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Abstract

Thewidespreaddeploymentof graphical-userinterfaces
(GUIs) has increasedthe overall complexity of testing. A
GUI testdesignerneedsto performthedauntingtaskof ad-
equatelytestingtheGUI, which typicallyhasverylarge in-
put interactionspaces,while consideringtradeoffsbetween
GUI test suite characteristicssuch as the numberof test
cases(each modeledasa sequenceof events),their lengths,
and the eventcompositionof each testcase. There are no
publishedempiricalstudieson GUI testingthat a GUI test
designermayreferenceto makedecisionsaboutthesechar-
acteristics.Consequently, in practice, veryfew GUI testers
knowhow to designtheir testsuites. This papertakesthe
�r ststeptowardsassistingin GUI testdesignbypresenting
an empirical studythat evaluatesthe effect of thesechar-
acteristicson testingcostand fault detectioneffectiveness.
The resultsshow that two factors signi�cantly effect the
fault-detectioneffectivenessof a test suite: (1) the diver-
sity of statesin which an eventexecutesand (2) the event
coverage of the suite. Testdesigners needto improve the
diversity of statesin which each eventexecutesby develop-
ing a large numberof short testcasesto detectthemajor-
ity of “shallow” faults,which are artifactsof modernGUI
design. Additional resourcesshouldbe usedto developa
smallnumberof long testcasesto detecta smallnumberof
“deep” faults.

1 Intr oduction
Designinga testsuite is widely recognizedasa funda-

mentalactivity for effective software testing. It includes
complex taskssuchas the de�nition of test requirements
(objectives),determinationof thetypeof testcasesneeded,
determinationof the type of test oracles(mechanismsto
determinewhetherthesoftwareis executingcorrectlydur-
ing testexecution[6]) neededfor eachtestcase,de�nition
of testadequacy criteria,anddevelopmentof schedulesfor
testcreationandexecution. Ideally, a testdesignerformu-
latesa testdesignthatis bothwithin budgetandmaximizes
thechancesof �nding softwaredefects.Formulatinga suc-

cessfultestdesignrequiresconsiderableexperienceon the
part of the tester. Different applicationparameters(e.g.,
whetherit containsa graphicaluserinterface(GUI), appli-
cationdomain,implementationplatform)anddifferenttest
teamcompositionparameters(e.g., training level of per-
sonnel,familiarity with tools) mustbe taken into account
whendesigningthe testsuite. Testersrely on pastexperi-
ence,eithertheirown or of otherspackagedinto mathemat-
ical models. Commonexamplesof packagedmodelsthat
maybeusedfor certainaspectsof testsuitedesigninclude
costestimationtools (e.g., CosteXpert[1], SLIM-Estimate
[3], PRICETruePlanning[2]) anddefectestimationmodels
(e.g., COnstructiveQUALity MOdel (COQUALMO) [5]).

The widespreaddeploymentof GUI-basedapplications
hasmadetestingsigni�cantly more complex. The func-
tional correctnessof an application's GUI is necessaryto
ensurethe correctnessof the overall application. To test
a GUI, testerscreatetestcasesconsistingof sequencesof
GUI inputevents.Thetesterneedsto answerthequestions:
(1) How many test casesshouldbe generated?(2) What
shouldbe the length of eachtest case? (3) What events
shouldbe put into a testcase?Thesequestionsareespe-
cially important for GUIs for a numberof reasons.First
of all, the spaceof possibleuserinteractionswith a GUI
is enormous,in that eachsequenceof GUI eventscanre-
sult in a differentstate,andeachGUI eventmayneedto be
evaluatedin all of thesestates[10]. The large numberof
possiblestatesresultsin a large numberof input permuta-
tions [10] requiringextensive testing. The testerneedsto
cover this extensive event-interactionspaceby considering
factorssuchasthenumberof testcases,their composition
in termsof events,andthelengthof eachtestcase.

GUI testdesigncanbeimprovedin severalways. First,
by developingmodelsandtechniquesthatgive the testera
globalview of theoverall testprocessandallow thede�ni-
tion of global testrequirements,e.g.,CIS modelby White
et. al. [16]. Second,by providing empiricalevidencethat
shows therelationshipbetweentypesof GUI testcasesand
GUI faults. We have alreadystartedto addressthe former
by developinganevent-�owmodelof theGUI andits events



[17, 12]. We brie�y describepartsof theevent-�ow model
in Section3. In this paper, we focus on the latter. We
posit thata fundamentalreasonfor poorGUI testdesignis
the lack of empiricalstudiesthatdemonstratethetradeoffs
betweenvariousattributesof testcases(e.g., length,event
composition)andtestsuites(e.g., size),andtheir impacton
fault detectioneffectiveness.A GUI testerneedsaccessto
resultsof experimentsthat point to effective combinations
of theseattributes.Weprovidethe�rst suchempiricalstudy
in this paper.

Morespeci�cally, wedesignanempiricalstudyin which
we choosesubjectapplicationswith GUI front-endsand
generatetestcasesfor them.Wevaryseveralkey character-
isticsof GUI testsuitesthatareof interestto testers,namely
sizeof thesuite,eventcomposition,andthe lengthof each
testcase.For eachcombinationof thesecharacteristics,we
reportthe impacton fault detectioneffectivenessandcost.
Ourgoalis to compileasetof “lessonslearned”thatcanbe
usedby testersto createeffective GUI testcases.We note
thatthis studyis the�rst in aseriesof muchneededstudies
to develop andevolve a setof lessonslearned. While the
work presentedin thispapershouldbeconsideredwork-in-
progress,wefeelthatit providesastrongstartingpointwith
severalusefulresults.Wehavealsomadetheartifactsof our
studyavailableasdownloadable“benchmarks”on the In-
ternet,1 therebyenablingotherresearchersto usethemand
extendourwork. Wementionsomeexciting new directions
in Section7.

