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Abstract
Thispaperpresents new automatednodel-drivertech-

nigueto genemtetestcasesby usingfeedbak fromthe ex-
ecutionof a “seed testsuite” on an applicationundertest
(AUT). Thetestcasesin the seedsuite are designedo be
genematedautomaticallyand executedvery quickly. During
their execution feedbak obtainedfromthe AUT'srun-time
stateis usedto geneate new, “improved” testcases.The
new testcasessubsequentlpecomepart of the seedsuite
This“anytime technique” continuedteratively, geneating
and executingadditional testcasesuntil resoucesare ex-
haustecbr testinggoalshavebeenmet.
Thefeedbak-basededniqueis demonstatedfor auto-
matedtestingof graphical userinterfaces(GUIs). An ex-
isting abstiact modelof the GUI is usedto automatically
genemte the seedtestsuite It is executed;during its ex-
ecution,statechangesin the GUI pinpointimportantrela-
tionshipsbetweerGUI events,which evolvethe modeland
help to generte new testcases. Togetherwith a reverse-
engineeringalgorithm usedto obtainthe initial modeland
seedsuite the feedbak&-basededniqueyieldsa fully au-
tomatic,end-to-end5 Ul testingprocess A feasibility study
on four large elded open-souce softwae (OSS)applica-
tions demonstatesthat this processs able to signi cantly
improveexistingtechniquesandhelpidentify/reportserious
problemsn theOSSIn responsgtheseproblemshavebeen
xed by the developes of the OSSin subsequentersions.

1 Intr oduction
Automatedtestcasegeneratior(ATCG) hasbecomen-
creasinglypopular due to its potential to reducetesting
costandincreasesoftware quality [4]. A typical approach
usedfor ATCG is to createan abstractmodel of the soft-
ware (e.g., state-machinanodel [1, 17,18]) and employ
the modelto generateest cases. While successfuht re-
ducingoverall testingcost,in practice, ATCG continuesto
beresource-intense, especiallyto createandmaintainthe
model.Consequentlyafew researchersave developedau-
tomatedfeedback-basetechniqgueso augmentthe mod-
els[2,3,5-7,9,13,14,20]. Thesetechniquesrequirean
initial testcase/suitd¢o be createdeithermanuallyor au-
tomatically andexecutedon the software. Feedbackrom
this executionis usedto automaticallygenerateadditional
testcases.The natureof feedbackdependdargely on the
goalof the ATCG algorithm. A commonexampleof feed-
backis a codecoveragereportusedto automaticallygen-
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erateadditionaltest caseshat improve overall test cover-
age[5-7,9,13,14]. Few techniguesisefeedbackrom the
AUT'srun-timestateto generateadditionaltestcasese.g.,
in theform of outcomef programmersuppliedoredicates
in thecodeto coverall non-isomorphiénputs[2], andin the
form of operationahbstractionso coverincreasegrogram
behaviors[3, 20].

This paperpresentsa new feedback-baset&chniquefor
automatedestingof graphicaluserinterfaces(GUIs). The
feedbacks anabstractiorof therun-timestateof GUI wid-
gets;thegoalis to testmulti-way interactionsdetweenGUlI
events. The natureof GUIs, their testcasegsequencesf
GUI eventsthat exerciseGUI widgets), and the maturity
of our existing model-basedsUl test-casegenerational-
gorithmslendthemselesto feedback-basechniquedor
a numberof reasons. First, GUI testingis an extremely
importantproblembecausé&sUls are usedasfront-endsto
mostsoftwareapplicationsand GUIs constituteasmuchas
half of software's code[15]. A functionally correctGUI is
necessarfor trouble-freeexecutionof theapplicationsun-
derlying“businesdogic” Theevent-drivennatureof GUIs
createsnew challengedor testingthatrequirethe develop-
mentof new solutions[17,18].

