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Abstract

As the fusioncommunitybecomesmore interconnected
andproblemsbecomemore complex, veryclosecollabora-
tiveeffortsareexpected.Thisrequiresinternetworkingvar-
iouscodes,comparingsolutionsfrommultiplesolvers,and
sharingof dataanddataanalysistools. However, thedata
formatsanddataanalysistoolsusedin fusionandplasma
simulationsare highly heterogeneous.Imposingonestan-
dard data format and one type of tools is unrealistic due
to historical and practical reasons.In this paper, we pro-
poseto create the Fusion SimulationMarkup Language,
or FSML - an XML basedsystemfor describingand ac-
cessingfusionand plasmaphysicssimulationdata of var-
ious formatsusedin the community. The systemconsists
of syntacticand semanticmetadataorganizedin special-
izedXML schemasandAPIswrittenfor accessingdatafrom
major dataanalysisandvisualizationtools. We presentthe
primary resultsby wrappingthe FSML schemasand APIs
in variousAVS/Expressmodules,andby demonstrating its
applicationin two large three-dimensionfusionsimulation
codesM3D and NIMROD. The resultsshow that FSML
schemaandthesetof toolsdevelopedwill providea strong
initial momentumand technology for thecommunityeffort
to enhancedata exchange and interoperability of analysis
tools.

1 Intr oduction

A centralproblemfor many large-scalescienti�c anden-
gineeringsimulationsis theprocessingof variousdatasets
of complex andspecializeddatastorageformats. Many of
the formatsand tools aredevelopedby teamsfor internal
use and for accommodatinguserswith particular prefer-
encesand background. However, modernscienti�c chal-
lengesdemandhigh interoperabilitybetweendataandvar-
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ious applications. It is unrealisticto imposeonestandard
storageformat.First, it requiresa lot of translatingof exist-
ing datainto this new standardformat. Second,we cannot
anticipatefuture needsandtechnologydevelopments.Fi-
nally, therearemany legacy datasetsandprogramsthatare
dif�cult to change.In view of this,many greatefforts have
beenmadeto structuredatasetin a standardform for fa-
cilitating the exchangeandmanipulationof datain recent
years.

TheStandardGeneralizedStructuredMarkupLanguage
(SGML) is oneof the �rst technologiestargetingfor stan-
dardizingandstructuringinformation.Althoughextremely
powerful, SGML hasprovedto be too complex to be used
for generalpurposes.As a subsetof SGML and a spec-
i�cation for designingmarkuplanguages,XML was �rst
releasedin 1998. Becauseof its extensibility, �e xibility ,
structureand validation, XML is playing an increasingly
importantrole in exchangeof a wide varietyof dataon the
World Wide Web ever since[1]. XML de�nes customized
markuplanguagesusingDocumentTypeDe�nition (DTD)
and XML Schema. XML Schemasare the successorsof
DTDs andarericher, moreextensible,andmoreuseful. A
numberof specializedWeb-basedmarkuplanguageshave
developedbasedon XML schemasasthe standardfor in-
formation and data exchangeon the Web in some spe-
ci�c domainsin recentyears[2]. Thesemarkuplanguages
include Earth ScienceMarkup Language(ESML), Geog-
raphy Markup Language(GML), ChemicalMarkup Lan-
guage(CML), MathematicalMarkup Language(MML),
AstronomicalMarkupLanguage(AML) andothers.

In thispaper, weproposeanXML-basedtechnology, the
FusionSimulationMarkup Language(FSML) to enhance
theinteroperabilitybetweendifferentdataformatsandanal-
ysistoolsin fusionandplasmasimulationscommunity. The
FSML technologyaddressestheheterogeneityof datafor-
matsandapplicationtools by employing a commonXML
schema(FSML schema)to describethedata.Theexchange
of datain differentstorageformatsamongvariousapplica-
tionsis achievedby describingthedatain aFSML instance
�le andaccessingthedatathroughtheFSML basedparsing



APIs.
Theremainderof thispaperis organizedasfollows. The

backgroundof theFSML technologyis introducedin Sec-
tion 2. The designof FSML schemais then reviewed in
Section3. In Section4, wepresenttheparsinglibrary based
on the FSML schema.Section5 detailsthe applicationof
FSML schemaandparsinglibrary in an AVS/Expressvi-
sualizationdemonstration.Section6 providesconcluding
remarksandprospectsof futuredirectionsof this project.

