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Abstract

High performancecomputingis beingincreasinglyuti-
lized in non-traditional circumstanceswhere it mustinter-
operatewith otherapplications.For example,onlinevisu-
alization is beingusedto monitor theprogressof applica-
tions,andreal-worldsensorsare usedasinputsto simula-
tions. Whenever thesesituationsarise, there is a question
of what communicationsinfrastructure shouldbe usedto
link thedifferentcomponents.Traditional HPC-stylecom-
municationssystemssuch asMPI offer relativelyhigh per-
formance,but are poorly suitedfor developingtheseless
tightly-coupledcooperating applications. Object-based
systemsand meta-dataformatslike XML offer substantial
plug-and-playflexibility, but with substantiallylower per-
formance. We observethat theflexibility andbaselineper-
formanceofall thesesystemsis stronglydeterminedbytheir
`wire format', or howthey representdata for transmission
in a heterogeneousenvironment. We examinethe perfor-
manceimplicationsof differentwire formatsandpresentan
alternativewith significantadvantagesin termsof bothper-
formanceandflexibility.

1. Intr oduction

High performancecomputingis being increasinglyuti-
lized in non-traditionalcircumstances.For instance,many
high-endsimulationsmustinteroperatewith otherapplica-
tions to provide environmentsfor humancollaboration,or
to allow accessto visualizationenginesandremoteinstru-
ments[15, 16]. In addition, therehasbeenan increasing
interestin componentarchitectures[2],with theintentof fa-
cilitating thedevelopmentof complex applicationsthrough
reusability.

Whenever thesesituationsarise,thereis a questionof
whatcommunicationsinfrastructureshouldbeusedto link�
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thedifferentcomponents.This is speciallyimportantin the
presenceof softwareevolution and/orruntimechangesin
componentcouplings. TraditionalHPC-stylecommunica-
tions systemssuchas MPI, andclient-server communica-
tion paradigmssuchasRPC,offer high performance.Yet,
this systemsrely on the basicassumptionthat communi-
cating partieshave a priori agreementson the basiccon-
tentsof the messagesbeingexchanged.Maintainingsuch
agreementshasbecomeincreasinglyonerousfor theseless
tightly-coupledsystems.

The flexibility requirementsof thesenew systemshas
led designersto adopttechniquessuchas the useof seri-
alizedobjectsasmessages(as in Java's RMI [20]) or the
useof meta-datarepresentationslike XML. However, both
of theseapproacheshave marshallingandcommunications
coststhatarestaggeringlyhigh in comparisonto the more
traditionalapproaches.

Weobserve thattheflexibility andbaselineperformance
of all thesesystemsis stronglydeterminedby their `wire
format', or how they representdatafor transmissionin a
heterogeneousenvironment. We examinethe performance
implicationsof differentwire formatsandpresentanalter-
native with significantadvantagesin termsof both perfor-
manceandflexibility . Essentially, this approacheliminates
commonwire formatslike XDR andinsteadtransmitsdata
in thesender's native format(which we termNatural Data
Representationor NDR), alongwith meta-informationthat
identifiestheseformats.Any necessarydataconversionon
thereceiving sideis performedby customroutinescreated
throughdynamiccodegeneration(DCG).Whenthesender
andreceiverhavethesamenaturaldatarepresentation,such
as in exchangesbetweenhomogeneousarchitectures,this
approachallows receiveddatato beuseddirectly from the
messagebuffer, makingit feasiblefor middlewareto effec-
tively utilize high performancecommunicationlayerslike
FM [13] or thezero-copymessagingdemonstratedby Rosu
et al. [17] and Welshet al. [19]. When conversionbe-
tweenformatsis necessary, theseDCG conversionsareof
thesameorderof efficiency asthecompile-timegenerated



stubroutinesusedby thefastestsystemsrelyinguponapri-
ori agreements[14]. However, becausetheconversionrou-
tinesarederivedat run-time,our approachoffersconsider-
ablygreaterflexibility thanothersystems.

