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Abstract

This paperaddresseghe problemof testvectos gener
ation starting from an high level descriptionof the system
under test, specifiedin SystemCThe verification method

consideedis baseduponthesimulationofinputsequences.

Thesystenmodeladoptedss the classicalFinite StateMa-
chine model. Then,accoding to different strategies, a set
of sequencesan be obtained,whele a sequencés an or-
dered setof transitions. For ead of thesesequencess set
of constrintsis extracted. Testsequencesan be obtained
by geneating and solvingthe constaints, by usinga con-
straint solver(GProlog). A solutionof the constaint solver
yieldsthe valuesof the input signalsfor which a sequence
of transitionsin the FSMis executedIf the constaintscan-
not be solved,it impliesthat the correspondingsequence
cannotbe executedby anytest. Thepresentedilgorithmis
notbasedona specificfault model but aimsat reacingthe
highestpossiblepath coverage.

1 Intr oduction

Functionalverificationis mainly basedntheconcepiof
simulation. Thereare a numberof commercialsimulators
in the market which areable,with differentdegreesof pre-
cisionandaccuray, of simulatingthe beharior of anhard-
warecomponentif we provide a specificatiorwith anhard-
ware descriptionlanguageand a vectorof input bits. The
major problemof this techniques how to generate setof
inputtestvectorgthatis accurateenoughto coverthelargest
possiblesetof behaiors of the componentusinga limited
amountof resourcestypically representetly time. Manual
andrandomapproachedo not provide anaccuratesolution
for the problemof verification, becausahereis no guar
anteeon the accurag of the resultsthatcanbe achievedin
termsof bug-finding. Thisis why in therecentyearsthesci-
entificcommunityhasfocusedts effortsuponthis problem,
trying to provide alternatve techniquedfor the automatic
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generatiorof testcasesThealgorithmsthattry to automat-
ically generatetestvectors,aimedat verification through
simulation,arecalled ATPG (Automatic TestPatternGen-
eration). Thereare ATPGsbasedon the extendedFinite
StateMachinemodel,suchas[1], ATPGsbasedn genetic
algorithms,suchas[2] and[3], ATPGbasedon Binary De-
cision Diagrams,suchas[4] and[5] and ATPG basedon
AssignmentDecision Diagrams,suchas[6]. The ATPG
presentedn this papercanbe consideredn the family of
ATPGsbasedon controllability and obsenability through
the solutionof SAT problems.This approacthasbeende-
velopedalsoin [7], and[8]. Ouralgorithmimprovesthese
approacheby consideringinghe solutionof all constraints
involving bits, bit vectorsandintegersthatdrive the control
flow of the systemundertest. After the productionof the
testvectors,it is necessaryo evaluatetheir effectiveness,
and this goal can be achieved by using a coveragemet-
ric. Differentcriteriaarecommonlyadoptedto determine
how gooda testsetis: statementoverage,branchcover-
age,condition coverageand path coverage. Path coverage
is the most stringentof thesecriteria, the problemis that
thenumberof pathsis a genericdescriptionof anhardware
modelcanbeinfinite. Thealgorithmwe proposéntroduces
the conceptof sequencef transitionswherea sequencés
a pathof a givenlengthin termsof time frames,andthen
generatesll thetestvectorsnecessaryo exercisethesese-
guenceslin this way, we realizepathcoveragefor all paths
with alengththatis lessor equalto thefixedone.

2 Assumptionsand Computational Model

The proposedestgeneratioralgorithmconsidersasin-
ternaldescriptionof the systemundertestthe classicalFi-
nite StateMachine computationalmodel. A Finite State
Machine, M, canbeformalizedasa 5-tuple

M =(1,U,S,5°R)

wherel C B™ representsheinputalphabetlU C B™
representshe outputalphabet,S C BF is the setof states,



S0 is theinitial stateandR is theglobalrelation.

Naturally, thesetB is definedasB={0, 1}.

Theuseof FSMscanbeexploitedto representoncurrenyg:

in fact, a complex systemcan always be describedwith a
certainnumberof interconnectedSMs. To allow cooper

ation amonginterconnected-SMs, a communicationand
interactionmechanisnis required:this is realizedthrough
FSMscomposition. ThroughFSM compositionwe obtain
a complex system,that is composedof a certainnumber
of single FSMs, that however interactand exchangedata
amongthem. To realizesucha system,a fundamentahy-

pothesismustbe satisfied:all FSMs mustchangestateto-

gether In thiscaseit is possibleo definethe systenstateas
the cartesiarproductof the statesof all singleFSMscom-
posingthe system.Moreover, we have considerednly de-
scriptionswith asingleclock signal.

