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Abstract

We describea simplecomponentarchitecturefor the developmentof tools for mathematicallybasedsemantic
transformationsof scientificsoftware.This architectureconsistsof a compiler-based,language-specificfront-endfor
sourcetransformation,looselycoupledwith oneor morelanguage-independent “plug-in” transformationmodules.
Thecouplingmechanismbetweenthefront-endandtransformationmodulesis providedby theXML AbstractInter-
faceForm (XAIF). XAIF providesanabstract,language-independent representationof languageconstructscommon
in imperative languages,suchasC andFortran.Wedescribetheuseof thisarchitecturein theconstructionof toolsfor
automaticdifferentiation(AD) of programswritten in Fortran77 andANSI C. TheXAIF is particularlywell suited
for performingthesourcetransformationsneededfor AD. Differentiationmodulestypically operatewithin thescope
of statementsor basicblocks,working at a level whereprocedurallanguagesarevery similar. Thus, it is possible
to specifya commoninterfaceformatfor mathematically-basedsemantictransformationsthatneednot representthe
unionof all languages.
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Figure1: TheSourceTransformationProcess.

Componentsoftwaredesign is rapidly emerging in the
areaof scientificcomputing.Componentsenablesoftware
reuseandfacilitateinteroperability. We describeanarchi-
tecturefor mathematicallybasedsemantictransformations
of scientificapplications.Themain goalof this architec-
ture is to allow thedevelopmentof sourcetransformation
algorithmsindependentof the sourcelanguage.The im-
plementationof suchanalgorithmcanbeusedasa “plug-
in” modulefor a language-dependentfront-end.

Themechanismconnectingthecomponentsof thisar-
chitectureis the XML Abstract InterfaceForm (XAIF).
XAIF providesa language-independentrepresentationof
constructscommonin imperativelanguages,suchasC and
Fortran. Themainrole of theXAIF is to definea layerof
abstraction,sothatvarioustransformationalgorithmscan
beexpressedin a language-neutralmanner.

Figure1 illustratessomeof thepossiblestepsinvolved
in systemsfor mathematically-basedsourcetransforma-
tion. First, the original sourcecode is parsedby the
language-specificfront-end. During the canonicalization
andanalysisphase,thefront-endtransformsthecodeto a
semanticallyequivalentsimplifiedform. In addition,high-
level informationmay be gathered,suchasthe determinationof the objectsto be transformedor the granularityof

1Thiswork wassupportedby theMathematical,Information,andComputationalSciencesDivision subprogramof theOffice of Computational
andTechnologyResearch,U.S.Departmentof Energy, underContractW-31-109-Eng-38.
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codefragmentsto be transformed.The front-endcollectscodefragments,which may rangefrom singlestatements
to basicblocksto entiresubroutines,andpassesthemto theXAIF-basedtransformationmodule.Thetransformation
modulethenoperateson theintermediaterepresentation.

The modulemay work in several stages,including analysisto gatherinformationaboutthe objectsto be trans-
formed; fragmentdecomposition,or breakingup expressionsinto binary andunaryoperations;high-level transfor-
mations,which may specifytemplatedalgorithmicoperationsto be performedinsteadof transformingat the basic
operatorlevel; andfinally, tool-specificinstantiation,suchascallsto asubroutinelibrary or inlinedcode.Thesestages
arediscussedin moredetail in thecontext of automaticdifferentiationtools(Section3).

We have identified the following issuesin defining the interfacebetweensourcetransformationmodulesand
language-specificfront-ends:

� Granularity. Dif ferenttypesof sourcetransformationsmayoperateatdifferentcodegranularities.For example,
someof the automaticdifferentiationmodulesdescribedin this papertransformsingle statements,whereas
othersmay requirebasicblocksor even coarser-grainedstructuresasinput. The intermediaterepresentation
mustbeflexible enoughto accommodatetheneedsof existing aswell asfuturemodules.

� Mixedstrategies. Theintermediaterepresentationmustenabletheapplicationof differenttransformationstrate-
gieson differentportionsof thecode.

� Efficientintermediatecodeanalysisandtransformation. MostAD algorithmsfor generatingrobustandefficient
derivative codeuseelementsfrom dataflow analysisandstandardgraphalgorithmsdevelopedfor a varietyof
closelyrelatedproblemsincludingmoderncompilertechnology[4, 19] andgraphalgorithms[24]. TheXAIF
shouldenablereuseof mostof theavailablealgorithmscanbe used,thusavoiding unnecessary“re-inventions
of thewheel”.

