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Abstract

Thispaperaddressestheproblemof testvectors gener-
ation starting from an high level descriptionof the system
under test, specifiedin SystemC.The verification method
consideredis baseduponthesimulationof inputsequences.
Thesystemmodeladoptedis theclassicalFinite StateMa-
chine model. Then,according to different strategies,a set
of sequencescan be obtained,where a sequenceis an or-
deredsetof transitions.For each of thesesequences,a set
of constraints is extracted.Testsequencescanbeobtained
by generating andsolvingthe constraints,by usinga con-
straint solver(GProlog). A solutionof theconstraint solver
yieldsthe valuesof the input signalsfor which a sequence
of transitionsin theFSMis executed.If theconstraintscan-
not be solved,it implies that the correspondingsequence
cannotbeexecutedby anytest.Thepresentedalgorithmis
notbasedona specificfault model,but aimsat reachingthe
highestpossiblepathcoverage.

1 Intr oduction

Functionalverificationis mainlybasedontheconceptof
simulation. Therearea numberof commercialsimulators
in themarket which areable,with differentdegreesof pre-
cisionandaccuracy, of simulatingthebehavior of anhard-
warecomponent,if weprovideaspecificationwith anhard-
waredescriptionlanguageanda vectorof input bits. The
majorproblemof this techniqueis how to generatea setof
inputtestvectorsthatis accurateenoughto coverthelargest
possiblesetof behaviors of thecomponent,usinga limited
amountof resources,typically representedby time. Manual
andrandomapproachesdonotprovideanaccuratesolution
for the problemof verification, becausethereis no guar-
anteeon theaccuracy of theresultsthatcanbeachievedin
termsof bug-finding.Thisis why in therecentyearsthesci-
entificcommunityhasfocusedits effortsuponthisproblem,
trying to provide alternative techniquesfor the automatic

generationof testcases.Thealgorithmsthattry to automat-
ically generatetest vectors,aimedat verification through
simulation,arecalledATPG(AutomaticTestPatternGen-
eration). Thereare ATPGsbasedon the extendedFinite
StateMachinemodel,suchas[1], ATPGsbasedon genetic
algorithms,suchas[2] and[3], ATPGbasedonBinary De-
cision Diagrams,suchas [4] and [5] andATPG basedon
AssignmentDecisionDiagrams,suchas [6]. The ATPG
presentedin this papercanbe consideredin the family of
ATPGsbasedon controllability andobservability through
thesolutionof SAT problems.This approachhasbeende-
velopedalsoin [7], and[8]. Our algorithmimprovesthese
approachesby consideringingthesolutionof all constraints
involving bits,bit vectorsandintegersthatdrivethecontrol
flow of the systemundertest. After the productionof the
testvectors,it is necessaryto evaluatetheir effectiveness,
and this goal can be achieved by using a coveragemet-
ric. Dif ferentcriteria arecommonlyadoptedto determine
how gooda testset is: statementcoverage,branchcover-
age,conditioncoverageandpathcoverage.Path coverage
is the most stringentof thesecriteria, the problemis that
thenumberof pathsis a genericdescriptionof anhardware
modelcanbeinfinite. Thealgorithmweproposeintroduces
theconceptof sequenceof transitions,wherea sequenceis
a pathof a given lengthin termsof time frames,andthen
generatesall thetestvectorsnecessaryto exercisethesese-
quences.In this way, we realizepathcoveragefor all paths
with a lengththatis lessor equalto thefixedone.

2 Assumptionsand Computational Model

Theproposedtestgenerationalgorithmconsidersasin-
ternaldescriptionof the systemundertesttheclassicalFi-
nite StateMachinecomputationalmodel. A Finite State
Machine,
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, canbeformalizedasa 5-tuple
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is theinitial stateandR is theglobalrelation.

Naturally, theset
�

is definedasB=  "! �$#�% .
Theuseof FSMscanbeexploitedto representconcurrency:
in fact, a complex systemcanalwaysbe describedwith a
certainnumberof interconnectedFSMs. To allow cooper-
ation amonginterconnectedFSMs, a communicationand
interactionmechanismis 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 fundamentalhy-
pothesismustbe satisfied:all FSMsmustchangestateto-
gether. In thiscaseit is possibleto definethesystemstateas
thecartesianproductof thestatesof all singleFSMscom-
posingthesystem.Moreover, we have consideredonly de-
scriptionswith asingleclock signal.

