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Abstract

In this paper we considera problemthatarisesin black box testing: generatingsmall test
suites(i.e., setsof testcaseswherethe combinationsthat have to be coveredare specified
by input-outputparameterelationshipof a softwaresystem.Thatis, we only considercom-
binationsof input parametershat affect an outputparameterandwe do not assumehat the
input parametersave the samenumberof values.To solve this problem,we revisit the greedy
algorithm for testgeneratiorand shav that the size of the testsuiteit generatess within a
logarithmicfactorof the optimal. Unfortunately the algorithm’s mainweaknesseareits time
andspaceequirementgor construction.To addresshisissue we present problem reduction
technigque thatmakesthe greedyalgorithmandpossiblyary othertestsuitegeneratiormethod
moreefficientif thereductionin sizeis significant. We discussts meritsandlimitations, and
evaluatethetechniqueon actualsoftwaresystems.

1 Introduction

Softwaretestingremainsanimportanttopic in softwareengineeringA recentreportgeneratedor
theNationallnstituteof StandardendTechnology(NIST) foundthatsoftwaredefectscosttheU.S.
economy59.9billion dollarsannually[19]. While currenttechnologiesannothopeto remove all
errorsfrom software, the reportgoeson to estimatethat 22 billion dollarscould be saved through
earlierandmoreeffective defectdetection.

Black-boxtestingis a type of software testingthat ensuresa programmeetsits specification
from a behaioral or functional perspectie. The numberof possibleblack-boxtestcasedor ary
non-trvial software applicationis extremelylarge. The challengein testingis to reducethe num-
ber of testcasedo a subsetthat canbe executedwith available resourcesand can also exercise
the softwareadequatelyso thatmajority of softwaredefectsareexposed.Onepopularmethodfor
performingblack-boxtestingis the useof combinatorialcovering designg9, 4, 6] basedon tech-
niquesdevelopedin designingexperiments.Thesedesignscorrespondo testsuites(i.e., a setof
testcases}that cover, or execute,combinationsof input parametersn a systematicand effective
way, andaremostapplicablein testingdata-drwven systemsvherethe manipulationof datainputs
andtherelationshipbetweernnput parameterss thefocusof testing.As pointedout by Dunietz,et
al. [9], atechnicalchallengethatremainsin applyingthis promisingtechniquen softwaretesting



is the constructionof covering designs.Therearetwo issuesthat needto be consideredthefirst
andperhapamoreimportantoneis the size of the covering designsinceit dictatesthe numberof
testcasesandconsequentlythe amountof resourcesieededo testa softwaresystemithe second
is thetime andspaceaequirement®f the constructioritself.

A greatdealof researctwork hasbeendevotedto generatingsmall testsuites[2, 3,12, 13, 7,
14, 16, 22]. Mostresearchericuson uniform coverage of input parametersvith uniform ranges;
i.e., they considertestsuitesthat cover all t-wise combinationsof the input parametersfor some
integer t andthe input parametergare assumedo have the samenumberof values. While such
testsuitesapply to a large numberof situations,in practicenot all ¢-wise combinationsof input
parameterfiave equalpriority in testing[2, 17], nor areall parametedomainsof the samesize
[3, 14]. Testersoften prioritize combinationsof input parametershatinfluencea systems output
parameter®ver thosethat do not [2, 3, 8, 15, 20]. Determiningwhich setof input parameters
influencea systems outputparameterganbe accomplishedisingexisting analyseg8, 15, 20] or
canbediscoveredin the procesof determiningthe expectedresultof atestcase?

Givena systems input-output relationships, atestermaywish to createa testsuitethatcovers
only thosecombination®f input parameterghatinfluencetheprogramoutputsin lieu of atestsuite
that coversall t-wise combinationsof uniform input parametersHow shouldsucha testsuite be
generatedothatits sizeis smallandits constructions efficient? To this end,we revisit the greedy
algorithm for testgeneratiorwhich wasfirst analyzedoy Cohenet al. [4] in the context of ¢-wise
coverageof input parametersvith the sameranges. Not only is the greedyalgorithmapplicable
in this generalsetting,but we will alsoprove thatthe sizeof thetestsuiteit generatess relatvely
small—it is within alogarithmicfactorof the optimal. Unfortunately its mainweaknessearethat
its time andspaceaequirementbecomeprohibitive asthenumberof input parametersicreasesTo
addresghis issue,we presenta problem reduction technigue that makesthe greedyalgorithmand
possiblyary othertestsuitegeneratiormethodmoreefficientif thereductionin sizeis significant.

In section2, we defineour termsand discussthe greedyalgorithmfurther In section3, we
presenbour problemreductiontechniqueandanalyzeits merits. Initially, we assumehatthe input
parameterhiave the samenumberof values;later on, we suggestseveral approachesn how to
extend our techniguewhenthe assumptioris no longertrue. We then evaluatethe techniqueon
actualsoftwaresystemsandconcluden sectiord.