� Abstractionawayfromlanguagespecifics.Our goalis not to defineanabstractintermediaterepresentationthat
comprisestheunionof all supportedlanguages;instead,wemustidentify thesubsetof featuresthatconcernthe
typeof semantictransformationbasedon mathematicalrules. We provide abstractionsof commonconstructs
andrely on thefront-endto provide mappingsto andfrom language-specificconstructs.Keepingtherepresen-
tationassimpleaspossiblenotonly makestool developmenteasier, but it mayalsomakeit possibleto perform
optimizationsthatwouldbeinfeasibleif therepresentationis complicatedby language-dependentdetails.

� Extensibility. The intermediateformat shouldbe extensiblein order to supportvariousmodules,which may
defineor requirenew features.

� Syntax. The syntaxshouldbe simple, yet flexible enoughto representprogramstructureat multiple levels.
Furthermore,thesyntaxshouldbeeasyto parseandvalidate.

Therestof this paperis organizedasfollows. Section2 containsanintroductoryoverview of automaticdifferen-
tiation. Section3 discussesthecomponentarchitectureusedin theconstructionof toolsfor automaticdifferentiation.
Sections4 and5 describethe XAIF in detail, while Section6 shows an exampleof successfullyusing the XAIF
componentframework for derivativecomputations.

2 Automatic Differ entiation

Automaticdifferentiation(AD) transformsnumericalprogramsfor evaluatingvectorfunctions
�������	� 
���
�����

� 
��
with � inputsand � outputsinto new programsthat computederivativesof (someof) theoutputswith respect

to (someof) the inputs. Dating backto 1964[25], AD hasbeendevelopedover the years[5, 13, 14] to becomean
establishedtool for performinga well-definedsetof semantictransformationson numericalprograms.Most of the
mathematicaltheorybehindAD algorithmsis coveredin [16]. Theresearchleadingto this paperhasbeenmotivated
by thelargenumberof generalsourcetransformationissuesrelatedto AD.

Without goinginto muchmathematicaldetail, let usbriefly introducethemainconceptsbehindAD. For a given
setof input values,thestepsperformedby theprogramcanberepresentedasa directedacyclic computationalgraph.
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Theshapeof this graphcanbe determinedat compiletime for control-flow-independentpartsof theprogram,such
assinglestatementsor basicblocks[2]. AD exploits the fact that expressionsfor the local partial derivativeswith
respectto theoperandscanbe generatedfor all elementaryarithmeticoperations( ����������� � ) andintrinsic functions
( !#"%$&�('�)+*&�-,.,., ). For example,it is well known that
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The forwardandreversemodesof AD generateexpressionsfor all local partial derivativesandexploit thechain
rule to propagateJacobiantimesmatrix (forward-mode)or Jacobiantransposedtimesmatrix (reverse-mode)products.
TheJacobianmatrixcontainsthepartialderivativesof asubsetof theoutputs(thedependentvariables)with respectto
a subsetof theinputs(theindependentvariables).Intermediatevariablesthatdependon someindependentvariable,
andfor which thereis somedependentvariablethatdependson them,arecalledactive.

Forward-modeAD transformstheoriginalcodesothatoneor moredirectionalderivativesarepropagatedforward
for all active variables

2 , Thesevaluesare equal to the inner productof the gradientof
2

with respectto the �
independentvariablesand somedirection vector. Thus, the whole Jacobiancan be accumulatedby letting these
directionsrangeover theCartesianbasisvectorsin

� 
�� ,
In reversemodethesemanticsof theprogramis changedto propagateadjointsbackwardfor all active variables.

Theadjointof anactive intermediatevariable
2

is equalto the innerproductof somenormalvectortimesthevector
containingthe partial derivativesof the � dependentvariableswith respectto

2 , Consequently, thewhole Jacobian
canbeaccumulatedby letting thesenormalsrangeover theCartesianbasisvectorsin

� 
 � ,
Forwardandreversemodesaretwo fundamentalrepresentativesout of a largesetof AD-relatedsemantictrans-

formationof numericalprograms.Optimalstatementandbasic-blocklevel pre-accumulationtechniques[20], higher-
orderderivatives[18], andderivativesof programsexploiting parallelism[10], to nameonly a few moreadvanced
AD techniques,requirehighly sophisticatedandextremelyflexible sourcetransformationplatforms.Theaim of the
XAIF is to provide a quasistandardfor thefastimplementationof well-known andnew AD algorithmsandthushelp
makethemapplicablea largevarietyof real-worldproblemsimplementedasnumericalprogramswritten in arbitrary
imperativeprogramminglanguages.