3 The TestGeneration Algorithm

3.1 Overview

The testgenerationapproachproposed,aimedat verifi-
cation,canbedecomposedinto 5 majortasks:

1. Acquisitionof Data: In this phaseall availableinfor-
mationaboutthesystemis processed.Theseinforma-
tion aremainly constitutedby four lists. Thesearethe
port list, thestatementlist, theconditionalinstruction
list andthe transitionlist. The lists areobtainedfrom
ananalysisof thesourceSystemCcode.

2. Analysisof Transitions: It consistsin findingtheinitial
andfinal statefor eachtransitionpresentin thetransi-
tion list.

3. SequenceEnumeration: Sequenceenumerationis the
processof enumeratingvarious potential execution
pathsthroughtheSystemCprogramfor whichtestvec-
tors arerequired. The generationof thesesequences
can be performedaccordingto different techniques.
For instance,thebreadthfirstapproachwith depth& is
equivalentto considerall thepossibleexecutionpaths
thatlast & clockcycles.

4. Analysisof SequencesandProductionof Constraints:
For eachconsideredsequence,a setof constraintsis
produced.Thissetof constraintscorrespondsto all the
conditionalinstructionsthathave to resulttrueduring
theexecutionof thesequence.Theproblemis that, in
general,theseconstraintsdo not apply only to input
ports,but alsoto variablesandsignals.Generally, it is
not possibleto forcethevalueof a variableor a signal
to agivenvalue,but it is possibleto backtrackthrough
the codein order to obtain the direct dependenceof

thevalueof thevariableor signalfrom ageneralsetof
input portsandconstants.At the endof this phase,a
setof differentfiles is produced:eachfile is associated
with a sequence,andreportsthe setof equationsthat
mustbe verified for the executionof the sequenceit-
self. Theseequationshaveasconstraintvariablesonly
input ports,andalsoincludedomainconstraints,that
specify the domainfrom which the valuesof a con-
straint variableare drawn. All equationsare written
accordingto theGPrologformat.

5. Constraint Solving and Test Extraction: Constraint
Solving is theprocessof generatinga solution,if one
exists, to satisfy a set of constraintsassociatedwith
a sequence.In our implementationwe have usedthe
GPrologconstraintsolver, but the techniqueusedfor
constraintgenerationis independentof the constraint
solver used.If theGPrologconstraintsolver doesnot
find a solution,thenno verificationtestcanbegener-
atedfor the sequence.If the constraintsolver finds a
solution, it is representedasa valueassignedto each
constraintvariable. During the testextractionphase,
we extract the test vectorsfrom the solution written
accordingto the GPrologoutput format, andarrange
themin a suitableformatfor theSystemCsimulator.

3.2 Acquisition of Data

During this phase,all the informationaboutthe topol-
ogyof thesystemundertestis collected.Theseinformation
consistsin four lists:

3.2.1 Port List

It is thelist of all theinput portof thesystem.Thefunction
of this list is to provide thedatanecessaryduringtheequa-
tions expansionphase;moreover it is usedalsoduring the
phaseof constraintgeneration,in order to derive the cor-
rect upperand lower boundsfor eachconstraintvariable.
If a port is declaredasbit or bit vector, the only possible
domainis thebooleanone  '! �(#�% . If theport representsan
integer, thereis anadditionalinformation:in fact,if we de-
clarea four bit integer, it canbebothusedto representthe
numbersfrom 0 to 15, or from -8 to 7, andso on. In this
case,alsotheupperandlowerboundof theport,intendedas
the lower andthehigherpossiblevaluethat it is necessary
to considerusing & bits, is reported.

3.2.2 StatementList

This is the list containingthe dataaboutall the statements
presentin thecodewe want to test. A statementis defined
aseachoperationtheendswith thatwriting of a valueover
anoperator, that is calledtarget,andcanbeanoutputport
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or a variableor a signal. In general,the valuewritten on
thetargetdependsonanundefinednumberof constants,in-
putports,variablesandsignals,but for theidentifiedmodel
only two kind of equationsareallowed: unaryequations,
constitutedby a singleoperator, andbinaryequations,con-
stitutedby two operatorsandoneoperation. In fact, it is
possibleto provethateachcomplex equationcanbedivided
in a setof binary equations,throughthe introductionof a
certainnumberof temporaryvariables.Theadoptedmodel
allowsdifferentoperations:

) Logic operations:NOT,AND,OR,XOR,NOR,NAND.

