A Tool for Writing and Debugging Algebraic Speci cations

Johannesienkel

andAmer Diwan

f henlel,diwang@cs.colorado.edu

Abstract

Despitetheir bene ts, programmes rarely use formal
speci cations,becausehey are dif cult to write and they
require an up frontinvestmentn time To addresstheseis-
sues,we presenta tool that helpsprogrammes write and
dehug 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 applicationto usethe prototypegeneiated

by theinterpreterinsteadof a hand-codedmplementation.

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 incompleteor a clientappli-
cation. (ii) Thetool canched whethera speci cationand
a hand-codedmplementatiorbehavethe samefor a par-
ticular run of a client application.(iii) A prototypecanbe
usedwhena hand-codedmplementatioris not yet avail-
able Two casestudiesdemonstate howto usethetool.

1. Intr oduction

Formal speci cationshave mary software engineering
bene ts. Perhapghe mostimportantadvantageof formal
speci cationsis thatthey canprovide an unambiguousnd
possiblymachinecheckabledocumentatiomf aninterface.
Clientsof thespeci edinterfacesknow exactly whatthein-
terfaceprovidesandcanthereforeuseit correctly Program-
mersimplementingthe interfaceknow exactly how anim-
plementatiorof the interfaceshouldbehae andtherefore
have a gold standardwith which to testtheir implementa-
tion. Unfortunately mostprogrammersio not write formal
speci cationsbecausehey aredif cult to write andrequire
signi cant mathematicamaturity on the part of program-
mers.This paperdescribesandevaluatesatool for develop-
ing algebraicspeci cations.

Thiswork is supportedy NSFgrantsCCR-0085792CCR-0133457,
andCCR-0086255Any opinions®ndingsandconclusionr recom-
mendationgxpressedn this materialaretheauthors'anddo notnec-
essarilyre ect thoseof the sponsors.

There are mary kinds of formal speci cations, each
with their own strengthsandweaknesseg$-or example,ax-
iomaticspeci cations(e.g.,[12]) arewell suitedfor describ-
ing how methodsmanipulatethe stateof an object. They
are thus valuablefor programmeravho try to understand
and extend an existing implementation[9]. On the other
hand for programmersvho areinterestedn usinga partic-
ular classwithout worrying aboutthe implementationde-
tails, understandingaxiomatic speci cationscan be cum-
bersomeln contrastfor certainclassesin particularmary
containerclassesalgebraicspeci cations(e.g., [13]) can
be shortand elegant; they often provide the advantageof
capturingtheobsenablebehaior without exposingtheim-
plementatiordetailsof objects.Sincecontainerclassesre
amongthe mostfrequentlyreusedclassesandthuspartic-
ularly bene t from machinecheckabledocumentationye
focusonly onalgebraicspeci cationsin this paper

Given an algebraicspeci cationfor a classanda client
for the class, our tool runs the client using interpreta-
tion to simulatethe behaior of the speci ed class.In this
way, whena programmenmvrites analgebraicspeci cation,
the systemautomaticallyprovidesanimplementationOur
tool interpretsalgebraicspeci cationsusingtermrewriting,
whichis awell studiedarea[6, 20]. However, to ourknowl-
edgeour systemis the rst to seamlesslyntegratefully au-
tomaticalgebraicrewriting techniquesvith Java classes.

Our systemprovidesthreemain bene ts. First, it gives
programmersnore for their effort: they not only get the
bene t of aformalspeci cationbut they alsogetaprototype
of their class which they canimmediatelyuse.This feature
may be particularly useful in multi-programmerprojects
sinceit allows the developersof somecomponentdo test
againstspeci cationsof othercomponentbeforethoseare
evenimplemented Second by providing a featurefor ex-
perimentally validating a speci cation againstan imple-
mentationour tool helpspreventdivergenceof implemen-
tation andits speci cation asthe software systemevolves.
Third, our systemis invaluable for delugging algebraic
speci cationssinceit allows programmerso “run” a spec-
i cation andobsere its behaior. Whenrunninga speci -
cation, thereare threepossibleoutcomes(i) the run pro-
ducescorrectanswerswhich suggestshatthespeci cation
may be soundand complete;(ii) the run producesincor
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rectanswersvhichindicatesa bugin our speci cation;and
(iii) the run fails becausdhe interpreteris unableto pro-
duceanansweifor amethodwhichindicateshatthespec-
i cation isincompleteNoticethatdehuggingspeci cations
is anon-trivial task,especiallywith realisticclasseshatre-
quire a large numberof axioms(e.g.,java.util.LinkedList
requiresmorethan100axiomsto completelyspecifyits 39
methods).

Figure 1 shovs how our speci cation interpretercom-
plementsour own previouswork on algebraicspeci cation
discovery[14]. We useouralgebraicspeci cationdiscovery
tool to discover a speci cation (ArrayList spe¢ from anim-
plementation(ArrayListjava). While speci cationdiscosery
tools are effective in discovering speci cations[9, 1, 14,
the speci cationsthey producemay be both unsoundand
incomplete This is becaus¢he mosteffective speci cation
discovery tools (to our knowledge) are basedon analyz-
ing programrunsratherthanstaticallyanalyzingthe code.
Our speci cationinterpretercanbe usedby a programmer
to delug a discovered speci cation, which meansthat a
programmeiiteratively re nes the speci cationto male it
soundand completewithin a given contet, e.g.,within a
client that usesthe speci ed class(BibtexParserjava). This
approachfor addressinginsoundnesand incompleteness
is complementaryo Nimmer andErnst[18], who address
unsoundneskr a subsef discoveredinvariantsby using
the staticchecler ESC/Jaa for validation.We demonstrate
the applicability of ourtoolsfor the scenaricshovn in Fig-
urelin acasestudy(Section5.2).

