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GreenWaldinger Constableandotherspioneered
the useof deductve synthesisvhereina complete
programis extractedfrom a proof that a problem
specificatioris solvable. Theessentiatechniques
witness-finding- givena sentencef theform

VY(z: D)3(r: R) (I(x) = O(z,r))

inferawitnesstermw(z) for theexistentiallyquan-
tified variabler suchthat

V(z : D) (I(x) = O(z,w(x))
is provable.

I'd like to briefly outline my experiencein using
witness-findingn avarietyof rolesduringsoftware
synthesisincludingasa specialcasethe extraction
of wholeprogramsaswitnessesTheeffort maybe
seenasattemptingto develop more encompassing
frameaworks for generatingsoftware, motivatedby
the desireto synthesizdarger, more complex ap-
plications.

Program Scheme | nstantiation

In the 1970's andearly 80’s mostprogramderia-
tionswerespeciakase®f divide-and-conqueiun-

fortunately thisis still too oftentrue),probablybe-
causethey are someof the easiesinductionargu-

mentsto pushthrougha prover. Soit seemedn-

terestingo try to capturedivide-and-conquemore
abstractly rather than repeatedlydiscovering in-

stancesf it. From this effort camethe notion of

constructinga programby instantiatinga program
schemeandusingdeductve techniquego synthe-
size the definitions or specificationsfor the free
operatorsn programschemegSmith 1985;1987;
Lowry 1991).

There are a variety of ways in which witness-
findingcanbeusedo supportschemeénstantiation.

¢ Deriving specificationgor subalgorithms- The
correctnessconditions of a program scheme

sene to constrainthe ways that the free oper
atorscan be instantiated and theseconstraints
canoftenbeusedto infer specificationgor sub-
algorithms. In the divide-and-conquecase,if
you plug in a standarddecompositioroperatoy
you canuseasoundnesaxiomontheschemeo
infer a specificationfor the compositionopera-
tor. Dually, from a given compositionoperatoy
onecancalculatea specificatiorfor the decom-
positionoperator To supportthis kind of infer-
encewegeneralizedhewitness-findingprocess
slightly to allow generationof boolean-alued
termsthat are sufficient conditionson a given
formula (Smith 1982;1985). This processvas
calledderivedantecedentut now known gen-
erally asabductve inference,althoughfor syn-
thesispurposeshe abductiblesare requiredto
be expressedvera specifiedsetof variables.

e Deriving guards— Derived antecedentvere use

to infer the guardson a recursve call to ensure
terminationand establishmenof preconditions.
Againthisis finding asufficientconditionaswit-
nesgo thevalidity of acorrectnes$ormula.

Deriving Filters — Backtrack and branch-and-
boundprogramschemesequiretheinferenceof

necessaryconditions (to sene as pruning and
constraintpropagationmechanismsps well as
upperor lower boundson numericexpressions
(to sene for boundingin branch-and-bound
(Smith 1987; 1990; Smith, Parra, & Westfold

1996).

Matching Library Opemtors — Top-dovn de-
sign reducesa top-level specificationto a tree
of subproblemspecifications.The processhot-

tomsout in specificationghat can be matched
againstprimitive instructionsor library opera-
tors. Witness-findingwas usedin CYPRESS
and KIDS to generatethe datatranslatorsthat
allow a library routine to be usedto satisfy a
given specification(Smith 1985; 1993). More

recently witness-findinchasbeenusedto gener

atethe glue-codehatallows two datasourcego

interact(Bursteinetal. 2001).



o ExpressionOptimization— After schemenstan-
tiation, there are often lots of opportunitiesto
apply commonprogramoptimizations,suchas:
context-dependentsimplification, finite differ-
encing partialevaluation,caseanalysisandoth-
ers (Smith 1990). Underlying mary of these
optimizationtacticsis searchfor a withessthat
is equal/equialentto an expressionmodulothe
context in which it will beevaluated.

Design Theories and Interpretation Construc-
tion

Later, in anattemptto morefully formalizethe no-
tion of aprogramschemeye developedthenotion
of analgorithmtheoryin which a programscheme
wasa definitionfor afunctionsymbolexpressedn
termsof someother operatorghat were axiomat-
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
accomplisheghe instantiationof the abstractpro-
gram schemewith expressiongrom the problem
domain(Smith1996;1999).

