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Abstract

Thewidespeaddeploymenbf graphical-uselinterfaces
(GUIs) hasincreasedthe overall compleity of testing A
GUI testdesignemeedgo performthe dauntingtaskof ad-
equatelytestingthe GUI, which typically hasverylarge in-
putinteractionspaceswhile consideringradeofs between
GUI test suite characteristicssud as the numberof test
casegeat modeledasa sequencef events)their lengths,
andthe eventcompositionof eat testcase Thele are no
publishedempirical studieson GUI testingthat a GUI test
designemayrefelenceto male decisionsaboutthesechar-
acteristics.Consequenthin practice veryfew GUI testes
knowhow to designtheir testsuites. This papertakesthe
r ststeptowardsassistingn GUI testdesignby presenting
an empirical studythat evaluatesthe effect of thesechar-
acteristicson testingcostand fault detectioneffectiveness.
The results show that two factors signi cantly effect the
fault-detectioneffectivenes®f a testsuite: (1) the diver-
sity of statesin which an eventexecutesand (2) the event
coverage of the suite Testdesignes needto improve the
diversity of statesin which each eventexecuteshy develop-
ing a large numberof shorttestcasesto detectthe major
ity of “shallow” faults, which are artifacts of modernGUI
design. Additional resoucesshouldbe usedto developa
smallnumberof long testcasedo detecta smallnumberof
“deep” faults.

1 Intr oduction

Designinga testsuite is widely recognizedas a funda-
mentalactvity for effective software testing. It includes
complex taskssuchasthe de nition of testrequirements
(objectives),determinatiorof thetype of testcasesieeded,
determinationof the type of test oracles (mechanismgo
determinewhetherthe softwareis executingcorrectlydur
ing testexecution[6]) neededor eachtestcase,de nition
of testadequay criteria,anddevelopmentof schedulegor
testcreationandexecution. Ideally, a testdesignerformu-
latesatestdesignthatis bothwithin budgetandmaximizes
thechance®f nding softwaredefects.Formulatinga suc-

cessfultestdesignrequiresconsiderablexperienceon the

part of the tester Differentapplicationparameterge.g.,

whetherit containsa graphicaluserinterface(GUI), appli-

cationdomain,implementatiorplatform) anddifferenttest
team compositionparameterge.g., training level of per

sonnel,familiarity with tools) mustbe taken into account
whendesigningthe testsuite. Testersrely on pastexperi-

ence eithertheir own or of otherspackagednto mathemat-
ical models. Commonexamplesof packagednodelsthat
may be usedfor certainaspect®f testsuitedesigninclude
costestimationtools (e.g., CosteXper{1], SLIM-Estimate
[3], PRICETruePlanning2]) anddefectestimatiormodels
(e.g., COnstructve QUALIty MOdel (COQUALMO) [5]).

The widespreaddeploymentof GUI-basedapplications
has madetesting signi cantly more complex. The func-
tional correctnes®f an applications GUI is necessaryo
ensurethe correctnes®f the overall application. To test
a GUI, testerscreatetestcasesconsistingof sequencesf
GUI inputevents.Thetestemeeddo answetthequestions:
(1) How mary testcasesshouldbe generated?(2) What
shouldbe the length of eachtestcase? (3) What events
shouldbe put into a testcase? Thesequestionsare espe-
cially importantfor GUIs for a numberof reasons. First
of all, the spaceof possibleuserinteractionswith a GUI
is enormousjn that eachsequencef GUI eventscanre-
sultin a differentstate, andeachGUI eventmayneedto be
evaluatedin all of thesestateg[10]. The large numberof
possiblestatesresultsin a large numberof input permuta-
tions [10] requiring extensie testing. The testerneedsto
cover this extensie event-interactiorspaceby considering
factorssuchasthe numberof testcasestheir composition
in termsof events,andthelengthof eachtestcase.

GUI testdesigncanbeimprovedin severalways. First,
by developingmodelsandtechniqueghat give the testera
globalview of the overalltestprocessandallow the de ni-
tion of globaltestrequirementse.g.,CIS modelby White
et. al. [16]. Secondby providing empiricalevidencethat
shavs therelationshipbetweerntypesof GUI testcasesand
GUI faults. We have alreadystartedto addresgshe former
by developinganevent- ow modelof the GUI andits events



[17,12). We brie y describepartsof the event- ow model

in Section3. In this paper we focus on the latter We

positthata fundamentateasorfor poor GUI testdesignis

thelack of empiricalstudiesthatdemonstrate¢he tradeofs

betweervariousattributesof testcaseqe.g., length,event

compositionjandtestsuites(e.g., size),andtheirimpacton

fault detectioneffectiveness. A GUI testerneedsaccesgo

resultsof experimentsthat point to effective combinations
of theseattributes.We providethe rst suchempiricalstudy
in this paper

More speci cally, we designanempiricalstudyin which
we choosesubjectapplicationswith GUI front-endsand
generateestcasedor them.We vary severalkey character
isticsof GUI testsuitesthatareof interestto testersnamely
sizeof the suite,eventcompositionandthe lengthof each
testcase.For eachcombinationof thesecharacteristicsaye
reporttheimpacton fault detectioneffectivenessandcost.
Ourgoalis to compileasetof “lessondearned’thatcanbe
usedby testergo createeffective GUI testcases.We note
thatthis studyis the rst in aseriesof muchneededstudies
to develop and evolve a setof lessondearned. While the
work presentedh this papershouldbe consideredvork-in-
progresswe feelthatit providesa strongstartingpoint with
severalusefulresults.We have alsomadetheartifactsof our
study available as downloadable'benchmarks”on the In-
ternet! therebyenablingotherresearcherto usethemand
extendourwork. We mentionsomeexciting new directions
in Section?.

