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Abstract

High-performancecomputingfacesconsiderablechange
astheInternetandtheGrid mature. Applicationsthatonce
were tightly-coupledandmonolithicarenowdecentralized,
with collaboratingcomponentsspreadacrossdiversecom-
putational elements. Such distributed systemsmostcom-
monly communicatethrough the exchange of structured
data.Definitionandtranslationof metadatais incorporated
in all systemsthat exchange structured data. We observe
that themanipulationof this metadatacanbedecomposed
into threeseparatesteps:discovery, bindingof programob-
jectsto the metadata,and marshalingof data to and from
wire formats. We havedesigneda methodof representing
message formatsin XML, usingdatatypesavailablein the
XML Schemaspecification. We haveimplementeda tool,
XMIT, thatusessuch metadataandexploitsthisdecomposi-
tion in orderto provideflexiblerun-timemetadatadefinition
facilities for anefficientbinarycommunicationmechanism.
We also demonstrate that the useof XMIT makespossible
such flexibility at little performancecost.

1. Intr oduction

Wide areaapplicationshave beena strongfocusof re-
searchin highperformancecomputing.Thishasresultedin
thedevelopmentof softwareinfrastructureslikePVM, MPI,
andGlobus, and it hasled to conceptslike Grid Comput-
ing or theNationalMachineRoommadeconcreteby ongo-
ing designandimplementationeffortsatDOELaboratories,
by NCSA/Allianceresearchers,andby thebroaderresearch
communityvia vehicleslike theGrid Forum. Increasingly,
researchfocus in this domainhasturnedtowardscompo-
nentarchitectures[11] which facilitatethe developmentof
complex applicationsby allowing the creationof generic
reusablecomponentsandby easingindependentcomponent

development. Someof the earliestrequirementsfor com-
ponentarchitecturesin high-performancecomputingwere
derivedfrom systemsthatattachscientificvisualizationsto
running computations,but continuingresearchhasgener-
alized suchmodelsto include the ability to also flexibly
link remoteinstrumentsandeven generalpurposecompu-
tationalelements[19, 20, 11]. This work hastaken advan-
tageof technologiesfor component-basedsoftwaredevel-
opment,includingsystemslike EnterpriseJava Beans,Mi-
crosoft’s ComponentObjectModel and its distributedex-
tension(DCOM), and the developing specificationof the
CORBA ComponentModel(CCM) in OMG’sCORBA ver-
sion3.0.

Today’s component-basedapplicationsrangefrom re-
motesensorsandinstruments,to scientificvisualization,to
multimediaand distributed immersive systems,to collab-
orative designand manufacturing. Suchapplicationsex-
changestructureddata that describesparts or equipment
underdesign,graphicalobjectsbeingdisplayed,or scien-
tific datarepresentingatmosphericvolumesand chemical
concentrations.An importantpropertyof mechanismsfor
exchangeof structureddatais thedegreeto which they per-
mit the independentevolution of datadefinitions,thereby
enablingapplicationsto communicatevia enhanceddata
structures. This is difficult when using communication
mechanismslike RPCor CORBA’s remoteobject invoca-
tions that performdatadefinition in a programmaticfash-
ion. Embeddingmetadatainto communicationor applica-
tion codemay result in goodperformance,but substantial
costsarisewhenapplicationsevolve, aschangesin meta-
datarequireconsequentmodificationandrecompilationof
the codesusingsuchmetadata.In addition,this approach
limits the usefulnessof metadata;while mostsystemscan
be usefullyabstractedby the structureof the datathey ex-
change,thelevel of expressivenessof commonlyusedpro-
gramminglanguagessuchas C is a severehandicap. Fi-
nally, embeddingmetadataalso‘hides’ it from just thenon-



programmerendusersto whomit is typically mostuseful:
theengineersdesigningparts,thescientistsstudyingatmo-
sphericphenomena,andothers,who sharedatain their dis-
tributedcollaborativeworkspaces.

Our work is predicatedon thebelief thatopenmetadata
systemswill becomeincreasinglyimportantanduseful,es-
pecially for non-programmersusing distributed computa-
tions that sharesubstantialamountsof data. This belief
is validatedin part by the increasingpopularity of meta-
datastandardslike XML [4]. However, thesuccessof open
metadatasystemsrequiresthattheir usedoesnot unreason-
ablydegradetheperformanceof applicationsthatusethem.
Consequently, our work seeksto reconcileopennessand
performance.