The restof the paperis organizedasfollows. Section2
describesour algebraicspeci cation language.Section3
describeghe designof our algebraicinterpreter Section4
present®uralgebraiaewriting engine Sections reportson
our experiencewith our approactandourtools.In particu-
lar, we reporton scenariosn which we usedour approach
to develop algebraicspeci cations.Section6 discussese-
latedwork andSection7 concludes.

2. Our Algebraic Speci cation Language

Invoking a Java method has seven possible conse-
guences:The method may (i) return a value, (ii) throw
an exception, (i) modify the recever (“this”), (iv) ter
minate the program, (v) modify objectsreachablefrom
arguments,(vi) modify other objects,reachablefrom in-
stancevariablesor static variables,or (vii) modify re-
sourcesxternalto the program.(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.
Elsavherewe describehow to extendour languageo sup-
port (v) [14]. We do notyet know of agoodway to address
(vi) or (vii).

Algebraic speci cations have two parts: an algebraic
signatue and a set of axioms[17]. The algebraicsigna-
tureitself hastwo parts:sortsandfunctiontypes Intuitively,
sortsgive thetypesof interestto thealgebraFunctiontypes
arethe operationdrom which termsof thealgebraarecon-
structed.Equationalaxioms equatetermsin the algebra.
Speci cationswritten in our speci cation languagemirror
thisstructureby having thethreeparts(sorts functiontypes,
andaxioms)asfollows.

First, the speci cation le enumeratethe sorts.For ex-
ample,in Java terms,the sortsarethe classeghatareused
by the axioms. For eachclass,the user may optionally
specify a concreteexisting implementationfor that type.
This featureis usefulif a programmemantsto experimen-
tally checkif aspeci cationmatchesrealimplementation.
Primitive typesin Java areimplicitly sortsof the algebra.
For example thesortsfor ourlinkedlist speci cationareas
follows:
classLinkedListis java.util.LinkedList
classNoSuchElementExceptida

Jjavautil. NoSuchElementException
classObjectis java.langObject

In other words, there are three sorts (LinkedList
NoSuchElementException and Objec). This speci ca-
tion fragmentalso referencesreal existing implementa-
tions (e.q., java.util LinkedLis) of the sorts which can be
checledagainsthe speci cation.

Second,the speci cation le enumerateghe function
types.For example,oneof the functiontypesfor ourlinked
list speci cationis asfollows:
methodaddis

< java.util LinkedList: boolearaddjavalang Object)

This functiontype saysthatthe addfunctionis de ned ona
LinkedListandtakesan Objectasits argumentlts returntype
is boolean(to indicatewhetheror not the addwassuccess-
ful). Note that ratherthaninventingnew syntax,we have
tried to useJava syntaxasmuchaspossible We borrow the



Sootsyntaxfor fully quali ed namesof Java classesand
methodg22].

Third, the speci cation le givesthe equationabxioms.
For example,considerthe following two axiomsfrom our
linked list speci cation. The rst amgumentto eachopera-
tionis thereceverobject.

forall I:Link edListforall 0:Object (Axiom 1)
remavelLastaddl,o).state)etval == o
forall I:Link edListforall 0:Object (Axiom 2)

remaorelLas{addl,o).state state==|

Note the .retval and .state quali cations. Thesecorre-
spondto the returnvalue of an operationand the (possi-
bly modi ed) stateof this after an operation,respectiely.
Both axiomsare universallyquanti ed over all linked lists
andall objects.Axiom 1 stateghatinvoking remaveLastaf-
ter an addreturnsthe value that was last added.Axiom 2
stateshatif afteraddinganelementto alinkedlist, /, one
invokesa remavel ast the thisis modi ed to be (i.e., what
it wasbeforethe add.

Axioms may be conditional.For example,consider:
axiomforall I:Link edListforall x:Objectforall i:int ~ (Axiom 3)
if i> =0 thenget(addFirst(k).state,intAdd(i,1).retal).retval

==gefl,i).retval
This axiom de nes the semanticsof the get operationin
termsof addFirst getreturnsthe ith elementin the linked
list. The basicideais to traversedown thelist while decre-
mentingi aslongasi 0. intAdd performsinteger addi-
tion. Our systemis preinitializedwith axiomspertainingto
intAdd.

3. Approach

Our approachprovides a seamlessntegration between
an interpreterfor algebraicspeci cationsand Java appli-
cations.From the perspectie of the developer thereis no
difference(exceptfor performancepetweercalling a Java
methodandinterpretingan algebraicspeci cationthat de-
scribesthe method.This propertyof our approachmeans
thatapplicationdevelopersgeta prototypeimplementation
of their classedor free whenthey developalgebraicspeci-
cations for their classesOncedevelopersget someexpe-
riencewith the prototype,they canreplaceit with a hand-
coded(andprobablyfaster)implementationOur approach
alsohelpsin thetestinganddevelopmenbf thehand-coded
implementationby providing an option for continuously
validating the hand-codedmplementationagainstthe al-
gebraicspeci cationfor theimplementationThus,our ap-
proachcanimmediatelydetectwhenanimplementatiorde-
viatesfrom its formal speci cation.