We report several lessonslearnedfrom the empirical
study We show that two factorssigni cantly effect the
fault-detectioreffectivenesof atestsuite: (1) thediversity
of statesn which aneventexecutesand(2) theeventcover
age of the suite. We alsoshaw thattesterseedto develop
alarge numberof shorttestcasego detectthe majority of
“shallow” GUI faultstypically foundin modernGUIs; ad-
ditionalresourcesif available,shouldbeusedto generate
smallnumberof longtestcasedo detectarelatively smaller
numberof “deep”faults.

The contributions of this work include: (1) A compre-
hensve empiricalstudycomparingsereral GUI testingfac-
tors,(2) the rst attempto assisin testdesignfor GUIs, (3)
the relationshipbetweentest suite size and fault-detection
effectiveness(4) the impact of test caselength on fault-
detectioreffectiveness(5) therole of statediversityin GUI
testing,and(6) a collectionof sharedartifactsthatotherre-
searchersnay leverageto replicatethe study and conduct
new ones.

Structur e of the paper: Thenext sectiondiscusseselated
work; Section3 introducedasicterminologyneededo un-
derstandthe experiments. Section4 brie y describeghe
experimentationnfrastructure. The experimentsandtheir
resultsare presentedn Section5. Finally, Section7 con-
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cludeswith a discussionof on-goingwork and future re-
searctopportunities.

2 RelatedWork

In practicecarefultestdesignis neglectedfor GUI test-
ing. Due to the compleity of GUI testing, mosttesters
don't develop testdesigns;rather the de facto strateyy is
to “stop testingwhenthey run out of time” In fact, cur-
renttechniquegor GUI test-casgeneratiorandtestoracle
creationpromoteincompleteand ad hoc testdesigningin
thatthey force testerdo testGUIs on a pertestcasebasis.
GUI testingtoolsrely on the testers memoryto remember
whateventshave beenexecutedy thepreviouslygenerated
testcases;a testerwho usesthesetools losesglobal view
of the testingprocess.The mostpopulartools usedto test
GUIs arecapture/replayools suchasWinRunnef thatre-
quirethe GUI testerto make decision®nthe y . Thetester
usesthesetoolsin two phasesa captureandthenareplay
phase. During the capturephase,a testermanuallyinter-
actswith the GUI beingtestedand performsevents. The
tool recordsthe interactions.The testeralsomanually“as-
serts”that certainattributesof speci ¢ widgetsbe stored.
The recordedtest casescan be replayedautomaticallyon
(a modi ed versionof) the software using the replay part
of thetool. The assertionganbe usedto checkthe GUI's
executionfor correctnessAs canbeimagined,thesetools
requirea signi cant amountof manualeffort. Testerswho
employ thesetools typically come up with a small num-
berof testcaseg10]. Moreover, sincethey make decisions
(e.g., eventsto execute,length of test case)on a per test
casebasiswhenthey interactwith theapplication they lose
global perspectie of the overall testingprocess.They also
do not getimmediatefeedbackon the full impactof their
decisionsonfaultdetectioneffectivenessandtestcoverage.

Commercially available test composition/management
tools[2, 3] (noneavailablefor GUI testing)typically have
more or lessidenticalfeatures. They allow usersto com-
poseand manageests. Testscanbe mappedo functional
requirements.They may be assigneda type (e.g., regres-
sion,functional). Thesetoolsalsoprovide testmanagement
support. For example,if atesterdoesnot wantto execute
all testcasesthetoolsallow testerdo pick testcasedor ex-
ecution. They track the passandfail rateof eachtest. The
testerscanview bug, progressandfailure-ratereports.

Defectestimation/predictiomodels[7] maybeusedfor
someaspect®f testing.OstrancandWeyuker[13] usesoft-
warecontentanddevelopmentprocessneasureso predict
faulty les in multiple release®f two software systemsat
AT&T. The COQUALMO projectusesCOCOMOII data
to estimatethe total numberof defectsn a softwaresystem
[5]. However, noneof theexisting defectestimationmodels
provide explicit supportfor GUI defects.
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3 BasicTerms

Sincewe will study the interactionsbetweenthe most
fundamentalfactors consideredoy GUI testers,i.e., test
suite size, event compositionof a testcase,andtestcase
length,in thissectionwebrie y describeheseactors.Note
thatdueto lack of spacewe provide detailsneededo un-
derstandhe empirical studiespresentedn this paper;the
interestedeaderis referredto previously publishedresults
for additionaldetails[12, 9].

SinceGUIsmaybeusedasfront-endgo all typesof soft-
ware,in principle, the spaceof all possibletypesof GUIs
is enormousCreatinga representationf all possibleGUIs
andstudyingthemis a Herculean(if notimpossible)task.
Any empirical study mustfocus on a reasonablesubclass;
it is important,however, to choosea subclasghatis broad
enougho beof interest.Hencewe focusonthebroadclass
of GUIs de ned next.

De nition: A Graphical User Interface(GUI) is a hi-
erarchicalgraphicalfront-endto a softwaresystemhatac-
ceptsasinput usergeneratecndsystem-generateglents,
froma x edsetof eventsandproducegleterministiggraph-
ical output.A GUI containggraphicalwidgets eachwidget
hasa x edsetof properties At ary time duringthe execu-
tion of the GUI, thesepropertieshave discretevalues the
setof which constituteghe stateof the GUI. 2

Note that this de nition would needto be extendedfor
otherGUI classesuchasweb-useinterfaceghathave syn-
chronization/timingconstraintamongobjectsmovie play-
ersthat shov a continuousstreamof video ratherthana
sequencef discreteframes,andnon-deterministicGUIs in
whichit is not possibleto modelthe stateof the softwarein
its entiretyandhencethe effect of an eventcannotbe pre-
dicted.In theremaindeof this paperwe will presenmod-
els, techniquesand studiesthat are relevant to the above
classof GUIs.