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

) Operationson bit vectors:Concatenation,Selectionof
singlebit, Selectionof subvectorsof bits.

This set of operationsis sufficiently rich to allow the
modelingof a largesetof SystemCoperations.

3.2.3 Conditional Instruction List

This list containsall theconditionalinstructionspresentin
thecode.Eachconditionalinstructioncorrespondsto acon-
dition thatmustbeverifieduponavariableor asignalor an
inputport. In ourmodel,wehaveconsideredonly two kind
of conditionalinstructions:
) Binary branch: correspondsto a binarydisjunctionin

thecode.If theconditionis true,acertainpieceof code
is executed,correspondingto the *,+.-"/ branch,other-
wiseanotherpieceof codeis executed,corresponding
to the -'021(- branch.This conditionalinstructioncanbe
usedto representthe if-then-elsecontrol instruction,
but alsomorecomplex structures,suchastheif-elseif-
elsecontrolinstruction.

) Multiple branch: correspondsto a disjunctionof the
codethat presentsmorethantwo branches.The exe-
cutedpieceof codecorrespondsto the first condition
thatresultsto betrue. This conditionalinstructioncan
beusedto modelthecaseinstruction.

Naturally, the entire SystemClanguagepresentsa num-
berof control instructionsthat is largerwith respectto the
modelwe have introduced;however, it is possibleto prove
that, if we usethe FSM model,all the conditionalinstruc-
tions involving loops, as for example 354'6 , or 78+:9;0<- , can
be translatedin an appropriateFSM description. Whena
conditionalinstructionis defined,it is necessaryto identify
theleft andtheright operator, andthecomparisoncriterion.
Therearesix differenttypesof comparisoncriteria: Equal,
Not Equal,Greaterthan,Lessthan,Greateror Equalthan,
Lessor Equalthan.

3.2.4 Transitions List

Thislist containsall thepossibletransitionsthatareallowed
in thesystemdescription.A transitionis definedastheor-
deredsetof all statementsandconditionalinstructionsthat
can be executedand verified during a single clock cycle.
Eachtransition,in practice,correspondsto a paththat can
befollowedin thesystemundertest,if welimit theduration
of thesimulationto a singleclock cycle. Thesetransitions
canbeobtainedby a recursivevisit of thecontroldataflow
graphthatrepresentsthetopologyof thesystemundertest.
Let usconsiderthefollowing example,calledExample1.

This pieceof coderepresentsa simpleFinite StateMa-
chine.Figure2 representstheControlDataFlow graphex-
tractedfrom Example1. Thegraphcontainsboththeinfor-
mationaboutcontrol conditionsandaboutdataflows (as-
signmentson variables,signalsandports).If a singleclock
cycle is considered,eachdifferent possiblepath from the
startingpoint of the CDFG to the final point of the CDFG
representsa transition for the FSM. In the example, the
numberof possiblepathsis 8: this meansthat,duringeach
clockcycle, thesystemexercisesoneof these8 transitions.

3.3 Analysis of Transitions

After the acquisitionof all lists, the secondstepof the
methodologyconsistsin analyzingeachtransition.Thegoal
is to establish,for eachof thesetransitions,theinitial state
andthefinal state.In fact,duringthenext step,all theavail-
ablesequencesof transitionswill be considered,anda se-
quenceis meaningfulif andonly if the final stateof each
transitioncomposingthe sequencecorrespondsto the ini-
tial stateof theprevioustransition.Theidentificationof the
initial andfinal stateof eachtransitionis performedthrough
theapplicationof two algorithms:
) Initial state: theinitial statecanbeobtainedby thefirst

multiple branchinstructionon the statevariable. In
fact,if we referto theclassicalFSM model,theback-
boneof thecodeis constitutedby acaseinstructionon
thevalueof thestatevariable.If thetransitiondoesnot
presentany multiplebranchinstructiononthevalueof
thestatevariable,it is assumedto have,asinitial state,
theresetstate.

