GERHARD SCHELLHORNAND WOLFGANG AHRENDT

THE WAM CASESTUDY:
VERIFYING COMPILERCORRECTNES$FORPROLOGWITH
KIV

1. INTRODUCTION

This chapterdescribeghe first half of the formal, machine-supportederifi-
cationof a Prologcompiler with theKIV system.

Our work is basedon the mathematicaknalysisgiven in (Bérger and
Rosenzweig,1995), where an operationalsemanticgan “interpreter”) for
Prologis definedas an AbstractStateMachine (ASM). This interpreteris
thentransformedn 12 systematiaefinementso an ASM which executes
machinecodeof the WarrenAbstractMachine(WAM).

The goal of our casestudywasto formalize ASMs and the proof tech-
niguesgivenin (BorgerandRosenzweigl995),andto give machine-checked
correctnesproofsfor the correctnessf therefinementsSofar we have ver
ified thefirst 6 refinementsandwe will give a detailedaccounton the prob-
lemswe foundin verification.

Our motivationsfor beginning sucha large casestudy — basedon our
currentexperienceve estimatehenecessargffort to developaverifiedcom-
piler to bearounda personyear— arethefollowing

— Mathematicabhnalysidgs anindispensabl@rerequisitdor formal verifi-
cationto beapplicable Neverthelessnathematicahnalysiswill always
omit detailsand have minor errors. Theseerrorsare dueto the large
compleity of correctnesproofs,whichis easilyunderestimatedtfirst
glance.Theerrorsusuallydo notinvalidatethe analysis put would still
resultin erroneousompilers.We wantto demonstrat¢hatthe absence
of errorscanbe guaranteedby formal correctnesproofs,makingthem
asuitablecounterparto mathematicahnalysis.

— We wantto showv that Dynamic Logic (DL) asit is usedin the KIV
systemcansenre asa suitablestartingpoint for the verificationof Ab-
stractStateMachinerefinementsin particulay the proof techniqueof
commutingdiagramsof Proof Maps, usedinformally in (Borger and
Rosenzweigl995),canbeformalizedin DL.
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2 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

— Finally, therequirements systemfor the developmentof correctsoft-
waremustcopewith areonly discoveredin ambitiouscasestudies Solv-
ing theserequirementalwaydeaddo significantsystemmprovements.

This chapteris organizedasfollows: Sect.2 introduceghe formalismof
AbstractStateMachineg ASMs,(Gureich, 1995)).

Sect.3 shortlydescribedhe KIV systemwhich wasusedto do theveri-
fication.DynamicLogic (DL), thelogic usedin KIV to expresspropertieof
imperatve programsis given.

Sect4 definesageneratranslatiorof sequentiaRSMsto algebraicspeci-
ficationsandimperatve programsTheprooftaskof verifying therefinement
betweertwo ASMsis identifiedasa problemof programequivalencen DL.
The deductionproblemis reducedto the developmentof correctcoupling
invariants which areformulascorrespondingo proof mapsin ASMs.

Sect.5 first introduceghe AbstractStateMachine(ASM) which is used
to definean operationakemantic®of Prolog.We assumehe readerto be fa-
miliar with the coreof Prolog:clauseswith ! (cut) andfail (seee.g.(Sterling
and Shapiro,1986)). Then the 6 refinementdowardsthe Warren Abstract
Machine (WAM) we verified so far are given. Eachrefinementintroduces
orthogonatonceptof the WAM. Parallelto therefinementsthe Prologpro-
gramandthe queryare compiledto machineinstructions.On intermediate
levels the input of the ASM are machineinstructionsinterspersedvith un-
compiledProlog syntax. The compilationstepsare not given as a concrete
program but specifiedoy compilerassumptionsThis still leavessomefree-
dom for the implementatiorof a compilet in particularseveral variantsof
thefinal WAM arestill possible Sect.5 closelyfollows (BérgerandRosen-
zweig,1995).It deviatesonly in someminornotationalissuesandwill givea
preciseformalizationof the chain-functionto be usedin oneof the compiler
assumptions.

In Sect.6 we give anovervien over the verification.Problemsspecificto
the verificationof eachrefinemenwill be discussedThe couplinginvariant
for thefirst compilationstep(the4threfinementwill beshovn. Thisformula
is very complex andwe will describehow it wasdevelopedby iteratedproof
attemptswith theKIV system.

Sect.7 givessomerelatedwork andSect.8 concludeswith anoutlookon
the continuingwork on this casestudy

2. ABSTRACT STATE MACHINES

A (Gurevich) AbstractStateMachine(ASM, alsoknown as‘Evolving Alge-
bra’) basicallyconsistsof a numberof ruleswhich areappliedto transform
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THE WAM CASESTUDY 3

aninitial stateto afinal one.Thepossiblestatesof anASM aredefinedto be
theclassof algebraver afixedfirst-ordersignatureSIG.

A ruleis givenby its applicabilityteste (agroundboolearexpressiorover
SlIG)anda setof functionupdatesA functionupdates of theform

f(te,... tn) ==t,

wheref is afunctionsymbolfrom SIG, t1,...,t, andt aregroundterms.A
ruleis applicablen analgebraZ, if theapplicabilitytestholds(4 [ €). Fir-
ing aruleexecutesall functionupdatesn parallelresultingin anew algebrga
“successostate”).Executionof afunctionupdatdike the oneabore changes
the semanticof f at (ts,...,tn) to bet. Thecasen = 0 is admitted,andwe
will talk of updatinga “0-ary function” f then,sinceto call f a “constant”
would berathermisleading.The updatef a rule arealwaysassumedo be
consistenti.e. notwo updatef arule changehe samefunctionatthesame
agument.

Repeatedxecutionof rulesresultsin tracesof ‘evolving’ algebraq 4y,
A, ...), whereeach 4, is the resultof firing an applicablerule in 4.
Computationsare definedto be tracesstartingin an algebrataken from
somepredefinedsetof initial algebrasA computatioris eitherinfinite (non-
terminatingcomputation)r terminatesn a statein which no furtherrule is
applicable Thesemantic®f anASM is definedto bethesetof all computa-
tions.

Thereareseveralextensionf the basicformalismandthesemantice.g.
for parallelexecutionof rules(see(Gurevich, 1995)).For our casestudywe
will only needsortupdatesor mary-sortedsignatures,

extendsby c

This sortupdateextendsthe domainof sorts with a new elementwhich
is assignedo theO-aryfunctionc. Sortupdatesanbeusedjustlike function
updatesn rules(in anunsortedsetting,wheresortsareboolearvaluedfunc-
tions,a sortupdatecanbe viewedasa functionupdate seeagain(Gurevich,
1995)).

In our application,the definition of a Prologinterpreteran initial alge-
brawill containa Prologprogramanda query as the value of two prede-
fined constantsExecutionof therulesof thefirst ASM will build up Prolog
searchreesasthey canbefoundin mary Prologtextbooks(e.g.(Sterlingand
Shapiro,1986)).If computationterminatesthe answersubstitution(which
may befailure) canbereadoff asthevalueof a 0-aryfunction.

SinceProloginterpretersare deterministic at mostonerule of the ASM
shouldbe applicablein every state,sotherewill be exactly onecomputation
of the ASM for every initial state.
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3. KIV

TheKIV system((Reif, 1995),(Reif et al., 1995),(Reif and Stenzel 1995),
(Reif etal., 1997))is an advancedtool for engineerinchigh assuranceys-
tems.It supportsthe entiredesignprocessrom formal, algebraicspecifica-
tionsto executableverified code.KIV relieson first-orderalgebraicspecifi-
cationsto describehierarchicallystructuredsystemsDetails on syntaxand
semanticsregivenin Chapten.3.13.

Specificatiorcomponentganbeimplementedisingmoduleswhich con-
tain imperatve programs.The programscontainthe usualconstructfound
in imperatve languagesassignment := t (alsoparallelassignments := t),
conditional compound|ocalvariableswhile-loopsandrecursie procedures
with bothvalue-andreferenceparametersilthoughthe programsarewrit-
tenin a PASCAL-like notation,they are abstract programs.The operations
usedin themarethosegivenin an algebraicspecificationnot the concrete
onesavailablein PASCAL.