We now de ne a GUI testcaseandassociatederms.

De nition: A GUI testcaseT is a pair< Sy, €1; €;
.11, en >, consistingof a stateSy, calledthe initial state

for T, andanallowableeventsequence;;e;;:::;e,. The
lengthof thetestcaseis n, i.e., the numberof eventsin the
testcase. 2

The stateS; of a GUI, atary pointduringits execution,
may be modeledasa setof widgets (e.g., buttons,panels,
text elds) thatconstitutethe GUI, a setof properties(e.g.,
backgroundtolor, size,font) of thesewidgets,anda setof
values(e.g., red,bold, 16pt) associatedvith the properties.
Theinitial stateSy of testcaseT is the GUI statein which
the rst evente; of T is executed.

The stateof a GUI is not static; sequence®f events
e1; e; 1 ; ey performedonthe GUI changets stateto Sy,
Sy, i, Sp successiely. During testing, a testergener
atessequence®f events as test cases,executesthemon
the GUI andchecksthe GUI for correctness.To generate

atestcaseatestermayusea capture/replayool (described
in Section2), startsin a stateSy of the GUI, andexecutes

visually indicatesparts of the GUI's statethat shouldbe
storedduring capturesothatthey canbeusedasareference
during replay For example,in MS Word, the testermay
wantto checkthatthe “File Open”window is the currently
active window after the menu-item“Open” (in the “File”
pull-down menu)hasbeenselectedthetesterusesthe cap-
ture/replaytool to “assert”thatthe value of the “is-active”
propertyof the “File Open”window is TRUE During (re-
play) testcaseexecution,the replayerwould raisean error
ag if theassertions violated.

Testersmay usea numberof heuristics(alsoapplicable
to state-basetesting)to improve their chancesf nding
softwarefaults. For example they may generatea testsuite
that containsonly length 1 testcasesthat test eachevent
once. Sucha testsuitehasfull eventcoverage, i.e., it con-
tainstestcaseghatexecuteall theeventsin theGUI atleast
once.However, intuitively, oneexpectsthattestsuiteswith
longertestcasegbut will take moretime to generateand
execute)will putthe GUI in differentstatescausingdiffer-
ent executionbehaior, perhapdeadingto additionalfault
detection.GUI testersconstantlyhave to make suchtrade-
off decisiondetweerresourcaisageandtesteffectiveness.

4 GUITAR

Thisresearcheverageseveralyearsof work on GUI test
automationtherebyenablingthe creationof large numbers
of testsuitesthat may be empirically studied. A GUI test
automatiorframewvork calledGUITAR? is usedto conduct
the experiments.The key featuresof GUITAR (relevantto
this work) include a model of the GUI's event-interaction
space,automatedools for test-casegeneration,test ora-
cle creation,testexecution,and codecoverageevaluation.
GUITAR alsogeneratesll the scafolding code(e.g., test
scripts)requiredto setupand“teardown” testcasescollect
GUI stateinformation,invoke the testoracle,andproduce
testreports. This codecanbe distributedon several differ-
entcomputergo executetestcasesn parallelautomatically
Thekey partsof GUITAR arediscussedhext.

The spaceof all possibleinteractionswith the GUI are
modeledin GUITAR as an event- ow graph (EFG) [11].
An EFG containsnodes(that representvents)and edges.
An edgefrom nodeny to ny, meansthat the eventrepre-
sentedoy ny maybeperformedmmediatelyaftertheevent
representedby nodeny. This relationshiprepresentedby
the edgesis calledfollows . A function follows(x)
takes an event x asinput andreturnsa setof eventsthat
canbeexecutedmmediatelyafterx. Notethatasthenodes
in an EFG areevents(not states) andedgesarethe fol-
lows relationship(not statetransitions),the EFGis nota
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state-machinenodel.

EFGsexhibit certainproperties. First, they canbe ob-
tainedautomaticallyfrom an executingGUI usingreverse
engineeringechniquedollowedby manualveri cation by
thetester(detailsarepresentedn [8]). SecondEFGsmay
be usedto generateGUI testcases A straightforvardway
to generatgestcasess to startfrom aknown initial stateof
theGUI (e.g., thestatein whichthe softwarestarts)anduse
a graphtraversalalgorithm, enumeratinghe nodesduring
the traversal,on the EFG. If the eventrequirestext input,
e.g., for a text-box, thenits valueis readfrom a database,
initialized by the software tester A sequenceof events

testcase.

Several graph-traersaltechniquesnay be usedto gen-
eratedifferenttypesof testcases. For example,enumer
ating all the nodesin the EFG (andhencein the GUI) re-
sultsin a collection of length 1 test cases. Executingall
thesetestcaseswill resultin full eventcoverage.Enumer
atingall edges< e;e, > of anEFGwill yield all length
2 testcases. Note that someof thesetest casesmay not
be executablesincethe rst eventin the testcasemay be
embeddedn a menuor window not yet open. For exam-
ple,theeventCheck for Updates in MSWord2003is
notavailablewhenthesoftwareis rst launchedjt requires
the executionof the eventHelp , which opensa pull-down
menuthatmakesCheck for Updates available.Such
pre x eventsare generatecdby GUITAR on-the-y during
testcaseexecution,i.e,, if the rst eventin a testcaseis
notavailable, GUITAR's algorithmsgeneratehe necessary
pre X.

5 Experiments

This sectionpresentshe designand resultsof experi-
mentsto studythe tradeofs betweenGUI testsuite char
acteristics,namelytest suite size, event composition,and
lengthof testcases.In particular the studiesare designed
to examinethe hypotheses(H ;) large testsuitesaremore
effective at detectingfaultscomparedo smallertestsuites,
(H,) testsuitesthat containlong GUI testcasesare more
effective at detectingfaultscomparedo testsuitesthatcon-
tainonly shortGUI testcases.