3 Construction of Toolsfor Automatic Differ entiation

AD systemssuchasADIFOR (for Fortrancode)[6] andADIC (for C code)[8] usecompilertechniquesto augment
sourcecodewith statementsfor computingderivatives. Onemotivation for this sourcetransformationapproachis
thatit enablesthetool to performanalyses,possiblyinterprocedural,at compiletime to reducethecostof computing
derivatives.This providesa performanceadvantageover AD toolsthatuseoperatoroverloadingto propagatederiva-
tives. Robust sourcetransformationtools arealsoconsiderablymoredifficult to implement,however, becausethey
requirea language-specificinfrastructurefor parsing,analysis,canonicalization,optimization,andunparsing.

EarlyAD toolshavebeenbuilt in amonolithicfashion,withoutregardfor reusingpartswith commonfunctionality.
It is possible,however, to decouplethedevelopmentof algorithmsthatexploit thechainrule from theinfrastructure
that dealswith the languageand the userinterface. This decouplingleadsto a softwarearchitecturefor semantic
transformationtools,in which looselyconnectedcomponentscommunicatethroughanabstractinterface.Defininga
language-independentinterfacesuitablefor toolsfor automaticdifferentiationandsimilar typesof semantictransfor-
mationis simplerthanthegeneralcaseof sourcetransformation,sincethetransformationsoccurata level wheremost
imperative languagesaresemanticallyequivalent.

Figure2 illustratesthe rolesof thefront-endandtransformationcomponentsin thesemantictransformationpro-
cess.Thefront-endis responsiblefor several tasks:

� Parsingthesourcecodeandbuilding thelanguage-dependentintermediaterepresentation.

� Canonicalizingthelanguage-dependentintermediaterepresentation.In thecodecanonicalizationstage,codeis
rewritten into a standardform. For example,functioncallsappearingwithin conditionaltestsarehoistedinto
assignmentsto new temporaryvariables.
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Figure2: Roleof XAIF

� Performingany necessaryanalyses,for example,determiningwhich variablesareactive andthusneedto have
derivative objectsassociatedwith them. During this stage,the ADIFOR preprocessorappliesinterprocedural
analysistechniquesto determinewhich variablesin acodefragmentareactive.

� Producingthe language-independentXAIF representation.Portionsof the language-dependentinternalrepre-
sentationaretranslatedinto XAIF.

� Unparsingthe transformedXAIF codebackinto the sourcelanguage.Derivative codeis generatedfor each
assignmentstatementcontaininganactivevariable,andderivativeobjectsareallocated.

Theplug-inAD modulesareusuallyresponsiblefor threetasks:
� Defining the shapeandsizeof new (derivative) objects. The modulemay declareoneor morederivative ob-

jectsto be associatedwith eachactive variable. TheXAIF interfacealsoprovidesa mechanismfor declaring
temporaryvariables.

� Augmentingstatementsinvolving active variableswith derivativecomputationscorrespondingto thedifferenti-
ationmethod.

� Specifyingvariabletypeconversions(for active variables).

In general,a seriesof transformationscanbe appliedto the intermediaterepresentationby oneor moretransfor-
mationmodules.

4 XAIF Overview

TheXAIF definesacanonicalsetof constructsthatrepresenttheoriginalprogramin a language-independentfashion.
A majorchallengein definingthesourcetransformationcomponentinterfaceis to identify commonfeaturesin imper-

4



ative languagessuchasC andFortran. Representingthesecommonalitiesin anabstractfashionmakesit possibleto
applythesametransformationalgorithmin all supportedlanguages.

