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Abstract

High-performanceomputingacesconsideablechange
asthelInternetandthe Grid mature. Applicationsthatonce
were tightly-coupledand monolithicare nowdecentalized,
with collaborating componentspreadacrossdiversecom-
putational elements. Sud distributed systemanostcom-
monly communicatethrough the exchange of structured
data. Definitionandtranslationof metadatds incorporated
in all systemghat exchange structued data. e observe
that the manipulationof this metadatacan be decomposed
into threesepaatesteps:discovery bindingof programob-
jectsto the metadataand marshaling of datato and from
wire formats. We havedesigneda methodof representing
messge formatsin XML, usingdatatypesavailablein the
XML Schemaspecification. We haveimplemented tool,
XMIT, thatusessuc metadataandexploitsthis decomposi-
tionin orderto provideflexible run-timemetadatadefinition
facilities for an efficientbinary communicatioomedanism.
We also demonstate that the useof XMIT males possible
sud flexibility at little performancecost.

1. Intr oduction

Wide areaapplicationshave beena strongfocus of re-
searchin high performanceomputing.This hasresultedn
thedevelopmenbf softwareinfrastructuresike PVM, MPI,
and Glohus, andit hasled to conceptdike Grid Comput-
ing or the NationalMachineRoommadeconcreteby ongo-
ing designandimplementatioreffortsat DOE Laboratories,
by NCSA/Allianceresearcherandby thebroaderesearch
communityvia vehicleslike the Grid Forum. Increasingly
researchfocusin this domainhasturnedtowardscompo-
nentarchitecture$11] which facilitatethe developmentof
comple applicationsby allowing the creationof generic
reusableomponentsndby easingndependentomponent

development. Someof the earliestrequirementsor com-
ponentarchitecturesn high-performanceomputingwere
derivedfrom systemghatattachscientificvisualizationgo
running computationsput continuingresearchhasgener
alized suchmodelsto include the ability to also flexibly

link remoteinstrumentsand even generalpurposecompu-
tationalelements[1920, 11]. This work hastaken advan-
tageof technologiedor component-basesoftware devel-
opment,including systemdik e EnterpriseJavza Beans Mi-

crosoft's ComponentObjectModel andits distributed ex-

tension(DCOM), and the developing specificationof the
CORBA ComponenModel (CCM)in OMG’s CORBA ver-

sion3.0.

Today’s component-basedpplicationsrange from re-
motesensorandinstrumentsto scientificvisualization to
multimediaand distributed immersie systemsto collab-
orative designand manuficturing. Suchapplicationsex-
changestructureddatathat describesparts or equipment
underdesign,graphicalobjectsbeing displayed,or scien-
tific datarepresentingatmospheriovzolumesand chemical
concentrations An importantpropertyof mechanismsor
exchangeof structureddatais the degreeto which they per
mit the independentvolution of datadefinitions,thereby
enablingapplicationsto communicatevia enhanceddata
structures. This is difficult when using communication
mechanismdike RPC or CORBA’s remoteobjectinvoca-
tions that perform datadefinition in a programmatidash-
ion. Embeddingmetadatdnto communicatioror applica-
tion codemay resultin good performanceput substantial
costsarisewhen applicationsevolve, as changesn meta-
datarequireconsequeninodificationandrecompilationof
the codesusing suchmetadata.In addition, this approach
limits the usefulnes®f metadatawhile mostsystemscan
be usefully abstractedy the structureof the datathey ex-
changethelevel of expressienesf commonlyusedpro-
gramminglanguagesuchas C is a severe handicap. Fi-
nally, embeddingnetadatalso‘hides’ it from justthenon-



programmeendusersto whomit is typically mostuseful:
the engineerslesigningparts,the scientistsstudyingatmo-
sphericphenomenaandotherswho sharedatain their dis-
tributedcollaboratve workspaces.

Our work is predicatecon the belief thatopenmetadata
systemswill becoméancreasinglyimportantanduseful,es-
pecially for non-programmersising distributed computa-
tions that sharesubstantialamountsof data. This belief
is validatedin part by the increasingpopularity of meta-
datastandarddéike XML [4]. However, the succes®f open
metadataystemsequiresthattheir usedoesnot unreason-
ably degradethe performancef applicationghatusethem.
Consequentlyour work seeksto reconcileopennessand
performance.

