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The most commonapproachto checking correctnessof a hard-
ware or software designis to verify that a description of the design
hasthe proper behavior aselicited by a seriesof input stimuli. In
the caseof software, the program is simply run with the appropri-
ate inputs, and in the caseof hardware, its description written in
a hardware description language(HDL) is simulated with the ap-
propriate input vectors. In coverage-directed validation, coverage
metrics are definedthat quantitati vely measure the degreeof verifi-
cation coverageof the design.

Motivated by recentwork on obsewability-based caveragemet-
rics for modelsdescribedin a hardware description language,we
develop a method that computesan obsewability-based codecover-
agemetric for embeddedsoftware written in a high-level program-
ming language. Given a setof input vectors, our metric indicates
the instructions that had no effect on the output. An assignment
that wasnot relevant to generatethe output value cannotbe consid-
ered as being covered. Resultsshow that our method offers a sig-
nificantly more accurateassessmentf designverification coverage
than statementcoverage. Existing coverage methodsfor hardware
canbeusedwith our methodto build a verification methodologyfor
mixed hardware/software or embeddedsystems.

I. Intr oduction

Embeddedystemsareusedn agrowing numberof diverseapplica-
tions. Examplesncludeconsumeelectronicsautomotve systemsand
telecommunicationsamongothers. This prevalenceis dueto the fact
thatembeddedystemsesultfrom amix of hardware/softvaresystems.
Thesoftwarepart,whichrunson a processqrgivesthe systentheflex-
ibility, sinceit canbeeasilychangediependingntheapplication.The
hardwareportion,which executesmorespecializedunctions,is usedin
time critical subsystems.

Due to their heterogeneityembeddedsystemspose several nen
problemsthat, only recently have begun to be tackled. One of them
is the specificationproblem. The specificatiolanguagehasto assume
a modelof computatiorfor interactinghardware and software compo-
nents. It is fairly commonto supportthe modelsof computatiornwith
languageextensionsor entirely new languagesThelanguageusedcan
be specificto embeddedystemssuchasEsterel[3], Lustre[9], Sig-
nal [2], or Argos[13], amongothers. However, theselanguagesave
seriousdrawvbacks. Acceptances low, platformsarelimited, support
softwareis alsolimited, andlegag/ codemustbe translatedbr entirely
rewritten. Currently multiple general-purposianguagesre used,for
example,hardwarelanguagesuchasVvHbDL, areusedto describehard-
ware models,and software languagesuchas c, are usedto describe
embeddedoftwarecode.Thelack of a uniform specificatiorincreases
thedifficulty of theembeddedystemvalidationproblem.

Techniquedor the formal validationof suchsystemsarebeingde-
veloped [5]. Neverthelesssimulationis still the bestoptionwhentry-
ing to validatea design. As mentionedabove, validationof embedded
systemsds hardbecausef their heterogeneitySoftwareandhardware
shouldbesimulatedsimultaneouslyandfurthermorehardwareandsoft-
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ware simulationsmust be kept synchronizedso that they behae as
closeaspossibleto the physicalimplementation Severalmethodshave
beenproposedor co-simulation[8], [10], [12], [15], [16].

Researcldonein softwarecompilationandvalidationtechniqueas
beenmainly directedatgeneral-purpossoftware,andin mostcaseshe
developedtechniquesrenot directly applicableto embeddedoftware
(thatinteractswith hardware). The importanceof embeddedoftware
hasnow beenrecognizedandresearchdonetargetinggeneral-purpose
software is being retooledto addresshe problemof embeddedsoft-
ware[11]. On the otherhand,embeddedsoftware is becomingvery
comple. The demandfor more elaboratefunctionality is making it
muchmoredifficult for a singleengineerto accomplishthe validation
task by manuallycheckingtensof kilobytes of assemblycode. As a
result,efficient automatedialidationtechniquesrenecessaryhatgive
theengineerma measuref confidencen the correctnessf the software.

