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Abstract

Despitetheir bene�ts, programmers rarely use formal
speci�cations,becausethey are dif�cult to write and they
require an up front investmentin time. To addresstheseis-
sues,we presenta tool that helpsprogrammers write and
debug algebraic speci�cations.Givenan algebraic speci�-
cation, our tool instantiatesa prototypethat can be used
just like any regular Java class.The tool can also mod-
ify an existing application to usethe prototypegenerated
by theinterpreter insteadof a hand-codedimplementation.
Thetool improvesthe usability of algebraic speci�cations
in the following ways:(i) A programmercan“run” an al-
gebraic speci�cationto studyits behavior. Thetool reports
in which waya speci�cationis incompletefor a clientappli-
cation.(ii) Thetool cancheck whethera speci�cationand
a hand-codedimplementationbehavethe samefor a par-
ticular run of a client application.(iii) A prototypecanbe
usedwhena hand-codedimplementationis not yet avail-
able. Twocasestudiesdemonstratehowto usethetool.

1. Intr oduction

Formal speci�cationshave many software engineering
bene�ts. Perhapsthe most importantadvantageof formal
speci�cationsis that they canprovideanunambiguousand
possiblymachinecheckabledocumentationof aninterface.
Clientsof thespeci�edinterfacesknow exactlywhatthein-
terfaceprovidesandcanthereforeuseit correctly. Program-
mersimplementingthe interfaceknow exactly how an im-
plementationof the interfaceshouldbehave andtherefore
have a gold standardwith which to test their implementa-
tion. Unfortunately, mostprogrammersdo not write formal
speci�cationsbecausethey aredif�cult to write andrequire
signi�cant mathematicalmaturity on the part of program-
mers.Thispaperdescribesandevaluatesatool for develop-
ing algebraicspeci�cations.

� Thiswork is supportedby NSFgrantsCCR-0085792,CCR-0133457,
andCCR-0086255.Any opinions,®ndingsandconclusionsor recom-
mendationsexpressedin thismaterialaretheauthors'anddonotnec-
essarilyre�ect thoseof thesponsors.

There are many kinds of formal speci�cations, each
with their own strengthsandweaknesses.For example,ax-
iomaticspeci�cations(e.g.,[12]) arewell suitedfor describ-
ing how methodsmanipulatethe stateof an object.They
are thus valuablefor programmerswho try to understand
and extend an existing implementation[9]. On the other
hand,for programmerswhoareinterestedin usingapartic-
ular classwithout worrying aboutthe implementationde-
tails, understandingaxiomaticspeci�cationscan be cum-
bersome.In contrast,for certainclasses,in particularmany
containerclasses,algebraicspeci�cations(e.g., [13]) can
be shortandelegant; they often provide the advantageof
capturingtheobservablebehavior withoutexposingtheim-
plementationdetailsof objects.Sincecontainerclassesare
amongthemostfrequentlyreusedclasses,andthuspartic-
ularly bene�t from machinecheckabledocumentation,we
focusonly onalgebraicspeci�cationsin thispaper.

Given an algebraicspeci�cationfor a classanda client
for the class, our tool runs the client using interpreta-
tion to simulatethe behavior of the speci�ed class.In this
way, whena programmerwritesanalgebraicspeci�cation,
thesystemautomaticallyprovidesan implementation.Our
tool interpretsalgebraicspeci�cationsusingtermrewriting,
whichis awell studiedarea[6, 20]. However, to ourknowl-
edgeour systemis the�rst to seamlesslyintegratefully au-
tomaticalgebraicrewriting techniqueswith Javaclasses.

Our systemprovidesthreemain bene�ts. First, it gives
programmersmore for their effort: they not only get the
bene�t of aformalspeci�cationbut they alsogetaprototype
of theirclass,whichthey canimmediatelyuse.This feature
may be particularly useful in multi-programmerprojects
sinceit allows the developersof somecomponentsto test
againstspeci�cationsof othercomponentsbeforethoseare
even implemented.Second,by providing a featurefor ex-
perimentallyvalidating a speci�cation againstan imple-
mentation,our tool helpspreventdivergenceof implemen-
tation andits speci�cationasthesoftwaresystemevolves.
Third, our systemis invaluable for debugging algebraic
speci�cationssinceit allows programmersto “run” a spec-
i�cation andobserve its behavior. Whenrunninga speci�-
cation,thereare threepossibleoutcomes:(i) the run pro-
ducescorrectanswers,whichsuggeststhatthespeci�cation
may be soundand complete;(ii) the run producesincor-
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rectanswerswhich indicatesabug in ourspeci�cation;and
(iii) the run fails becausethe interpreteris unableto pro-
duceananswerfor amethod,which indicatesthatthespec-
i�cation is incomplete.Noticethatdebuggingspeci�cations
is a non-trivial task,especiallywith realisticclassesthatre-
quire a large numberof axioms(e.g., java.util.LinkedList
requiresmorethan100axiomsto completelyspecifyits 39
methods).

Figure 1 shows how our speci�cation interpretercom-
plementsour own previouswork on algebraicspeci�cation
discovery[14]. Weuseouralgebraicspeci�cationdiscovery
tool to discover a speci�cation(ArrayList.spec) from anim-
plementation(ArrayList.java). While speci�cationdiscovery
tools areeffective in discovering speci�cations[9, 1, 14],
the speci�cationsthey producemay be both unsoundand
incomplete. This is becausethemosteffectivespeci�cation
discovery tools (to our knowledge)are basedon analyz-
ing programrunsratherthanstaticallyanalyzingthecode.
Our speci�cationinterpretercanbe usedby a programmer
to debug a discoveredspeci�cation, which meansthat a
programmeriteratively re�nes the speci�cation to make it
soundandcompletewithin a given context, e.g.,within a
client that usesthe speci�ed class(BibtexParser.java). This
approachfor addressingunsoundnessand incompleteness
is complementaryto Nimmer andErnst[18], who address
unsoundnessfor a subsetof discoveredinvariantsby using
thestaticcheckerESC/Java for validation.We demonstrate
theapplicabilityof our toolsfor thescenarioshown in Fig-
ure1 in a casestudy(Section5.2).

