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Abstract
Thispaperpresentsa new automatedmodel-driventech-

niqueto generatetestcasesby usingfeedback fromtheex-
ecutionof a “seed testsuite” on an applicationundertest
(AUT). Thetestcasesin the seedsuiteare designedto be
generatedautomaticallyandexecutedveryquickly. During
their execution,feedback obtainedfromtheAUT'srun-time
stateis usedto generatenew, “improved” testcases.The
new testcasessubsequentlybecomepart of theseedsuite.
This “anytime technique” continuesiteratively, generating
and executingadditional testcasesuntil resourcesare ex-
haustedor testinggoalshavebeenmet.

Thefeedback-basedtechniqueis demonstratedfor auto-
matedtestingof graphical user interfaces(GUIs). An ex-
isting abstract modelof the GUI is usedto automatically
generate the seedtest suite. It is executed;during its ex-
ecution,statechangesin theGUI pinpoint importantrela-
tionshipsbetweenGUI events,which evolvethemodeland
help to generate new testcases.Togetherwith a reverse-
engineeringalgorithmusedto obtainthe initial modeland
seedsuite, the feedback-basedtechniqueyieldsa fully au-
tomatic,end-to-endGUI testingprocess.A feasibilitystudy
on four large �elded open-sourcesoftware (OSS)applica-
tionsdemonstratesthat this processis able to signi�cantly
improveexistingtechniquesandhelpidentify/reportserious
problemsin theOSS.In response, theseproblemshavebeen
�xed by thedevelopersof theOSSin subsequentversions.

1 Intr oduction
Automatedtestcasegeneration(ATCG) hasbecomein-

creasinglypopular due to its potential to reducetesting
costandincreasesoftwarequality [4]. A typical approach
usedfor ATCG is to createan abstractmodelof the soft-
ware (e.g., state-machinemodel [1, 17,18]) and employ
the model to generatetest cases. While successfulat re-
ducingoverall testingcost,in practice,ATCG continuesto
beresource-intensive,especiallyto createandmaintainthe
model.Consequently, a few researchershavedevelopedau-
tomatedfeedback-basedtechniquesto augmentthe mod-
els [2, 3, 5–7, 9, 13,14,20]. Thesetechniquesrequirean
initial testcase/suiteto be created,eithermanuallyor au-
tomatically, andexecutedon thesoftware. Feedbackfrom
this executionis usedto automaticallygenerateadditional
testcases.The natureof feedbackdependslargely on the
goalof theATCG algorithm. A commonexampleof feed-
backis a codecoveragereportusedto automaticallygen-

erateadditionaltest casesthat improve overall test cover-
age[5–7,9,13,14]. Few techniquesusefeedbackfrom the
AUT's run-timestateto generateadditionaltestcases,e.g.,
in theform of outcomesof programmer-suppliedpredicates
in thecodeto coverall non-isomorphicinputs[2], andin the
form of operationalabstractionsto coverincreasedprogram
behaviors [3,20].

This paperpresentsa new feedback-basedtechniquefor
automatedtestingof graphicaluserinterfaces(GUIs). The
feedbackis anabstractionof therun-timestateof GUI wid-
gets;thegoalis to testmulti-wayinteractionsbetweenGUI
events. The natureof GUIs, their testcases(sequencesof
GUI eventsthat exerciseGUI widgets),and the maturity
of our existing model-basedGUI test-casegenerational-
gorithmslendthemselvesto feedback-basedtechniquesfor
a numberof reasons. First, GUI testing is an extremely
importantproblembecauseGUIs areusedasfront-endsto
mostsoftwareapplicationsandGUIs constituteasmuchas
half of software's code[15]. A functionallycorrectGUI is
necessaryfor trouble-freeexecutionof theapplication'sun-
derlying“businesslogic.” Theevent-drivennatureof GUIs
createsnew challengesfor testingthat requirethedevelop-
mentof new solutions[17,18].

Second,our existing model-basedGUI test-casegener-
ation algorithmsproducetest casesthat exhaustively test
two-way interactionsbetweenGUI events;thesetestcases
arecalledsmoke tests[10]. Our previousempiricalstudies
showed that althoughthesetest casesreveal a large num-
ber of GUI faults, additional faults may be detectedby
testingcertain typesof multi-way interactions[12]. The
challenge,of course,is how to systematicallygeneratetest
casesfor theseinteractions. Exhaustively testingthem is
impossiblebecausethe numberof GUI test casesgrows
exponentiallywith testcaselength(numberof events). A
practicalalternative is to identify setsof eventsthat inter-
act in interestingwayswith oneanotherandhenceshould
be testedtogether, andgeneratetest casesthat test multi-
way interactionsamongmembersof eachset. We will use
thefeedback-basedtechniquetoautomaticallyidentifysuch
setsof events. Third, our automaticallygeneratedsmoke
testcasesmaybeusedasthebasisfor feedbackcollection.
Thesesmoketestcasesform theseedsuite.Finally, ourex-
isting tools canbe easilyadaptedto monitor andstorethe
run-timestateof theGUI.

The new feedback-basedtechniquehasbeenusedin a
fully automaticend-to-endprocessfor a speci�c type of
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GUI testing. A seedtest suite is generatedautomatically
usingan existing event-interaction graph (EIG) model of
the GUI. The seedsuite is executedon the GUI usingan
automatictestcasereplayer. During testexecution,therun-
timestateof GUI widgetsis collectedandusedto automati-
cally identify anEventSemanticInteraction(ESI) relation-
ship betweenpairs of events. A new model of the GUI,
calledtheEventSemanticInteractionGraph(ESIG)is con-
structedautomaticallyandusedto generateadditionaltest
cases. This entire process,including the scriptsrequired
to setup, execute,and teardown testcases,hasbeenim-
plementedand executeswithout humanintervention. A
feasibility studyhasbeenconductedon four �elded, well-
tested, and popular GUI-basedJava applicationsdown-
loadedfrom SourceForge. The resultsof this studyshow
that the feedback-basedtechniqueimproves our existing
techniqueswith little additional cost. The ESI relation-
shipissuccessfulatidentifyingcomplex interactionsamong
GUI event handlersthat leadto seriousfailures. The fail-
ureswerereportedon the SourceForge bug reportingsite;
in response,the developers�x ed someof the bugs. The
developershadnever detectedour reportedfailuresbefore
becausetheir own tools andtestingprocesseswereunable
to comprehensively andautomaticallytesttheapplications.