3 The TestGeneration Algorithm
3.1 Overview

The testgeneratiomapproachproposedaimedat verifi-
cation,canbedecomposethto 5 majortasks:

1. Acquisitionof Data: In this phaseall availableinfor-
mationaboutthe systemis processedTheseinforma-
tion aremainly constitutedby four lists. Thesearethe
port list, the statementist, the conditionalinstruction
list andthetransitionlist. Thelists areobtainedfrom
ananalysisof the sourceSystemGCcode.

2. Analysisof Transitions It consistsn finding theinitial
andfinal statefor eachtransitionpresenin thetransi-
tion list.

3. Sequenc&numeation: Sequencenumerationis the
processof enumeratingvarious potential execution
pathghroughthe System(programfor whichtestvec-
tors arerequired. The generatiorof thesesequences
can be performedaccordingto different techniques.
ForinstancethebreadtHfirstapproachwith depthV is
equivalentto considerall the possibleexecutionpaths
thatlast NV clock cycles.

4. Analysisof Sequenceand Productionof Constaints.
For eachconsideredsequencea setof constraintss
producedThis setof constraintsorrespondso all the
conditionalinstructionsthathave to resulttrue during
the executionof the sequenceThe problemis that,in
general,theseconstraintsdo not apply only to input
ports,but alsoto variablesandsignals.Generallyit is
not possibleto force the valueof avariableor a signal
to agivenvalue,butit is possibleto backtrackhrough
the codein orderto obtainthe direct dependencef

thevalueof thevariableor signalfrom a generaketof
input portsandconstants.At the end of this phasea
setof differentfilesis producedeachfile is associated
with a sequenceandreportsthe setof equationghat
mustbe verified for the executionof the sequencét-
self. Theseequationhave asconstraintvariablesonly
input ports,andalsoinclude domainconstraintsthat
specify the domainfrom which the valuesof a con-
straintvariableare dravn. All equationsare written
accordingo the GPrologformat.

5. Constaint Solving and Test Extractiont Constraint
Solvingis the processof generatinga solution,if one
exists, to satisfy a set of constraintsassociatedvith
a sequenceln our implementationwe have usedthe
GPrologconstraintsolver, but the techniqueusedfor
constraintgenerationis independenbf the constraint
solver used. If the GPrologconstraintsolver doesnot
find a solution,thenno verificationtestcanbe gener
atedfor the sequencelf the constraintsolver finds a
solution, it is represente@sa value assignedo each
constraintvariable. During the test extraction phase,
we extract the test vectorsfrom the solution written
accordingto the GPrologoutputformat, andarrange
themin a suitableformatfor the SystemGsimulator

3.2 Acquisition of Data

During this phase all the information aboutthe topol-
ogy of thesystemundertestis collected.Thesenformation
consistgn four lists:

3.2.1 Port List

It is thelist of all theinput port of thesystem.Thefunction
of thislist is to provide thedatanecessarguringthe equa-
tions expansionphase;moreaer it is usedalsoduring the
phaseof constraintgenerationjn orderto derive the cor-
rect upperand lower boundsfor eachconstraintvariable.
If a portis declaredasbit or bit vector the only possible
domainis the booleanone {0, 1}. If the port representsin
integer, thereis anadditionalinformation:in fact,if we de-
clarea four bit integer, it canbe both usedto representhe
numbersfrom 0 to 15, or from -8 to 7, andsoon. In this
casealsotheupperandlowerboundof theport,intendedas
thelower andthe higherpossiblevaluethatit is necessary
to considemsing N bits, is reported.