Secondour existing model-baseds Ul test-caseyener
ation algorithmsproducetest casesthat exhaustvely test
two-way interactionsbetweenGUI events;thesetestcases
arecalledsmole tests[10]. Our previousempiricalstudies
shaved that althoughthesetest casesreveal a large num-
ber of GUI faults, additional faults may be detectedby
testing certaintypes of multi-way interactions[12]. The
challengeof coursejis how to systematicallygeneratdest
casedfor theseinteractions. Exhaustvely testingthemis
impossiblebecausehe numberof GUI test casesgrows
exponentiallywith testcaselength (numberof events). A
practicalalternatie is to identify setsof eventsthatinter
actin interestingwayswith oneanotherandhenceshould
be testedtogethey and generateaest casesthat test multi-
way interactionsaamongmembersof eachset. We will use
thefeedback-basechniqudo automaticallyidentify such
setsof events. Third, our automaticallygeneratedsmole
testcaseanay be usedasthe basisfor feedbackcollection.
Thesesmoletestcasedorm the seedsuite. Finally, our ex-
isting tools canbe easily adaptedo monitor and storethe
run-timestateof the GUI.

The new feedback-basetechniquehasbeenusedin a
fully automaticend-to-endprocessfor a speci ¢ type of



GUI testing. A seedtestsuiteis generatechutomatically
using an existing event-inteaction graph (EIG) model of
the GUI. The seedsuiteis executedon the GUI usingan
automatidestcasereplayer Duringtestexecution therun-
time stateof GUI widgetsis collectedandusedto automati-
cally identify anEventSemantidnteraction (ESI) relation-
ship betweenpairs of events. A newv model of the GUI,
calledthe EventSemantidnteractionGraph(ESIG)is con-
structedautomaticallyand usedto generateadditionaltest
cases. This entire process,including the scriptsrequired
to setup, execute,andteardown testcaseshashbeenim-
plementedand executeswithout humanintervention. A
feasibility study hasbeenconductedon four elded, well-
tested, and popular GUI-basedJava applicationsdown-
loadedfrom Sourcelerge. The resultsof this study shov
that the feedback-basetkchniqueimproves our existing
techniqueswith little additionalcost. The ESI relation-
shipis successfulitidentifyingcomplex interactionamong
GUI eventhandlergthat leadto seriousfailures. The fail-
ureswerereportedon the SourcelBrge bug reportingsite;
in responsethe developers x ed someof the bugs. The
developershadnever detectedour reportedfailuresbefore
becausedheir own tools andtestingprocessesvere unable
to comprehensiely andautomaticallytestthe applications.
Themaincontributionsof thiswork include:
extensionof our previouswork on automatedmodel-
basedsystematicGUI test-casgeneration,
de nition of new relationshipsamong GUI events
basedon the GUI widgetsthatthey use/in uence,
utilization of run-time stateto explore a larger input
spaceandimprove fault-detectioreffectivenessand
immersionof thefeedback-base@chniquanto afully
automaticend-to-ends Ul testingprocessanddemon-
strationof its effectivenes®on elded applications.
The next sectionintroduceshasicGUI conceptsandre-
views the EIG modelthatformsthe basisof the new ESIG
model.Section3 givesanoverview of existing GUI-testing
techniquesSection4 de nesthe ESl relationshipanduses
it to de ne an ESIG. Sections5 and 6 evaluatethe new
feedback-basetkechnique. Finally, Section7 concludes
with adiscussiorof futurework.

2 Preliminaries

The feedback-basetkchniqueutilizes an abstractiorof
the GUI's run-timestatecollectedandanalyzedduring the
executionof testcaseghat cover two-wayinteractionsbe-
tweenGUI eventsin orderto generateest caseshat test
multi-wayinteractions Thissectionde nesthesetermsand
introducesotationsfor subsequergections.