Themaincontributionsof this work include:
� extensionof our previouswork on automated,model-

based,systematicGUI test-casegeneration,
� de�nition of new relationshipsamong GUI events

basedon theGUI widgetsthatthey use/in�uence,
� utilization of run-time stateto explore a larger input

spaceandimprovefault-detectioneffectiveness,and
� immersionof thefeedback-basedtechniqueintoafully

automaticend-to-endGUI testingprocessanddemon-
strationof its effectivenesson �elded applications.

Thenext sectionintroducesbasicGUI conceptsandre-
views theEIG modelthat formsthebasisof thenew ESIG
model.Section3 givesanoverview of existingGUI-testing
techniques.Section4 de�nestheESI relationshipanduses
it to de�ne an ESIG. Sections5 and 6 evaluatethe new
feedback-basedtechnique. Finally, Section7 concludes
with a discussionof futurework.

2 Preliminaries
The feedback-basedtechniqueutilizesanabstractionof

theGUI's run-timestatecollectedandanalyzedduringthe
executionof testcasesthat cover two-wayinteractionsbe-
tweenGUI eventsin order to generatetest casesthat test
multi-wayinteractions. Thissectionde�nesthesetermsand
introducesnotationsfor subsequentsections.

This work focuseson theclassof GUIs thatacceptdis-
creteeventsperformedby a singleuser;theeventsarede-
terministic,i.e., theiroutcomesarecompletelypredictable.1

1TestingGUIs thatreactto temporalandnon-deterministiceventsand

A GUI in thisclassis composedof asetW of widgets(e.g.,
buttons,text �elds); eachwidget w 2 W hasa setPw of
properties(e.g., color, size,font). At any time instant,each
propertyp 2 Pw hasa uniquevalue(e.g., red,bold, 16pt);
henceeachvalueis evaluatedusinga functionfrom theset
of thewidget's propertiesto thesetof valuesVp. TheGUI
stateat any time instantis a setof triples (w; p;v), where
w 2 W; p 2 Pw andv 2 Vp. A setof statesSI is calledthe
valid initial stateset for a particularGUI if the GUI may
be in any stateSi 2 SI whenit is �rst invoked. Thestate
of a GUI is not static;eventse1, e2, . . . , en performedon
theGUI changeits stateandhencearemodeledasfunctions
thattransformonestateof theGUI to another. Thefunction
notationSj = ex (Si ) denotesthatSj is thestateresulting
from theexecutionof eventex in stateSi .

GUIs contain two types of windows: (1) modal win-
dows2 (e.g., FileOpen , Print ) that,onceinvoked,mo-
nopolizethe GUI interaction,restricting the focus of the
userto therangeof eventswithin thewindow until explicitly
terminated(e.g., usingOk, Cancel ), and(2)modelesswin-
dows(e.g., Find/Replace ) thatdonot restricttheuser's
focus. If, during an executionof the GUI, modalwindow
M x is usedto openanothermodalwindow M y , thenM x

is calledtheparentof M y for thatexecution.
The seed test suite is generatedusing an event-

interaction graph (EIG) model of the GUI, which is
obtained automatically using a standard GUI-reverse-
engineeringalgorithm[12]. TheEIG abstractionof theGUI
representsonly two typesof GUI events: terminationand
system-interactionevents.Terminationeventsclosemodal
windows. Other structural events are usedto open and
closemenusandmodelesswindows, andopenmodalwin-
dows, but arenot representedin the EIG (for reasonspre-
sentedin earlierwork [12]). The remainingevents,called
system-interactionevents,do not manipulatethe structure
of theGUI. Directededgesbetweennodesencodeexecution
paths, i.e., sequencesof events,in theGUI. For example,an
edge(ex ; ey ) shows thatey maybeexecutedafterex along
someexecutionpath.

Thebasicmotivationbehindusingagraphmodelto rep-
resentaGUI is thatvarioustypesof existinggraph-traversal
algorithms(with well-known run-time complexities) may
beusedto “walk” thegraph,enumeratingtheeventsalong
the visited nodes,therebygeneratingtestcases.In earlier
research[12], an algorithm called GenTestCases was
implementedthat returnedall possiblepaths(sequencesof
events)in thegraphboundedto aspeci�c lengthof 2. These
length-2sequencesaresaidto testall two-wayinteractions
betweenthe EIG events. This researchwill generatetest
casesfor multi-way interactions, i.e., longer pathsin an

thosegeneratedby otherapplicationsis beyondthescopeof this research.
2Standard GUI terminology, e.g., see

http://java.sun.com/products/jl f/ed2/book/HIG.Dialogs.html.
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EIG. BecauseEIG nodesdo not representeventsto open
or closemenus,or openwindows, the sequencesobtained
from the EIG may not be executable. At executiontime,
othereventsneededto reachthe EIG eventsareautomati-
cally generated,yielding an executabletestcase[12]. To
allow a cleanapplicationexit, a testcaseis alsoautomati-
cally augmentedwith additionaleventsthat closeall open
modalwindowsbeforethetestcaseterminates.

If e1 ande2 aretwo differenteventsin aGUI'sEIG, (e1,
e2) is anedge,andS0 2 SI is the initial stateof theGUI,
then e1(S0) is the GUI stateafter performinge1, e2(S0)
is theGUI stateafterperforminge2, ande2(e1(S0)) is the
GUI stateafterperformingtheeventsequence< e1; e2 > .

3 RelatedWork
To the bestof our knowledge, there is no prior work

on the useof run-time stateas feedbackfor GUI testing.
However, severalresearchershaveusedfeedbackfrom test-
executionresultsto automaticallygenerateadditionaltest
casesfor non-GUIsoftware.Thissectionsummarizessome
of their work, followed by a discussionof model-based
GUI-testingtechniques.
Feedback-basedTestCaseGeneration: Thework of Xie
et al. is most closely relatedto this research[20]. Their
goalis to generatea suiteof unit teststhatcanexposemore
faultsthananinitial testsuite. During theexecutionof the
initial suite, feedbackin the form of operational abstrac-
tions (summariesof programrun-timestate)is usedto au-
tomaticallygeneratenew unit teststhatresultin operational
violations(previouslyunobservedprogrambehaviors)such
asmethod-preconditionviolations. Otherresearchershave
alsousedoperationalabstractions,combinedwith symbolic
execution,to guidethegenerationof testcases[3].

Boyapatiet al. alsoemploy a feedback-basedtechnique
to obtainall non-isomorphicinputs(testcases)for amethod
[2]. A programmerdevelops(1) a “guided testgeneration
engine”thatoutputstestcasesto explorethemethod'sinput
spaceand(2) a predicatefrom themethod's preconditions
to checkthevalidity of thegeneratedinput. This technique
prunesa largeportionof theinput spaceby monitoringthe
executionof thepredicateonaninitial testsuite,guidingthe
engineandyieldinga suiteof all non-isomorphicinputs.