2 Background

The data formats and data analysis tools used in
fusion and plasma simulations are highly heteroge-
neous.For example,M3D (a three-dimensionalMagneto-
Hydrodynamics (MHD) code developed at Princeton
PlasmaLaboratory (PPPL) [3]) and VORPAL (a three-
dimensionalplasmasimulationcodedevelopedin Univer-
sity of Coloradoand tech-X [4]) usethe hierarchical,bi-
nary, self-describeddataformatHDF5 [5]. NIMROD, an-
other large three-dimensionalMHD multi-organizational
code[6], storesmostof datain binaryFortran�les andMD-
Splustrees[7]. It recentlystartedsupportingHDF5aswell.
Datageneratedby TRANSP[8], a largetransportcodede-
velopedin PPPL,is storedasMDSplustrees. In fact, the
heterogeneitygoesdeeper. Using the same(HDF5) data
formatdoesnotprovideenoughhomogeneity. For example,
theHDF5 �les generatedby M3D andNIMROD areorga-
nized very differently even for similar simulations. They
do not sharenodestructureanddo not agreeon attributes.
They usedifferent namesfor physically similar variables
andstoredatain differentstructures.

The dataanalysisand visualizationtools usedby dif-
ferent teamsare also extremelynon-uniform. M3D team
developeda setof AVS/Expresstools that work well with
HDF5 �les producedby M3D [9]. The VORPAL team
prefersOpenDXandcreatesapluginfor OpenDXallowing
for importing its own HDF5 basedoutput �les [10]. The
NIMROD dataof a particular form of HDF5 can be im-
portedby theSciRundataimporter[11], andcanalsobean-
alyzedby OpenDXandXdraw. Interactive DataLanguage
(IDL) is heavily usedthroughoutthefusionandplasmasim-
ulationcommunity, andit wasextendedto supporttheMD-
SplusAPIs. IDL/MDSplustoolsareoftenpreferredto theC
APIs. As anexample,GeneralAtomicscreatedarich setof
suchtoolsfor analyzingsimulationandexperimentaldata.

As the heterogeneityof dataand applicationtools in-
creases,thefusioncommunityis becomingmoreintercon-
nected,andtheproblemsarebecomingmorecomplicated.
This requiresmorecollaborativeefforts,suchascomparing
andnetworkingof variouscodes,sharingandexchangingof
databetweenvariousapplicationsanddataanalysistools.
For example,the NIMROD collaborationinvolvespartici-

Figure 1. Providing a mid dle tier of FSML for­
mat and FSML APIs for data analysis tools.

pantsfrom SAIC, GeneralAtomics in SanDiego, theUni-
versityof Colorado,theUniversityof Wisconsin,andother
institutions. The M3D project involvesparticipantsfrom
PPPLandtheNew YorkUniversity. In bothcases,datafrom
a particularsimulationmight ultimatelybecompared,ana-
lyzed,andvisualizedatany of theparticipatinginstitutions.
Therecentdecisionof theUSA to review its interestin the
InternationalThermonuclearExperimentalReactor(ITER)
alsorequiresscientiststo facetheproblemof dataandtools
uni�cation andinteroperability.

Theproblemsoutlinedaboveleadto thestartof develop-
ing the XML-basedFusionSimulationMarkup Language.
As shown in Figure1, FSML andits underlyingtechnolo-
gies serve as a middle tier betweenvariousdata formats
andanalysistools, andprovide a “many-to-one” solution.
ApplicationsaccessdatathroughtheFSML-basedAPIs in-
steadof readingthe datadirectly. Insteadof constructing
new readersfor future dataformatsfor eachof the appli-
cations, the FSML schemaand its parsingAPIs will be
extendedaccordinglyto provide a uniform solution. The
commonXML SchemaanduniformXML metadataarede-
signedto describesemanticallyandstructurallysimilardata
coming from fusion and plasmasimulations. The FSML
schemabasedAPIs allow userto parse,queryandretrieve
datafrom majordatavisualizationandanalysistoolswith-
out knowing detailsof storageformatsor converting the
originaldatainto nativedataformats.