3.2.2 StatementList

This is the list containingthe dataaboutall the statements
presenin the codewe wantto test. A statements defined
aseachoperationthe endswith thatwriting of a valueover
anoperatorthatis calledtarget,andcanbe an outputport



or avariableor a signal. In general,the value written on
thetargetdepend®n anundefinechumberof constantsin-
put ports,variablesandsignals but for theidentifiedmodel
only two kind of equationsare allowed: unary equations,
constitutedoy a singleoperatorandbinary equationscon-
stitutedby two operatorsand one operation. In fact, it is
possibleto provethateachcomplex equationcanbedivided
in a setof binary equationsthroughthe introductionof a
certainnumberof temporaryvariables.The adoptedmodel
allows differentoperations:

e Logic operationsNOT,AND,OR,XOR,NOR,MND.

e Mathematicaloperations: Addition, Multiplication,
Subtraction,Quotientof Division, Remainderof Di-
vision, Exponential.

e Operation®n bit vectors:ConcatenationSelectionof
singlebit, Selectionof subvectorsof bits.

This set of operationsis sufficiently rich to allow the
modelingof alarge setof SystemCoperations.

3.2.3 Conditional Instruction List

This list containsall the conditionalinstructionspresenin
thecode.Eachconditionalinstructioncorrespondso acon-
dition thatmustbeverifieduponavariableor asignalor an
inputport. In ourmodel,we have considereanly two kind
of conditionalinstructions:

e Binary branch: correspondso a binary disjunctionin
thecode.If theconditionis true,acertainpieceof code
is executed correspondingo the then branch,other
wise anotherpieceof codeis executed corresponding
to theelse branch.This conditionalinstructioncanbe
usedto representhe if-then-elsecontrol instruction,
but alsomorecomple structuressuchastheif-elseif-
elsecontrolinstruction.

e Multiple branch: correspondsgo a disjunctionof the
codethat presentsmorethantwo branches.The exe-
cutedpieceof codecorrespondso the first condition
thatresultsto betrue. This conditionalinstructioncan
be usedto modelthe caseinstruction.

Naturally, the entire SystemClanguagepresentsa hum-
ber of controlinstructionsthatis larger with respecto the
modelwe have introduced;however, it is possibleto prove
that, if we usethe FSM model,all the conditionalinstruc-
tions involving loops, as for example for, or while, can
be translatedn an appropriate=SM description. Whena
conditionalinstructionis defined,it is necessaryo identify
theleft andtheright operatorandthe comparisorcriterion.
Therearesix differenttypesof comparisorcriteria: Equal,
Not Equal, Greaterthan,Lessthan, Greateror Equalthan,
Lessor Equalthan.

3.2.4 Transitions List

Thislist containsall thepossibleransitionghatareallowed
in the systemdescription.A transitionis definedasthe or-
deredsetof all statementsindconditionalinstructionsthat
can be executedand verified during a single clock cycle.
Eachtransition,in practice,correspondso a paththatcan
befollowedin thesystemundertest,if welimit theduration
of the simulationto a singleclock cycle. Thesetransitions
canbeobtainedby arecursve visit of the control dataflow
graphthatrepresentshetopologyof the systemundertest.
Let usconsidetthefollowing example,calledExamplel.
This pieceof coderepresents simple Finite StateMa-
chine.Figure2 representshe Control DataFlow graphex-
tractedfrom Examplel. Thegraphcontainsboththeinfor-
mationaboutcontrol conditionsand aboutdataflows (as-
signmentsn variables signalsandports). If asingleclock
cycle is consideredgachdifferent possiblepath from the
startingpoint of the CDFG to the final point of the CDFG
representsa transitionfor the FSM. In the example, the
numberof possiblepathsis 8: this meanghat,duringeach
clock cycle, the systemexercisesoneof theseB transitions.

3.3 Analysisof Transitions

After the acquisitionof all lists, the secondstepof the
methodologyconsistsn analyzingeachtransition. Thegoal
is to establishfor eachof thesetransitions theinitial state
andthefinal state.In fact,duringthenext step,all the avail-
ablesequencesf transitionswill be consideredanda se-
guenceis meaningfulif andonly if the final stateof each
transitioncomposingthe sequenceorrespondgo the ini-
tial stateof the previoustransition. Theidentificationof the
initial andfinal stateof eachtransitionis performedhrough
theapplicationof two algorithms:

e Initial state theinitial statecanbeobtainedy thefirst
multiple branchinstructionon the statevariable. In
fact,if we referto the classicalFSM model,the back-
boneof thecodeis constitutedoy a casenstructionon
thevalueof thestatevariable.If thetransitiondoesnot
presentary multiple branchinstructionon thevalueof
thestatevariable,it is assumedo have, asinitial state,
theresetstate.

e Final state the final statecanbe obtainedby the last
assignmenstatemenbn the statevariable.If thetran-
sition doesnot presentary assignmenstatemenbon
the statevariable,it is assumedo have, asfinal state,
the samestatethat hasbeenidentifiedasinitial state.
It is importantto noticethatit is possibleto find se-
guencesvith the samenitial andfinal state this, how-
ever, doesnot meanthatthe sequencesanbe consid-
eredthesameone,because¢hey arecharacterizethy a
differentsetof statementandconditionalinstructions.



