mx---raiui

TR sapis

h

VHETIR

CENTRE NATIONAL
DE LA RECHERCHE
SCIENTIFIQUE

LABORATOIRE

X3S

INFORMATIQUE, SIGNAUX ET SYSTEMES
DE SOPHIA ANTIPOLIS
UMR 6070

SOS C—:A SYSTEM FOR INTERPRETINGOPERATIONAL

SEMANTICS OFC—PROGRAMS

Olivier Ponsini, Carine Fédele, Emmanuel Kounalis
Projet LANGAGES & Projet CONTRAINTES

Rapport de recherche
I3S/RR-2002-07-FR

mars 2002

LABORATOIRE I3S: Les Algorithmes / Euclide B — 2000 route des Lucioles — B.P. 121 —
06903 Sophia-Antipolis Cedex, France — Tél. (33) 492 942 701 — Télécopie : (33) 492 942 898

http://ww.i3s.unice.fr/13S FR



RESUME :

MOTS CLES : vérificationde progamme réécriture sémantiqe opéationnelleet équatiomelle

ABSTRACT: This paperdescribesa systemfor autonatically transfaming progmamswritten in a simpleimperatve languae
(calledC-), into a setof first-orderequations. This meansthat a setof first-orderequatios usedto representa C— program
alreadyhasa predse mathenatical mearing; morewer, the standardechnquesfor mechairing equationalreasoing canbe
usedfor verifying propertiesof progams. This work shavs that simpleimpemtive progamscanbe seenasfully formalized
logical systemswithin which theoemscanbe proved. The systemitself is formuatedabstractlyasa setof first-orderrewrite
rules.

KEY WORDS : Progam Verification,Rewriting, Operatimal andEquaticnal Semantics



1. Intr oduction

Theneedto be ableto reasoraboutcomputerprogramsn
arigorousformal way is self evident. In orderto increase
confidencein codeproduction,efforts shouldbe focused
onverifying thatprogramsmneettheir requirementsthatis,
thatthey are soundwith respectto their specification. In
apreviouswork [1], FEDELE andKOUNALIS introduceda
theoreticaframework for proving automaticallyproperties
of C-- programs,a simpleimperative language.The idea
wasto translatesourcecodeinto a setof first orderequa-
tionsexpressinghe programalgebraicsemanticsThe use
of equationallogic, hassomeadwantagesver other, more
comple logics:

1. it is very simple— thelogic of substitutingequalsfor
equals;

2. mary problemsassociatedvith equationsthatarenot
decidablein more comple logics, are decidablein
equationalogic;

3. there are efficient algorithmsfor deciding mary of
theseproblems.
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The generaloutline of our framework is shavn in
Fig.1. Userswrite down the C-- codeof a program;they
alsowrite the programspecificationas a setof properties
expressedn equationalogic. Thesourcecodeis thentrans-
formedautomaticallyby the SOSC-- system,nto a setof
equationsTheequation®f the programcanbe seemasthe
axioms,andthe propertiesgo be provedasthe conjectured
theoremof theaxioms.Thereforetheproofof thesetheo-
remsfrom theaxiomsis equivalentto theproofthatthepro-
grammeetsdts specificationThislastpartmaybedoneau-
tomaticallyusingtheoemprovers ableto do mathematical
inductionlike NiCE [2] or interactively usingproof che-
erslike CoQ [3].

This approachis conceptuallydifferent from other
recentdevelopmentdike CoGITO [4] or SPECWARE [5],
sincethesesystemsgeneratecodefrom specifications. It
alsodiffersfrom [6] and[7] sincethey useannotationgo
prove the programbehaior. Our approactis conceptually
similar to the systemd8] and[9]. However, [9] cannot
treatprogramswith loopsand[8] worksin logics not eas-
ily amenabldo automation.

In this paperwe extend[1] in variousdirections:

1. We give an abstractframework to the program to-
wards equationprocess. In [1], therewas only the
basisof a rewrite systemand no property had been
provedonthesystem.

¢ In particularwe formulatethe SOSC-- system
asarewrite system.We refinetherulesto enrich
andbecloserto the C-- semantics.

o We prove the rewrite systemcompletenes§.e.
termination and confluence)using the RRL?.
Roughly speaking, this kind of completeness
meansthat every C-- program can be trans-
formedinto a uniqueequationaprogram.

¢ We give a formal descriptionof how equations
aregeneratedrom ervironments.

2. In [1], no implementationhad beendone. We now
asserthatthe axiomatizatiorprocessanbe automa-
tizedsincewe madeanimplementatiorin Java.

e JwaCC, a parserand scannergenerator has
beenusedfor thetermgeneratiorstep.