Our experimentswith a variety of realisticapplications
show thatouralternativeapproachobtainstherequiredflex-
ibility at no cost to performance.On the contrary, the re-
sultspresentedin Section4 show animprovementof up to
3 ordersof magnitudein the senderencodingtime, 1 or-
derof magnitudeon thereceiver side,anda 45% reduction
on roundtriptime, whencomparingit to a non-flexible ap-
proachlike MPI's.

Theremainderof this paperis organizedasfollows. In
Section2 we review relatedapproachesto communication
andcommentontheirperformanceandflexibility . Section3
presentsourapproach,NaturalDataRepresentation,andits
implementationin thePortableBinary I/O (PBIO)commu-
nicationlibrary. In Section4 wecomparetheflexibility and
performanceof PBIO with that of somealternative com-
municationssystems.After examining the differentcosts
involvedin thecommunicationof binarydataon heteroge-
neousplatforms,weproceedto evaluatetherelativecostsof
MPI, XML andCORBA-stylecommunicationsin exchang-
ing thesamesetsof messages,andcomparethemto thoseof
PBIO. Finally, we comparethe performanceeffectsof dy-
namictypediscovery andexetensionfor PBIO andXML-
basedsystems.Wepresentourconclusionanddiscusssome
directionsfor futurework in Section5.

2. Background and RelatedWork

In highperformancecommunicationpackages,theoper-
ationalnormis for all partiesto acommunicationto havean
a priori agreementon the format of messagesexchanged.
Many packages,suchasPVM[10] andNexus[9], support
messageexchangesin which the communicatingapplica-
tions “pack” and“unpack” messages,building anddecod-
ing themfield by field. Other packages,suchas MPI[8],
allow the creationof user-defineddatatypesfor messages
andfieldsandprovidesomemarshallingandunmarshalling
supportfor theminternally. However, MPI doesnot have
any mechanismsfor run-timediscoveryof datatypesof un-
known messagesandany variationin messagecontentin-
validatescommunication.

By building its messagesmanually, an applicationat-
tains significantflexibility in messagecontentswhile en-
suring optimized, compiled pack and unpackoperations.
However, relegatingthesetasksto the communicatingap-
plicationsmeansthat thoseapplicationsmusthave a priori
agreementon the format of messages.In wide-areahigh
performancecomputing,theneedto simultaneouslyupdate
all applicationcomponentsin orderto changemessagefor-
matscanbea significantimpedimentto theintegration,de-

ploymentandevolutionof complex systems.

In addition, the semantics of application-side
pack/unpack operations generally imply a data copy
to or from messagebuffers, with a significantimpact on
performance[13, 17]. Packageswhich perform internal
marshalling,such as MPI, could avoid data copiesand
offer more flexible semanticsin matchingfields provided
by sendersandreceivers.However, existing packageshave
failed to capitalizeon thoseopportunities. For example,
MPIs type-matchingrulesrequirestrict a priori agreement
on the contentof messages,and most MPI implementa-
tions marshaluser-defineddatatypesvia mechanismsthat
amountto interpretedversionsof field-by-fieldpacking.

Theuseof objectsystemstechnologyprovidesfor some
amountof plug-and-playinteroperabilitythroughsubclass-
ing andreflection.This is a significantadvantagein build-
ing looselycoupledsystems,but they tendto suffer whenit
comestocommunicationefficiency. For example,CORBA-
basedobject systemsuse IIOP as a wire format. IIOP
attemptsto reducemarshallingoverheadby adopting a
“reader-makes-right”approachwith respectto byte order
(the actualbyte orderusedin a messageis specifiedby a
headerfield). This additionalflexibility in the wire for-
mat allows CORBA to avoid unnecessarybyte-swapping
in messageexchangesbetweenhomogeneoussystemsbut
is not sufficient to allow such messageexchangeswith-
out copyingof dataat both senderandreceiver. At issue
hereis thecontiguityof atomicdataelementsin structured
datarepresentations.In IIOP, XDR andotherwire formats,
atomic dataelementsarecontiguous,without intervening
spaceor paddingbetweenelements.In contrast,thenative
representationsof thosestructuresin theactualapplications
mustcontainappropriatepaddingto ensurethat the align-
mentconstraintsof thearchitecturearemet.Onthesending
side,thecontiguityof thewire formatmeansthatdatamust
be copied into a contiguousbuffer for transmission. On
the receiving side, the contiguity requirementmeansthat
datacannotbereferenceddirectly out of thereceive buffer,
but mustbecopiedto a differentlocationwith appropriate
alignmentfor eachelement.