The experimentsare designedto statistically prove or
disprove, via hypothesistesting, the set (Hg) of null hy-
pothesest (Ho1) increasinghe sizeof atestsuitedoesnot
correspondinglyincreasethe fault-detectioneffectiveness
and generation/gecutioncost of the suite, (Ho2) increas-
ing the length of a testsuite's constituenttest casesdoes
not correspondinglyincreasethe fault detectioneffective-
nessand generation/gecutioncostof the suitegg. In these
experimentsthe alternatve hypothesiwill bethenegation
of the correspondingull hypothesis. In most of the ex-
perimentspresentedn this paper = 0:05, i.e., the ex-
periments' ndings havea ve percent(0.05)chanceof not

beingtrue.

To conducthesesxperimentsanumberof subjectappli-
cations(TerpWord, TerpSpreadSheeterpRaint, and Terp-
Calc from the TerpOfce suite[12]) will be selected. A
largenumberof testsuiteswith various carefullycontrolled
characteristicwvill be createdand executedon the subject
applications. Keepingin mind the above hypothesesthe
primarymeasuredariablewill bethefault-detectioreffec-
tivenes®of atestsuite;thesecondaryneasuredariablewill
bethecostof generatingandexecutingthe testsuite.

Theseexperimentswill also demonstratehat the test
suite’s event composition(i.e., the set of eventsexecuted
by the suitesconstituentestcaseshasa directimpacton
thefaultsthatit detects.

5.1 Test Pool

The experimentspresentedn this paperrequirethe de-
velopmentand executionof a large numberof testcases.
For example,Experimentl requiresthe executionof 9000
testsuites,eachwith anaveragesizeof 2780testcasedor
one subjectapplication. GUI test casesare expensve to
execute— eachtestcasecantake up to 30 seconddo exe-
cute(on average gachrequiresl0 seconds)Hence for the
resultsto be statisticallysigni cant, the experimentsmust
generateand executea prohibitively large numberof test
suites. Otherresearchersyho have alsoencounteredim-
ilar issuesof practicality have circumventedthis problem
by creatinga testpool consistingof a large numberof test
caseghat canbe executedin a reasonablamountof time
[4]. Eachtestcasein the pool is executedonly onceand
it's executionattributese.g., time to executeandfaultsde-
tectedarerecorded Multiple testsuitesarecreatecdby care-
fully selectingtestcasedrom this pool. Their executionis
“simulated” by combiningthe attributesof constituentest
caseausingappropriatfunctions(e.g., summatiorfor cost
of execution). This researchwill alsoemploy thetestpool
approacho createa large numberof testsuites.

Dueto its centralrole in theseexperimentsijt is impor-
tantto createthe testpool carefully The testpool should
allow the creationof testsuiteswith threecontrollableat-
tributes, namelysize, length of the constituenttest cases,
andthe event compositionof the suite. For example,for
Experiment2, thetestpool shouldallow the creationof test
suitescontainingtestcaseghatvary in length; at the same
time, the size and event compositionof the suitesshould
remainconstant.

A relatedapproachwas employed by Rothermelet al.
[14] to createsequence®f commandgo test command-
basedsoftware. In that approachgachcommandwas ex-
ecutedn isolationandtestcaseswere“assembled’by con-
catenatingcommandstogetherin different permutations.
Since GUI events(commands)knable/disableachother,
most permutationgesultin infeasiblesequencesHence,
the approachusedherewill employ event- ow graphsto



constructestcasegshatarefeasible.
The following processwas employed to createthe test
pool:

1. Createtwenty* emptybuckets;eachbucket; canhold
testcasedf lengthi,for1 i 20

2. Add all GUI eventsinto bucket;. Eacheventforms
alengthl testcase.Note that for execution,someof
thesetestcasesnayrequireapre x, discussedh Sec-
tion 4, whichis automaticallygeneratedy GUITAR's
testexecutoron-the- y.

3. For eacheventx in bucket;, create ve® copiesof x
and appendeachcopy to a randomly chosen(with-
out replacementelementfrom follows(x) . The
“without replacement’choice ensuresthat the test
casesareunique. For all events,exceptfor the Exit
event,jfollows (x)j > 5;theExit eventisignoredin
theseexperiments.Theresultis a setof uniquelength
2 testcaseswhichformsbucket,.

4. To Il bucket; (3 [ 20): for eacheventx in
bucket;, create5 copiesof x and concatenatesach
copy with a randomly chosen(without replacement)
elementfrom follows(x) . Increasethe length of
this testcaseto i by repeatingthe concatenationpro-
cessselectingarandomeventeachtime.

5. The test pool is the Union of bucket, through
bucket,g. Note that bucket; is ignored due to its
smaller(one- fth) size.

All the buckets are of equal size; they have 5 N
testcaseswhereN is the numberof events(minus 1 for
Exit ) in the GUI. Thetestpool for eachapplicationcon-
tained11875,15010,18240,and 7980test casesor Ter
pWord, TerpSpreadSheeterphaint, and TerpCalcrespec-
tively. Eachbucket is guaranteedo containat least5 in-
stance®f eachGUI event(asthe rst eventin thetestcase).
Eachtestcasewill be executedin the sameinitial stateof
the GUI. Hence these5 eventswill behae identically. As
expected,the exact numberof times eachevent was exe-
cutedwasmuchlargerthan5. The eventfrequeng distri-
bution is shovn in Figurel in theform of box-plots. Each
box's heightspanshe central50% of the data,andits up-
perandlower endsmarktheupperandlower quartiles.The
bold dot within the box denoteshe median. The dashed
vertical lines attachedo the box extendto 10% and 90%
of the data. All otherdetachecdointsare“outliers” Note
thatsomeevents,thosethatopenpull-down menusareex-

40Ourexperiencawith GUI testingtoolshasshavn thattestcasesonger
than20 eventstypically runinto problemsduring execution,mostlydueto
timing issueswith windows rendering.