#i ncl ude <systent. h>
SC_MODULE(fsm {

sc_i n<bool > cl ock;
sc_i n<bool > reset;
sc_i n<bool > |ine;
sc_out <bool > u;

enum {A B, C, D} state;

SC _CTOR(fsm
{
SC_METHOD(entry);
sensitive_pos(clock);
h

void entry();

H

void fsm:entry() {
sc_bit tenp;
if (reset.read()==true)
{
st at e=A,
tenp="0";
uwite(fal se);

}

el se

switch (state) {
case A
temp="0";
st at e=B;
if (line.read()== false)
tenp=line.read();
el se
tenp=line.read();
case B:
if (temp=="0")
st at e=C;
el se
st at e=D;
u.wite(fal se);
case C
if (line.read()==fal se)
st at e=D;
el se
st at e=A;
u.wite(fal se);
case D
st at e=B;
u.wite((bool)tenp);
}
}
}

Figure 1. Example 1
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state
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Figure 2. Control Data Flow graph

At theendof this phaseit is possibleto obtainagraph that
shaws all the possibletransitionsbetweernthe statesof the
system.Eacharcbetweertwo stategepresents transition,
andis labeledwith the transitionidentifier Accordingto
whatwe saidbefore,it is possibleto have multiple arcsbe-
tweentwo states. Figure 3 shaws this graphfor Example
1.

Figure 3. States and transitions graph of Ex-
ample 1.

3.4 SequenceEnumeration

Thefollowing stepis theenumeratiorof all theoretically
possiblesequencesA sequencés definedasanorderedset
of transitions. A sequencés theoreticallyfeasibleif and
only if thefinal stateof eachtransitioncomposingthe se-
guenceis equalto the initial stateof the following transi-
tion. Moreover, eachsequencalwaysstartsfrom the reset
state(this meansthat the initial stateof the first transition



of eachsequences alwaysthe resetstate). Oncedefined
thesesimplerules, it is possibleto definedifferentcriteria
to selectandenumeratahe sequencesln the following, a
numberof thesecriteriaareillustrated:

1. Breadthfirst given a number N, the breadthfirst
approachselectsall the sequenceshat are composed
by exactly N transitions. This stratgy providesthe
higherpossiblecoverage becausall the possiblese-
guenceswith a lengthof N are considered.In prac-
tice, it correspondso the path coverage,whereeach
pathlastsat most N clock cycles. However, this is
alsothe mostheavy stratgyy underthe point of view
of the computationatompleity: in the worst case jif
we have afully connectedyraph.thenumberof gener
atedsequencess O(TT(T*”)), whereT, is the average
numberof transitionsstartingfrom eachstate and7;,
is the numberof consideredime frames. If we con-
sideran examplewherethereareonly two transitions
startingfrom eachstate,the numberof generatede-
quencewvill beexactly 2(Tm—1),

2. Breadthfirst plus transitionselection this stratay is
similar to the previous one; the userprovides, asin-
put, a setof transitionsS. Then, the sequencesire
generatecccordingto the breadth-firsiapproachput
a sequences acceptedonly if all transitionsbelong
to setS. Throughthis approachijt is possibleto dis-
cardalargenumberof sequencegndto savetime and
memory Naturally this happendecausehe attention
is focusedon a smallersubsebf transitions.

3. Transition coverage: this strat@yy is aimedat cover-
ing all transitions but not necessarihall paths. A list
of coveredtransitionsis built, wherefor eachtransi-
tion it is reportedif it hasbeencoveredor not. Then
the sequencesare generatediccordingto the breadth
first approachbut if asequencés constitutedby tran-
sitionsthat have beencoveredby previous sequences,
it is discarded.In practice,a sequencés addedto the
list of the valid sequenced andonly if it coversat
leastonetransitionthat hasnot beenpreviously cov-
eredby anothersequence The algorithm stopswhen
eachtransitionhasbeencoveredat leastonce.