Ourfocushereis on coverage-directestalidation,whereincoverage
metricsaredefinedthatquantitatvely measurehedegreeof verification
coverageof the design,be it hardware, software or a mixture of both.
In this paperwe proposea new metric that givesa measureof thein-
structioncoveragein the softwareportionof theembeddedystem.Our
metric is basedon obserability, ratherthanon controllability. Given
a setof input vectors,our metric indicatesthe instructionsthathadno
effect on the output. An assignmenthatwas not relevantto generate
the outputvalue cannotbe consideredasbeingcovered. Then,the de-
signeror programmerby looking at the statementoverage,canadd
moretestsuntil all statementfiave someeffecton the programoutput.

Our work is motivatedby recentwork on obserability-basedcov-
eragemetricsfor hardwaremodelsdescribedn a hardwaredescription
languagd6]. Our resultsshav that our methodoffers a significantly
more accurateassessmentf designverification coveragethan state-
mentcoverage. Existing coveragemethodsfor hardware canbe used
with our methodto build a verification methodologyfor mixed hard-
ware/softvareor embeddedystems.

In Sectionll, we give anoverview of the softwaretestingfield. Our
metricfor softnarecoverageis presentedn Sectionlll. SectionlV de-
scribesthe implementatiorof our coveragemetric. Preliminaryresults
arepresentedn SectionV. Finally, someconclusionsandfuture work
arepresentedn SectionVI.

Il. Software testing

Softwaretestinghasbecomemoreimportantsincethe sizeandcom-
plexity of theprogramsncreasedn adramaticway. Thisimportancds
even morecritical sincesoftware programsareerror prone. Oneof the
waysto handlethis is to testthe software. On the otherhand,proving
thataprogramdoesnothave bugsis practicallyandtheoreticallyimpos-
sible. It is very difficult to prove thatevena sectionof a given software
programworks, mainly becausevery possibility hasto betestedn or-
derto guarante¢hatthesoftwarehasno errors.Sinceit is impossibleto
designa testthat exercisesevery possiblepathin the program,several
metricshave beendevelopedto give a measureof the testthorough-
ness.But first let us presensomeconcepton the control flowgraphof
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Fig. 1. Exampleflowgraphfor themax function.

aprogram.

A. Control flowgraph

A controlflowgraphis agraphicakepresentationf aprograms con-
trol structure[1]. A controlflowgraphconsistof processegjecisions,
andjunctions. A processs a sequencef statementsuchthatif ary
statements executed,thenall otherstatementsre executed. Thus, a
procesdlock is a sequencef statementsininterruptedy eitherdeci-
sionsor junctions. A decisionis a programpoint at which the control
flow candiverge. A junctionis apointin the programwherethe control
flow canmemge. Figurel shaws the flowgraphof a program.

A pathin the programis a sequencef statementshat startsat an
entry, junction, or decisionand endsat anothey or possiblythe same,
junction, decision,or exit. A path may go throughsereral junctions,
processexyr decisionspnceor morethanonce.

B. Software path testing

Themostcommonlyusedmethodgor softwaretestingarebasedn
pathtesting. Path testingcorrespondsgo the input stimuli of the pro-
gram exercisinga selectedset of pathsthroughit. Thereare several
metricsthatcangive usameasuref thetestthoroughnesfor somein-
putstimuli[1]. Themostimportantonesarepath,statemenandbranch
coverage.

Path coverageis the mostcompleteof all the pathtestingmethods.
We achieve 100% path coveragewhenevery possiblepathin the pro-
gramis executed.Thismeanghatfrom thebeginningof theprogramall
possiblewaysof gettingto theendwerefollowedandexecuted.Reach-
ing 100%pathcoverageis very oftenimpracticaldueto thegreatnum-
ber of possiblepaths. Further somepathsmay befalse,i.e., cannever
beexecuted.

Statementoveragetamgetsthe executionof every statementn the
program.Althoughthis metricis easilyachieved, it is avery weakone.
Mary possiblebuggy conditionsarenot tested.