2 Constructing small combinatorial test suites

Assumethat a software systemhask input parametersvhich influencen outputparametersLet

Z = {I1,...,Ix} bethe setof the input parametersvhereeachparameted; hasi; values. For
simplicity, we representhe [, valuesasthe numbersl, 2,...,l;. Let O; bethe subsetof input
parametershataffect the jth outputparameterand© = {O;, ..., O, }. If all theparameterbave

the samenumberof values,we saythatthe parameterfiave uniform ranges; if O consistsof all
sizet subsetof Z, we saythat the parameteriave uniform ¢-wise coverage. As we mentioned
earlier we will assumehatthe parameterseednot have uniformrangesor uniform coverage.

'Supposd, I, . . ., It aretheinputparameterandl, hasl, valuesfor s = 1,..., k. A t-wise combination of the
input parameterss at-tuple (vs, , . . . , vs, ) Wherews; is avaluefor parameted, forj =1,...,t.

2In orderto determinethe expectedresultof a testcase the testermustknow which input parameterénfluence,or
affect the computatiorof the systems outputparameters.



A test case T for the probleminstance(Z, O) is a k-tuple (¢1, to, . . . , tx) Wheret, is avalue
of I, for eachs. Let O; = {I,,,Is,,..., I, }. ThetestcaseT covers onecombinationof O;:
sy sy, - ,ts,. A testsuite T for (Z,0) is asetof testcasedor the probleminstancethatcovers
al thel,, xl,, x ... x ls, combinationsof O; for eachO; € O. In our discussionwe shall
arrangehetestcase®f 7 ascolumnsof ak x | 7| arraywhoserows areindexedby I, ..., Ix. An
importantgoalin softwaretestingis to construct/” sothatits sizeis assmallaspossible.

Finding optimaltestsuitesfor arbitrary probleminstanceshowever, is difficult. For instance,
SeroussandBshouty[21] hasshavn thatdecidingif anarbitrary(Z, ©) canbe coveredby atest
suite of sizefour is NP-complete- evenin the simpleinstancewhenall the parametersn Z are
binary andall thesetsin O have sizetwo. Next, we analyzethefollowing greedyalgorithmfor test
suitegeneration:at eachiteration, pick the unusedtestcasethat coversthe maximumnumberof
uncoreredcombinationsCohen gt al. [4] werethefirst to obtainanupperboundon the numberof
testcaseghegreedyalgorithmgeneratei the contet of pairwisecoverageof all input parameters
with uniform ranges. They alsogeneralizedhe boundwhenthe input parameterdiave uniform
t-wise coverage.Their resultis thefollowing:

Theorem 2.1 [4] Let Z consist of k& parameters, each of which has/ values. If all the pairwise
combinations of the parameters in Z have to be covered then the greedy algorithm will generate a
test suite whose sizeis at most [12(log 12 + log (g))] = O(I?(log! + log k)).

To extendthis resultfor thegeneraketting,we considerthe set-covering problem. An instance
of theset-caoering problemconsistf afinite set X anda collectionF of subset®f X. Thegoal
is to find thesmallessub-collectionC' C F sothatevery elemenin X is coveredby orincludedin
somesetin C'. Theset-cwering problemis NP-hard[11]. To find a sub-collectionC', we canalso
usethe samegreedyalgorithmwe just describedabore. Thistime, at eachiteration,the algorithm
picksthe unusedsetthatcoversthe mostremaininguncoseredelementsn X. It is known thatthe
sizeof theresultingsetcoveris atmost(1 + In | Spax|) timestheoptimal,whereS,,,« is thelargest
setin F, andln is thenaturallog [5].

Let us now castthe testgeneratiorproblemasa set-cawering problem. Let X consistof all
combinationf (Z, O) thathave to becovered.For exampleif O; = {I;,,..., I },alll; x ... x
ls, combinationsof O; arein X. Let usalsorepreseneachtestcasel” of (Z, 0) asa setwhich
consistf all thecombinationst coversin X, andlet F consistof all the possibletestcasesSince
eachtestcasecoversexactly onecombinationof O; for j = 1,...,n, every setin F hassizen.
Oncethetransformatiorwe have describeds complete finding an optimaltestsuitefor (Z, O) is
the sameasfinding anoptimalsetcover for (X, F). Consequentlywe have thefollowing result:

Theorem 2.2 Suppose a software system has & input parameters and n output parameters and the
combinations that need to be covered are described by the instance (Z, ©). The greedy algorithm
for test generation produces a test suite whose sizeisat most (1 +Inn) x OPT, where OPT isthe
size of the optimal test suite.

We emphasizehat the approximationfactorin our theoremdependsonly on the numberof
outputparametersandnot onthe numberof input parametersior theirrangesIn the casewhenO
consistof all 2-subset®f Z (asin thesituationdescribedn Theorem2.1),n = (%) soourtheorem

stateghatthe numberof testcasegproduceddy greedyis at most(1 + In (’2“)) x OPT.