At the endof this phasesa list of theoreticallyfeasiblese-
guencesds obtained. Eachone of thesesequencess ana-
lyzedandprocesseduringthe following step.

3.5 Analysisof Sequencesnd Production of Con-
straints

The goal of this phaseof the algorithm is to find, for
eachconsideredequencethe setof constraintghatcorre-
spondsto the executionof that specificsequenceThis set

of constraintss writtenaccordingo the GPrologformat. In

general,eachconstraintderivesfrom a controlinstruction,
andtheoperatorf a controlinstructioncanbeinputports,
variables signalsor constraintsLet us considerthe caseof

avariablex usedin anif controlinstruction,asfollows:

if (x=="0") then
{bl ock 1}

el se
{bl ock 2}

If the consideredsequenceontainsthe transitioncorre-
spondingto thetrue branchof thei f controlinstruction,it
is possibleto derive thefollowing constraint:;

z=0,

z is hot aninput port, soit is not directly controllable.
The solutionof this constraintis not usefulto identify the
primaryinputvaluesthatcontrolthevariable.Moreover, let
us considerthe casewherethe variablez is subjectto an-
otherassignmentandthenusedin anothercontrolinstruc-
tion. It is necessaryo distinguishthe two differentvalues
of the samevariableduring two differentmomentsof the
execution. To solve thesetwo problems,it is necessaryo
introducefirst of all theinformationabouttime, thento ap-
ply anexpansionalgorithm,thatis ableto write constraints
containingonly input portsandconstants.

e Time The information abouttime can be easily de-
rivedfrom the structureof the sequencesachtransi-
tion correspondso a differenttime frame,becauseén
our modelatransitionis definedasthe setof instruc-
tionsandconditionsthat canbe executedandverified
in asingletime frame. This meanghatit is possibleto
associat@amarkto eachvariable signalandinputport.
Variables signalsandinput portscharacterizedby the
samename but a differenttime mark, could have dif-
ferentvalues.In the GPrologequationsthetime mark
is addedto the nameof the variable,signal or input
portafteradoubleunderscore.

e ExpansionAlgorithm Let us considerthe following
list of constraints:

reset__1 =1

reset_2=0
state_2=A
reset_3 =10
state_3 =B
temp_3=1

While reset is aninput port, andis directly control-
lable, state andtemp aretwo variables. We needto



expresshesevariablesn termsof known signals(con-
stants)or controllablesignals(input ports). This oper

ation can be obtainedby a backward analysisof the
code.Letusconsidetthepreviousexample.Theequa-
tions areallocatedin memoryasbinarytrees.All the
leavesof thesetreesthatarevariablesor signalscould
be subjectto expansion. If we scanthe list of state-
mentsexecutedduringthe sequencestartingfrom the
lastoneto thefirst one,duringthe seconcclock cycle

wefind:

temp = line;

Due to the fact that this statements executedduring
the secondclock cycle, and this time mark is lower
thanthetime markof thevariabletempin theequation
trees,the substitutionis executed. The equationtree
changesandthis meanghatthe constraints modified
into:

(line-2) =1

In practice,every time we find a statemenhaving a
variableasleft operand,f the variableis also a leaf
for the equatiorntreeandthe time mark of the variable
in thetreeis greateror equalto the time framewhen
the statemenis executed,thenthe leaf of the treeis
expanded. The sameprocedureis appliedin caseof
signals. If eachvariableandsignalof the systemhas
beenatleastinitialized, attheendof this phaseall con-
straintequationshouldinvolve only known or directly
controllablesignals.If this doesnot happenjt means
that there are variablesor signalsthat have not been
initialized, sowe aredealingwith a non-deterministic
Finite StateMachine.

Constrintsproduction Onceobtainedhelist of con-
straintequationdor eachsequenceit is necessaryo
translateheseequationsaccordingo the GPrologfor-
mat. Moreover, it is necessaryo considerseparately
the caseof bits, bit vectorsandintegers,because¢hese
threetypesbelongto differentdomainsandaresolved
in differentways.

