransfersassociatedwith a given requestand
unmarshalthemaccordingto informationcontainedin the
transferheader. Timing invocation and argumenttrans-
fer of this methodon a sequenceof 4 5�7 of elementsof
type double is summarizedin table 2. Here, the times
of send,unpackingandreceive, andpacking(marshaling)
( 	 ,'�'H�I6J 	 * and 	 # respectively) representthemaximumover
all threadsinvolved; time of post-invocationsynchroniza-
tion ( 	 ��KMLN� O$���8�PLQ�'� ) comesfrom thecommunicatingthread.

�;�R9
/ 	'ST# 	$# 	�,'�'H�I 	'* 	���KULN� OV�-�P�8LW���
9 420 37.2 338 23.5 0.03
4 417 38.4 348 18.3 165
= 408 35.1 347 8.1 256X

412 30.9 356 3.5 307

�;�?4
/ 	'ST# 	$# 	�,'�'H�I 	'* 	���KULN� OV�-�P�8LW���
9 431 15.9 361 23.6 0.03
4 425 16.4 358 12.6 3.9
= 412 17 352 7.5 169X

393 16.4 336 3.5 240

�;�G=
/ 	'ST# 	$# 	�,'�'H�I 	'* 	���KULN� OV�-�P�8LW���
9 367 13.1 285 25.8 0.03
4 376 13.8 298 13.5 3.9
= 368 13.4 296 6.4 8.3X

336 13.1 261 3.4 129

Table 2. Time of invocation using the multi-
por t method of argument transf er: / is the
number of server’s processes, � is the num-
ber of client’ s processes, the time is given in
milliseconds.

Theseresultsindicatethat two sendoperationsinitiated
by separatecomputingthreadsof the client arecompleted

at roughlythesametimeon theserver’sside.For example,
thetimespentin exit barrierfor �0�Y9 J /Z�[4 corresponds
to roughlyhalf of thesendoperation,which meansthatthe
sendsweresequentialized.When �\�]4 J /^�]4 however,
the threadsarenearlysynchronizedon thepost-invocation
barrierwhichmeansthatthey completedreceiveoperations
at roughlythesametime. We verifiedthis behavior for dif-
ferentcasesby comparingtheamountof timedifferentpro-
cessesof the server spentin the barrierandconcludethat
datatransferfrom two separatecomputingthreadsof the
clientdid nothappensequentially, but wasinterleaved.

This facthelpsexplain thedecreasein the time of send
aswe increasethe numberof threadsat client andserver
beyondacertainthreshold.We assumethatit is moreprob-
able that any of a numberof threadswill be scheduledto
receive or sendthanthata particular threadwill besched-
uled(this behavior holdstill / or � exceedthecapacityof
themachines).If this assumptionis correctandmorethan
onesendoperationis in progressat thesametime, thenthe
higherprobabilityof thesendingor receiving processbeing
scheduledwill resultin quicker responseto thesendoper-
ation and decreaseoverall sendtime. Note that the time
of sendinitially increasesaswe begin to increasethenum-
berof client’sandserver’s threadswhichweattributeto the
schedulerinterference,whichcausedsimilarbehavior in the
centralizedmethod.

Finally, theresultsshow thatthetimeof packingandun-
packingfor any giventhreaddecreasesas � and / increase,
sinceeachthreadbecomesresponsiblefor smallerchunks
of data.Further, theseoperationsareperformedin parallel
to at leastsomedegree(for packing: comparecaseswhen
�_�`9 J /a�^9 and �_�b4 J /a�^9 ; for unpacking:note
that when �Y�b4 J /c�b4 the time spentin barrier is 3.9
ms while the time of unpackingis 12.6ms) andthuscon-
tributeto theoveralldecreasein invocationtime. Weexpect
thatthiseffectwill beamplifiedin caseswhichrequiredata
translation(notpresentin ourexperiments)or moresophis-
ticatedmarshaling.Note that this methodallows us to use
the full processingcapabilityof client andserver for argu-
menttransfer.

Overall, we can describethe time of invocationin the
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multi-portmethodas

	'ST#d��	$#e�����3 )	'&f "	'*g��/;�
Since 	$# and 	'* decreaseas � and / increaseit is rea-

sonableto assumethat in theabsenceof otherfactors	'ST#
will decreasewith the increaseof resourceson client’s and
server’sside.

In all the casesshown above the sequencecan always
be divided very efficiently (only the minimum numberof
sendsin eachcase),andall the threadsof the sender(the
client) aresendingthe sameamountof data,so that none
arefasterthanothers. Experimentsshow that caseswhen
thesequenceis split unevenlyareof comparableefficiency
(for examplefor �h�RD and /i�_j in thesameexperiment
thetiming of theinvocationwas370milliseconds).

3.4. Comparison

So far we consideredthe behavior of the two methods
in the context of fixed argumentsizeand changingclient
andserver configurations.The graphbelow comparesthe
effectivebandwidthof an“in” argumenttransfer, including
all the invocationoverhead,for differentdatasizesin the
mostpowerful client-server configurationconsidered( �"�
= and /k� X ).
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Figure 4. Performance of centraliz ed versus
multi-por t method of argument transf er con-
figured at �l�?= , /m� X

Themulti-port methodpeaksat 26.7MB/s for sequence
of length 46587 doubles.Thehighestbandwidthfor thecen-
tralizedmethodis 12.27MB/s for sequenceof length 465�n
doubles.Thedataindicatesthatfor smalldatasizestheper-
formanceof both methodsis nearlythe same,andthat for

largedatasizesthemulti-port methodsignificantlyoutper-
forms the centralizedmethod. This relationshipis similar
for otherconfigurations;althoughinvocationtimesof the
multi-port methodfluctuate,we have not found a casein
which it wouldunderperformthecentralizedmethod.