3 A problem reduction technique

Thegreedyalgorithmhasmary attractve featuresit is simpleto implementflexible, andgenerates
arelatively smallnumberof testcases.However, its time andspacerequirementgrow exponen-
tially asthe numberof input parametersncreases.This is dueto the factthatat eachiterationit
needdo find theunusedestcasethatcoversthe mostnumberof uncoveredcombinationsif there
aretenparametersvith five valueseach for example thenateachiterationit mustcheckthecover-
ageof approximatelynine million testcaseslt is this issuethatwe seekto addressn this section.
Oneolvious approachs to designa faster(anda more space-dicient) algorithmfor generating
testsuites.Thiswastakenby Cohen et al. [4] where,insteadof doinga bruteforce searchateach
iteration,they implementeda greedyrandomheuristicthatfinds an unusedestcasethat coversa
large (but perhapsnot the maximum)numberof uncoreredcombinations.Our approachpn the
otherhand,is to male testgeneratiormoreefficient via problem reduction. Thatis, given(Z, O),
we reducethisinstanceto (Z', 0') sothat(j) |Z'| < |Z| and|Oj3| < |Oy| for eachy, and(ii) any test
suite7” for (Z', ©') canbetransformecefficiently to atestsuite 7 for (Z, O). If suchareduction
is possiblethenwe just have to find atestsuitefor (Z’, ©') usingthegreedyalgorithmor ary other
testgeneratiommethod. Sincethe input to thesemethodsarenow smaller we expectthemto run
fasterandrequirelessspacelndeedthesmaller(Z’, O') is with respecto (Z, ©), thegreatemwill
bethegainin efficieng. First,we mentiontwo simplereductions.

R1: If O; C Oy, delete O; from O. This reductionis valid becauseary testsuitethatcoversall
thecombinationof O; alsocoversall the combinationsof its subsets.

R2: If I, has only one value, delete I, from Z and from all O;’s that contain I,. Suppose7” is
atestsuitefor the reducedprobleminstance(Z’, O'). For eachtestcaseT” € T’ createa
testcasel for theoriginal probleminstanceby settingl, equalto its only valueandall other
parameter$o their valuesin 7". Sincethetestcasef 7' cover all combinationsof O;-, the
correspondingestcasedor the original problemmustcover all combinationf O;- U{I}.

For now, we will assumethat the parametersn Z have the samenumberof values! > 1.
Lateron, we will extendour techniqueto parametershat have non-uniformranges.Our general
techniquefor problemreductionfinds a base set of parameters 7/, which is a subsetof Z. Each
I. € T isthenmappedo a parametein Z’, say I, sothatin creatinga testcasefor the original
probleminstancethe valueof I, is setequalto the valueof I,. Oneimplication of this mapping
is thatif I, andI; influencethe sameoutput,sayO;, thenI, cannotbe mappedo I;; otherwise,
somecombinationsof O; will notbecovered.We useagraphto modelthis restriction.

Let G bethe graphwhoseverticescorrespondo the k input parametersf the system. Two
nodesare adjacentif andonly if their correspondingnput parametersogetherinfluencesome
outputparameteri.e., theinput parameterareelementof someQ; in O. Let uscall G therela-
tionship graph of theprobleminstancgZ, ©). We now constructhemappingbetweemarameters,
andgeneratehetestcasesn thefollowing manner:

Sep 1: Properlycolor G (usingasfew colorsasyou can);i.e.,assigracolorto eachnodeof G so
thatno two adjacennhodesareassignedhe samecolor. Let ¢ bethe numberof colorsused.

Sep 2: For eachcolor s, pick a parameted’, whosecorrespondingiodein G is coloreds. Let
' =A1,1,...,1.}.



Figure 1: The relationshipgraph for the probleminstancewhereZ = {I;,I»,...,Is} and O =
U, I, Is} { L2, I3}, {13, Is, I}, {1s, I5, In}, {I5, 16 }, {11, 16, I }, {17, Is } }.

Sep 3: ForeachO;, construc'Oé- wherel! is anelemenbf O;- if andonlyif oneof theparameters
in O; wascoloredwith s. (Thatis, map every parametercoloreds to I}.) Sinceno two
parameteren O; areassignedhe samecolor becausehey areadjacenin G, it mustbethe
casethat|0;| = |O7], for all j. Apply reductionR1to {0y, ..., O, } andcall theresulting
set('.

Sep 4: Constructatestsuite7” for (Z/, O").

Sep 5: Finally, for eachtestcasel” € T, construcia correspondingestcasel for (Z, O) in the
following way: for eachl,, if I, wascoloreds thensetits valuein T' equalto thevalueof I/
inT". Let T denotetheresultingtestsuitefor (Z, O). Notethat|7| = | T”|.

An example. Let us now illustrate the reductiontechniquefor the following example. Let Z =
{Il,IQ,... ,Ig} and] = 2. LetO = {{11712718} ) {12,13}, {13,14,18}, {14,15,17}, {15,16},
{I,Is, I}, {I7,1I3}}. TherelationshipgraphG is shovn in Figure1l. We color G with four
colors: red (R), blue (B), yellow (Y), green(G). Let us pick one parametefor eachcolor: I; for
red, I, for blue, I for yellow andIg for green.Hence,Z' = {I, I, Iy, Is}. Let usnow replace
the parameterén eachO; with their correspondingarametersn Z': {I,, I, Is} — {I1, Iz, Is},
{Io, Is} = {Io, I}, {13, In, Is} = {11, Ia, Is}, {In, Is, I} — {Iao, I, I}, {I5, Ie} — {1, I2},
{Il,I6,I7} — {Il,IQ,I7}, and{I7,I8} — {I7,I8}. Applying reductionR1, 0’ = {{Il,IQ,Ig},
{I, I, I;},{I7, Is }}. Thetablebelav containsatestsuite7’ for (Z’, O0").
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Next, we transform7” into a testsuite 7 for (Z, Q) accordingto step5. Thus,the rows cor
respondingo I3 and Iy areidenticalto thatof I; becausall threeparametersvere coloredred,
while the rows correspondindo I, and Iz areidenticalto thatof I, becausall threeparameters
werecoloredblue.
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Theorem 3.1 Atthe end of step 5, 7 isatest suite for (Z,0). That is, 7 covers all combinations
of all setsin O.