Efficient Binary Transmissionof Structur edData. Our
work addressesinteroperabilityat levels ’below’ thoseof
RPCor CORBA, but with functionality exceedingthat of
commondataexchangeformatslike XDR. Specifically, we
areconcernedwith theefficientmovementof thedatastruc-
turesthataredefinedat the’system’level of distributedap-
plications,middleware,andsystems,typically usingsystem
implementationlanguageslikeC. Suchstructureddatausu-
ally residesin mainmemory, andwhenit is movedacross
heterogeneousmachines,one must deal with issueslike
byte-order, field alignment,andatomictyperepresentation.
Furthermore,at this level, datatransmissionin binary for-
mat is critical, dueto the high communicationbandwidths
or low transmissionlatenciesrequired,or becauseof theun-
dueprocessingloadsthatwould be imposedon systemsif
they were forced to transforminformation from end user
readableformats,like text, to binary formats,for instance.
Sampleapplicationsrequiringbinarydatatransmissionin-
clude high performancecodesmoving scientific or engi-
neeringdataand wide-areatransfersof operationaldata,
wherescalability to many informationclientsandsources
implies the need to reduceper-client or per-sourcepro-
cessingandtransmissionrequirements.They alsoinclude
server-basedapplicationsin which singleserversmustpro-
vide informationto largenumbersof clients.

Efficient and ‘Open’ Specification of Data Structur e.
In CORBA, the specificationof datastructureis achieved
with IDL specifications.In RPC,procedureparametersare
characterizedby theirtypesspecifiedwithin ‘interfacemod-
ule’ descriptions.Opennessin metadatadefinition implies
that datastructurespecificationsare not linked to certain
transmissionmechanisms,suchasRPC,or linked to spe-
cific protocols,suchas thoseusedin the transmissionof
manufacturing,parts,or designinformationin theautomo-
bile industry, or asthoseusedby specificdatastoragefa-
cilities (e.g.,databasequerylanguages).Instead,openness
requiresthatdatastructuremaybespecifiedindependently

of datatransmissionanduse,with translationsof suchstruc-
tureto theefficientlower-level representationsusedfor data
transmissionor manipulation‘hidden’ from endusers.

We have developeda novel approachto high perfor-
mance,open metadatasystems. This approachdecom-
posesthe transferprocessfor structureddata, which re-
sults in efficient, binary (not text-based)low-level encod-
ings of data, while also maintainingopen user-readable
and -comprehensibledata structuredefinitions. Our ap-
proachis implementedby XMIT (XML MetadataIntegra-
tion Toolkit), a tool which providesflexible metadatadefi-
nitionusingXML, while alsosupportinghigh-performance,
binarydatatransmission.We demonstratein thispaperthat
XMIT providesperformancecomparableto that of binary
datatransmission,by usingruntimemethodsof establishing
structureddataexchange.Small ‘startup’ overheadsarein-
curredonly during‘connectionestablishment’,thatis, each
time anXMIT-basedexchangeis initiatedand/orthestruc-
tureof thedataexchangedis modified.

To validateour claims, XMIT is appliedto oneof the
earlier ‘portal’ demonstrationsdeveloped by NCSA re-
searchers,a component-basedvisualizationsystemfor hy-
drologydata[18]. Beyond theperformanceresultsdemon-
stratedin this paper, our futurework expectsto deriveben-
efitsfrom XMIT bothin theareaof runtimetypeextension
(e.g.,whenlesscapablevisualizationenginessuchashand-
heldscancustomizeremotemetadatafor their own needs)
andto createsystemsthat aremoreamenableto evolution
(e.g., to explain new visualizationcapabilitiesthroughthe
useof remotely-definedmetadata).

Theremainderof this paperis structuredasfollows. We
discusshow metadatais usedandour insightsinto thepro-
cessin Section2. Section3 describeshow theXMIT toolkit
works. Our evaluationof XMIT is presentedin Section4.
Finally, we discussrelatedwork in Section5 andconclude
in Section6.

2. Usageof Metadata

The usageof metadatamay be decomposedinto three
components,therebyseparatingthethreeactionsnecessary
for the transmissionof structureddata: (1) discovery, (2)
binding,and(3) marshaling.

Discovery. Any binary communications mechanism
(BCM) must discover the metadatait will use for trans-
missionof a givenmessage.This processcantake several
forms. Monolithic programconstructionembedsmetadata
in communicationcode.In suchcases,metadatais directly
availableand the discovery processis obviated. Modular
programmingpracticehasled to the abstractionof BCMs
into library code, and consequentlyto the decouplingof
metadatafrom BCM processing. This decouplingforces



the discovery processto becomeexplicit. Several alter-
natives have beendevised to addressmetadatadiscovery.
In IIOP, for example,metadatais provided in a structured
mannerdefinedby the BCM, and madeavailable to the
BCM library aspartof programexecution. Systemsusing
this approachbenefitfrom beingableto make architectural
decisionsat compiletime,which allowsdirectexamination
of thebehavior of thecompilerandexaminationof thehost
architecture.However, sincethemetadatais compiledinto
the system,it is not readily modifiable (althoughseveral
systemshavetakenpainsto increasetherobustnessof such
metadataat runtime). Other approachesrely on interface
definition languages(IDLs), which enablethe expression
of architecture-independentmessagedefinitions. An IDL
compiler for each participating host platform translates
these definitions into architecture-dependentdefinitions,
and code generatorsprovide library routinesto translate
messagesat run-time[2].