While all of the communicationsystemsabove rely on
someform of afixedwire formatfor communication,XML
takes a different approachto communicationflexibility .
Ratherthantransmittingdatain binary form, its wire for-
mat is ASCII text, with eachrecordrepresentedin textual
form with headerand trailer information identifying each
field. This allows applicationsto communicatewith no a
priori knowledgeof eachothers. However, XML encod-
ing anddecodingcostsaresubstantiallyhigher that those
of otherformatsdueto theconversionof datafrom binary
to ASCII and vice-versa. In addition,XML hassubstan-
tially highernetworktransmissioncostsbecausetheASCII-
encodedrecordis larger, oftensubstantiallylarger, thanthe

2



binaryoriginal (anexpansionfactorof 6-8 is notunusual).

3. Approach

Ourapproachto creatingefficient wire formatsis to use
NaturalDataRepresentation(NDR). Thatis, datais placed
`on the wire' in thenaturalform in which it is maintained
by the sender, then decodedby the receiver `into' its de-
siredform. Our currentimplementationof NDR is termed
PBIO(for PortableBinary I/O). ThePBIO library provides
a record-orientedcommunicationmedium. Writers must
provide descriptionsof the names,types,sizesand posi-
tions of the fields in the recordsthey arewriting. Readers
mustprovide similar informationfor therecordsthey wish
to read. No translationis doneat the writer's end. At the
reader'send,theformatof theincomingrecordis compared
with theformatexpectedby theprogram.Correspondence
betweenfields in incomingandexpectedrecordsis estab-
lishedby field name,with no weightplacedon sizeor or-
deringin therecord. If therearediscrepanciesin field size
or placement,thenPBIO'sconversionroutinesperformthe
appropriatetranslations.Thus,thereaderprogramcanread
thebinary informationproducedby thewriter programde-
spitepotentialdifferencesin: (1) byteorderingon theread-
ing andwriting architectures;(2) differencesin sizesof data
types(e.g. long and int); and (3) differencesin structure
layoutby compilers,

Theflexibility of theapplicationis additionallyenhance
by theavailability of full formatinformationfor theincom-
ing record. This allows the receiving partsto makerun-
time decisionsabout the useand processingof incoming
messageswithout previousknowledge.Suchrequiredflex-
ibility however, comesat the price of potentiallycomplex
format conversionson the receiving end: sincethe format
of incomingrecordsis principallydefinedby thenative for-
matsof thewritersandPBIOhasno a priori knowledgeof
the native formatsusedby the programcomponentswith
which it might communicate,theprecisenatureof this for-
matconversionmustbedeterminedat run-time.
Runtime codegeneration for format interpr etation. To
alleviatetheincreasedcommunicationcostsassociatedwith
interpretedformatconversion,NDR-basedcommunications
are interpretedwith dynamically generatedbinary code.
The resultingcustomizeddataconversionroutinesaccess
and storedata elements,convert elementsbetweenbasic
types and call subroutinesto convert complex subtypes.
Measurements[6]show that the one-timecostsof generat-
ing binarycodecoupledwith theperformancegainsby then
beingableto usecompiledcodefar outweighthe costsof
continually interpretingdataformats. The analysisin the
following sectionshows that an NDR-basedapproachto
datatransmissionalsoresultsin performancegainsthrough
copy reduction,while providing additionaltype-matching

flexibility not presentin othercomponent-baseddistributed
programmingsystems.

4. Evaluation

Thissectioncomparestheperformanceandflexibility of
ourNDR-basedapproachto dataexchangewith thatof sys-
temslike MPI, CORBA, andXML-basedones.