Theuseof XML technologyfor implementingour solu-
tion is basedonthefollowing considerations.First,XML is
widely supportedby industry. Therearemany usefultools



Figure 2. Por tion of the FSML Semantic
Schema (Generated with XMLSpy Schema
Editor).

including parsers,editors, veri�ers, and data translators.
Second,XML is widely usedin many recentlydeveloped
technologies,which will allow easyintegrationwith them.
As anexample,WebandGrid servicesusetheXML-based
Web ServiceDe�nition Language(WSDL) to de�ne the
serviceinterfaces.Theseemerging technologiescouldpro-
videdistributionandmechanismsfor interconnectedfusion
simulationsusingdifferentmodels,dataformats,anddata
analysistools. Third, CommonComponentArchitecture
(CCA), a promising solution for multi-componenthigh-
performanceand distributed applications,supportsXML
descriptionof componentsand their interfaces[13]. Us-
ing FSML in CCA could facilitate the standardizationof
componentsfor fusionandplasmaphysicsapplications.Fi-
nally, metadatahasbeenproved to be very helpful for ef-
�cient dataarchiving and datasharing. One of the suc-
cessfulexamplesis theScienti�c ArchiveManagementsys-
tem(SAM), whichprovidesmechanismsto easilyorganize,
store,queryandretrievevariouskindsof themolecularsci-
encedata. The upcomingFusionSimulationProject tar-
getsto createa �e xible framework integratingvariousfu-
sionmodelsandapplicationsseamlessly[12]. FSML could
provideasolutionto facilitatethedata�o w amongdifferent
elementsof simulationsusingtheframework.

3 The FSML Schema

The goal of the FSML schemais to designa common
set of markupsthat are suitable for describingthe con-
tentof MHD computationaldata. In currentwork, we use
two three-dimensionalMHD codes,M3D and NIMROD
asfoundationto addressthis effort. Both M3D andNIM-
ROD usea�nite elementmethodto solvepartialdifferential
equationsmodelingnon-linearresistive MHD. Both codes
useHDF5�le to storeits data.Basedontheoutputsof these
codes,a prototypeof the FSML schemawasdevelopedto
accommodatethecommondatastructuresof theseoutputs.

The FSML baseddescriptionsareplacedin a separate
�le. Datafrom differentapplicationsandin variousformats
is describedwith a uniqueFSML instance�le. Theparser
readsandinterpretsthedataaccordingto its corresponding
FSML description.Thechallengehereis to createa �e xi-
bleschemafor describingtheMHD computationaldatathat
canstrike a balancebetweengeneralityandusefulnessfor
this particulardomain.A generalFSML schemawould be
easyto extendto describemostcommonvariablesin fusion
simulation,but dif�cult to applyin somespeci�c situations.
For instance,thephysicalvariablesin M3D andNIMROD
aremostly the same. However, they areorganizedfunda-
mentallydifferently. Somedifferencesarerelatedto design
choices,while othersare from fundamentaldifferencesin
thecodesthemselves.First, NIMROD andM3D arebased
ondifferentmeshstructures.Thecoordinatedatastructures
in NIMROD are cylindrical (R, Z, and Phi). The (R, Z)
plane is discretizedusing �nite-elementsand the Phi di-
rection is discretizedusing Fourier modes. On the other
hand,the M3D topology is a seriesof planesat constant
toroidal/cylindrical angle.Eachof theplanesis discretized
with anunstructuredmeshof triangles,with datade�ned at
thevertex. Thetopologyof themeshis constantfrom plane
to planein M3D. Second,someof thephysicalvariablesare
fundamentallydifferent.For example,themagnetic�eld is
representedby a three-componentvectorin NIMROD, but
is representedby threescalarpotentialsin M3D. Third, the
way that M3D andNIMROD dataareorganizedin HDF5
is verydifferent.Mostnodesvaluesareorganizedasoneor
two-dimensionalarraysin M3D, but asmulti-dimensional
arraysin NIMROD output.Finally, M3D andNIMROD of-
tenhavedifferentnamesanddescriptionsfor thesamephys-
ical variables.For example,while NIMROD generallyhave
morestraightforwardvariablenames,physicalvariablesin
M3D arenamedas“node data[0]” , “node data[1]” andso
on.

The current FSML prototypeschemasprovide means
to describethe structureandsemanticinformation for se-
lectedcommonvariablesincludingmagnetic�eld, temper-
ature�eld, density �elds and geometryinformation from
NIMROD and M3D outputs. The structuralor syntactic