To reasonaboutabstractprogramsKIV usesDynamicLogic (DL). DL
is an extensionof first-orderlogic by formulas (a) ¢ (read“diamonda ¢”),
wherea is animperatve programand¢ is againaDL-formula. Theinformal
meaningof this formula: “a terminatesand ¢ holds afterwards”shouldbe
sufficient for the purposeof this chapter A formal definition of DL canbe
foundin (Harel,1984),(Goldblatt,1982).

DL canbeusedto expresdotal correctnessf aprograma with precondi-
tion ¢ andpostconditionp as¢ — (o) Y. Partial correctnesss expressedy
¢ — - (a) - Y. Programinclusion (and equivalence)with respecto some
programvariablesx canbe formalizedas (a) X = Xo — (B)X = Xg. This will
beimportantfor ourcasestudy

To deducepropertiesof specificationsand to verify programmodules,
KIV offers an adwvancedinteractive theoremprover. Details on this prover
canagainbefoundin Chapter.3.13.Sincefrequentlythe problemsfoundin
the developmentof correctsoftwarearenot to verify proof obligationsaffir-
matively but ratherto interpretfailed proof attemptsKIV offersa numberof
proof engineeringfacilities to supportthe iterative procesof (failed) proof
attemptserrordetectiongrrorcorrectionandre-proof,see(Reif andStenzel,
1995).

4. FROM ABSTRACT STATE MACHINES TO DYNAMIC LOGIC

In this sectionwe will give a translationof sequentialAbstract StateMa-
chinesto AlgebraicSpecificationgndDynamicLogic. Thetranslationis es-
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THE WAM CASESTUDY 5

sentiallyoneonone,becaus&othASM andDL featureimperatve programs.
Thereforeno encodingof programgasfunctionsor relationsover a state)is

required.This makesDL agoodstartingpointfor verifying propertiesof se-
qguentialASMs. The translationis donein threesteps.First, we will give a

translationof the abstractdatausedinto an algebraicspecificationThe sec-
ondsteptranslateshe setof rulesof anASM into animperative program.n

thethird stepwe will identify equivalenceof two ASMs asprogramequia-

lencein DL, andgive a proof techniquecorrespondindo the useof “Proof

Maps”. Thethreestepsaredescribedn thefollowing threesubsections.

4.1. Translationof Specifications

To translateheabstractatatypesof an AbstractStateMachineinto analge-
braicspecificationyefirst have to separaté¢he staticandthe dynamicpartof
thesignatureThe dynamicpartcontainghosefunctionsandsorts,for which
thesetof rulescontainsupdatesTheother, staticparttypically containsdata
typeslike lists, numbersandsuitableoperation®n them.Thesecanbe spec-
ified algebraically

Thecentralideafor translatinghe dynamicpartis to encodeghe domains
of dynamicsortsand the semanticsof dynamicfunctionsas the valuesof
(ordinaryfirst-order)variables Updateghenaretranslatedo assignmentin
DL.

Sincethe domainsof dynamicsortsin an ASM usuallyarefinite setsof
elementgin our casefinite setsof nodes)a (standardppecificatiorof finite
setsis used A variables storeghe currentdomain,anda sortupdate

extendswith c
correspondso thetwo assignments
c:=new(s);s:=suU{c}

in DL, wherefor functionnew : set— nodetheaxiom:— new(s) € sis given.
O-aryfunctionsaresimply translatedo ordinaryfirst-ordervariables For

otherdynamicfunctions the casewith n > 1 agumentsanbereducedo the
casewith oneargumentby addingan appropriatauple sort. For unaryfunc-

tionswe essentiallyhave to encodethe (second-orderlatatypeof afunction
into a first-orderdatatypesothata functioncanbecomethe valueof a vari-

able.This canbe achiezedwith the datatype shownn in Fig. 1, which defines
functionsfrom domaindomto codomaincodom
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6 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

genericspecification
parameter sorts dom,codom;

target sortsdynfun;
functions cf : codom — dynfun;
LN : dynfun x dom — codom;

f.+(./.):dynfunx domx codom— dynfun;
variablesf : dynfun;x, y : dom;z: codom;
axiomscf(z) *~ x = z,
(f+(x/2))~x=2,
X£y—={Ff+x/z)ry=fry
end genericspecification

Fig. 1: Algebraicspecificatiorof dynamicfunctions

The datatype containsa constanfunction cf(z) for every codomainele-
mentz. Applicationof this functionto ary domainelementx (with anapply-
operation,for corveniencewritten as an infix-circumflex) just gives z, as
statedby thefirst axiom.With a suitable“*dummy” elementz, constanfunc-
tionsareusedasinitial values.

A functionupdatef(x) := t in theASM-formalismbecomes&nassignment
f:= f+ (x/t) tovariablef in DL. It setsthe new valueof f to the resultof
mixfix-operationf + (x/t), whichis definedby thelasttwo axiomsto bethe
appropriatelynodifiedfunction.

Finally notethatwe did notaddanextensionalityaxiom

f=geVx.f*x=g"X

to thespecificationin contrasto theusualmethodologyusedn KIV to spec-
ify non-freedatatypes.Suchan axiom would have allowed us to deduce
(higherorder)equalitiesbetweenfunctionslike f = f + (x / f ~ x), but such
equationglid notshow upin verification.
Thespecificatiorcanbeviewedasanabstractersionof a storestructure.
It couldbeimplementedt.g.by associatiotists. In our casestudythedomain
will be pointers(addressedpcations),andthe final implementatiornof the
dynamicfunctionsin the WAM will bea partof computermemory

4.2. Translationof Programs

Giventhe translationof the staticanddynamicpartof the ASM, it remains
to translatethe setof rulesto animperatve program.For simplicity of the
following presentationwe will assumehatthetest,whetherary ASM rule
is applicablejs stop= run (this canalwaysbe achiesed by requiringstopto
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THE WAM CASESTUDY 7

beinitialized with run, andby addinga suitablefinal rule, which setsstopto
halt, if the conjunctionof all otherrule testsis false). Thentheresultof the
translations the proceduréASMshawn in Fig. 2.

ASM(in; varout) BODY (varx)

begin begin

var x :=tin if {testof rule;} then {updatesof rule;} else
while stop=run "
do BODY(x) if {testof rule,} then {updatesof rule,}

end end

Fig. 2. ASM asimperatize program

In our casestudy theinputsin of thefirst ASM will bethePrologprogram
andthe query the outputvaluewill bethe answersubstitution Thevariable
declarationx = t initialize the variablesx the interpretercomputeson with
suitablevaluest. They correspondo the definitionof theinitial algebran the
ASM. Applicationof rulesis donein awhile loop. Thebody hasbeenputin
a separat@rocedureBODY to have a suitableabbreviation for the formulas
below. BODY is calledwith referenceparameterg, which areusedasinput
andoutput.It consistf acaseanalysiswhich selectsanapplicablerule and
executedts updates.

4.3. FromProof Mapsto Couplinglnvariants

Correctnessand completenes®f the refinementof one ASM to another
(ASM’) is formalizedin DL astheassertiorof thefollowing programequiv-
alencebetweerthetwo correspondingrocedureA\SMandASM'.

CompAssum(irin’) 1
— ((ASM(in;out)) out=val <+ (ASM’(in’ ;out’)) out’'=val) (1)

This formula stateghatif thetwo interpretersaregiveninputsrelatedby
the compilerassumptiorCompAssumthenthe first interpreterASM termi-
natesjf andonly if the secondASM’ terminateswith the sameanswersub-
stitution. Variableval is usedto storethe commonresultof bothinterpreters
(this variableis not modifiedby ASMandASM)).

The compilerassumptionelateshetwo inputsof the interpreterFor op-
timizationstepstherelationis justidentity (in = in’), for compilationsteps,
theassumptiomivessuficientcriteriafor the correctcompilationof the Pro-
log program.Thenotionsof CorrectnesandCompletenesisom (Bérgerand
Rosenzweig1995)directly correspondo the implication from right to left
andfrom left to right.
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8 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

Proofmaps¥ aredefinedin (BorgerandRosenzweigl995)to mapstatic
algebrasof a ‘concrete’ ASM to algebrasof an ‘abstract’ ASM. They are
usedto sketchcorrectnesproofsfor the equivalenceof two ASMs. Thebasic
algumentis asfollows: thethreeproof obligations

PO1:Theinitial stateqalgebraspf bothASMsarerelatedvia F
PO2:Fig. 3 commutedor every correspondingair of rulesR andR’ of
thetwo interpretergwith 45 and By beingtheresultsof rule application
to 4 andB)

PO3: Two final stateswhich are relatedvia ¥ storethe sameanswer
substituton

imply (by inductionon the numberof rule applicationsthatboth ASMs are
equivalent.