4.1. Analysis of Costs in HeterogeneousData Ex-
change

Binary data exchangecostsin a heterogeneousenvir on-
ment. Beforeanalyzingthevariouspackagesin detail,it is
usefulto examinethecostsin anexchangeof binarydatain
aheterogeneousenvironment.As abaselinefor thisdiscus-
sion,we usetheMPICH[12] implementationof MPI. Fig-
ure1 representsa breakdown of the costsof an MPI mes-
sageround-tripbetweena x86-basedPC anda SunSparc
connectedby 100MbpsEthernet.1

The time componentslabeled“Encode” representthe
time span between the time the application invokes
MPI_send() and its eventual call to write data on a
socket.The“Decode”componentis thetimespanbetween
therecv() call returningandthepointatwhichthedatais
in a form usableby theapplication.Thisdelineationallows
us to focuson the encode/decodecostsinvolved in binary
dataexchange.Thatthesecostsaresignificantis clearfrom
the figure,wherethey typically represent66%of the total
costof theexchange.

Figure1 showsthecostbreakdown for messagesof ase-
lectionof sizes(from a realmechanicalengineeringappli-
cation),but in practice,messagetimesdependuponmany
variables. Someof thesevariables,suchas basicoperat-
ingsystemcharacteristicsthataffectraw end-to-endTCP/IP
performance,arebeyond the control of the applicationor
thecommunicationmiddleware.Dif ferentencodingstrate-
giesin useby thecommunicationmiddlewaremaychange
thenumberof raw bytestransmittedoverthenetwork;much
of thetime thosedifferencesarenegligible, but wherethey
arenot, they canhave a significantimpactupontherelative
costsof a messageexchange.

The next sectionswill examine the relative costs of
PBIO, MPI, CORBA, and an XML-basedsystemin ex-
changingthesamesetsof messages.

4.2.SendingSideCost

Figure2 showsacomparisonof sending-sidedataencod-
ing timesontheSparcfor anXML-basedimplementation2,

1TheSunmachineisanUltra30with a247MHz cpurunningSolaris7.
Thex86machineis a450MHz PentiumII, alsorunningSolaris7.

2A varietyof implementationsof XML, includingboth XML genera-
torsandparsers,areavailable.Wehaveusedthefastestknown to usatthis
time,Expat[3].
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sparc encode         network                                                    i86 decode    i86 encode               network                                                sparc decode

.034m                    .227m                                                         .063m           .010m                            .227m                                                    .104m

sparc encode                  network                                       i86 decode i86 encode                       network                                        sparc decode

.086m                      .345m                                                 .106m       .046m                                    .345m                                                  .186m

sparc encode          network                                      i86 decode            i86 encode                          network                                 sparc decode

.971m                    1.94m                                               1.19m                             .876m                                   1.94m                                             1.51m

13.31m                          15.39m                                     11.63m                           8.95m                    15.39m                                        15.41m

sparc encode                        network                           i86 decode            i86 encode                       network                                    sparc decode

 100 byte roundtrip   .66msec

1Kb roundtrip   1.11msec

10Kb roundtrip   8.43msec

100Kb roundtrip   80.09msec

Figure 1. Cost breakdo wn for message exchange .
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Figure 2. Send-side encoding times.

MPICH, CORBA, andPBIO.

XML wire formats are inappropriate. Thefigureshows
dramaticdifferencesin the amountof encodingnecessary
for the transmissionof data(which is assumedto exist in
binary format prior to transmission).The XML costsrep-
resentthe processingnecessaryto convert the data from
binary to string form and to copy the elementbegin/end
blocksinto theoutputstring.

Advantagesderived from NDR. As is mentionedin Sec-
tion 3, we transmitdatain thenative formatof the sender.
As a result,no copiesor dataconversionsarenecessaryto
preparesimplestructuredatafor transmission.So, while
MPICH's coststo preparefor transmissionon the Sparc
vary from 34# secfor the 100 byte recordup to 13 msec
for the100Kbrecord,PBIO'scostis a flat 3 # sec.
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Figure 3. Receive side decode times.