Binding. Associationof a certainmetadataformat with
a particularunit of programdatais known asbinding. In
compiled-metadatasystems,a dataunit is associatedwith
a metadataformat via someAPI call. The programmeris
responsiblefor properlyusingthis call to ensurethe com-
patibility of the programdataand the metadata. In con-
trast, IDL-basedsystemsgenerateformat-specificsubrou-
tineswhichservethesamepurpose.Bindingusuallyresults
in theconstructionof sometypeof messageformatdescrip-
tor or tokento beusedduringmarshaling.

Marshaling / Transmission / Unmarshaling. The pur-
poseof BCMsis to translatemessagesfrom in-memoryfor-
matsto andfrom awire format.All BCMsdefine‘wire for-
mats’ thatdefinehow any datawill be transmittedover the
communicationstransportlayer. A messageis providedto
a BCM asa region in theaddressspaceof a processwhose
contentsmustbe translatedto thewire format. Theregion
is describedasa recordcontaininga setof fields.Metadata
describes,for eachof thesefields,its size,type,andlayout
within therecord.This informationis usedby theBCM to
generatewire format recordsthat containsufficient infor-
mationfor thereceiverto properlyreconstructthemessage.
Marshalingis not alwaysa one-passprocess;someBCMs
aredesignedto convertmetadatainto aninternalrepresenta-
tionandonly laterusetheinternalrepresentationtogenerate
wire formattransport-layermessages.

Orthogonality. It shouldbe clear that how metadatais
providedto a BCM doesnot in any way influencehow that
metadatais usedfor bindingor marshaling.Wherea BCM
usesan internal representationof metadataas described
above,for example,it is possibleto constructa systemthat
canswitchfrom compiled-inmetadatato thatprovidedby a

directoryserver, with eachsetof metadatabeingconverted
to internalrepresentation.In sucha system,themethodof
metadatadiscovery changes,but the methodof metadata
binding doesnot. Conversely, a BCM that relies on IDL
descriptionsof the messagesit sendscan make different
binding decisions(choosingfrom amongversionsof mes-
sageformats,for example)without affectingthemethodof
metadatadiscovery.

Discussion. First, changesto the discovery processare
not likely to result in performancegains. The numberof
messageformat changesis small comparedto the number
of messagessentby typicalsystems,anddiscoveryof meta-
datais generallyperformedeitheronly at programstartup
or else infrequently during programexecution. Second,
changesin binding will result in performancegainsonly
with respectto the actualbinding decisionsbeing made,
that is, it is important to selectefficient formats for pro-
gram data. Third, both datamarshalingand transmission
mustavoid excessivedatacopying at endpoints.Recentre-
sultspublishedby our group[12] demonstratethat the per-
formanceof marshalingandtransmissionis stronglydepen-
denton the‘wire format’ usedfor data.

Changesto thediscoveryprocesscanresultin significant
usabilitygains,helpingto avoid thenecessityof recompila-
tion and/orrelinking of componentsaffectedby message
formatchanges.

3. The XMIT approach

Discovery using XML. XML is the metadatadefinition
languageusedby the XMIT tool, which implies that the
structuresto betransmittedandtheir formatsaredescribed
in XML. Usability is improved not only by making data
structureexplicit throughXML, but alsoby exploiting the
resultingindependenceof thediscoveryprocess;aslong as
themetadatais presentwhenbindingoccurs,it mattersnot
how themetadatagot there.By introducingindirectioninto
thediscoveryprocess,XMIT makesit possiblefor metadata
to resideoutsidetheprogram.Oneeffectof this decisionis
thatchangesto themessageformatsusedbydistributedpro-
gramscanbe centralized,andXMIT ensuresthat they are
propagatedto all programcomponentsusingtheseformats.
At the sametime, however, the fact that structureddatais
describedin XML doesnotpredicatethatit is transmittedin
this form (i.e., asASCII text). Instead,we maintainat the
level of XML only the associationof metadatawith data,
anduseefficientbinaryencodingsof bothduringactualdata
transmission.

TheXMIT approachprovidesseveraladvantages:

� It addsflexibility in the definition of messagestruc-
tures.TheXML descriptionof amessagestructurecan



beretrievedandusedto setup binary-formatmessag-
ing, asopposedto compiling the structuredefinitions
into the program. A changein the structureof data
is easilystatedasa changein theXML documentin-
dicatedby a URL, thus insulatingthe programfrom
changesin messageformat.

� Therapidlygrowingsetof XML documentdisplayand
manipulationtoolscanbeused.For instance,sincethe
structureof amessagewill berepresentedusingXML,
schema-checkingtools may be applied to live mes-
sagesreceived from otherpartiesto determinewhich
of severalstructuredefinitionsamessagebestmatches.

