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Green,Waldinger, Constable,andotherspioneered
theuseof deductive synthesiswhereina complete
programis extractedfrom a proof that a problem
specificationis solvable.Theessentialtechniqueis
witness-finding– givenasentenceof theform
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inferawitnessterm ! ���"	

for theexistentiallyquan-
tified variable

�
suchthat
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is provable.

I’ d like to briefly outline my experiencein using
witness-findingin avarietyof rolesduringsoftware
synthesis,includingasaspecialcasetheextraction
of wholeprogramsaswitnesses.Theeffort maybe
seenasattemptingto developmoreencompassing
frameworks for generatingsoftware,motivatedby
the desireto synthesizelarger, morecomplex ap-
plications.

Program Scheme Instantiation

In the1970’s andearly80’s mostprogramderiva-
tionswerespecialcasesof divide-and-conquer(un-
fortunately, this is still toooftentrue),probablybe-
causethey aresomeof the easiestinductionargu-
mentsto pushthrougha prover. So it seemedin-
terestingto try to capturedivide-and-conquermore
abstractly, rather than repeatedlydiscovering in-
stancesof it. From this effort camethe notion of
constructinga programby instantiatinga program
schemeandusingdeductive techniquesto synthe-
size the definitions or specificationsfor the free
operatorsin programschemes(Smith1985;1987;
Lowry 1991).

There are a variety of ways in which witness-
findingcanbeusedto supportschemeinstantiation.

' Deriving specificationsfor subalgorithms– The
correctnessconditions of a program scheme

serve to constrainthe ways that the free oper-
atorscan be instantiated,and theseconstraints
canoftenbeusedto infer specificationsfor sub-
algorithms. In the divide-and-conquercase,if
you plug in a standarddecompositionoperator,
youcanuseasoundnessaxiomontheschemeto
infer a specificationfor the compositionopera-
tor. Dually, from a givencompositionoperator,
onecancalculatea specificationfor thedecom-
positionoperator. To supportthis kind of infer-
ence,wegeneralizedthewitness-findingprocess
slightly to allow generationof boolean-valued
terms that are sufficient conditionson a given
formula (Smith 1982;1985). This processwas
calledderivedantecedents,but now known gen-
erally asabductive inference,althoughfor syn-
thesispurposesthe abductiblesare requiredto
beexpressedovera specifiedsetof variables.' Deriving guards– Derivedantecedentwereuse
to infer the guardson a recursive call to ensure
terminationandestablishmentof preconditions.
Againthisisfindingasufficientconditionaswit-
nessto thevalidity of a correctnessformula.' Deriving Filters – Backtrackand branch-and-
boundprogramschemesrequiretheinferenceof
necessaryconditions(to serve as pruning and
constraintpropagationmechanisms)as well as
upperor lower boundson numericexpressions
(to serve for bounding in branch-and-bound)
(Smith 1987; 1990; Smith, Parra, & Westfold
1996).' Matching Library Operators – Top-down de-
sign reducesa top-level specificationto a tree
of subproblemspecifications.The processbot-
toms out in specificationsthat can be matched
againstprimitive instructionsor library opera-
tors. Witness-findingwas used in CYPRESS
and KIDS to generatethe data translatorsthat
allow a library routine to be usedto satisfy a
given specification(Smith 1985; 1993). More
recently, witness-findinghasbeenusedto gener-
atetheglue-codethatallows two datasourcesto
interact(Bursteinet al. 2001).



' ExpressionOptimization– After schemeinstan-
tiation, thereare often lots of opportunitiesto
applycommonprogramoptimizations,suchas:
context-dependentsimplification, finite differ-
encing,partialevaluation,caseanalysis,andoth-
ers (Smith 1990). Underlying many of these
optimizationtacticsis searchfor a witnessthat
is equal/equivalentto an expressionmodulothe
context in which it will beevaluated.

Design Theories and Interpretation Construc-
tion

Later, in anattemptto morefully formalizetheno-
tion of aprogramscheme,wedevelopedthenotion
of analgorithmtheoryin which a programscheme
wasadefinitionfor a functionsymbolexpressedin
termsof someotheroperatorsthat wereaxiomat-
ically constrained. To instantiatethe schemere-
quired constructinga theory morphism(interpre-
tation) that explicatedhow the symbolsin the al-
gorithm theory translatedto the problemdomain
theorysuchthatall the axiomsremainedprovable
(Lowry 1987;Smith & Lowry 1989). A pushout
accomplishesthe instantiationof the abstractpro-
gram schemewith expressionsfrom the problem
domain(Smith1996;1999).

Thekey work hereis constructinganinterpretation
betweenthealgorithmtheoryandtheproblemdo-
maintheory. An interpretationbetweentheoriesor
simplyaninterpretationis amapfrom thesymbols
of thesource(domain)theoryto expressionsof the
target (codomain)theory that inducesa language
translation,andis requiredto preserveprovability;
i.e. an sourcetheoremmust remainprovableun-
dertranslationto thetargettheory. It turnsout that
all thewitness-findingroleslistedaboveareexam-
plesof usingunskolemizationduringinterpretation
construction.