We report several lessonslearnedfrom the empirical
study. We show that two factorssigni�cantly effect the
fault-detectioneffectivenessof a testsuite:(1) thediversity
of statesin whichaneventexecutesand(2) theeventcover-
age of thesuite. We alsoshow that testersneedto develop
a largenumberof shorttestcasesto detectthemajority of
“shallow” GUI faultstypically found in modernGUIs; ad-
ditional resources,if available,shouldbeusedto generatea
smallnumberof longtestcasesto detectarelatively smaller
numberof “deep” faults.

The contributionsof this work include: (1) A compre-
hensiveempiricalstudycomparingseveralGUI testingfac-
tors,(2) the�rst attemptto assistin testdesignfor GUIs,(3)
the relationshipbetweentestsuitesizeandfault-detection
effectiveness,(4) the impact of test caselength on fault-
detectioneffectiveness,(5) theroleof statediversityin GUI
testing,and(6) a collectionof sharedartifactsthatotherre-
searchersmay leverageto replicatethe studyandconduct
new ones.
Structur eof the paper: Thenext sectiondiscussesrelated
work; Section3 introducesbasicterminologyneededto un-
derstandthe experiments. Section4 brie�y describesthe
experimentationinfrastructure.The experimentsandtheir
resultsarepresentedin Section5. Finally, Section7 con-

1http://www.cs.umd.edu/users/atif/benchmarks.htm

cludeswith a discussionof on-goingwork and future re-
searchopportunities.

2 RelatedWork

In practicecarefultestdesignis neglectedfor GUI test-
ing. Due to the complexity of GUI testing,most testers
don't develop testdesigns;rather, the de facto strategy is
to “stop testingwhen they run out of time.” In fact, cur-
renttechniquesfor GUI test-casegenerationandtestoracle
creationpromoteincompleteandad hoc testdesigningin
that they force testersto testGUIs on a per testcasebasis.
GUI testingtoolsrely on thetester's memoryto remember
whateventshavebeenexecutedby thepreviouslygenerated
testcases;a testerwho usesthesetools losesglobal view
of the testingprocess.The mostpopulartoolsusedto test
GUIs arecapture/replaytoolssuchasWinRunner2 that re-
quiretheGUI testerto makedecisionson the�y . Thetester
usesthesetools in two phases:a captureandthena replay
phase. During the capturephase,a testermanuallyinter-
actswith the GUI being testedandperformsevents. The
tool recordsthe interactions.Thetesteralsomanually“as-
serts” that certainattributesof speci�c widgetsbe stored.
The recordedtest casescan be replayedautomaticallyon
(a modi�ed versionof) the softwareusing the replaypart
of the tool. Theassertionscanbeusedto checktheGUI's
executionfor correctness.As canbe imagined,thesetools
requirea signi�cant amountof manualeffort. Testerswho
employ thesetools typically comeup with a small num-
berof testcases[10]. Moreover, sincethey make decisions
(e.g., eventsto execute,length of test case)on a per test
casebasiswhenthey interactwith theapplication,they lose
globalperspective of theoverall testingprocess.They also
do not get immediatefeedbackon the full impactof their
decisionson faultdetectioneffectivenessandtestcoverage.

Commercially available test composition/management
tools [2, 3] (noneavailablefor GUI testing)typically have
moreor lessidentical features.They allow usersto com-
poseandmanagetests.Testscanbe mappedto functional
requirements.They may be assigneda type (e.g., regres-
sion,functional).Thesetoolsalsoprovidetestmanagement
support. For example,if a testerdoesnot want to execute
all testcases,thetoolsallow testersto pick testcasesfor ex-
ecution.They track thepassandfail rateof eachtest. The
testerscanview bug,progress,andfailure-ratereports.

Defectestimation/predictionmodels[7] maybeusedfor
someaspectsof testing.OstrandandWeyuker[13] usesoft-
warecontentanddevelopmentprocessmeasuresto predict
faulty �les in multiple releasesof two softwaresystemsat
AT&T. The COQUALMO projectusesCOCOMOII data
to estimatethetotalnumberof defectsin a softwaresystem
[5]. However, noneof theexistingdefectestimationmodels
provideexplicit supportfor GUI defects.

2http://mercuryinteractive.com



3 BasicTerms
Sincewe will study the interactionsbetweenthe most

fundamentalfactorsconsideredby GUI testers,i.e., test
suitesize, event compositionof a test case,and test case
length,in thissectionwebrie�y describethesefactors.Note
thatdueto lack of space,we provide detailsneededto un-
derstandthe empiricalstudiespresentedin this paper;the
interestedreaderis referredto previously publishedresults
for additionaldetails[12, 9].

SinceGUIsmaybeusedasfront-endsto all typesof soft-
ware,in principle, the spaceof all possibletypesof GUIs
is enormous.Creatinga representationof all possibleGUIs
andstudyingthemis a Herculean(if not impossible)task.
Any empiricalstudymust focuson a reasonablesubclass;
it is important,however, to choosea subclassthat is broad
enoughto beof interest.Hence,wefocusonthebroadclass
of GUIsde�ned next.

De�nition: A GraphicalUser Interface(GUI) is a hi-
erarchical,graphicalfront-endto asoftwaresystemthatac-
ceptsasinput user-generatedandsystem-generatedevents,
from a�x edsetof eventsandproducesdeterministicgraph-
ical output.A GUI containsgraphicalwidgets; eachwidget
hasa �x edsetof properties. At any time duringtheexecu-
tion of the GUI, thesepropertieshave discretevalues, the
setof whichconstitutesthestateof theGUI. 2

Note that this de�nition would needto be extendedfor
otherGUI classessuchasweb-userinterfacesthathavesyn-
chronization/timingconstraintsamongobjects,movie play-
ers that show a continuousstreamof video rather than a
sequenceof discreteframes,andnon-deterministicGUIs in
which it is notpossibleto modelthestateof thesoftwarein
its entiretyandhencetheeffect of an eventcannotbe pre-
dicted.In theremainderof thispaper, wewill presentmod-
els, techniques,andstudiesthat are relevant to the above
classof GUIs.