Aa R = Aoy XLXO
F ] 7 ’ INV L N |
R, X R > X’o

Fig. 3. Fig. 4.

This informal agumentcanbe formalizedin DL to prove (1)asfollows:
the (dynamicpartsof the) algebrasnvolvedin a computatiorhave beenre-
placedby thevaluesof the vectorof programvariablesIf we namethe pro-
gramvariablesASMandASM’ computeon, differently sayx andx’, thenthe
directtranslationof a proof mapis a function,which mapsa tuple of values
for X' to atuple of valuesfor x. Sincewe found no needfor the connection
betweenx andx’ to be a function, we allow it to be an arbitraryrelation,
whichwe describeby a (DL-)formulalNV(x,X), with freevariablesx andx'.
We call thisformulaa couplinginvariant.

Inductionoverthenumberof rule applicationds replacedyy inductionon
the numberof iterationsof the while loop (for detailsof the formalization,
see(SchellhorrandAhrendt,1997)),andit canbe proved,thatthefollowing
threegoalsaresuficientto prove goal(1).

CompAssumf(i,in’) — INV(t,t) 2
INV(x,X") — stop=stop’ A out=out’ 3)

INV(x,X') A stop’=run A stop=run ”
— (BODY'(x)) (BODY(x)) INV(x,X) (4)
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THE WAM CASESTUDY 9

Thefirst goal stateghatthe couplinginvariantholdsbeforeexecutionof the
two while loops,correspondingo PO1.The secondgoal saysthatthe cou-
pling invariantimplies that both loops stop at the sametime with the same
answersubstitution(PO2). Thesetwo goalsare usually rathertrivial. The
compleity of verificationis buriedin finding aninvariantiINV suchthatthe
last goal (4)is provable. This last goal correspondso PO3 and formalizes
commutatvity of Fig. 4. The proof of (4) splitsinto onecasefor eachcorre-
spondingpair of rules.

5. THE WAM ANALYSIS OF BORGER AND ROSENZWEIG

To makethischaptelasself-containeéspossiblethefollowing sectionintro-
ducessomeof the AbstractStateMachinesof our casestudy We will closely
follow [Sectionsl, 2] from (BérgerandRosenzweigl995)anddeviate only
in somenotations.Thiswill setup theverificationtaskandenableusto dis-
cusstheproblemswe encountereéh solvingit (seeSect.6). We will usethe
abbreviationi/j to meantherefinemenfrom ASMi to ASM,;.

5.1. ThekFirst Interpreter: Seach Trees

The two mostimportantdatastructuresneededo represent Prolog com-
putationstatearethe sequencef Prologliteralsstill to be executedandthe
currentsubstitution. This stateis modifiedby

1. unifying thefirst literal of the sequencegalledact (activator), with the
headof aclause

2. replacingact by thebodyof thatclause

3. applyingthe unifying substitutonto theresultingsequencand

4. composinghe unifying substitutiowith the‘old’ substitution

If thisleadsto failure, alternatve clausesave to be choserby backtracking.
Due to this the interpreterhasto keepa recordof the former computation
statesandthe correspondinglausechoicealternatves. This history s rep-
resentedy atreeof nodes connectedrom leavesto theroot by a function
father. Informationon alternatve clauseswhich may betried atanoden, is
storedasa list cands(n)of candidatenodes. Eachnodein this list refersvia
afunctioncll to a clauseline in the Prologprogram.Theinitial candslist is
constructedvith the help of a function procdef which is assumedo return
the programlines containingthe candidateclausedfor a given literal. The
currentcomputatiorstateis carriedby a distinguistednode thecurrnode

To handlethe cut, an extensionof the staterepresentations required.A
cut updateghe father of the currentnodeto the father of that computation
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10 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

statewhoseactcausedheintroductionof theconsidereaut. For thiswe have
to ‘remember'wherea cut hasbeenintroduced An uniform solutionis to at-
tachthefather of the (old) currnodeto eachclausebodybeingintroducedo
theliteral sequenceThis attachmendividesthesequencef literalsinto sub-
sequentsgalledgoals,eachdecoratedy onenode.Theresulting(decorated
goal)sequencéecglsedooksasfollows

decgbeq: [< [@1?791,27~~791,k]]7 Ny > yeeey < [gmlv"'vgm,km]?nm”
g:)'al
con = [< [91,27"'agl,k]:| an1> Yy < [gm,la"'agm,km]vnmﬂ

Thecontinuatiorcont whichis thedecglseqvithoutact, will lateron helpto
describeheconstructiorof anew decglseq

To introducetherulesof the ASM we will now considetthe evaluationof
thequery?- p. onthefollowing Prologprogram.

1 p :- fail. 3 q.
2p:-qg,!. 4 p.

whichis storedasthevalueof aconstantlb (databaseip theinitial algebraof
the ASM. Line numbersareshavn explicitly in the programfor explanatory
purposes.

Thequery?- p. is storedasthe decglsef nodeA in theinitial search
tree depictedin Fig. 6. The two nodes(labeled_L and A) form the initial
domainof a dynamicuniversenode which is extendedby the rules of the
ASM. Treestructureis storedin a functionfather: node— node indicated
bythearraov in Fig. 6, sowe havefather(A)= L (thefatherof L isundefined).
Root node L senesonly asa markerwhento finish searchand doesnot
carryinformation.Theinitial currnodeis A, asindicatedoy thedoublecircle.
Computedsubstitutiors (attachedo the nodeswith the subfunction)arenot
shownin thefigures,sincethey do not matterin theexample.

s

[{[p], )] ({1 0],

e

Fig. 6. Fig. 7. Fig. 8.
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THE WAM CASESTUDY 11

The ASM runis controlledby two programvariableg(i.e. 0-ary dynamic
functions)modeandstop Thevalueof modeswitchesbetweercall andse-
lect, while the valueof stopremainsrun until it finally changego halt. This
stopstheevaluationby falsifying all rule guards.

In call mode whichis theinitial mode thecandidatenodesarecomputed
(for aguardwhichinvolvesact, we assumehatdecglseg# [] , goal # [] ).

call rule selectrule
IF  stop=run IF  stop=run

A is_user_defing(act) A is_user_defing@ct)

A mode= call A mode= select
THEN THEN

LET [clly,...,cll,] =procdef(act,db) IF cands=]

EXTEND node THEN backtrack

BY tmpy,...,tmp, ELSE

WITH father(tmp) := currnode LET clau=

clitmp) := cll; rename(clause(cll(first(cands))),vi)
cands= [tmpy,...,.tmm] LET mgu= unify(act,head(clau))
ENDEXTEND IF mgu=failure
mode:= select THEN cands= rest(cands)
ELSE
where currnode= first(cands)
backtrack = decglseq(first(cands)
IF father= L apply(mgu,fbody(clau) fathel) |cont])
THEN stop:= halt sub(first(cands))= subo mgu
subst=failure cands=rest(cands)
ELSE currnode= father vii=vi+l
mode:= select mode:= call

In thisrule, the computedcandidate$or currnode cands(currnode)areab-
breviatedwith cands andwe will usesimilar abbreiationsfor thefunctions
father, decglsegqndsubin thefollowing rules.

The EXTEND construct,by expandingthe universenode allocatesone
nodefor every clausewhosehead'may unify’ with theliteral act Thislist of
clausdinesis computedy procdef(act,dbandis assumedo containatleast
thoseclauseswhoseheadunify with the activator, and at most thosewith
thesamdeadingpredicatesymbolasact Theresultof therule applicationis
depictedn Fig. 7.