Figure?2 illustratesthe architectureof our systemFrom
the user suppliedpartswe seethat the userprovides two

kinds of input to our system:Speci cation Components
which arethe algebraicspeci cationpartsof theinput,and
Java Applications which are the Java partsof the input.

The Algebraic Speci cationsare speci cationsin the lan-

guagedescribedn Section2. The SimulationSetis the set
of classeshatareto besimulatedoy our speci cationinter-

preter For example,if a programmemantsto usea spec-
i cation for a LinkedList the simulationsetwould contain
only LinkedList andthealgebraicspeci cationwould spec-
ify thebehavior of LinkedList

In additionto the algebraicspeci cationsand the sim-
ulation set, usersof our systemalso provide a client that
usegheclasse# thesimulationset(simulationclient). Op-
tionally, usersmay alsoprovide simulationsubjectswhich
arereal existing implementation®f the classego be sim-
ulated. Theseclassesare actually speci ed as part of the
speci cation (Section2). If a userprovidestheseclasses,
our interpretercontinuouslychecksthe result of the inter-
pretationagainsttheseclasseqi.e., it runsthemin paral-
lel). Thus,this optional componenprovidesa mechanism
for dynamicallyvalidatingarealimplementatioragainsi&an
algebraicspeci cation. Furthermorewhenalgebraicinter
pretationfails dueto anincompletespeci cation,theinter-
pretercanissuewarningsandcontinueto executeby using
resultsfrom the simulationsubjects.

We usea customJava classloaderto load the simula-
tion client. The classloaderusesthe bytecodeengineering
library [3] to redirectreferenceso classedelongingto the
simulationsetto simulationstubs In otherwords,oncewe
loadthe simulationclient, it referencesimulationstubsin-
steadof classeghat are in the simulationset. The simu-
lation stubscontain methodswith the samesignaturesas
theclasseshey simulate;however, their bodiesdelegateall
callsto theinterpreterWe generatesimulationstubson the
y . For example,considetthefollowing codefragment:
LinkedListl1 = new LinkedList();

LinkedListI2 = new LinkedList();
Integer®ve = new Integer(5);
12.add(@ve); I1.addAll(12);

SinceLinkedListis amemberof thesimulationset,theclass
loaderreplacesll referenceso LinkedListwith references
to the simulation stub SIMSTUB LinkedList by manipulat-
ing the constanpool of the Jara bytecoddor the class.We
generatehesimulationstub,SIMSTUB LinkedList automat-
ically whenwe encountethe rst referenceo LinkedList
SIMSTUB_LinkedListl1 = new SIMSTUB_LinkedList();
SIMSTUB_LinkedListl2 = new SIMSTUB_LinkedList();
Integer®ve = naw Integer(5);

12.add(@ve); I1.addAll(12);

Following is an exampleof the addmethodin the simula-
tion stubfor LinkedList This stubwrapsall algumentsnto
an objectarrayandpasses serializedsignature the argu-
ments,andthe recever objectto the interpreter Finally, it
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Figure 2. Architecture of our system

unboxestheresultof theinterpretatiorinto a boolean

public boolearaddObjecto)f
returnUnboxUtil.unboxBooleai
Interpreterinterpret( LinkedList: booleanaddObjectp ©,
new Object[f og,this);g

For eachsimulationstub instance(e.g., an object of type
SIMSTUB_LinkedLis), the interpretermaintainsboth an al-

gebraicterm modelingthe stateof the objectand option-
ally, a simulationsubjectinstance(e.g., an object of type
LinkedLis) (seethe Interpreterbox in Figure2). Whenthe
simulationclientinvokesa methodon a simulationstubin-

stancetheinterpreteextends(andpossiblyrewrites)theal-

gebraicterm associateavith thatinstancelf the program-
mer has provided simulation subjects the interpreteralso
invokesthe correspondingnethodon the simulationsub-
ject instance After executingthe codeabove, the simula-
tion stubinstancereferredto by /1 mapsto thefollowing al-

gebraicterm:

addAll(NewLinkedList().state, (Term 1)

addqNewLinkedLis{).state,Intger@3982 state).state

The subterminteger@3982denotesthe Integer object con-
tainingtheintegervalueb. By applyingtermrewriting (dis-
cussedn detailin Section4), theinterpreten(i) reduceghe
sizeof thetermsthatmodelthe stateof anobject(ii) com-
putesthereturnvalueof the simulatedJasza methodsAs an
examplefor (i), theinterpretemusestheaxiom

forall o:ObjectaddNewLinkedList().statey).state ~ (Axiom 4)
== addFirst(LinledList().stateg).state

to transformthe algebraiderm Term 1 into

addAll(NewLinkedList().stategddFirst( (Term 2)

NewLinkedLis{).state,Intger@3982state).state

Next, theaxiom

forall I1:LinkedListforall I2:LinkedList
addAll(l1,addFirst(12,0).state).state
==addAll(adql1,0) state,|2).state

transformsTerm2 into

(Axiom 5)

addAll(adqNewLinkedList().state, (Term 3)
Integer@3982 state NewLinkedLis{).state).state

Next, theaxiom
forall I:Link edListaddAll(l,nevLinkedLisY).state)state==

transformsTerm3 into
addqNewlinkedList() state,Intger@3982 state (Term 4)

As anexamplefor (i), theinterpreterewritestheterm

addAll(NewLinkedList().state, (Term 5)
addqNewLinkedList().statdnteger@3982 retval

usingtheaxiom

forall I1:LinkedListforall I12:LinkedListforall 0:Object
addAll(11,addl2,0).state).retal==true (Axiom 6)

into true Sincetrueis a constantthe interpretercanreturn
the constanbackto theinterpretationstubandthe simula-
tion wassuccessful.