The restof thepaperis organizedasfollows. Section2
describesour algebraicspeci�cation language.Section3
describesthedesignof our algebraicinterpreter. Section4
presentsouralgebraicrewriting engine.Section5 reportson
our experiencewith our approachandour tools.In particu-
lar, we reporton scenariosin which we usedour approach
to developalgebraicspeci�cations.Section6 discussesre-
latedwork andSection7 concludes.

2. Our Algebraic Speci�cation Language

Invoking a Java method has seven possible conse-
quences:The methodmay (i) return a value, (ii) throw
an exception, (iii) modify the receiver (“this”), (iv) ter-
minate the program, (v) modify objects reachablefrom
arguments,(vi) modify other objects,reachablefrom in-
stancevariablesor static variables,or (vii) modify re-
sourcesexternalto theprogram.(i)-(v) areeasyto express
in algebraicspeci�cations,while (vi) and (vii) are awk-
ward at best. Since (i)-(iii) are the most common, and
from a software engineeringviewpoint are the most de-
sirable, our languagesupportsonly these.(iv) is trivial.
Elsewherewe describehow to extendour languageto sup-
port (v) [14]. We do not yetknow of a goodway to address
(vi) or (vii).

Algebraic speci�cations have two parts: an algebraic
signature and a set of axioms[17]. The algebraicsigna-
tureitself hastwo parts:sortsandfunctiontypes. Intuitively,
sortsgivethetypesof interestto thealgebra.Functiontypes
aretheoperationsfrom which termsof thealgebraarecon-
structed.Equationalaxioms equateterms in the algebra.
Speci�cationswritten in our speci�cation languagemirror
thisstructurebyhaving thethreeparts(sorts,functiontypes,
andaxioms)asfollows.

First, thespeci�cation�le enumeratesthesorts.For ex-
ample,in Java terms,thesortsaretheclassesthatareused
by the axioms. For each class, the user may optionally
specify a concreteexisting implementationfor that type.
This featureis usefulif a programmerwantsto experimen-
tally checkif aspeci�cationmatchesarealimplementation.
Primitive typesin Java are implicitly sortsof the algebra.
For example,thesortsfor our linkedlist speci�cationareas
follows:
classLinkedListis java.util.LinkedList
classNoSuchElementExceptionis

java.util.NoSuchElementException
classObjectis java.lang.Object

In other words, there are three sorts (LinkedList,
NoSuchElementException, and Object). This speci�ca-
tion fragment also referencesreal existing implementa-
tions (e.g., java.util.LinkedList) of the sorts which can be
checkedagainstthespeci�cation.

Second,the speci�cation �le enumeratesthe function
types.For example,oneof thefunctiontypesfor our linked
list speci�cationis asfollows:
methodaddis

< java.util.LinkedList:booleanadd(java.lang.Object)>

This functiontypesaysthattheaddfunctionis de�ned ona
LinkedListandtakesanObjectasits argument.Its returntype
is boolean(to indicatewhetheror not theaddwassuccess-
ful). Note that ratherthan inventingnew syntax,we have
tried to useJavasyntaxasmuchaspossible.We borrow the
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Soot syntaxfor fully quali�ed namesof Java classesand
methods[22].

Third, thespeci�cation�le givestheequationalaxioms.
For example,considerthe following two axiomsfrom our
linked list speci�cation.The �rst argumentto eachopera-
tion is thereceiverobject.
forall l:LinkedListforall o:Object (Axiom 1)

removeLast(add(l,o).state).retval == o
forall l:LinkedListforall o:Object (Axiom 2)

removeLast(add(l,o).state).state== l

Note the .retval and .state quali�cations. Thesecorre-
spondto the return value of an operationand the (possi-
bly modi�ed) stateof this after an operation,respectively.
Both axiomsareuniversallyquanti�ed over all linked lists
andall objects.Axiom 1 statesthatinvoking removeLastaf-
ter an add returnsthe value that was last added.Axiom 2
statesthat if afteraddingan elementto a linked list, l, one
invokesa removeLast, the this is modi�ed to be l (i.e., what
it wasbeforetheadd).

Axiomsmaybeconditional.For example,consider:
axiomforall l:LinkedListforall x:Objectforall i:int (Axiom 3)

if i> =0 thenget(addFirst(l,x).state,intAdd(i,1).retval).retval
== get(l,i).retval

This axiom de�nes the semanticsof the get operationin
termsof addFirst. get returnsthe i th elementin the linked
list. Thebasicideais to traversedown thelist while decre-
mentingi as long asi � 0. intAdd performsinteger addi-
tion. Our systemis preinitializedwith axiomspertainingto
intAdd.

3. Approach

Our approachprovidesa seamlessintegration between
an interpreterfor algebraicspeci�cationsand Java appli-
cations.From the perspective of the developer, thereis no
difference(exceptfor performance)betweencalling a Java
methodandinterpretingan algebraicspeci�cationthatde-
scribesthe method.This propertyof our approachmeans
thatapplicationdevelopersgeta prototypeimplementation
of their classesfor freewhenthey developalgebraicspeci-
�cations for their classes.Oncedevelopersgetsomeexpe-
riencewith the prototype,they canreplaceit with a hand-
coded(andprobablyfaster)implementation.Our approach
alsohelpsin thetestinganddevelopmentof thehand-coded
implementationby providing an option for continuously
validating the hand-codedimplementationagainstthe al-
gebraicspeci�cationfor the implementation.Thus,our ap-
proachcanimmediatelydetectwhenanimplementationde-
viatesfrom its formalspeci�cation.