Betweerthetwo, in termsof testthoroughnessye have branchcov-
erage.Branchcoverageconsistsof exercisingall the alternatvesof ev-
erybranch.This metricis only alittle betterthanstatementoverage It
executesavery statementindalsotestsevery branchin eachcondition,
includingthosebrancheghatdo nothave ary statement.

Variantsof branchcoveragesuchas multicondition coverageand
loop coveragearealsousedascoveragemetrics.ln multiconditioncov-
erageevery conditionis requiredto take every possiblevalue. Loop
coveragerequiresthatevery loopis executedzero,oneor two times.

All thesecoveragemetricsonly take into accountthe activation of

somepath,i.e., controllability. They do not sayarything aboutobserv-
ing on the outputsthe effectsof thoseactivations. Hence ,obserability

is negglectedin thesepath coveragemetrics. We saythat we have ob-

senability when, besidesexecutingsomestatementthe resultof that
executionreachesomeoutput. Controllability without obserability is

not very useful. Activating a statementioesnot meanthatit hasbeen
verifiedif it is notobsened at someoutput.

The pathcoveragemetric will satisfy obserability requirementsf
pathsfrom programinputsto programoutputsareexercisedandtheval-
uesof variablesaresuchthatthe erroneouwalueis not masled. How-
ever, the pathcoveragemetric doesnot explicitly evaluatewhetherthe
effectof anerroris obserableatanoutput.

C. Obsevability metrics

Obsenability is takeninto accountn metricssuchassensitvity and
impactanalysis.

PIE analysisvasproposedy Voas[17] to predicta statemeng abil-
ity to causeprogramfailure if the statementvere to containa fault.
The programinputsareselectecat randomconsistentvith anassumed
input distribution. The analysisgives asresults,an estimationof the
frequeng with which inputs executethe statementan estimationof
the frequeny with which mutantsof the statementreatedaltereddata
statesandan estimationof the frequeng with which altereddatastates
causeachangeon the programs output.

Goradia[7] introducedimpactanalysis. Impactanalysisestimates
impactstrengthsof all entity instancesn an execution,in atime pro-
portionalto the executiontime. The impactstrengthof a statemenbr
variablex senesasaquantitatve measuref theerrorsensitvity of the
pathsfrom z to the output.

Thesetwo metricsboth deal with the introduction of someerror
in somepart of the programand computethe probability of that er-
ror reachingthe output. The metric we proposedoesnot needto inject
errorsin theprogram.For aninputvectorit givesusthe statementshat
hadno effect on the output,thusforcing thedesigneito getmore/better
testvectors.

Ill. Proposedcoveragemetric

Themetricwe proposés basednobsenrability coverage Thismet-
ric addressesot only which statementsareexecutedby aninputvector
(controllability) but alsoif thestatementtave ary influenceontheout-
put result(obsenability). This metricwasmotivatedby recentwork in
obserability analysisfor hardwaremodels[6].

A. Hardware obsewability

Thecomputatiorof the Obsenability-basedCodeCOwerageMetric
(occom) [6] canbe donewhile simulatingan HDL design. This com-
putationis donewith thehelpof tags.A tagsignifiesa possiblechange
in thevalueof avariabledueto anerror. If ataginjectedata statement
getspropagatedo anoutputnodethenthat statements relevantto the
output. This methodconsistf two steps:

1. The given HDL modelis modified by addingnew variablesand
moving statement®ut of conditionalclauses.The modifiedHDL
modelis thensimulatedusingacommerciakimulator Thisallows
theextractionof informationthanby justusingtheoriginal model.

2. A flowgraphis createdrom the modifiedHDL modelandthere-
sultsof the simulationare usedto determinethe coverageunder
occoM. In this steptaginjectionis used.Tagsareinsertedn the
edgesof the graphand propagatiorof the tagsis doneby selec-
tively traversingpathsfrom the edgeto the outputnodes.



Thecomputedtoverageinformationsenesasadiagnosticaid to the
designer It helpsto delug and design,and/orcreatebetterfunctional
tests.