We now de�ne aGUI testcaseandassociatedterms.
De�nition: A GUI test caseT is a pair < S0, e1; e2;

: : :; en > , consistingof a stateS0, called the initial state
for T, andanallowableeventsequencee1; e2; : : : ; en . The
lengthof thetestcaseis n, i.e., thenumberof eventsin the
testcase. 2

ThestateSi of a GUI, at any point duringits execution,
may be modeledasa setof widgets(e.g., buttons,panels,
text �elds) thatconstitutetheGUI, a setof properties(e.g.,
backgroundcolor, size,font) of thesewidgets,anda setof
values(e.g., red,bold,16pt)associatedwith theproperties.
Theinitial stateS0 of testcaseT is theGUI statein which
the�rst evente1 of T is executed.

The stateof a GUI is not static; sequencesof events
e1; e2; : : : ; en performedon theGUI changeits stateto S1,
S2, : : :, Sn successively. During testing, a testergener-
atessequencesof eventsas test cases,executesthem on
the GUI andchecksthe GUI for correctness.To generate

atestcase,a testermayuseacapture/replaytool (described
in Section2), startsin a stateS0 of theGUI, andexecutes
an allowablesequencee1; e2; : : : ; en of events. The tester
visually indicatespartsof the GUI's statethat shouldbe
storedduringcapturesothatthey canbeusedasareference
during replay. For example,in MS Word, the testermay
wantto checkthatthe“File Open”window is thecurrently
active window after the menu-item“Open” (in the “File”
pull-down menu)hasbeenselected;thetesterusesthecap-
ture/replaytool to “assert”that thevalueof the “is-active”
propertyof the “File Open” window is TRUE. During (re-
play) testcaseexecution,the replayerwould raiseanerror
�ag if theassertionis violated.

Testersmayusea numberof heuristics(alsoapplicable
to state-basedtesting)to improve their chancesof �nding
softwarefaults.For example,they maygeneratea testsuite
that containsonly length 1 test casesthat test eachevent
once. Sucha testsuitehasfull eventcoverage, i.e., it con-
tainstestcasesthatexecuteall theeventsin theGUI at least
once.However, intuitively, oneexpectsthattestsuiteswith
longer testcases(but will take moretime to generateand
execute)will put theGUI in differentstatescausingdiffer-
ent executionbehavior, perhapsleadingto additionalfault
detection.GUI testersconstantlyhave to make suchtrade-
off decisionsbetweenresourceusageandtesteffectiveness.

4 GUITAR
Thisresearchleveragesseveralyearsof workonGUI test

automation,therebyenablingthecreationof largenumbers
of testsuitesthat may be empirically studied. A GUI test
automationframework calledGUITAR3 is usedto conduct
theexperiments.Thekey featuresof GUITAR (relevantto
this work) includea modelof the GUI's event-interaction
space,automatedtools for test-casegeneration,test ora-
cle creation,testexecution,andcodecoverageevaluation.
GUITAR alsogeneratesall the scaffolding code(e.g., test
scripts)requiredto setupand“teardown” testcases,collect
GUI stateinformation,invoke the testoracle,andproduce
testreports.This codecanbedistributedon severaldiffer-
entcomputersto executetestcasesin parallelautomatically.
Thekey partsof GUITAR arediscussednext.

The spaceof all possibleinteractionswith the GUI are
modeledin GUITAR as an event-�ow graph (EFG) [11].
An EFG containsnodes(that representevents)andedges.
An edgefrom nodenx to ny meansthat the event repre-
sentedby ny maybeperformedimmediatelyafter theevent
representedby nodenx . This relationshiprepresentedby
the edgesis called follows . A function follows(x)
takes an event x as input and returnsa set of eventsthat
canbeexecutedimmediatelyafterx. Notethatasthenodes
in an EFGareevents(not states),andedgesarethe fol-
lows relationship(not statetransitions),the EFG is not a

3http://guitar.cs.umd.edu



state-machinemodel.
EFGsexhibit certainproperties.First, they canbe ob-

tainedautomaticallyfrom an executingGUI usingreverse
engineeringtechniquesfollowedby manualveri�cation by
thetester(detailsarepresentedin [8]). Second,EFGsmay
beusedto generateGUI testcases.A straightforwardway
to generatetestcasesis to startfrom aknown initial stateof
theGUI (e.g., thestatein whichthesoftwarestarts)anduse
a graphtraversalalgorithm,enumeratingthe nodesduring
the traversal,on the EFG. If the event requirestext input,
e.g., for a text-box, thenits valueis readfrom a database,
initialized by the software tester. A sequenceof events
e1; e2; : : : ; en is generatedasoutput that servesasa GUI
testcase.

Several graph-traversaltechniquesmay be usedto gen-
eratedifferent typesof test cases. For example,enumer-
ating all the nodesin the EFG (andhencein the GUI) re-
sults in a collection of length 1 test cases. Executingall
thesetestcaseswill resultin full eventcoverage.Enumer-
atingall edges< ex ; ey > of an EFGwill yield all length
2 test cases. Note that someof thesetest casesmay not
be executablesincethe �rst event in the testcasemay be
embeddedin a menuor window not yet open. For exam-
ple,theeventCheck for Updates in MSWord2003is
notavailablewhenthesoftwareis �rst launched;it requires
theexecutionof theeventHelp , which opensa pull-down
menuthatmakesCheck for Updates available.Such
pre�x eventsare generatedby GUITAR on-the-�y during
test caseexecution,i.e., if the �rst event in a test caseis
notavailable,GUITAR'salgorithmsgeneratethenecessary
pre�x.