All othertechniquesin thiscategoryinstrumentelements
(lines,branches,etc.) of theprogramcode,executean ini-
tial test case/suite,obtain a coveragereport that contains
theoutcomesof conditionalstatements,anduseautomated
techniquesto generatebetter test cases. The techniques
differ in their goals (e.g., cover a speci�c programpath,
satisfycondition-decisioncoverage,cover a speci�c state-
ment)andtheir test-casegenerationalgorithms.For exam-
ple, Miller et al. [14] usecodecoverageanddecisionout-
comesto generate�oating-point testdata.

Severaliterativetechniqueshavebeenusedto generatea

testcasethat executesa given programpath[6, 7,9]. The
generationis formulatedasa function minimizationprob-
lem. Thegradient-decentapproachis usedto graduallyad-
just an initial test caseso that it executesthe given path.
Control-�ow information in the form of branch-predicate
outcomesis collectedduringsoftwareexecution.

Thechainingapproach[5] hasbeenusedto generatetest
cases,eachto cover a givenprogramstatement.An initial
testcaseis executed;theprogram's control-�ow anddata-
�o w aremonitoredandusedto determinewhetherthe test
casewill lead to the given statement. If not, the branch
function of the problematicbranchis usedto modify the
testcase.This processcontinuesuntil thegivenstatement
is executed.

Geneticalgorithmshavealsobeenusedto automatically
generatetestsuitesthat satisfythecondition-decisionade-
quacy criterion [13]. A �tness function is de�ned for each
branch.An initial testsuiteis obtainedandexecuted.The
�tnessfunctionsareusedto evaluatethe“goodness”of each
testcase.If a testcasecoversanew condition-decision,it is
consideredto be“more �t. ” Thetestcasesin thegenepool
evolveto obtainanew generationof testcases.Theprocess
stopsuntil a desiredlevel of �tness is obtained.
Model-basedGUI Testing: Varioustypesof modelshave
beenusedfor GUI test-casegeneration. The most popu-
lar are state-machinemodels[17,18]. Thesemodelsare
createdmanually, requiringconsiderableeffort. Moreover,
the fault-detectioneffectivenessof thegeneratedtestcases
dependslargelyonthetester'sde�nition of “GUI state”and
thetechniqueusedto generatethetestcasesfromthemodel.
For example,thetestermaywantto “coverall thestates”or
“cover all thestatetransitions”in thestate-machine.Con-
sequently, two testerswho test the sameGUI application,
usingdifferentde�nitions of GUI stateand testadequacy
criteria, may detectdifferent setsof faults. Hence,these
techniquesproduceresultsthat are non-repeatableacross
communitiesof testers. Several new techniquesthat uti-
lize search-basedalgorithmsto generate(andimprove) test
casesalsosuffer fromtheaboveproblems.Recentexamples
includeAI planning[11] andgeneticalgorithms[8].

In orderto minimize manualwork andproducerepeat-
ableresultsacrossmultiple testers,severalnew systematic
techniquesbasedon graph modelsof the GUI have re-
cently beendeveloped. Thesetechniquesleveragea stan-
dard reverse-engineeringtechnique[12] to automatically
createthe GUI model. The most successfulgraphmod-
els that have beenusedfor GUI test-casegenerationin-
cludeEventFlow Graphs(EFG)[10] andEventInteraction
Graphs(EIG), alsodiscussedin theprevioussection.The
nodesin thesegraphsrepresentevents;theedgesrepresent
relationshipsbetweenpairsof events. Test casesaresys-
tematicallygeneratedto satisfyvarioustypesof adequacy
criteria. One criterion (called the event-interaction crite-
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rion [12]) requireseachedgein anEIG to becoveredby at
leastonetestcase;testcasesaregeneratedby picking the
two eventsoneachedgeandusingashortest-pathalgorithm
to reachtheseeventsfrom theapplication's main window.
Suchtechniquesareautomatedandthe algorithmsalways
producethesametestsuites,makingtheresultsrepeatable.

The primary problemwith theseapproachesis that the
numberof event sequencesgrows exponentiallywith se-
quencelength.Hence,in previouswork, wehavebeenable
to generatetestcasesthat cover all edgesin the EIG, i.e.,
they test two-way interactionsbetweenGUI events. This
paperextendsourpreviouswork by systematicallygenerat-
ing testcasesfor multi-way interactions.

4 Event SemanticInteraction Graph
Thenew feedback-basedtechniqueis basedon our abil-

ity to identify setsof eventsthatneedto betestedtogether
in multi-way interactions.Becauseeachevent is executed
usingits correspondingevent handler, onecould hypothe-
sizethat all eventswhoseevent handlersinteractin terms
of codeelements(e.g., sharevariables,exchangemessages,
sharedata)shouldbe testedtogether. For example,con-
siderthe eventhandlersfor the eventse1 ande2 shown in
Figure1. As theseeventhandlersinteractvia the variable
currentTool, theeventse1 ande2 shouldbetestedtogether.
Similarly, eventse3 ande4 interactvia curZoomandshould
be testedtogether. However, sincethehandlersfor e1 and
e3 donot interact,theseeventsneednotbetestedtogether.

One may employ a variety of static program-analysis
techniquesto identify such interactions[16]. However,
the limitations of staticanalysisin the presenceof multi-
languageGUI implementations,callbacksfor event han-
dlers,virtual functioncalls, re�ection, andmulti-threading
arewell known[16]. Also,sincemostGUI applicationsem-
ploy a largenumberof library elements(e.g., Java Swing),
sourcecodemaynotbeavailablefor partsof theGUI.

This researchavoids staticanalysis;insteadit approxi-
matesthe identi�cation of interactionsbetweeneventhan-
dlersby analyzingfeedbackfrom the run-timestateof the
GUI on aninitial testsuite. Recallthat testingall two-way
interactionsbetweeneventsis alreadyquite practicalwith
the smoke testsuite; we treat this suiteasa startingpoint
to collectthefeedback.Theremainingquestion,addressed
in this section,is: whatdynamicbehavior constitutesevent
interaction?Admittedly, severaldifferenttypesof dynamic
behaviorsmaypoint to interactionsbetweeneventhandlers.
It is not our intentionto identify all suchbehaviors; rather,
wewill demonstrateproof-of-conceptby focusingona few
behaviors. Extensionsmay easilybe devisedto make the
techniquemoreeffective.