This work focuseson the classof GUIs thatacceptdis-
creteeventsperformedby a singleuser;the eventsarede-
terministic,i.e., theiroutcomesirecompletelypredictable

1TestingGUIs thatreactto temporalandnon-deterministi@ventsand

A GUI in thisclassis composeaf asetW of widgets(e.g.,
buttons,text elds); eachwidgetw 2 W hasa setP,, of
properties(e.g., color, size,font). At ary time instant,each
propertyp 2 P, hasauniquevalue(e.g., red, bold, 16pt);
henceeachvalueis evaluatedusinga functionfrom the set
of thewidget's propertieso the setof valuesV,. The GUI
stateat ary time instantis a setof triples (w; p;Vv), where
w2 W;p2 Py andv 2 V,. A setof statesS; is calledthe
valid initial statesetfor a particularGUI if the GUI may
bein ary stateS; 2 S; whenit is rst invoked. The state
of a GUI is not static; eventsey, e, ..., €, performedon
theGUI changets stateandhencearemodeledasfunctions
thattransformonestateof the GUI to another Thefunction
notationS; = e (S;) denoteghat$S; is the stateresulting
from theexecutionof eventey in stateS;.

GUIs containtwo types of windows: (1) modal win-
dowg (e.g., FileOpen , Print ) that, onceinvoked, mo-
nopolizethe GUI interaction,restricting the focus of the
userto therangeof eventswithin thewindow until explicitly
terminatede.g., usingOk, Cancel ), and(2) modelessvin-
dows(e.g., Find/Replace ) thatdonotrestricttheusers
focus. If, duringan executionof the GUI, modalwindow
M  is usedto openanothemodalwindow M y, thenM
is calledthe parentof M  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-
engineeringlgorithm[12]. TheEIG abstractiorof the GUI
represent®nly two typesof GUI events: terminationand
system-inteaction events. Terminationeventsclosemodal
windows. Other structural eventsare usedto openand
closemenusandmodelessvindows, andopenmodalwin-
dows, but arenot representeih the EIG (for reasongre-
sentedn earlierwork [12]). The remainingevents,called
system-interactiomvents,do not manipulatethe structure
of theGUI. Directededgedetweemodesncodexecution
paths i.e., sequencesf events,in the GUI. For example,an
edge(ex; ey) shavsthate, maybe executedaftere, along
someexecutionpath

Thebasicmotivationbehindusinga graphmodelto rep-
resena GUI is thatvarioustypesof existinggraph-traersal
algorithms(with well-known run-time compleities) may
be usedto “walk” the graph,enumeratinghe eventsalong
the visited nodes therebygeneratingestcases.In earlier
research12], an algorithm called GenTestCases was
implementedhatreturnedall possiblepaths(sequencesf
events)in thegraphboundedo aspeci c lengthof 2. These
length-2sequencearesaidto testall two-wayinteractions
betweenthe EIG events. This researchwill generateest
casesfor multi-way interactions i.e., longer pathsin an

thosegeneratedby otherapplicationss beyondthe scopeof thisresearch.
2Standard GUI terminology eg., see
http://java.sun.com/producitifed2/bookHIG.Dialogs.html



EIG. BecauseElG nodesdo not represeneventsto open
or closemenus,or openwindows, the sequencesbtained
from the EIG may not be executable. At executiontime,
othereventsneededo reachthe EIG eventsare automati-
cally generatedyielding an executabletestcase[12]. To
allow a cleanapplicationexit, a testcaseis alsoautomati-
cally augmentedvith additionaleventsthat closeall open
modalwindows beforethetestcaseterminates.

If e, ande, aretwo differenteventsin aGUI'sSEIG, (e,
e) isanedge,andSy 2 S is theinitial stateof the GUI,
thenei(So) is the GUI stateafter performinges, ex(Sp)
is the GUI stateafter performinge,, andex(e1(Sp)) is the
GUI stateafterperformingthe eventsequence e;; e, >.