From the experimentalresults it is evident that these
methodsbehave differently with the increaseof resources
on eitherclient’s or server’s side. In the caseof the cen-
tralizedmethod,the time of argumenttransfergrows with
theincreaseof computationalresourcesatclientandserver,
as the time of both gatherandscattergrows. In the case
of multi-port transferhowever, the time decreasesbecause
we take advantagebothof datalocality (communicationis
direct, no needfor gatherandscatter)andemploy the full
computationalpowerof clientandserverin parallelfor data
marshalingandothercommunicationprocessing.Further,
in theparticularhardwareconfigurationusedin thisexperi-
ment,themulti-port methodallowedusto betterutilize the
network link by reducingtheschedulerinterference.

4. RelatedWork

Many researchershave investigatedthe designand ef-
ficiency of tools andenvironmentsallowing the program-
mer to build distributed high-performancesystems. This
researchprimarily centerson two areas:multimethodrun-
timesystemsandmetacomputingenvironments.

Multimethod run-timesystems,suchas Nexus [8] and
Horus[17], integratediversetransportmechanismsandpro-
tocolsunderoneinterface.This allows theprogrammerto
treatacollectionof supercomputersconnectedby anetwork
asonevirtual metacomputer, knowing thatthemostoptimal
communicationmethodwill be appliedto communication
betweenany two nodesof this virtual machine.This low-
level approach,althoughvery effective for many applica-
tions,still requirestheprogrammerto write his or hercode
in termsof theinterfaceto agivenrun-timesystem.In con-
trast,ourapproachdoesnot interferewith therun-timesys-
temorpackageusedby agivenapplicationwhichallowsthe
programmerto chooserun-timesysteminterfacebestsuited
to hisor herneeds.As aconsequence,theprogrammerdoes
not needto rewrite the applicationcodeandcanreuseal-
readyexistingcomponentsin building meta-applications.

Large-scalemetacomputingenvironmentssuch as Le-
gion [11], Globus [9] or WWVM [6] focus on providing
interoperabilityof many diversecomponents.They address
problemsof scheduling,I/O systems,componentcompila-
tion andresourcemanagement.NetSolve [4] providesin-
terfacesto standardscientifictools suchasMatlabandal-
lows client-server interactionbetweencomputingunits. It
also attemptsto load-balanceits applications. Our focus
is different; we are trying to provide explicit abstractions
gearedspecificallytowardsinteroperabilityof parallelob-
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jectsratherthendevelopanenvironmentintegratingdiverse
components.Far from attemptingto incorporateall of their
features,PARDIS couldexist asoneof thecommunication
subsystemsin theenvironmentsmentionedabove.

Activeresearchis alsobeingdoneonoptimizingtheper-
formanceof CORBA for high-speednetworks. The TAO
project [16] focuseson developing a high-performance,
real-timeORB providing quality of serviceguarantees,op-
timizing the performanceof network interfacingandORB
components.This researchis concernedmainly with in-
creasingperformanceby optimizingthearchitecturalcom-
ponentsof CORBA, notby introducingnew conceptsonthe
level of objectmodel.

5. Conclusionsand Future Work

In this paperwe have introducedthe conceptof SPMD
objects and simple distributed argument structures,dis-
tributed sequences,which supportit. SPMD objectsand
distributedsequencesaredesignedto provide theprogram-
merof parallelobjectswith aneasyandefficientwayof in-
tegratinghis or herapplicationsinto a heterogeneous,dis-
tributed environment. Theseconceptswere implemented
in PARDIS, a systembasedon CORBA designprinciples
which in its final versionwill supportinteroperabilitywith
CORBA.

We have alsopresentedtwo differentmethodsof imple-
mentingargumenttransferin methodinvocationsonSPMD
objectscontainingdistributedarguments.Resultsobtained
using the multi-port methodshow that by exploiting data
locality in differentcomputingthreadsof client andserver,
andemploying all theavailablecomputingpower for argu-
ment transferprocessing,it is possibleto reducethe time
of operationinvocationon SPMDobjectsevenin thepres-
enceof only one network connectionbetweenclient and
server. Further, a very desirablecharacteristicof themulti-
port methodis thatthetime of argumenttransferdecreases
with the increaseof computationalresourcesof client and
server. This shows that SPMDobjectsarenot only useful
fromthepointof view of programmerconvenience,but also
provide an efficient solution for communicationbetween
distributedparallelobjects.

Our mostimmediateplansfocuson investigatingdiffer-
ent strategies of distributed argumenttransferin different
hardware configurationsand under different assumptions
aboutargumentdistribution. Oncetheseissuesareresolved,
we plan to continueour work on directmappingstrategies
for concretepackagessuchasHPC++andPOOMA. This
will enableus to test the capabilitiesof PARDIS on real
world applicationsand provide insight into the designof
otherdistributedargumentstructures.
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