The candslist (of nodeA) is indicatedby a dashedarrow to its first el-
ementandbracketsaroundthe elementsThe clauselines correspondindo
the candidatesare attachedo the new nodesvia the function cll, asshavn
by numbersbelown the nodes.The changeof the modevariableactivatesthe
selectrule. This rule causedacktrackingf thereareno (more)alternatves
to selectOtherwise by repeate@pplicationjt remoresall candidatesvhose
headsdo not unify with act Whenthe first candidatds reachedfor which
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12 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

a mostgeneralunifier mgu exists (variableindex vi is usedto renamethe
implicitly universalquantifiedclausevariablesto new instances)this node
becomesgurrnode A new decglseqgs computedby replacingthe activator
of the old decglseqwith the body of the ‘selectedclause’.As a cutpointthe
fatherof theold currnodeis attachedo this new goal. Themguis appliedto
theresultingdecglsecqandcomposedwith o) with theold substitutionsub

The resultof applyingthe selectrule in our exampleis shavn in Fig. 8.
Now modeis call again but sincetheactivatorfail is notuserdefinedjnstead
of thecall rule thefail rulefires.

fail rule
IF stop=run A act= fail THEN backtrack

It setscurrnodeto A again.NotethatnodeB is notformally deallocatedi.e. it
remaingn thenodeuniverse) Againin selectmode the next candidatanode
of A, nodeC, is selectedandits decglseds computedas|([q,!],L),{[],L)].
Thenthecall rule allocateonenewn candidatenodeE for theonly appropriate
clauseq. After selectionof nodeE the ASM arrives at the stateshown in
Fig.9.

[{[a,"], 1), (0, L)]

[(0.A) (01, 1) {0, 1)] 0 (01001 G—

Fig. 9. Fig. 10.

With anemptygoal the goal successule fires, afterwhich the activatoris a
cut.

goal successule cutrule
IF stop=runA decglseg# [] A goal=] IF stop=runA act=!
THEN decglseq= rest(decglseq) THEN father:= cutpt

decglseq= cont

The cut succeedsis removed) andthe father functionis updatedo the cut-
point decoratinghe goalwherethe cut appeargseeFig. 10). This actionis
theonly purposefor decoratinggoalswith nodes.

Finally, with anotheitwo applicationf thegoalsuccessule,decglseq(E)
becomegmpty Sincethis meanghattheinitial queryis completelysolved,
the ASM setstheanswelsubstitution substto sub(currnodejhere,of course,
theemptysubstituton).
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THE WAM CASESTUDY 13

final successule
IF stop=run A decglseq(currnodey [| THEN stop:= halt
subst=sub

Sincestopis nolongerrun, no morerule is applicableandthe ASM halts.

5.2. TheSecondnterpreter: Stadks of Choicepoints

Herewe summarizehefirst refinemenbf the ASM describedabore towards
the WarrenAbstractMachine (WAM), following (Borger and Rosenzweig,
1995),[Sectionl.2]. Therearethreemain differencesetweenthe first and
thesecondASM.

First, function father is renamedo b. This changeindicatesthatb now
pointsbackwardsn a chainof nodeswhichform a stad.

Secondthenev ASM (ASM2) providestheregistersclirey, decglseogg,
breg andsubieg correspondingdo cll, decglsegfatherandsubappliedto the
currnode Therebyit avoidsallocationof currnode

Third, insteadof providing a list of candidatenodes, ASM2 attacheshe
first candidatedirectly via thecll-function. Thisis possiblef we assumehat
clausesvhoseheadstartswith the samepredicateare storedin successie
clausdinesfollowedby aspeciaimarkemil. The(“compiled”) representation
of our examplePrologprogramfor ASM2 thushasto look like

1 p :- fail. 3 p. 5 4g.
2p:-q!. 4 nil 6 nil

A new procdef functionis neededsuchthatprocdef(act,db)now yieldsthe
first clausdine whoseheadmay unify with the activatoract. For act= p we
getprocdef(p,db) = 1, thefirst line of a clausewith headp. The connection
to the old procdef functionis statedin the following compilerassumption
aboutfunctioncompile whichis usedasanaxiomin correctnesgproofs.Let
db’ = compile(db)n

mapcl(procdef(act,db),db) (5)
= mapcl(clis(procdetact,db’),db’),db’)

Hereclls collectssuccessie line numbersuntil a nil is foundandmapcl
selectghe clauseat eachline number Insteadof allocatinga candidatdist,
ASM2 simply assignsprocdef(act,db) to clireg. Incrementingclireg then
correspondso removing a candidatefrom cands If the clauseat clireg be-
comesnil, no more candidatesare available. Allocation of a new nodeis
now doneonly in selectmode,whena new candidateclauseis visited. The
changedulesare

paper.tex; 23/02/1998; 16:05; p.13



14 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

call rule selectrule
IF  stop=run IF  stop=run
A is_user_defind(act) A is_user_defing@ct)
A mode= call A mode= select
THEN cllreg := procdef(act,db’) THEN
mode:= select IF clause(clirg) = nil
THEN backtrack
ELSE

LET clau=rename(clause(cllgg,vi)
LET mgu= unify(act,head(clau))
IF mgu= failure

THEN cllreg := cllreg +1

ELSE

EXTEND nodeBY tmp

WITH breg :=tmp

where b(tmp):= breg
backtrack = decglseq(tmp)= decglseqre
IF breg = bottom sub(tmp).= subrey
THEN stop:= halt cli(tmp) :=cllreg +1
subst= failure ENDEXTEND
ELSEdecqglseqrg:=decglseq(brg) decglseqrg:=
subrey := sub(brg) apply(mgu[ (body(clau),ctrg) |cont])
breg :=b(breg) subrey := subrey o mgu
clireg := cll(breg) vi:=vi +1
mode:= select mode:= call

In the other rules of the previous ASM, only function father is re-
namecdto b, andthe abbreiationsdecglseq(currnodefather(currnodeand
sub(currnodeprereplacediy decglseogg, breg andsubieg.

In our example,ASM2 goesthroughthe statesshovn in Fig. 11 and12,
which correspondo thosefrom Fig. 8 and9 for the first ASM. Dashedar
rows now point to the cll of a node.Sincethe formervaluesattachedo the
currnodearenow storedin registers,allocationof nodescorrespondingo B
andD is avoided.Onthe otherhand,whennodeA is visited by backtracking
(by executingthefail instructionin the stateshovn in Fig. 6), its choicepoint
is movedto registers,andthe following selectinstructionallocateghe new,
similarchoicepointA’.

In ASM2, thenodeswhich maybevisitedin thefuture arealwaysreach-
ablefrom breg via theb function. They form a stack,but notethattheremay
still beabandonediodesin the nodeuniverse whicharenolongerreachable
(hereA). Thiscause®neof theproblemsn theverificationof therefinement
of ASM1 to ASM2. Thetuple of valuesdecglseq(n)sub(n) cli(n) andb(n)
attachedo a stacknoden is usuallycalleda choicepoint
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-3 [{PLL)] (A) -3

[Pl L)] (A) -2

[{[p], 1)]

[{[a.1, 1) <0, 1)1 -6
decglseqrg = decglseqrg = decglseqrg =
[{fail], 1), {[, 1] (O.A) 0L L) 0. 01 KA (T L) (0, L)
breg=A breg=c breg= A
Fig. 11. Fig. 12. Fig. 13.

5.3. TheThird andFourth Interpreter: Optimizatians

Althoughthesecondnterpreteallocatedewer nodeghanthefirst, thereare
two possibilitiesfor improvementswhich areexploitedin ASMs 3 and4.

The first oneis againvisible in our example.Whenthe first clausefor
activator p is tried, selectrule allocatesa new nodeA, and setthe values
decglseq(A)sub(A)andcll(A) of thenew choicepoint.

Sincethe first alternatve doesnot leadto a solution,the interpreterex-
ecutesa badtrack instruction,which removes the node A from the stack.
Therebythewhole choicepointbecomesnaccessibleThe subsequergelect
rule for the secondalternatie then pushesthe nenv choicepointA’ on the
stackwhichis exactlythesameastheonefor thefirst alternatve, exceptthat
cll(A’) hasbeenincremented.

The optimizationdonein ASM3 avoids deallocationandreallocationof
choicepointsinsteadit reuseghe existing choicepoint.The optimizationis
achiezedbyreplacingheremaoval of achoicepoinin theelse-branclof back-
trackingwith theassignmeniode:= retry, which activatesanew rule, retry
rule. Thisrule combinegheeffectsof theelse-branclof badtrad andselect
It is executednsteadof selectrulefor every alternative exceptthefirst. Its ac-
tion is to remaove achoicepoint(i.e. to setbreg to b(breg)) only on execution
of the lastalternatie. Otherwiseit reuseghe old choicepointasrequiredby
incrementingcli(breg).