metadatadescribesthestructureof theMHD datain terms
of bits andbytes. It de�nes the primitive datatypes,such
asstring,integer, �oat, anddouble.Thesyntacticmetadata
alsode�nestheaggregationof primitivetypesascompound
typesincludingstructuresandarrays.Thecurrentwork re-
lies on existing standardformats,suchas HDF5, to pro-
vide thesyntacticmetadatawhenavailable.It alsoprovides
mechanismsto de�ne thesemetadatafor �le formatsthat
arenot self-describing,suchasASCII andbinary formats
[2, 14]. Thesyntacticmetadataprovidesbasicinformation
for applicationsto traversea data�le andretrieve thedata.
However, anapplicationcannotunderstandwhateachpiece
of datameanssolelyusingtheprimitiveandcompoundtype
schemade�nition. Thesemanticmetadataadornthestruc-
tural metadatawith theaddedsemanticsof datain thecon-
text of a speci�c application�eld (e.g.,fusion andplasma
simulation). For instance,the semanticmetadatatells the
parserthata speci�c arraydescribedby thestructuremeta-
datais a temperature�eld or amagnetic�eld in thecompu-
tationaldomain. Examplesof thesemanticschemade�ni-
tions in currentwork include “Magnetic” �eld, “Temper-
ature” �eld, “Coordinate” �eld, and other geometrydata
(e.g.,nodeconnectivity).

Figure2 shows partof theFSML semanticschemathat
describesthe selectedcommonvariablesfrom NIMROD
and M3D. As an example, the “Coordinate” elementde-
�nes the coordinatesof meshnodesin simulation. It also
containsattributesthat allow usersto de�ne further infor-
mation,suchasthemeshstructure,unitsusedin discretiza-
tion, andcommentsfrom applicationdevelopers.

A FSML instance�le describingspeci�c �elds in output
of NIMROD andM3D is illustratedin Figure3 andFigure
4 respectively. Theparserrelieson HDF5 tagsfor detailed
syntacticmetadatainformationin theseexamples,andre-
lies on thesemantictags,e.g.,“Temperature”,“Magnetic”,
and“Coordinate”,for thespeci�c meaningin MHD simu-
lations.TheFSML instance�le speci�esthepathto locate
datasetin HDF5 outputby assigningappropriatevaluesto
varioustagssuchas“Field” and“Structure”.Themagnetic
�eld is presentedin threeseparateone-dimensionalarrays
asthreecomponentsof a vectorin theNIMROD data,and
is representedasasingletwo-dimensionalarrayin theM3D
output.Thecoordinate�eld is representedin asimilar fash-
ion. As describedbelow, in spiteof many datastructures
differences,an uni�ed interfacewill beprovided to access
thesedatafor furthervisualizationandanalysis.

4 The C++ APIs Parsing FSML-BasedData

SinceC andC++ codecanbecalledfrom multiple data
analysisand visualizationtools, we proceededto design
a C++ parsinglibrary basedon FSML schemadescribed
above. This library providesuserAPIs for readingFSML

Figure 3. A FSML �le for NIMROD data.

Figure 4. A FSML �le for M3D data.



Figure 5. An overview of architecture of the
FSML parsing librar y.

de�nitions, generatingthecorrespondingDOM (Document
Object Model) trees,andaccessingthe data. It usesAPI
pluginsfor interactingandaccessingvarioustypesof data
formatsincludingASCII, binarydataandHDF5 data.Fig-
ure 5 presentsan overview of the architectureof FSML
parsinglibrary. The library loadsin differentpluginsdy-
namicallybasedon dataformatsat runtime,andretrieves
datafrom theoriginal data�les accordingto theFSML de-
scription. TheDOM treesstorethemetadataasit is being
parsedfrom theFSML instance�le, andallow usersto ac-
cessdatasetby queryingthecorrespondingmetadata.The
DOM interfaceratherthantheSimpleAPI for XML (SAX)
is usedin currentimplementationdueto following reasons.
First, thesizeof currentFSML instance�le is small. Sec-
ond, the programneedsto accesswidespreadpartsof the
FSML descriptionfor variousinformation. Third, internal
datastructuresof data �le are usually complicated. The
SAX interfacewill beconsideredin our futurework for bet-
terparsingperformance.

Our library wasimplementedon top of XercesC++ and
ESML. XercesC++ [15], a freely availableversatileXML
parsingandprocessingtool from theApacheXML project,
is usedto createDOM treesfrom FSML �les. Xercesfully
implementstheW3C XML, XML Schema,XSLT, Xquery,
andXPathrecommendations.Somepartsof theparsingli-
braryreferencedtheESML library [14], which is freesoft-
ware (underthe termsof the GNU LesserGeneralPublic
Licensepublishedby the FreeSoftwareFoundation)from
theInformationTechnologyandSystemsCenterof theUni-
versityof Alabama.

Our extensionto Xerces-C++and ESML library pro-
vides accessto specialFSML markups,and allows users
to accessMHD dataaccordingto FSML descriptions.To
expeditetheaccessto variousdata,includingboththeuser
speci�ed dataandsimulationdataitself, two instancesof
DOM treeareconstructed.One is for the original FSML

descriptiontags,andtheotheris createduponthe�rst DOM
treewith updatingbasedonHDF5datadescriptions.