3 RelatedWork

To the bestof our knowledge, thereis no prior work

on the useof run-time stateas feedbackfor GUI testing.
However, severalresearcherbBave usedfeedbackrom test-
executionresultsto automaticallygenerateadditional test
casedor non-GUIsoftware. This sectionsummarizesome
of their work, followed by a discussionof model-based
GUI-testingtechniques.
Feedback-basedest CaseGeneration: Thework of Xie
et al. is most closely relatedto this researcH20]. Their
goalis to generate suiteof unit teststhatcanexposemore
faultsthananinitial testsuite. During the executionof the
initial suite, feedbackin the form of opemtional abstac-
tions (summarief programrun-time state)is usedto au-
tomaticallygenerateew unit teststhatresultin operational
violations(previously unobseredprogrambehaiors) such
asmethod-preconditioniolations. Otherresearcherbave
alsousedoperationabbstractionsgombinedwith symbolic
execution,to guidethegeneratiorof testcaseg3].

Boyapatiet al. alsoemploy a feedback-basetkchnique
to obtainall non-isomorphiénputs(testcasesjor amethod
[2]. A programmerdevelops(1l) a “guided testgeneration
engine"thatoutputstestcasego explorethemethodsinput
spaceand(2) a predicatefrom the methods preconditions
to checkthevalidity of the generatednput. This technique
prunesa large portion of theinput spaceby monitoringthe
executionof thepredicateonaninitial testsuite,guidingthe
engineandyielding a suiteof all non-isomorphignputs.

All othertechniqueén this categoryinstrumenelements
(lines,branchesetc.) of the programcode,executean ini-
tial testcase/suitepbtain a coveragereportthat contains
the outcomeof conditionalstatementsanduseautomated
techniquesto generatebettertest cases. The techniques
differ in their goals (e.g., cover a speci c programpath,
satisfy condition-decisiorcoverage cover a speci ¢ state-
ment)andtheir test-casegyeneratioralgorithms.For exam-
ple, Miller etal. [14] usecodecoverageanddecisionout-
comego generateoating-point testdata.

Severaliterative techniquesiave beenusedto generata

testcasethat executesa given programpath[6, 7,9]. The
generations formulatedas a function minimization prob-
lem. The gradient-decerdpproachs usedto graduallyad-
just an initial testcaseso thatit executesthe given path.
Control- ow informationin the form of branch-predicate
outcomess collectedduring softwareexecution.

Thechainingapproach5] hasbeenusedto generateest
casesgeachto cover a given programstatement An initial
testcaseis executed;the programs control- ow anddata-

o w aremonitoredandusedto determinewhetherthe test

casewill leadto the given statement. If not, the branch

function of the problematicbranchis usedto modify the

testcase. This procescontinuesuntil the given statement
is executed.

Geneticalgorithmshave alsobeenusedto automatically
generateaestsuitesthat satisfythe condition-decisiorade-
guag criterion[13]. A tness functionis de ned for each
branch.An initial testsuiteis obtainedandexecuted.The
tnessfunctionsareusecdto evaluatethe“goodness’of each
testcaseIf atestcasecoversanew condition-decisionit is
consideredo be“more t.” Thetestcasesn thegenepool
evolveto obtainanew generatiorof testcasesTheprocess
stopsuntil adesiredevel of tnessis obtained.

Model-basedGUI Testing: Varioustypesof modelshave

beenusedfor GUI test-casegeneration. The most popu-
lar are state-machinenodels[17,18]. Thesemodelsare
createdmanually requiringconsiderableffort. Moreover,

the fault-detectioreffectivenesf the generatedestcases
dependsargely onthetesters de nition of “GUI state”and
thetechniquaisedo generatéhetestcasegromthemodel.
For example thetestermaywantto “coverall the states”or

“cover all the statetransitions”in the state-machineCon-
sequentlytwo testerswho testthe sameGUI application,
using differentde nitions of GUI stateandtestadequag

criteria, may detectdifferent setsof faults. Hence,these
techniquesproduceresultsthat are non-repeatableacross
communitiesof testers. Several new techniqueghat uti-

lize search-basedlgorithmsto generatdandimprove) test
caseslsosuffer fromtheaboveproblems Recenexamples
includeAl planning[11] andgeneticalgorithms|8].