Theold selectrule, which allocatesa new choicepoints now only called
for thefirst alternatve clausejs renamedo try rule. To avoid codeduplica-
tion the commonpartsof try andretry rule aremaovedto anew enterrule.

Theseconglacefor improvements addresseth interprete#. It is theal-
locationof choicepointsvith emptylists of alternatves.Suchauselesghoi-
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16 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

cepointis createde.g.for querieswith just onealternatve in the try rule of
thethird interpreter(resp.in selectrule of the second) An examplenodeis
C in Fig. 7. Sucha choicepointis uselesssinceit will immediatelybe dis-
cardedby backtrackingwhenvisited. Its creationcan be avoidedaltogether
by suitablelook aheadguardsin thecall- andretryrule of ASM4.

With both optimizationsthe setof rulesfor ASM4 looksasfollows

call rule
IF  stop=runA mode= call
A is_user_defing(act)
THEN
IF clause(procdéfact,db’)) = nil
THEN backtrack
ELSE
clireg := procdef(act,db’)
ctreg := breg
/* look aheacguard*/
IF clause(procdéfact,db’)+1,db")
# nil
THEN mode:=try
ELSEmode:=enter

enterrule
IF stop=run A mode= Enter
THEN
LET clau=rename(clause(cligg,vi)
LET mgu= unify(act,hd(clau))
IF mgu= nil
THEN backtrack
ELSE
decglseqrg:=
apply(mgu,
[<bdy(clau),ctrg> |cont])
subre := subregy o mgu
vii=vi+l
mode:= Call

goal successule

IF stop=runA goal=1]

THEN decglseqrg =
rest(decglseq®

final successule
IF  stop=runA decglseqrg=[]
THEN stop:= halt

subst= subrey

try rule
IF stop=run A mode= try
THEN
mode:= enter
EXTEND nodeBY tmp
WITH breg :=tmp
b(tmp):= breg
decglseq(tmp)= decglseqrg
sub(tmp).= subrey
cli(tmp) :=cllreg +1
ENDEXTEND

retry rule
IF stop=run A mode= retry
THEN
decglseqrg := decglseq(brg)
subrey := sub(bre)
clireg := cli(breg)
ctreg := b(breg)
mode:= Enter
/* look aheacguard*/
IF clause(cli(brg) +1) # nil
THEN cll(breg) := cll(breg) +1
ELSEbreg := b(breg)

cutrule

IF stop=runA act=!

THEN father:= cutpt
decglseqrg:= cont

fail rule
IF stop=run A act= fall
THEN backtrack

where

backtrack =

IFbreg= L

THEN stop:= halt
subst=failure

ELSEmode:=retry

paper.tex; 23/02/1998; 16:05; p.16



THE WAM CASESTUDY 17

An additionalregisterctreg is now setin call andretry rule, to have the
rightcutptavailablein enterrule. By thetwo optimizationsthestateof ASM4
correspondingo theoneof ASM2 from Fig. 12is now givenby Fig. 13.

5.4. ThekFifth Interpreter: Compilationof Badtracking Structue

Thefirst threerefinementstepscanbe viewed asan optimizationof the first
ASM, which do notchangeherepresentatioof the PrologprogramIn con-
trast,the refinemenfrom ASM4 to ASM5 compilesthe predicatestructure
of Prolog.For the first time instructionsare introduced which will alsobe
presenin thefinal WAM.

Thebasicideabehindthis refinemenstepis to move controlof rule selec-
tion from the modevariableto the compiledcode.In additionto the clauses,
ASMS5 codecontainsinstructions,which control the stackmanipulationas
themodedid before.

Theformerregisterfor thecurrentclausdine, clireg, is thereforeenamed
to a programcounterpcreg. Consequentlythe continuationaddressegor
backtrackingattachedo eachchoicepoint by cll(n), arenow representetly
pc(n). Selectionof a clauseat a clausdine (functionclausg becomeselec-
tion of the code(clauseor instruction)at anaddresgfunctioncodg. Checks
for the value of modearereplacedby checkson the type of the codestored
atpcreg. As an example,the following clausedor a predicatep in a Prolog
program

p(X) :- bodyl. p(g(X)) :- body3.
p(f(X)) :- body2. p(g(X)) :- body4.

aretranslatedo the codefragment(labelsL1 — L4 aresymbolicaddresses)

Ll: try me_else(L2)

p(X) :- bodyl.
L2: retry me_else(L3)

p(f(X)) :- body2.
L3: retry me_else(L4)

p(g(X)) :- body3.
L4: trust_me

p(g(X)) :- body4d.

Onaquery?- p(x), call rule of ASM5 (now calledwhenpcreg is ata
specialstart addressyetspcreg to addresd. 1.
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18 GERHARD SCHELLHORNAND WOLFGANG AHRENDT

call rule

IF  stop=run where

A is_user_defing@ct) backtrack =

A pcreg = start IFbreg= L

THEN THEN stop:= halt;
ctreg ;= breg subst=failure
IF code(procdef(act,dly)) = nil ELSEpcray := pc(brey)
THEN backtrack

ELSEpcrey := procdeg(act,dl)

Executionof thetry me else(L2) instructionataddress.1l hasasimilar
effect asthe try rule of ASM4 had.The continuationaddresdor alternatve
clausesstoredin pc(n) now is 1.2. By incrementingpcreg the next clause
considereds theoneat1.1 +1. Similarly, executionof a clauseat.2 +1 or
L4 +1 executesarule with thesameeffectasenterrule of ASM4.

try_me rule enter rule
IF  stop=run IF  stop=run
A code(pcrg,dhs) A is_clause(code(pcgedhy))
=try_me_else(N) THEN
THEN LET clau= rename(code(pcgd,vi)
EXTEND nodeBY tmp LET mgu= unify(act,hd(clau))
WITH breg :=tmp IF mgu= nil
b(tmp):=breg THEN backtrack
decglseq(tmp)= ELSE
decglseqrg decglseqrg:=
sub(tmp):= subrey apply(mgu,kbdy(clau),ctrg> |cont])
pc(tmp):=N subrey := subregy o mgu
ENDEXTEND vi=vi+1
pcreg .= pcreg +1 pcreg ;= start

Whenpcreg = L3 or pcreg = L5 rulesareexecutedthat correspondo the
then-andtheelse-branctof retry rule of ASM4.

retry_merule

trust_me rule
IF  stop=run

_ IF  stop=run
TH/I\Eltilode(pcrg,dtg) =retry_me_else(N) A code(pere,db) = trust_me
THEN

decglseqrg:= decglseq(brg)
subre := sub(bre)

ctreg := b(breg)

pc(breg) :=N

pcreg == pcreg +1

decglseqrg := decglseq(brg)
subre := sub(bre)

breg := b(breg)

pcreg ;= pereg +1

In generalthelist of clausedor onepredicategivenin the original pro-
gramis compiledto a codefragmentstoredin the memoryof ASM5. The
fragmentstartswith a try_me_else instructionand consistof the list of
clausesseparatedhy retry_me_else instructions,exceptthe last, which is
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separatethy a trust_me. Sucha codefragmentis calleda linear chain. The
requirementthatall codefragmentanustbe linearchainsis reflectedin the
compilerassumptiorior 4/5. Formally we have

mapcl(clis(procdetact,db’),db’),db’) 6
- chain(procdefact,dis).dbx) (6)

whereprocdef anddb’ aretheprocdetfunctionandthe Prologprogranmfrom
ASMs 2, 3 and4. procdet is the new procdeffunctionfor ASM5 anddbs
is thecompiledPrologprogram.The partialfunction chain terminatesif the
codefragmentstoredat procde§(act,dly) is a linear chain,anddeliversthe
clausescontainedn it. A look at (Bérger and Rosenzweig1995) showns a
problemwith theformal definition. It doesnotguarante¢hattry me_else,
retry_me_else, trust_me instructionsn the compiledPrologprogramare
only usedin that order asis statedin the text. A correctformalization of
linearchainsasarecursve programis (consaddsanelemento thefront of a
list, instr= code(Ptidbs) andnext_instr= code(Ptr+1,dks))

chain(Ptrdbs) =
if instr=try_me_else(Njhenchain-try-me(Ptdbs)
if is_clause(instihen[instr] else
if instr=nil then[] elseundef
chain-try-me(Ptdbs) =
if instr=try_me_else(N) is_clause(ne_instr)
thencons(n&t_instr,chain-retry-me(N,d)) elseundef
chain-retry-me(Ptdbs) =
if instr=retry_me_else(N) is_clause(ne_instr)
thencons(n&t_instr,chain-retry-me(N,d)) else
if instr=trust_meA is_clause(rnd_instr)
then[next_instr] elseundef

Non-terminatiorof this programcanbe causeckitherby a cyclic pointer
structureor by anattemptto computeundef. Thereforeterminationof chain
is requiredin compilerassumptior{6) above.