Figure2 illustratesthearchitectureof our system.From
the user suppliedpartswe seethat the userprovides two

kinds of input to our system:Speci�cation Components,
whicharethealgebraicspeci�cationpartsof theinput,and
Java Applications, which are the Java partsof the input.
The Algebraic Speci�cationsarespeci�cationsin the lan-
guagedescribedin Section2. TheSimulationSetis theset
of classesthatareto besimulatedby ourspeci�cationinter-
preter. For example,if a programmerwantsto usea spec-
i�cation for a LinkedList, the simulationsetwould contain
only LinkedList, andthealgebraicspeci�cationwouldspec-
ify thebehavior of LinkedList.

In addition to the algebraicspeci�cationsand the sim-
ulation set,usersof our systemalso provide a client that
usestheclassesin thesimulationset(simulationclient). Op-
tionally, usersmayalsoprovide simulationsubjectswhich
arereal existing implementationsof the classesto be sim-
ulated.Theseclassesare actually speci�ed as part of the
speci�cation (Section2). If a userprovides theseclasses,
our interpretercontinuouslychecksthe resultof the inter-
pretationagainsttheseclasses(i.e., it runs them in paral-
lel). Thus,this optionalcomponentprovidesa mechanism
for dynamicallyvalidatingarealimplementationagainstan
algebraicspeci�cation.Furthermore,whenalgebraicinter-
pretationfails dueto anincompletespeci�cation,theinter-
pretercanissuewarningsandcontinueto executeby using
resultsfrom thesimulationsubjects.

We usea customJava classloaderto load the simula-
tion client. Theclassloaderusesthebytecodeengineering
library [3] to redirectreferencesto classesbelongingto the
simulationsetto simulationstubs. In otherwords,oncewe
loadthesimulationclient, it referencessimulationstubsin-
steadof classesthat are in the simulationset. The simu-
lation stubscontainmethodswith the samesignaturesas
theclassesthey simulate;however, their bodiesdelegateall
callsto theinterpreter. We generatesimulationstubson the
�y . For example,considerthefollowing codefragment:
LinkedListl1 = new LinkedList();
LinkedListl2 = new LinkedList();
Integer®ve = new Integer(5);
l2.add(®ve); l1.addAll(l2);

SinceLinkedList is amemberof thesimulationset,theclass
loaderreplacesall referencesto LinkedListwith references
to the simulationstub SIMSTUB LinkedList by manipulat-
ing theconstantpool of theJava bytecodefor theclass.We
generatethesimulationstub,SIMSTUB LinkedList, automat-
ically whenweencounterthe�rst referenceto LinkedList.
SIMSTUB LinkedListl1 = new SIMSTUB LinkedList();
SIMSTUB LinkedListl2 = new SIMSTUB LinkedList();
Integer®ve = new Integer(5);
l2.add(®ve); l1.addAll(l2);

Following is an exampleof the addmethodin the simula-
tion stubfor LinkedList. This stubwrapsall argumentsinto
an objectarrayandpassesa serializedsignature,theargu-
ments,andthe receiver object to the interpreter. Finally, it
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Figure 2. Architecture of our system

unboxestheresultof theinterpretationinto a boolean.
publicbooleanadd(Objecto)f

returnUnboxUtil.unboxBoolean(
Interpreter.interpret(º< LinkedList:booleanadd(Object)> º,

new Object[]f og,this);g

For eachsimulationstub instance(e.g.,an object of type
SIMSTUB LinkedList), the interpretermaintainsboth an al-
gebraicterm modelingthe stateof the objectandoption-
ally, a simulationsubjectinstance(e.g.,an objectof type
LinkedList) (seethe Interpreterbox in Figure2). Whenthe
simulationclient invokesa methodona simulationstubin-
stance,theinterpreterextends(andpossiblyrewrites)theal-
gebraictermassociatedwith that instance.If theprogram-
mer hasprovided simulationsubjects,the interpreteralso
invokesthe correspondingmethodon the simulationsub-
ject instance.After executingthe codeabove, the simula-
tion stubinstancereferredto by l1 mapsto thefollowing al-
gebraicterm:
addAll(NewLinkedList().state, (Term 1)

add(NewLinkedList().state,Integer@3982).state).state

The subtermInteger@3982denotesthe Integer object con-
tainingtheintegervalue5. By applyingtermrewriting (dis-
cussedin detail in Section4), theinterpreter(i) reducesthe
sizeof thetermsthatmodelthestateof anobject(ii) com-
putesthereturnvalueof thesimulatedJavamethods.As an
examplefor (i), theinterpreterusestheaxiom
forall o:Objectadd(NewLinkedList().state,o).state (Axiom 4)

== addFirst(LinkedList().state,o).state

to transformthealgebraictermTerm1 into
addAll(NewLinkedList().state,addFirst( (Term 2)

NewLinkedList().state,Integer@3982).state).state

Next, theaxiom
forall l1:LinkedListforall l2:LinkedList (Axiom 5)

addAll(l1,addFirst(l2,o).state).state
==addAll(add(l1,o).state,l2).state

transformsTerm2 into

addAll(add(NewLinkedList().state, (Term 3)
Integer@3982).state,NewLinkedList().state).state

Next, theaxiom
forall l:LinkedListaddAll(l,newLinkedList().state).state==l

transformsTerm3 into
add(NewlinkedList().state,Integer@3982).state (Term 4)

As anexamplefor (ii), theinterpreterrewritestheterm
addAll(NewLinkedList().state, (Term 5)

add(NewLinkedList().state,Integer@3982).retval

usingtheaxiom
forall l1:LinkedListforall l2:LinkedListforall o:Object

addAll(l1,add(l2,o).state).retval==true (Axiom 6)

into true. Sincetrue is a constant,the interpretercanreturn
theconstantbackto the interpretationstubandthesimula-
tion wassuccessful.