Theprecursorto theXAIF, genericallyreferredto astheAutomaticdifferentiationIntermediateFormat(AIF) [3],
is a tree-basedrepresentation,with no supportfor call graphor control flow information. Furthermore,thedifferent
language-dependentfront-endsthatgeneratetheAIF usedifferentsyntax.For example,thenotationusedby ADIFOR
is basedon functionalprogramming,so the intermediaterepresentationis generatedin the functionalprogramming
languageScheme.ADIC usesa customtext-basedrepresentation,with additionalparsingandunparsingsupport.
While theintermediaterepresentationgeneratedby bothtoolsis semanticallyequivalent,transformationmodulesmust
translatebetweenformatsin ordertooperatewith bothfront-ends.Ourexperienceindicatesthatit is hardtoensurethat
all tool developersconformto the samecustom-definedsyntaxfor the intermediateform. While allowing different
syntaxfor the intermediaterepresentationprovidesflexibility for the language-dependentfront-ends,the lack of a
sharedsyntaxmakesusingthesameplug-in modulewith bothtoolsproblematic.A translatorcanbeusedto convert
betweenformats;however, this solutionis not scalableandcomplicatesvalidation.Furthermore,theimplementation
of themodulemustbeupdatedeachtimea tool introducesdifferentsyntax(withoutmodifying thesemantics).

XAIF decouplesthelanguage-specificportionsof thesourcetransformationprocessfromthelanguage-independent
transformationalgorithms.Thisapproachprovidesseveralbenefits:

� Languageindependence. XAIF is an encapsulationof the operationsrelevant to semantictransformationof
scientificsoftware.We want to avoid trying to find an abstractrepresentationof non-AD–specificfeaturesof
eachlanguage,suchasside-effectsandpointertrackingin C andC++.

� Tool independence. Wewantto beableto write eachtransformationmoduleonceandhaveit work with multiple
toolswithout modification. For example,we have developeda second-orderderivative (Hessian)modulethat
workswith bothADIC andADIFOR; it canalsobe pluggedinto any tool thatmeetstheXAIF specifications.
Widely availablevalidatingXML parsersprovide furtherflexibility in parsingandgeneratingtheintermediate
form.

� Implementationindependence. The language-specificfront-enddoesnot needto know the detailsof how the
derivativeaugmentationis performedor whatthederivativeobjectslook like. Conversely, theAD moduledoes
notneedto know how variablesaredeclaredor how derivativeobjectsareassociatedwith active variables.The
componentsof the AD systemcanbe changed,eithersubtly or radically, without requiringthatothersystem
componentsbemodified.

� Rapiddevelopmentofnew algorithms.TheXAIF componentarchitectureprovidesa“workbench”for easilyand
rapidly implementingnew algorithms.Thiscapabilityhasprovedvaluablewith theHessianmodule,wherethe
mostefficient algorithmwasnot known a priori. A numberof differentalgorithmswerequickly implemented
for comparison.Also, thisenabledstraightforwardexperimentationwith mixing differentdifferentiationmodes,
which hasproducedmoreefficientderivativecodein somecases.

We have selectedXML for theabstractintermediaterepresentationin part to remedythis problem. XML offers
thefollowing benefitsin thecontext of AD tool development:

� Standard interface. XML is a W3C-endorsedstandardfor documentmarkupthatis flexible enoughto provide
theinfrastructurefor componentcouplingdescribedin this paper.

� Widelyavailablevalidatingparsers.Whencreatingnew modules,developersdonotneedto implementaparser
for processingtheintermediateformatfrom scratch;thegeneralavailability of XML parsershassimplifiedthe
taskof parsingandproducingXAIF. We implementthe semanticsof the XAIF by defininga schema,which
canbeusedby a validatingparserto ensurethattheintermediaterepresentationpassedbetweencomponentsis
valid.

� Extensibility. TheX in XML standsfor extensible.XML is a meta-markuplanguage.It doesn’t have a fixed
setof tagsandelements;instead,XML enablesusersto defineneededelementsandtherelationshipsbetween
them.Thelanguagecanbeextendedandadaptedto meetdifferentneeds,someof which cannotbeanticipated
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at the time a tool is developed. The XAIF schemaallows future extensionsto accommodatenew typesof
transformationsuchasthegenerationof interval extensions[1] or convex underestimates[22].

Additional informationon theXAIF, includingtheschemadefinitionandtheexamplefrom Section6, is available
atwww.mcs.anl.gov/xaif .

5 XAIF Definition

In this sectionwe presentthesyntaxof the XAIF in moredetail. Figure3 shows theUML [9] modelfor theXAIF
schema,usingtheapproachdescribedin [11, 12]. Becauseof spaceconsiderations,themodeldoesnot containsome
elementsor relationships.For a full versionof thecurrentschemadraft, referto www.mcs.anl.gov/xaif.