Efficient Binary Transmissionof StructuredData. Our
work addressenteroperabilityat levels 'below’ thoseof
RPCor CORBA, but with functionality exceedingthat of
commondataexchangeformatslike XDR. Specifically we
areconcernedvith theefficientmovementf thedatastruc-
turesthataredefinedatthe’system’level of distributedap-
plications,middlevare,andsystemstypically usingsystem
implementationanguagedik e C. Suchstructureddatausu-
ally residesn mainmemory andwhenit is moved across
heterogeneousmachines,one must deal with issueslike
byte-orderfield alignmentandatomictyperepresentation.
Furthermoreat this level, datatransmissiornn binary for-
matis critical, dueto the high communicatiorbandwidths
or low transmissiotatenciegequired or becausef theun-
due processindoadsthat would be imposedon systemsf
they were forced to transforminformation from end user
readabldormats,lik e text, to binary formats,for instance.
Sampleapplicationsgrequiring binary datatransmissiorin-
clude high performancecodesmaoving scientific or engi-
neeringdata and wide-areatransfersof operationaldata,
wherescalabilityto mary information clientsand sources
implies the needto reduceperclient or persourcepro-
cessingand transmissiorrequirements.They alsoinclude
sener-basedapplicationdn which singlesenersmustpro-
vide informationto large numberf clients.

Efficient and ‘Open’ Specification of Data Structure.
In CORBA, the specificationof datastructureis achieved
with IDL specificationsln RPC,procedurgparametergire
characterizedly theirtypesspecifiedwithin ‘interfacemod-
ule’ descriptions.Opennessn metadatalefinitionimplies
that data structurespecificationsare not linked to certain
transmissiormechanismssuchas RPC, or linked to spe-
cific protocols,suchasthoseusedin the transmissiorof
manufcturing,parts,or designinformationin the automo-
bile industry or asthoseusedby specificdatastoragefa-
cilities (e.g.,databasejuerylanguages)Instead,openness
requiresthatdatastructuremay be specifiedindependently

of datatransmissiomnduse with translation®f suchstruc-
tureto theefficientlower-level representationgsedfor data
transmissioror manipulatiorthidden’ from endusers.

We have developeda novel approachto high perfor
mance, open metadatasystems. This approachdecom-
posesthe transferprocessfor structureddata, which re-
sultsin efficient, binary (not text-based)low-level encod-
ings of data, while also maintaining open userreadable
and -comprehensibledata structuredefinitions. Our ap-
proachis implementecby XMIT (XML Metadatantegra-
tion Toolkit), a tool which providesflexible metadatalefi-
nition usingXML, while alsosupportinghigh-performance,
binary datatransmissionWe demonstratén this paperthat
XMIT providesperformancecomparabldo that of binary
datatransmissionby usingruntimemethodsf establishing
structureddataexchange.Small‘startup’ overheadsrein-
curredonly during‘connectionestablishment'thatis, each
time an XMIT -basedexchangds initiated and/orthe struc-
ture of the dataexchangeds modified.

To validateour claims, XMIT is appliedto one of the
earlier ‘portal’ demonstrationgdeveloped by NCSA re-
searchersa component-basedsualizationsystemfor hy-
drologydata[18. Beyondthe performanceesultsdemon-
stratedin this paper our future work expectsto derive ben-
efitsfrom XMIT bothin theareaof runtimetype extension
(e.g.,whenlesscapablevisualizationenginesuchashand-
heldscancustomizeremotemetadatdor their own needs)
andto createsystemghat are more amenablégo evolution
(e.g.,to explain new visualizationcapabilitiesthroughthe
useof remotely-definednetadata).

Theremainderof this paperis structuredasfollows. We
discusshow metadatas usedandour insightsinto the pro-
cessn Section2. Section3d describesiow the XMIT toolkit
works. Our evaluationof XMIT is presentedn Section4.
Finally, we discusgelatedwork in Section5 andconclude
in Section6.

2. Usageof Metadata

The usageof metadatamay be decomposednto three
componentstherebyseparatinghethreeactionsnecessary
for the transmissiorof structureddata: (1) discovery, (2)
binding,and(3) marshaling.

Discovery. Any binary communications mechanism
(BCM) must discover the metadatat will usefor trans-
missionof a given messageThis processantake several
forms. Monolithic programconstructionembedsnetadata
in communicatiorcode.In suchcasesmetadatas directly
available and the discovery processs obviated. Modular
programmingpracticehasled to the abstractiorof 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 11OP, for example,metadatds providedin a structured
mannerdefinedby the BCM, and madeavailable to the
BCM library aspartof programexecution. Systemausing
this approachbenefitirom beingableto make architectural
decisionsat compiletime, which allows directexamination
of thebehavior of the compilerandexaminationof the host
architecture However, sincethe metadatas compiledinto
the system,it is not readily modifiable (althoughseveral
systemdhave taken painsto increaseherobustnes®f such
metadataat runtime). Otherapproachesely on interface
definition languagegIDLs), which enablethe expression
of architecture-independentessagealefinitions. An IDL
compiler for each participating host platform translates
these definitions into architecture-dependerdefinitions,
and code generatorsprovide library routinesto translate
messageatrun-time[3.