In orderto minimize manualwork and producerepeat-
ableresultsacrossmultiple testers several new systematic
techniquesbasedon graph modelsof the GUI have re-
cently beendeveloped. Thesetechniquedeveragea stan-
dard reverse-engineeringechnique[12] to automatically
createthe GUI model. The most successfulgraphmod-
els that have beenusedfor GUI test-casegenerationin-
cludeEventFlow Graphs(EFG)[10] andEventinteraction
Graphs(EIG), alsodiscussedn the previous section. The
nodesin thesegraphsrepresentvents;the edgesepresent
relationshipsbetweenpairs of events. Testcasesare sys-
tematicallygeneratedo satisfy varioustypesof adequag
criteria. One criterion (called the event-inteaction crite-



rion [12]) requireseachedgein anEIG to be coveredby at
leastonetestcase;testcasesare generatedy picking the
two eventson eachedgeandusingashortest-pathlgorithm
to reachtheseeventsfrom the applications main window.
Suchtechniquesare automatechnd the algorithmsalways
producethe sametestsuites,makingtheresultsrepeatable.

The primary problemwith theseapproachess that the
numberof event sequencegrows exponentiallywith se-
guencdength.Hence,n previouswork, we have beenable
to generateestcaseghat cover all edgesin the EIG, i.e,,
they testtwo-way interactionsbetweenGUI events. This
paperextendsour previouswork by systematicallygenerat-
ing testcasedor multi-way interactions.

4 Event Semanticlnteraction Graph

The new feedback-basetchniquas basedon our abil-
ity to identify setsof eventsthatneedto betestedtogether
in multi-way interactions.Becausesacheventis executed
usingits correspondingvent handler one could hypothe-
sizethat all eventswhoseevent handlersinteractin terms
of codeelementge.g., sharevariablesgxchangemessages,
sharedata) should be testedtogether For example, con-
siderthe event handlersfor the eventse; ande, shown in
Figure1l. As theseevent handlersinteractvia the variable
currentol, theeventse; ande, shouldbetestedtogether
Similarly, eventse; ande, interactvia curZoomandshould
be testedtogether However, sincethe handlersfor e; and
e3 donotinteract,theseeventsneednot betestedtogether

One may employ a variety of static program-analysis
techniquesto identify such interactions[16]. However,
the limitations of static analysisin the presenceof multi-
languageGUI implementationscallbacksfor event han-
dlers,virtual function calls, re ection, and multi-threading
arewell known[16]. Also, sincemostGUI applicationsem-
ploy alarge numberof library elementge.g., Java Swing),
sourcecodemay not be availablefor partsof the GUI.

This researchavoids static analysis;insteadit approxi-
matesthe identi cation of interactionshetweeneventhan-
dlersby analyzingfeedbackirom the run-time stateof the
GUI onaninitial testsuite. Recallthattestingall two-way
interactionsbetweeneventsis alreadyquite practicalwith
the smole testsuite; we treatthis suite asa startingpoint
to collectthefeedback.Theremainingguestionaddressed
in this section,is: whatdynamicbehaior constitutesvent
interaction?Admittedly, severaldifferenttypesof dynamic
behaiorsmaypointto interactiondbetweereventhandlers.
It is not our intentionto identify all suchbehaviors; rather
we will demonstrat@roof-of-concepby focusingon afew
behaiors. Extensionsmay easily be devisedto make the
techniquamoreeffective.