Proof. Let O; € O and(vy,vy,...,v,) beaparticularcombinationof O;. At the endof step3,
eitherO}- e O, or O;. is a propersubsef somesetin O'. In eithercase since7” is atestsuite
for (Z', O') atstep4, 7' coversall combinationf O;. Let 7" bethetestcasein 7' thatcoversthe
combination(vy, ve, ..., v,) of O;-. ThecorrespondingestcaseT” of T' at step5 mustthencover
the samecombinationfor O;. Sincewe choseO; andits combinationarbitrarily, we have proven
that7 doescover all combinationof all setsin O. O

Theorem 3.2 Suppose (Z, O) was reduced to (Z’, O') using steps 1 to 3 of our algorithm. If 7,

and 7, areoptimal test suitesfor (Z, ) and (Z', O") respectively, then | Top| < |7,|- Inaddition,

if O' C O, then [Topt| = [Tel-

1
opt

Proof. Accordingto Theorem3.1,if 7, is the testsuite chosenfor (Z', O'), thenstep5 of our
algorithmtransformsit into a valid testsuitefor (Z, O) whosesizeis |7,,;|. Hence,[ T, > [Topt-
OntheotherhandwhenO' C O, T,,; canalsobetransformednto atestsuitefor (Z’, 0’). Arrange
thetestcase®f 7,,; ascolumnsof ak x |7, arraywhoserows areindexedby theparametersf 7.
Deleteall rows correspondingo theinput parametersiot in Z'. Since7,,: coversall combinations
of all thesetsin O', thenew testsuitemustdo solikewise. Hence | Tops| > |7,,;| andthetheorem
follows. O

Thenext corollaryfollows immediatelyfrom Theorem3.2.

Corollary 3.3 Suppose O' C O. Let 7' and T be the test suites generated at step 4 and step 5
respectively. If |77 < a|T,,| for some e > 1, then |T| < a|Topt!.

Notethat|7op:| = |7,,:| mayoccurevenwhenO'  O. In ourexample theset{Iy, I, I} lies
in O but notin O. But the optimaltestsuitesfor (Z, ©) and(Z’, ©') bothhave sizeeightbecause
(a) atleasteighttestcasesareneededo cover all combinationsof {11, I, Is}, which liesin both

O and(’, and(b) thetestsuiteswe presentedor bothinstance$ave eighttestcasesach.Onthe

otherhandiit is alsopossiblethat| 7, | < |7,:| whenO’' € O. We presenbnesuchexamplefrom

MeagherandStevens[17] in theappendix.

In the next threecorollaries we stateadditionalscenariosvhen | Top:| = 75,

!
opt



Corollary 3.4 If the number of colors used in step 1 is ¢, and there exists an O; € O such that
0] = ¢, then [Topi| = |Top| = 1°.

Proof. SinceO; € O, all combination®f O; mustbe coveredby ary testsuiteof (Z, ©). Hence,
|Topt] > 1191 = I¢. On the otherhand,sincec colorswere usedin stepl and|0;| = ¢, T' =
O; = {Ii,...,I.}. Thismeansthatevery otherO; is asubsebf O}, soO' = {O}} afterstep3.
Enumeratingall the combinationf O} createsanoptimaltestsuitefor (Z', O'). Thus,|7,,,| = I¢

opt
andby Theorem3.2, |Top:| < 1¢. It follows that | Top:| = |7, = I°. O

Thesituationdescribedn Corollary 3.4 typically happensvhenthe sizeof thelargestsetin O
is significantlylargerthanmostof the othersetsin O. The next resultis implied by Corollary 1 of
[17]. (We presenta prooffor completeness.Recallthatfor agraphG = (V, E), w(G), theclique
number of G, is thesizeof thelargestV’ C V suchthatall verticesin V' arepairwiseadjacentand
X(G), the chromatic number of G, is the minimum numberof colorsneededo color G. It is well
known thatw(G) < x(G).

Corollary 3.5 Supposeevery setin O consists of exactly two parameters. Let G betherelationship
graph of (Z, 0). If step 1 uses w(G) colors (i.e, x(G) = w(G)), then |Tope| = |Topel-

Proof. SupposeZ” C T formsalargestcliquein G. Let O consistsof all pairsof parameterin
7". SinceO0" C O, if T, is anoptimal testsuitefor (", 0"), then|Tou| > [T5,|- Sincestep
1 usesw(G) colors, ' = {I1,... ,I"U(G)}. Differentcolorswereassignedo all the parametersn
T7". Thus, O’ consistsof all pairsof parametersn Z'. But |Z'| = |Z”|, and(Z’, 0') andZ", 0")
have the samestructure,so|7,,| = |7,/ And since|7;,;| > |Top| by Theorem3.2,it follows

opt opt
that T = [Top. :

pt
We notethattherearemary graphsG wherew(G) = x(G), including the family of perfect
graphs.