Sometimesthe algebraicspeci�cation may be incom-
plete,which meansthatwe cannotcomputea returnvalue
for a particular methodapplication.For example, if Ax-
iom 6 is missing,the interpreterwill not be able to pro-
ducethereturnvalue(true) for thetermgivenabove.At this
point theinterpreterreportsan irreducibletermto theuser.
If theuserhassuppliedsimulationsubjects,the interpreter
can usethe result producedby the simulationsubjectin-
stanceandcontinuewith theinterpretation.

4. Algebraic Term Rewriting

Section3 illustratedhow weuserewriting to interpretal-
gebraicspeci�cations.We now discussrewriting in greater
detail,focusingon thechallengesthatweencountered.

Any given speci�cation languagepresentsa particu-
lar tradeoff betweenanalyzabilityandexpressiveness.Lan-
guagesthat areeasyto analyzeareusuallynot asexpres-
sive or convenientfor theprogrammeror thespeci�er, yet
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expressivelanguagescanquickly becometoocostlyto ana-
lyze.Ourspeci�cationlanguage(Section2) is veryexpres-
sive, which meansthat it presentsa numberof challenges
for our interpreter. We startby giving ahigh-level overview
of our useof rewriting andthendiscussthechallengesthat
weencountered.

4.1. Overview of Rewriting

RecallthatJavaclientsof our interpretationinvokeoper-
ationson simulationstubinstances.Thesesimulationstub
instancestaketheplaceof regularobjects(e.g.,instancesof
a LinkedList) in a traditionalJava program.As theclient in-
vokesmoremethodsonsimulationstubinstances,theterms
modelingthestateof theobjectsincreasein their size.The
rewriting engineis responsiblefor reducingtheseterms.
Rewriting interpretsthe axiomsin the algebraicspeci�ca-
tion asrewriting rulesthattransformoneterminto another.
Eachaxiomin theuser-providedspeci�cationgivesrise to
up to two rewriting rules.For example,
forall o: ObjectaddFirst(NewLinkedList().state,o).state

==add(NewLinkedList().state,o).state

givesriseto two potentialrewriting rules,namely
forall o: ObjectaddFirst(NewLinkedList().state,o).state

! add(NewLinkedList().state,o).state and
forall o: Objectadd(NewLinkedList().state,o).state

! addFirst(NewLinkedList().state,o).state

However, theaxiom
forall l:LinkedListforall o: Objectadd(l,o).retval==true

givesriseto only
forall l:LinkedListforall o: Objectadd(l,o).retval ! true

sincewe would not have a binding for l ando if we hada
rewriting rule from true to add(l,o).retval.

Given a term that needsto be reduced,our interpreter
worksby applyinga sequenceof rewriting rules.If therea-
sonfor reducinga termis to produceananswerto returnto
theclient,ourinterpreterappliesrewriting rulesuntil it ends
up with a constant(e.g.,a numberof a referenceto an ob-
ject). If thereasonfor reducinga termis to reduceits size,
the interpretercan stop whenever it feels that the term is
smallenough.

Especiallyin the �rst case(i.e., reducinga termto pro-
ducea valuefor theclient), our interpretermayfail in two
ways.First,theinterpretermaybeunableto �nd asequence
of rewritingsthatproduceaconstant.Thiscaseexposespo-
tentialincompletenessin theuser-providedaxioms.Second,
the interpretermay be ableto reducethe term to an incor-
rectconstant(e.g.,it �nds 5 insteadof 9). Thiscaseexposes
anerror in oneor moreof theaxioms.In bothof theabove
cases,our systemproducesa detailedmessagedescribing
whatfailed.As we show in Section5, thesediagnosticsare

invaluablefor producinga correctspeci�cation or debug-
ginganexistingspeci�cation.

4.2. Strategiesfor Algebraic Term Rewriting

To managethevastsearchspacefor termrewritings,we
usetwo strategies.

Our primary strategy is a greedy one that usesonly
rewriting stepsthat reducethesizeof the term.It doesnot
usebacktracking.If thetermto bereducedis a .retval term,
andthisstrategy is unableto reduceit to aconstant,it resorts
to thesecondarystrategy. Wedonotusethesecondarystrat-
egy for .statetermsbecausereducing.statetermsis aperfor-
manceoptimizationandnotstrictly necessary. Thus,weuse
thesecondarystrategy only whenweabsolutelyneedit.

Our secondarystrategy tries all rewriting stepsthat do
not grow the term.If any of theserewriting stepsleadto a
termthatcanbereducedin sizevia a rewriting step,we re-
vertbackto theprimarystrategy. Notethatthisstrategy uses
backtrackingandis thusmuchmoreexpensivethanthepri-
marystrategy.

Evenour secondarystrategy maybeunableto reducea
term if, for example,it is necessaryto increasethesizeof
thetermbeforeit canbeultimatelyreduce.Ourcurrentim-
plementationdoesnot checkthe setof rewriting rules for
con�uence[6] or for consistency, which means:(i) it may
allow a term to be reducedto two distinct constants;and
(ii) it may not �nd the desirablerewriting sequence,even
thoughit only consistsof stepsthatmake thetermsmaller.