Currentlythe parsinglibrary allows usersto get funda-
mentalMHD variablesby name,location, and time. As
in the whole project,our main efforts in the library devel-
opmentconcentrateon constructinguniversalAPIs for ac-
cessingHDF5 datausingdifferentmeshanddatastructure
from variousMHD applications,suchasM3D andNIM-
ROD. The APIs are then to be usedin dataanalysisand
visualizationtoolsagnosticof thesedifferences.

5 The Visualization of FSML-basedData

There are many data analysisand visualization tools
widely used in the fusion and plasmasimulation com-
munity, which include IDL (Interactive Data Language),
AVS/Express,OpenDX,Xdraw, and SciRun. Both M3D
andNIMROD useAVS/Expressfor visualization. In this
section,we demonstratetheapplicationof theFSML pars-
ing library andits underlyingFSML schemaby construct-
ing various modulesin AVS/Expressfor accessingboth
M3D andNIMROD simulationresults.

AVS/Expressis avisualandcommand-linedevelopment
tool thatenablesbuilding reusableobjects,applicationcom-
ponents,andsophisticateddatavisualizationapplications.
AVS/Expressis easilyextensibleby addingnew modules,
which are objectswith parametersand methods. We ex-
tendedAVS/Expressby addingnew modulesfor accessing
andmanipulatingMHD datafrom two MHD simulations,
M3D andNIMROD. Thesemodulesallow usersto request
andqueryvariousMHD outputsthroughauni�ed interface.

Our modulesare developedusing the C++ APIs de-
scribedin theprevioussection.To implementthis, a static
pointerto the“FSMLParser”classis constructedduringthe
initialization of the module. This pointer is then usedto
accessmethodsde�ned in theFSML Parsinglibrary.

Several FSML basedAVS/Expressmoduleshave been
implementedfor different purposes. Besidesthe reader
modulefor accessingdata,severalquerymodulesaredevel-
opedfor makingspeci�c manipulationon the input MHD
data. Figure6 shows an exampleusing the FSML based
AVS/Expressreaderto accessthe MHD data. Usershave
to provide thelocationof HDF5 datafrom a speci�c MHD
simulationandits correspondingFSML descriptionsto re-
trieve data.Theoutputsof thereadercanthenbelinkedto
otherbuilt-in andusercustomizedmodulesof AVS/Express
for variousvisualizations. The outputportsof the FSML
readermodulearedesignedto supportmostvisualizations
of generalpurpose,andinclude�eld variablessuchasmag-
netic�eld, temperature�eld, andothergeometryandmesh
information. The three-dimensionalvisualization corre-
spondingto themodulesarrangementin Figure6 is shown
in Figure7. The�gure presentsthedistributionof themag-



Figure 6. FSML­based AVS/Express Modules.

nitudeof magnetic�eld in anM3D simulation.Theexactly
sameset of modulescan be usedfor the visualizationof
bothM3D andNIMROD HDF5outputs.

6 Conclusionsand Future Dir ections

A prototypeof FSML schemahas beendevelopedto
enhancethe interoperabilitybetweenvariousdataformats
andanalysistoolsusedin thefusionandplasmasimulation
community. Thetechnologyunderdevelopmentservesasa
middletier betweendataandvariousapplications,andthus
provides a uni�ed interface to accessdifferent datastor-
ageformats. The new C++ parsingAPIs are constructed
basedon theFSML schema.Userscanaccessmostfunda-
mental�eld variablesfrom MHD applicationsthroughthe
uni�ed parsinginterfaceswithoutknowing detailsaboutthe
dataorganization.We havedemonstratedtheapplicationof
theFSML basedtechnologiesby constructingAVS/Express
modulesandproviding a universalinterfacefor visualizing
bothNIMROD andM3D data.

The FSML schemawill be fully developedfor future
work. The targetdataformatswill be extendedto include
not only HDF5, but alsoASCII, binary, andthe MDSplus
format. A full featuredC++ parsinglibrary supportingthe
schemawill beprovided.More effortswill bemadeto pro-
vide a universalinterfacefor accessingdifferentdataand
meshstructures.The applicationof advancedfeaturesof
XML to supportmore versatilequery and transformation
operationsondatasetis alsounderconsideration.

Figure 7. An example of 3­D visualization of
the magnitude of magnetic �eld from M3D.
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