) Final state: the final statecanbe obtainedby the last
assignmentstatementon thestatevariable.If thetran-
sition doesnot presentany assignmentstatementon
thestatevariable,it is assumedto have, asfinal state,
the samestatethat hasbeenidentifiedasinitial state.
It is importantto notice that it is possibleto find se-
quenceswith thesameinitial andfinal state;this,how-
ever, doesnot meanthat thesequencescanbeconsid-
eredthesameone,becausethey arecharacterizedby a
differentsetof statementsandconditionalinstructions.
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#include <systemc.h>

SC_MODULE(fsm) {

sc_in<bool> clock;
sc_in<bool> reset;
sc_in<bool> line;
sc_out<bool> u;

enum {A,B,C,D} state;

SC_CTOR(fsm)
{
SC_METHOD(entry);
sensitive_pos(clock);
};

void entry();
};

void fsm::entry() {
sc_bit temp;
if (reset.read()==true)
{

state=A;
temp=’0’;
u.write(false);

}
else
{

switch (state) {
case A:
temp=’0’;
state=B;
if (line.read()== false)

temp=line.read();
else

temp=line.read();
case B:
if (temp==’0’)

state=C;
else

state=D;
u.write(false);

case C:
if (line.read()==false)

state=D;
else

state=A;
u.write(false);

case D:
state=B;
u.write((bool)temp);

}
}

}

Figure 1. Example 1

Figure 2. Contr ol Data Flow graph

At theendof thisphase,it is possibleto obtainagraph,that
shows all the possibletransitionsbetweenthe statesof the
system.Eacharcbetweentwo statesrepresentsa transition,
and is labeledwith the transitionidentifier. According to
whatwe saidbefore,it is possibleto havemultiple arcsbe-
tweentwo states.Figure3 shows this graphfor Example
1.

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

3.4 SequenceEnumeration

Thefollowing stepis theenumerationof all theoretically
possiblesequences.A sequenceis definedasanorderedset
of transitions. A sequenceis theoreticallyfeasibleif and
only if the final stateof eachtransitioncomposingthe se-
quenceis equalto the initial stateof the following transi-
tion. Moreover, eachsequencealwaysstartsfrom thereset
state(this meansthat the initial stateof the first transition
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of eachsequenceis always the resetstate). Oncedefined
thesesimplerules,it is possibleto definedifferentcriteria
to selectandenumeratethesequences.In the following, a
numberof thesecriteriaareillustrated:

1. Breadth first: given a number & , the breadthfirst
approachselectsall the sequencesthat arecomposed
by exactly & transitions. This strategy provides the
higherpossiblecoverage,becauseall the possiblese-
quenceswith a lengthof & areconsidered.In prac-
tice, it correspondsto the pathcoverage,whereeach
path lastsat most & clock cycles. However, this is
also the mostheavy strategy underthe point of view
of thecomputationalcomplexity: in theworstcase,if
wehaveafully connectedgraph,thenumberof gener-
atedsequencesis = ��>�?A@'BDCE �

, where
> E is the average

numberof transitionsstartingfrom eachstate,and
> �

is the numberof consideredtime frames. If we con-
sideranexamplewherethereareonly two transitions
startingfrom eachstate,the numberof generatedse-
quenceswill beexactly F ?G@"BIHKJLC .

2. Breadthfirst plus transitionselection: this strategy is
similar to the previous one; the userprovides,as in-
put, a set of transitions

�
. Then, the sequencesare

generatedaccordingto the breadth-firstapproach,but
a sequenceis acceptedonly if all transitionsbelong
to set

�
. Throughthis approach,it is possibleto dis-

cardalargenumberof sequences,andto savetimeand
memory. Naturally this happensbecausetheattention
is focusedon asmallersubsetof transitions.

3. Transition coverage: this strategy is aimedat cover-
ing all transitions,but not necessarilyall paths.A list
of coveredtransitionsis built, wherefor eachtransi-
tion it is reportedif it hasbeencoveredor not. Then
the sequencesaregeneratedaccordingto the breadth
first approach,but if a sequenceis constitutedby tran-
sitionsthathave beencoveredby previoussequences,
it is discarded.In practice,a sequenceis addedto the
list of the valid sequencesif and only if it coversat
leastonetransitionthat hasnot beenpreviously cov-
eredby anothersequence.The algorithmstopswhen
eachtransitionhasbeencoveredat leastonce.

At the endof this phase,a list of theoreticallyfeasiblese-
quencesis obtained. Eachoneof thesesequencesis ana-
lyzedandprocessedduringthefollowing step.