Corollary 3.6 If every set in O consists of exactly two parameters, and step 1 uses at most three
colors, then |Tope| = | Toy| = 12

Proof. Every testsuite of (Z,0) and (Z/,0') mustcontainat leasti? testcasesbecausesvery
outputsetin @ andO' hasl® combinationsHence,| 75| > I* and|T,,,| > I>. Whenstep1l uses
two colors,Z' = {I}, I} andO'" = {{I}, I3}} soT,, consistsof all combinationsof {17, I5}.
Therefore|T, | = I2.

Whenstepl usesthreecolors,Z’ = {I!, I}, I, } and®’ isasubsebf O" = {{I!, I3}, {I}, I}},
{I3,14}}. Clearly every testsuitefor (Z',0") is alsoa valid testsuitefor (Z’,0'). Constructa

3x 1% arraywhoserowsareindexedby I, I5, I} asfollows. Letthefirst row consistof [ 1’sfollowed

byl 2’s,andsoforth until [ I’s. Let thesecondow consistof [ sequencesf 1,2,...,1[, andletthe

third row startwith the sequencef 1,2, ..., followed by cyclic rotationsof this sequenceintil

thesequencé, 1,...,l — 1 isreachedWhen! = 4, thearrayis asfollows:
INj1|1/1|11|2/2(2|2|3[3|3|3|4|4|4|4

=
N
w
D
=
N
w
D
[y
N
w
N
[y
N
w
i

I
I,]1]2]|3|4]2]3|4|1]3]4]|1

N
5
=
N
w




It is straightforvard to checkthatevery combinationof every setin 0" is coveredby oneof the
columnsin thearray Hence,(Z', 0") hasatestsuiteof sizel?, so|7;,,| < I* and|Toy| < *. O

Assumingthatevery setin O consistsf exactly two parametersywe cangeneralizeéhe above
corollary asfollows. Supposestepl usesc colors,andthereis a testsuiteof sizel? for (Z/,0"),
whereZ' = {I,...,I.} andO" consistof all pairsof parametersn Z'. By applyingthe same
reasoningasabave, it mustbethe casethat|7;,:| = |7, = I*. In [13], HartmanandRaskinlists
the sizesof the smallesttestsuitesthattheir CTS packagehasfoundfor variousvaluesof ¢ and!.
From this list, we know for examplethatwhenc = 4 andl = 3,4,5,7,8,9,11,12,13, etc. then
|7-0pt| = |7—olpt| =12

Implications and limitations. We have notedthatthe mainweaknes®f the greedyalgorithmfor
testgeneratioris thatat eachiterationit needgo checkthe coverageof almostall the possibletest
case®f (Z,0). In ourcase|Z| = k andeachparametehas! valueseach,sotherearea total of
I¥ testcasesAs [ andk increasethetime andspacerequirementsf the greedyalgorithmbecome
prohibitive. The problemreductionapproachwe introducedtries to make the greedyalgorithm
morefeasiblein practice Whensay|Z'| = k¥’ < k, thenthetotal numberof testcasess reducedo
I¥ < I, In addition,if | 0’| < |O|, thenthenumberof combinationghatneedto becoveredis also
less.Both thetime andspacerequirement®f the algorithmcandrop significantly Unfortunately
it is possiblethat by applying the problemreductiontechnique,we will end up with a smaller
probleminstancevhoseoptimaltestsuiteis largerthantheoptimaltestsuiteof theoriginal problem
instance. Theorem3.2 and the subsequentorollariesstatesuficient conditionsasto when our
problemreductiontechniquepreseresthe optimality of thetestsuitesize.

Whenis |Z'| < |Z|? This happensavhenc, the numberof colorsusedfor G, is smallrelative
to the numberof nodesin G. In generalthis would meanthatthe relationshipdbetweentheinput
parametersdasedon their occurrencesn the O;’s are relatvely “simple”. On the other hand,
whenevery pair of the input parameter®ccurtogetherin someQ;, then(' is a completegraph.
ConsequenthyZ'| = |Z| and|O’| = |O|, andourtechniquedoesnotreducethesizeof theproblem.
We note,however, thatthisis theonly instancevhennoreductionin thenumberof input parameters
is possible WhenG is notacompletegraphandV isits vertex set,thereis alwaysavertex v whose
degreeis atmost|V'| — 2. The subgraptinducedby V' — {v} canbe coloredwith |V'| — 1 colors
while v canbe assignedneof the |[V| — 1 colorssinceit is not adjacentto all of the verticesin
V — {v}. Hence x(G) < |V| — 1 andZ canalwaysbereducedy oneparameterThereforejf we
reduce(Z, O) to (Z', 0'), andtherelationshipgraphof (Z’, 0') is not a completegraph,thenwe
canagainapply our problemreductiontechniqueto (Z', O'). We summarizebelow.

Remark 3.7 Suppose the input parametersin (Z, ©) have uniformranges. Our problem reduction
technique can be repeatedly applied to (Z, ©) until the relationship graph of the resulting problem
instance is a complete graph.