B. Software obsewability

In our methodto computethe software obsenability we do notin-
ject errorsor tagsinto the statement®f the programs. The software
programis modifiedto give usmoreinformationon the program.Then
themodifiedprogramis executedandanobsenability coverageis com-
puted.

In orderto achieve the obsenability target, we needto keeptrack
of all the statementshat assigna variable. For that purpose for each
variablein theprogramwe have alist of statementthevariabledepends
on. Whenwe arrive at a statementve save the variablethat will be
assignedFor thatvariablewe build alist of dependencieshichis the
setunion of the dependeng lists of the variablesthat are at the right
handside(rRHS) of theassignment.

Whenwe reachan obsenrable statementin our caseeithera write
to screeror to file) wherethe contentof somevariableis passedo the
exterior of the programwe checkthe statementn its list of dependen-
cies.Thestatementthatarenotonthatlist arenotobsenablefrom that
output.

After every inputvectoris testedwe endup with a setof obserable
statementsWe canthengive a measureof the coveragethoroughness
of the input vectorson the program. Along with this measurewve also
know which statementsvere not relevantto the output. This cangive
the designerof the programsuficient information on how to design
more/bettetestvectors.

The constructiorof the dependenglists is donedynamicallywhile
the programis running. Thus,the original codehasto be modified. For
eachstatementtheinformationregardingthe dependenciethatexistin
it aresaved.

The coverageanalysisprocedurestartswith a programin the c lan-
guageanda setof input stimuli. Whenwe run the programwith input
stimuliandmonitorits behaior usingouranalysigool, ourtool detects,
for eachstimulus,the statementén the programthatdid not have ary
controlin the outputresultfor thatstimulus.

To illustrate and motivate the proposednetric, considerthe simple
programgivenin Figure2. If we applythetestvectors(a = 1,b = 1)
and(a = —1, b = —1) we get 100% statementoverageand 100%
branchcoverage.With thoseinput stimuli every statements executed
andevery branchis taken. In Figure 3 we verify the obsenrability for
the sameinput vectors. Startingwith thevector(a = 1, b = 1) we get
thata depend®n statemen(l), thenb depend®n statemen(2). Since
x = b, x dependon the statementsvhich b dependedndalsoon its
own statement3). In line (4) we have thata dependsiotonly onb but
alsoon a sinceexecutingthis branchside of the conditiondepend®on
a. Soa dependn statementgl), (2) and(4). Theelse branchof the
conditionis not executed. Neverthelesssincethe value of z depends
onwhich branchis taken, z will depencdhot only on statement$2) and
(3) but alsoon variablea andconsequentlyn statemen({1). Applying
the sameprocedureto the restof the programwe get that the output
will dependon statementg1), (2), (3) and(6). Usingthe othervector
(a = —1, b = —1) we getthatthe statement$1), (2), (7) aretheones
onwhich the outputdepends Whenwe malke the setunion of this two
resultswe seethatstatement$4) and(5) have no controlon theoutput.
Thus,despitethefactthatthesevectorsget100%statemenandbranch
coverage,in termsof obsenrability we only get 75% coverage. The
solutionis to usemoretestvectorsor usedifferentones. In Figure4
we have the sameanalysisof the programbut with testvectors(a = 1,
b= —-1)and(ea = —1, b = 1). We canseethatwe getnot only
100%statementind branchcoverage but also100%of the statements

(1) [INPUT gq;
(2) I NPUT b;
(3) =z = b
if (a > 0)
(4) a = b;
el se
(5) T = z+a;
if (b >0)
(6) z = x;
el se
(7) z = a;

(8) QUTPUT z:

Fig. 2. Exampleof asimpleprogram.

a=1,b=1
a— (1)
b—(2)
z —(2),(3)

a—(1),(2).(4)
z—(1),(2),03)

z = (1),(2),(3),(6)
ouT — (1).(2),(3).(6)

a=-1,b=-1
a— (1)
b—(2)
z —(2),(3)
z —(1),(2),(3),(5)
z—(1),(2),(7)
ouUT — (1), (2),(7)

Fig. 3. Obsenrability coverageusing(a = 1, b = 1) and(a = -1,
b = —1) asinputvectors.

arerelevantto the output.