Thekey work hereis constructinganinterpretation
betweerthe algorithmtheoryandthe problemdo-
maintheory An interpretationbetweertheoriesor
simply aninterpretationis a mapfrom thesymbols
of thesource(domain)theoryto expression®f the
target (codomain)theory that inducesa language
translationandis requiredto presere provability;
i.e. ansourcetheoremmustremainprovable un-
dertranslationto thetargettheory It turnsoutthat
all thewitness-findingoleslistedabove areexam-
plesof usingunslolemizationduringinterpretation
construction.

Hereis how unslolemizationis usedto supportin-
terpretationconstruction(Smith 1993). Suppose
thatwe aretrying to completea partial interpreta-
tion o from theory S to theoryT'. Let f beafunc-
tion symbolof S thathasno translationyet under
o. Supposéhat A is a prene normalform axiom
in whichall occurrencesf f areidenticalandsim-
ple (only variablesno terms),andsupposehatall
other symbolsin A aretranslatableundero (i.e.
the domainof ¢ includesall of the sortand oper
ator symbolsof A exceptfor the function symbol
f). To obtaina candidateranslationfor a function
symbol f, we proceedasfollows.

(1) Unslolemizef in Ayielding A’. Sincethe effect
is to replaceeachoccurrenceof f by avariable,

eachsymbolin A’ canbetranslatedia o.

(2) Translate A'. The translatedsentences(A')
neednot be an axiomof T'. In orderfor ¢ to
becomeaninterpretationywe needanexpression
definingthetranslationof f in T'. o(A') canbe
viewed as a constrainton the possibletransla-
tionsof f.

(3) Attemptto prove o(A4') in T. A constructve
proof will yield a (withess)expressionw(z) for
f thatdependonly on the variable(s)z. If the
proof involves induction (resultingin a recur
sively definedwitness),thenwe extendthe tar
gettheorywith a fresh operatorsymbolandan
axiomstatingits recursve definition.

(4) Extendthe partial morphismo by defininge( f)
to bew(z). By constructiorthis translationfor
f guaranteethato properlytranslatesheaxiom
A.

Otheraxiomsthatinvolve f may now betranslat-
able,andif so,thenwe canattemptto prove that
they translateto theorems.

Interpretationglay a variety of basicrolesin soft-
ware development, and thus interpretationcon-
structionis a crucial actvity, including witness-
finding asa key supporttool.

e Repesenting and applying abstract design
knowledg — Abstractdesignknowledgecanof-
ten be capturedand organizedvia interpreta-
tions. For example, algorithm knowledge can
be expressedsaninterpretatiorbetweeranap-
plicability theory and a theory expressingthe
problem-solvingmethod. For anotherexample,
datatyperefinementsare expressedas interpre-
tations from the abstractdatatypetheory to a
(more)concretedatatypaheory(Blaine& Gold-
berg 1991). Designtheoriesmay be organized
into taxonomieswhereinterpretationgrecisely
specifythe“subclass’links (Smith1996).When
we representlesignknowledgeabstractlyasan
interpretation : A — B, thenwe apply the
abstractiorto generatea refinementof a target
specificationS by (i) constructinganinterpreta-
tion from A to thetargetspecificationS, and(ii)
computingthe pushoubf thetwo interpretations
B + A — 5 (Smith1996).

This processcanbe appliedto a broadrangeof
typesof knowledge,well beyond programming
knowledge. Note that shoving applicability of
an abstractiorto a concreteproblemvia anin-
terpretationproperlygeneralizeghe notion of a
substitutiorthatmatchesrule patternwith ado-
main goal— we matchnot only syntax,but also
mustrespecthe axiomaticsemantics.



¢ Refinemengenertors (metapograms)— Some-
times abstractdesign knowledge is best cap-
tured by metaprogramshat generateinterpre-
tations/refinementsProgramoptimizationsare
typicalexamplesandthey oftenhave thefollow-
ing characteristicthey arebasedon a metathe-
orem whose conclusionis that such-and-such
a syntacticchangeresultsin a refinement(i.e.
preseres or reducesmodels). The metapro-
gramworks by analyzingthe object-level spec
and constructvely inferring how to reify the
metatheorenmn this case.

e Constructingdatatyperefinements- We have
worked severalexamplesof deriving datastruc-
turesvia interpretationconstruction.For exam-
ple, constructinganinterpretatiorfrom setsover
alinear orderto binary treesover a linear order
canresultin theheapglatastructure.Thekey in-
variant,theheappropertyis derivedvia witness-
finding.

e Deriving behavior— A guardedcommandin a
statemachinecorrespondsxactly to interpreta-
tion (from thetheoryof the post-statdo thethe-
ory of the pre-state)Pavlovic & Smith 2001).
Interpretationconstructionthen can be usedto
generateommand®f anabstracstatemachine.
For example, someresearcherhiave described
work on calculatingtransitionsin control sys-
temssothatsafetyconditionsareguaranteed.