¢ Wedevelopeda Javaversionof agenericrewrit-
ing algorithm. Therewrite rulesareloadedsepa-
ratelyfrom afile soasto elaborataheruleswith
ease.

¢ We worked out an algorithmto generateequa-
tionsfrom ervironments.

In whatfollows, we first introducesomebasicdefini-
tionsandnotations.Then,section3 givesagenerabutline
of the SOSC-- systemandillustratesit with an example;
thesectionusesthefollowing scheme:

1. programsareterms;

2. termsproduceervironments;

3. environmentsggenerateequations.

1Rawrite Rule Laboratory[10]. Theproofis partof thefull versionof
this paper
2Java CompilerCompiler Metamata.



2. Definitions

2.1 Rewrite Systems

We assumdamiliarity with the basicnotionsof equational
logic and rewrite systems(see[11] for instance). Let
T(F, X) denotethe setof termsbuilt out of functionsym-
bolstakenfrom thefinite vocalulary F andadenumerable
set X of variables If ¢ is atermand§ is a substitution
of termsfor variablesin ¢, thentf is aninstanceof ¢t. An
equatiore isanelementl'(F, X) x T'(F, X) andis written
ast = s. A rewrite systeniR is a setof orientedequations
I — r, calledrewrite rules A ruleis appliedto aterm¢
by finding a subterms of ¢ thatis an instanceof the left
side! (i.e. s = 10) andreplacings with the corresponding
instance(rf) of therule right side. One computeswith R
by repeatedlyapplyingrulesto rewrite (or reduce)an in-
puttermuntil anormalform (irreducibleterm)is obtained.
Let A be a setof equations,n the casewhere A canbe
compiledinto a complete(i.e. terminatingand conflueng
rewrite systemR, we candecidet =4 s by testingfor

identity the R-normalformsof ¢ ands (i.e. nf(¢) a8 nf(s),
wherenf(t) (resp. nf(s)) denotesthe normal form of ¢

(resp.s)).

2.2 The C-- Language

For our experimentswve usea very simpleimperatie lan-
guage. The C-- syntaxis similar to the C one. The main
featuresof thelanguageare:

e assignment;
e controlflow statementsif ... else while andreturn

o two predefinedypes:integers(int), andlists of inte-
ger(list);

e usualarithmeticoperators;

¢ operatoronlists: getHeadwhichreturnsthefirst ele-
mentof alist, getQueuevhich returnsa copy of alist
exceptfor the first element,NULL which represents
an empty list, and conswhich insertsan elementat
thebeginningof alist.

However, severalcommonfeaturesn imperatvelanguages
areunavailablein C--: no users definedtypes;no global
variablesno pointersdirectly accessible— of coursesome
areusedin the predefinedypelist.

3. A GeneralOutline of the SOSC-- System

The SOSC-- systemcanbe representeds a rewrite sys-
tem R over a first-orderlanguagel built out from a set
of functionsymbols.Thesesymbolsaretranslationof the
constructof the sourcelanguageg(C--). For instancethe
assignmenstatementwritten x = y in C--, is translated

Syntactic
__oyntactic | - Term
analysis
Rewriting
_ Equation )
Equations | «———— | Environment
generation

Figure2. Axiomatizationprocessovervien

into Assign(z, y), whereAssignbelongsto the vocahulary
of L.

The systemtakesasinput a C-- programandreturns
asoutputa setof equationssemanticallyequivalentto the
program: the result of the executionof the C-- program
with input | is identicalto theresult(i.e. theorem)of the
equationatieductionstartedwith theverysamenput. The
transformatiorprocesscalled C-- axiomatizationis done
in threestepsandis carriedout without any userinterac-
tion. Figure2 shows the stepsinvolvedin the C-- axioma-
tization.

To illustratethesesteps,we will usethe sorting pro-
gram of listing 1. This programis a C-- versionof the
insertionsort. Functionins takesanintegere anda sorted
list L andreturnsa new sortedlist which is a copy of L
containinge. I1Sorttakesalist L asargumentandreturns
a sortedcopy of L by insertingat the right position (call
to functionins) thefirst elementof L in the alreadysorted
queueof L.

3.1 Programsare Terms

The first step consistsin analyzingthe functions of the
sourceprogramP. Theresultof this syntacticanalysisis
alist of term T}; over £; onetermfor eachfunction f of
P. Intuitively, atermis equivalentto a sourcefunctionand
suitablefor rewriting.