Sometimesthe algebraicspeci cation may be incom-
plete,which meansthat we cannotcomputea returnvalue
for a particular methodapplication. For example, if Ax-
iom 6 is missing,the interpreterwill not be ableto pro-
ducethereturnvalue(true) for thetermgivenabove. At this
point theinterpreterreportsanirreducibletermto the user
If the userhassuppliedsimulationsubjectstheinterpreter
can usethe result producedby the simulation subjectin-
stanceandcontinuewith theinterpretation.

4. Algebraic Term Rewriting

Section3 illustratedhow we userewriting to interpretal-
gebraicspeci cations.We now discussewriting in greater
detail,focusingon the challengeshatwe encountered.

Any given speci cation languagepresentsa particu-
lar tradeof betweeranalyzabilityandexpressvenessLan-
guageghat are easyto analyzeare usually not as expres-
sive or corvenientfor the programmeior the speci er, yet



expressve languagesanquickly becomeoo costlyto ana-
lyze.Our speci cationlanguaggSection2) is very expres-
sive, which meansthat it presentsaa numberof challenges
for ourinterpreterWe startby giving a high-level overvien
of our useof rewriting andthendiscusghe challengeghat
we encountered.

4.1. Overview of Rewriting

RecallthatJava clientsof ourinterpretatiorinvoke oper
ationson simulationstubinstancesThesesimulationstub
instancesake the placeof regularobjects(e.g.,instance®f
a LinkedLis) in atraditionalJava program.As theclientin-
vokesmoremethod®on simulationstubinstancestheterms
modelingthe stateof the objectsincreasen their size.The
rewriting engineis responsiblefor reducingtheseterms.
Reawriting interpretsthe axiomsin the algebraicspeci ca-
tion asrewriting rulesthattransformoneterminto another
Eachaxiomin the userprovidedspeci cationgivesriseto
up to two rewriting rules.For example,
forall o: ObjectaddFirst(Ne/LinkedList()state,0).state

==addNewLinkedLis{).state,0).state

givesriseto two potentialrewriting rules,namely

forall o: ObjectaddFirst(Ne/LinkedList()state,0).state

I addNewLinkedList()state,0).state and
forall o: ObjectaddNewLinkedLis{).state,0).state

! addFirst(Ne/LinkedList()state,0).state

However, theaxiom
forall I:Link edListforall o: Objectaddl,o).retal==true

givesriseto only
forall I:LinkedListforall o: Objectaddl,o0).retwal! true

sincewe would not have a binding for / ando if we hada
rewriting rule from trueto addl,o).retal.

Given a term that needsto be reduced,our interpreter
worksby applyinga sequencef rewriting rules.If therea-
sonfor reducingatermis to produceananswerto returnto
theclient,ourinterpreteappliesrewriting rulesuntil it ends
up with a constant(e.g.,a numberof a referenceo anob-
ject). If thereasorfor reducingatermis to reduceits size,
the interpretercan stop whenever it feelsthat the term is
smallenough.

Especiallyin the rst case(i.e., reducinga termto pro-
ducea valuefor the client), our interpretermayfail in two
ways.First, theinterpretemaybeunableto nd asequence
of rewritingsthatproducea constantThis caseexposeo-
tentialincompleteness theuserprovidedaxioms.Second,
theinterpretermay be ableto reducethe termto anincor-
rectconstan{e.g.,it nds 5insteadof 9). Thiscaseexposes
anerrorin oneor moreof theaxioms.In both of theabove
casespur systemproducesa detailedmessagelescribing
whatfailed. As we shaw in Section5, thesediagnosticsare

invaluablefor producinga correctspeci cation or dehug-
ging anexisting speci cation.

4.2. Strategiesfor Algebraic Term Rewriting

To managehe vastsearchspaceor termrewritings, we
usetwo strateies.

Our primary stratgy is a greedyone that usesonly
rewriting stepsthatreducethe size of the term. It doesnot
usebacktrackinglf thetermto bereduceds a.retval term,
andthisstratey is unableto reducadt to aconstantit resorts
tothesecondargtratey. We donotusethesecondargtrat-
egy for .statetermsbecauseeducing.statetermsis a perfor
manceoptimizationandnotstrictly necessaryr hus,we use
the secondangtrateyy only whenwe absolutelyneedit.

Our secondarystrata@y tries all rewriting stepsthat do
not grow theterm. If any of theserewriting stepsleadto a
termthatcanbereducedn sizevia arewriting step,we re-
vertbackto theprimarystratgyy. Notethatthis stratgy uses
backtrackingandis thusmuchmoreexpensve thanthe pri-
mary strateyy.

Even our secondanstratey may be unableto reducea
termif, for example,it is necessaryo increasehe size of
thetermbeforeit canbeultimatelyreduce Our currentim-
plementationrdoesnot checkthe setof rewriting rules for
con uence[6] or for consisteng, which means:(i) it may
allow aterm to be reducedto two distinct constantsand
(ii) it maynot nd the desirablerewriting sequencegven
thoughit only consistof stepsthatmake thetermsmaller

Thesetof stratgjiesthatwe have choseraffectsthecapa-
bilities andthe ef ciency of our system.While we believe
that the stratgies we have addedto our interpretermake
sensdn practice thereis still alot of roomfor experimen-
tation.