Informally, eventex interactswith eventey , if, whenex-
ecutedtogetherin a sequence< ex ; ey > , they producea
GUI statethatis, in somesense,differentfromthetwo states

e1 :: selectellipsetool
publicvoid ellipsePerformed(java.awt.event.ActionEventevt)f
...; currentTool = toolEllipse;... g

e2 :: drag mouseon canvas
publicvoid mouseDragged(java.awt.event.MouseEventevt) f
...; currentTool.dragAction(newEvt, center);... g

e3 :: setzoomfactor to double
publicvoid zoom1Performed(java.awt.event.ActionEventevt) f
...; curZoom= zoom1;... g

e4 :: click left mousebutton on canvas
publicvoid mousePressed(java.awt.event.MouseEventevt) f ...
if (currentTool == toolZoom)f // if thezoomtool is beingused

int temp= toolZoom.getZoom();// currentzoomlevel
if (SwingUtilities.isLeftMouseButton(evt)f switch(temp)f

casezoom1:zoom2.setBG(pColor);curZoom= zoom2;
casezoom2:zoom3.setBG(pColor);curZoom= zoom3;...g gg

theCanvas.repaint();...g

Figure 1. Example Event Handler s

thatwouldbeobtainedhadex andey beenexecutedin isola-
tion. Considertheexampleshown in Figure2. Thetop-left
showstheinitial state(S0) of anapplication.After anevent
e1 (eventhandlershown in Figure1) is executed,theGUI
changesits stateto theoneshown in thetop-right(e1(S0)).
In this state,the “ellipse tool” remainsselected.Starting
from S0, onecanexecuteanotherevent(e2) andobtainthe
stateshown in thebottom-left(e2(S0)); anareaof thecan-
vashasbeenselected.If, however, thesequence< e1; e2 >
is executedin S0, a new state(e2(e1(S0)) ), shown in the
bottom-rightis obtained;anellipsehasbeencreated.This
executionis equivalentto the executionof event e2 in the
statee1(S0). Accordingto theintuition presentedin thebe-
ginningof thisparagraph,becausethesequence< e1; e2 >
producesa GUI statethat is different from the two states
thatwould beobtainedhade1 ande2 beenexecutedin iso-
lation,evente1 interactswith evente2, andshouldbetested
togetherto checkfor interactionproblems.Thecodefor e1

ande2 showsthatthey do in factinteract.
The usageof “dif ferent from” above is somewhat mis-

leading. It seemsto suggestthat checking state non-
equivalence would be suf�cient to identify interacting
events, i.e., by using a predicateP such as (e1(S0) 6=
e2(e1(S0))) _ (e2(S0) 6= e2(e1(S0))) . However, this is
not the case.Consideran exampleof two non-interacting
events,ex andey , which togglethe statesof two indepen-
dent check-boxwidgets �

x and �

y , respectively. Start-
ing in a stateS0 = f �

x ; �

y g, i.e., bothboxesunchecked,
each event would “check” its correspondingcheck-box,
i.e., ex (S0) = f �

�

x ; �

y g, ey (S0) = f �

x ; �

�

y g, and
ey (ex (S0)) = f �

�

x ; �

�

y g. EventhoughP wouldevaluateto
TRUEfor thisexample,eventsex andey arenon-interacting
andneednot betestedtogether. In orderto avoid this con-
fusion,wenow formalizethenotionof interactingevents.
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Figure 2. Execution of Events e1 and e2

It turnsout thattheexampleillustratedin Figure2 is just
onecaseof how theGUI statemaybeusedto pinpoint in-
teractionsbetweenevent handlers– therearemany more.
Thisresearchprovidesastartingpointby identifyingatotal
of six cases.Intuitively, thesecaseswill describe(asevalu-
ative predicates)situationsin which e1 ande2 interact,i.e.,
thecombinedeffectof e1 ande2 is differentfromtheeffect
of theindividualeventse1 ande2. In thesesix cases,e1 and
e2 aresystem-interactioneventsin modelesswindows; this
situationwill becalledContext 1.
Case1: 9w 2 W; p 2 Pw ; v 2 Vp; v0 2 Vp; s:t:3 ((v 6=
v0) ^ ((w; p;v) 2 f S0 \ e1(S0) \ e2(S0)g) ^ ((w; p;v0) 2
e2(e1(S0)))) ; thereis at leastonewidget w with property
p with initial valuev (hencethe triple (w; p;v) is in S0),
which is not affectedby the individual eventse1 or e2 (the
triple is alsoin e1(S0) ande2(S0)); however, it is modi�ed
whenthesequence< e1; e2 > is executed,i.e., thevalueof
w'spropertyp changesfrom v to v0.
Case 2: 9w 2 W; p 2 Pw ; v 2 Vp; v0 2 Vp; v00 2
Vp; s:t: ((v 6= v0) ^ (v0 6= v00) ^ ((w; p;v) 2
f S0 \ e2(S0)g) ^ ((w; p;v0) 2 e1(S0)) ^ ((w; p;v00) 2
e2(e1(S0)))) thereis at leastonewidgetw with propertyp
thathasaninitial valuev, whichis notmodi�ed by theevent
e2; it is modi�ed by e1; however, it is modi�ed differently
by thesequence< e1; e2 > .
Case 3: 9w 2 W; p 2 Pw ; v 2 Vp; v0 2 Vp; v00 2
Vp; s:t: ((v 6= v0) ^ (v0 6= v00) ^ ((w; p;v) 2
f S0 \ e1(S0)g) ^ ((w; p;v0) 2 e2(S0)) ^ ((w; p;v00) 2
e2(e1(S0)))) thereis at leastonewidgetw with propertyp
thathasaninitial valuev, whichis notmodi�ed by theevent
e1; it is modi�ed by e2; however, it is modi�ed differently
by thesequence< e1; e2 > . Notethatthis caseis different
from Case2 becausetheeventsequenceremainsthesame,
i.e., e1 is executedbeforee2.
Case4: 9w 2 W; p 2 Pw ; v 2 Vp; v0 2 Vp; v002 Vp; �v 2

3Notationfor “suchthat”

Vp; s:t: ((v 6= v0)^ (v 6= v00)^ (v006= �v)^ ((w; p;v) 2 S0)^
((w; p;v0) 2 e1(S0)) ^ ((w; p;v00) 2 e2(S0)) ^ ((w; p; �v) 2
e2(e1(S0)))) ; thereis at leastonewidgetw with propertyp
thathasan initial valuev, which is modi�ed by individual
eventse1 ande2; however, it is modi�ed differentlyby the
sequence< e1; e2 > .