Witness-findingcanplay a crucialrole in the con-
struction of correctsoftware. In my view, con-
structinginterpretationsis a fundamentalndcen-
tral problemin formal softwae developmentand
it providesa wealth of opportunitiesfor develop-
ing and applyingwitness-findingtechnology The
work describedabove aimsfor a softwaredevelop-
mentframeavork within which witness-findingcan
beusedto bestadvantage.

References

Blaine, L., and Goldbeg, A. 1991. DTRE —a
semi-automatitransformatiorsystem.In Moller,
B., ed., ConstructingPrograms from Specifica-
tions Amsterdam:North-Holland.165-204.

Burstein, M.; McDermott, D.; Smith, D.; and
Westfold, S. 2001. Formal derivation of agent
interoperationcode. Journal of Autonomous
Agentsand Multi-Agent Systems(earlierversion
in Proceedingof the Agents 2000 Conference,
BarcelonaSpain,2000).

Lowry, M. R. 1987. Algorithm synthesighrough
problem reformulation. In Proceedingsof the
1987 National Confeence on Artificial Intelli-
gence

Lowry, M. R. 1991. Automatingthe designof lo-
calsearchalgorithms.In Lowry, M., andMcCart-
ney, R., eds. AutomatingSoftwae Design Menlo
Park: AAAI/MIT Press515-546.

Pavlovic, D., and Smith, D. R. 2001. Composi-
tion and refinementof behaioral specifications.
In Proceedingf AutomatedSoftwae Engineer

ing Confeence 157-165.IEEE ComputerSoci-

ety Press.

Smith,D. R.,andLowry, M. R. 1989. Algorithm
theoriesanddesigntactics.In vande Snepscheut,
L., ed., Proceedingf the International Confer
enceon Mathematicsof Program Construction,
LNCS 375. Berlin: SpringerVerlag. 379-398.
(reprintedin Scienceof ComputerProgramming
14(2-3),0ctoberl990,pp. 305-321).

Smith, D. R.; Parra, E. A.; and Westfold, S. J.
1996. Synthesif planningandschedulingsoft-
ware. In Tate,A., ed., AdvancedPlanning Tech-
nology, 226—-234.AAAI PressMenlo Park.

Smith, D. R. 1982. Derived preconditionsand
their usein programsynthesis,LNCS 138. In
Loveland,D. W., ed., Sixth Confeenceon Au-
tomatedDeduction 172-193. Berlin: Springer
Verlag.

Smith, D. R. 1985. Top-donvn synthesisof
divide-and-conquealgorithms. Artificial Intelli-
gence?27(1):43-96(Reprintedn Readingsn Ar-
tificial Intelligenceand Softwae Engineering C.
RichandR. Waters Eds.,Los Altos, CA, Morgan
Kaufmann,1986.).

Smith, D. R. 1987. Structure and design
of global searchalgorithms. TechnicalReport
KES.U.87.12Kestrellnstitute.

Smith, D. R. 1990. KIDS - a semi-automatic
programdevelopmentsystem.EEE Transactions
on Softwae EngineeringSpeciallssueon Formal
Methodsin Softwae Engineering 16(9):1024—
1043.

Smith, D. R. 1993. Constructingspecification
morphisms. Journal of SymbolicComputation,
Speciallssueon Automatic Programming15(5-
6):571-606.

Smith, D. R. 1996. Toward a classificationap-
proachto design. In Proceedingsof the Fifth

International Confeenceon Algebraic Method-
ology and Softwae Technology, AMAST’96 vol-

umeLNCS 1101,62-84.SpringerVerlag.

Smith,D. R. 1999.Mechanizinghedevelopment
of software. In Broy, M., andSteinbruggen,R.,
eds., Calculational SystemDesign, Proceedings
of the NATO Advancedtudylinstitute IOS Press,
Amsterdam.251-292.