Binding. Associationof a certainmetadataormat with

a particularunit of programdatais known asbinding In

compiled-metadataystemsa dataunit is associatedvith

a metadatdormat via someAPI call. The programmelis
responsibldor properlyusingthis call to ensurethe com-
patibility of the programdataand the metadata. In con-
trast, IDL-basedsystemsgeneratdformat-specificsubrou-
tineswhich senethesamepurposeBinding usuallyresults
in theconstructiorof sometypeof messagéormatdescrip-
tor or tokento beusedduringmarshaling.

Marshaling / Transmission/ Unmarshaling. The pur
poseof BCMsis to translatemessagefom in-memoryfor-
matsto andfrom awire format. All BCMs define‘wire for-
mats’thatdefinehow ary datawill be transmittedoverthe
communicationgransportiayer A messagés providedto
aBCM asaregionin theaddresspaceof a processvhose
contentsmustbe translatedo the wire format. Theregion
is describedhsarecordcontaininga setof fields. Metadata
describesfor eachof thesefields, its size,type, andlayout
within therecord. This informationis usedby the BCM to
generatewire format recordsthat containsufficient infor-
mationfor thereceverto properlyreconstructhemessage.
Marshalingis not alwaysa one-pasgprocesssomeBCMs
aredesignedo convertmetadatanto aninternalrepresenta-
tion andonly laterusetheinternalrepresentatioto generate
wire formattransport-layemessages.

Orthogonality. It shouldbe clear that how metadatas
providedto a BCM doesnotin any way influencehow that
metadatas usedfor binding or marshaling Wherea BCM
usesan internal representatiorof metadataas described
above, for example,it is possibleto construcia systemthat
canswitchfrom compiled-inmetadatdo thatprovidedby a

directorysener, with eachsetof metadataeingcorverted
to internalrepresentationln sucha system the methodof
metadatadiscovery changesput the methodof metadata
binding doesnot. Corversely a BCM that relieson IDL
descriptionsof the message# sendscan make different
binding decisions(choosingfrom amongversionsof mes-
sageformats,for example)without affectingthe methodof
metadataliscovery.

Discussion. First, changesto the discovery processare
not likely to resultin performancegains. The numberof
messagéormat changeds small comparedo the number
of messagesentby typical systemsanddiscovery of meta-
datais generallyperformedeitheronly at programstartup
or elseinfrequently during program execution. Second,
changesn binding will resultin performancegainsonly
with respectto the actualbinding decisionsbeing made,
thatis, it is importantto selectefficient formatsfor pro-
gramdata. Third, both datamarshalingand transmission
mustavoid excessve datacopying atendpoints Recentre-
sults publishedby our group[13 demonstratéhatthe per
formanceof marshalingandtransmissioris stronglydepen-
dentonthe‘wire format’ usedfor data.

Changeso thediscovery procescanresultin significant
usabilitygains,helpingto avoid the necessityf recompila-
tion and/orrelinking of componentsaffected by message
formatchanges.

3. The XMIT approach

Discovery using XML. XML is the metadatadefinition
languageusedby the XMIT tool, which implies that the
structuredo be transmittedandtheir formatsaredescribed
in XML. Usability is improved not only by making data
structureexplicit throughXML, but alsoby exploiting the
resultingindependencef thediscovery processaslong as
the metadatas presentwhenbinding occurs,it mattersnot
how themetadatajotthere.By introducingindirectioninto
thediscoveryprocessXMIT makesit possiblefor metadata
to resideoutsidethe program.Oneeffect of this decisionis
thatchangeso themessagéormatsusedby distributedpro-
gramscanbe centralizedand XMIT ensureghatthey are
propagatedo all programcomponentsisingtheseformats.
At the sametime, however, the fact that structureddatais
describedn XML doesnotpredicatdhatit is transmittedn
this form (i.e., asASCII text). Instead,we maintainat the
level of XML only the associatiorof metadatawith data,
anduseefficientbinaryencoding®f bothduringactualdata
transmission.
TheXMIT approactprovidesseveraladvantages:

e It addsflexibility in the definition of messagestruc-
tures.TheXML descriptiorof amessagstructurecan



beretrieved andusedto setup binary-formatmessag-
ing, asopposedo compiling the structuredefinitions
into the program. A changein the structureof data
is easilystatedasa changein the XML documentn-
dicatedby a URL, thusinsulatingthe programfrom
changesn messagéormat.

e Therapidly growing setof XML documentlisplayand
manipulatiortoolscanbeused.For instancesincethe
structureof amessageavill berepresentedsingXML,
schema-checkingools may be appliedto live mes-
sagegeceved from otherpartiesto determinewhich
of severalstructuredefinitionsamessagbestmatches.

e Theabstractiorprocessnherentn theuseof XML for
metadataemovestheneedto considersomeplatform-
dependenteaturegfor example,structurepadding).

e XML-basedmetadatallows applicationdevelopergo
concentratenore on the structureand contentof the
messagandlesson the detailsof the messagérans-
port.