The above four casesall handle widgets that per-
sist acrossthe threestatesbeing considered,i.e., e1(S0),
e2(S0), and e2(e1(S0)) . In many cases,event execution
“creates”new widgets,e.g., by openingmenus;the next
casehandlesnewly createdwidgets.
Case5: 9w 2 W; p 2 Pw ; v 2 Vp; v0 2 Vp; s:t: ((v 6=
v0) ^ ((w; p;v) 2 ex (S0)) ^ ((w; p;v) 62S0) ^ ((w; p;v0) 2
e2(e1(S0)))) ; thereis at leastonenew widgetw with prop-
ertyp andvaluev in ex (S0), i.e., it wascreatedby eventex

(eithere1 or e2) but did not exist in stateS0; it wascreated
by the sequence< e1; e2 > but with a differentvaluefor
someproperty.

A commonoccurrenceof event interactionin GUIs is
enabling/disablingwidgets,which may be modeledasthe
widget'sENABLEDpropertybeingsetto TRUEor FALSE.
Case 6: 9w 2 W; ENABLED 2 Pw ; TRUE 2
VENABLED; FALSE2 VENABLED; s:t: ((( w; ENABLED; FALSE) 2
S0)^ ((w; ENABLED; TRUE) 2 e1(S0)) ^ EXEC(e2; w)) ; there
existsat leastonewidgetw thatwasdisabledin S0 but en-
abledby e1. Evente2 is performedon w, representedby a
predicateEXEC(e2; w).

Modal windows createspecial situationsfor Cases1
through6 dueto the presenceof terminationevents. User
actions in thesewindows do not causeimmediatestate
changes;they typically take effectaftera terminationevent
hasbeenexecuted,leadingto contexts2 and3.
Context 2: If both e1 and e2 are associatedwith wid-
getsthat are containedin onemodal window with termi-
nationeventTERM, thenthede�nitions of e1(S0) , e2(S0),
and e2(e1(S0)) are modi�ed as follows: e1(S0) is the
stateof the GUI after the executionof the event sequence
< e1; TERM> , e2(S0) is thestateof theGUI after theexe-
cutionof theeventsequence< e2; TERM> , ande2(e1(S0))
is the stateof the GUI after the executionof the event se-
quence< e1; e2; TERM> . All the predicatesde�ned in
Cases1 through6 apply, usingthesemodi�ed de�nitions,
for e1 ande2 in thesamemodalwindow.
Context 3: If e1 is associatedwith a widget containedin
a modal window with terminationevent TERM, and e2 is
associatedwith a widgetcontainedin themodalwindow's
parentwindow (i.e., thewindow thatwasusedto openthe
modal window) then e1(S0) is the stateof the GUI after
theexecutionof theeventsequence< e1; TERM> , e2(S0)
is the stateof the GUI after the executionof the event e2,
ande2(e1(S0)) is the stateof the GUI after the execution
of theeventsequence< e1; TERM; e2 > . All thepredicates
de�ned in Cases1 through6 apply.
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Thereis an EventSemanticInteraction relationshipbe-
tweentwo eventse1 ande2 if andonly if at leastoneof the
predicatesin Cases1 through6 evaluatesto TRUE; this re-

lationshipis written ase1
n (m )
� ! e2, wherethenumbern is

oneof thecasenumbers1 through6 above;m is thecontext
number. If multiple casesapply, thenoneof thecasenum-
bersis used.Dueto thespeci�c orderingof theeventsin the
sequence< e1; e2 > , theESIrelationshipis notsymmetric.

Once all of the caseshave been implemented, the
feedback-basedprocessexecutionis straightforward. The
seedsuiteis executedon theGUI software.Thestateinfor-
mationis collectedandthe above predicatesareevaluated
for eachpair of system-interactioneventsthatareeither(1)
directly connectedby anedge(Context 1) or (2) connected
by a path that doesnot containany intermediatesystem-
interactionevents(contexts 2 and3). If one of the pred-
icatesevaluatesto TRUE, the two eventsare ESI-related.
Whenall the ESIs in a GUI have beenidenti�ed, a graph
modelcalled the ESI graph(ESIG) is created.The ESIG
containsnodesthat representevents;a directededgefrom
nodenx to ny shows thatthereis anESI relationshipfrom
theeventrepresentedby nx to theeventrepresentedby ny .

TheESIGmaybetraversedusinga modi�ed versionof
theGenTestCases algorithmdiscussedin Section2. The
differencesarethat(1) anESIGmaycontainmultiple con-
nectedcomponentsin which casethe event sequencesare
generatedfor eachcomponentseparately, and(2) thelength
of the obtainedsequencesis now a tunableparameterin-
steadof a �x ednumber2. Thefeasibility studyin thenext
sectionusesvalues3, 4, and5 for thisparameter.

5 Feasibility Study
Thetestcasesobtainedfrom theGenTestCases algo-

rithm canbe generatedandexecutedautomaticallyon the
GUI. The only unavailablepart is the testoracle, a mech-
anismthat determineswhetheran AUT executedcorrectly
for a testcase. In this research,an AUT is consideredto
have passeda testcaseif it did not “crash” (terminateun-
expectedlyor throw anuncaughtexception)duringthetest
case's execution;otherwiseit failed. Suchcrashesmaybe
detectedautomaticallyby thescriptusedto executethetest
cases.The EIG andESIG, and their respective testcases
mayalsobeobtainedautomatically. Hence,theentireend-
to-endfeedback-basedGUI testingprocessfor “crashtest-
ing” couldbeexecutedwithouthumanintervention.

Implementationof the above processalsoincludedset-
ting up a databasefor text-�eld values. Sincethe overall
processneededto befully automatic,a databasecontaining
oneinstancefor eachof the text typesin thesetf negative
number, real number, long �le name, emptystring, special
characters,zero, existing�le name, non-existent�le nameg
wasused.Notethatif a text �eld is encounteredin theGUI,
oneinstancefor eachtext typeis tried in succession.

This processprovided a startingpoint for a feasibility
study to evaluatethe ESIG-generatedtestcases.The fol-
lowing questionsneededto be answeredto determinethe
usefulnessof theoverall feedback-basedprocess:
Q1: How many testcasesarerequiredto testtwo-way in-
teractionsin anEIG?How doesthisnumbergrow for 3-, 4-,
..., n-way interactions?
Q2: In how many ESI relationshipsdoesa giveneventpar-
ticipate?How many testcasesarerequiredto testtwo-way
interactionsin anESIG?How doesthisnumbergrow for 3-,
4-, ...,n-way interactions?
Q3: How do theESIG-andEIG-generatedtestsuitescom-
parein termsof fault-detectioneffectiveness?Do the for-
merdetectfaultsthatwerenotdetectedby thelatter?