5The choiceof ve copiesis not arbitrary Theseexperimentswere
conductedwith 2, 3 and4 copies. Therewasno signi cant differencein
resultshetweent and5 copies.Hencefor theseapplicationsye reportthe
resultsof experimentghatused5 copies.In thefuturewe will explorethe
impactof jfollows (x)j >> 5 for otherapplications.

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

5.2 Fault Seeding

As discussedn Section3, a GUI fault is a mismatch,
detectedvy a testoracle,betweerthe“ideal” (or expected)
and actual GUI states. Hence,to detectfaults, a descrip-
tion of ideal GUI executionstateis needed.This descrip-
tion is usedby testoraclesto detectfaultsin the subject
applications.Thereareseveralwaysto createthis descrip-
tion. First, is to manuallycreatea formal GUI speci cation
anduseit to automaticallycreatetestoracles[9]. Second
is to usea capture/replayool (discussedn Section2) to
manuallydevelop assertionsorrespondingo testoracles
and usethe assertionsas oraclesto test other versionsof
the subjectapplications.Third is to developthe testoracle
from a “golden” versionof the subjectapplicationanduse
theoracleto testotherversionsof the application.The rst
two approacheareextremelylaborintensve sincethey re-
quirethedevelopmeniof aformal speci cationandtheuse
of manualcapture/replayools; the third approachcanbe
performedautomaticallyandhasbeenusedin thisresearch.
For this researchthe faults were similar to thoseusedin
[12].
5.3 Test Execution

An automatedool (a partof GUITAR) wasusedto ex-
ecuteall the testcasesn the testpool on the subjectap-
plications. The tool automaticallyexecutedeacheventin
eachtestcaseandcapturedhe GUI state(widgets,proper
ties,andvaluesjautomaticallyby usingtheJava SwingAPI.
The stateinformationwasthencorvertedto a sequencef
assertEquals(X, Y) statementswhereX is the ex-
tractedvalue of a widget's property Y is a placeholder
that is intantiatedwith the correspondingvalue extracted



from thefault-seeded@dpplication.ThemethodassertE-
quals() returnsTRUE if its two parametersare equal,
otherwiseFALSE. Dueto thelimitations of the Java Swing
API, thetool extracted12 propertiesfor eachwidget. The
testcaseaverealsoexecutedon eachfault-seededersion.
The resultsof the assertEquals() wererecorded.f,
afteran evente in a testcaset executedon fault seeded
versionF;, evenoneassertEquals() methodreturned
FALSE, thent is saidto have “detectedhefault F;.” Event
eis saidto have been" successfuht detectingfault F;

Thetestcasewvereexecutedon four computersfunning
Windows 2000. Eachcomputethad512MB of RAM anda
1.8GHzPentiumprocessarHadall testcasedeenexecuted
oneachfault-seededubjeciapplication thetotalnumberof
testrunswould have exceededlO Million (53105 200).
With eachtest caserequiring 10 secondsto execute,the
runswould have takenalmosta yearon the 4 machines.To
consereresourcesyst eachtestcasewasexecutedon the
original software subjectsandits statementoveragewas
recorded. Only if the testcaseexecutedthe statemenin
which a fault was seededit wasrun on the corresponding
fault-seededersion. Note thatif the testcasedid not ex-
ecutethis line, the fault could not possiblymanifestasan
error. Thistime-saing stratgy helpedto reducethe execu-
tion time to two months withoutlossof accurag.
5.4 Computing Measured Variables

Two variableswere measuredn theseexperimentsfor
eachtestsuite,i.e., costin termsof executiontime andfault-
detectioneffectivess. Executiontime of the testsuite was
simply the costof executingeachtestcasein the suite. The
fault-detectioreffectivenessvasmeasure@sthenumberof
uniquefaultsdetectedy thetestcasesn the suite.

5.5 Threats to Validit y

As is the casewith all controlledexperimentstheseex-
perimentsare subjectto threatsto validity. Thesethreats
needto be consideredn orderto assesgheir impacton
theresults.Firstis the selectionof subjectapplicationsand
their characteristicsThe resultsmay vary for applications
thathave a complex back-endarenot developedusingthe
object-orientegbaradigmpr have non-deterministibehar-
ior. Secondthetestpool approachwasuseddueto practi-
callimitations. It is expectecthattherepetitionof the same
testcaseacrossmutiple testsuiteswill have animpacton
someof the results. For example,if large testsuites(con-
tainingmorethan10K testcasesprecreatedor Terp\Word,
which hasa testpool of sizeaproximatelyl2K testcases,
theneachgeneratedestsuitewill bemoreor lessidentical.
Theeffectof thisthreatis minimizedby consideringeason-
ably smalltestsuites(the largestTerpWord suitehas1700
testcases)Third, thealgorithmusedto createthetestpool
ensureshateachevent(the rst eventin thetestcase)s ex-
ecutedin aknown initial state;the choiceof this statemay
have aneffectontheresults.Fourth,the Java API allow the

extractionof only 12 propertiesof eachwidget; faultsare
reportedor mismatchebetweerthesel 2 propertiesFifth,
we cappedhelengthat 20 events.Theresultsmayvary for
longertestcases.We alsousedonetechniqueto generate
testcases- usingevent- ow graphs.Othertechniquese.g.,
using capture/replayools and programmingthe testcases
manuallymay producedifferenttypesof testcaseswhich
may shaw differentexecutionbehavior.

Severalthreatsarerelatedto fault seeding Threatsfrom
issuesuchashumandecision-makingreminimizedby us-
ing an objective techniquefor uniformly distributing faults
basedon functionalunits. The four graduatestudentsvere
explicitly asledto usethefaultclassi cation.