Thesetof strategiesthatwehavechosenaffectsthecapa-
bilities andtheef�ciency of our system.While we believe
that the strategies we have addedto our interpretermake
sensein practice,thereis still a lot of roomfor experimen-
tation.

4.3. Conditional Axioms

Conditional axioms lead to additional complexity
in the algebraic speci�cation interpreter. Consider Ax-
iom 3, whichwe explainedat theendof Section2:
forall l:LinkedListforall x:Objectforall i:int

if i> =0 thenget(addFirst(l,x).state,intAdd(i,1).retval).retval
== get(l,i).retval

For this kind of algebraicaxiom (or the corresponding
rewriting rule from left to right) we simply make surethat
the constraintsbetweenif and then are ful�lled whenever
we unify the left sideof theaxiomwith a term.Setsof ax-
iomsallowing thiskind of constraints,i.e.asetof simplere-
lationsbetweenvariablesandconstants,arecalleda semi-
equationalsystemin theliterature[20].

Our systemalsoallows the morecomplex join systems
[20]. A join systemallows conditionalaxiomswith arbi-
trary termsin the condition.For suchaxiomswe needto
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use the rewriting systemto also determinethe value of
the condition (true or false). While this all seemsstraight-
forward, it can leadto in�nite recursion.Furthermore,we
�nd that thedebuggingtracefor a join systemcanbecome
hardto digestsincedeeplynestedsequencesof constraints,
checks,and rewriting attemptsare common.We feel that
join systems,despitetheir increasedcomplexity oversemi-
equationalsystems,areworth it: they oftenallow moreel-
egantexpressionof behavior thansemi-equationalsystems.
For example,the following axiom usesthe containsopera-
tion in aconstraintto saythat,if thehashseth alreadycon-
tainso, thesizeof h will not changeif we addo again.This
sameaxiom is muchharderto write in a semi-equational
system.
forall h:HashSetforall o:Object

if contains(h,o).retval==truethen
size(add(h,o).state).retval == size(h).retval

To seehow this axiomcanbeusedasa rewriting rule,con-
siderrewriting theterm
size(add(add(NewHashSet().state,Object@1234

).state,Object@1234).state).retval

First, we note that without considering the condi-
tion in the axiom, the left side of the axiom uni-
�es with the term with the uni�cation mapping m
= f h 7! add(NewHashSet().state,Object@1234).state,
o 7! Object@1234g. However, before we can ap-
ply the rewriting, we need to determine if the condi-
tion is true. We apply m to the condition to get: contains(
add(NewHashSet().state,Object@1234).state,Object@1234).retval
==true. Using the axiomsfor the containsoperation(omit-
tedfor brevity), thealgebraicinterpreterwill reducethis re-
lationby rewriting it to true==true. Thus,thechecksucceeds
andthe original rewriting rule cannow be applied,yield-
ing size(add(NewHashSet().state,Object@1234).state).retval.

4.4. Referencesto External Methods

Sometimesthespeci�cationof oneclassmayneedto ref-
erencemethodsfrom a classoutsidethesimulationset.For
example,whenwriting thespeci�cationfor ahashset's add
method,we would like to write:
forall h:HashSetforall o1:Objectforall o2:Object

if equals(o1, o2).retval==truethen
contains(add(h,o1).state,o2).retval==contains(h,o2).retval

However, this axiomusestheequalsmethodof o1 which is
notpartof thespeci�cationof a hashset.Similar problems
arisewhenwriting speci�cationsfor an iterator. Thereare
two waysof addressingthisproblem:(i) Includethespeci�-
cationof equalsin thespeci�cationfor hashset;(ii) Extend
the speci�cation languageto allow calls to Java methods,
suchasequals. The�rst approach,while seeminglymoreel-
egant than the secondapproach,hasone disadvantage:it
forcesus to specify the behavior of equalsfor all possible

Figure 3. User interface for rewriting engine

objectsthatcouldbeaddedto a HashSet.Genericcontain-
ersin the Java languagewill make this approachmorevi-
able,but evenwith generics,dynamicclassloadingcanload
new subclassesfor which the behavior of equalsis differ-
entthanany givenspeci�cation.Ourcurrentprototypesup-
ports both the �rst and the secondsolution: One can de-
clarethat an operationasexternalwhich meansthat when-
ever the interpreterencountersa termin which all parame-
tersareconstants,theJava implementationfor themethod
is evaluated.For example,supposethatequalshasbeende-
clared an external method.When the interpreterencoun-
ters equals(Object@1423,Object@1111).retval it will execute
the appropriateequalsimplementationbeforeresumingal-
gebraicinterpretation.Thismechanismis alsousefulfor ex-
tendingtheinterpreterwith arithmeticandhelperfunctions.

4.5. DebuggingSupport

When the speci�cation is incomplete,the interpreter
prints the irreducibleterm,which providesa startingpoint
for manuallycompletingthespeci�cation.In somecases,it
is usefulto alsoexaminethe traceprovidedby the rewrit-
ing engine.This tracerecordsall rewriting operationsthat
takeplace.By searchingthroughthistrace,theusercan�nd
out whetheror not a particularrewriting rule hasbeenap-
plied andwhich intermediatetermshave beengeneratedin
the interpretationprocess.We alsousethis traceto debug
our interpreter:Therewriting engineprintsa countervalue
into the tracefor eachrewriting step.Whenwe �nd suspi-
ciousactivity in the rewriting trace,we useda conditional
breakpointin a Java debuggerto jump to the executionof
therewriting stepin question.