� Theabstractionprocessinherentin theuseof XML for
metadataremovestheneedto considersomeplatform-
dependentfeatures(for example,structurepadding).

� XML-basedmetadataallowsapplicationdevelopersto
concentratemore on the structureandcontentof the
messageandlesson the detailsof the messagetrans-
port.

Binding and marshaling to efficient, binary wir e for-
mats. XMIT is a run-timelibrary; its functionis to convert
metadatadefinitionsexpressedin XML into moreefficient
metadatasuitablefor efficientbinarytransmission.Specifi-
cally, XML metadatais convertedinto aninternalrepresen-
tationfrom whichBCM-specificmetadatais generated.We
next presentmoredetail on the two foundationson which
XMIT is built: (1) anopenXML-basedschemasystemfor
describingdatatypes,and(2) anefficient binaryheteroge-
neouscommunicationpackage.Evaluationsof thebenefits
andcostsof usingXMIT appearin Section4.

3.1. Constructing efficient metadata fr om XML
schemas

In this section,we describehow XMIT constructseffi-
cientmetadatarepresentationsfrom XML schemas.

Types in metadata. Application programsdraw from a
well-understoodsetof primitive typesthatcanbeusedfor
compositionof messageformats: integer, float, character,
string (even if their specificdefinitionsvary accordingto
architectureandplatform). An equivalentset is provided
by theXML Schemaspecification[10]. XML Schemapro-
videsprimitive typessuchasinteger, string,andenumera-
tion typesthat canbe usedto composenew abstractdata
types. Metadatadefinition with XMIT, then, startswith
XML documentsthatcontainappropriatetypedefinitions.

ThebasicXML Schemadatatypesarereferencedby us-
ing the XML namespaceconvention[5]. This makes the
entire set of data types in a namespaceavailable to the

programmer. The basicsetof primitive typesis fairly in-
tuitive, comprisingtypessuchas string , unsigned-
Long , float , andbyte 1. The XML Schematag com-
plexType is usedto denotethe definitionof a new type,
namedby thename attribute.

Inclusionof dataelementsof a previously-definedtype
in a new type is accomplishedby using the nameof an
already-definedtypein anew XML Schemaelement tag.
Eachelement tag includesa type attribute, which is a
characterstring. In orderto useanelementof a previously
definedtype, the type attribute is set to the nameof the
previouslydefinedcomplexType .

Array typesarealsospecifiedusingattributesof theel-
ement tag. The type attributeis usedto specifythebase
datatypefor thearray. ThemaxOccurs attributeis usedto
specifythearraybounds,andmayhaveeithera numericor
stringvalue. If thevalueis numeric,thevaluewill beused
astheabsolutesizeof thearray. If thevalueis thewildcard
character* , the array is treatedasdynamically-allocated.
Lastly, if the valueis a string, an elementof type inte-
ger with anidenticalnameattributemustbepresentin the
structuredefinition;thevalueof thisvariablewill beusedat
run-timeto indicatethesizeof thearray. This functionality
allowsdynamically-allocatedarraysto bespecified.

Constructing native metadata. XMIT includesan API
that allows a programmerto first “load” the toolkit with
messagedefinitions(containedin XML documents)from
oneor moreURLs. Oncethedesireddefinitionshave been
obtained,thetypeof native metadatato begeneratedis se-
lected.Oncethisisdone,eachXML documentthatcontains
XML Schema-basedmessagedefinitionsis parsedandthe
nativemetadatagenerationprocessis carriedout.

The XML parsercreatesa DocumentObjectModel [3]
tree-basedrepresentationof all of the syntaxelementsin
thedocument.Constructingnative metadatafrom this tree
is doneby a selective traversal.First, subtreesof thedocu-
menttreecorrespondingto thesetof all complexType el-
ementtagsareextracted.Eachoneof thesesubtreesdefines
a separatemessageformat. Eachsubtreeis thentraversed
to pick up its element nodes,eachof which corresponds
to a field in themessageformat.

For eachelement node,the XML Schemadatatype
is retrieved. Theselectionof a native metadatasystemim-
plicitly selectsa mappingfrom the supportedsetof XML
Schemadatatypesto thosesupportedby thenativesystem.
The mappingalso includesinformation suchas structure
offsetsanddatatypesizesfor BCMsrequiringthem.Lastly,
theXMIT producesanappropriatebindingtokenrepresent-
ing the collectionof messageformats. This token canbe

1Thecompletesetof XML Schemadatatypes,aswell astheir defini-
tions,is availableathttp://www.w3.org/TR/xmlschema-0/



useddirectly with thechosenBCM to performmarshaling
andunmarshaling.

3.2. SupportedBCM metadatarepresentations

XMIT generates“native” metadatain several different
forms. It is designedin a modularfashionso that support
for additionalBCMs is easilyadded.