3.5 Analysisof SequencesandProductionof Con-
straints

The goal of this phaseof the algorithm is to find, for
eachconsideredsequence,thesetof constraintsthatcorre-
spondsto the executionof that specificsequence.This set

of constraintsis writtenaccordingto theGPrologformat.In
general,eachconstraintderivesfrom a control instruction,
andtheoperatorsof acontrolinstructioncanbeinputports,
variables,signalsor constraints.Let usconsiderthecaseof
avariableM usedin an 9;3 controlinstruction,asfollows:

if (x==’0’) then
{block 1}

else
{block 2}

If theconsideredsequencecontainsthetransitioncorre-
spondingto thetruebranchof the 9L3 control instruction,it
is possibleto derive thefollowing constraint:

M � ! �
M is not an input port, so it is not directly controllable.

The solutionof this constraintis not useful to identify the
primaryinputvaluesthatcontrolthevariable.Moreover, let
us considerthe casewherethe variable M is subjectto an-
otherassignment,andthenusedin anothercontrol instruc-
tion. It is necessaryto distinguishthe two differentvalues
of the samevariableduring two differentmomentsof the
execution. To solve thesetwo problems,it is necessaryto
introducefirst of all theinformationabouttime, thento ap-
ply anexpansionalgorithm,thatis ableto write constraints
containingonly input portsandconstants.

) Time: The information abouttime can be easily de-
rivedfrom thestructureof thesequences.Eachtransi-
tion correspondsto a differenttime frame,becausein
our modela transitionis definedasthesetof instruc-
tionsandconditionsthatcanbeexecutedandverified
in asingletimeframe.Thismeansthatit is possibleto
associateamarkto eachvariable,signalandinputport.
Variables,signalsandinput portscharacterizedby the
samename,but a differenttime mark,couldhave dif-
ferentvalues.In theGPrologequations,thetimemark
is addedto the nameof the variable,signal or input
portaftera doubleunderscore.

) ExpansionAlgorithm: Let us considerthe following
list of constraints:

6N-N1"-"* #8�O#
6N-N1"-"* F � !
1$*LPQ*L- F �SR
6N-N1"-"* T � !
1(*LPQ*L- T �S�
*L-(UWV T ��#

While 6N-N1"-"* is an input port, and is directly control-
lable, 1(*LPQ*L- and *L-"UWV aretwo variables.We needto
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expressthesevariablesin termsof knownsignals(con-
stants)or controllablesignals(input ports).This oper-
ation can be obtainedby a backward analysisof the
code.Let usconsiderthepreviousexample.Theequa-
tionsareallocatedin memoryasbinary trees.All the
leavesof thesetreesthatarevariablesor signalscould
be subjectto expansion. If we scanthe list of state-
mentsexecutedduringthesequence,startingfrom the
lastoneto thefirst one,duringthesecondclock cycle
wefind:

*L-"U�V � 0X9Y/K-QZ
Due to the fact that this statementis executedduring
the secondclock cycle, and this time mark is lower
thanthetimemarkof thevariabletempin theequation
trees,the substitutionis executed. The equationtree
changes,andthismeansthattheconstraintis modified
into:

� 0�92/K- F �D�O#

In practice,every time we find a statementhaving a
variableas left operand,if the variableis also a leaf
for theequationtreeandthetime markof thevariable
in the treeis greateror equalto the time framewhen
the statementis executed,then the leaf of the tree is
expanded.The sameprocedureis appliedin caseof
signals. If eachvariableandsignalof the systemhas
beenatleastinitialized,attheendof thisphaseall con-
straintequationsshouldinvolveonly knownor directly
controllablesignals.If this doesnot happen,it means
that therearevariablesor signalsthat have not been
initialized, sowe aredealingwith a non-deterministic
FiniteStateMachine.

) Constraintsproduction: Onceobtainedthelist of con-
straintequationsfor eachsequence,it is necessaryto
translatetheseequationsaccordingto theGPrologfor-
mat. Moreover, it is necessaryto considerseparately
thecaseof bits,bit vectorsandintegers,becausethese
threetypesbelongto differentdomains,andaresolved
in differentways.

– Bit: Table1 shows the correspondencebetween
theoperationsandcomparatorsintroducedprevi-
ouslyandtheGPrologequations.In thiscase,for
eachequationin theconstraintequationlist of the
sequence,asingleGPrologequationis produced.
The domain of all constraintvariablesusedin
the equationsis definedas the booleandomain
 '! �$#[% .