TheXAIF representationconsistsof aseriesof nestedgraphs.All graphelementsareof typeGraphType , whose
definitionis similar to theXGMML notionof a graph[23]. All elementsof GraphType containat leastoneelement
of VertexType andzeroor moreelementsof EdgeType . All elementsof VertexType have identifiersthatare
uniquewithin theparentgraphelement.Edgeshave uniqueidentifiers,aswell askey referencesto sourceandtarget
vertices.For clarity, somerelationshipshave beenomitted. In general,if a UML classnameendswith “Graph”, the
correspondingschematypeinheritsfrom GraphType . Similarly, typeswith namesendingwith “Vertex” or “Edge”
extendVertexType andEdgeType , respectively. We have shown thecompletedetailsfor thegraph-vertex-edge
relationshipsfor theCallGraph elements.

At the highestlevel, the programis representedby a CallGraph element,whosechildrenareverticescorre-
spondingto subroutinesandedgessignifying subroutinecalls.

CallGraph , ControlFlowGraph , BasicBlockGraph , BasicScopeGraph , and all statementgraph
elementscancontainoptionalProperties elementsencapsulatedin a propertytreenamedafterthecorresponding
graph.ThesegraphsmayalsoincludeaSymbolTable element(describedin moredetaillater)for storingdescriptive
informationaboutvariable,constant,andsubroutinesymbolsusedwithin eachscope.

EachCallGraph vertex containsa ControlFlowGraph element,whoseverticesandedgesrepresentthe
control flow of theprogram.A ControlFlowVertex cancontaina BasicBlockGraph , a ForLoopGraph ,
an IfConditionGraph , or, in general,any statementthataffectstheflow of controlin thecomputation.

EachControlFlowVertex can containeither a BasicBlockGraph or a graphcorrespondingto a com-
poundstatement(e.g.,a ForLoopGraph ). The portionsof the codethat are actuallyaugmentedwith derivative
computationsarecontainedwithin BasicBlockGraphs , which correspondto basicblocks in the code. A ver-
tex of a BasicBlockGraph canbe a BasicScopeGraph (usedto representscopingwithin a basicblock), a
SubroutineCallGraph , or anAssignmentStatementGraph .

Only theassignmentstatementscontainingactivevariables(or loopindices)areincludedin theXAIF asAssign-
mentStatementGraphs . Theleft-handsideof anassignmentvertex is limited toaVariableReferenceVer-
tex , while the right-handsidecanbe a ConstantVertex , a VariableReferenceVertex , or an Expres-
sionGraph . The representationof expressionsin the ExpressionGraph is straightforward,including both
Booleanandarithmeticoperators.We useda substitutiongroupfor thedifferentkindsof expressiongraphvertices,
i.e.,eachof themembersof thegroupcanbea child of theExpressionGraph element.

Transformationtoolsoperateatdifferentgranularitiesof thegraphhierarchy. For example,aforward-modemodule
usingstatement-level reversemodeneedsaccessonly to the XAIF for assignmentstatements.Othermodulesmay
implementstrategiesthatrequirebasicblock-level XAIF, while somereverse-modetoolsmayneedaccessto control
flow or call graphinformation.TheXAIF is flexible enoughto allow theindependentprocessingof differentlevelsof
thegraphhierarchy.

All variableandconstantreferenceverticescontaina requiredsymbolId attribute andan optionalsymbol-
TableId attribute.Theuniquecombinationof theseidentifierscanbeusedto accessinformationaboutthevariable
or constantin thecorrespondingsymboltable.As mentionedearlier, theSymbolTable elementcanbeincludedat
many differentlevels,allowing for flexibility whengeneratingXAIF for processingat differentlevels. For example,
an existing first-orderdifferentiationmoduleoperatesonly at the assignmentstatementlevel and requiressymbol
informationfor thesymbolsin eachstatement.
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Figure3: XAIF SchemaModel

7



exit

if (y<0)

compute(x,y)

for (i=0;i<10;i++)

entry

entry

exit

t1

exp

t1

h

h x

*

t2 y

sin

t2

*

*

x

Figure4: XAIF GraphHierarchy

In theXAIF, a symboltablecanbe attachedto eachassignmentstatement.On theotherhand,if a moduleoperates
on thebasicblock level, suchreplicationof symbolinformationcanbeavoidedby includingasinglesymboltablefor
eachbasicblock. Entriesin the symbol(Symbol elements)containseveral fields, suchasthe type andshapeof a
variable.Theinformationstoredfor eachsymbolcaneasilybeextendedwith new fields.