5.6 Experiment 1: Eect of Test Suite
Size

Sinceseveralfactors(testsuitesize,eventcomposition,
test-caséength)may have animpacton the fault-detection
effectivenes®f atestsuite,onefactorwill bevariedin each
experiment,keepingotherfactorsconstant.In this experi-
ment,theeventcompositiorandlengthof testcaseswill be
keptconstantpnly thetestsuitesizewill bevaried.

To nd theminimumtestsuitesizethatmaybe usedfor
this experiment the following processs executed:

1. For each application, randomly generate100 test
suites.Eachtestsuiteshouldcoverall GUI events(i.e.,
randomly selecttest caseswithout replacemenfrom
the testpool until all the GUI eventshave beencov-
ered). Measurethe size of eachsuite; addthese100
values(sizes)to aninitial observatiorsetOSy.

2. Randomly generate 100 more test suites. Add
them to the most recentobsenation set OS;. De-
termine if OS; is equivalentto the old obsenra-
tion set OS; 1; if so, then skip to the next step;
elserepeatthis step. Equivalenceis determinedby
the formula: (M edian(0OS;) == M edian(0OS; 1)
&& Q1(0S)) == Qi(0OS; 1) && Q3(0S;) ==
Q3(0S; 1)), whereM edian, Q1, andQ3 aretheme-
dian, rst quartile,andthird quartile of a datasetre-
spectvely. This stepterminateonly if theformulare-
turnsTRUE

3. The above stepexecutedll, 14, 11, and11 timesre-
spectvely for TerpCalc, TerpRaint, TerpSpreadSheet,
andTerpWord beforeterminating.

Themedianof thelastobsenationsetis thesmallestest
suite size (n) that is consideredn this experiment. The
medianfor TerpCalc,TerpSpreadsheeterpRaintand Ter
pWord is 220,and377,556,and170respectiely. Thetest
suitesizewill bevariedfromn to 10 n testcasesjn in-
crementf n.

Sincethetestsuitesfor this experimentneedto have the
sameevent compositionand lengthsof testcasesthe fol-
lowing processs usedto createthem:



1. Createa test suite of size n by randomly choosing
(without replacementh elementsrom the testpool.
If all theeventsin the GUI arenot coveredby this test
suite, then discardthe suite and re-executethis step.
Createl9 partitionsof this suiteby test-caséength. If
for ary lengthi, partition ; > (bucket;=10), thendis-
cardthesuite(sinceit cannotbeusedto createthesize-
10n suitein Step3 below) andre-executethis step.

2. For eachtest caset in the sizen suite do: let the
lengthof t be x; randomlyselectfrom the testpool,
without replacement? testcasesof lengthx. Insert
theminto thesize2 n suite.Randomchoicewithout
replacementhroughoutthis steps executionensures
thatthereareno duplicatetestcasesn the suite. If all
theeventsin the GUI arenot coveredby the2 n test
suite,thendiscardthe suiteandre-executethis step.

3. Repeatheabovestepfor size3 n throughsizel0 n,
choosing3 throughl0testcasesespectiely from the
testpoolfor eachelementof the sizen testsuite.

The eventcompositionof all the suitesis be exactly the
same.Also, they all have similar-lengthtestcases.Deter
minethefault-detectioreffectivenesof all 10 suites.

This processof testsuite creationis repeatedn incre-
mentsof 100 testsuitesper unit of sizeuntil the datacon-
vemges,i.e., additionalrunsdo notyield usefulinformation.
If the datahasnot corvergedyet, the latest100datapoints
areaddedto the obsenation set; hencethe obsenation set
grows in incrementsof 100. Corvergenceis determined
usingthe three-alue(median, rst quartile,third quartile)
comparisorprocesgescribedearlier The only difference
is thatall 10 same-sizedetsarecomparedo eachothet

The numberof incrementsfor TerpWord, TerpSpread-
Sheet,TerpCalc,andTerpRaintwas10, 8, 7, and9 respec-
tively, representindl000, 800, 700, and 900 test suitesin
the nal obsenationset. Figure 2 summarizeghe results
for TerpCalc(it is impossibleto visually shav the datafor
eachsetof 10relatedsuitesseparatelytheresultsfor other
applicationsaremoreor lesssimilar; they arenot presented
heredueto lack of space). The gure shaws a trend that
thenumberof faultsdetectedyrows astestsuitesizegrows,
i.e., largersuitesaremoreeffective at detectingfaults. The
cornvergancetowardsa plateauabove a sizeroughly corre-
spondingo 1000may beanartifactof thenumberof faults
seededand/orthe size of the GUI; a detailedanalysiswill
be conductedn futurework.

The analysis of variance test (ANOVA) with =
0:05 was performedto show that the differencesof fault-
detectionfor testsuitesizearestatisticallysigni cant. The
“factor”in the ANOVA wasthetestsuitesizeandthe “re-
sponse’wasthefault-detectioreffectivenessThe ANOVA
testwould indicate with a certaindegreeof con dence that
the obsened differenceavere statisticallysigni cant. The
obsened p-valuewas3:3 10 ', muchlessthan0.05,
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Figure 2. Fault Detection Effectiveness vs.
Test Suite Size for TerpCalc

leadingto the conclusionthat the suite size hasa statisti-
cally signi cant impactonthefault-detectioreffectiveness.
Hencethenull hypothesid o; is rejected.

This experimentshaws that the size of a testsuiteim-
proves its fault-detectionability even though the lengths
of its constituenttest casesand event compositiondo not
change. The only differencein larger test suitesis that
eventsare executedmultiple numberof timesin combina-
tion with differentprecedingevents(differentGUI states),
i.e., increasedliversity of GUI states. A larger testsuite,
however, requiresmoretime to generateaswell asexecute;
thetime s proportionatlto the sizeof the suite.