5 Experiments
This sectionpresentsthe designand resultsof experi-

mentsto study the tradeoffs betweenGUI test suitechar-
acteristics,namelytest suite size, event composition,and
lengthof testcases.In particular, thestudiesaredesigned
to examinethehypotheses:(H 1) largetestsuitesaremore
effectiveat detectingfaultscomparedto smallertestsuites,
(H2) testsuitesthat containlong GUI testcasesaremore
effectiveatdetectingfaultscomparedto testsuitesthatcon-
tainonly shortGUI testcases.

The experimentsare designedto statisticallyprove or
disprove, via hypothesistesting, the set (H 0) of null hy-
potheses:f (H01) increasingthesizeof a testsuitedoesnot
correspondinglyincreasethe fault-detectioneffectiveness
andgeneration/executioncost of the suite, (H 02) increas-
ing the length of a test suite's constituenttest casesdoes
not correspondinglyincreasethe fault detectioneffective-
nessandgeneration/executioncostof the suiteg. In these
experiments,thealternativehypothesiswill bethenegation
of the correspondingnull hypothesis. In most of the ex-
perimentspresentedin this paper, � = 0:05, i.e., the ex-
periments'�ndings havea � vepercent(0.05)chanceof not

beingtrue.
To conducttheseexperiments,anumberof subjectappli-

cations(TerpWord, TerpSpreadSheet,TerpPaint, andTerp-
Calc from the TerpOf�ce suite [12]) will be selected. A
largenumberof testsuiteswith various,carefullycontrolled
characteristicswill be createdandexecutedon the subject
applications. Keepingin mind the above hypotheses,the
primarymeasuredvariablewill bethefault-detectioneffec-
tivenessof atestsuite;thesecondarymeasuredvariablewill
bethecostof generatingandexecutingthetestsuite.

Theseexperimentswill also demonstratethat the test
suite's event composition(i.e., the set of eventsexecuted
by the suitesconstituenttestcases)hasa direct impacton
thefaultsthatit detects.

5.1 Test Pool
The experimentspresentedin this paperrequirethe de-

velopmentandexecutionof a large numberof test cases.
For example,Experiment1 requirestheexecutionof 9000
testsuites,eachwith anaveragesizeof 2780testcasesfor
one subjectapplication. GUI test casesare expensive to
execute– eachtestcasecantake up to 30 secondsto exe-
cute(on average,eachrequires10 seconds).Hence,for the
resultsto be statisticallysigni�cant, the experimentsmust
generateand executea prohibitively large numberof test
suites.Otherresearchers,who have alsoencounteredsim-
ilar issuesof practicality, have circumventedthis problem
by creatinga testpool consistingof a largenumberof test
casesthat canbe executedin a reasonableamountof time
[4]. Eachtestcasein the pool is executedonly onceand
it' s executionattributese.g., time to executeandfaultsde-
tectedarerecorded.Multiple testsuitesarecreatedby care-
fully selectingtestcasesfrom this pool. Their executionis
“simulated”by combiningtheattributesof constituenttest
casesusingappropriatefunctions(e.g., summationfor cost
of execution).This researchwill alsoemploy thetestpool
approachto createa largenumberof testsuites.

Due to its centralrole in theseexperiments,it is impor-
tant to createthe testpool carefully. The testpool should
allow the creationof testsuiteswith threecontrollableat-
tributes,namelysize, length of the constituenttest cases,
and the event compositionof the suite. For example,for
Experiment2, thetestpoolshouldallow thecreationof test
suitescontainingtestcasesthatvary in length;at thesame
time, the size and event compositionof the suitesshould
remainconstant.

A relatedapproachwas employed by Rothermelet al.
[14] to createsequencesof commandsto test command-
basedsoftware. In that approach,eachcommandwasex-
ecutedin isolationandtestcaseswere“assembled”by con-
catenatingcommandstogetherin different permutations.
SinceGUI events(commands)enable/disableeachother,
most permutationsresult in infeasiblesequences.Hence,
the approachusedherewill employ event-�ow graphsto



constructtestcasesthatarefeasible.
The following processwasemployed to createthe test

pool:

1. Createtwenty4 emptybuckets;eachbucketi canhold
testcasesof lengthi , for 1 � i � 20.

2. Add all GUI eventsinto bucket1. Eachevent forms
a length1 testcase.Note that for execution,someof
thesetestcasesmayrequireapre�x, discussedin Sec-
tion 4, which is automaticallygeneratedby GUITAR's
testexecutoron-the-�y.

3. For eachevent x in bucket1, create� ve5 copiesof x
and appendeachcopy to a randomlychosen(with-
out replacement)elementfrom follows(x) . The
“without replacement”choice ensuresthat the test
casesareunique. For all events,exceptfor theExit
event,jfollows (x)j > 5; theExit eventis ignoredin
theseexperiments.Theresultis a setof uniquelength
2 testcases,which formsbucket2.

4. To �ll bucketi (3 � i � 20): for eachevent x in
bucket1, create5 copiesof x and concatenateeach
copy with a randomlychosen(without replacement)
elementfrom follows(x) . Increasethe length of
this testcaseto i by repeatingthe concatenationpro-
cess,selectinga randomeventeachtime.

5. The test pool is the Union of bucket2 through
bucket20. Note that bucket1 is ignored due to its
smaller(one-�fth) size.

All the buckets are of equal size; they have 5 � N
testcases,whereN is the numberof events(minus1 for
Exit ) in theGUI. The testpool for eachapplicationcon-
tained11875,15010,18240,and7980test casesfor Ter-
pWord, TerpSpreadSheet,TerpPaint, andTerpCalcrespec-
tively. Eachbucket is guaranteedto containat least5 in-
stancesof eachGUI event(asthe�rst eventin thetestcase).
Eachtestcasewill be executedin the sameinitial stateof
theGUI. Hence,these5 eventswill behave identically. As
expected,the exact numberof times eachevent was exe-
cutedwasmuchlarger than5. The event frequency distri-
bution is shown in Figure1 in theform of box-plots.Each
box's heightspansthecentral50%of thedata,andits up-
perandlowerendsmarktheupperandlowerquartiles.The
bold dot within the box denotesthe median. The dashed
vertical lines attachedto the box extendto 10% and90%
of thedata. All otherdetachedpointsare“outliers.” Note
thatsomeevents,thosethatopenpull-down menus,areex-

4Ourexperiencewith GUI testingtoolshasshown thattestcaseslonger
than20eventstypically run into problemsduringexecution,mostlydueto
timing issueswith windows rendering.