Binding and marshaling to efficient, binary wire for-
mats. XMIT is arun-timelibrary; its functionis to corvert
metadatalefinitionsexpressedn XML into moreefficient
metadatauitablefor efficient binarytransmissionSpecifi-
cally, XML metadatas corvertedinto aninternalrepresen-
tationfrom which BCM-specificmetadatas generatedWe
next presentmore detail on the two foundationson which
XMIT is built: (1) anopenXML-basedschemasystemfor
describingdatatypes,and(2) an efficient binary heteroge-
neouscommunicatiorpackage Evaluationsof the benefits
andcostsof usingXMIT appeain Section4.

3.1 Constructing efficient metadata from XML
schemas

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

Typesin metadata. Application programsdrav from a
well-understoodsetof primitive typesthatcanbe usedfor
compositionof messagdormats: integer, float, character
string (even if their specificdefinitionsvary accordingto
architectureand platform). An equialentsetis provided
by the XML Schemaspecificatio{10]. XML Schemaoro-
vides primitive typessuchasinteger, string, andenumera-
tion typesthat canbe usedto composenew abstractdata
types. Metadatadefinition with XMIT, then, startswith
XML documentshatcontainappropriateypedefinitions.
ThebasicXML Schemalatatypesarereferencedy us-
ing the XML namespaceorvention[§. This makes the
entire set of datatypesin a namespaceavailable to the

programmer The basicsetof primitive typesis fairly in-
tuitive, comprisingtypessuchasstring , unsigned-
Long, float , andbyte . The XML Schemaagcom-
plexType is usedto denotethe definition of a new type,
namedby the name attribute.

Inclusionof dataelementsf a previously-definedtype
in a new type is accomplishedby using the nameof an
already-definetypein anew XML Schemalement tag.
Eachelement tagincludesatype attribute, whichis a
charactesstring. In orderto usean elementof a previously
definedtype, the type attribute is setto the nameof the
previously definedcomplexType .

Array typesarealsospecifiedusingattributesof theel-
ement tag. Thetype attributeis usedto specifythe base
datatypefor thearray ThemaxOccurs attributeis usedto
specifythe arraybounds andmay have eithera numericor
stringvalue. If thevalueis numeric,thevaluewill beused
astheabsolutesizeof thearray If thevalueis thewildcard
character , the arrayis treatedas dynamically-allocated.
Lastly, if the valueis a string, an elementof type inte-
ger with anidenticalname attribute mustbepresentin the
structuredefinition;thevalueof this variablewill beusedat
run-timeto indicatethe sizeof thearray This functionality
allows dynamically-allocatedrraysto be specified.

Constructing native metadata. XMIT includesan API

that allows a programmerto first “load” the toolkit with

messagelefinitions (containedin XML documents)rom

oneor moreURLs. Oncethe desireddefinitionshave been
obtainedthetype of native metadatdo be generateds se-
lected.Oncethisis donegachXML documenthatcontains
XML Schema-baseahessagelefinitionsis parsedandthe
native metadatayeneratiorprocesss carriedout.

The XML parsercreatesa DocumentObjectModel [3]
tree-basedepresentatiorof all of the syntaxelementsin
the document.Constructingnative metadatgrom this tree
is doneby a selectve traversal. First, subtreef the docu-
menttreecorrespondingo thesetof all complexType el-
ementagsareextracted.Eachoneof thesesubtreeslefines
a separatenessagdormat. Eachsubtreeis thentraversed
to pick up its element nodes.eachof which corresponds
to afield in themessagéormat.

For eachelement node,the XML Schemadatatype
is retrieved. The selectionof a native metadatasystemim-
plicitly selectsa mappingfrom the supportedsetof XML
Schemalatatypesto thosesupporteddy the native system.
The mappingalso includesinformation such as structure
offsetsanddatatypesizesfor BCMsrequiringthem. Lastly,
theXMIT producesnappropriatéindingtokenrepresent-
ing the collection of messagdormats. This token canbe

1The completesetof XML Schemadatatypes,aswell astheir defini-
tions, is availableat http://www.w3.0rg/TR/xmlschema-0/



useddirectly with the chosenBCM to performmarshaling
andunmarshaling.