Assumingthata reductionin problemsize occurs,we will mostlikely have our greatesgain
when @ is coloredwith asfew colors as possible. However, coloring an arbitrary graphis NP-
complete[11]. Whenthe size of the graphis not too large, exact algorithmsfor optimal coloring
may befeasible.Recently Byskov [1] andEppstein10] have designedasteralgorithmsfor exact
graphcoloring. Thereis alsoa simpleheuristicthatcolorsG usingat mostA + 1 colors,whereA

8
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Figure 2: The two graphs are used for generating a test suite for Z = {[(5),12(5),
I5(5),14(5), I5(6), Is(6), I (2), Is(2) }, wherethe numbersin parenthesisndicate the rangeof eachpa-
rameterandO = {O1 = {I1,I4,1I5,I7},03 = {I>,14,I6,I3},05 = {11, I2,I3}}. Thefirst graphhasa
coloring that usesthe fewestnumberof colors. The secondgraphhasa coloringwhereno two parameters
with differentrangesizesareassignedhe samecolor.

is themaximumdegreein G [23]. Similarly, we know of no algorithmthatcanefficiently generate
anoptimaltestsuitefor anarbitrary(Z’, ©'). Hence we rely on othersub-optimaklgorithmssuch
asthegreedyalgorithmfor generatingr™.

3.1 Extensionsto parameterswith non-uniform ranges

Recallthatin our reductiontechniquefor eachcolor s, we picked anarbitraryparameter, whose
nodein G wascoloreds. In transformingatestcaseT” to T, the valuesof all parametersvhose
nodesin G werecoloreds in T arethensetequalto the valueof I, in 7". If therangeof I is
lessthanthe rangeof oneof theseparameterssomecombinationof O may not be covered. We
suggestseveral approacheshat deal with this issue,and make useof the following problemin-
stancefor illustration: Z = {I1(5), I2(5), I3(5), 11(5), I5(6), I (6), I7(2), Is(2) }, wherethe num-
bersin parenthesisndicatethe rangeof eachparameterand© = {0y = {I1,14,I5,I7},02 =
{I3,14,1¢,I3},03 = {I,I5,I3}}.

Approach 1. For eachcolor s, choosel’ sothatamongall the parametersvhosenodesin G are
coloreds, its rangeis thelargest. Thetestsuitegeneratedby our algorithmis guaranteedo cover
all combinationf O. Therelationshipgraphfor the exampleis shavn in Figure2(a). We color
it with four colors,andchoosel, = Is, I, = Is, Iy = Iy andlj, = I; SOZ' = {I4, I5,Is, I7}.
We also have Oi = Oé = {14,15,16,17} and Oé = {14, Is, Iﬁ} so 0 = {{14,15,16,17}}.
Generatinga testsuitefor (Z', O') is straightforvard. The correspondingdestsuitefor (Z, O) will

have 5 x 6 x 6 x 2 = 360 testcases.

Approach 2. Do not assigntwo parametershe samecolor if their rangesaredifferent. Oneway
to implementthis is to add an edgein G betweentwo parametersvith unequalranges. Again,
our algorithmwill generatea testsuite that coversall combinationsof ©. Figure 2(b) shavs a
coloring of graphG of the examplewhereonly parametersvith the samerangesareassignedhe
samecolor. This modificationforcesus to usefive colors. We setI}z = Iy, I§3 = I, I{, = Ig,
Ié; =I5 andI}D = I,s07' = {11712714715718}- The new outputsetsareOi = {11,14,I5,I8},



OY = {I, 14,15, I3}, andO% = {I1, I, I, }. We have reducedthe numberof parameterén Z but
notthe numberof setsin O.

Ahybrid approach: Theweaknessf thefirst approachs thatwe mayendup combiningparameters
with large rangesn thesameOé- whentheseparametersverenever combinedin the original O;.
Consequentlywe may producea testsuite 7' whosesize s significantly larger than that of the
optimal test suite for (Z, Q). To alleviate the problem,we can assignthe samecolor to input
parametersvith similar ranges.For example,addan edgebetweernparametersvhoserangesizes
differ by at leasta certainvaluein the relationshipgraph,and usethe coloring on this graphto
constructthereducedprobleminstance.We notethatapproach hada stricterrule. This way, we
cangain somereductionin problemsize, and at the sametime prevent 7' from beingtoo large
whencomparedo the optimaltestsuite.

3.2 Case Studies

Theimportanceof finding efficient techniquesor generatingestsuitesfor non-uniforminstances
becameapparenin our currentresearchin black-boxtesting. We have to generatdestsuitesthat
cover all combinationof input parameterghatinfluenceoutputparametersTheinput parameters
have non-uniformrangesandthe outputparametersre often influencedby a differentnumberof
input parameters.Currently we generatdest suitesusing a greedyheuristicsimilar to the one
presentedby Cohenet al. [4]. As the systemsave experimentedvith grew in sizeandcompleity,
we foundthatthetime andspacerequiredto generatéhesetestsuitesbecamevery large.