5The choiceof � ve copiesis not arbitrary. Theseexperimentswere
conductedwith 2, 3 and4 copies.Therewasno signi�cant differencein
resultsbetween4 and5 copies.Hencefor theseapplications,wereportthe
resultsof experimentsthatused5 copies.In thefuturewewill explorethe
impactof jfollows (x) j >> 5 for otherapplications.

ecutedmuchmorefrequently(e.g., asmuchas3500times
in TerpSpreadSheet)thanothers.
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Figure 1. Event Distrib ution for Each Applica-
tion.

5.2 Fault Seeding
As discussedin Section3, a GUI fault is a mismatch,

detectedby a testoracle,betweenthe“ideal” (or expected)
andactualGUI states. Hence,to detectfaults,a descrip-
tion of ideal GUI executionstateis needed.This descrip-
tion is usedby test oraclesto detectfaults in the subject
applications.Thereareseveralwaysto createthis descrip-
tion. First, is to manuallycreatea formal GUI speci�cation
anduseit to automaticallycreatetestoracles[9]. Second
is to usea capture/replaytool (discussedin Section2) to
manuallydevelop assertionscorrespondingto testoracles
and usethe assertionsas oraclesto test other versionsof
thesubjectapplications.Third is to developthe testoracle
from a “golden” versionof thesubjectapplicationanduse
theoracleto testotherversionsof theapplication.The�rst
two approachesareextremelylaborintensivesincethey re-
quirethedevelopmentof a formal speci�cationandtheuse
of manualcapture/replaytools; the third approachcanbe
performedautomaticallyandhasbeenusedin thisresearch.
For this research,the faultswere similar to thoseusedin
[12].
5.3 Test Execution

An automatedtool (a partof GUITAR) wasusedto ex-
ecuteall the test casesin the test pool on the subjectap-
plications. The tool automaticallyexecutedeachevent in
eachtestcaseandcapturedtheGUI state(widgets,proper-
ties,andvalues)automaticallybyusingtheJavaSwingAPI.
Thestateinformationwasthenconvertedto a sequenceof
assertEquals(X, Y) statements,whereX is the ex-
tractedvalue of a widget's property. Y is a placeholder
that is intantiatedwith the correspondingvalue extracted



from thefault-seededapplication.ThemethodassertE-
quals() returnsTRUE if its two parametersare equal,
otherwiseFALSE. Dueto thelimitationsof theJava Swing
API, the tool extracted12 propertiesfor eachwidget. The
testcaseswerealsoexecutedon eachfault-seededversion.
The resultsof the assertEquals() wererecorded.If,
after an event e in a test caset executedon fault seeded
versionFi , evenoneassertEquals() methodreturned
FALSE, thent is saidto have“detectedthefault F i .” Event
e is saidto havebeen“successfulat detectingfault F i .”

Thetestcaseswereexecutedonfour computers,running
Windows2000.Eachcomputerhad512MB of RAM anda
1.8GHzPentiumprocessor. Hadall testcasesbeenexecuted
oneachfault-seededsubjectapplication,thetotalnumberof
testrunswould have exceeded10 Million (53105� 200).
With eachtest caserequiring 10 secondsto execute,the
runswould have takenalmosta yearon the4 machines.To
conserveresources,�rst eachtestcasewasexecutedon the
original software subjectsand its statementcoveragewas
recorded. Only if the test caseexecutedthe statementin
which a fault wasseeded,it wasrun on thecorresponding
fault-seededversion. Note that if the testcasedid not ex-
ecutethis line, the fault could not possiblymanifestasan
error. This time-saving strategy helpedto reducetheexecu-
tion time to two months,without lossof accuracy.
5.4 Computing Measured Variables

Two variablesweremeasuredin theseexperimentsfor
eachtestsuite,i.e., costin termsof executiontimeandfault-
detectioneffectivess. Executiontime of the testsuitewas
simply thecostof executingeachtestcasein thesuite.The
fault-detectioneffectivenesswasmeasuredasthenumberof
uniquefaultsdetectedby thetestcasesin thesuite.
5.5 Threats to Validit y

As is thecasewith all controlledexperiments,theseex-
perimentsare subjectto threatsto validity. Thesethreats
needto be consideredin order to assesstheir impact on
theresults.First is theselectionof subjectapplicationsand
their characteristics.Theresultsmayvary for applications
thathave a complex back-end,arenot developedusingthe
object-orientedparadigm,or havenon-deterministicbehav-
ior. Second,thetestpool approachwasuseddueto practi-
cal limitations. It is expectedthattherepetitionof thesame
testcaseacrossmutiple testsuiteswill have an impacton
someof the results.For example,if large testsuites(con-
tainingmorethan10K testcases)arecreatedfor TerpWord,
which hasa testpool of sizeaproximately12K testcases,
theneachgeneratedtestsuitewill bemoreor lessidentical.
Theeffectof thisthreatis minimizedby consideringreason-
ably small testsuites(the largestTerpWord suitehas1700
testcases).Third, thealgorithmusedto createthetestpool
ensuresthateachevent(the�rst eventin thetestcase)is ex-
ecutedin a known initial state;thechoiceof this statemay
haveaneffecton theresults.Fourth,theJavaAPI allow the

extractionof only 12 propertiesof eachwidget; faultsare
reportedfor mismatchesbetweenthese12properties.Fifth,
wecappedthelengthat20events.Theresultsmayvary for
longertestcases.We alsousedonetechniqueto generate
testcases– usingevent-�ow graphs.Othertechniques,e.g.,
usingcapture/replaytools andprogrammingthe testcases
manuallymayproducedifferenttypesof testcases,which
mayshow differentexecutionbehavior.