3.2 Supported BCM metadatarepresentations

XMIT generatesnative” metadatan several different
forms. It is designedn a modularfashionso that support
for additionalBCMs is easilyadded.

PBIO. PBIO [14] providesfacilities for encodingappli-
cation datastructures,so that they may be transmittedin
binaryform over computemetworksor written to datafiles
in a heterogeneousomputingervironment. PBIO hasthe
ability to selectfrom differentmetadatdormatsfor a spe-
cific encodedrecord, and it offers efficient encodingsof
suchformats. The use of PBIO within C or C++ pro-
grams, however, typically relies on compiled knowledge
aboutsuchformats,thusnot realizingthe gainsin usability
we seekto attain. XMIT removesthe needfor compiled-in
structureformatswhenusingPBIO.

Java. We supporttwo different methodsof integration
with Java-basedsystems. XMIT cangeneratelasa source
codefrom a setof XML Schemadescriptionswith thein-
dividual elementsof eachcomplexType representeds
fields of a class. Compositionof messagdormatsis ex-
pressedas Java objectcomposition. The Jara sourcecode
is generatedvith referenceso the RemoteMethodInvoca-
tion (RMI) mechanisnalreadyin place,sothatit canmore
quickly beused.More interestinglyfrom our point of view,
XMIT cangeneratelava bytecodecorrespondingo these
classeghroughthe useof athird-partybytecodegeneratar
Thesebytecodesreautomaticallyoadednto theJaraVM,
sothatthe classesareimmediatelyavailableto the running
system.

Others. WeplantoimplementSQAP/XML-RPC stylein-
terfacesandalsollOP.

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

We have constructed setof experimentsaandusedthem
to evaluatethe performancesf XMIT’ sintegrationwith the
PBIO package We believeit fairly obviousthatseparating
themetadataliscoreryandbindingprocesseprovidesben-
efitsin usabilityfor metadatalefinition. Our goalin build-
ing XMIT wasto investigatevhetherthesebenefitscanbe
attainedwhile still realizingthe performanceadvantagef
binarydatatransport.

OurresultsndicatethatusingXML asametadatalefini-
tion languagecanyield alargegainin usabilitywith almost
no performancepenalty:

e Binary transmissionof structuredmessagess supe-
rior in almostevery caseto usingXML asawire for-
mat. This holds exceptwhen sendersand recevers
useXML directly, whenthey transmitmessageasun-
structuredASCII, andwhenthesemessagearesmall.
In this case,the additionaloverheadsmplied by the
useof XMIT outweighthe benefitsattainedfrom the
improvedefficiengy of binarytransport.

e For the high performancepplicationsandusagesce-
nariosfor which XMIT was developed(e.qg., for the
Hydrology applicationdiscussedelow), we have ex-
periencedsuperior performancefor binary transport
using XMIT even whenbinary transportperformsin
its worst case(smallmessagesncoding/decodinge-
quired at both ends)and XML transportis at its best
(small messagesyo encoding/decodingequired). In
oneapplication-basedxperiment XML messageare
3 timeslargerthanthe correspondindpinarymessages
(seeFigure 1 for the structuredefinition and XML
encoding),resultingin the XML-basedsolutionsex-
periencingtwice the lateng thanthe solutionsusing
XMIT.

4.1 XML isinappropriate asa wir e format

Our argumentfor the contritutions of XMIT restson
the claim that, while describingmessagdormatsin XML
providesusabilityadwvantage®verusingnative BCM meta-
data binarytransmissioris necessarjor high performance
applications. Usability advantagesare seenin the recent
emegenceandrapid adoptionof XML-basedcommunica-
tion protocolsandsystems[96, 1]. However, our previous
work[12] shavsthatXML suffersfrom thenecessityf per
forming string corversionson both sendingandreceving
endsof a connection. Systemsusing XML asa wire for-
matcanbothavoid concernver heterogeneitpf machine
architectureandremainrobustin the faceof dynamically
changingmessagéormats.However, the price of this flexi-
bility is prohibitive; encoding/decodintimesarebetweer?
and4 ordersof magnitudegreatetthanbinarymechanisms.