As an alternative for examiningthe rewriting trace,we
developedauserinterfacefor therewriting engineasshown
in Fig. 3. Usingthedropdown menuat thetop of thewin-
dow, theuserselectswhich rewriting computationto view.
Below, a treeview shows how eachterm is a reductionof
its parentby usingonerewriting step.Whena userselects
a term in the treeview, theviewer displaysthe axiomthat
generatedtheselectedterm from its parentin the text area
at thebottomof thewindow.
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5. Experience

We describetwo scenariosin which we appliedour al-
gebraicspeci�cationinterpreter. Section5.1givesanexam-
ple of developinga speci�cationfrom scratch.Section5.2
shows how we usedaxiomsgeneratedby our speci�cation
discovery tool [14] andthendebuggedthespeci�cationus-
ing a client application.Section5.3 providesevidencethat
the prototypegeneratedby our tool from the speci�cation
hasacceptableperformanceto beusablefor many applica-
tions.

5.1. ExtremeSpecifying:A CaseStudy

Programmerscan useour systemto incrementallyde-
velop a speci�cation (and thus a prototype)basedon the
needsof the codethat they are developing.For example,
when developing a Java class(“client”) the programmer
may not know all the requirementson classesthat it uses
(“helpersclasses”).Thusit would beprematureto develop
the full speci�cation of a helperclassbeforewriting the
client. On the otherhand,the programmercannotdevelop
andtesttheclient beforewriting a prototypeof thehelper.
Our tool helpsin this dilemmaby allowing a programmer
to developa speci�cationandprototypeof thehelperclass
asneededby the client. This sectionpresentsan example
whereaprogrammerdevelopsaspeci�cationandprototype
of a hashsethand-in-handwith theclientof thehashset.

Theprogrammerstartsby writing theclient:
1 classClient f
2 publicstaticvoid main(Stringargs[])f
3 Integerone= new Integer(1);
4 HashSets= new HashSet();
5 s.add(one);
6 System.out.println(ºtest1 = º+s.contains(one));gg

At this point, the programmerseesthat the client needsa
hashset,which mustsupportthemethodsaddandcontains.
Thus, the programmercreatesthe following incomplete
speci�cation:

1 speci®cationHashSetSpeci®cation
2 classHashSet
3 methodNewHashSetis < void < init> ()>
4 methodaddis < booleanadd(java.lang.Object)>
5 methodcontainsis < booleancontains(java.lang.Object)>
6 de®neHashSet

Note that the speci�cationalsoincludesa NewHashSetop-
erationfor creatinga new hashset.Also notethat thepro-
grammerstartswith an emptysetof axioms(i.e., thereis
nothingunderthede®neHashSet) directive. In otherwords,
the interpretercan build up the termsbut has no rewrit-
ing rulesto reducethem.Whenthe programmergivesthe

“Client” classandthespeci�cationto theinterpreter, thein-
terpreterrespondswith:
Client.java, line 5: AlgebraicInterpreterfailedto computea value.
term= add(NewHashSet().state,Integer@1776).retval
Client.java, line 6: AlgebraicInterpreterfailedto computea value.
term= contains(add(NewHashSet().state,Integer@1776

).state,Integer@1776).retval

The �rst error messagesaysthat the interpretercould not
determinethereturnvalueof theinvocations.add. Thesec-
ond error messagecomplainsaboutnot beingableto pro-
ducea returnvaluefor s.contains. To eliminatetheseerror
messagesandto computetheexpectedresult,theprogram-
meraddsthefollowing axioms:
forall o:Objectadd(NewHashSet().state,o).retval (Axiom 7)

==true
forall o:Objectforall h:HashSet (Axiom 8)

contains(add(h,o).state,o).retval==true

The �rst axiom says that adding any object to a new
hashset returnstrue. Note that this is inadequatein gen-
eral since it does not say anything about adding to a
non-empty HashSet.The second axiom says that im-
mediatelyafter adding an object to the HashSet,invok-
ing contains(add(h,o).state,o).retval returns true. This axiom
too is limited since containsreturnstrue only if the ele-
mentbeingcheckedwasthelastoneadded.With thesetwo
axioms,theclient runssuccessfully.

Theprogrammernow continuesimplementingtheclient
andaddsSystem.out.println(ºtest0 = º+s.contains(one)); imme-
diatelybeforeLine 5.Sincethisstatementinvokesacontains
on an emptyhashset, the programmeralso remembersto
addthis axiom:
forall o:Object (Axiom 9)

contains(NewHashSet().state,o).retval==false

On running the modi�ed client and speci�cation set, our
systemgivesthefollowing errormessage:
test0 = true
Client.java, line 6: AlgebraicInterpreterfailedto computea value.
term= add(contains(NewHashSet().state,

Integer@7905).state,Integer@7905).retval

Theproblemis that theprogrammerforgot to specifyhow
containsaffectsthestateof theobject.This mistake is easy
for programmersto overlooksincethey areprimarily think-
ing in terms of what containsdoesand not what it does
not do. The debuggingoutputof our tool, which prints all
rewriting attemptsand intermediateterms(too verboseto
includein this paper),canalsocomein handyat this point
to �nd whatis missingfrom theaxioms.Sincecontainsdoes
notmodify thestateof theset,all we needto addis thefol-
lowing axiom:
forall h:HashSetforall o:Objectcontains(h,o).state==h

After this new axiom, the client executes success-
fully. Needlessto say, the speci�cation of a hashset is
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still far from complete.As theprogrammeraddsmorebe-
havior to the client class,our interpreterexposesmore
of the limitations of the speci�cation. Ultimately, this it-
erative process may lead to a complete speci�cation
of the hash set. It is worth noting here that the qual-
ity of the test client is key to debugging the algebraic
speci�cation.Thus,oncea programmerhas�nished devel-
opingtheclient (andthusthespeci�cation),it is worthwhile
to generatemore clients for the hashset with the inten-
tion of “testing” thespeci�cationof thehashset.