To answerthesequestionswhile minimizing threatsto
externalvalidity, this studywasconductedusing four ex-
tremely popular GUI-basedopen-sourcesoftware (OSS)
applicationsdownloadedfrom SourceForge. The fully-
automaticcrashtestingprocesswasexecutedon themand
the cause(i.e., the fault) of eachcrashin the sourcecode
wasdetermined.
STEP 1: Selectionof subject applications. Four popu-
lar GUI-basedOSS(CrosswordSage0.3.5,FreeMind0.8.0,
GanttProject2.0.1,JMSN0.9.9b2)weredownloadedfrom
SourceForge.Theseapplicationshavebeenusedin ourpre-
vious experiments[19]; detailsof why they were chosen
have beenpresentedtherein. In summary, all the applica-
tions have an active communityof developersanda high
all-time-activity percentileon SourceForge. Due to their
popularity, theseapplicationshaveundergonequalityassur-
ancebeforerelease.To furthereliminate“obvious” bugs,a
staticanalysistool calledFindBugswasexecutedonall the
applications;after the study, we veri�ed that noneof our
reportedbugsweredetectedby FindBugs.
STEP 2: Generation of EIGs & seedtest suites. The
EIGsof all subjectapplicationswereobtainedusingreverse
engineering.To addressQ1 above,thenumberof testcases
requiredto test2-, 3-, 4-, and5-way interactionswascom-
puted. The result for eachapplicationis shown asa solid
line in Figure3 (they-axisin all theseplotsis a logarithmic
scale).Theplot shows that thenumberof testcasesgrows
exponentiallywith thenumberof interactions.Thenumber
quickly becomesunmanageablefor morethan2- and3-way
interactions.In this study, only two-way interactionswere
testedby theseedtestsuites.Theseedtestsuitescontained
920, 51,316,29,033,and 4634 test casesfor Crossword-
Sage,FreeMind,GanttProject,andJMSN,respectively.
STEP 3: Executionof the seedtest suite. Theentireseed
suiteexecutedwithout any humanintervention.It executed
in 0.39, 30.83,22.89,and2.68 hourson CrosswordSage,
FreeMind,GanttProject,and JMSN, respectively. In all,
163,66,14,and34 testcasescausedcrashes;thesecrashes
werecausedby 5, 4, 3, and3 faults (asde�ned earlier)for
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Figure 3. Test Case Space Growth

CrosswordSage,FreeMind, GanttProject,and JMSN, re-
spectively. The GUI's run-timestatewasrecordedduring
testexecution.All faultswere�x edin theapplications.
STEP 4: Generation of the ESIG. The above feedback
wasusedto obtain the ESIs for eachapplication. To ad-
dressQ2, the numberof ESI relationshipsin which each
eventparticipatesis shown in Figure4. Eachevent in the
GUI hasbeenassigneda uniqueinteger ID; all event IDs
areshown on the x-axis. The y-axis shows the numberof
ESIrelationshipsin whichtheeventparticipates.Theresult
shows that certaineventsdominate(around25%) the ESI
relationshipin GUIs. In thefuture,wewill createaclassi�-
cationof thesedominantevents.

The ESIs were usedto obtain the ESIGs and, subse-
quently, additionaltestcases.Thenumberof testcasesre-
quired to test 2-, 3-, 4-, and 5-way interactionsusing an
ESIG is shown, for eachapplication,as a dotted line in
Figure3. This result shows that the growth of the ESIG-
generatedtest casesappearsmanageablefor 3-, 4-, and
(givensuf�cient resources)5-way interactions.They arein
factreducedfrom theEIG by 99.78%,99.97%,and99.99%
for 3-,4-,and5-wayinteractions,respectively. In thisstudy,
testcasesfor 3-, 4-, and5-way interactionsweregenerated.
The total numberof test casesfor theseinteractionswas
3592, 160,629,199,127,and 18,144for CrosswordSage,
FreeMind,GanttProject,andJMSN,respectively.
STEP 5: Execution of the test cases.To addressQ3, all
the newly-generatedtestcaseswereexecuted.The execu-
tion lastedfor several days. In all, 68, 157, 109, and20
testcasescausedcrashes;they werecausedby 3, 3, 3, and
1 faults for CrosswordSage,FreeMind,GanttProject,and
JMSN,respectively. Thesefaultshadnot beendetectedby
the two-way test cases. The result shows that the ESIG-
basedtestcaseshelpto detectadditionalfaults.

This study demonstratedthat test suitesfor multi-way
GUI event interactionsareable to detectadditionalfaults
comparedto two-way interactions. In earlier work, we
have shown thattwo-way interactionsyield high codecov-
erage,while multi-way interactionscover little additional

code[10]. The additionalfault-detectioneffectivenessof
multi-way interactionsis dueto theexecutionof combina-
tionsof eventsin differentexecutionorders.Also, thisstudy
did not usethenewly-generatedtestcasesin its seedsuite
to generateadditionaltestcases;the extensionwill be ex-
ploredandits bene�tsdemonstratedin futurework.

As always,resultsof studiesshouldbe interpretedwith
threatsto validity in mind. Severalsuchthreatsareidenti-
�ed in this study. First, four Java applicationshave been
usedas subjectprograms. Although they have different
typesof GUIs, this doesnot re�ect the wide spectrumof
possibleGUIs thatareavailabletoday. Moreover, theappli-
cationsareextremelyGUI-intensive, i.e., mostof thecode
is written for theGUI. Theresultswill bedifferentfor ap-
plicationsthathave complex underlyingbusinesslogic and
afairly simpleGUI. Second,all thesubjectapplicationsare
open-source,typically developedby volunteerdevelopers
andmight be morebug-pronethansoftware implemented
by paid developers.Third, the run-timestateof GUI wid-
getsis obtainedusingJava SwingAPI. Thesewidgetsmay
have additionalpropertiesthatarenot exposedby theAPI.
Hencethesetof ESI relationshipsmaybeincomplete.

6 Discussion
Several lessonswerelearnedfrom this study. First, the

developersof theapplicationsfelt that thecrashesrevealed
importantfaultsin thecode.Severalcrasheswerereported
on eachapplication'sbug-reportingsite. In response,some
of themhave alreadybeen�x ed in subsequentreleasesof
theapplications.For example,Bugs#1536224,#1536229,
and#1536205(SourceForge-assignednumbers)have been
�x edby thedevelopersof FreeMind.