Severalthreatsarerelatedto fault seeding.Threatsfrom
issuessuchashumandecision-makingareminimizedbyus-
ing anobjective techniquefor uniformly distributing faults
basedon functionalunits. Thefour graduatestudentswere
explicitly askedto usethefault classi�cation.
5.6 Exp erimen t 1: E�ect of Test Suite

Size
Sinceseveral factors(testsuitesize,eventcomposition,

test-caselength)mayhave animpacton thefault-detection
effectivenessof atestsuite,onefactorwill bevariedin each
experiment,keepingotherfactorsconstant.In this experi-
ment,theeventcompositionandlengthof testcaseswill be
keptconstant;only thetestsuitesizewill bevaried.

To �nd theminimumtestsuitesizethatmaybeusedfor
this experiment,thefollowing processis executed:

1. For each application, randomly generate100 test
suites.Eachtestsuiteshouldcoverall GUI events(i.e.,
randomlyselecttest caseswithout replacementfrom
the testpool until all the GUI eventshave beencov-
ered). Measurethe sizeof eachsuite; addthese100
values(sizes)to aninitial observationsetOS0.

2. Randomly generate100 more test suites. Add
them to the most recentobservation set OSi . De-
termine if OSi is equivalent to the old observa-
tion set OSi � 1; if so, then skip to the next step;
else repeatthis step. Equivalenceis determinedby
the formula: (M edian(OSi ) == M edian(OSi � 1)
&& Q1(OSi ) == Q1(OSi � 1) && Q3(OSi ) ==
Q3(OSi � 1)), whereM edian, Q1, andQ3 aretheme-
dian, �rst quartile,andthird quartileof a datasetre-
spectively. Thisstepterminatesonly if theformulare-
turnsTRUE.

3. The above stepexecuted11, 14, 11, and11 timesre-
spectively for TerpCalc,TerpPaint, TerpSpreadSheet,
andTerpWordbeforeterminating.

Themedianof thelastobservationsetis thesmallesttest
suite size (n) that is consideredin this experiment. The
medianfor TerpCalc,TerpSpreadsheet,TerpPaint andTer-
pWord is 220,and377,556,and170respectively. Thetest
suitesizewill bevariedfrom n to 10 � n testcases,in in-
crementsof n.

Sincethetestsuitesfor this experimentneedto have the
sameevent compositionandlengthsof testcases,the fol-
lowing processis usedto createthem:



1. Createa test suite of size n by randomly choosing
(without replacement)n elementsfrom the testpool.
If all theeventsin theGUI arenot coveredby this test
suite, then discardthe suiteand re-executethis step.
Create19partitionsof thissuiteby test-caselength.If
for any lengthi , partition i > (bucketi =10), thendis-
cardthesuite(sinceit cannotbeusedto createthesize-
10n suitein Step3 below) andre-executethisstep.

2. For eachtest caset in the size-n suite do: let the
lengthof t be x; randomlyselectfrom the testpool,
without replacement,2 testcasesof lengthx. Insert
theminto thesize2 � n suite.Randomchoicewithout
replacementthroughoutthis step's executionensures
thatthereareno duplicatetestcasesin thesuite. If all
theeventsin theGUI arenot coveredby the2 � n test
suite,thendiscardthesuiteandre-executethisstep.

3. Repeattheabovestepfor size3� n throughsize10� n,
choosing3 through10 testcasesrespectively from the
testpool for eachelementof thesize-n testsuite.

Theeventcompositionof all thesuitesis beexactly the
same.Also, they all have similar-lengthtestcases.Deter-
minethefault-detectioneffectivenessof all 10suites.

This processof test suitecreationis repeatedin incre-
mentsof 100 testsuitesperunit of sizeuntil thedatacon-
verges,i.e., additionalrunsdonot yield usefulinformation.
If thedatahasnot convergedyet, the latest100datapoints
areaddedto theobservationset;hencetheobservationset
grows in incrementsof 100. Convergenceis determined
usingthe three-value(median,�rst quartile,third quartile)
comparisonprocessdescribedearlier. The only difference
is thatall 10same-sizedsetsarecomparedto eachother.

The numberof incrementsfor TerpWord, TerpSpread-
Sheet,TerpCalc,andTerpPaint was10, 8, 7, and9 respec-
tively, representing1000,800, 700, and900 testsuitesin
the �nal observation set. Figure2 summarizesthe results
for TerpCalc(it is impossibleto visually show thedatafor
eachsetof 10 relatedsuitesseparately;theresultsfor other
applicationsaremoreor lesssimilar; they arenotpresented
heredueto lack of space).The �gure shows a trend that
thenumberof faultsdetectedgrowsastestsuitesizegrows,
i.e., largersuitesaremoreeffectiveat detectingfaults.The
convergancetowardsa plateauabove a sizeroughlycorre-
spondingto 1000maybeanartifactof thenumberof faults
seededand/orthe sizeof theGUI; a detailedanalysiswill
beconductedin futurework.

The analysis of variance test (ANOVA) with � =
0:05 wasperformedto show that the differencesof fault-
detectionfor testsuitesizearestatisticallysigni�cant. The
“f actor” in theANOVA wasthe testsuitesizeandthe“re-
sponse”wasthefault-detectioneffectiveness.TheANOVA
testwould indicate,with acertaindegreeof con�dence,that
theobserveddifferenceswerestatisticallysigni�cant. The
observed p-valuewas3:3 � 10� 154, muchlessthan0.05,
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Figure 2. Fault Detection Effectiveness vs.
Test Suite Size for TerpCalc

leadingto the conclusionthat the suitesizehasa statisti-
cally signi�cant impactonthefault-detectioneffectiveness.
Hencethenull hypothesisH 01 is rejected.