Operationor comparator GProlog
NOT \W]
AND \_^`]
OR \_]`^

XOR \_\
NAND \_]`^[]
NOR \_]`][^
Equal \ba ��c

Not equal \_]da ��c

Table 1. Boolean operations and comparator s

– Bit vector: If at leastonevariableinvolved in a
constraintequationis abit vector, thesituationis
morecomplex. In fact,it is necessaryto consider
thatmorethana singleGPrologequationcanbe
extractedfrom a singleconstraintequation.Let
us considertwo bit vectors, e # and efF , of the
samesize.If weconsidertheconstraintequation:

e #g� edF
this impliesthateachbit of e # musthaveavalue
equalto thecorrespondingbit of e�F . In thiscase,
it is possibleto split a singleconstraintequation
involving bit vectors in a series of GProlog
equationsinvolving a singlebit. Eachconstraint
equationbetweenbit vectorsinvolving anequiv-
alencecanbedividedin a seriesof equivalences
over the singlebits of the bit vectors. This se-
riesof four equationsin GPrologis shown below.

e # !h\ia ��c edF !
e # # \ia ��c edF #
e # Fj\ia ��c edF F
e # Th\ia ��c edF T

The numberafter the underscorerepresentsthe
position of the bit in the array. The samepro-
cedurecanbeappliedif theequivalenceinvolves
otherlogicaloperations,suchasAND, OR,NOT,
XOR, etc. A differentapproachmustbeusedin
caseof inequality. Let usconsiderthefollowing
constraint:

e #Wk� edF
where e # and e�F are bit vectorswith a size
of 4 bits. In this case,it is sufficient that at
leastone bit of e # is different with respectto
the correspondingbit of edF , in order to satisfy
the constraint. In fact, eachconstraintequation
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Operation GProlog
Sum l

Subtraction m
Moltiplication n

Quotientof integerdivision ^
Reminderof integerdivision 6'-"U

Power n`n
Equal \ �

Not equal \_] �
Greater \ c

Less \ia
Greateror equal \ c8�

Lessor equal \ � a

Table 2. Mathematical operations and com-
parator s

betweenbit vectorsinvolving an inequalitycon-
straint can be translatedinto a single equation
involving the singlebits of the bit vectors.This
equationcan be written in GProlog language,
usingthe tableof equivalencepresentedbefore.
Theresultis:

�,� \W] � e # � \W\We�F � ��� \_^[]� \_] � e # J \_\We�F J �,� \_^[]� \_] � e #(o \_\We�F o$�,� \_^[]� \_] � e #"p \_\WedF p"�,��� \ba ��c ! �
– Integer: Integersrepresentadifferentkind of do-

main for GPrologequations.Whena constraint
variableis declaredasan integer, it is necessary
to specify also the upperand the lower bound
of the integer. Table 2 representsthe equiva-
lence betweenthe operationsand comparators
we have introducedpreviously and the corre-
spondingGProloginstructions.

At the end of this process,for eachsequenceit is
possibleto obtaina setof GPrologequations.These
equationsaredefinedover variablesbelongingto the
booleanor integer domain. Eachconstraintvariable
representsa bit of an input port, or a setof bits repre-
sentinganinteger. For theintegerconstraintvariable,a
rangeof finite valuesof existenceis provided.Thisset
of equationsanddomainconstraintsrepresentsa SAT
problem: if it is possibleto find anassignmenton the
constraintvariablesthat satisfiesall constraintsat the
same,it is possibleto determinean assignmentover
the input portsthatexercisethe sequencefrom which
theconstraintsareoriginated.

3.6 Constraint Solvingand TestExtraction

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

1. Thesetof constraintequationsobtainedfor asequence
cannotbesatisfied.In thiscase,thesequenceof transi-
tionscorrespondingto thesetof constraintequationsis
theoreticallypossible,but cannotbeexercisedin prac-
tice.

2. Thesetof constraintequationsobtainedfor asequence
canbesatisfied.In this case,theGPrologsolver com-
putesonepossiblesolutionfor that setof constraints,
andthissolutionis storedin afile.

Finally, the setof solutionsobtainedfor all consideredse-
quencesis consideredby a testvectorsgenerator, thatmaps
the valuesof the solutionsover the input ports along the
time framesin orderto obtainacompletetestbench.