4.3. Conditional Axioms

Conditional axioms lead to additional compleity
in the algebraic speci cation interpreter Consider Ax-
iom 3, whichwe explainedat the endof Section2:
forall I:Link edListforall x:Objectforall i:int

if i> =0thenget(addFirst(k).state,intAddi,1).retal).retal

==gefl,i).retval

For this kind of algebraicaxiom (or the corresponding
rewriting rule from left to right) we simply make surethat
the constraintsbetweenif and thenare ful lled whenever
we unify the left sideof the axiomwith a term. Setsof ax-
iomsallowing thiskind of constraintsi.e.asetof simplere-
lationsbetweenvariablesand constantsare calleda semi-
equationalsystenin theliterature[20].

Our systemalso allows the more complec join systems
[20]. A join systemallows conditionalaxiomswith arbi-
trary termsin the condition. For suchaxiomswe needto



use the rewriting systemto also determinethe value of
the condition (true or falsg. While this all seemsstraight-
forward, it canleadto in nite recursion.Furthermorewe
nd thatthe dehuggingtracefor ajoin systemcanbecome
hardto digestsincedeeplynestedsequencesf constraints,
checks,and rewriting attemptsare common.We feel that
join systemsgdespitetheir increasedompleity over semi-
equationakystemsareworth it: they oftenallow moreel-
egantexpressiorof behaior thansemi-equationadystems.
For example,the following axiom usesthe containsopera-
tion in a constrainto saythat,if thehashseth alreadycon-
tainso, the sizeof hwill notchangef we addo again.This
sameaxiom is much harderto write in a semi-equational
system.
forall h:HashSeforall 0:Object

if containgh,o0).retal==truethen

sizgaddh,o).state).retal == size(h).retal
To seehow this axiom canbe usedasa rewriting rule, con-
siderrewriting theterm

size(add(ad@ewHashSet().stat®bject@1234
).state,Object@1234tate)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 unication mapping m

= f h 7! addNewHashSeqj.state,Object@12344tate,
o 7! Object@123d. However, before we can ap-

ply the rewriting, we needto determineif the condi-

tion is true We apply m to the conditionto get: containg

add(NevHashSe(j).state, Object@1234tateQbject@123)4retval
==true Using the axiomsfor the containsoperation(omit-

tedfor brevity), thealgebraidnterpretemwill reducethisre-

lation by rewriting it to true==true Thus,thechecksucceeds
andthe original rewriting rule cannow be applied,yield-

ing sizqaddNewHashSet().state, Object@133#ate.retval.

4.4, Referencesto External Methods

Sometimeshespeci cationof oneclassmayneedo ref-
erencanethoddrom a classoutsidethe simulationset.For
example whenwriting the speci cationfor a hashset's add
methodwe would lik e to write:
forall h:HashSeforall 01:Objectforall 02:Object

if equalgol, 02).retal==truethen

containgaddh,ol).state,02retval==containgh,o02).retal
However, this axiom usesthe equalsmethodof o1 whichis
not partof the speci cationof a hashset.Similar problems
arisewhenwriting speci cationsfor aniterator Thereare
two waysof addressinghis problem:(i) Includethespeci -
cationof equalsn thespeci cationfor hashset;(ii) Extend
the speci cation languageto allow calls to Java methods,
suchasequals The rst approachwhile seeminglymoreel-
egantthan the secondapproachhasone disadwantage:it
forcesusto specify the behavior of equalsfor all possible

[Z]_RewritingPathViewer oix
bibtex.dom.Bibtexfile.addEntry§:32 SUCCESS. -
[ bitrtex. dom. Bitrtexfite. addEntry): 32 SUCCESS,
& [ addiaddéaddaddaddiade(addiaddiaddaddiacdidrraytist). state, BibtexToplevel
[ true
| [ l I
axiom
forall ®1:0bject
forall x0Arradist
addi(x0, x 1) retwal
L ==true N

Figure 3. User interface for rewriting engine

objectsthatcouldbe addedto a HashSetGenericcontain-
ersin the Java languagewill make this approactmore vi-

able,but evenwith genericsdynamicclasdoadingcanload
new subclasse$or which the behaior of equalsis differ-

entthanary givenspeci cation.Our currentprototypesup-
ports both the rst and the secondsolution: One can de-
clarethat an operationas externalwhich meansthat when-
ever theinterpreterencounters termin which all parame-
tersare constantsthe Java implementatiorfor the method
is evaluated For example,supposehat equalshasbeende-
clared an external method. When the interpreterencoun-
ters equalg§Object@1420bject@111)retal it will execute
the appropriateequalsimplementatiorbeforeresumingal-

gebraidnterpretationThis mechanisnis alsousefulfor ex-

tendingtheinterpretemwith arithmeticandhelperfunctions.

4.5. Debugging Support

When the speci cation is incomplete,the interpreter
prints the irreducibleterm, which providesa startingpoint
for manuallycompletingthespeci cation.In somecasesit
is usefulto alsoexaminethe traceprovided by the rewrit-
ing engine.This tracerecordsall rewriting operationghat
take place By searchindghroughthistrace theusercan nd
out whetheror not a particularrewriting rule hasbeenap-
plied andwhich intermediatdermshave beengeneratedn
the interpretationprocessWe also usethis traceto dehug
our interpreter:Therewriting engineprintsa countervalue
into the tracefor eachrewriting step.Whenwe nd suspi-
ciousactiity in the rewriting trace,we useda conditional
breakpointin a Jasa deluggerto jump to the executionof
therewriting stepin question.