This experimentshows that the sizeof a test suite im-
proves its fault-detectionability even though the lengths
of its constituenttest casesandevent compositiondo not
change. The only differencein larger test suites is that
eventsareexecutedmultiple numberof timesin combina-
tion with differentprecedingevents(differentGUI states),
i.e., increaseddiversity of GUI states.A larger testsuite,
however, requiresmoretime to generateaswell asexecute;
thetime is proportionalto thesizeof thesuite.
5.7 Exp erimen t 2: E�ect of Test Case

Length
This experimentwill studytheeffect of testcaselength

onfault-detectioneffectivenessof atestsuite,keepingevent
compositionandsizeconstant.Thefollowing processwas
usedto obtainthetestsuites.

1. To createa test suite containingtest casesof length
i : randomlychoose(without replacement)test cases
from bucketi until all eventshave beencovered.Exe-
cutethis stepfor 2 � i � 20.

2. Let N be the sizeof the largestof the 19 test suites.
Add testcasesinto theremainingtestsuitesfrom their
correspondingbucketsuntil they haveN testcases.En-
surethatno testcasesarerepeated.

Evaluatethe fault-detectioneffectivenessof the 19 test
suites.Repeattheaboveprocessusingthethree-valuecom-
parisontechniqueoutlinedin Experiment1. The datadis-
tributionsconvergedafter 10, 11, 12, and12 iterationsfor
TerpWord, TerpSpreadSheet,TerpCalc,and TerpPaint re-
spectively, representing1000, 1100, 1200, and 1200data



pointsin the�nal observationset.
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Figure 3. Fault Detection Effectiveness vs.
Test Case Length for TerpCalc

The resultsfor TerpCalcare summarizedin Figure 3
(resultswere similar for other applications). The x-axis
shows the test caselength (2-20) and the y-axis shows
the fault-detectioneffectiveness.Theresultsshow that the
fault-detectioneffectivenessdoesnot increasewith test-
caselength. Thereis not theslightestevidenceagainstthe
null hypothesisH 02; henceit cannotberejected.

Althoughtheresultsshow thatthelengthof testcaseshas
no signi�cant impacton thenumberof faultsdetected,ad-
ditional analysisshowed that therewerecertainfaultsthat
could only be detectedby long testcases;short testcases
did not detectthesefaults. The analysisresultsfor Ter-
pCalc are summarizedin Figure 4. The �gure shows a
column graph; the x-axis shows the test caselength; for
eachcolumn i , the height of the column shows the size
of thesetComplement(F aults(i ); Union i � 1

j =1 F aults(j )) ,
whereF aults(x) is thesetof faultsdetectedby all length-
x testcasesin the testpool, Union andComplement are
setoperators.For example,thegraphshows that length10
testcasesdetected12 new faultsthatcouldnot bedetected
by any of length1 throughlength9 testcases.The num-
ber of new faults decreasesfor very long test cases. For
example, length 16, 17, and 18 test casesdid not detect
any faultsthathadnot beendetectedby shorter(< 16) test
cases.Length19 and20 testcasesdetectedonly 3 and2
new faultsrespectively. Theconverseof this resultwasnot
true, i.e., Complement(F aults(i ); Union j >i F aults(j ))
wasalmostalwaystheemptyset.

This experimentshowedthatwhentestsuitesizeis kept
constant,the lengthof the testcaseshasan impacton the
type(not number)of faultsdetected.This resultreinforces
theearlierobservationthatanevent,whenexecutedin mul-
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Figure 4. New Faults Detected with Length In-
crease

tiple contexts,detectsdifferentfaults.A testerhastwo ways
of improving diversityin thewayaneventis executed– (1)
by creatinglonger testcasesand(2) generatingmore test
casesasobservedfrom Experiment1.

Long testcases,however, aremoreexpensive to gener-
ateandexecute.Thegenerationtime is proportionalto the
lengthof thetestcase.However, executinglongtestcasesis
expensive. Dueto limitationsof theevent-�ow graphmod-
els,GUITAR'stest-casegeneratorsometimesgeneratestest
casesthatarein fact infeasible.In practice,long testcases
thatexecuteinfeasiblesequencescrashthetestexecutoror
theapplicationundertest,causingsubstantialdelays.6

5.8 Exp erimen t 3: E�ect of Ev ent Com-
position

In the above experiments,the event compositionof the
testsuiteswaskeptconstant,i.e., all theeventswereused.
Thisexperimentkeepsthetestsuitesizeandtest-caselength
constantandvariesthe event composition. The following
processwasusedto createthetestsuites.

1. Randomlygeneratea testsuitet thatcoversall events.
2. For eacheventx in theGUI, obtaina testsuitecalled

non-x, which is identicalto t in thatit hastestcasesof
similar lengthsandis of thesamesize.However, non-
x doesnot containany testcasethatuseseventx. The
following processis usedto obtainnon-x: copy those
testcasesfrom t to non-x that do not containx. For
eachof the remainingtestcases,choosefrom the test
poolatestcaseof thesamelengthbut onethatdoesnot
containx andthatmaximizesthechancesof covering
othereventsthat arenot in non-x. If all same-length
testcasesareexhausted,thendiscardt andrepeatStep
1. Also, if the�nal testsuitedoesnot cover all events
(exceptx) thendiscardt andrepeatStep1.

6Notethatfor theseexperiments,infeasiblesequencesweresubstituted
manuallywith feasibleones.



3. Determinethefault-detectioneffectivenessof thegen-
eratedtestsuites.Repeattheabove processusingthe
three-valuecomparisontechniqueoutlinedin Experi-
ment1.

As observed earlier, someevents(onesthat openpull-
down menus,e.g., File ) areusedveryfrequently(asmuch
as 3500 times) in the test pool. Removing such events
causedproblemswith the above steps;for example,when
File wasremoved,it wasimpossibleto createa suitethat
coveredall other eventsin the GUI. Fortunately, noneof
thesepull-down menu openingevents contributed to the
fault-detectionof thetestcases;it washencenot necessary
to removethem.

