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Abstract

High performancecomputingis beingincreasinglyuti-
lizedin non-traditiona circumstancesvheke it mustinter-
opeiate with otherapplications. For example,online visu-
alizationis beingusedto monitor the progressof applica-
tions,andreal-world sensorsare usedasinputsto simula-
tions. Wheneger thesesituationsarise, there is a question
of what communicationsnfrastructue shouldbe usedto
link the differentcomponentsTraditional HPC-stylecom-
municationssystemsud as MPI offer relativelyhigh per
formance,but are poorly suitedfor developingtheseless
tightly-coupled coopenting applications. Object-based
systemsand meta-dataformatslike XML offer substantial
plug-and-playflexibility, but with substantiallylower per
formance We observethat the flexibility and baselineper-
formanceofall thesesystemss stronglydeterminedbytheir
“wire format', or howthey representdatafor transmission
in a hetengeneouservironment. We examinethe perfor
mancemplicationsof differentwire formatsandpresentan
alternativewith significantadvantage termsof bothper
formanceandflexibility.

1. Intr oduction

High performancecomputingis being increasinglyuti-
lized in non-traditionalcircumstancesFor instance mary
high-endsimulationsmustinteroperatewith otherapplica-
tionsto provide ervironmentsfor humancollaboration,or
to allow accesgo visualizationenginesandremoteinstru-
ments[15, 16]. In addition,therehasbeenan increasing
interesin componenarchitectures[2)with theintentof fa-
cilitating the developmentof complex applicationghrough
reusability

Wheneaer thesesituationsarise, thereis a questionof
whatcommunicationsnfrastructureshouldbe usedto link
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thedifferentcomponentsThisis speciallyimportantin the
presenceof softwareevolution and/orruntime changesn
componentouplings. Traditional HPC-stylecommunica-
tions systemssuchas MPI, and client-serer communica-
tion paradigmssuchasRPC, offer high performance.Yet,
this systemsrely on the basicassumptiorthat communi-
cating partieshave a priori agreement®n the basiccon-
tentsof the messagebeingexchanged.Maintainingsuch
agreementhasbecomencreasinglyoneroudor theseless
tightly-coupledsystems.

The flexibility requirementf thesenen systemshas
led designerdo adopttechniquesuchasthe useof seri-
alized objectsas messagegasin Java's RMI [20Q]) or the
useof meta-dataepresentationlike XML. However, both
of theseapproachebsase marshallingandcommunications
coststhat are staggeringlyhigh in comparisorto the more
traditionalapproaches.

We obsere thattheflexibility andbaselingperformance
of all thesesystemss strongly determinedby their “wire
format', or how they representdatafor transmissiorin a
heterogeneousrvironment. We examinethe performance
implicationsof differentwire formatsandpresentan alter
native with significantadvantagesn termsof both perfor
manceandflexibility . Essentiallythis approacteliminates
commonwire formatslike XDR andinsteadiransmitsdata
in the senders native format (which we term Natural Data
Repesentatioror NDR), alongwith meta-informatiorthat
identifiestheseformats. Any necessargataconversionon
thereceving sideis performedby customroutinescreated
throughdynamiccodegeneration(DCG). Whenthesender
andrecever have thesamenaturaldatarepresentatiorsuch
asin exchangedetweenhomogeneousrchitecturesthis
approachallows receved datato be useddirectly from the
messagéuffer, makingit feasiblefor middlewvareto effec-
tively utilize high performancecommunicatioriayerslike
FM [13] or thezero-copymessaginglemonstratetdy Rosu
etal. [17] andWelshet al. [19]. When corversionbe-
tweenformatsis necessartheseDCG corversionsare of
the sameorderof efficieng/ asthe compile-timegenerated



stubroutinesusedby the fastessystemsgelying upona pri-
ori agreements[14 However, becauséhe corversionrou-
tinesarederived at run-time,our approactoffers consider
ably greatefflexibility thanothersystems.

Our experimentswith a variety of realisticapplications
shaw thatour alternatve approactobtainstherequiredflex-
ibility at no costto performance.On the contrary the re-
sultspresentednh Section4 shav animprovementof up to
3 ordersof magnitudein the senderencodingtime, 1 or-
derof magnitudeontherecever side,anda 45 % reduction
on roundtriptime, whencomparingit to a non-flexible ap-
proachlike MPI's.