EachC-- functionis seenasa list of statementsand
aninitial ervironmentgatheredn a GE® term. Theinitial
ervironmentis madeup of thefunctionformal parameters
combinein a Pair termwith EP* terms. An EP term de-
notesan effective parameter Thus,formal parameterde-
havelikelocalvariablesto which areassignedhe effective
parameters.

Variable declamtions are consideredas assignments
andarethereforeaddedo thelist of statementsf thefunc-

3GE standdfor Generaté&rnvironment.
4EP(x) standsfor Effective Parameteix. It is the value given to the
functionparametex whenthefunctionis called.



Listing 1. Sortingprogram.

list ins(int e, list L){
list ret=NULL;
if (L==NULL) ret=conge, NULL);
else if (e<=getHeadLl)) ret=conge, L);
else { ret=ins(e, getQueudL));
ret=conggetHeadLl), ret); }
return ret; }

list ISort(list L){
list ret=NULL;
if (L==NULL) ret=NULL;
else ret=ins(getHeadL), ISort(getQueudL)));
return ret; }

tion.

A sequenceof statementds simulatedby a list of
terms.

Returnstatementengendea pairlinking thenameof
thefunctionandits returnexpression.

Expressiongppearingsright valuein anassignment
or asvaluein afunctioncall areleft asis.

The other constructsof the C-- languageare sim-
ply matchedwith equialent terms of the rewrite sys-
tem: theif statementjf(c) sl elses2, is translatedinto
If (c, 51, s2); thewhile statementwhile(c) s, is translated
into While(while_number, c, s).

For instancethe termwhich correspondso the ISort
functionof the sorting programis:

GE({ Assignfet NULL),
If(L = NULL,
{Assignfet NULL)},
{Assigntet, ins(getHead L),
ISort(getQueugL))))}),
Return(Sort(L), ret) }, { Pair(L, EPL)) }) .

A GE termcontainstwo elements.Thefirst onerep-
resentghe sequencef instructionsof the sourcefunction:

¢ thedeclaratiorof ret givesthefirst Assignterm;

o thencomesthelf termwith the conditionandits two
lists of statementspnefor eachalternatve;

¢ andfinally the Returnterm.

The secondone representghe function initial ervi-
ronment. It is a list of Pair terms. A Pair associates
variableanda value. Thus,the initial ervironmentis the
valueof thefunctionvariablesafterthe call but beforeary
instructionis evaluated.

Likewise,thetermwhich correspondso theinsfunc-
tionis:

GE({Assignfet, NULL) ,

If(L = NULL,
{Assigntet conge,NULL))},
{lf(e < getHead (L),
{Assignget, conge, L))},
{Assignfet, ins(e, getQueudl.))),
Assignfet, conggetHeadL), ret)}) }
Return{ns(e,L), ref) },
{Pair(L, EP(L)), Pair(e,EP(e))} ) .

3.2 TermsproduceEnvironments

At the secondstep,the systemtransformsa term T}; into

anervironmentETg . Intuitively, thisernvironmentcontains
all informationaboutthe variablesof function f andtheir

correspondingxpressiongthe evaluationof which yields
thevalueof f in anexecutionof P).

3.2.1 Description

To obtain this ervironment, eachterm T/, is normalized
accordingto therewrite rules of R. Therulesaredivided
into two classesThefirst classcontainsthe rulesthatrep-
resenthe C-- languageoperationakemanticsThe second
classcontainsrules for updatingernvironments— mainly
syntaxmanipulatingrulesfor list manipulation.

Functionstatementsre executedin an orderwhich
depend®nthecontrolflow statementandtheirassociated
conditions. Thesedifferent possibleorderingsconstitute
the executionpathsof a function. The ernvironmentpro-
ducedby rewriting representshe distinct executionpaths
of afunction,alongwith theirassociatedonditionsandthe
final expressiorof variablesandfunction. The stateof the
variablesis representetby a list of Pair terms. A Branch
termassociates conditionto a variablesstate. The paths
areenclosedn Choiceterms.

For instancethe ervironmentof thelSort function of
listing 1is:

Choice(
[ BranchC = NULL,
{ Pair(L, L), Pair(ret, NULL),
Pair(ISort(L), NULL) } )1,
[ Branch(U # NULL,
{ Pair(L, L), Pair(ret, ins(getHead L),
ISort(getQueu¢l)))),
Pair(ISort(L), ins(getHead L),
ISort(getQueueL)))) })] ) -

Function ISort comprisesone if statement,so we
find in the ervironmenta Choiceterm composedof two
Brand terms. Theselatter termspartition the statements
of thefunctionbetweerthosewhich areexecutedvhenthe
condition L = NULL is true and thosewhich are exe-
cutedwhenthis sameconditionis false. In eachBranch
term thereis a list of Pair terms which representshe