PBIO. PBIO [14] providesfacilities for encodingappli-
cation datastructures,so that they may be transmittedin
binaryform overcomputernetworksor written to datafiles
in a heterogeneouscomputingenvironment. PBIO hasthe
ability to selectfrom differentmetadataformatsfor a spe-
cific encodedrecord, and it offers efficient encodingsof
such formats. The use of PBIO within C or C++ pro-
grams,however, typically relies on compiled knowledge
aboutsuchformats,thusnot realizingthegainsin usability
we seekto attain.XMIT removestheneedfor compiled-in
structureformatswhenusingPBIO.

Java. We support two different methodsof integration
with Java-basedsystems.XMIT cangenerateJava source
codefrom a setof XML Schemadescriptions,with the in-
dividual elementsof eachcomplexType representedas
fields of a class. Compositionof messageformatsis ex-
pressedasJava objectcomposition.The Java sourcecode
is generatedwith referencesto theRemoteMethodInvoca-
tion (RMI) mechanismalreadyin place,sothatit canmore
quickly beused.More interestinglyfrom ourpointof view,
XMIT cangenerateJava bytecodecorrespondingto these
classesthroughtheuseof a third-partybytecodegenerator.
Thesebytecodesareautomaticallyloadedinto theJavaVM,
sothat theclassesareimmediatelyavailableto therunning
system.

Others. Weplanto implementSOAP/XML-RPCstylein-
terfacesandalsoIIOP.

4. Evaluation of the XML-based XMIT meta-
data tool

We haveconstructeda setof experimentsandusedthem
to evaluatetheperformanceof XMIT’ s integrationwith the
PBIO package.We believe it fairly obviousthatseparating
themetadatadiscoveryandbindingprocessesprovidesben-
efitsin usabilityfor metadatadefinition. Our goal in build-
ing XMIT wasto investigatewhetherthesebenefitscanbe
attainedwhile still realizingtheperformanceadvantagesof
binarydatatransport.

OurresultsindicatethatusingXML asametadatadefini-
tion languagecanyield a largegainin usabilitywith almost
noperformancepenalty:

� Binary transmissionof structuredmessagesis supe-
rior in almostevery caseto usingXML asa wire for-
mat. This holds except when sendersand receivers
useXML directly, whenthey transmitmessagesasun-
structuredASCII, andwhenthesemessagesaresmall.
In this case,the additionaloverheadsimplied by the
useof XMIT outweighthe benefitsattainedfrom the
improvedefficiency of binarytransport.

� For the high performanceapplicationsandusagesce-
nariosfor which XMIT was developed(e.g., for the
Hydrologyapplicationdiscussedbelow), we have ex-
periencedsuperiorperformancefor binary transport
usingXMIT even whenbinary transportperformsin
its worstcase(smallmessages,encoding/decodingre-
quiredat both ends)andXML transportis at its best
(small messages,no encoding/decodingrequired). In
oneapplication-basedexperiment,XML messagesare
3 timeslargerthanthecorrespondingbinarymessages
(seeFigure 1 for the structuredefinition and XML
encoding),resultingin the XML-basedsolutionsex-
periencingtwice the latency than the solutionsusing
XMIT.

4.1. XML is inappropriate asa wir e format

Our argumentfor the contributions of XMIT restson
the claim that, while describingmessageformatsin XML
providesusabilityadvantagesoverusingnativeBCM meta-
data,binarytransmissionis necessaryfor highperformance
applications. Usability advantagesare seenin the recent
emergenceandrapidadoptionof XML-basedcommunica-
tion protocolsandsystems[9, 6, 1]. However, our previous
work[12] showsthatXML suffersfrom thenecessityof per-
forming string conversionson both sendingandreceiving
endsof a connection.SystemsusingXML asa wire for-
matcanbothavoid concernsoverheterogeneityof machine
architecturesandremainrobust in the faceof dynamically
changingmessageformats.However, thepriceof thisflexi-
bility is prohibitive;encoding/decodingtimesarebetween2
and4 ordersof magnitudegreaterthanbinarymechanisms.

4.2. Characterizing the performanceof XMIT

Sincethe introductionof XML metadatainto a system
whosecommunicationis performedusing PBIO doesn’t
addany additionaloverheadto datatransport,it isn’t mean-
ingful to comparecommunicationstimes of systemswith
andwithoutsuchmetadata.Any metadata-relatedoverhead
occursonly at programstartup;sincethe approachwe de-
scribeusesPBIO formatregistrationsderivedfrom thepro-
vided XML format descriptions,PBIO-basedcommunica-
tionscancontinueasif normalPBIO metadatawerebeing



typedef struct
{

int timestep;
int size;
float *data;

} SimpleData

<SimpleData>
<Timestep>9999</Timestep>
<Size>3355</Size>
<Data>12.345</Data>
<Data>12.345</Data>
<Data>12.345</Data>

....

....