Whenparsingthe sourceprogramwe areonly interestedn assign-
ments,conditionsand statementshat generatesomeoutput. Included
in the assignmentsve have the relationthat exists betweenarguments
in the call to afunctionandthe parametersf the function. We cansay
thatthe former areassignedo thelatter The conditionsin every con-
trol structurearetakeninto account.The statementshatgeneratesome
outputarethe onesthatwrite someinformationto file or to screenprin
anembeddeaystemto anobsenableregister

This methodwe proposewill helpthedesigneiin catchingbugsand
designingmore/bettettestvectors. For catchingbugs, this coverageis
morereliablethanthe onesbasedon controllability only. By designing
testvectorshasedon obsenrability, the designercanguaranteehatthe
statementsestedarerelevant to the output, thus, enablingthe bugsto
reachan outputwherethey canbe detected.In the caseof testvectors
basedbn controllability, we do not have the guaranteghatanerrorin a
statementvill shov upin anoutput.

IV. Implementation

Thecoveragemetricbeingproposedvasimplementedo handlepro-
gramsin the c language The algorithmwasimplementedn atwo step
process.In the first stepwe transformthe sourceprogramby adding
for eachstatement call to a function. This functionwill procesghe
informationextractedfrom the statement.Then,in the secondstepwe
compile the transformedprograminside a framework that will allow



a=1,b=-1
a— (1)
b—(2)
z —(2),(3)
a—(1),(2),(4)
z —(1),(2),(3)
z—(1),(2),(4). (7
OUT — (1),(2),(4), (7)

a=-1,b=1
a— (1)
b—(2)
z —(2),(3)
z —(1),(2),(3), (5)
z—(1),(2),(3),(5), (6)
OUT — (1),(2),(3), (5), (6)

Fig. 4. Obsenrability coverageusing(e = 1, b = —1) and(a = —1,
b = 1) asinputvectors.

severalinput vectorsto be run andobtainan overall estimateof the ob-
senability coveragefor thesevectors.

A. Parser

Theparseusedwasc2cwhichis apublic-domairsoftwareprogram.
c2cworks by makingan AbstractSyntaxTree (AsT) of a ¢ program.
The AsT canthen be manipulatedn several ways suchas addingor
deletingnodesin it. Finally, after changingthe AsT, the c2ctool pro-
ducesthe ¢ programfor thatnew AST. In our casethe modifications
madeare, for eachstatementaddingone of several functionsto the
code.In the caseof anassignmenta control functionis addedafterthe
assignmentWhenwe have acall to afunctionthatwill sendsomething
to the output,anobserve functionis added.

The information regarding the dependenciedetweenvariablesis
savedin alist of dependenciesThis list of dependenciesontainsthe
list of statement®n which the variabledepends.When building the
list, we areinterestedn theaddres®f thevariablesandnotin its value.
What we want to know is if somepositionin memorywas modified
andwhich statementshat modificationdependson. This allows usto
work with dynamicallyallocatedobjectsfrom simpleintegersto com-
plex structures.

A.1 Assignments

Take, for example,the simplestatement = a + b. In this casethe
controlfunctionis calledspecifyingthatthe variablez will dependon
variablesa andb,

x=a+b; = Xx=a+b; control( &, &a, &b);

This meanghatif x arrivesat anoutputstatemente.g.,printf), the
statementt = a + b andthe statementsvherea andb wereassigned
arerecursvely covered.

If a variablethatwas alreadyassigneds reassigneda new list of
dependenciess built asif it wasthe variables first assignment.This
new list will thenreplacethe olderlist. This allow usto handlecases
suchasz = z + a.