5.2. Debugginga Discovered Speci�cation

In this casestudy, we usedthe speci�cation discovery
tool [14] to generateaspeci�cationfor the java.util.ArrayList
classcontainedin Sun's Java DevelopmentKit. We then
usedthealgebraicinterpreterto debug thediscoveredspec-
i�cation. Our client applicationis a BibTeX parser.1 We
chosethis client applicationbecauseit is not dependenton
librariesotherthanthe Java standardlibraries,it usescol-
lectionclasses,andwewerefamiliarwith thecode.

Similar to what we describein Section5.1, debugging
thediscoveredspeci�cationis an iterative processconsist-
ing of threesteps:(i) usingthe speci�cation interpreterto
run theclient application,(ii) understandingthedebugging
output,(iii) addingnew algebraicaxiomsto the speci�ca-
tion or modifying theexistingaxioms.

Out of the 10 algebraicaxiomsto executethe BibTeX
parsersuccessfully, our discovery tool can produce3 ax-
iomsexactly asneeded.As anexample,the following two
axiomsspecifyhow the�rst elementof anArrayList canbe
obtainedby applyingthegetoperationfor index 0:
forall x0:Object (Axiom 10)

get(add(newArrayList().state,x0).state,0).retval == x0
forall l:ArrayList forall o1:Objectforall o2:Object (Axiom 11)

get(add(add(l,o1).state,o2).state,0).retval
==get(add(l,o1).state,0).retval

We manuallyadded7 axiomsto the speci�cation.Five
of thoseaxiomsdescribethe behavior of Iterator instances
generatedby ArrayList objects.For example,the following
axiomstatesthataniteratorcreatedfrom anemptylist does
nothavea next element:

hasNext(iterator(ArrayList().state).retval).retval==false

Thediscoverytool currentlycannot�nd these5 axiomsbe-
causethestateof the Iteratorobjectis modeledasthereturn
valueof theoperationiterator()of anotherclass(ArrayList).
This scenariois not coveredby thecurrentlyimplemented
equationgenerators.However, the discovery tool provides
extensionpoints for addingnew equationgenerators.An
appropriateequationgeneratorcan be implementedwith-
outchangingtheinfrastructure.

1 Availableatwww.cs.colorado.edu/˜henkel/stuff/javabib/ .
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Adding four of theaxiomswhich describethebehavior
of Iterator wasstraightforward. The following axiom was
moreinvolved:
forall l:ArrayList

next(iterator(l).retval).state
==iterator(remove(l,0).state).retval

This axiomdescribeshow thenext operationappliedto an
iteratortransformstheiterator's state.Unfortunately, if this
axiom was usedas a left to right rewriting rule, it would
increasethesizeof the term.Thus,our interpreterwill not
useit (seeSection4.2).However, ourinterpreterallowshid-
denoperations,whichcanbeusedin rewriting rules,but are
externallyinvisible [21]. We introduceda hiddenoperation
removeFirst, whicheliminatestheproblem:
forall l:ArrayList (Axiom 12)

next(iterator(l).retval).state
==iterator(removeFirst(l).state).retval

The two remainingaxiomswe hadto adddescribethebe-
havior of thehiddenoperationremoveFirst. Thespeci�cation
discoverytool can�nd variationsof bothaxiomswhichuse
remove( ,0) insteadof removeFirst( ). For example,it found
forall x0:Object

remove(add(ArrayList().state,x0).state,0).state
== ArrayList().state

ArrayList hasa largenumberof operations,whichmeans
that many axiomsareneededto fully documentit. By us-
ing thespeci�cationinterpreter, we focusedon theaxioms
neededfor aparticularrunof ourclientapplication.In other
words,understandingthe10executedaxiomsof ourspeci�-
cationis enoughfor understandingthebehavior of ArrayList
for theparticularrun.Thus,the10 executedaxiomscanbe
considereda dynamicsliceof thespeci�cation.

We describethefull casestudyelsewhere[15].

8



5.3. Performance

To evaluatetheperformanceof our rewriting engine,we
usethe following benchmark,which is parameterizedwith
sizeOfList.

1 Objecto = new Object();
2 LinkedListl = new LinkedList();
3 for (int i = 0; i < sizeOfList; i++) l.add(o);
4 l.get(sizeOfList� 1);

This benchmarkcreatesa linked list with sizeOfList ele-
ments(line 3) andthenretrievesthelastelement(line 4). In
Figure4, we plot the time it takesfor the rewriting engine
to computetheresultvalueof thegetmethodcall for line 4
in thebenchmark(y-axis) for differentvaluesof sizeOfList
(x-axis). We measurethe executiontimeson a Dell Pow-
erEdge600SCPentium4 2.4Ghzwith 2 GB of RAM run-
ningSun'sJDK 1.4.2onSuSELinux 8.1.