4.3.ReceivingSideCosts

Our NDR approachto binary dataexchangeeliminates
sender-sideprocessingby transmittingin the sender's na-
tive format andisolatingthe complexity of managinghet-
erogeneityin thereceiver. As aresult,thereceivermustper-
form conversionof thevariousincoming`wire' formatsto
its `native' format.PBIOmatchesfieldsby name,soa con-
versionmay requirebyte-orderchanges(byte-swapping),
movementof data from one offset to another, or even a
changein thebasicsizeof thedatatype(for example,from
a 4-byteintegerto an8-byteinteger).

Thisconversionis anotherformof the“marshalingprob-
lem” thatoccurswidely in RPCimplementations[1] andin
networkcommunication.Marshalingcanbe a significant
overhead[4,18], andtoolslike theUniversalStubCompiler
(USC) [14] attemptto optimizemarshalingwith compile-
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time solutions.Althoughoptimizationconsiderationssim-
ilar to thoseaddressedby USC apply in our case,the dy-
namicform of themarshalingproblemin PBIO,wherethe
layout andeven the completefield contentsof the incom-
ing recordareunknown until run-time,rulesout suchstatic
solutions.Theconversionoverheadis nil for somehomoge-
neousdataexchanges,but asFigure1 shows, theoverhead
is high(66%)for many heterogeneousexchanges.

Generically, receiver-side overheadin communication
middlewarehasseveralcomponents:C byte-orderconversion,C datamovementcosts,andC controlcosts.

Byteorderconversioncostsareto someextentunavoidable.
If the communicatingmachinesusedifferentbyte orders,
thetranslationmustbeperformedsomewhereregardlessof
thecapabilitiesof thecommunicationspackage.

Data movementcostsare harderto quantify. If byte-
swappingis necessary, datamovementcan be performed
as part of the processwithout incurring significantaddi-
tionalcosts.Otherwise,cleverdesignof thecommunication
middlewarecanoftenavoid copyingdata.However, pack-
agesthatdefinea `wire format' for transmitteddatahave a
hardertime beingclever in this area.Oneof thebasicdif-
ficulties is that the native format for mixed-datatypestruc-
tureson mostarchitectureshasgaps,unusedareasbetween
fields,insertedby thecompilerto satisfydataalignmentre-
quirements.To avoid makingassumptionsaboutthealign-
mentrequirementsof themachinesthey runon,mostpack-
agesusewire formatswhich arefully packedandhave no
gaps. This mismatchforcesa datacopy operationin situ-
ationswherea clever communicationssystemmight other-
wisehave avoidedit.

Controlcostsrepresenttheoverheadof iteratingthrough
thefieldsin therecordanddecidingwhatto donext. Pack-
agesthat requiretheapplicationto marshalandunmarshal
theirowndatahavetheadvantagethatthisprocessoccursin
special-purposecompiler-optimizedcode,minimizingcon-
trol costs.However, to keepthatcodesimpleandportable,
suchsystemsuniformly rely on communicatingin a pre-
definedwire format,thereforeincurringthedatamovement
costsdescribedin thepreviousparagraph.

Packagesthat marshaldatathemselvestypically usean
alternative approachto control,wherethemarshalingpro-
cessis controlledby what amountsto a table-driven inter-
preter. This interpretermarshalsor unmarshalsapplication-
defineddata,makingdatamovementandconversiondeci-
sionsbasedupona descriptionof thestructureprovidedby
the applicationandits knowledgeof the format of the in-
comingrecord.This approachto dataconversiongivesthe
packagesignificantflexibility in reactingto changesin the

incomingdataandwasour initial choicewhenimplement-
ing NDR.

XML necessarilytakesa differentapproachto receiver-
sidedecoding. Becausethe `wire' format is a continuous
string,XML is parsedatthereceiving end.TheExpatXML
parser[3]callshandlerroutinesfor everydataelementin the
XML stream.Thathandlercaninterprettheelementname,
convertthedatavaluefromastringto theappropriatebinary
type andstoreit in the appropriateplace. This flexibility
makesXML extremelyrobust to changesin the incoming
record.Theparserwehaveemployedis quitefast,but XML
still paysa relatively heavy penaltyfor requiringstring-to-
binaryconversiononthereceiving side.