Our goalfor thesecasestudieswasto evaluatethe effectivenessof the problemreductiontech-
nique in practice. To do so, we implementedhe greedyalgorithm for testgenerationon three
systemsandcomparedts runningtime beforeandafterapplyingthe problemreductiontechnique.
We alsoconsideredhe sizesof the resultingtestsuitesin both instances.Two of the systemswve
usedin the casestudyareindustrialsystemghatoneof the authorswasassociateavith while em-
ployedin the softwareindustry The Digital AccessCross-connecBystem(DACS)is a hardware
andsoftware systemusedto configureandtestdigital trunksin telephonesystems.The program
waswritten at AT&T Bell Laboratoriego provide an easyway to rapidly configureandreconfig-
uredigital trunksin the laboratoriesvhereDACS is usedin testingtelephoneswitches.The Data
Managemenand Analysis System(DMAS) is usedby analyticalchemistsin the pharmaceutical
industryto performregressiomanalysison datacollectedfrom experimentsconductedusingliquid
andgaschromatographyThe third programwe usedis the Loan ArrangerSystem(LAS), a soft-
wareusedto supportthe mortgage-backecuritiesbusinessandis describedy Pfleeger[18]. LAS
is usedasa softwareengineeringorojectat the University of Wisconsin—Mivaulee.

For this study we determinedeachsystems input-output(l/O) relationshipsusing the auto-
matedtechniquedescribedby Schroedelet al. [20]. All programswere executedon a 1.6 Ghz
processomwith 512 MB of memory Initially, we ran the greedyalgorithmto generatethe test
suites. Theresultsareshavn belov. The fourth row indicatesthe numberof input parametershat
influencethe outputparametersThelastrow indicateshesizeof the optimaltestsuite. For two of
thethreesystemsthe greedyalgorithmgeneratedhe smallestipossibletestsuite.
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System DACS LAS DMAS
|Z| 6 15 23
|O| 3 20 42
Sizesof O; 3 1-6 1-13
Generatiortime | .39sec| 22.30sec| 870.33sec
[T 158 1536 5120
| Topt| 150 1536 5120

To implementthe problemreductiontechniquewe constructedherelationshipgraphfor each
systempusedagreedycoloringschemdp.1760f West[23]) andapproacl? to colorthegraph.That
is, notwo parametershodeswvereassignedhe samecolor if their rangeswveredifferent.Once(Z’,
') wasconstructedyve usedthe greedyalgorithmto generate]” at step4 andthe procedureat
stepb5 to generateghetestsuite. Theresultsare presentedbelow.

System DACS | LAS DMAS
|Z'| 4 7 13
|O'] 3 2 1
Generatiortime | .05sec| .66sec| 3.41sec
[T = |T| 162 1536 5120

In eachof thesesystemsthe problemreductiontechniqueproved to be an effective way to
generateest suites. The generatiortimes are at leastone order of magnitudefastey while the
resultingtestsuitesizesareequalor closeto thatof the optimaltestsuite.

4 Conclusion

In this paperwe addressethe needto generatesmalltestsuitesefficiently whenthe combinations
that have to be coveredare specifiedby the input-outputrelationshipsof a software system. In
particular we did notassumehatthe input parameterfiave uniform rangeshor uniform coverage.
We revisited the greedyalgorithmfor testgeneratiorand proved that the numberof testcasest
generated this settingis atmost(1 + Inn) x OPT, wheren is thenumberof outputparameters
andOPT is thesizeof the optimaltestsuite. We thenpresented problemreductiontechniqueso
thatwhenthereductionin problemsizeis significant,the greedyalgorithmandpossiblyary other
testgeneratiormethodis moreefficientin practice.Finally, we discusseds meritsandlimitations,
andevaluatedt on severalsoftwaresystems Someof thequestionsve would lik e to pursuefurther
are:

e Suppos€Z, O) hasbeenreducedo (Z’, O') by our problemreductiontechnique and 7,
and 7j,’pt aretheir optimal test suitesrespecttely. Doesthereexist a constant3 suchthat
|7—olpt| < /3|77)pt|?

e Cantheproblemreductiontechniquebe modifiedsothat| 7| = |7,

opt| in all cases?
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Figure3: Therelationshipgraphfor the probleminstancegivenin theappendix.Nodesly andl;, aredravn
twice to make the symmetryof thegraphmoreapparent.

5 Appendix

We presentinexamplefrom MeaghermndStevens[17] for which our problemreductiontechnique
doesnot presere the optimality of thetestsuitesize. Considerthefollowing instance:

T = {Li,1,..., Iy} whereall theparameterbave | = 2.

O - {{Ila IQ}) {Ila -[3}7 {Ila I5}7 {Ila I7}7 {Ila 18}7 {Ila 19}7 {127 I3}a {I27 I4}a {IQ; -[8}7 {127 I9}7
{Iy, o}, {I3, 14}, {13, Is }, {13, I}, {I3, Tno }, {14, Is }, {1a, Is }, {1s, Io }, {14, I10 }, {I5, Is },
{Is,I7},{Is, I}, {16, I}, {16, I}, {16, Io }, {16, L10 }, {17, Is }, {I7, Two }, {Is, Lo }, {18, L10 } }

The relationshipgraphfor (Z, ©) is shavn in Figure3. To make the symmetryof the graph
moreapparentwe followed the suggestionn [17] to repeatnodesly and Iy in thedrawing. The
graphcanbe 5-colored,asshawvn in the figure. Applying steps2 and3 of the problemreduction
techniqguewe have 7' = {I, I, I3, I4, Iy} and O’ consistsof all pairsof parametersn 77; i.e.,
the relationshipgraphof (Z’, ') is K3, the completegraphon five vertices. It is known thatthe
optimaltestsuitefor (Z', ©') containssix testcasesso|7,,;| = 6. Ontheotherhand thefollowing
is atestsuitefor theoriginal (Z, O).