5.7 Experiment 2: Eect of Test Case
Length
This experimentwill studythe effect of testcaselength
onfault-detectioreffectivenes®f atestsuite keepingevent
compositionandsize constant.The following processvas
usedto obtainthetestsuites.

1. To createa test suite containingtest casesof length
i: randomlychoose(without replacement}est cases
from bucket; until all eventshave beencovered. Exe-
cutethisstepfor2 i  20.

2. Let N be the size of the largestof the 19 testsuites.
Add testcasesnto theremainingtestsuitesfrom their
correspondindpucketsuntil they have N testcasesEn-
surethatnotestcasesarerepeated.

Evaluatethe fault-detectioreffectivenessof the 19 test
suites.Repeatheabove procesaisingthethree-aluecom-
parisontechniqueoutlinedin Experimentl. The datadis-
tributionscorvergedafter 10, 11, 12, and 12 iterationsfor
TerpWord, TerpSpreadSheeTerpCalc,and TerpRaint re-
spectvely, representingl000, 1100, 1200, and 1200 data



pointsin the nal obsenationset.
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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
shaws the test caselength (2-20) and the y-axis shavs
the fault-detectioreffectiveness.The resultsshav thatthe
fault-detectioneffectivenessdoes not increasewith test-
caselength. Thereis not the slightestevidenceagainstthe
null hypothesid oz; henceit cannotberejected.

Althoughtheresultsshav thatthelengthof testcasedas
no signi cant impacton the numberof faultsdetectedad-
ditional analysisshaved that therewere certainfaultsthat
could only be detectedby long testcases;shorttestcases
did not detectthesefaults. The analysisresultsfor Ter
pCalc are summarizedn Figure 4. The gure shows a
column graph; the x-axis shavs the test caselength; for
eachcolumni, the height of the column shaws the size
of thesetComplement(F aults(i); Union} _IFaults(j)),
whereF aults(x) is the setof faultsdetectedy all length-
X testcasedn thetestpool, Union andComplement are
setoperators For example,the graphshavs thatlength 10
testcasegletectedl2 new faultsthatcould not be detected
by ary of length 1 throughlength 9 testcases.The num-
ber of new faults decreasesor very long test cases. For
example, length 16, 17, and 18 test casesdid not detect
ary faultsthathadnot beendetectedy shorter(< 16) test
cases.Length 19 and 20 testcasesdetectedonly 3 and 2
new faultsrespectiely. The corverseof this resultwasnot
true, i.e., Complement(F aults(i); Unionjs Faults(j))
wasalmostalwaysthe emptyset.

This experimentshavedthatwhentestsuitesizeis kept
constantthe length of the testcaseshasanimpacton the
type (not number)of faultsdetected.This resultreinforces
theearlierobsenationthatanevent,whenexecutedn mul-

New Faults Detected
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Figure 4. New Faults Detected with Length In-
crease

tiple contexts, detectdlifferentfaults. A testetastwo ways
of improving diversityin theway aneventis executed- (1)
by creatinglongertestcasesand (2) generatingnore test
casesasobsenedfrom Experimentl.

Long testcaseshawever, are moreexpensve to gener
ateandexecute.The generatiortime is proportionalto the
lengthof thetestcase However, executinglongtestcasess
expensve. Dueto limitations of the event- ow graphmod-
els,GUITAR'stest-casgeneratosometimegenerategest
caseghatarein factinfeasible.In practice,long testcases
thatexecuteinfeasiblesequencesrashthe testexecutoror
theapplicationundertest,causingsubstantiatielays®
5.8 Experiment 3: Eect of Event Com-

position

In the above experiments the event compositionof the
testsuiteswaskeptconstantj.e., all the eventswereused.
Thisexperimentkeepghetestsuitesizeandtest-caséength
constantand variesthe event composition. The following
processavasusedto createthetestsuites.

1. Randomlygeneratea testsuitet thatcoversall events.

2. For eacheventx in the GUI, obtainatestsuitecalled
nonx, whichis identicaltot in thatit hastestcasef
similarlengthsandis of the samesize. However, non-
x doesnot containary testcasethatuseseventx. The
following processs usedto obtainnonx: copy those
testcasedrom t to nonx thatdo not containx. For
eachof theremainingtestcaseschoosefrom the test
poolatestcaseof thesamdengthbut onethatdoesnot
containx andthatmaximizesthe chance®f covering
othereventsthatarenotin nonx. If all same-length
testcasesreexhaustedthendiscardt andrepeatStep
1. Also, if the nal testsuitedoesnot cover all events
(exceptx) thendiscardt andrepeatStep1.

SNotethatfor theseexperimentsjnfeasiblesequenceweresubstituted
manuallywith feasibleones.



3. Determinghefault-detectioreffectivenesof thegen-
eratedtestsuites. Repeathe above procesausingthe
three-\alue comparisortechniqueoutlinedin Experi-
ment1.

As obsened earlier someevents(onesthat openpull-
downmenusg.g., File ) areusedveryfrequently(asmuch
as 3500 times) in the test pool. Remaing such events
causedproblemswith the above steps;for example,when
File wasremoved,it wasimpossibleto createa suitethat
coveredall othereventsin the GUI. Fortunately none of
thesepull-down menu openingevents contributed to the
fault-detectiorof thetestcasesijt washencenot necessary
to removethem.

Therewas a strongcorrelationbetweenfaults detected
by someof theof testsuitesandthefunctionalunitin which
faultswereseededA classi cationof eventsdoneusingthe
samefunctional units asthe onesusedfor code,revealed
thatin all casesnpon4 testsuites(for i 2 F functionalunit
class)thesuitedid notdetectary faultsseededn functional
unit F. Hencetheabsenc®f anevent(thatinteractedwith
afunctionalunit F) in atestsuitedirectly effectsthe detec-
tion of afaultthatwasseededn F's code.