Comparisonof receiver-sidecostsfor XML-based, MPI,
CORBA, and PBIO wire formats. Figure 3b shows a
comparisonof receiver-sideprocessingcostson the Sparc
for interpretedconvertersusedby XML, MPICH (via the
MPI_Unpack()) call, CORBA, andPBIO.XML receiver
conversionsare clearly expensive, typically betweenone
andtwo ordersof decimalmagnitudemorecostly thanour
NDR-basedconverterfor thisheterogeneousexchange.(On
an exchangebetweenhomogeneousarchitectures,PBIO
andMPI wouldhavesubstantiallylowercosts,whileXML's
costswould remainunchanged.)OurNDR-basedconverter
is relatively heavily optimizedandperformsconsiderably
better than MPI, in part becauseMPICH usesa separate
buffer for theunpackedmessageratherthanreusingthere-
ceivebuffer (aswedo). However, NDR'sreceiver-sidecon-
versioncostsstill contributeroughly20%of thecostof an
end-to-endmessageexchange.While a portionof this con-
versionoverheadmustbetheconsequenceof theraw num-
ber of operationsinvolved in performingthe dataconver-
sion,we believe thata significantfractionof this overhead
is dueto thefactthattheconversionis essentiallybeingper-
formedby aninterpreter.

Optimizing receiver-sidecostsfor PBIO. Our decisionto
transmitdatain thesender'snativeformatresultsin thewire
format beingunknown to the receiver until run-time. Our
solutionto theproblemis to employdynamiccodegenera-
tion to createa customizedconversionsubroutinefor ev-
ery incoming record type. Theseroutinesare generated
by the receiver on the fly, as soonas the wire format is
known. PBIOdynamiccodegenerationis basedon Vcode,
a fastdynamiccodegenerationpackagedevelopedat MIT
by DawsonEngler[7]. Vcodeessentiallyprovidesan API
for a virtual RISC instructionset. The provided instruc-
tion setis relatively generic,sothatmostVcodeinstruction
macrosgenerateonly oneor two native machineinstruc-
tions. Native machineinstructionsare generateddirectly
into a memorybuffer and can be executedwithout refer-
encetoanexternalcompileror linker. Wehavesignificantly
enhancedVcodeandportedit to severalnew architectures.
With thepresentimplementationwe cangeneratecodefor
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Figure 4. Receiver side costs for interpreted
conversions in MPI and PBIO and DCG con-
versions in PBIO.

Sparc(v8, v9 andv9 64-bit), MIPS (old 32-bit,new 32-bit
and64-bitABIs), DECAlphaandIntel x86architectures3.

The execution times for thesedynamically generated
conversionroutinesareshown in Figure4. (Wehavechosen
to leavetheXML conversiontimesoff of thisfigureto keep
thescaleto a manageablesize.)

The dynamicallygeneratedconversionroutineoperates
significantly fasterthan the interpretedversion. This im-
provementremovesconversionasa majorcostin commu-
nication,bringingit down to nearthelevel of a copyopera-
tion,andit is thekey to PBIO'sability to efficientlyperform
many of its functions.

Thecostsavingsachievedfor PBIOdescribedin thissec-
tion aredirectly reflectedin thetimerequiredfor anend-to-
endmessageexchange. Figure 5 shows a comparisonof
PBIOandMPICH messageexchangetimesfor mixed-field
structuresof varioussizes.Theperformancedifferencesare
substantial,particularlyfor largemessagesizeswherePBIO
canaccomplisha round-tripin 45%of thetimerequiredby
MPICH. Theperformancegainsaredueto:

C virtually eliminatingthesender-sideencodingcostby
transmittingin thesender'snative format,and

C usingdynamiccodegenerationto customizea conver-
sion routineon the receiving side(currentlynot done
on thex86side).

Onceagain,Figure 5 doesnot include XML times to
keepthefigureto a reasonablescale.

3Moredetailson thenatureof PBIO's dynamiccodegenerationcanbe
foundin [5].