6 Example

In this sectionwe show how theXAIF is usedin theautomaticdifferentiationof thefollowing C code.Thecomplete
example,includingtheXAIF for theoriginal andtransformedsourcecode,is availableat theXAIF webpage.

void head(dou bl e x, double y) {
int i;
for (i=1;i<10 ;i ++) {

compute(x ,y );
if (y<0) exit;

}
}

void compute( double x, double y) {
double h;
h=exp(x*x *x );
y=sin(h*x );

}
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6.1 XAIF of Original Program

In XAIF, a programis representedasa hierarchyof directedgraphs,asshown in figure4. Thecall graphconsistsof
two verticesrepresentingthetwo subroutineshead andcompute . Thecall of compute insidehead is represented
by theedgeconnectingthesevertices.

<?xml version=" 1. 0" encoding= "UTF- 8" ?>
<xaif:Ca llG ra ph ... >

<xaif:Cal lG ra phPro pert ies >
...

</xaif:Ca ll GraphPr oper tie s>
<xaif:Sym bolT able>

...
</xaif:Sy mbol Table >

<!-- head(dou bl e x, double y) -->
<xaif:Cal lG ra phVer te x id="0" symbolId=" head">

...
</xaif:Ca ll GraphVert ex >

<!-- void compute( double x, double y) -->
<xaif:Cal lG ra phVer te x id="1" symbolId=" co mput e">

...
</xaif:Ca ll GraphVert ex >

<xaif:Cal lG ra phEdge id="0" source="0 " target= "1" />

</xaif:C all Graph>

Thecontrolflow graphof head containsthreeverticesin additionto thestandardentry andexit vertices.If
the for -loop conditionis satisfied,the loop body getsexecuted.Otherwise,theprogramis continuedwith thefirst
statementfollowing theloop. In this exampleno statementfollowstheloop,which resultsin anedgeleadinginto the
exit vertex.

Thefirst statementinsidethe loop bodyis thecall of compute followedby an if -statement.Dependingon the
valueof thetest,theloop is exited or thenext statementin theloopbodyis executed.As theif -statementhappensto
bethelaststatementof theloopbody, this is equivalentto jumpingbackto theheadof theloop.

<xaif:Co ntr ol Fl owGraph>
<xaif:Con tr ol Fl owGra phPro pert ies >

...
</xaif:Co nt ro lF low GraphPr oper tie s>

<xaif:Sym bolT able>
...

</xaif:Sy mbol Table >

<xaif:Con tr ol Fl owVer te x id="0" name="Entr y" />
<xaif:Con tr ol Fl owVer te x id="1" name="Exit "/ >
<xaif:Con tr ol Fl owVer te x id="2" name="ForL oop" >.. .< /x aif :C ontro lF lo wVert ex >
<xaif:Con tr ol Fl owVer te x id="3" name="Basi cBlo ck" >. .. </x ai f: Contr ol Fl owVer te x>
<xaif:Con tr ol Fl owVer te x id="4" name="If "> .. .< /xa if :C ont ro lF low Vert ex >
<xaif:Con tr ol Fl owVer te x id="5" name="Exit "/ >

<xaif:Con tr ol Fl owEdge id="0" source="0" target=" 2" />
<xaif:Con tr ol Fl owEdge id="1" source="2" target=" 1" />
<xaif:Con tr ol Fl owEdge id="2" source="2" target=" 3" />
<xaif:Con tr ol Fl owEdge id="3" source="3" target=" 4" />
<xaif:Con tr ol Fl owEdge id="4" source="4" target=" 5" />
<xaif:Con tr ol Fl owEdge id="5" source="4" target=" 2" />
<xaif:Con tr ol Fl owEdge id="6" source="5" target=" 1" />

</xaif:C ont ro lF lo wGraph>

The control flow insidecompute is straightforward. It consistsof a singlebasicblock in addition to entry
andexit . After canonicalization(performedby thefront-end),thebasicblock containsfour assignmentstatements,
which arerepresentedby thefour verticesof theBasicBlockGraph elementshown below.
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...
<xaif:Ba sic Bl oc kGrap h>

<xaif:Bas ic Bl oc kGr aphProp er ti es>
<xaif:Pro pert y id="0" name="in lo op" value=" no" />

</xaif:Ba si cBlo ckGra phPro pert ies >

<!-- t1 = x*x*x; -->
<xaif:Bas ic Bl oc kVert ex id="0" name="Ass ig nmentSt at ement Graph">