....
<Data>12.345</Data>

</SimpleData>

Figure 1. A C structuredefininga samplemessage
and a sampleXML encodingof the structure. The
XML expansionresultsin a considerablylarger rep-
resentationof the data,significantwhenexchanging
many messages.

used.Thisallowsany increasedcostof discoveryandregis-
trationto beamortizedacrosstheentiresetof messagessent
usinga particularmetadataformat. As thenumberof mes-
sagessentin aparticularformatcanreasonablybeexpected
to dominatethenumberof formatdiscoveriesandchanges,
theoverall effecton performanceshouldbetolerable.Note
alsothatin bothcompiled-metadataandIDL-metadatasys-
tems,format changesrequiremanualinterventionat every
sourceandsink point (in theform of recompilationof sys-
temsthatcannotcopewith theformatchanges).

The impact of using XMIT lies in the additional time
requiredto retrieve XML Schema-basedmetadataandthe
time required to parseand constructBCM (in this case
PBIO) metadata.We definetheRemoteDiscovery Multi-
plier (RDM) astheratioof thetimeneededbyXMIT to reg-
isteramessageformatwith respectto to thetimeneededby
PBIO to registerthe sameformat usingcompiled-inmeta-
data. RDM provides an indication of the cost of remote
metadata; that is, the quantifiableperformancepenaltyas-
sociatedwith the harder-to-quantify usability benefitsde-
rivedfrom theuseof XMIT.

4.3. Experimental envir onment

Our experimentswereconductedon a SunUltra 1/170
with 128 Mb RAM running Solaris7. The XML parser
packageusedby XMIT is theXerces-Cparser[8] available
from the ApacheProject. The XML documentscontain-
ing themessageformatswerehostedon anApacheHTTP

server in uncompressedform.

typedef struct asdOff_s {
char* centerId;
char* airline;
int flightNum;
unsigned long off;

} asdOff;

IOField asdOffFields[] = {
{ "centerID", "string", sizeof (char*),

IOOffset (asdOffptr, centerId) },
{ "airline", "string", sizeof (char*),

IOOffset (asdOffptr, airline) },
{ "flight", "integer", sizeof (int),

IOOffset (asdOffptr, flightNum) },
{ "off", "integer", sizeof (unsigned long),

IOOffset (asdOffptr, off) },
};

<xsd:complexType name="ASDOffEvent">
<xsd:element name="centerID"

type="xsd:string" />
<xsd:element name="airline"

type="xsd:string" />
<xsd:element name="flightNum"

type="xsd:integer" />
<xsd:element name="off"

type="xsd:unsignedLong" />
</xsd:complexType>

Figure 2. The top item is a C structuredefinition
representinga hypotheticalmessage. The middle
andbottomitemsaremetadatarepresentationsfor the
structure,expressedin PBIOandXMIT metadata,re-
spectively. Note that thesemetadataformatsarenot
themselves exchangedas messagesare sent; rather,
format identifiersaregeneratedwhich allow compo-
nentprogramsto retrieve themetadataondemand.

4.4. Proof-of-conceptimplementation

Thegainsin usabilityattainedfrom theuseof XML for
datadefinition imply only smalladditionalcostscompared
to usinglower-level metadatarepresentationslikePBIO. In
Figure3 wecharacterizethetimerequiredto parseandreg-
istermetadatafor differentstructuresizes(seeFigure2 for
an examplestructure).Formatregistrationtime for XMIT
includesthe time necessaryto parsethe XML description
of theformatandregistertheformatwith PBIO.Structur e
Sizeis thesizeof thelanguage-level structurein bytes.En-
codedSizerepresentsthe sizeof a buffer resultingfrom a
marshaloperationin PBIO for eachmetadataapproach.

Note that theRemoteDiscovery Multiplier remainsrel-
atively constanteven as the structuresize increases.This
indicatesthatXMIT imposesa constantfactorof overhead
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Figure 3. FormatregistrationcostsusingPBIO and
XMIT.

on themetadatadiscovery process.Also, it is importantto
notethat registrationtime doesnot necessarilyincreasein
strict proportionto messagesize, but insteadcorresponds
morecloselyto thecomplexity of themessage(in termsof
size,numberof fields, andnesteddefinitions). The mea-
surementsin this figureshow that theadditionalflexibility
attainedby useof XML comesat a small price. The per-
formancepenaltiesimplied by usingXMIT dependon the
complexity of thedatastructurebeingused.

4.5. An application example

Oneof theearlyhigh-performancedemonstrationappli-
cationsdevelopedby NCSA researcherswasa component-
basedvisualizationsystemfor hydrologydata(we will re-
fer to this applicationasHydrology). The architectureof
this application(shown in Figure5) comprisesseveraldis-
tributedprocessingandvisualizationcomponentsthatcom-
municateusinga sharedsetof messageformats. Hydrol-
ogy is representative of the useof PBIO in productionap-
plications,andsopresentsa usefulopportunityto evaluate
XMIT. We hadpreviously modifiedthis applicationto use
PBIOasa wire format.