4.2 Characterizing the performance of XMIT

Sincethe introductionof XML metadatanto a system
whose communicationis performedusing PBIO doesnt
addary additionaloverheado datatransportjt isn't mean-
ingful to comparecommunicationgimes of systemswith
andwithout suchmetadataAny metadata-relateoverhead
occursonly at programstartup;sincethe approachwe de-
scribeusesPBIO formatregistrationsderivedfrom the pro-
vided XML format descriptionsPBIO-baseccommunica-
tionscancontinueasif normalPBIO metadataverebeing



typedef
{
int  timestep;
int size;
float  *data;
} SimpleData

struct

<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 considerablylargerrep-
resentatiorof the data, significantwhenexchanging
mary messages.

used.Thisallows ary increaseaostof discoveryandregis-

trationto beamortizedacrossheentiresetof messagesent
usinga particularmetadatdormat. As the numberof mes-

sagesentin aparticularformatcanreasonablyeexpected
to dominatethe numberof formatdiscoveriesandchanges,
theoverall effect on performanceshouldbetolerable.Note

alsothatin bothcompiled-metadatandIDL-metadatasys-

tems,format changegequiremanualinterventionat every

sourceandsink point (in the form of recompilationof sys-

temsthatcannotcopewith theformatchanges).

The impactof using XMIT lies in the additionaltime
requiredto retrieve XML Schema-basemhetadataandthe
time requiredto parseand constructBCM (in this case
PBIO) metadataWe definethe RemoteDiscovery Multi-
plier (RDM) astheratioof thetimeneededy XMIT toreg-
isteramessagéormatwith respecto to thetime neededy
PBIO to registerthe sameformat usingcompiled-inmeta-
data. RDM provides an indication of the cost of remote
metadatathatis, the quantifiableperformancepenaltyas-
sociatedwith the harderto-quantify usability benefitsde-
rivedfrom theuseof XMIT .

4.3 Experimental environment

Our experimentswere conductedon a Sun Ultra 1/170
with 128 Mb RAM running Solaris7. The XML parser
packageusedby XMIT is the Xerces-Cparser[§ available
from the ApacheProject. The XML documentscontain-
ing the messagdormatswere hostedon an ApacheHTTP

senerin uncompressefbrm.

typedef struct asdOff s {

char* centerld;

char* airline;

int  flightNum;

unsigned long off;

} asdOff;

IOField  asdOffFields[] ={

{ "centerID", "string", sizeof  (char®),
IOOffset  (asdOffptr, centerld) h

{ "airline", "string", sizeof  (char®),
IOOffset  (asdOffptr, airline) 13

{ "flight", "integer", sizeof  (int),
IOOffset  (asdOffptr, flightNum) h

{ "off", "integer", sizeof  (unsigned long),
IOOffset  (asdOffptr, offy 1},

h

name="ASDOffEvent">
name="center|D"

<xsd:complexType
<xsd:element

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. Thetop item is a C structuredefinition
representinga hypotheticalmessage. The middle
andbottomitemsaremetadataepresentationfor the
structure expressedn PBIO andXMIT metadatare-
spectvely. Note thatthesemetadatdormatsare not
themseles exchangedas messagesre sent; rather
formatidentifiersare generatedvhich allow compo-
nentprogramgo retrieve the metadataon demand.

4.4. Proof-of-conceptimplementation

The gainsin usability attainedfrom the useof XML for
datadefinitionimply only small additionalcostscompared
to usinglower-level metadataepresentationkk e PBIO. In
Figure3 we characterizéhetime requiredto parseandreg-
ister metadatdor differentstructuresizes(seeFigure2 for
an examplestructure). Formatregistrationtime for XMIT
includesthe time necessaryo parsethe XML description
of theformatandregistertheformatwith PBIO. Structur e
Sizeis thesizeof thelanguage-leel structurein bytes.En-
codedSizerepresentshe size of a buffer resultingfrom a
marshabperationin PBIO for eachmetadatapproach.

Note thatthe RemoteDiscovery Multiplier remainsrel-
atively constanteven asthe structuresize increases.This
indicatesthat XMIT imposesa constanfactorof overhead
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Figure 3. FormatregistrationcostsusingPBIO and
XMIT.

on the metadataliscovery process.Also, it is importantto
notethat registrationtime doesnot necessarilyncreasen
strict proportionto messagesize, but insteadcorresponds
morecloselyto the compleity of the messagéin termsof
size, numberof fields, and nesteddefinitions). The mea-
surementsn this figure shav that the additionalflexibility
attainedby useof XML comesat a small price. The per
formancepenaltiesmplied by usingXMIT dependon the
compleity of thedatastructurebeingused.

4.5. An application example

Oneof the early high-performancelemonstratiorappli-
cationsdevelopedby NCSA researcherarasa component-
basedvisualizationsystemfor hydrologydata(we will re-
fer to this applicationas Hydrology). The architectureof
this application(shavn in Figure5) comprisesseveral dis-
tributedprocessingndvisualizationcomponentshatcom-
municateusing a sharedset of messagdormats. Hydrol-
ogy is representatie of the useof PBIO in productionap-
plications,and so presents usefulopportunityto evaluate
XMIT. We had previously modifiedthis applicationto use
PBIO asawire format.