5Thecompletesetof rulescanbefoundin thefull versionof this paper



stateof the variablesat the end of an “abstract” execu-
tion of theISort function. For instancejn the casewhere
L = NULL, Pair(L, L) meanghat L is notmodifiedby the
function; Pair(ret, NULL) meanghatthe value of variable
retis NULL; the Pair term containingthe function name,
Pair(ISort(L), NULL) meanghatthe functionreturnvalue
is NULL.
Lik ewise,theervironmentof theins functionis:

Choice(
[ BranchC = NULL,
{ Pair(L, L), Pair(e, e), Pair(ret, conge, NULL)),
Pair(ins(e, L), conge, NULL)) } )],
[ Choice(
[ Branch(U # NULL ande < getHead(L),
{ Pair(L, L), Pair(e, ), Pair(ret conge, L)),
Pair(ins(e, L), conge, L)) } ).
[ Branch # NULL ande > getHead (L),
{ Pair(L, L), Pair(e, e),
Pair(ret, conggetHead L), ins(e, getQueu¢l)))),
Pair(ins(e, L), conggetHead L),
ins(e, getQueuel)))) })1)]) -

3.2.2 While Statements

We now turn our attentionto theiterative constructwhile.
This sectiongives an insight into how we handlewhile
statementsandwe thenformalizeit in sections3.2.3and
3.3.

The semanticof while statementss quite specific.
Indeed,eachloop is consideredasa family of separatee-
cursie functionswith their own parameterandbody. The
ideais thataloopis afunctionwhich callsitself recursvely
with thevalueof thevariablesmodifiedaccordinglyto the
statement®f the loop body. Sucha loop functionis de-
finedfor eachvariablemodifiedin aloopbody. Then,in the
function containingthe loop, the value of a variablemod-
ified in the loop body is the resultof a call to the specific
loop function. Consequentlywhenaloop is encountered,
theervironmentis modifiedasfollows:

e A new LTS termcontainingall the informationneed-
ed to generatehe loop functionsis created. Thein-
formationis the loop number the exit condition, the
statementsf theloop bodyandthelist of all thevari-
ables.This Loop Termwill beusedatthethird stepto
generate family of equationgseesection3.3).

e Eachvariablemodifiedin theloop bodyis assignec
call to the correspondindoop function. This function
takesasargumentthe currentstateof thevariables.

The following exampleshavs how while statements
arehandled. Let us suppose C-- function declareghree
variables— z, y, z — two of which aremodifiedin aloop
body, like in listing 2. During rewriting of thetermcorre-

6Loop Term.

Listing 2. A loop.

int () {

int X,y,z;
x=1;y=2; z=3;

while(y>0) {
X=X+Z;
y=y—1;
}

spondingo function f, thefollowing Loop Termis created:

LT(1,y > 0, GE(statements, initial environment),
(z,y,2)) -

The statementsrethe two assignmentsnodifying z and
y. Theinitial ervironmentis the list of pairs (z, EP(z)),
(y,EP(y)) and(z, EP(2)). Theterm GE meanghatanew
ervironmentwill be evaluatedfor the loop body. At the
third stepof the processthis will leadto the definition of
two functions,LOOP, andLOOP,, onefor eachvariable
modifiedin theloop.

4

If y > 0then

LOOP (z,y,2) = LOOP.(z + 2,y — 1,2)
If not(y > 0) then

LOOP. (z,y,2) =

(If y > 0then
LOOP;(a:,y,z) = LOOP;/(x +z,y—1,2)
If not(y > 0) then
LOOP, (z,y,2) = y

In addition,the pairs

Pair(x, LoopL (current state of variables))
and

Pair(y, Loop}, (current state of variables)),
areinsertedin the ervironmentof functionf to reflectthe
new stateof thesevariables. The current state of vari-
ablesrefersto the stateof the variablesjust before the
while statement. This is just like replacingthe loop in
functionf by the functioncalls: z = LOOP.(1,2,3) and
y= LOOP;(1,2,3).

3.2.3 Rules

As we said formerly, rules are divided into two classes.
Among the rules describingthe languageoperationalse-
mantics we find:

e GE rules: they areusedto translatethe behaior of
thesequencénstruction;



e Comp rules:they areusedto evaluateanew statement
in the currentervironment;

— Rulesfor the assignmenaindreturn statements.
Theserulesadda new pair Pair (variable,value)
to theenvironmentor modify anexisting pair.

— Rulesfor theif statementTheserulesaimatdi-
viding the ervironmentinto two partsthrougha
Choice term. Eachpartis includedin a Branch
termandcontainsanif alternatve dependingn
whetherthe conditionis valid or not.