...
</xaif:Ba si cBlo ckVer te x>

<!-- h = exp(t1); -->
<xaif:Bas ic Bl oc kVert ex id="1" name="Ass ig nmentSt at ement Graph">

...
</xaif:Ba si cBlo ckVer te x>

<!-- t2 = h*x; -->
<xaif:Bas ic Bl oc kVert ex id="2" name="Ass ig nmentSt at ement Graph">

...
</xaif:Ba si cBlo ckVer te x>

<!-- y = sin(t2); -->
<xaif:Bas ic Bl oc kVert ex id="3" name="Ass ig nmentSt at ement Graph">

...
</xaif:Ba si cBlo ckVer te x>

<!-- data flow -->
<xaif:Bas ic Bl oc kEdge id="0" source=" 0" target="1 "/ >
<xaif:Bas ic Bl oc kEdge id="1" source=" 1" target="2 "/ >
<xaif:Bas ic Bl oc kEdge id="2" source=" 2" target="3 "/ >

</xaif:B asi cBlo ck Graph>
...

EachAssignmentStatementGraph consistsof a variablereferencerepresentingtheleft-handsideandsome
expressionDAG representingtheright-handside,asillustratednext.

...
<!-- t2 = h*x; -->
<xaif:Ba sic Bl oc kVert ex id="2" name="Assig nmentS tat ementGr aph" >

<xaif:Ass ig nmentSt at ement Graph>
<xaif:Var ia bl eRefe re nce Vert ex id="0" symbolId= "1 _4"/>
<xaif:Ass ig nment RHSVert ex id="1">

<xaif:Exp re ssi onGraph>
<xaif:Var iab le Refer ence Ver te x id="0" symbolId= "1_ 3" />
<xaif:Var iab le Refer ence Ver te x id="1" symbolId= "1_ 1" />
<xaif:Bin ary Expr ess io nVert ex id="2" name="Mult ipl y" />
<xaif:Exp res si onEdge id="0" source="0 " target="2" />
<xaif:Exp res si onEdge id="1" source="1 " target="2" />

</xaif:Ex pr ess io nGrap h>
</xaif:As si gnmentR HSVer te x>
<xaif:Ass ig nment St at ement Edge id="0" source="1 " target="0 "/>

</xaif:As si gnmentS ta te mentG ra ph>
</xaif:B asi cBlo ck Ver te x>

<!-- y = sin(t2); -->
<xaif:Ba sic Bl oc kVert ex id="3" name="Assig nmentS tat ementGr aph" >

<xaif:Ass ig nmentSt at ement Graph>
<xaif:Sta te mentP ro perti es >
</xaif:St at ement Pr opert ie s>
<xaif:Var ia bl eRefe re nce Vert ex id="0" symbolId= "1 _5"/>
<xaif:Ass ig nment RHSVert ex id="1">

<xaif:Exp re ssi onGraph>
<xaif:Sub rou ti neCal lE xp res si onVer te x id="0" symbolId= "ex p" >

<xaif:S ubr outi neArg ument >
<xaif:Va ri ableR ef er enc e symbolId= "1 _4" />

</xaif: Subro ut ine Ar gument>
</xaif:Su bro ut in eCall Expre ss io nVert ex >

</xaif:Ex pr ess io nGrap h>
</xaif:As si gnmentR HSVer te x>
<xaif:Ass ig nment St at ement Edge id="0" source="1 " target="0 "/>

</xaif:As si gnmentS ta te mentG ra ph>
</xaif:B asi cBlo ck Ver te x>
...
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The minimal verticesin the expressionDAGs representvariablereferences.All other verticesare arithmetic
operationsor functioncalls. Thevalueassociatedwith the maximalvertex is assignedto thevariablereferencedon
theleft-handside.IntermediateresultsarelabeledG ? �-,.,-, � GIH .

6.2 XAIF of Transformed Program

In this sectionwe describethe resultof transformingtheoriginal programsemanticallyaccordingto a two-stepAD
algorithm:

1. Derivative codefor computingthe local Jacobianof the basicblock in compute is generated.Sincein this
simpleexampletherearejustoneindependentx andonedependenty variable,thelocal Jacobiancontainsonly
oneelement

/KJ � /KL � which is thederivativeof y with respectto x .