Figure 6. Receiver -side decoding costs with
and without an unexpected field: Heteroge-
neous case.
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4.4.High Performanceand Application Evolution

The principal differencebetweenPBIO andmostother
messagingmiddlewareis thatPBIOmessagescarryformat
meta-information,somewhatlike anXML-style description
of the messagecontent. This meta-informationcan be a
useful tool in building anddeployingenterprise-level dis-
tributedsystemsbecauseit (1) allows genericcomponents
to operateupon dataaboutwhich they have no a priori
knowledge,and (2) allows the evolution andextensionof
the basicmessageformatsusedby an applicationwithout
requiringsimultaneousupgradesto all applicationcompo-
nents. In otherwords,PBIO offers limited supportfor re-
flectionandtypeextension. Both of thesearevaluablefea-
turescommonlyassociatedwith objectsystems.

PBIOsupportsreflectionby allowingmessageformatsto
beinspectedbeforethemessageis received. Its supportof
type extensionderivesfrom doing field matchingbetween
incomingandexpectedrecordsby name. Becauseof this,
new fieldscanbeaddedto messageswithout disruptionbe-
causeapplicationcomponentswhich don't expect the new
fieldswill simply ignorethem.

Most systemsthatsupportreflectionandtypeextension
in messaging,suchas systemsusingXML as a wire for-
mator marshallingobjectsasmessages,sufferprohibitively
poorperformancecomparedto systemssuchasMPI which
have no suchsupport.Therefore,it is interestingto exam-
ine the effect of exploiting thesefeaturesuponPBIO per-
formance. In particular, in the following, we measurethe
performanceeffectsof typeextensionby introducinganun-
expectedfield into theincomingmessageandmeasuringthe
changein receiver-sideprocessing.

Figures6 and7 presentreceive-sideprocessingcostsfor
an exchangeof datawith an unexpectedfield. Thesefig-
ures show valuesmeasuredon the Sparcside of hetero-
geneousandhomogeneousexchanges,respectively, using
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PBIO DCG 100Kb roundtrip   35.27msec

PBIO DCG 10Kb roundtrip    4.3msec

PBIO DCG 1Kb roundtrip   .87msec

PBIO DCG 100b roundtrip  .62msec

.002m                          .227m                                                                    .126m                .0002m                            .227m                                                   .046m

.002m                  1.94m                               .345m .001m               1.94m                         1.16m

.002m    15.39m                         3.32m .001m          15.39m                     1.16m

network decode network decode

13.31m                          15.39m                                     11.63m                           8.95m                    15.39m                                        15.41m

  sparc encode                           network                               i86 decode             i86 encode                    network                               sparc decode

.002m                            .345m                                                    .126m    .0005m                                  .345m                                    .05m

sparc encode          network                                      i86 decode            i86 encode                          network                                 sparc decode

.971m                    1.94m                                               1.19m                             .876m                                   1.94m                                             1.51m

sparc encode                  network                                       i86 decode i86 encode                       network                                        sparc decode

.086m                      .345m                                                 .106m       .046m                                    .345m                                                  .186m

.034m                    .227m                                                         .063m           .010m                            .227m                                                    .104m

sparc encode         network                                                    i86 decode    i86 encode               network                                                sparc decode

MPICH 1Kb roundtrip   1.11msec

MPICH 100 byte roundtrip   .66msec

MPICH 10Kb roundtrip   8.43msec

MPICH 100Kb roundtrip   80.0msec

Figure 5. Cost comparison for PBIO and MPICH message exchange .

Figure 7. Receiver -side decoding costs with
and without an unexpected field: Homoge-
neous case.
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PBIO'sdynamiccodegenerationfacilities to createconver-
sionroutines.It' sclearfrom Figure6 thattheextrafield has
not effect uponthereceive-sideperformance.Transmitting
wouldhaveaddedslightly to thenetworktransmissiontime,
but otherwisethesupportof typeextensionaddsno costto

thisexchange.
Figure 7 shows the effect of the presenceof an unex-

pectedfield in thehomogeneouscase.Here,theoverheadis
potentiallysignificantbecausethe homogeneouscasenor-
mally imposesno conversionoverheadin PBIO. Thepres-
enceof theunexpectedfield createsa layoutmismatchbe-
tweenthewire andnativerecordformatsandasa resultthe
conversionroutinemust relocatethe fields. As the figure
shows, theresultingoverheadis non-negligible, but not as
highasexistsin theheterogeneouscase.For smallerrecord
sizes,mostof thecostof receivingdatais actuallycausedby
theoverheadof thekernelselect() call. Thedifference
betweentheoverheadsfor matchingandextrafield casesis
roughlycomparableto thecostof memcpy() operationfor
thesameamountof data.