The remainderof this paperis organizedasfollows. In
Section2 we review relatedapproacheso communication
andcommenbntheirperformancandflexibility . Section3
present®urapproachNaturalDataRepresentatiorandits
implementationn the PortableBinary /0 (PBIO) commu-
nicationlibrary. In Sectiond we compardheflexibility and
performanceof PBIO with that of somealternatve com-
municationssystems. After examining the differentcosts
involvedin the communicatiorof binary dataon heteroge-
neousplatforms we proceedo evaluatetherelative costsof
MPI, XML andCORBA-stylecommunicationgn exchang-
ing thesamesetsof messagegndcomparghemto thoseof
PBIO. Finally, we comparethe performancesffectsof dy-
namictype discorery and exetensionfor PBIO and XML-
basedsystemsWe presenburconclusioranddiscussome
directionsfor futurework in Section5.

2. Background and Related Work

In high performanceommunicatiorpackagesheoper
ationalnormis for all partiesto acommunicatiorio have an
a priori agreemenbn the format of messagesxchanged.
Mary packagessuchasPVM[10] and Nexus[9], support
messagexchangesn which the communicatingapplica-
tions “pack” and “unpack” messagedyuilding anddecod-
ing themfield by field. OtherpackagessuchasMPI[8],
allow the creationof userdefineddatatypesor messages
andfieldsandprovide somemarshallingandunmarshalling
supportfor theminternally However, MPI doesnot have
ary mechanisméor run-timediscovery of datatypesof un-
known messageandary variationin messageontentin-
validatescommunication.

By building its messagesnanually an applicationat-
tains significantflexibility in messagecontentswhile en-
suring optimized, compiled pack and unpackoperations.
However, relggatingthesetasksto the communicatingap-
plicationsmeanghatthoseapplicationanusthave a priori
agreemenbn the format of messagesIn wide-areahigh
performanceomputing the needto simultaneouslypdate
all applicationcomponentén orderto changemessagéor-
matscanbea significantimpedimento theintegration,de-

ploymentandevolution of complex systems.

In addition, the semantics of application-side
pack/unpack operations generally imply a data copy
to or from messagéuffers, with a significantimpact on
performance[13, 17]. Packageswhich performinternal
marshalling, such as MPI, could avoid data copiesand
offer more flexible semantican matchingfields provided
by senderandrecevers. However, existing packagehave
failed to capitalizeon thoseopportunities. For example,
MPIs type-matchingulesrequirestrict a priori agreement
on the contentof messagesand most MPI implementa-
tions marshaluserdefineddatatypessia mechanismghat
amountto interpretedrersionsof field-by-field packing.

Theuseof objectsystemdechnologyprovidesfor some
amountof plug-and-playinteroperabilitythroughsubclass-
ing andreflection. This s a significantadvantagein build-
ing looselycoupledsystemsbut they tendto suffer whenit
comego communicatiorefficiengy. For example, CORBA-
basedobject systemsuse IIOP as a wire format. [IOP
attemptsto reduce marshallingoverheadby adopting a
“readermakes-right”approachwith respectto byte order
(the actualbyte orderusedin a messages specifiedby a
headerfield). This additionalflexibility in the wire for-
mat allows CORBA to avoid unnecessarypyte-swapping
in messagexchangedetweenhomogeneousystemsbut
is not sufficient to allow such message=xchangeswith-
out copyingof dataat both senderandrecever. At issue
hereis the contiguity of atomicdataelementsn structured
datarepresentationdn [IOP, XDR andotherwire formats,
atomic dataelementsare contiguous,without intervening
spaceor paddingbetweerelements.In contrastthe native
representationsf thosestructuresn theactualapplications
mustcontainappropriatgpaddingto ensurethat the align-
mentconstraint®f thearchitecturaremet. Onthesending
side,the contiguityof thewire formatmeanghatdatamust
be copiedinto a contiguousbuffer for transmission. On
the receving side, the contiguity requiremenimeansthat
datacannotbereferencedlirectly out of the receve buffer,
but mustbe copiedto a differentlocationwith appropriate
alignmentfor eachelement.