Second,the study provided evidencethat the intuition
behindusingtheGUI's run-timestateto �nd setsof inter-
acting eventswas useful. Upon closerexamination,sev-
eral testcasesthatcausedcrasheshadexecutedeventsthat
sharedsomecodeelements.The �rst evidenceof theuse-
fulnessof thestate-basedfeedbackapproachwasapparent
evenwith theseedtestsuite.

Bug#1536205of FreeMind was detectedusing a test
casefrom theseedsuite. It causeda NullPointerException
whenreverting backfrom a newly createdFreeMindmap
to its previously saved version.4 The test casecontained
two system-interactionevents:e1 – Createa new FreeMind
map, ande2 – Revert. FreeMindstartswith a default map;
evente1 createsa new mapwith onenode;evente2 reverts
themapbackto thepreviouslysavedversion.Theseevents

arerelatedusingCase2, i.e., e1
2(1)
� ! e2. Whenexecutedto-

gether, they modify themapobject;executedindividually,
e2 doesnot changethestate,asthereis nosavedmap.

Thecrashoccurredbecausetheeventhandlersof e1 and

4FreeMindis a “mind mapping”software.
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e2, containedin the NewMapAction.class and Re-
vertAction.class , respectively, improperly handled
themapobject's instancevariablefile usedto keeptrack
of the physical�le correspondingto the map. A new map
object, createdby e1 hasno associated�le; the variable
file remainsnull . A subsequentrevert event invokes
createRevertXmlAction(file ) thatin turn invokes
file.getAbsolutePath() . With file beingnull ,
aNullPointerExceptionis thrown.

This examplereinforcedour intuition linking the run-
time stateresultingfrom theexecutionof eventsto interac-
tionsamongevent-handlercode.TheESIGtestcaseswere
moreinterestingandprovidedadditionalinsights. The re-
mainderof this sectiondescribestheESIGtestcasesin de-
tail andthecausesof thecrashesthey detected.

Crash 1: One test case,which executedtwo eventsin a
modalwindow, then the window's terminationevent, and
�nally an event in the parentwindow, causeda NullFor-
matExceptionin FreeMindby trying to createa new Free-
Mind mapwith a non-numericfont size.Thetestcasecon-
tainedfour events: e1 – Selectdefault parameters to set,
e2 – Setdefaultfont sizein text �eld , e3 – Savepreference
settings, ande4 – Createa new FreeMindmap. Eventse1

ande2 aresystem-interactioneventsin a modalwindow ti-
tledSettings ; e3 is a terminationeventin thesamewin-
dow; and e4 is a system-interactionevent in FreeMind's
main window. The relationshipsbetweenthe eventsare

e1
6(2)
� ! e2

3(3)
� ! e4. Evente1 enablese2; thefont-sizecannot

besetunlessthetext-�eld (for e2) is enabledby e1. Setting
a non-numericfont sizewith e2, thenexecutingthe termi-
nationevente3, causese4 to try to createa a new mapwith
aninvalid font size,resultingin acrash.

The crash occurred because the event handlers
for e1, e2, e3, and e4, contained in Option-
Panel$ChangeTabAction , OptionPanel.class ,
OptionPanel.closeWindow() , and NewMa-
pAction.class , respectively, madedifferent assump-

tionsaboutthedefault font size,whichFreeMindmaintains
asa string object. Evente4, performedby clicking on the
New... menu-item,createsa new map. During map
creation, it obtainsthe preferencesettings,including the
default font size, which it (incorrectly) assumesto be an
integervalue. An invocationof Integer.parseInt()
on thestringcausesthecrash.

LessonsLearned: This exampledemonstratedthat event
handlersinteractin complex ways.Becauseeventhandlers
may have beendevelopedby differentprogrammers,they
mayhave madeincorrectassumptionsaboutthevalidity of
sharedobjects,leadingto integrationproblems.Moreover,
Context 3 thathandlesinteractionsamongeventscontained
in multiple windows areextremelyuseful,sinceachieving
thecombinedeffect of eventsin a modalwindow requires
theexecutionof thewindow's terminationevent.

Crash 2: An eventsequencethatexecutedacrosstwo cas-
cading(oneopenedby theother)modalwindows,followed
by theparentmodalwindow's terminationevent,causeda
NullPointerExceptionin GanttProject.The sequencetried
to changethe type of a �le to be importedafter it hadse-
lectedthe nameof the �le from a list. Developersof the
softwarehadexpectedthatuserswould selectthetype�rst,
andthenselectthe �le name.Thesequencecontained� ve
events:e1 – Chooseimport �le typeT1, e2 – Chooseimport
�le , e3 – Click OKto closeFileChooser window, e4 –
Chooseimport �le typeT2, e5 – Click OKto closeimport
�le window. Eventse1 ande4 aresystem-interactionevents
in amodalwindow titled Import ; evente5 is thewindow's
terminationevent.Evente2 is a system-interactioneventin
the FileChooser modal window; event e3 is the win-
dow's terminationevent.Notethatanothereventis usedaf-
ter e1 to opentheFileChooser window; it is not shown
herebecauseit is not a part of the EIG. The relationships

betweentheeventsaree1
4(2)
� ! e2

4(2)
� ! e4. Thetestcasese-

lectsa�le type(e1) andthe�le name(e2), but thenchanges
thetype(e4) withoutchangingthe�le name.Executingthe
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terminationeventresultsin a crash.
Thecrashwascausedbecausetheeventhandlersof the

events e1, e2, e3, e4, and e5 containedin Importer-
ChooserPage.class , FileChooserPage.class ,
JFileChooser.closeWindow() , Importer-
ChooserPage.class , and ImportFileWiz-
ardImpl.onOkPressed() , respectively, failedto keep
track of the relationshipamong a �le' s name, its type,
and the �le suf�x in the name. GanttProjectrecordsthe
import �le' s type in myProject and its namein myS-
tate . ImportFileWizardImpl.onOkPressed()
examinesthe selectedtype andassumesthat the �le name
will have the correct suf�x. If, however, the �lename
doesnot have theassumedsuf�x, anobjectOpen remains
null . Execution of Open.load(file) results in a
NullPointerException.
LessonsLearned: This example reinforcedour original
motivationfor developingnew techniquesfor model-based
GUI testing. Developersoften cannotpredict how users
will usethe software. They typically test the softwarefor
asmallnumberof obvious,predictableuse-cases.Develop-
ersneedto useautomatedtechniquesto testtheir software
for a largernumberof unpredictableeventsequences.
Crash 3: One event sequencecauseda NullPointerEx-
ceptionin FreeMindafter executinga Cancel event in a
modalwindow. It tried to closeawindow thatwastrying to
save a �le with an emptyname. The sequencecontained
six events: e1 – Createa new FreeMindmap, e2 – Add
a child nodeon current FreeMindmap, e3 – Insert a hy-
perlink to the child node, e4 – Click OKto closewindow,
e5 – Click the hyperlink; sideeffect opensthe Save win-
dow, ande6 – Click theCancel buttonto closetheSave
window. e1 ande2 aresystem-interactioneventsin Free-
Mind's mainwindow; e3 is a system-interactionevent in a
modalwindow Hyperlink ; e4 is Hyperlink 's termi-
nationevent; e5 is a system-interactionevent in the main
window with the side effect of openinga modal window
Save ; e6 is Save 's Cancel terminationevent. Notethat
anotherevent(notshown here)is usedto opentheHyper-
link window. The relationshipsbetweenthe eventsare

e1
4(1)
� ! e2

4(1)
� ! e3

6(3)
� ! e5.