!
opt

I

cNeoNeNoNeNoNeoNeoNoNe!
ORrRPRORORRO
POORORRORLER
PORPRORRLROROR
ORrRORRPRORRELROR

12



Hence,|Tope| < 5, SO [Topt| < |Topl- If we considerthe array formedby rows indexed by
I, I, I3, I, and Iy, the combination(0, 1) for {I;, 14} and{Is, Iy} arenot covered. We referthe

readeito MeagherandStevens[17] for moreexamplesof probleminstancesvhere|Top:| < [7g:-

References

[1] J.M. Byskov, Algorithmsfor k-coloringandfinding maximalindependensets,Proceedings
of the Fourteenth ACM-S AM Symposium on Discrete Algorithms (2003),456—-457.

[2] M. CohenC. Colbourn,J.Collofello, P. GibbonsandW. Mugridge,Variablestrengthinterac-
tion testingof componentsProceedings of the 27th Annual International Computer Software
and Applications Conference, (COMPSAC 2003),413-418.

[3] M. Cohen,C. Colbourn,P. GibbonsandW. Mugridge,Constructingestsuitesfor interaction
testing, Proceedings of the 25th International Conference on Software Engineering, (ICSE
2003),38-48.

[4] D. M. Cohen,S.R. Dalal, M. L. FredmarandG. C. Patton,The AETG system:anapproach
to testingbasedon combinatorialdesign,| EEE Transactions on Software Engineering, 23(7)
(2000),437-444.

[5] T. Cormen,C. LeisersomandR. Rivest, Introduction to Algorithms, MIT Press,1996,974—
977.

[6] S.R.Dalal, A. Jain,N. Karunanithi,J.M. Leaton,C. Lott, G. C. PattonandB.M. Harowitz,
Model-basedestingin practice Proceeding of the International Conference on Software En-
gineering (1999),285-294.

[7] S.R.Dalal andC.L. Mallows, Factorcovering designsfor testingsoftware, Technometrics,
40(3)(1998),234-242.

[8] E.Duestervald, R. Gupta,andM.L. Soffa, Rigorousdataflow testingthroughoutputinflu-
encesProceedings of the Second Irvine Software Symposium (1992),131-145.

[9] I.S.Dunietz, W.K. Ehrlich, B.D. Szablak,C.L. Mallows andA. lannino,Applying designof
experimentsto software testing, Proceedings of the Nineteenth International Conference on
Software Engineering (1997),205-215.

[10] D. Eppstein,Small maximalindependensetsand fasterexact graphcoloring, Proceedings
of the Seventh Workshop on Algorithms and Data Structures, vol. 2125 of Lecture Notes in
Computer Science (2001),462—-470.

[11] M. Gargy and D. Johnson,Computers and Intractability: A Guide to the Theory of NP-
Completeness., W.H. FreemarandCompaiy, 1979.

[12] A. Hartman,Software and hardware testingusing combinatorialcovering suites,to appear
in Interdisciplinary Applications of Graph Theory, Combinatorics and Algorithms (ed. M.
Golumbic),manuscriptJuly 2002.

13



[13] A. HartmanandL. Raskin, Problemsand algorithmsfor covering arrays,to appearin the
Lindnervolumeof Discrete Mathematics.

[14] N. KobayashiT. TsuchiyaandT. Kikuno, A nev methodfor constructingoairwise covering
designdor softwaretesting,Information Processing Letters, 81 (2002),85-91.

[15] B. Korel, The programdependencgraphin static programtesting,Information Processing
Letters 24(2)(1987),103-108.

[16] Y. Lei andK. C. Tai, In-parameteprder: atestgeneratiorstrategy for pairwisetesting,Pro-
ceedings of the 3-rd | EEE High-Assurance Systems Engineering Symposium, 1998,254—-261.

[17] K. MeagherandB. Stevens,Covering Arrayson Graphs submitted to Journal of Combinato-
rial Theory, Series B, 2002.

[18] S.L.Pfleayer, Software Engineering: Theory and Practice, Prentice-Hall2001.

[19] Research Triangle Institute, NIST Planning Report 02-3:  The Economic Im
pacts of Inadequate Infrastructure for Software Testing’, March 5, 2003,
http://ww. ni st.gov/director/prog-ofc/report02-3. pdf.

[20] PJ. SchroederB. Korel, and P. Faherty Generatingexpectedresultsfor automatedlack-
box testing,Proceedings of the International Conference on Automated Software Engineering
(2002),139-48.

[21] G. SeroussiandN. H. Bshouty Vector setsfor exhaustve testingof digital circuits, IEEE
Transactions on Information Theory, 34(3)(1988),513-522.

[22] N. J.A. Sloane Coveringarraysandintersectingcodes Journal of Combinatorial Designs, 1
(1993),51-63.

[23] D. West,Introduction to Graph Theory, PrenticeHall, 1996,p. 176.

14