— Bit: Table1 shaws the correspondencbetween
theoperationsandcomparatorintroducedprevi-
ouslyandthe GPrologequationsin this casefor
eachequatiorin theconstrainequatiorlist of the
sequenceasingleGPrologequatioris produced.
The domainof all constraintvariablesusedin
the equationsis definedas the booleandomain

{0,1}.

Operationor comparator| GProlog
NOT #\
AND #/\
OR #\/
XOR #4#
NAND #\/\
NOR #\\/
Equal #<=>
Not equal #\ <=>

Table 1. Boolean operations and comparator s

— Bit vector. If atleastonevariableinvolvedin a
constrainiequationis a bit vector thesituationis
morecomple. In fact,it is necessaryo consider
thatmorethana single GPrologequationcanbe
extractedfrom a single constraintequation. Let
us considertwo bit vectors,V1 and V2, of the
samesize.|f we considetheconstrainequation:

V1i=V2

thisimpliesthateachbit of 1 musthave avalue
equalto thecorrespondingdit of V2. In thiscase,
it is possibleto split a singleconstraintequation
involving bit vectorsin a series of GProlog
equationsnvolving a singlebit. Eachconstraint
equationbetweerbit vectorsinvolving anequiv-

alencecanbedividedin a seriesof equivalences
over the single bits of the bit vectors. This se-
riesof four equationsn GPrologis shovn below.

V10 # <=> V20
V11#<=> V21
V12# <=> V22
V13 # <=> V23

The numberafter the underscoreepresentshe
position of the bit in the array The samepro-
cedurecanbeappliedif theequialencenvolves
otherlogicaloperationssuchasAND, OR,NQOT,
XOR, etc. A differentapproachmustbe usedin
caseof inequality Let usconsiderthe following
constraint:

V1# V2

where V1 and V2 are bit vectorswith a size
of 4 bits. In this case,it is sufficient that at
leastonebit of V1 is differentwith respectto
the correspondingit of V2, in orderto satisfy
the constraint. In fact, eachconstraintequation



Table 2. Mathematical

Operation GProlog
Sum +
Subtraction —
Moltiplication *
Quotientof integerdivision /
Reminderof integerdivision rem
Power *k
Equal # =
Not equal #\ =
Greater # >
Less #<
Greateror equal #>=
Lessor equal # =<

operations and com-
parator s

betweerbit vectorsinvolving aninequality con-

straint can be translatedinto a single equation
involving the singlebits of the bit vectors. This

equationcan be written in GProlog language,
usingthe table of equivalencepresentedefore.
Theresultis:

(F#\(V1o##V20))#/\

F\(VLi##V21))#/\

(F\(V12##V 2:))#/\
(F\(V1s##V23)))# <=>0)

— Integer: Integersrepresenadifferentkind of do-
main for GPrologequations.Whena constraint
variableis declaredasaninteger, it is necessary
to specify also the upper and the lower bound
of the integer Table 2 representshe equia-
lence betweenthe operationsand comparators
we have introducedpreviously and the corre-
spondingGProloginstructions.

At the end of this process,for eachsequencadt is

possibleto obtaina setof GPrologequations.These
equationsare definedover variablesbelongingto the
booleanor integer domain. Eachconstraintvariable
represents bit of aninput port, or a setof bits repre-
sentinganinteger. For theintegerconstraintvariable a
rangeof finite valuesof existenceis provided. This set
of equationsanddomainconstraintgepresents SAT

problem:if it is possibleto find anassignmenbn the
constraintvariablesthat satisfiesall constraintsat the
same,it is possibleto determinean assignmenbver
theinput portsthat exercisethe sequencérom which
theconstraintsareoriginated.

3.6 Constraint Solving and TestExtraction

Thelastphaseof theverificationprocessonsistsn solv-
ing the constraintequationsobtainedfor eachsequence.
Therearetwo possibleresults:

1. Thesetof constrainequation®btainedor asequence
cannotbesatisfied In this casethesequencef transi-
tionscorrespondingo thesetof constrainequationss
theoreticallypossible put cannotbe exercisedn prac-
tice.

2. Thesetof constrainequation®btainedor asequence
canbesatisfied.In this case the GPrologsolver com-
putesonepossiblesolutionfor that setof constraints,
andthis solutionis storedin afile.