6 Discussion

The above threeexperimentsdemonstratedhat several
factorshave animpacton the fault-detectioreffectiveness
of a test suite in different and interestingways. Post-
experimentanalysis,basedon the code coverage(branch
and statement)f the test casesrevealeda betterunder
standingof how modernGUIs aredesignedand how they
shouldbetested.

The coverageresultsshoved that eachuser event ex-
ecuteda speci c part of the GUI code (called the event
handler). In most cases,no other event executedthis
code. This obsenation explainsthe resultsof Experiment
3. Sincethe subjectapplicationsusedin this researclwere
implementedusing an object-orientedprogramminglan-
guage(Java), event handlerswere usuallyimplementedas
Jaramethods Handlersfor functionallyrelatedevents( le
open, le save) sharesomemethodsandarealmostalways
implementedhspartof aJavaclass.

Event handlerstypically have one of three structures.
First, very few event handlershave no conditional state-
ments;in fact,they containonly onebasicblock. Faultsin
thiscodearelik ely to bedetectedeachtime thecorrespond-
ing eventis executedrrespectve of the statein whichit is
executed. However, thesetypesof incidentsare very rare
sincevery few eventhandlershave this structure.

As de nedin Section5.3,anevente is successfuht de-
tectinga fault F if assertEquals() returnedFALSE
immediatelyafter e executed. The “successatio of €” is
de ned as ((the numberof times e successfullydetected

F)/(numberof occurrence®sf e in thetestpool)). It is un-
de nedif edid notsuccessfullydetect- evenonce.

Thesuccessatiofor all theeventsof thesubjectapplica-
tionsis shavn in Figure5. Thebox-plotsshow thatthesuc-
cessratio is very small. The median(indicatedby a small
squareinside eachbox) is closeto zero. This resultshavs
thateventhougha testsuitemay executean eventmultiple
times, the eventis successfuht detectinga fault very few
times(in speci c states).

0.1 4

0.09 4

0.08 4

0.07 4

0.06 -

0.05 4

Success Ratio

0.04

0.03 4

0.02 4

0.01 4

[

TerpWord

-

T T
TerpSpreadSheet

TerpCalc TerpPaint

Subject Applications

Figure 5. Frequency of Event Execution

Thelow successatiois explainedby thetwo othercom-
mon structureof eventhandlers.The mostcommontypes
of event handlerscontainat leastone simple conditional
statementwhich checkghevalueof asinglevariable.This
statements usedto enable/disablehe event. The vari-
ableis set/resetisingotherevents(e.g., Copy/Cut enable
Paste ). Hence mostGUI faultsaredetectedf eventsare
executedin shorttestcaseswith alarge numberof preced-
ing events. This obsenationis alsosupportediy Figure4;
length 3 throughlength 10 test casesdetectedadditional
faultssincethey executedeventsin new states.

Theabovetwo typesof structuresi.e., (1) noconditional
statementsand (2) one simple conditional statemeniead
to “shallow” faultsthat canbe detectedby executingGUI
eventsin differentcombinations.

Thethird type of structureof eventhandlerss the most
complg, althoughrare. It typically consistsof a comple
conditional statementor several nestedconditional state-
ments. Detectingfaultsin this type of coderequireslong
sequence®f eventsthat can set/resetvariablesto obtain
maximumbranchcoverage.Faultsin this type of codeare
called“deep” faults. Eventhandlersrarely have this struc-
ture;henceGUIshave veryfew deepfaults. Two suchfaults
weredetectedy length20 testcasesn TerpCalc.

Theanalysisshovedthattherewasasigni cant relation-
shipbetweenGUI errorsandthe way modernGUI codeis
developedusing object-orientedanguages.The threeex-



perimentsand code coverageanalysisshoved that a test
suitethat usesa wide diversity of statesin which an event
executeshasgood fault-detectioreffectiveness.Thereare
two waysto improve statediversity — increasingtestcase
length and creatinglarger test suite size. A testershould
allocatemaximumresources$o nding themary “shallow”
bugsby generatin@largenumberof shorttestcasesn mul-
tiple combinationof events. Additional resourcesnay be
usedto nd therelatively fewer “deep” bugsby generating
long testcases.

7 Conclusions

This paperpresentedhe rst empirical study of the ef-
fect of testcaselength, testsuite size and event composi-
tion on fault detectionandcost. The goal of the studywas
to developaninitial setof lessondearnedthat GUI testers
may useto developbettertestcasesThe studyshavedthat
a testershouldallocatemaximumresourceso nding the
mary “shallow” bugsby generatingalargenumberof short
testcasesAny additionalresourcesnaybeusedto nd the
relatively fewer “deep” bugsby generatindong testcases.

There are several interestingfuture directionsfor this
research.An immediateextensionwill apply multivariate
analysiswhereall three parameterwvary, which may help
to understandhe interactioneffectsof thesethreeparame-
terson fault detection.The studywill be extendedto other
GUI testsuitecharacteristicsuchastestoracledesign.Pre-
vious researchhas demonstratedhat the type of testor-
acle usedfor GUI testinghasa signi cant impacton the
fault-detectionof GUI testcases. The interplay between
testoracles,testcaselength, suite size,and event compo-
sition will be studied. The subjectapplicationsetwill be
evolvedto includecomplex back-endsThis evolution will
alsohelpto enhancehefunctionalunit classi cation. This
researchuseda simplistic model of fault-detectioneffec-
tivenessin thefuture,this modelwill be enhancedo give
more“weight” to deepfaults. Finally, this researctwill be
extendedto otherclassef event-drivensoftwareapplica-
tions,in particularwebapplicationd15].
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