5.5. TheSixthand Seventhinterpreter: Switding

Until ASM5, theproblemhow to selectclausesvhosehead' may unify’ with
anactivatorhasbeendelayedby usinganabstrac{underspecifiedprocdef
function. The problemis addressedh the two refinementstepsfrom inter-
preter5to 7. ASM6 groupsclausedogethelby introducingnestedchains(at

1 Thedefinitionis givenfor nestedchains(our ASM6), while we consideronly
linearchainsin ASM5, but the problemis thesame.
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positions,wherelinear chainscontainclausesa nestedchain may contain
anotherchain),and ASM7 introducesswitchinginstructions.Theserestrict
the possibleimplementation®f the procdeffunction. E.g. for an activator
act=p(X,g(Y)), switchinginstructionsmay selectthe clauseswith leading
predicatesymbolp, whosesecondargumentis eitheravariableor startswith
functionsymbolg. A detaileddescriptionof switchinginstructionds beyond
the scopeof this chapter we refer the readerto (Bérger and Rosenzweig,
1995)and(Ait-Kaci, 1991).

6. VERIFICATION

This sectiondescribesour work on the verification of the refinementsteps
from ASM1 to ASM7, whichwe have provencorrectsofar.

Thefollowing subsectionsvill discusghe problemswe foundin thever-
ification of eachof theindividual refinementsBefore, let us give someim-
pressiornon the verificationprocessn general As wasdiscussedn Sect.4,
the critical point for a successfuformal proof alwaysis to find a coupling
invariantiINV(x,x’), suchthatthe diagramof Fig. 4 from Sect.4.3commutes
for every correspondingpair of rules.

Verificationof therefinementsevealedthatit is impossibleto statelNV
in afirst proof attemptor to find all propertiedistedin INV in a pencil-and-
papermroof. Dependingon thecompleity of the refinemenstep,betweert
and 17 iterationswereneededo find aninvariant,for which the proof goes
through.

Our generalexperiencewasthat every time onefinds INV to be insuffi-
cientandthereforeaddsnew propertiesthis againcausesunprovablegoals.
To dischage thesenew goalsINV hasto beimproved again,leadingto an
evolutionary processof improving INV by verificationattempts.The good
supportKlV offersfor this procesqcorrectnessnanagementhe possibil-
ities to inspectand modify proof treesand the reuseof proofs)were very
importantfor minimizing the overheadf theiterations.

Sect.6.1 givessomeimpressionof the verification problemsof the first
refinementVerificationof the optimizations2/3 and3/4 is shortlydiscussed
in Sect.6.2.

Sect.6.3is concernedvith theverificationof thefirst propercompilation
step4/5. We will try to give animpressionof the evolutionarydevelopment
of thecouplinginvariantfor this refinementpy statingtheinitial couplingin-
variant,andby indicating,whatchangesverenecessarguringiteratedproof
attemptsWe will alsoshav, how an errorwasuncovered,which is present
in therulesof all ASMs from ASM3 on. Theerrorwasfoundduringthever
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ification of 4/5, since4/5 wasdonebefore2/3 and 3/4. The reasorwasthat
we wantedto find out if the differenttype of refinement(compilation,not
optimization)would posedifferentnew problems.

The equivalenceproofsfor the refinementdrom ASM5 to ASM7 were
the mostcomple verification problemswe have tackledso far in this case
study Verificationuncoveredsomeproblemsin the compilerassumptionss
well asamissingbacktracking-clausia the switchinginstructions For more
detailson this verificationtheinterestedeaderis referredto (Schellhorrand
Ahrendt,1997).

Thefinal subsectiorb.4 givessomestatistics.

6.1. FromTreesto Staks: \erifying the First Refinement

Verificationof the first refinementstartedfrom the 9 propertiesasgivenin
(BorgerandRosenzweigl995),anda proof sketchgivenin (Schmitt,1994),
which added3 moreandmadesomeminor correctionsThesepropertiegust
formalizeour description(seeb5.2) of the changeghatweremadein thefirst
refinementSinceASM1 and ASM2 allocatedifferentsetsof nodesa map-
ping F from nodesof ASM2 to correspondingiodesof ASM1 is used(which
e.g.mapsbreg to currnode, just asin (BorgerandRosenzweigl1995).

As already(Schmitt,1994) pointedout, F cannotbe given statically but
hasto be definedby inductionon the numberof rule applicationsTherefore
we usean existentially quantifieddynamicfunction for this purpose(note,
that without our representationf dynamicfunctionsasdatastructuresthe
guantificatiorwould not befirst-order).

During verificationwe hadto learnthattheinitially givenpropertiesvere
far from beingsuficient for a formal proof. Another20 propertieshadto be
addedn 12 iteratedproof attemptsSomemajoroneswerethe characteriza-
tion of the stack nodesof ASM2 (thosenodeswhich arereachabldérom breg
via the b-function), the injectivity of the mappingF for thosestacknodes,
andaprecisecharacterizatioof thesearchreestructurgall candidatenodes
mustbe differentanddisjoint from the stacknodes,all cutpointsstoredin
decoratedjoalsequencemustbe stacknodesetc.).

A detaileddiscussioron how we foundthesenew propertiesduring proof
attemptan two monthsof work is givenin (SchellhorrandAhrendt,1997).

6.2. \erifyingthe Optimizations
Verification of the refinementdrom ASM2 to ASM4 is easier(donein 3

weeks)hantheverificationof 1/2 and4/5 donebefore sincecouplinginvari-
antssufficientfor a correctnesproofaremucheasietto find. Althoughsome
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additionalpropertiedo the onesgivenin (BérgerandRosenzweigl995)are
necessarye.g.thenodesmentionedn themmustbe stacknodes)they pro-
vide a goodstartingpoint.

Themainproblemin theequivalenceproofof 2/3is how to generalizehe
prooftechniqueasdescribedn sect.4.3to caseswherem rule applications
of ASM2 correspondo n rule applicationsof ASM3 (thereare caseswith
m:n = 2:3, 1:2). A generalsolution,which guaranteeshat correctnesand
completenessanbe shown in one proof, will be describedn (Schellhorn,
1998).

In theverificationof therefinementrom 3/4 we (like (BérgerandRosen-
zweig,1995)too) usea couplinginvariant,which relatescomputatiorstates
thathave the samée‘useful” choicepointsvith non-emptyclausdlist.

Unfortunatelywith this couplinginvariantproofobligationPO3from sec-
tion 4.3 (goal (3)), which statesthat both interpreteranustterminateat the
sameime, is not provable. ASM4 may alreadyhave stoppedwith resultfail-
ure, while ASM3 still hasto backtrackirom useleshoicepointsThis situ-
ation of non-simultaneougerminationhasto be considerectarefullyin the
couplinginvariant. An additionalagumentis neededo guaranteahat for
two statesof ASM3 and ASM4 relatedby the couplinginvariant,remaving
uselesghoicepointdy executingrulesof ASM3 will keeptheinvariantand
eventuallyleadto a statewherestop= stop’ holdsagain.A generalized/er
sionof PO3thenbecomeprovablewith this agument.

6.3. \erifying Compilationof Badktradking Structue

At afirstglance therefinement/5 seemgo be easyto verify, sincethemap-
ping betweerrulesis 1:1 (onerule of ASM4 corresponds$o oneof ASM5),
andbothinterpretersllocatethe samesetof nodessono functionF (like in
1/2)is required.

Neverthelessproving the refinementof 4/5 posessomenewn problems,
sincethis refinementis the first, in which a compilerassumptiorplays an
importantrole. To demonstrate¢he complity (we needed iterations),we
will try to give animpressionof the developmentprocessnecessaryo find
a correctcoupling invariant (seealso (Ahrendt, 1995)). Unfortunately we
cannotavoid to confrontthe readerwith a lot of details,which wereuncor-
eredduring the verification.Only the consideratiorof thesedetailsleadsto
the detectionof all hiddenassumptionswhich are necessaryo ultimately
guaranteetheabsencef errorsin therefinementAnd indeed the attempto
verify therefinementevealedanerrorin oneof rulesshovnin Sect.5.4.