While all of the communicatiorsystemsabove rely on
someform of afixedwire formatfor communicationXML
takes a different approachto communicationflexibility .
Ratherthantransmittingdatain binary form, its wire for-
matis ASCII text, with eachrecordrepresentedh textual
form with headerandtrailer informationidentifying each
field. This allows applicationsto communicatevith no a
priori knowledgeof eachothers. However, XML encod-
ing and decodingcostsare substantiallyhigher that those
of otherformatsdueto the conversionof datafrom binary
to ASCII andvice-versa. In addition, XML hassubstan-
tially highernetworktransmissiorcostsbhecauséhe ASCII-
encodedecordis larger, oftensubstantiallyarger, thanthe



binaryoriginal (anexpansiornfactorof 6-8is notunusual).

3. Approach

Ourapproacho creatingefficient wire formatsis to use
NaturalDataRepresentatiofNDR). Thatis, datais placed
‘onthewire' in the naturalform in which it is maintained
by the senderthen decodedby the recever into' its de-
siredform. Our currentimplementatiorof NDR is termed
PBIO (for PortableBinary 1/O). The PBIO library provides
a record-orienteccommunicationrmedium. Writers must
provide descriptionsof the names,types, sizesand posi-
tions of thefieldsin therecordsthey arewriting. Readers
mustprovide similar informationfor the recordsthey wish
to read. No translationis doneat the writer's end. At the
readers end,theformatof theincomingrecordis compared
with theformatexpectedby the program.Correspondence
betweerfields in incomingand expectedrecordsis estab-
lishedby field name,with no weight placedon sizeor or-
deringin therecord. If therearediscrepanciem field size
or placementthenPBIO's corversionroutinesperformthe
appropriaté@ranslationsThus,thereademprogramcanread
thebinaryinformationproducedby the writer programde-
spitepotentialdifferencesn: (1) byte orderingontheread-
ing andwriting architectures(2) differencesn sizesof data
types(e.g. long andint); and(3) differencesn structure
layoutby compilers,

Theflexibility of the applicationis additionallyenhance
by the availability of full formatinformationfor theincom-
ing record. This allows the receving partsto makerun-
time decisionsaboutthe use and processingof incoming
messagewithout previousknowledge.Suchrequiredflex-
ibility however, comesat the price of potentially comple
format conversionson the receving end: sincethe format
of incomingrecordss principally definedby the native for-
matsof thewritersandPBIO hasno a priori knowledgeof
the native formatsusedby the programcomponentswvith
which it might communicatethe precisenatureof this for-
matcorversionmustbedeterminedt run-time.

Runtime codegenerationfor format interpr etation. To
alleviatetheincreasedommunicatiorcostsassociatewith
interpretedormatconversion NDR-baseadtommunications
are interpretedwith dynamically generatedbinary code.
The resulting customizeddata conversionroutinesaccess
and store data elements,cornvert elementsbetweenbasic
types and call subroutinesto cornvert complex subtypes.
Measurements[&how that the one-timecostsof generat-
ing binarycodecoupledwith theperformanceainsby then
beingableto usecompiledcodefar outweighthe costsof
continually interpretingdataformats. The analysisin the
following sectionshavs that an NDR-basedapproachto
datatransmissioralsoresultsin performanceainsthrough
copy reduction,while providing additionaltype-matching

flexibility not presenin othercomponent-basedistributed
programmingsystems.

4. Evaluation

This sectioncompareshe performanceandflexibility of
our NDR-basedpproactio dataexchangewith thatof sys-
temslike MPI, CORBA, andXML-basedones.

4.1. Analysis of Costsin HeterogeneousData Ex-
change

Binary data exchangecostsin a heterogeneouservir on-

ment. Beforeanalyzingthevariouspackageén detalil, it is

usefulto examinethecostsin anexchangeof binarydatain

aheterogeneousrvironment.As abaselindor this discus-
sion, we usethe MPICH[12] implementatiorof MPI. Fig-

ure 1 represents breakdevn of the costsof an MPI mes-
sageround-tripbetweena x86-based®C anda Sun Sparc
connectedy 100MbpsEthernet

The time componentdabeled“Encode” representthe
time span between the time the application invokes
MPI _send() and its eventual call to write dataon a
socket.The“Decode” components thetime spanbetween
ther ecv() callreturningandthepointatwhichthedatais
in aform usableby theapplication.This delineatiorallows
usto focuson the encode/decodeostsinvolvedin binary
dataexchange Thatthesecostsaresignificantis clearfrom
the figure, wherethey typically represen66% of thetotal
costof theexchange.