2. As notedin Section2, derivative codegeneratedaccordingto the rulesof forward-modeAD computesdirec-
tionalderivativesof thedependentwith respectto theindependentvariables,thatis,Jacobianmatrixtimesvector
products.In theexample,thissimplifiesto aweightedderivative,namely, theproductof

/KJ � /ML andsomescalar
weightad x . Thesemanticsof theprogramis changedin orderto computethisvalue.

Building on theAD basicsintroducedin section2 andreferencingrelevantliterature,we briefly discussa methodfor
generatingoptimalderivativecodefor thelocalJacobianof compute . Themainelementsof thecorrespondingXAIF
representationarepresentedin thecontext of theXAIF of theforward-modeAD transformedcode.

Thecomputationalgraphof thebasicblock is shown in Figure5. Expressionsfor thelocalpartialderivativesare
attachedto theedges.Givena valuefor x , onecanevaluatetheseexpressionsduringa singleevaluationof thebasic
block in parallelwith theactualfunctionvaluey itself. This resultsin a linearizedversionof thecomputationalgraph.
As shown in [17], the valueof derivative

/MJ � /ML at the currentargumentcanbe accumulatedby eliminatingthe N
intermediateverticesin the linearizedcomputationalgraph(in our example,N 8PO ). Theorderin which this is done
determinesthenumberof scalarfloating-pointoperationsrequiredfor this process.Minimizing this valueover the N1Q
differenteliminationorderingsis conjecturedto beanNP-complete[15] combinatorialoptimizationproblem[7, 17].
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A deterministicalgorithmfor gradientswith single-readintermediatevariables(suchasthegraphin ourexample)
is discussedin [21]. It leadsto thefollowing derivativecodefor compute :

void compute_ ad(d oub le x, double ad_x, double y, double ad_y) {

double h;
double t1, t2;
double _dy_dx_t 1,_ dy _dx_t 2, _dy_d x_ t3 ,_d y_ dx _t 4;
double _dy_dx;

t1=x*x*x;
h=exp(t1) ;
t2=h*x;
y=sin(t2) ;

_dy_dx_t1 = (x+x)*x+ x* x
_dy_dx_t2 = exp(t1)
_dy_dx_t3 = _dy_dx_t 1* _dy _dx_ t2* x+h
_dy_dx_t4 = cos(t2)
_dy_dx = _dy_dx_t3 *_ dy _dx _t 4

ad_y = _dy_dx * ad_x
}

The computationof dy dx t1 correspondsto the elimination of vertex 1 in the linearizedcomputational
graph. Vertices2 and3 areeliminatedby computing dy dx t3 . Finally, the eliminationof vertex 4 leadsto

dy dx , which representsthepre-accumulatedvalueof
/MJ � /KL , Thesubroutineitself is transformedinto a seman-

tically differentversioncompute ad with inputsx andad x andoutputsy andad y . It is straightforwardto
verify that for a givenargumentx anda derivative weight ad x , compute ad computesboth the functionvalue
y andad y—the directionalderivative of y with respectto x in directionad x . This is what we expect from a
forward-modeAD-transformedderivativecode.TheXAIF of compute ad is analogousto theonefor theoriginal
routine,with abasicblockcontainingadditionalassignmentsandseveralnew entriesin thesymboltableandargument
list.

Theforward-modeAD versionof thetop-level routinehead is asfollows.

void head_ad( double x, double ad_x, double y double ad_y) {
int i;
for (i=1;i<10 ;i ++) {

compute_a d( x, ad_x, y, ad_y) ;
if (y<0) exit;

}
}

Thecontrol flow remainsunchanged:head ad callscompute ad to computebothy andad y for givenx
andad x . Again, theXAIF is analogousto theonefor thehead subroutinewith thenecessarychangesor additions
madeto thesymboltable,argumentlist, andcall to compute . TheXAIF of theentirederivative codecanbefound
atwww.mcs.anl.gov/xaif .

7 Summary

We have presenteda simplecomponentarchitecturefor the developmentof semantictransformationtools basedon
theXML AbstractInterfaceForm, anabstractrepresentationof thecommonfeaturesin imperative languages.XAIF
decouplesthelanguage-specificfront-end,whichperformsparsing,analysis,andunparsingfunctions,from language-
independenttransformations.XAIF provides the interfacethat enablesthe rapid developmentof plug-in semantic
transformationmodulesthatinteroperatewith multiple language-specificfront-ends.Wehave demonstratedtheutility
of this architecturein thecontext of automaticdifferentiation,andillustratedtheuseof theXAIF in a forward-mode
differentiationmodule.
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