In morecomplex statementsvherewe have morethanoneoperation
in theright handside (RHS) of the statementthe statements divided
into its partssothatwe getsimplestatementsi-or eachof thesesimple
statementshe control functionis called. For example,

x=a+b+c; = tenp=a+b;

X=t enp+c;

control( & enp, &a, &b) ;
control( &, &t enp, &c) ;

The control function takes into accountwhat kind of operationis
doneon the RHS. In the caseof the multiplication the operandsare
checledto seeif oneof themis zero. In thatcasethe assignedrariable
will only dependon the operandthat hasvalue zero, sincethe other
operanddoesnothave ary effectontheresult. This proceduras similar
to all operationghat have this property wherea particularvaluein an
operanddefinesthe result of the operation,without needto take into
accounthevalueof theotheroperand.

A.2 Conditions
All theconditionsarereducedo a singlevariable.So,

if (x>a)... = tenmp=x>a;

if (tenmp)..

Thisway we treatthe conditionsasjust ary simplestatementSince
every statementn the block insidetheif conditionwill dependon the
newly createdemporaryvariablein the condition,all assignvariables
in theblock will dependon the statementsvherethatnew variablewas
assigned.Thefactthatonly onevariableremainsin the conditionwill
simplify thebuilding of thedependenciesn all othercontrolstructures,
suchaswhile, do, for andswitch, the sameprocedures applied.

control( & enp, &x, &a) ;

A.3 Appendingdependencies

Every statemenin a conditionalblock dependson the condition.
This applieseven to thosestatementghat are in a branchthatis not
takenwhenthe programis executed.Thus,atthe endof the conditional
block, to every variablethat wasinsidethe block we appendto its list
of dependenciethe variablesthatwereon the conditionstatement.

A.4 FunctionCalls

We have to malke the correspondendeetweerfunctionargumentsn
the function call andthe parameterén the actualfunction. To enable
this, for eachagumentwe add anotherargumentthat is the address
of this agument. Thatway we do not losethe addresf the variable
wheninsidethe function. In the caseof agumentspassedsreference
or constantshe sameproceduras appliedbut sincewe cannotpassthe
addresof a constantwe passinsteada flag indicatingthatwe are not
passingheaddres®f avariable.Besideshe additionof onenew argu-
mentfor eachoriginal algument,if thefunctionreturnssomevalue,we
alsoaddanotherariableto the list of aguments.This variablepoints
to the list of dependenciesf the returnedvariablewhenthe function
ends.

Sincewe are working with variable addresseswe needto delete,
fromthelist of dependencieshevariablesghatwerecreatedn thefunc-
tion. This is becausdhosevariablesare automaticallyfreedwhenthe
functionendsandthe addressesanbere-utilizedin thefuture by other
variables.Thereforewe needto cleanall referenceso theseaddresses.
Conflicts could arisewhenthe sameaddresss usedin morethanone
functionwhencomputingthelists of dependencies.

A.5 Memoryallocation

Whenthe programallocatesmemorydynamically somecautionis
necessaryThe sameproceduradescribedn the previous paragraphs
neededThisway, whenthe programfreesa previously allocatedblock
of memorywe deletefrom our structureall the variableshatarein that
block.

A.6 Structuresarraysandpointers

Structuresarraysand pointersare not very different from simple
variablessincewe always manipulatethe addresf the variable. The
differencefrom simplevariablesis thatthefield thatis beingaccessed
dependslsoonthebaginningof the structure.So,we have,

x->a=b; = x->at+b; control( & x->a), &x, &b);



A.7 Obsenablestatements

Whenthe programoutputsthe value of somevariable,an obsere
functionis called.

printf(* “ %'’ ,x); = printf(‘ * %’ ', x); observe(&x);

Thisfunctionchecksthelist of dependenciefor the outputvariable
andmarksthe statementshatarein thelist of dependencieascovered
accordingto the obsenability metric. This meansthat the statements
thatarein the list of dependencieare the statementsiponwhich the
valueof the outputvariabledepended.

A.8 CurrentLimitations

The major limitation in this implementationis in the handling of
the standardc library functions. This presentsa problemsincewe do
not know which agumentsarealtered.For thosefunctionsthatarenot
supportedwe assumehat the agumentsof the function call will not
change.This is not alwaystrue. However, this will changeaswe add
supportfor thosefunctions.