Finally, the setof solutionsobtainedfor all consideredse-
guencess consideredy atestvectorsgeneratorthatmaps
the valuesof the solutionsover the input ports along the
time framesin orderto obtaina completetestbench.

3.7 Extensionto Multiple Processes

The consideredexecutionmodelfor multiple processes
is characterizedby the fact that simulation time is ad-
vancedandsignalvaluesareupdatedonly afterall the pro-
cessesare suspended.In this case,test generationmust
follow this modelof execution. Considerthe specification
of n interactingFSMs, with n > 1, written using a sin-
gle SystemCmodule. Each FSM definesa different pro-
cessP;, P, Ps, ..., P,. If processihasxi possibletransi-
tionsin a singleclock cycle, then,sincethe processesan
potentially executeindependentlyof eachother, thereare
X1 * Tz * T3 * ... % T, potentialexecutionpathsin the pro-
gram. Also in this case someof thesepathsmay be infea-
sible. This happensvhenprocesseifluenceeachothers
controlflow by communicatinghroughsharedsignals.Our
approacho the problemconsistan two phasesduringthe
first phasethe algorithmis appliedto eachFSM indepen-
dently For eachsingleprocesghe sequencesf transitions
aregeneratedandfor eachsequencehe constraintlist is
produced.Then,in a secondphasethe interactionamong
differentFSMsis considered.Let us considerthe caseof
two interactingFSMs, F; and F». After the applicationof
thealgorithm,the numberof sequenceproduceds respec-
tively z; andz,. This meanghatthe total numberof the-
oretically possiblesequencess z; * z5. Let us consider
the following case: we want to generatethe test vectors
thatwill causethe executionof sequences; ; for theFinite
StateMachineF; andsequencé, ; for theFinite StateMa-
chineF,. Theexecutionof S; ; imposesacertainnumberof
constrainton the sharedsignals;theseconstraintamustbe
addedto the constraintist correspondingo sequence, ;



of F,. At thesametime, the constrainton the sharedsignal
causedby the executionof the sequences, ; of F5 must
be addedto the constraintlist correspondingo sequence
S1,; of Fy. Forinstance)et us considerout anoutputport
for Fi. The executionof the sequences; ; provokesthe
factthatthevalue’l’ is assignedo this port duringthefirst
clockcycle. If thisportrepresentasharedsignal,therewill
be aninput port of F, connectedo the outputport of F;.
Let us call this port in. In this case,the constraintto be
addedto thesequenceS, ; is thefollowing one:

(in_2)=1

In fact,whenF; readghevalueof theinput portduringthe
following clock cycle (the secondone), it readsthe value
forcedby Fi. In practice,the extensionof the algorithm
to multiple processarchitecturesanberealizedby adding
theconstraintoversharedvariableso eachpossiblen-uple
of theoreticallypossiblesequencegenerated¢hroughthe
applicationof the basictestgeneratioralgorithm. We con-
siderassharedvariableeachsignalthatis readfrom anout-
put port for a processandthanwritten on an input port of
anothemprocess.The constraintis generate@very time the
outputport is assignedo a valueor an expressionandis
addedo the constraintist of thesecondprocess.

4 Experimental Resultsand Conclusion

The algorithm has beentestedwith a set of examples
writtenin SystemCTheseexamplesaretranslationin Sys-
temCof asubsebf benchmarkslevelopedat Politecnicodi
Torino. The breadttfirst stratgy hasbeenusedto produce
the sequencesf transitions. Table 3 shawvs the resultsof
experiments:for eachcircuit, we have reportedthe depth
of the breadthfirst algorithm, the numberof theoretically
possiblesequenceshe numberof feasiblesequenceshe
percentagef discardedsequencesandthe path coverage
reachedhroughthetestvectorsgeneratedby ouralgorithm.
Moreover, we have alsoreportedthe pathcoveragereached
by Commit[5], andRag€[2]. Theresultsshow that,in case
of simple benchmarksvithout portsrepresentingntegers,
the coveragesare equivalent, otherwisethe algorithm out-
performsclassicalATPG in termsof path coverage. This
happenshecausehe use of GProlog allows a fasterand
moreefficientmanagemendf constraintsnvolving integer
variables.Futurework will extendthe experimentstoward
industrialSystemQescriptionsto dealwith largersizeex-
amples.
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