Let usstartwith ourfirst attempto definea couplinginvariant.According
tothedescriptiorin Sect5.4,mostof thecorrespondingegistersrom ASM4
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andASM5 shouldbeidentical.This givesthe following propertiequsingthe
corvention,thatvariablesof ASM5 arewrittenwith aprime).

P 6. ctreg = ctrey’
1. vi=vi -
2. stop=stop’ ; EUP PB,SAUb n
3. subrg = subrey’ o nl_ n—d e
4. breg = breg’ . decglseq n=decglseg” n

5. decglseqrg = decglseqre’

Applicationof dynamicfunctionsis written with infix ~, the notationusedin
KIV (seeSect4.1). Thenoden in Propertie¥—9mustbe universallyquanti-
fied over thesetnsof currentlyallocatedhodesgxcepttherootnode |, and
we adoptthis corventionwhene&er a noden is mentionedn the following.
The universalquantificationcausesa first problem.All relevantnodesmust
be guaranteedo bein this set(which is the samefor bothinterpreters)We
additionallyneed

10. breg € ns 13. decglseq n€cpNs
11. ctrege ns 14. b~ nens
12. decglseqrg €cyp NS 15. ns=ns’

wheredg € nsis definedo meartall cutpointscontainedn dg (adecorated
goalsequencearecontainedn ns(asetof nodes)”.
Now it remainsto definethe relationbetweenthe clauselines storedin
clireg andcll » nin ASM4 andthosestoredin pcreg andpc * nin ASM5.
Startingwith cllreg andpcreg, acomparisorof therule guardsshaws, that
the typeof the code,pcreg pointsto in ASM5, correspondso the value of
modein ASM4. Thereforethe definition will be by casedistinctionon the
mode Moreover, the invariantmustguarantedhat the contentof the code(-
sequent) pcreg pointsto, mustalwaysbe equalto the clause(-list),clireg
pointsto.
mode = call: In this casethe contentof cllreg is irrelevant (it will be over-
written by the call rule),andthe valueof pcreg is start.

16. mode= call — pcreg = start

mode= enter. Here,pcreg mustpointto a clausejn particularto thesameas
clireg does.

17. mode= enter— clause(clirg,db’) = code(pcrg,dis)

mode = try : Two propertiesmustbe guaranteedFirst, pcreg mustpoint to
atry_me_elsénstruction,andsecondhe clausesontainedn the following
instructionamustbethe sameasthosefollowing clireg. The secondoroperty
is formalizedby

18. mode=try — mapcl(clis(cllrgy,db’)) = chain-try-me(pcrg,dbs)
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But notethatthefirst propertyalsofollows from 18, sincethe definednessf
chain-try-mempliesthatpcreg pointsto atry_me_elsénstruction.Actually,
the checkfor theinstructionat pcreg to beatry _me_elsénstructionwasin-
troducedustfor thisreasonlt wouldnothave beemecessaryf chain-try-me
wereonly usedasanauxiliary functionfor chainin thecompilerassumption,
sincechaincontainsthe samecheckalready This is a generalresultfor the
definitionof compilerassumptionsDesignauxiliary proceduregor assump-
tions)in suchaway thatthey aresuitableto describantermediateexecution
statesof the ASM.

mode= retry: In thismode,pcreg hasbeensetto pc * breg':
19. mode=retry — pcreg = pc " brey’

This propertyis sufficient to ensurethat pcreg pointsto a retry_me_else
or trust_meinstrucion, provided that we specifythis propertyfor all stack
nodespc” n:

20. mapcl(clis(cll* n,db")) = chain-retry-me(pc¢ n,dbs)

Again,definednessef chain-retry-meguaranteethatpc * n indeedpoints
toaretry_me_els@nstruction.

This completesthe descriptionof the initial invariant. What we have
shavn sofaris theproces®f lookingfor afirst versionof aninvariant,before
startingthefirst proof attemptwith the system We demonstratethat doing
thisis notatrivial taskatall. But, in our experienceof verifying refinements,
eachhourinvestedn agoodstartingpoint cansave daysof verificationtime.

Now we like to describethe processof completingthe invariantby iter-
atedproofattemptswith KIV until it sufficesfor theinductive proof. We give
aroughoverview of this search ratherthendescribingthelogical deduction,
explaininghow hiddenassumptionsveredetectedif the proof neededhem
explicitly) andhow proving thesenew formulasleadsto new gapsansoon.
We takethis proof-historicalpoint of view to emphasizé¢heevolutionaryna-
tureof solvingthe givenproblem.

With the currentinvariantwe tried to prove that the diagramshown in
Fig. 4 (Sect.4.3) commutedor eachcorrespondingpair of rules. The first
casewe tried wasthe onewith the two cut rules (sincethis wasone of the
most problematicproofsin the verification of 1/2). After someminutesof
proving, we arrived at the subgoaljn which property19 hadto be provedto
hold afterrule application.The propertyholdstrivially, sincethe cut rule of
ASM4 is alwayscalledin call mode,anddoesnotchanget. But ourinvariant
wastoo weakto allow a proof of this property Taking into accountthatfail
rule is similar, we added(note againthe corvention, that guardsof rules,

paper.tex; 23/02/1998; 16:05; p.24



THE WAM CASESTUDY 25

which mentionact, implicitly containthe conjunctdecglseqrg # [ A goal

# )
21. decglseqrg=[] v goal=[] v — is_used_defined(acty mode= call

to the couplinginvariant. With the new invariantthe casefor the cut rules
succeedsThecasefor theretry rulesrevealedanotheiproblemcausedy the
formulawe justintroducedIn retryrule decglseogg is loadedwith decglseq
~ breg from the stack.If this decoratedjoal sequencevereempty we would
have mode= retry, violating property21. To resole this problem,we have to
ensurethattheactivatorof every decoratedjoalsequencstoredonthestack
alwaysis userdefined(we abbre&viate thegoalandtheactivatorof decglseq
nwith goal* nandact” n).

22. decglseq n#[] A goal* n# [] A is_user_defined(actn)

A furtherattemptto prove thecaseof retry rulesuncosersanew problem.
We cannotguaranteethat retry rule of ASM4 is executedwith breg # L
(which would load the registerswith the undefinedvaluesat the root node).
Thereforewe strengthemroperty19to

19a. mode=retry — pcreg=pc” brey’ A breg # L

With this invariant,the proof for mostof the casegyoesthrough.One of
thelastruleswe consideredvasthefail rule (assuminghis proof shouldbe
oneof theeasyones...). But a proof attempffinally givesthegoal

— (decglseqre=[] v goal=[] v — is_user_defined(act))

whichis obviously notprovable.Analysisof theproofbranchshaws, thatthis
goalarosefrom trying to prove

decglseqrg=[] v goal=[] vV — is_user_defined(act)
— retry=call

whichis itself aninstanceof property20 afterfail rule. This meansthatour
assumptionthatfail rulewouldbecalledonly in call mode(like cutrule)was
wrong. But if it is wrong, thenthereis somethingwrong not only with our
invariant,but alsowith fail rule!

To seetheproblem ook againatthefail rulefrom ASM4, asit wasshowvn
in Sect.5.3. The olvious intention of the rule is that retry rule shouldbe
executedafterwards.

Now it seemgo be obviousthatthe only rule applicableafter execution
of thefail ruleis indeedretry rule. But our correctnesproofsrevealsthatfail
rule doesnot invalidateits own guard,soit may be executedagain,leading
to aninfinite loop. Therule systemis thereforeindeterministior following
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thenewerterminologyof (Gurevich, 1995),inconsistent)anddoesnolonger
correctlyimplementa Prologinterpreter

Althoughthe erroris easyto correct(the conjunctmode= call mustbe
addedto the guardof fail rule), we think this is a typical error thatis very
difficult to find evenby intensiveinspection(and,of coursewe hadto inspect
the codethoroughlybeforewe could makean attemptto definea coupling
invariant).A reademwill alwaysunconsciouslyesohe theindeterminismn
theintendedwvay. Neverthelessanimplementations blind for intentionsand
will possiblyresolethe conflictin thewrongway (andoursdid!).