Figurel shovsthecostbreakdavn for messagesf a se-
lectionof sizes(from a realmechanicakngineeringappli-
cation),but in practice,messageimesdependupon mary
variables. Someof thesevariables,suchas basicoperat-
ing systencharacteristicthataffectraw end-to-end CP/IP
performanceare beyond the control of the applicationor
thecommunicatiormiddlevare. Differentencodingstrate-
giesin useby the communicatiormiddlevaremay change
thenumberof raw bytestransmittecbverthenetwork;much
of thetime thosedifferencesarenegligible, but wherethey
arenot, they canhave a significantimpactupontherelative
costsof amessagexchange.

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

4.2.SendingSide Cost

Figure2 shovsacomparisorof sending-sidelataencod-
ing timeson the Sparcfor anXML-basedimplementatiof,

1TheSunmachineds anUltra 30with a247MHz cpurunningSolaris?.
Thex86 machineis a450MHz Pentiumll, alsorunningSolaris7.

2 variety of implementation®f XML, includingboth XML genera-
torsandparsersareavailable.We have usedthefastesknown to usatthis
time, Expat[3].
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Figure 1. Cost breakdown for message exchange .
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Figure 2. Send-side encoding times.

MPICH, CORBA, andPBIO.

XML wire formats are inappropriate. Thefigure shavs
dramaticdifferencesn the amountof encodingnecessary
for the transmissiorof data(which is assumedo exist in
binary format prior to transmission).The XML costsrep-
resentthe processingnecessaryto corvert the datafrom
binary to string form andto copy the elementbegin/end
blocksinto the outputstring.

Advantagesderived from NDR. As is mentionedn Sec-
tion 3, we transmitdatain the native formatof the sender
As aresult,no copiesor datacorversionsare necessaryo
preparesimple structuredatafor transmission.So, while
MPICH's coststo preparefor transmissiornon the Sparc
vary from 34usecfor the 100 byte recordup to 13 msec
for the 100Kbrecord,PBIO's costis aflat 3 usec.
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Figure 3. Receive side decode times.

4.3.ReceivingSide Costs

Our NDR approachto binary dataexchangeeliminates
senderside processingoy transmittingin the senders na-
tive format andisolatingthe compleity of managinghet-
erogeneityin therecever. As aresulttherecever mustper
form corversionof the variousincoming ‘wire' formatsto
its "native’ format. PBIO matchedieldsby name soacon-
version may require byte-orderchangeqbyte-swapping),
movementof datafrom one offset to anothey or even a
changen thebasicsizeof the datatype (for example,from
a4-byteintegerto an8-byteinteger).

This conversionis anotherform of the“marshalingprob-
lem” thatoccurswidely in RPCimplementations[[Landin
network communication. Marshalingcan be a significant
overhead[418], andtoolslike the UniversalStubCompiler
(USC) [14] attemptto optimize marshalingwith compile-



time solutions. Although optimizationconsiderationsim-
ilar to thoseaddressedby USC apply in our case,the dy-
namicform of the marshalingproblemin PBIO, wherethe
layout and even the completefield contentsof the incom-
ing recordareunknavn until run-time,rulesout suchstatic
solutions.Theconversionoverheads nil for somehomoge-
neousdataexchangesbut asFigurel1 shaws, the overhead
is high (66%)for mary heterogeneousxchanges.
Generically receverside overheadin communication
middlewvarehasseveral components:

¢ byte-ordercorversion,
¢ datamovementcosts,and
e controlcosts.

Byte ordercorversioncostsareto someextentunavoidable.
If the communicatingmachinesuse differentbyte orders,
thetranslationrmustbe performedsomevhereregardlessof
the capabilitiesof thecommunicationpackage.