As aconsequenceof ourmodifications,themetadatacor-
respondingto the messageformatswascompiledinto the
application.We removedthe compiled-inmetadatadefini-
tions from the application,andusedXMIT to retrieve the
messageformatsfrom anHTTPserver. Thesemessagefor-
mats(seeFigure 4) were translatedby XMIT at run-time
into PBIO-stylemetadata. The PBIO metadatawas then
usedto marshalandunmarshaldatasentbetweenthecom-
ponentsof theapplication.

Costof remotemetadatain Hydrology. In orderto eval-
uatetheimpactof XMIT, we performedtestssimilar to the

typedef struct {
char *name;
unsigned server;
unsigned long ip_addr;
pid_t pid;
unsigned long ds_addr;

} JoinRequest;

<xsd:complexType name="JoinRequest">
<xsd:element name="name"

type="xsd:string" />
<xsd:element name="server"

type="xsd:unsignedLong" />
<xsd:element name="ip_addr"

type="xsd:unsignedLong" />
<xsd:element name="pid"

type="xsd:unsignedLong" />
<xsd:element name="ds_addr"

type="xsd:unsignedLong" />
</xsd:complexType>

typedef struct {
int timestep;
int size;
float *data;

} SimpleData;

<xsd:complexType name="SimpleData">
<xsd:element name="timestep"

type="xsd:integer" />
<xsd:element name="data" type="xsd:float"

minOccurs="0" maxOccurs="*"
dimensionPlacement="before"
dimensionName="size" />

</xsd:complexType>

Figure 4. SampleC structuresandXMIT metadata
representationsfrom theHydrologyapplication.

onesdescribedabove in orderto determinea RemoteDis-
covery Multiplier. Figure6 displaysthe resultsof this ex-
periment;asin thepreviousexperiment,formatregistration
time includesthetimenecessaryto parsetheXML descrip-
tion of the format andregister the format with PBIO, and
Structur eSizeis thesizeof thelanguage-level structurein
bytes.

Theresultsof this experimentreinforcetwo conclusions
aboutXMIT. First, for structuresizessimilar to thosein the
proof-of-conceptimplementation,theRDM remainswithin
the sameorderof magnitude.This indicatesthat the over-
headof usingXMIT is still tolerable.Second,it is impor-
tantto considerthestructureof thedatatypefor typeswhere
RDM varieswidely. For example,in thefirst experiment,a
180byte structureproducesan RDM of 1.92,while a 152
bytestructurefrom theHydrology applicationproducesan
RDM of 4. The reasonfor this is that the first structureis
constructedprimarily of composingotherstructures,while
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Figure 5. Architectureof theHydrologyapplication.Solid arrows representdataflows,anddashedarrows represent
control/feedbackchannels. The messageformatsusedin the dataflow andcontrol channelsare sharedamongall
applicationcomponents.Datais readfrom a file andvisualizedafterprocessingby differentcomponents.

theHydrologystructureis constructedof a largenumberof
primitive datatypes. This large numberof datatypesin-
creasestheamountof work theXMIT parserandmetadata
generatormustperform,comparedto the natively-defined
metadata.Our futurework onXMIT will explorethisprob-
lemfurtherin searchof waysto keeptheRDM at a reason-
ablelevel with respectto thenativestructuresize.

Impact on marshaling time in Hydrology. In additionto
not imposingunduly on the metadataregistrationprocess,
XMIT alsodoesnot addto the time necessaryto marshal
applicationdatabuffers. Figure 7 displaysthe resultsof
marshalingdifferentapplicationdatastructureswith native
PBIOmetadataandmetadatageneratedby XMIT. Thesere-
sultsdemonstratethat theXMIT translationprocessresults
in native metadatathat is just as efficient as compiled-in
metadata.EncodedSize is the sizeof an applicationdata
structureafterthemarshalingprocesshasbeenperformed.

For purposes of further comparison, previous
research[12] has established that MPI[15] takes on
theorderof 10 timesaslong asPBIO to encodea structure
of comparablesize( � 100bytes)to thosein thisexperiment
(Figure8 providesan illustration of encodingcostsusing
PBIO, XML, CORBA, and MPI). For such a structure,
Figure7 shows thatPBIO usingXMIT-generatedmetadata
performsessentiallyidenticallyasit doeswhenusingnative
metadata. Theseresults show that XMIT can generate
entirely comparablemetadatato PBIO, and also allow
encodingtimesthatgreatlyoutperformsystemslikeMPI.