The crash occurred becausethe event handlers of
e1, e2, e3, e4, e5, and e6 contained in NewMa-
pAction.class , NewChildAction.class ,
SetLinkByTextFieldAction.class , Hyper-
LinkDialog.closeWindow() , NodeMouseMo-
tionListener.mousePressed() , and Con-
trollerAdapter$loadURL() , respectively, failed to
setaninstancevariablefile , andcheckits validity before
associatingit with a hyperlink. Theassociation,causedby
getFile().toURL() , resultsin a crashassoonasthe
terminationeventis executed.
LessonsLearned: This exampledemonstratedtwo points.

First, softwarecrashescanoccurafter theexecutionof the
Cancel button; we had not expectedthis result. Sec-
ond, this sequencecontained6 events; in our study the
GenTestCases algorithmgeneratedsequencesthat had
at most 5 events. The only reasonthat Cancel was ex-
ecutedis that GenTestCases closesall openwindows
(usingCancel ) aftera testcasehascompletedexecution.
Summary: Theabove crashes(andtheonesnot presented
here)illustratedseveral importantpoints. First, the event
handlersfor eventsare typically implementedin multiple
classes.Static analysisthat is limited to intra-classanal-
ysis fails to reveal problemswith interactingevents. Sec-
ond, with the increasing�e xibility of new userinterfaces,
programmersmust take stepsto ensurethat their software
workscorrectlyfor a largeinput space.They shouldcheck
the validity of objectswhenever possiblebeforeuse; text
�elds in particularshouldbe restrictedto the smallestin-
put domainspossible.For example,ane-mailaddresstext
�eld in JMSNcauseda crashaftera non-e-mailstringwas
entered. The developershadsimply checked whetherthe
lengthof theenteredtext wasnon-zero,which is clearlyin-
adequate.Third, most of the test casesthat revealedthe
crashesdid not add to the codecoverage(statementand
branch)of theseedtestsuite. They wereableto detectthe
faultsbecauseof the permutationsof eventsthat wereex-
ecutedon the GUI. Finally, we expect that we would not
havefoundmany of thesefaultshadwesimplyperformeda
randomwalk of theEIGs. Thewalk would have usedfour
timesasmany events,addinga signi�cant spaceof interac-
tions, andit would have generatedsequencesof unrelated
events. Comparisonof our techniqueto sucha “random
walk” approachis a topic for futureresearch.

7 Conclusionsand Future Work
This paperpresenteda new techniqueto testmulti-way

interactionsamongGUI events.Thetechniqueis basedon
analysisof feedbackobtainedfrom the run-time stateof
GUI widgets. A seedtestsuite is usedasa startingpoint
for feedbackcollection. Subsequently-generatedand-exe-
cutedtestcasesareexpectedto beusedfor theanalysis,iter-
atively yieldingadditionaltestcases.Thisalgorithmcanbe
stoppedany time to yield usefulresults.Thetechniquewas
demonstratedvia afeasibilitystudyonfour �elded software
applications.The resultsof the studyshowed that the test
casesgeneratedusingthefeedbackwereusefulatdetecting
seriousandrelevantfaultsin theapplications.

This researchhaspresentedseveral exciting opportuni-
tiesfor futurework. In theimmediatefuture,thethreecon-
texts for thecaseswill besimpli�ed and,if possible,com-
bined. Thecurrentspecialtreatmentof terminationevents,
which led to an additional two contexts, will be revised.
Onepossibility is therevisionof theEIG model;theelimi-
nationof all terminationeventsfrom this modelwill beex-
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plored.This revisionwill alsoleadto thede�nition of new,
fundamentallydifferentcasesfor theESI relationship.

The resultsof the feasibility studyshowed that certain
events in the GUI dominatethe ESI relationship. These
events will be studiedand classi�ed. In the future, ad-
ditional GUI applicationsand software problemsbeyond
crasheswill be studied. The run-time state information
wascollectedusingtheJavaSwingAPI for standardSwing
widgets. Futurework involves incorporatingcustomized
API for application-speci�cwidgetsinto feedbackcollec-
tion andanalysis.

The current test-casegenerationalgorithms output a
set of all possible event sequencesboundedby a pre-
determinedlength. As thegoalof this work is to generate
multi-wayinteractionsamongGUI events,othertechniques
(suchas covering arrays [21]) designedto minimize the
numberof testcaseswhile retaininghigh interactioncov-
eragewill beexplored.

The analysissummarizedin Section6 led to a deeper
understandingof the relationshipbetweenGUI eventsand
theunderlyingcode.This mayleadto new techniquesthat
combinedynamicanalysisof theGUI andstaticanalysisof
the event handlercode. For example,the codefor related
eventsmay be given to a static-analysisenginethat could
examinethecodefor possibleinteractionsthatareonly ap-
parentat thecodelevel, e.g., data-�ow relationships.

Someof thechallengesof GUI testingarealsorelevant
to testingof Webapplicationsandobject-orientedsoftware.
Oneway to testtheseclassesof softwareis to generatetest
casesthataresequencesof events(eitherWebuseractions
or methodcalls). Someof thetechniquesdevelopedin this
researchmaybeusedto prunethespaceof all possiblein-
teractionsthatneedto betested.

The feedbackcurrently obtainedat run time is in the
form of GUI widgets. Mechanisms,suchasre�ection, in
modernprogramminglanguagesmaybeusedto obtainad-
ditional feedbackfrom non-GUIobjects.Thede�nition of
state,in termsof a setof objectswith propertiesandval-
ues,is general;it may be appliedto any executingobject.
Someof thesix casesmaybeadaptedfor non-GUIobjects.
Anotherstraightforwardway to enhancethefeedbackis to
instrumentthesoftwarefor codecoverageandrun-timein-
variantcollection. This feedbackmay be usedto generate
new typesof testcases.
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