3.7 Extensionto Multiple Processes

The consideredexecutionmodelfor multiple processes
is characterizedby the fact that simulation time is ad-
vancedandsignalvaluesareupdatedonly afterall thepro-
cessesare suspended.In this case,test generationmust
follow this modelof execution. Considerthe specification
of / interactingFSMs, with /rq #

, written using a sin-
gle SystemCmodule. EachFSM definesa differentpro-
cesss J � s o`� s p��$tGtGtA� s � . If processPi hasxi possibletransi-
tions in a singleclock cycle, then,sincethe processescan
potentiallyexecuteindependentlyof eachother, thereare
M J nuM o nIM p n tGtGt n�M � potentialexecutionpathsin thepro-
gram. Also in this case,someof thesepathsmaybeinfea-
sible. This happenswhenprocessesinfluenceeachother’s
controlflow by communicatingthroughsharedsignals.Our
approachto theproblemconsistsin two phases:duringthe
first phase,the algorithmis appliedto eachFSM indepen-
dently. For eachsingleprocessthesequencesof transitions
aregenerated,and for eachsequencethe constraintlist is
produced.Then,in a secondphase,the interactionamong
differentFSMsis considered.Let us considerthe caseof
two interactingFSMs, v J and v o . After theapplicationof
thealgorithm,thenumberof sequencesproducedis respec-
tively M J and M o . This meansthat the total numberof the-
oretically possiblesequencesis M J n�M o . Let us consider
the following case: we want to generatethe test vectors
thatwill causetheexecutionof sequence

� Jxw y for theFinite
StateMachinev J andsequence

� o w z for theFiniteStateMa-
chine v o . Theexecutionof

� J
w y imposesacertainnumberof
constraintson thesharedsignals;theseconstraintsmustbe
addedto theconstraintlist correspondingto sequence

�{o w z
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of v o . At thesametime, theconstrainton thesharedsignal
causedby the executionof the sequence

�{o w z of v o must
be addedto the constraintlist correspondingto sequence� J
w y of v J . For instance,let usconsider4'|�* anoutputport
for v J . The executionof the sequence

� Jxw y provokes the
factthatthevalue } # } is assignedto this portduringthefirst
clockcycle. If thisportrepresentsasharedsignal,therewill
be an input port of v o connectedto the outputport of v J .
Let us call this port 9Y/ . In this case,the constraintto be
addedto thesequence

�{o w z is thefollowing one:

� 9Y/ F �D��#
In fact,when v o readsthevalueof theinputportduringthe
following clock cycle (the secondone), it readsthe value
forcedby v J . In practice,the extensionof the algorithm
to multiple processarchitecturescanberealizedby adding
theconstraintsoversharedvariablesto eachpossiblen-uple
of theoreticallypossiblesequencesgeneratedthroughthe
applicationof thebasictestgenerationalgorithm.We con-
siderassharedvariableeachsignalthatis readfrom anout-
put port for a processandthanwritten on an input port of
anotherprocess.Theconstraintis generatedevery time the
outputport is assignedto a valueor an expression,andis
addedto theconstraintlist of thesecondprocess.

4 Experimental Resultsand Conclusion

The algorithm hasbeentestedwith a set of examples
written in SystemC.Theseexamplesaretranslationin Sys-
temCof asubsetof benchmarksdevelopedatPolitecnicodi
Torino. Thebreadthfirst strategy hasbeenusedto produce
the sequencesof transitions. Table3 shows the resultsof
experiments:for eachcircuit, we have reportedthe depth
of the breadthfirst algorithm, the numberof theoretically
possiblesequences,the numberof feasiblesequences,the
percentageof discardedsequences,andthe pathcoverage
reachedthroughthetestvectorsgeneratedby ouralgorithm.
Moreover, wehavealsoreportedthepathcoveragereached
by Commit[5], andRage[2]. Theresultsshow that,in case
of simplebenchmarkswithout portsrepresentingintegers,
the coveragesareequivalent,otherwisethe algorithmout-
performsclassicalATPG in termsof pathcoverage. This
happensbecausethe use of GProlog allows a fasterand
moreefficient managementof constraintsinvolving integer
variables.Futurework will extendtheexperimentstoward
industrialSystemCdescriptions,to dealwith largersizeex-
amples.
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