4.6. Summary of results

Our experimentssupportour contentionthat theusabil-
ity benefitsof XML-basedmetadatacanstill beobtainedat
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Figure 6. FormatregistrationcostsusingPBIO and
XMIT for theHydrologyapplication.

negligible performancecostwith respectto native binary-
formatmetadata.Furthermore,we have shown thatXML-
only datatransmission,while providing the sameusability
benefits,doesnot allow thehigh-performancecommunica-
tion thata distributedapplicationusingXMIT canachieve.
XMIT is still relatively immature, but we have demon-
stratedthat remotely-definedmetadatacanbe exploited in
thismannerwith beneficialresultsfor applications,theirde-
velopers,andtheir users.

5. Relatedwork

In a sense,mostresearchon high-performancecomput-
ing thatinvolvestheexchangeof structureddatais to some
degreerelatedto our work. All suchpackageshave some
facility for describingthestructureof messagesthatwill be
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exchangedandgoverningthetranslationof messagesinto a
specificwire format. Their differenceswith respectto this
researchlie in how they defineandmanagethis metadata,
andto whatdegreethey canmake useof efficient commu-
nicationmechanisms.

Packageslike PBIO, PVM[17], andNexus[16] support
language-level featuresfor defining messagesin which
thecommunicatingapplications“pack” and“unpack”mes-
sages,building anddecodingthemfield by field. Their op-
erationalnormis for all partiesto acommunicationto agree
a priori on the format of messages.The supportfor re-
motemetadatain XMIT relaxesthecodingimpactsof this
agreement.PBIO supportsa form of restrictedevolution in

messageformatsin which elementsmaybeaddedto mes-
sageformatswithoutcausingreceiversof previousversions
of the messageto fail. Otherpackages,suchasMPI[15],
allow the creationof user-defineddatatypesfor messages
andfieldsandprovide somemarshalingandunmarshaling
supportfor theminternally.

Another generalclassof communicationsystemsuses
IDLs to define the structureof messages.Systemssuch
asSunRPC[7]andCORBA[2] provideanimplementation-
language-independentsetof datatypesthatcanbearbitrar-
ily composed.The resultingstructuredefinitionsarepro-
cessedby a codegeneratorthat producesimplementation-
languagecodethat is includedin the applicationprogram.
Ouruseof XML Schemahappensatrun-time,whichresults
in addedbenefitsin termsof interoperabilityandthepoten-
tial useof analysisandverificationtools now beingdevel-
oped.We know of no commonly-usedspecificationfor au-
tomatedexchangeof IDL definitions,eventhoughCORBA
IDL is relatively mature.In contrast,exchangingmetadata
definedin XML leverages(nearly)ubiquitousHTTP trans-
port services.

A third classof systemsusesobjectsystemstechnology,
providing for someamountof plug-and-playinteroperabil-
ity throughsubclassingandreflection.This is a significant
advantagein building looselycoupledsystems,but thereare
performancepenaltiesfor communicationsthathavestrong
impacts in the high performancedomain. For example,
CORBA-basedobjectsystemsuseIIOP asa wire format.
IIOP attemptsto reducemarshalingoverheadby adopting
a “reader-makes-right” approachwith respectto byte or-
der (the actualbyte order usedin a messageis specified
by a headerfield). This additionalflexibility in the wire
formatallowsCORBA to avoid unnecessarybyte-swapping
in messageexchangesbetweenhomogeneoussystemsbut
is not sufficient to allow suchmessageexchangeswithout
copying of dataat both senderandreceiver. XMIT com-
paresfavorablyto thisclassof systems;many XML-parsing
packages[13, 8] allow run-time investigationof message
formats.Also, our integrationwith anefficient wire format
provideshigh-performancecommunication.

SystemsusingXML asa wire format or asa metadata
descriptionlanguage[9, 6, 1] take a different approachto
messageformat flexibility . Data is transmittedin ASCII
form rather than in binary, with eachrecord represented
in text form with headerandtrailer informationidentifying
eachfield. Thisallowsapplicationsto communicatewith no
a priori knowledgeof eachother. However, XML encod-
ing anddecodingcostsaresubstantiallyhigherthatthoseof
otherformatsdueto ASCII/binaryconversion.In addition,
XML transferredasASCII text hassubstantiallyhighernet-
work transmissioncostsbecausetheASCII-encodedrecord
is largerthanthebinaryoriginal (anexpansionfactorof 6-8
is not unusual[12]).



6. Conclusion

We have presentedthemotivation for anddetailsof the
implementationof XMIT, a tool for run-timediscovery of
metadatafor high-performancecommunications.In addi-
tion, we have detaileda methodof constructingmetadata
basedon datatypestaken from the XML Schemaspecifi-
cation.Our resultsindicatethatXMIT enablesapplications
to obtainthe benefitsof usingXML for metadatadescrip-
tion while still allowing themto communicateusinghigh-
performancebinary datacommunicationsmechanisms,at
low overheadcost.

In the future, we intendto explore dynamicincorpora-
tion of new messageformatsinto applicationsat run-time,
aswell asgenerationof language-level messageobjectrep-
resentationsin bothC++ andJava.
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