— Rulesto definethe while statementTheserules
createan LT termandaddanew pairto theen-
vironmentfor eachvariablemodifiedin theloop
body:.

e two more Comp rulesto tell that the statementgol-
lowing anif statementnustbe executedwhatever al-
ternatveis chosen;

e Branch rules to group togethertwo successie if
statementdy memging the conditions.

Amongtherulesupdatinganernvironment,we find:
o Merge_env and Merge_L_var to mergetwo lists;

e Insert_pair andInsert_var to addapairor avariable
toalist;

e GLOV, GLOMV and GLOE to run througha list
andbuild a new list by extracting, respectiely, vari-
ables,modifiedvariablesor expressiongrom theini-
tial list.

3.3 EnvironmentsgenerateEquations

At the last step,a setof equationds generatedrom each
E,;. This setof equationsiefinesthe algebraicsemantics

of P.In theexampleof the sorting program, we obtain:

L=NULL = ins(e, L) = conge, NULL)
L # NULL ande < getHeadL) =
ins(e, L) = conge, L)
L # NULL ande > getHeadL) =
ins(e, L) = conggetHeadL), ins(e, getQueu€L)))
L=NULL = I1Sor{(L) = NULL
L#NULL =
ISort(L) = ins(getHeadL), ISort(getQueuél)))

Only a few elementsin an ervironmentwill gener
ateequationsthesearethe equationgeneratorsThe third
andfinal stepof theaxiomatizatiorprocessefineserviron-
ments extractsequatiorgeneratorgrom ervironmentsand
generateghe correspondingquations.

Theequationgeneratorsire:

e lists of pairs. They representhe stateof thevariables
atthe endof the computation.But, only the function
returnvalueis of interesttherefore pnly thepair con-
tainingthefunctionnamewill generatanequation.

Generator
Pair(...) - ... - Pair(func_name, expression)
Equation func_name = expression

e Brandhterms.They appeabecausef anif statement
andrepresenanalternatve. They link aconditionand
alist of pairs. Again, only the pair with the function
nameis of interest.Each Branch termgeneratesne
conditionalequations.

Generator :  BrancKcondition,
Pair(...) - ... - Pair(func_name, exp))
Equation

condition = True = func_name = exp

¢ LT terms.They generatefamily of conditionalequa-
tionsthatdefinegecursvely theloopfunctions— one
loop function for eachmodified variablein the loop
body Two equationsareneededpnefor therecursve
call — with the variablesstatemodifiedaccordingto
theloop body— andonefor theexit casewhich gives
theresultof theloop function,thatis the currentvalue
of the considerednodifiedvariable.

Generator LT (num, cond,
Pair(vy,e1) - ... - Pairf(vg, epn), {vi,... ,vn})
Equation
cond = True =
LOOF{};LOZ?(UD cea V) =
U LOOFZ};‘OZ(el, cee€n)
Isism | cond = False =
LOOF{};‘OZT(UD ety Un) = Umod,
Here,vmog, , - - - »Umod,, arethe variablesmodifiedin
theloopbodyandw;, ... ,v, areall thevariablesap-
pearingin the C-- function. A variablev is known to
have beenmodifiedwhenits valuediffersfrom EP(v)
which is the valueassignedo it beforegettingin the
loop.

4. Conclusion

In this paperwe have discussed systemto automatically
obtain an equivalentequationafformulation of a C-- pro-
gramfrom sourcecode. The procesdeadingto the equa-
tionsrequireshreesteps.Thecentralpointof thediscussed
methodis the generatiorof anenvironmentby meansof a
rewrite systemwhich implementsthe operationalseman-
tics of the C-- languageThefirst stageconsistsn building
atermsuitablefor rewriting throughthe syntacticanalysis
of the programcode. The last stageconsistsin translating
theernvironmentinto equationsAn implementatiorof this
systemhasbeencarriedoutin Java. A lot of work hasstill
to bedone.Futurework includes:



Adding functionalitiesto the C-- languagen orderto
comecloserto realimperative languagesindeed,de-
spitethe useof assignmenandwhile constructswe
arestill very closeto afunctionalprogrammingstyle.

implementinginterfacestowards proof systems that
is, providing theequationsn thespecificproofsystem
syntax;

experimentingon a larger scale proving properties
from the equationsin proof systems. This in order
to identify a classof propertiesandprogramghatcan
be provensoundusingour system.

An extendedversionof this paperanda softwareim-

plementationof the SOS C-- systemcan be found at the
following addresshttp://www.i3s.unice.ff7 ponsini.
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