We presentdatafor two different speci�cationsof the
getmethod.Thegetmethodreturnsanelementat a particu-
lar positionin thelist (countingfrom the�rst element).The
addandaddFirstaddanentryto theendandbeginningof the
list, respectively. Axiom 13andAxiom 14makeupthe�rst
speci�cationof get andAxiom 15 andAxiom 16 make up
thesecondspeci�cationof get:
forall l:LinkedListforall o:Object (Axiom 13)

get(addFirst(l,o).state,0).retval==o
forall l:LinkedListforall o:Objectforall i:int (Axiom 14)

if i> =0 thenget(addFirst(l,o).state,intAdd(i,1).retval).retval
== get(l,i).retval

forall l:LinkedListforall o:Objectforall i:int (Axiom 15)
if size(l).retval == i thenget(add(l,o).state,i).retval == o

forall l:LinkedListforall o:Objectforall i:int (Axiom 16)
if size(l).retval > i then

get(add(l,o).state,i).retval == get(l,i).retval

The main differencebetweenthe two speci�cationsis
thatthe�rst oneexpressesget in termsof addFirstwhile the
secondoneexpressesget in termsof add. Givenoursimula-
tion client,wewouldexpectthesecondto beabettermatch
becausethe client also builds up the list in termsof add.
Morespeci�cally, if weusethe�rst speci�cationof get, our
rewriting enginewill �rst have to rewrite thetermthatcor-
respondsto theentirelinkedlist in termsof addFirstbefore
it canstartto reduceit.

Our results(Figure4) con�rm the intuition above. The
horizontalaxis of Figure 4 gives the sizeOfList parameter
andtheverticalaxisgivesthetimein secondsto executeline
4 of thebenchmark.TheaddFirstandaddcurvesgivetheex-
ecutiontimesfor thetwo speci�cationsfor differentvalues
of sizeOfList. We seethat thespeci�cationthatmatchesthe
simulationclientis fasterthanthespeci�cationthatdoesnot
matchthesimulationclient. In futurework we plan to im-
plementmemoizationtechniques.Thus,subsequentinvoca-
tionsof getwill beableto reusemuchof thework of rewrit-
ing thelist termto useaddinsteadof addFirst.

Therearetwo pointsto take away from this data.First,
while the prototypeimplementationproducedby our sys-
temis muchslowerthanahand-codedimplementation(e.g.,
executingthe benchmarkfor sizeOfList=1000with the of�-
cial JDK implementationtakeslessthan1 millisecond),it
may still be fast enoughto be usedfor prototyping.Sec-
ond, some speci�cations may execute much faster than
other (equivalent) speci�cations,dependingon the match
betweenthespeci�cationandthesimulationclient.

6. RelatedWork

Previously [14] we describeda systemthatcandiscover
algebraicspeci�cations automaticallyfrom Java classes.
Theoutputof thatsystemcanbeusedasastartingpoint for
developingaspeci�cationof anexistingJavaclass.Thecur-
rentpaperandour previouspapersharethegoalof making
formalspeci�cationtechniquesmoreappealingfor practical
use.Both techniquesusethe samespeci�cation language
andaredesignedto beusedtogether.

Thereis avastbodyof prior work ontermrewriting sys-
tems[6, 20]. Prior work hasalsostudiedthe ideaof using
termrewriting to simulateasoftwarecomponent.For exam-
ple, WangandParnasproposedthe tracerewriting method
to simulatesoftwaremodules[23]. However, they focuson
the rewriting techniquefor their systemandunlike us, do
not integratetheir systeminto a programminglanguageor
provide detailsof an implementation.Implementationsof
other rewriting enginesand rewriting languagehave been
usedto provide prototyping[10, 7, 20], but again,to our
knowledge, they do not interact with a client written in
a modernprogramminglanguage.Thus,thesesystemsdo
not provide the softwareengineeringbene�ts that our ap-
proachoffers.Antoy andHamlet[2] proposeself-checking
ADTs, which integraterewriting into C++ andJavaclasses.
Amongotherdetails,oursystemdiffersby (i) fully automat-
ing the integration of Java code and the algebraicinter-
preterwith acustomclassloader, and(ii) amoreexpressive
algebraicspeci�cation languagethat hasbeencustomized
for beingembeddedinto Java (e.g.,we allow operationsto
bothmodify thestateof anobjectandreturna value).An-
toy and Hamlet manually implementrepresentationmap-
pingsasC++/Java functionsto allow intensionalcompar-
isons,which might bea usefuladditionto our currentsys-
tem.

Otherpreviouswork usesalgebraicspeci�cationsasas-
sertionsto checkwhetherimplementationsare consistent
with agivenspeci�cation[11, 16, 8, 5, 4, 19]. Someof these
systemsrequiretestdriversto bewritten (e.g.[11]), others
generatetestcasesby themselvesfrom thealgebraicspec-
i�cations [8, 5, 4]. Sankar[19] usesa theoremprover to
determinewhich of thealgebraictermsgeneratedby a run-
ningprogramneedtobeequivalentandthencheckswhether
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the implementationimplementstheequivalencescorrectly.
While someof thesesystemsinteractwith real implemen-
tationlanguages,our systemis differentin that it (i) seam-
lesslyintegrateswith arealimplementationlanguageby ex-
ploiting re�ection anddynamicclassloading in Java; and
(ii) automaticallyconstructsa prototypefrom an algebraic
speci�cation.

7. Conclusion

Wedescribethedesign,implementation,andusageof an
interpreterfor algebraicspeci�cationsthatis seamlesslyin-
tegratedwith Java. Thegoalof thesystemis to make alge-
braic speci�cationsmorecosteffective andeasierto write
anddebug. Our tool createsa prototypeimplementationof
aclassfrom its algebraicspeci�cation.A Javaprogramcan
usethis prototypeimplementationjust like any hand-coded
implementationof theclass.

Our approachhelpsin writing anddebuggingalgebraic
speci�cationsbecauseprogrammerscannow executetheir
speci�cationsandoptionally comparetheexecutionof the
speci�cation to a hand-codedimplementation.Executing
the speci�cationsexposesboth errorsandmissingaxioms
in the speci�cations.We illustrate the usefulnessof this
approachby giving casestudiesandby presentingperfor-
manceresultsfor theprototypeproducedby our tool.
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