As aconsequencef ourmodificationsthemetadat&or-
respondingo the messagdormatswas compiledinto the
application. We removedthe compiled-inmetadatadefini-
tions from the application,and usedXMIT to retrieve the
messagéormatsfrom anHTTP sener. Thesemessagéor-
mats(seeFigure 4) were translatecby XMIT at run-time
into PBIO-style metadata. The PBIO metadatawas then
usedto marshalandunmarshabatasentbetweenthe com-
ponentof theapplication.

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

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

} JoinRequest;

ip_addr;

long ds_addr;

<xsd:complexType
<xsd:element

name="JoinRequest">
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 structuresand XMIT metadata
representationom the Hydrology application.

onesdescribedabore in orderto determinea RemoteDis-
covery Multiplier. Figure6 displaysthe resultsof this ex-
periment;asin the previousexperimentformatregistration
timeincludesthetime necessaryo parsethe XML descrip-
tion of the format andregisterthe format with PBIO, and
Structur e Sizeis the sizeof thelanguage-leel structurein
bytes.

Theresultsof this experimentreinforcetwo conclusions
aboutXMIT. First, for structuresizessimilarto thosein the
proof-of-conceptmplementationthe RDM remainswithin
the sameorderof magnitude.This indicatesthatthe over-
headof using XMIT is still tolerable.Second,t is impor-
tantto considethestructureof thedatatypefor typeswhere
RDM varieswidely. For example,in thefirst experiment,a
180 byte structureproducesan RDM of 1.92, while a 152
byte structurefrom the Hydrology applicationproducesan
RDM of 4. The reasonfor this is thatthe first structureis
constructedorimarily of composingotherstructureswhile
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Figure 5. Architectureof the Hydrology application.Solid arrows representiataflows, anddashedarrows represent
control/feedbaclkchannels. The messagdormatsusedin the dataflow and control channelsare sharedamongall
applicationcomponentsDatais readfrom afile andvisualizedafterprocessindy differentcomponents.

the Hydrology structureis constructedf a large numberof
primitive datatypes. This large numberof datatypesin-
creaseshe amountof work the XMIT parserandmetadata
generatomust perform, comparedo the natively-defined
metadataOur futurework on XMIT will explorethis prob-
lem furtherin searchof waysto keepthe RDM atareason-
ablelevel with respecto the native structuresize.

Impact on marshaling time in Hydrology. In additionto
not imposingunduly on the metadataegistrationprocess,
XMIT alsodoesnot addto the time necessaryo marshal
applicationdatabuffers. Figure 7 displaysthe resultsof
marshalingdifferentapplicationdatastructureswith native
PBIO metadatandmetadatgeneratedy XMIT . Thesere-
sultsdemonstratéhatthe XMIT translationprocesgesults
in natve metadatathat is just as efficient as compiled-in
metadata.Encoded Sizeis the size of an applicationdata
structureafterthe marshalingorocesshasbeenperformed.
For purposes of further comparison, previous
research[1P has established that MPI[15] takes on
theorderof 10timesaslong asPBIO to encodea structure
of comparablesize(~100bytes)to thosein this experiment
(Figure 8 providesan illustration of encodingcostsusing
PBIO, XML, CORBA, and MPI). For such a structure,
Figure7 showns thatPBIO using XMIT -generatednetadata
performsessentiallydenticallyasit doeswhenusingnative
metadata. Theseresults shov that XMIT can generate
entirely comparablemetadatato PBIO, and also allow
encodingtimesthatgreatlyoutperformsystemdik e MPI.

4.6. Summary of results

Our experimentssupportour contentionthat the usabil-
ity benefitsof XML-basedmetadataanstill be obtainedat

0.14

Il PBIO metadata registration time
Hl XMIT metadata registration time

RDM = Remote Discovery Multiplier

RDM =4

o

RDM =2.73
RDM =2.26

structure size (byles)

RDM =211

¥

Figure 6. FormatregistrationcostsusingPBIO and
XMIT for the Hydrology application.

o

metadata registration time (ms)

negligible performancecostwith respecto native binary-
format metadata.Furthermorewe have showvn that XML-
only datatransmissionwhile providing the sameusability
benefits doesnot allow the high-performanceommunica-
tion thata distributedapplicationusingXMIT canachieve.
XMIT is still relatvely immature, but we have demon-
stratedthat remotely-definednetadatacan be exploited in
thismannemwith beneficiakesultsfor applicationstheirde-
velopersandtheirusers.