Data movementcostsare harderto quantify. If byte-
swappingis necessarydatamovementcan be performed
as part of the processwithout incurring significantaddi-
tional costs.Otherwiseglever designof thecommunication
middlewarecanoften avoid copyingdata. However, pack-
agesthatdefinea “wire format' for transmittecdatahave a
hardertime beingclever in this area. Oneof the basicdif-
ficultiesis thatthe native formatfor mixed-datatypestruc-
tureson mostarchitecture®iasgaps,unusedareasetween
fields,insertedby the compilerto satisfydataalignmentre-
quirements.To avoid makingassumptionsboutthe align-
mentrequirement®sf the machineghey run on, mostpack-
agesusewire formatswhich arefully packedandhave no
gaps. This mismatchforcesa datacopy operationin situ-
ationswherea clever communicationsystemmight other
wisehave avoidedit.

Controlcostsrepresenthe overheadf iteratingthrough
thefieldsin therecordanddecidingwhatto do next. Pack-
agesthat requirethe applicationto marshalandunmarshal
theirown datahave theadantagehatthis proces®ccursn
special-purposeompileroptimizedcode,minimizing con-
trol costs.However, to keepthatcodesimpleandportable,
suchsystemsuniformly rely on communicatingn a pre-
definedwire format,therefore@ncurringthe datamovement
costsdescribedn the previous paragraph.

Packageghat marshaldatathemselestypically usean
alternatve approachto control, wherethe marshalingpro-
cessis controlledby whatamountgo a table-drveninter-
preter Thisinterpretemarshalor unmarshalspplication-
defineddata,makingdatamovementand corversiondeci-
sionsbasedupona descriptionof the structureprovidedby
the applicationandits knowledgeof the format of the in-
comingrecord. This approacto datacorversiongivesthe
packagssignificantflexibility in reactingto changesn the

incomingdataandwasour initial choicewhenimplement-
ing NDR.

XML necessarilyakesa differentapproactto recever
sidedecoding. Becauseghe "wire' formatis a continuous
string,XML is parsedatthereceving end. The ExpatXML
parser[3lcallshandleroutinesfor every dataelemenin the
XML stream.Thathandlercaninterpretthe elementname,
corvertthedatavaluefromastringto theappropriatdinary
type and storeit in the appropriateplace. This flexibility
makesXML extremelyrobustto changesn theincoming
record.Theparsemwe have employeds quitefast,but XML
still paysarelatively heary penaltyfor requiringstring-to-
binarycorversiononthereceving side.

Comparisonof receiverside costsfor XML-based, MPI,
CORBA, and PBIO wire formats. Figure 3b shaws a
comparisorof recever-side processingostson the Sparc
for interpretedconvertersusedby XML, MPICH (via the
MPI _Unpack() ) call, CORBA, andPBIO. XML recever
conversionsare clearly expensve, typically betweenone
andtwo ordersof decimalmagnitudemorecostly thanour
NDR-basedorverterfor this heterogeneousxchange (On
an exchangebetweenhomogeneousrchitectures,PBIO
andMPI wouldhave substantiallyowercostswhile XML's
costswould remainunchanged.Pur NDR-basedcorverter
is relatively heavily optimizedand performsconsiderably
betterthan MPI, in part becauseMPICH usesa separate
buffer for the unpackednessageatherthanreusingthere-
ceive buffer (aswe do). However, NDR'srecever-sidecon-
versioncostsstill contribute roughly 20% of the costof an
end-to-endnessagexchange While a portionof this con-
versionoverheadnustbethe consequencef theraw num-
ber of operationsnvolvedin performingthe datacorver
sion, we believe that a significantfraction of this overhead
is dueto thefactthattheconversionis essentiallypeingper
formedby aninterpreter