Hereis how unskolemizationis usedto supportin-
terpretationconstruction(Smith 1993). Suppose
thatwe aretrying to completea partial interpreta-
tion ( from theory ) to theory * . Let + bea func-
tion symbolof ) thathasno translationyet under( . Supposethat , is a prenex normalform axiom
in whichall occurrencesof + areidenticalandsim-
ple (only variables,no terms),andsupposethatall
other symbolsin , are translatableunder ( (i.e.
the domainof ( includesall of the sort andoper-
ator symbolsof , exceptfor the function symbol+ ). To obtaina candidatetranslationfor a function
symbol + , we proceedasfollows.

(1) Unskolemizef in A yielding ,.- . Sincetheeffect
is to replaceeachoccurrenceof + by a variable,

eachsymbolin , - canbetranslatedvia ( .

(2) Translate ,.- . The translatedsentence( � ,/- 	
neednot be an axiom of * . In order for ( to
becomeaninterpretation,weneedanexpression
definingthetranslationof + in * . ( � ,/- 	 canbe
viewed as a constrainton the possibletransla-
tionsof + .

(3) Attempt to prove ( � ,.- 	 in T. A constructive
proof will yield a (witness)expression! ����	

for+ thatdependsonly on the variable(s)
�
. If the

proof involves induction (resulting in a recur-
sively definedwitness),thenwe extendthe tar-
get theorywith a freshoperatorsymbolandan
axiomstatingits recursivedefinition.

(4) Extendthepartial morphism( by defining ( � + 	
to be ! ���"	

. By constructionthis translationfor+ guaranteesthat ( properlytranslatestheaxiom, .

Otheraxiomsthat involve + may now be translat-
able,and if so, thenwe canattemptto prove that
they translateto theorems.

Interpretationsplay a varietyof basicrolesin soft-
ware development, and thus interpretationcon-
struction is a crucial activity, including witness-
finding asa key supporttool.

' Representing and applying abstract design
knowledge – Abstractdesignknowledgecanof-
ten be capturedand organizedvia interpreta-
tions. For example,algorithm knowledgecan
beexpressedasaninterpretationbetweenanap-
plicability theory and a theory expressingthe
problem-solvingmethod. For anotherexample,
datatyperefinementsare expressedas interpre-
tations from the abstractdatatypetheory to a
(more)concretedatatypetheory(Blaine& Gold-
berg 1991). Designtheoriesmay be organized
into taxonomieswhereinterpretationsprecisely
specifythe“subclass”links (Smith1996).When
we representdesignknowledgeabstractlyasan
interpretation

�0� ,2143 , then we apply the
abstractionto generatea refinementof a target
specification) by (i) constructinganinterpreta-
tion from , to thetargetspecification) , and(ii)
computingthepushoutof thetwo interpretations3657,819) (Smith1996).

This processcanbeappliedto a broadrangeof
typesof knowledge,well beyond programming
knowledge. Note that showing applicability of
an abstractionto a concreteproblemvia an in-
terpretationproperlygeneralizesthenotionof a
substitutionthatmatchesarulepatternwith ado-
maingoal– we matchnot only syntax,but also
mustrespecttheaxiomaticsemantics.



' Refinementgenerators (metaprograms)– Some-
times abstractdesign knowledge is best cap-
tured by metaprogramsthat generateinterpre-
tations/refinements.Programoptimizationsare
typicalexamples,andthey oftenhavethefollow-
ing characteristic:they arebasedon a metathe-
orem whose conclusionis that such-and-such
a syntacticchangeresultsin a refinement(i.e.
preserves or reducesmodels). The metapro-
gram works by analyzingthe object-level spec
and constructively inferring how to reify the
metatheoremin thiscase.

' Constructingdatatyperefinements– We have
workedseveralexamplesof deriving datastruc-
turesvia interpretationconstruction.For exam-
ple,constructinganinterpretationfrom setsover
a linearorderto binary treesover a linearorder
canresultin theheapsdatastructure.Thekey in-
variant,theheapproperty, is derivedvia witness-
finding.

' Deriving behavior– A guardedcommandin a
statemachine,correspondsexactly to interpreta-
tion (from thetheoryof thepost-stateto thethe-
ory of the pre-state)(Pavlovic & Smith 2001).
Interpretationconstructionthen can be usedto
generatecommandsof anabstractstatemachine.
For example,someresearchershave described
work on calculatingtransitionsin control sys-
temssothatsafetyconditionsareguaranteed.

Witness-findingcanplay a crucial role in thecon-
struction of correct software. In my view, con-
structinginterpretationsis a fundamentalandcen-
tral problemin formal software development, and
it providesa wealthof opportunitiesfor develop-
ing andapplyingwitness-findingtechnology. The
work describedaboveaimsfor asoftwaredevelop-
mentframework within which witness-findingcan
beusedto bestadvantage.
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