As an alternatve for examiningthe rewriting trace,we
developedauserinterfacefor therewriting engineasshovn
in Fig. 3. Usingthe drop down menuat the top of thewin-
dow, the userselectswhich rewriting computatiorto view.
Below, a treeview showvs how eachtermis a reductionof
its parentby usingonerewriting step.Whena userselects
atermin thetreeview, the viewer displaysthe axiomthat
generatedhe selectederm from its parentin thetext area
atthebottomof thewindow.
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5. Experience

We describetwo scenariosn which we appliedour al-
gebraicspeci cationinterpreterSection5.1 givesanexam-
ple of developinga speci cationfrom scratch.Section5.2
shavs how we usedaxiomsgeneratedy our speci cation
discoverytool [14] andthendeluggedthe speci cationus-
ing a client application.Section5.3 providesevidencethat
the prototypegeneratedy our tool from the speci cation
hasacceptablgerformanceo be usablefor mary applica-
tions.

5.1. ExtremeSpecifying: A CaseStudy

Programmergan use our 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 requirementn classeghatit uses
(“helpersclasses”) Thusit would be prematureo develop
the full speci cation of a helperclassbheforewriting the
client. On the otherhand,the programmercannotdevelop
andtestthe client beforewriting a prototypeof the helper
Our tool helpsin this dilemmaby allowing a programmer
to developa speci cationandprototypeof the helperclass
asneededby the client. This sectionpresentsan example
whereaprogrammedevelopsa speci cationandprototype
of ahashsethand-in-handvith the client of the hashset.

The programmestartsby writing theclient:

“Client” classandthespeci cationto theinterpreterthein-

terpreterespondswith:

Clientjava, line 5: Algebraiclnterpreteifailedto computea value

term= adqNewHashSet().statteger@177¢.retval

Clientjava, line 6: Algebraiclnterpreteifailedto computea value

term= containgaddNewHashSet().statlyteger@1776
).state,Intger@1776.retval

The rst error messagesaysthat the interpretercould not
determinehe returnvalueof theinvocations.add The sec-
ond error messageomplainsaboutnot beingableto pro-
ducea returnvaluefor scontains To eliminatetheseerror
messageandto computethe expectedresult,the program-
meraddsthefollowing axioms:

forall 0:ObjectaddNewHashSet().state).retval (Axiom 7)
==true
forall o:Objectforall h:HashSet (Axiom 8)

containgaddhh,o).state,0).retal==true

The rst axiom says that adding ary object to a new
hashsetreturnstrue Note that this is inadequatén gen-
eral since it does not say anything about adding to a
non-empty HashSet. The second axiom says that im-
mediately after adding an object to the HashSet,invok-
ing containgaddh,o).state).retval returns true This axiom
too is limited since containsreturnstrue only if the ele-
mentbeingchecledwasthelastoneadded With thesetwo
axioms,the clientrunssuccessfully

Theprogrammenow continuesmplementingthe client
andaddsSystem.ouprintin(°test0 = °+s.contain@ne); imme-
diatelybeforeLine 5. Sincethis statemeninvokesa contains
on an empty hashset, the programmeralso remembergo
addthis axiom:

classClientf
public staticvoid main(Stringargs[])
Integerone= new Integer(1);
HashSet = new HashSet();
s.addone);
System.out.printin(°tedt = °+s.containé®ne))gg

At this point, the programmerseesthat the client needsa
hashset,which mustsupportthe methodsaddand contains
Thus, the programmercreatesthe following incomplete
speci cation:

speci®catiorHashSetSpeci®cation

classHashSet

methodNewHashSets < void < init> ()>

methodaddis < booleanaddjava.langObjec)>
methodcontainss < booleancontaingjava.lang Objectp
de®neHashSet

Note that the speci cationalsoincludesa NewHashSebp-
erationfor creatinga new hashset.Also notethatthe pro-
grammerstartswith an empty setof axioms(i.e., thereis
nothingunderthe de®neHashSét directive. In otherwords,
the interpretercan build up the termsbut hasno rewrit-
ing rulesto reducethem.Whenthe programmemivesthe

forall 0:Object
containgNewHashSet(ktate,0).retal==false

(Axiom 9)

On running the modi ed client and speci cation set, our

systemgivesthefollowing errormessage:

test0 = true

Clientjava, line 6: Algebraiclnterpreteifailedto computea value

term= addcontain§NewHashSet().state,
Integer@7903%.stateinteger@ 790%.retval

The problemis thatthe programmefforgot to specifyhow

containsaffectsthe stateof the object. This mistale is easy
for programmerso overlooksincethey areprimarily think-

ing in terms of what containsdoesand not what it does
not do. The deluggingoutputof our tool, which prints all

rewriting attemptsand intermediateterms (too verboseto

includein this paper),canalsocomein handyat this point
to nd whatis missingfrom theaxioms.Sincecontainsdoes
not modify the stateof the set,all we needto addis thefol-

lowing axiom:

forall h:HashSeforall 0:Objectcontaingh,0).state=h

After this new axiom, the client executes success-
fully. Needlessto say the speci cation of a hashsetis



still far from complete As the programmerddsmore be-
havior to the client class, our interpreter exposesmore
of the limitations of the speci cation. Ultimately, this it-

eratve processmay 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 dehugging the algebraic
speci cation. Thus,oncea programmehas nished devel-

opingtheclient (andthusthespeci cation),it is worthwhile
to generatemore clients for the hashset with the inten-
tion of “testing” the speci cationof thehashset.