Optimizing receiverside costsfor PBIO. Our decisionto
transmitdatain thesendes native formatresultsin thewire
formatbeingunknawn to the recever until run-time. Our
solutionto the problemis to employdynamiccodegenera-
tion to createa customizedcorversionsubroutinefor ev-
ery incoming recordtype. Theseroutinesare generated
by the recever on the fly, as soonasthe wire format is
known. PBIO dynamiccodegenerations basecn Vcode,
a fastdynamiccodegeneratiorpackagedevelopedat MIT
by DawsonEngler[7]. Vcodeessentiallyprovidesan API
for a virtual RISC instructionset. The provided instruc-
tion setis relatively generic sothatmostVcodeinstruction
macrosgenerateonly one or two native machineinstruc-
tions. Native machineinstructionsare generatedlirectly
into a memorybuffer and can be executedwithout refer
enceto anexternalcompileror linker. We have significantly
enhanced/codeandportedit to severalnew architectures.
With the presenimplementatiorwe 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-bit ABIs), DEC Alphaandintel x86 architectures.

The execution times for thesedynamically generated
conversionroutinesareshovn in Figure4. (Wehave chosen
to leavethe XML conversiontimesoff of thisfigureto keep
thescaleto amanageablsize.)

The dynamicallygenerateatonversionroutine operates
significantly fasterthan the interpretedversion. This im-
provementremoves corversionasa major costin commu-
nication,bringingit down to nearthelevel of a copyopera-
tion, andit is thekey to PBIO'sability to efficiently perform
mary of its functions.

Thecostsavingsachievedfor PBIO describedn thissec-
tion aredirectly reflectedn thetime requiredfor anend-to-
end messagexchange. Figure 5 shavs a comparisonof
PBIO andMPICH messagexchangeimesfor mixed-field
structure®f varioussizes.Theperformancalifferencesre
substantialparticularlyfor large messagsizeswvherePBIO
canaccomplisharound-tripin 45% of thetime requiredby
MPICH. Theperformanceyainsaredueto:

¢ virtually eliminatingthe sendesside encodingcostby
transmittingin the senders native format,and

¢ usingdynamiccodegeneratiorto customizea conver-
sionroutineon the receving side (currentlynot done
onthex86 side).

Onceagain, Figure 5 doesnot include XML timesto
keepthefigureto areasonablscale.

3More detailson thenatureof PBIO's dynamiccodegeneratiorcanbe
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
messagingniddlewvareis thatPBIO messagesarry format
meta-informationsomevhatlike anXML-style description
of the messagecontent. This meta-informationcan be a
usefultool in building and deployingenterprise-leel dis-
tributedsystemsbecauset (1) allows genericcomponents
to operateupon dataaboutwhich they have no a priori
knowledge,and (2) allows the evolution and extensionof
the basicmessagdormatsusedby an applicationwithout
requiringsimultaneousipgradego all applicationcompo-
nents. In otherwords, PBIO offers limited supportfor re-
flectionandtypeextension Both of thesearevaluablefea-
turescommonlyassociateavith objectsystems.

PBIOsupportseflectionby allowing messagérmatsto
be inspecteeforethe messagés receved. Its supportof
type extensionderivesfrom doing field matchingbetween
incomingandexpectedrecordsby name. Becauseof this,
new fieldscanbeaddedio messagewithout disruptionbe-
causeapplicationcomponentsvhich don't expectthe new
fieldswill simplyignorethem.

Most systemghat supportreflectionandtype extension
in messagingsuchas systemsusing XML as a wire for-
mator marshallingobjectsasmessagesuffer prohibitively
poor performanceomparedo systemsuchasMPI which
have no suchsupport. Therefore,it is interestingto exam-
ine the effect of exploiting thesefeaturesuponPBIO per
formance. In particular in the following, we measurehe
performanceffectsof typeextensionby introducinganun-
expectedield into theincomingmessagandmeasuringhe
changen recever-sideprocessing.

Figuresb and7 presenteceve-sideprocessingostsfor
an exchangeof datawith an unexpectedfield. Thesefig-
ures shav valuesmeasuredn the Sparcside of hetero-
geneousand homogeneougxchangesrespectrely, using
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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.

=
o

Homogeneous Receive Times

Matching fields
D Mismatched fields

g K

10Kb 1Kb
message size

milliseconds (logscale)
H

o
=

100Kb 100b

PBIO'sdynamiccodegeneratioriacilities to createcornver
sionroutines.It' sclearfrom Figure6 thattheextrafield has
not effect uponthe receve-sideperformanceTransmitting
would have addedslightly to thenetworktransmissiotime,
but otherwisethe supportof type extensionaddsno costto

thisexchange.