Therewasa strongcorrelationbetweenfaultsdetected
by someof theof testsuitesandthefunctionalunit in which
faultswereseeded.A classi�cationof eventsdoneusingthe
samefunctionalunits as the onesusedfor code,revealed
that in all cases,non-i testsuites(for i 2 F functionalunit
class),thesuitedidnotdetectany faultsseededin functional
unit F . Hence,theabsenceof anevent(thatinteractedwith
a functionalunit F ) in a testsuitedirectlyeffectsthedetec-
tion of a fault thatwasseededin F 's code.

6 Discussion

The above threeexperimentsdemonstratedthat several
factorshave an impacton the fault-detectioneffectiveness
of a test suite in different and interestingways. Post-
experimentanalysis,basedon the codecoverage(branch
and statement)of the test cases,revealeda betterunder-
standingof how modernGUIs aredesignedandhow they
shouldbetested.

The coverageresultsshowed that eachuserevent ex-
ecuteda speci�c part of the GUI code (called the event
handler). In most cases,no other event executedthis
code. This observationexplainsthe resultsof Experiment
3. Sincethesubjectapplicationsusedin this researchwere
implementedusing an object-orientedprogramminglan-
guage(Java), eventhandlerswereusually implementedas
Java methods.Handlersfor functionallyrelatedevents(�le
open,�le save) sharesomemethodsandarealmostalways
implementedaspartof aJava class.

Event handlerstypically have one of three structures.
First, very few event handlershave no conditional state-
ments;in fact,they containonly onebasicblock. Faultsin
thiscodearelikely to bedetectedeachtimethecorrespond-
ing eventis executed,irrespectiveof thestatein which it is
executed.However, thesetypesof incidentsarevery rare
sincevery few eventhandlershave this structure.

As de�ned in Section5.3,anevente is successfulat de-
tecting a fault F if assertEquals() returnedFALSE
immediatelyafter e executed. The “successratio of e” is
de�ned as ((the numberof times e successfullydetected

F )/(numberof occurrencesof e in the testpool)). It is un-
de�ned if e did not successfullydetectF evenonce.

Thesuccessratiofor all theeventsof thesubjectapplica-
tionsis shown in Figure5. Thebox-plotsshow thatthesuc-
cessratio is very small. The median(indicatedby a small
squareinsideeachbox) is closeto zero. This resultshows
thateventhougha testsuitemayexecuteaneventmultiple
times,the event is successfulat detectinga fault very few
times(in speci�c states).
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Figure 5. Frequenc y of Event Execution

Thelow successratio is explainedby thetwo othercom-
monstructuresof eventhandlers.Themostcommontypes
of event handlerscontainat leastone simple conditional
statement,whichchecksthevalueof asinglevariable.This
statementis usedto enable/disablethe event. The vari-
ableis set/resetusingotherevents(e.g., Copy/Cut enable
Paste ). Hence,mostGUI faultsaredetectedif eventsare
executedin shorttestcaseswith a largenumberof preced-
ing events.This observationis alsosupportedby Figure4;
length 3 through length 10 test casesdetectedadditional
faultssincethey executedeventsin new states.

Theabovetwo typesof structures,i.e., (1) noconditional
statementsand (2) one simple conditionalstatementlead
to “shallow” faultsthat canbe detectedby executingGUI
eventsin differentcombinations.

Thethird typeof structureof eventhandlersis themost
complex, althoughrare. It typically consistsof a complex
conditional statementor several nestedconditional state-
ments. Detectingfaults in this type of coderequireslong
sequencesof events that can set/resetvariablesto obtain
maximumbranchcoverage.Faultsin this typeof codeare
called“deep” faults. Eventhandlersrarelyhave this struc-
ture;henceGUIshaveveryfew deepfaults.Two suchfaults
weredetectedby length20 testcasesin TerpCalc.

Theanalysisshowedthattherewasasigni�cant relation-
shipbetweenGUI errorsandtheway modernGUI codeis
developedusingobject-orientedlanguages.The threeex-



perimentsand codecoverageanalysisshowed that a test
suitethatusesa wide diversityof statesin which an event
executeshasgoodfault-detectioneffectiveness.Thereare
two waysto improve statediversity – increasingtestcase
length andcreatinglarger test suite size. A testershould
allocatemaximumresourcesto �nding themany “shallow”
bugsbygeneratingalargenumberof shorttestcasesin mul-
tiple combinationof events. Additional resourcesmay be
usedto �nd therelatively fewer “deep” bugsby generating
long testcases.

7 Conclusions
This paperpresentedthe �rst empiricalstudyof theef-

fect of testcaselength, testsuitesizeandevent composi-
tion on fault detectionandcost. Thegoalof thestudywas
to developan initial setof lessonslearnedthatGUI testers
mayuseto developbettertestcases.Thestudyshowedthat
a testershouldallocatemaximumresourcesto �nding the
many “shallow” bugsby generatinga largenumberof short
testcases.Any additionalresourcesmaybeusedto �nd the
relatively fewer “deep”bugsby generatinglong testcases.

There are several interestingfuture directionsfor this
research.An immediateextensionwill apply multivariate
analysiswhereall threeparametersvary, which may help
to understandthe interactioneffectsof thesethreeparame-
terson fault detection.Thestudywill beextendedto other
GUI testsuitecharacteristicssuchastestoracledesign.Pre-
vious researchhasdemonstratedthat the type of test or-
acle usedfor GUI testinghasa signi�cant impact on the
fault-detectionof GUI test cases. The interplay between
testoracles,testcaselength,suitesize,andevent compo-
sition will be studied. The subjectapplicationsetwill be
evolvedto includecomplex back-ends.This evolution will
alsohelpto enhancethefunctionalunit classi�cation. This
researchuseda simplistic model of fault-detectioneffec-
tiveness.In thefuture,this modelwill beenhancedto give
more“weight” to deepfaults.Finally, this researchwill be
extendedto otherclassesof event-drivensoftwareapplica-
tions,in particularwebapplications[15].
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