5.2. Debhugginga Discovered Speci cation

In this casestudy we usedthe speci cation discosery
tool [14] to generat@ speci cationfor the javautil. ArrayList
classcontainedin Sun's Java DevelopmentKit. We then
usedthe algebraidnterpreterto dehugthe discoreredspec-
i cation. Our client applicationis a BibTeX parsert We
chosethis client applicationbecauset is notdependenon
libraries otherthanthe Java standardibraries, it usescol-
lectionclassesandwe werefamiliar with the code.

Similar to what we describein Section5.1, dehugging
the discoveredspeci cationis aniterative processconsist-
ing of threesteps:(i) usingthe speci cationinterpreterto
runthe client application,(ii) understandinghe delugging
output, (iii) addingnew algebraicaxiomsto the speci ca-
tion or modifying the existing axioms.

Out of the 10 algebraicaxiomsto executethe BibTeX
parsersuccessfullyour discovery tool can produce3 ax-
ioms exactly asneededAs an example,the following two
axiomsspecifyhow the rst elementof an ArrayList canbe
obtainedby applyingthe getoperatiorfor index O:
forall x0:Object (Axiom 10)

gefladd(nevArrayList().state,x0).state, 0¢tval == x0
forall I:ArrayList forall 01:Objectforall 02:Object  (Axiom 11)

gefladd(add,ol).statep2).state,O)etval
==get(addl,ol).state,0).retal

We manuallyadded7 axiomsto the speci cation. Five
of thoseaxiomsdescribethe behavior of Iteratorinstances
generatedy Arraylist objects.For example,the following
axiomstateghataniteratorcreatedrom anemptylist does
nothave anext element:

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

time
30 4+ in sec

25 +
20 + addFirst
15 +
10 +

51 add

sizeOfList
0 . . )

0 100 200 300 400 500 600 700 800 900 1000

Figure 4. Term Rewriting Benchmark

Adding four of the axiomswhich describethe behaior
of Iteratorwas straightforward. The following axiom was
moreinvolved:
forall I:ArrayList

next(iterator().retval).state

==ijterator(remwe(l,0).state)yetval

This axiomdescribeiow the next operationappliedto an
iteratortransformgheiterator's state.Unfortunatelyif this
axiom was usedas a left to right rewriting rule, it would
increasehe size of the term. Thus, our interpreterwill not
useit (seeSectiord.2).However, ourinterpreterallows hid-
denoperationswhichcanbeusedin rewriting rules,but are
externallyinvisible [21]. We introduceda hiddenoperation
remaveFirst which eliminateshe problem:
forall I:ArrayList

next(iterator().retval).state

==jterator(remueFirs{l).state)retval

(Axiom 12)

The two remainingaxiomswe hadto adddescribethe be-
havior of thehiddenoperatiorremaveFirst Thespeci cation
discoverytool can nd variationsof bothaxiomswhichuse
remave(_,0) insteadof remaveFirst(). For example,it found
forall x0:0bject
remave(addqArrayList().state,x0).state,0).state
== ArrayList().state

Thediscoverytool currentlycannotnd theses axiomsbe-
causehe stateof the lteratorobjectis modeledasthereturn
value of the operationiterator()of anotherclass(ArrayLisi).
This scenarias not coveredby the currentlyimplemented
equationgeneratorsHowever, the discovery tool provides
extensionpoints for addingnew equationgeneratorsAn
appropriateequationgeneratorcan be implementedwith-
outchangingheinfrastructure.

1 Availableatwww.cs.colorado.edu/ henkel/stuff/javabib/

ArrayList hasalarge numberof operationsywhichmeans
that mary axiomsareneededo fully documentt. By us-
ing the speci cationinterpreter we focusedon the axioms
neededor aparticularrunof ourclientapplicationln other
words,understandinthe 10 executedaxiomsof ourspeci -
cationis enoughfor understandinghebehavior of ArrayList
for the particularrun. Thus,the 10 executedaxiomscanbe
considerec dynamicslice of the speci cation.

We describehefull casestudyelsavhere[15].
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5.3. Performance

To evaluatethe performancef our rewriting engine we
usethe following benchmarkwhich is parameterizeavith
sizeOfList
Objecto = new Object();

LinkedListl = new LinkedList();

for (inti = 0;i < sizeOfList i++) l.add(Q;

l.get(sizeOfList 1);

This benchmarkcreatesa linked list with sizeOfList ele-
ments(line 3) andthenretrievesthelastelemenfline 4). In

Figure4, we plot the time it takesfor the rewriting engine
to computethe resultvalueof the getmethodcall for line 4

in the benchmarky-axis) for differentvaluesof sizeOfList
(x-axis). We measurethe executiontimeson a Dell Pow-

erEdge600SCPentium4 2.4 Ghzwith 2 GB of RAM run-
ning Sun'sJDK 1.4.2on SuSELinux 8.1.