Correctionof thefail rule still givesact = fail, andmode= retry afterits
application.Thereforeproperty21 mustbechangedo

21a. (decglseqrg=[] v goal=[] v act="!) — mode= call

Unfortunatelystill onedetailis incorrectin our couplinginvariant.ln the
caseof the proof, which considerghe two try rules,we find thatwe cannot
prove thatthechoicepoinpushednthestackis userdefined We have to add

23. mode=try — is_user_defined(act)
Finally, theequivalenceproof of 4/5 succeedsvith theinvariant

Vi = Vi’ A stop=stop’ A subrey = subrey’ A breg = breg’ A ctreg = ctrey’
A decglseqrg= decglseqrg’ A breg € nsA ctreg € nsA decglseqrg €cyp Ns
A ns=ns’ A (mode= call —+ pcreg = start)
A (mode= enter— clause(clirg,db’) = clause(pcrg))
A (  mode=try
— is_user_defined(&cA mapcl(clis(clirgy,db’)) = chain-try-me(pcrg,dbs))
A (mode= retry — pcreg = pc “breg’A breg # 1)
A ((decglseqre=1] V goal=[] V act=!) —+ mode= call)
AN nensAn#.L
— sub*n=sub’*nAb*n=b’'"n
A decglseqn=decglseg*n A b~n e ns
A decglseqn#[] A goal*n# (]
A is_used_defied(at "n) A decglseq'n €cp Ns
A mapcl(clls(cli*n,db’)) = chain-retry-me(pcn,dks))

6.4. Statistics

Thefollowing tablegivesthe numberof KIV proof stepsthe numberof in-
teractiely givenproof stepsandthenumberof theoremdor thefinal version
of eachrefinemenproof. Also thetime it took to specifyandverify eachre-
finement,the numberof iterationsneededo find the final invariantandits
size(in lines)aregiven.

The size of the interpretersstartswith 120lines of (PASCAL-)codeand
reache40linesfor ASM7. The algebraicspecification®of all datatypess
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composef about90 subspecificationwith altogetherd54 axioms.A first
versionof the specificationsand the interpretersvaswritten within a day.
Only minor correctionsverenecessaryp80first-orderlemmasareused 249
of themwere from the library. The remaining331 were addedon demand
duringtheproofsof themainequivalenceheoremsTheir proofsneededi41
interactionsand1462proof steps.

H 1/2 \ 2/3 \ 3/4\ 4/5 \ 5/6 \ 57 \

ProofSteps| 1475 | 4425 | 3988 | 2936 | 6190 | 20085
Interactions| 246 450 | 580 | 237 666 1970
Theorems 16 32 31 32 53 72
Iterations 12 8 5 9 8 17
Verif. time {|2 months2 weeks1 week 1 month|2 weeks2 monthg
Sizeof INV 20 25 25 14 53 97

As the statisticshavs, the proofsfor 5/7 wereextraordinarycomple. All
of the problemswe encounteredn the refinementof ASM1 to ASM5 are
presenin the equivalenceproof of ASM5 and ASM7: stacknodesmustbe
characterizedlike in 1/2), rulesdo not correspondL:1 (like in 2/3), the in-
terpreteranay terminatenon-simultaneouslyiike in 3/4), andthe compiler
assumptiomustbecarefullytranslatedo assumptionaboutintermediatén-
terpreterstateqlike in 4/5). Also theverificationof 5/6 shovedthatsplitting
verificationof 5/7 into two partscomplicateghe work insteadof simplify-
ing it. Thereforewe constructedhe equivalenceproof betweenASM5 and
ASMY7 directly.

The statisticalsoshows a drasticincreaseof productivity. The mainrea-
son (besidesncreasingfamiliarity with the topic) are improvementsin the
KIV systemwhich weredonefrom the experiencewve hadgainedfrom ver-
ifying refinementd/2 and4/5. A lot of heuristics(mostnotablythe onesfor
guantifierinstantiation,unfolding recursve proceduresandfor loops)were
improved,aswell astheefficiengy of thesimplifier (seeChapten.3.13).

7. RELATED WORK
Work on compilerverificationin generalor even moregeneraldatarefine-

mentand otherrefinementrelations)is so numeroushat we will not even
attempto give anoverview.
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Fromthe work on formal system-supportederificationof compilerswe
exemplarily want to mentionthe work with NQTHM on the formal veri-
fication of a compilerfor an imperatize language((Moore, 1988), (Young,
1988)).This work is basedon the notion of “interpreterequivalence”which
is quitesimilarto our notionof equivalenceof ASMs. It alsocontainsalot of
referenceso relatedwork.

Of specificwork on the formal verification of a Prolog compilerwe are
aware only of the parallelwork of C. Puschin Munich. Shealso verified
somerefinemenstepswith the Isabellesystem(Pusch,1996).

The formalismusedin Isabelleare inductively definedrelationson the
tuple of variableswhich correspondo the semantic®f ourimperatie pro-
gramsasrelationsover their values.Patternmatchingnotationandpolymor
phismasusedin functionallanguagesllow to write therulesof anASM in
amoreconcisenotationthanour notationasPASCAL programs.

In contrastto our approachwhich startsfrom a Prologsemanticdbased
onsearchreesandtriesto modelthe ASM approactasfaithfully aspossible,
verificationin Isabellestartedrom anoperationaPrologsemanticsvhichis
alreadybasedon stacks.Stackswere modeledas simplelists, which allows
to avoid thecharacterizatioof stacknodes.

Insteadbf our refinemenfrom ASM1 to ASM2 two otherrefinemensteps
wereverified.Refinement8 and4 asverifiedin Isabellearethe sameasour
refinementgrom ASM2 to ASM4. In Isabelle the Prolog-constructail was
not consideredthereforethe errorwe foundin theinterpreters3 and4 was
notpresenin thecasestudy

The verification effort for the four refinementstepsas givenin (Pusch,
1996)was7 personmonthsand3500interactionsThesenumbersareabout
two timesthe numberswe got for the verification of the threerefinements
to reachASM4. We suspecthat this is largely dueto the useof anasym-
metric proof techniqueusing proof maps,which requirestwo separatéarge
proofsfor correctnessand completenesfor eachrefinementstepinsteadof
onesymmetricproof.

8. CONCLUSION

We have presentedh framework for the formal verificationof the Prologto
WAM compilationasgivenin (Bérger and Rosenzweig1995). The frame-
work is basednthetranslationof sequentialbstractStateMachinegto im-
perative programsover algebraicspecificationswith this translatiorcorrect-
nessandcompletenessf therefinemenbetweeriwo ASMsis expressibleas
programequivalencein DynamicLogic.
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We introduceda prooftechniquebasedn couplinginvariantswhich cor-
respondso theuseof proof mapsover ASMs. We have foundthatthecorrect
couplinginvariantswhich areneededo show correctnesandcompleteness
of refinementsteps,arefar too comple to be statedcorrectlyin a first at-
tempt. The incrementaldevelopmentof a correctversiontakesmuch more
time thantheverificationof the correctsolution. Therefore pesideghe pure
power of thetheoremprover, the ‘proof engineering’'supportofferedby the
verification system(explicit proof trees,correctnessnanagementeuseof
proofsetc.)is crucialfor thefeasibility of the casestudy

Verificationshovedthat (BorgerandRosenzweig1995)is indeedan ex-
cellentanalysisof thecompilationproblemfrom Prologto WAM. Neverthe-
lessan unintendedindeterminismin one of the ASMs hadto be remoed
(6.3),andminor correctionsverenecessargn theformalizationof thecom-
piler assumptionsTheseresultsshov that, to guaranteecompiler correct-
nessmathematicaanalysisshouldbe followedby formal verification.

Letusconcludewith anoutlookonthecontinuingwork onthis casestudy
Thenext two of theremainings refinemenstepsareconcerneavith thecom-
pilation of single clauseq[Section3] in (Borger and Rosenzweig1995)).
Their correctnesshouldbe easyto shov and require no new proof tech-
nigues.New problemswill have to be overcometo verify thatProlog-Terms
canberepresenteddy pointerstructuregthefinal [Section4] in (Borgerand
Rosenzweigl995)).Finally it would remainto verify acompilerbuilt onthe
basisof the compilerassumptions.

Although we are currently only abouthalf the way from Prologto the
WAM, verificationof thefirst levelshasconfirmedour beliefthatverification
of theWAM is afeasible pbut challengingask.
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