As notedearlier in Section4.3, XML is extremely ro-
bustwith respectto changesin the formatof the incoming
record. Essentially, XML transparentlyhandlesprecisely
the sametypesof changein the incoming recordas can
PBIO. That is, new fields can be addedor existing fields
reorderedwithoutworry thatthechangeswill invalidateex-
isting receivers. Unlike PBIO, XML's behavior doesnot
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changesubstantiallywhensuchmismatchesarepresent.In-
stead,XML's receiver-side decodingcostsremainessen-
tially the sameas presentedin Figure 3. However, those
costsareseveral ordersof magnitudehigher than PBIO's
costs.

For PBIO, the resultsshown in Figures6 and7 areac-
tually basedupona worst-caseassumption,whereanunex-
pectedfield appearsbeforeall expectedfieldsin therecord,
causingfield offset mismatchesin all expectedfields. In
general,the overheadimposedby a mismatchvariespro-
portionally with the extent of the mismatch. An evolving
applicationmight exploit this featureof PBIO by adding
any additionalat the endof existing recordformats. This
wouldminimizetheoverheadcausedto applicationcompo-
nentswhichhave notbeenupdated.

5. Conclusionsand Futur eWork

This paperdescribesandanalyzesa basicissuewith the
performanceand flexibility of modernhigh performance
communicationinfrastructures:thechoiceof `wire formats'
for datatransmission.We demonstrateexperimentallythe
performanceof differentwire formats,addressingthesizes
of datatransfers(i.e., thecompactnessof wire formats),the
overheadsof datacopyingand conversionat sendersand
receivers,acrossheterogeneousmachinearchitectures.

We contributeanefficient andgeneralsolutionfor wire
formatsfor heterogeneousdistributedsystems,anddescribe
how our approachallows for applicationflexibility . By us-
ing theNaturalDataRepresentation(NDR),copyoverheads
areavoidedat sendersandreceiverscanplacedatainto the
formsthey desire.We reducethereceiver-side`interpreta-
tion' overheadsof NDR by runtimebinarycodegeneration
andcodeinstallationat receivers. As a result, the added
flexibility comesatno costand,in fact, theperformanceof
PBIO transmissionsexceedthat of datatransmissionper-
formedin modernHPCinfrastructureslike MPI.

The principal conclusionsof this researchare (1) that
theuseof NDR is feasibleanddesirableand(2) its advan-
tagesoutweighits potentialcosts. Specifically, receivers
who have no a priori knowledgeof dataformatsbeingex-
changedcaneasily`join' ongoingcommunications.In ad-
dition, loosely coupledor `plug-and-play' codescan be
composedinto efficient, distributedapplicationswhenever
desiredby endusers,without substantialmodificationsto
applicationcomponents(or recompilationor relinking). In
effect, by usingNDR andruntimebinarycodegeneration,
we cancreateefficient wire formatsfor high performance
componentswhile providing flexibility rivalingthatof plug
andplaysystemslike Java.

We are continuingto develop the compiler techniques
necessaryto generateefficient binary code, including the
developmentof selectedruntimebinary codeoptimization

methodsandthedevelopmentof codegeneratorsfor addi-
tionalplatforms,mostnotablytheIntel i960andStrongArm
platforms. In relatedresearch,our group is developing
high performancecommunicationhardwareand firmware
for clustermachines,so that PBIO-basedmessagingmay
be mappedto zero-copycommunicationinterfacesandso
that selectedmessageoperationsmay be placed`into' the
communicationco-processorsbeingused[17, 11].
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