Anotherlimitation is in the goto statementWe allow jumpsto ary
partof the softwareprogram,if thejumpis semanticallycorrect. How-
everwe canonly guaranteeneaningfukresultsif thejumpis madeinside
thesameblockor if thejumpis madeto theendof theblock fromwhere
it originated.

B. Calculating the coverage

The secondstepin the procesds to compilethe modified program
andlink it with thefunctionsthatwill executethe program procesghe
information,anddisplaythatinformation.

Themainfunctionof themodifiedprogramis calledfrom within our
framework. Specialcaremustbetakento passthe properargumentgo
thatfunction. After the call to the mainfunction, the programwe wish
to testrunsasif it wasrunningby itself. But now, for eachstatement
executeda functionis called.

Thesefunctions processthe information on the statementand de-
pendingon the type of statementhey canaddelementdo alist of de-
pendenciesr markthe statemenasobsenable.

Atfter all theinputvectorshave beenrun, statisticson thepercentage
of obsered statementsre given, togetherwith informationaboutthe
non-obsergd statements.

V. Results

In this sectionwe shav four exampleswe usedto testthe observ-
ability basedmetric beingproposed Oneof the programcomputes-i-
bonaccinumbersone matchesa streamof charactersagainsta string,
one computeghe Huffman codeandthe last oneimplementsthe Fast
Fourier Transform(FFT). All four wereimplementedusingthe c lan-
guage.As explainedin SectionlV, thefirst stepis parsingthe source
codesothatthefunctionsfor controllability andobserability areadded
to the program. Then the modified coderunsin a supportprogram
which gives us the measureof the coverage. We presentresultsfor
statementoverageand obsenability basedcoverageandwe compare
thetwo for thedifferentprograms.

A. Fibonaccinumbers

The programto calculateFibonaccinumbersis a very simple one
implementedwithout using recursion. The programtakes as input a
positive integern, andgivesasresultthe Fibonaccinumberof n, F[n].
Table | shawvs the measureof coveragefor several input values. The
first setof input valuesis the minimum necessaryor achieiing 100%

Input Statement| Obserability
Values || Coverage Coverage
0,1,3 100% 87%

0,1,3,4 100% 100%

TABLE I. Coveragefor the Fibonacciprocedure.

Input || Statement| Obsenrability
Values|| Coverage Coverage
inputl 88% 0%
input2 92% 0%
input3 96% 68%
input4 96% 84%
input5 100% 100%

TABLE II. Coveragefor the stringmatchprocedure.

statementoverage However, it is not sufficientin termsof obserabil-
ity basedcoverage.100%o0bsenability coverageis obtainedby adding
anothervalueto the setof input values. This exampleshaws that ob-
senability basedcoverageis a strongemetricthanstatementoverage.
Although with the first sequencef threeinput vectorsall statements
areexercised,not all are obsered at the output. With one moreinput
vectorwe canguaranteghatall statementareobserable.

B. String match

The string matchprogramreadsa streamof charactersand detects
the occurrenceof a specificstring. The programactivatesthe output
only whenthereis a match. Table Il shavs the resultsfor different
input vectors. Eachinput correspondso a streamof characterseing
feedto the program.Thefirst two inputsarestreamsf charactershat
do not have the matchingstring in it. So, despitethe fact that they
cangive a high percentag®f statementgovered,they do not produce
ary output. Thusno statements obsenrable from the output. The last
threeinputsareinputswherethe streamof characterfiasthe matching
stringin it. In thesetwo caseswve canseethat someof the statements
executedinfluencethe output. The inputsareorderedsuchthatinput5
is a streamof charactersongerthaninputl. As canalsobe seenfrom
theresults,to reacha certainpercentagef coverage,if we wantto use
the obserability coveragewe needlongerinput vectors. Thusmaking
thetestmorecomplete.