Figure 7 shaws the effect of the presenceof an unex-
pectedield in thehomogeneousase Here,theoverheads
potentially significantbecause¢he homogeneousasenor-
mally imposesno corversionoverheadn PBIO. The pres-
enceof the unexpectedfield createsa layout mismatchbe-
tweenthewire andnative recordformatsandasaresultthe
conversionroutine must relocatethe fields. As the figure
shaws, theresultingoverheads non-ngligible, but not as
high asexistsin the heterogeneousase For smallerrecord
sizesmostof thecostof receving datais actuallycausedy
theoverheadof thekernelsel ect () call. Thedifference
betweerthe overhead$or matchingandextrafield casess
roughlycomparabléo thecostof mencpy() operatiorfor
thesameamountof data.

As notedearlierin Section4.3, XML is extremely ro-
bustwith respecto changesn the formatof the incoming
record. Essentially XML transparentlyhandlesprecisely
the sametypes of changein the incoming record as can
PBIO. That s, new fields can be addedor existing fields
reorderedvithoutworry thatthechangeswill invalidateex-
isting recevers. Unlike PBIO, XML's behaior doesnot



changesubstantiallywwhensuchmismatchesrepresentin-
stead,XML's recever-side decodingcostsremainessen-
tially the sameas presentedn Figure 3. However, those
costsare several ordersof magnitudehigherthan PBIO's
costs.

For PBIO, the resultsshavn in Figures6 and7 areac-
tually baseduponaworst-cas@ssumptionywhereanunex-
pectedield appeardeforeall expectedfieldsin therecord,
causingfield offset mismatchesn all expectedfields. In
general,the overheadimposedby a mismatchvariespro-
portionally with the extent of the mismatch. An evolving
applicationmight exploit this featureof PBIO by adding
ary additionalat the end of existing recordformats. This
would minimizetheoverheadctausedo applicationcompo-
nentswhich have notbeenupdated.

5. Conclusionsand Futur e Work

This paperdescribeandanalyzes basicissuewith the
performanceand flexibility of modernhigh performance
communicationinfrastructuresthechoiceof "wire formats'
for datatransmission.We demonstratexperimentallythe
performancef differentwire formats,addressinghesizes
of datatransferdi.e., thecompactnessf wire formats),the
overheadsf datacopying and corversionat sendersand
recevers,acrossheterogeneoumachinearchitectures.

We contribute an efficient andgeneralsolutionfor wire
formatsfor heterogeneoudistributedsystemsanddescribe
how our approactallows for applicationflexibility . By us-
ingtheNaturalDataRepresentatioNDR), copyoverheads
areavoidedat senderandreceverscanplacedatainto the
formsthey desire. We reducethe receverside “interpreta-
tion' overhead®f NDR by runtimebinary codegeneration
and codeinstallationat recevers. As a result, the added
flexibility comesatno costand,in fact, the performancef
PBIO transmissiongxceedthat of datatransmissiomer
formedin modernHPCinfrastructuredike MPI.

The principal conclusionsof this researchare (1) that
theuseof NDR is feasibleanddesirableand(2) its adwan-
tagesoutweighits potential costs. Specifically recevers
who have no a priori knowledgeof dataformatsbeing ex-
changectaneasily“join' ongoingcommunicationsin ad-
dition, loosely coupledor “plug-and-play' codescan be
composednto efficient, distributedapplicationswvhene&er
desiredby end users,without substantiamodificationsto
applicationcomponentgor recompilationor relinking). In
effect, by usingNDR andruntimebinary codegeneration,
we can createefficient wire formatsfor high performance
componentsvhile providing flexibility rivalingthatof plug
andplay systemdike Java.

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

methodsandthe developmentof codegeneratordor addi-
tional platforms mostnotablythelntel i960andStrongArm
platforms. In relatedresearch,our group is developing
high performancecommunicatiorhardwareand firmware
for clustermachinesso that PBIO-basednessagingnay
be mappedto zero-copycommunicationnterfacesand so
that selectednessag®perationamay be placed’into’ the
communicatiorco-processorseingused[17, 11].
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