We presentdatafor two different speci cationsof the
getmethod.The getmethodreturnsan elementat a particu-
lar positionin thelist (countingfrom the rst element)The
addandaddFirstaddanentryto theendandbeginningof the
list, respectiely. Axiom 13andAxiom 14 make upthe rst
speci cationof getand Axiom 15 and Axiom 16 make up
thesecondspeci cationof get

forall I:Link edListforall 0:Object (Axiom 13
gelladdFirs(l,0).state,O)etval==0
forall I:Link edListforall o:Objectforall i:int (Axiom 14)

if i> =0thenget(addFirst(b).state,intAdd(i,1).retal).retval
==gefl,i).retval
forall I:Link edListforall o:Objectforall i:int (Axiom 15)
if size(l)retval == i thenget(addl,o).state,i)retval == o
forall I:Link edListforall o:Objectforall i:int (Axiom 16)
if size(l)retval > i then
getladdl,o0).statei).retval == gefl,i).retval

The main differencebetweenthe two speci cationsis
thatthe rst oneexpressegetin termsof addFirstwhile the
secondneexpressegetin termsof add Givenour simula-
tion client,we would expectthe secondo beabettermatch
becausehe client also builds up the list in termsof add
More speci cally, if we usethe rst speci cationof get our
rewriting enginewill rst haveto rewrite thetermthatcor
respondgo the entirelinkedlist in termsof addFirstbefore
it canstartto reduceit.

Our results(Figure 4) con rm the intuition above. The
horizontalaxis of Figure 4 givesthe sizeOfList parameter
andtheverticalaxisgivesthetimein secondso executdine
4 of thebenchmarkThe addFirstandaddcurvesgive the ex-
ecutiontimesfor the two speci cationsfor differentvalues
of sizeOfList We seethatthe speci cationthatmatcheghe
simulationclientis fasterthanthespeci cationthatdoesnot
matchthe simulationclient. In future work we planto im-
plementmemoizatiortechniquesThus,subsequeritivoca-
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-codeimplementatior{e.g.,
executingthe benchmarkor sizeOfList1000with the of -
cial JDK implementationtakeslessthan1 millisecond),it
may still be fastenoughto be usedfor prototyping.Sec-
ond, some speci cations may execute much faster than
other (equivalent) speci cations,dependingon the match
betweerthe speci cationandthe simulationclient.

6. RelatedWork

Previously [14] we describedh systemthatcandiscover
algebraicspeci cations automaticallyfrom Java classes.
Theoutputof thatsystemcanbeusedasa startingpoint for
developingaspeci cationof anexisting Javaclass Thecur
rentpaperandour previous papersharethe goal of making
formalspeci cationtechniquesnoreappealindgor practical
use.Both techniquesusethe samespeci cation language
andaredesignedo be usedtogether

Thereis avastbodyof prior work ontermrewriting sys-
tems[6, 20]. Prior work hasalsostudiedtheideaof using
termrewriting to simulatea softwarecomponentfor exam-
ple, WangandParnasproposedhe tracerewriting method
to simulatesoftwaremoduleq23]. However, they focuson
the rewriting techniquefor their systemand unlike us, do
not integratetheir systeminto a programminganguageor
provide detailsof animplementationlmplementationf
otherrewriting enginesand rewriting languagehave been
usedto provide prototyping[10, 7, 20], but again,to our
knowledge, they do not interactwith a client written in
a modernprogramminglanguage Thus, thesesystemsdo
not provide the software engineeringoene ts that our ap-
proachoffers. Antoy andHamlet[2] proposeself-checking
ADTSs, whichintegraterewriting into C++andJava classes.
Amongotherdetails oursysterdiffersby (i) fully automat-
ing the integration of Java code and the algebraicinter-
preterwith a customclassloader and(ii) amoreexpressve
algebraicspeci cation languagethat hasbeencustomized
for beingembeddednto Java (e.g.,we allow operationgo
both modify the stateof anobjectandreturna value).An-
toy and Hamlet manuallyimplementrepresentatiormap-
pings as C++/Java functionsto allow intensionalcompar
isons,which might be a usefuladditionto our currentsys-
tem.

Otherpreviouswork usesalgebraicspeci cationsasas-
sertionsto checkwhetherimplementationsare consistent
with agivenspeci cation[11, 16, 8, 5, 4, 19]. Someof these
systemgequiretestdriversto be written (e.g.[11]), others
generatdaestcasedy themselesfrom the algebraicspec-
i cations [8, 5, 4]. Sankar[19] usesa theoremprover to
determinewhich of the algebraidermsgeneratedby a run-
ningprogramneedo beequivalentandthenchecksvhether



theimplementatiorimplementshe equivalencesorrectly

While someof thesesystemsnteractwith realimplemen-
tationlanguagesour systemis differentin thatit (i) seam-
lesslyintegrateswith arealimplementatiodanguagéy ex-

ploiting re ection anddynamicclassloadingin Java; and
(i) automaticallyconstructsa prototypefrom analgebraic
speci cation.

7. Conclusion

We describeghedesignjmplementationandusageof an
interpreteifor algebraicspeci cationsthatis seamlesslyn-
tegratedwith Java. The goal of the systemis to make alge-
braic speci cationsmore costeffective and easierto write
anddelug. Our tool createsa prototypeimplementatiorof
aclassfrom its algebraicspeci cation.A Javaprogramcan
usethis prototypeimplementatiorjustlik e any hand-coded
implementatiorof theclass.

Our approachhelpsin writing anddehuggingalgebraic
speci cationsbecausg@rogrammersannow executetheir
speci cationsand optionally comparethe executionof the
speci cation to a hand-codedmplementation.Executing
the speci cationsexposeshoth errorsand missingaxioms
in the speci cations. We illustrate the usefulnessof this
approachoy giving casestudiesandby presentingperfor
manceresultsfor the prototypeproducedby ourtool.
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