C. Huffman code

The Huffman algorithmtakesasinput a setof characterandgives
for eachcharactethebinarycharactecode.Thatcode,which depends
on thefrequeny eachcharactemppearsn theinput, canthenbe used
to compresghatsetof charactersTheimplementatiorusedwasbased
on[4]. Thisexampleusesdynamicallyallocatedstructuredinkedin bi-
narytrees.Furthermoreit usesrecursve proceduresallsextensvely. In
Tablelll we presentheresultsfor statemenandobsenrability coverage
for two input vectors. Vectorinputl hasonly two characters Despite
thefactthatit wasa very small set,it still gave us a 99.4%statement
coverage.The obsenability coveragewasa little smallerbut still close
to the statementoverage. This meansthat almostall executedstate-
mentshadaneffect on the output. input2 is a longervectorandin this
caseboth statemenandobserability coveragereachedl00%percent.

D. FastFourier Transform
TheFastFourierTransformalgorithmwasimplementedsit appears

in [14]. This algorithm computesthe Fourier Transformof a vector

whosesizeis a power of 2. The vectorsusedto measurehe coverage



Input || Statement| Obsenability
Values || Coverage Coverage
inputl 99,4% 98,8%
input2 100% 100%

TABLE lll. Coveragefor the Huffmancodeprocedure.

Input Statement| Obsenrability
Values || Coverage Coverage
dirac 100% 81%
constant 100% 82%
sine 100% 100%

TABLE IV. Coveragefor the FastFourier Transformprocedure.

were the dirac function which consistsof a single pulse, a constant
function andthe sine function. The resultsare presentedn TablelV.
As it canbeseenfor thefirst two vectors dirac andconstant functions,
despitethe factthatbothexecuteevery singlestatemenin the program,
almost20% of the statementsio not have ary influencein the output.
Only whenwe useasinputthesine functioncanwe get100%statement
coverageand100%obsenability basedcoverage.

This happensnainly becauseasstatedin SectionlV, whenpropa-
gatingthelist of dependenciewe take into accountf we aremultiply-
ing somevalue by zero. The FFT algorithmhasnumerousmultiplica-
tions. This way, thefirst two vectorsused,which have a greatnumber
of zerosandareveryregular, do notgive agoodobsenrability coverage.
So, they shouldnot be usedalonein testingthis program,despitethe
factthatthey achieve 100%statementaoverage.

E. Overhead

Sincewe are calling a function for eachstatementexecutedour
methodhassignificantcpu time and memoryoverhead. That canbe
seenin TableV wherewe presentthe CPU time overhead. We only
presentresultsfor the Huffman andthe FFT proceduresincethey are
themorecomputatiorintensive proceduresTheseesultswereobtained
in a SparcUltra | runningat 170MHz with 384M of mainmemory In
TableV we shav thetime in secondgo executethe procedurewith and
without computingthe coverage. As it canbe seenthe time overhead
canbevery high.

VI. Conclusions

We presente@new softwarecoveragemetricbhasedn obserability
ratherthansimply on controllability. It givesus not only which state-
mentswere executed,but alsoif they have ary effect on the output.
We have shavn thatstatementoveragealonemaynot give anaccurate
measureof the testthoroughnessThe resultsshav thatthis metricis
strongerthanstatementoverage.So, this metric hasgreatpotentialto
beusedin embeddedoftwaretesting.Thereis significantoverheaddue
to thefactthatfor eachstatementafunctioncall is made.Nevertheless,
in embeddedystemsavheresoftwareis not very large this shouldnot
be a major limitation. Furthermorejt canbe usedin a co-simulation
ervironmentwith hardwarecoveragemetricssuchasoccom [6] which

Procedure Without With
Coverage| Coverage

Huffman (file size= 300k) 0.23s 203s

FFT (#vectors= 10000) 0.55s 147s

TABLE V. Time overheador the HuffmanandFFT procedures.

usesalsoanobsenability coveragemetric.

In thefuture we will be extendingthis work for not only giving the
coveragemetric but alsoto generateautomaticallythe test vectorsto
increasethe obserability coverage.We arealsoinvestigatingmethods
to reducetheoverheadn coveragecomputatiorfor embeddedoftware.
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