5. Relatedwork

In a sensemostresearcton high-performanceomput-
ing thatinvolvesthe exchangeof structureddatais to some
degreerelatedto our work. All suchpackagesave some
facility for describingthe structureof messagethatwill be
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Figure 8. Send-sideencodingimesfor variousmes-
sagesizesandbinary communicationsnechanisms.

exchangedndgoverningthetranslationof messagemto a

specificwire format. Their differenceswith respecto this

researcHie in how they defineand managethis metadata,
andto whatdegreethey canmalke useof efficient commu-
nicationmechanisms.

Packagedike PBIO, PVM[17], and Nexus[1§ support
language-leel featuresfor defining messagesn which
thecommunicatingapplications’pack” and“unpack” mes-
sagesbhuilding anddecodingthemfield by field. Their op-
erationalnormis for all partiesto acommunicatiorto agree
a priori on the format of messages.The supportfor re-
motemetadatan XMIT relaxesthe codingimpactsof this
agreementPBIO supportsa form of restrictedevolutionin

messagdormatsin which elementanay be addedto mes-
sageformatswithout causingreceversof previousversions
of the messagéo fail. OtherpackagessuchasMPI[15],
allow the creationof userdefineddatatypesfor messages
andfields and provide somemarshalingand unmarshaling
supportfor theminternally.

Another generalclassof communicationsystemsuses
IDLs to definethe structureof messages.Systemssuch
asSunRPC[7]andCORBA[2] provide animplementation-
language-independesetof datatypesthatcanbearbitrar
ily composed.The resultingstructuredefinitionsare pro-
cesseduy a codegeneratotthat producesmplementation-
languagecodethatis includedin the applicationprogram.
Ouruseof XML Schemaappenstrun-time,whichresults
in addedbenefitan termsof interoperabilityandthe poten-
tial useof analysisandverificationtools now beingdevel-
oped.We know of ho commonly-usedpecificatiorfor au-
tomatedexchangeof IDL definitions,eventhoughCORBA
IDL is relatively mature.In contrastexchangingmetadata
definedin XML leveragegnearly)ubiquitousHTTP trans-
portservices.

A third classof systemsaisesobjectsystemgechnology
providing for someamountof plug-and-playinteroperabil-
ity throughsubclassin@ndreflection. This is a significant
adwantagen building looselycoupledsystemsbut thereare
performanceenaltiefor communicationshathave strong
impactsin the high performancedomain. For example,
CORBA-basedobject systemsuse lOP asa wire format.
IIOP attemptsto reducemarshalingoverheadby adopting
a “readermalkes-right” approachwith respectto byte or-
der (the actual byte order usedin a messageas specified
by a headerfield). This additionalflexibility in the wire
formatallows CORBA to avoid unnecessariyte-swapping
in messagexchangedetweenhomogeneousystemsbut
is not sufficient to allow suchmessagexchangeswithout
copying of dataat both senderandrecever. XMIT com-
paredfavorablyto this classof systemsmary XML-parsing
packaged13, 8] allow run-time investigationof message
formats.Also, our integrationwith anefficientwire format
provideshigh-performanceommunication.

Systemsusing XML asa wire format or asa metadata
descriptionlanguage[9 6, 1] take a differentapproachto
messagdormat flexibility. Datais transmittedin ASCII
form ratherthanin binary, with eachrecordrepresented
in text form with headelandtrailer informationidentifying
eachfield. Thisallowsapplicationgo communicatevith no
a priori knowledgeof eachother However, XML encod-
ing anddecodingcostsaresubstantiallyhigherthatthoseof
otherformatsdueto ASCIl/binary corversion.In addition,
XML transferrecasASCII text hassubstantiallyhighernet-
work transmissiortostsbecaus¢he ASClI-encodedecord
is largerthanthebinaryoriginal (anexpansiorfactorof 6-8
is notunusual12)).



6. Conclusion

We have presentedhe motivation for anddetailsof the
implementatiorof XMIT, atool for run-timediscovery of
metadatdor high-performance&eommunications.In addi-
tion, we have detaileda methodof constructingmetadata
basedon datatypestaken from the XML Schemaspecifi-
cation.Ourresultsindicatethat XMIT enablesapplications
to obtainthe benefitsof using XML for metadatadescrip-
tion while still allowing themto communicateausinghigh-
performancebinary datacommunicationgnechanismsat
low overheadtost.

In the future, we intendto explore dynamicincorpora-
tion of new messagdormatsinto applicationsat run-time,
aswell asgeneratiorof language-leel messagebjectrep-
resentationin bothC++andJava.
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