Informally, evente, interactswith eventey, if, whenex-
ecutedtogetherin a sequences ey; e, >, they producea
GUI statethatis, in somesensedifferentfromthetwo states

e;:: selectellipsetool
publicvoid ellipsePerformedjava.avt.event. ActionEentevt)f
currentDol = toolEllipse;... g
€,:: drag mouseon carvas

public void mouseDragged(ja.avt.event. MouseEgnt evt) f
currentDol.dragAction(n&Evt, center);... g

e3:: setzoomfactor to double
public void zoom1Performed(ja.avt.event. ActionEentevt) f
curZoom= zooml,... g

e4:: click left mousebutton on carvas
public void mousePressed{ja.avt.event. MouseEgntevt) f ...
if (currentDol ==toolZoom¥ // if thezoomtool is beingused
int temp= toolZoom.getZoom()// currentzoomlevel
if (SwingUltilities.isLeftMouseButtone)f switch(temp)¥
casezooml:zoom2.setBG(pColorgurZoom= zoomz2;
casezoom?2:zoom3.setBG(pColorurZoom=zoom3;...g gg
theCawas.repaint();..g

Figure 1. Example Event Handlers

thatwould beobtainedchade, ande, beenexecutedn isola-
tion. Considerthe exampleshavn in Figure2. Thetop-left
shavstheinitial state(Sp) of anapplication.After anevent
e; (eventhandlershaowvn in Figurel) is executedthe GUI
changests stateto theoneshawn in thetop-right(e1(Sp))-
In this state,the “ellipse tool” remainsselected. Starting
from Sy, onecanexecuteanotherevent(e,) andobtainthe
stateshawvn in the bottom-left(e;(Sp)); anareaof the can-
vashasbeenselectedlf, however, thesequence& e;; e; >
is executedin Sy, a new state(ex(e1(Sp))), shavn in the
bottom-rightis obtained;an ellipsehasbeencreated.This
executionis equivalentto the executionof evente, in the
statee; (Sp). Accordingto theintuition presentedh thebe-
ginningof this paragraphbecaus¢hesequence e;; e, >
producesa GUI statethatis differentfrom the two states
thatwould be obtainedhade; ande, beenexecutedn iso-
lation, evente; interactswith evente,, andshouldbetested
togetherto checkfor interactionproblems.The codefor e;
ande, shavsthatthey doin factinteract.

The usageof “dif ferentfrom” above is someavhat mis-
leading. It seemsto suggestthat checking state non-
equivalence would be sufcient to identify interacting
events, i.e., by using a predicateP suchas (e1(Sp) 6
e2(€1(So))) _ (e2(So) 6 ex(ei(So))). However, this is
not the case. Consideran exampleof two non-interacting
events,e, andey, which togglethe statesof two indepen-
dentcheck-boxwidgets , and y, respectiely. Start-
ing in astateSo = f «; g, i.e, bothboxesunchecled,
each event would “check” its correspondingcheck-box,
ie, &(So) = f x; vo, &(Se) = f x; yg and
ey(ex(So)) = f x; y0. EventhoughP would evaluateto
TRUEfor thisexample eventse, ande, arenon-interacting
andneednot be testedtogether In orderto avoid this con-
fusion,we now formalizethe notion of interactingevents.
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Figure 2. Execution of Events e; and e;

It turnsoutthattheexampleillustratedin Figure2 is just
onecaseof how the GUI statemay be usedto pinpointin-
teractionsbetweenevent handlers— thereare mary more.
Thisresearclprovidesastartingpointby identifying atotal
of six caseslntuitively, thesecaseswill describgasevalu-
ative predicatesyituationsin which e; ande, interact,i.e,,
the combinedeffect of e; ande; is differentfromthe effect
of theindividual eventse; ande,. In thesesix casese; and
e, aresystem-interactiosventsin modelessvindows; this
situationwill becalledContext 1.

Casel: 9w 2 W;p 2 Py;v 2 Vp;v0 2 Vy;sit® (v 6

VO~ ((w;p;v) 2 £So\ er(So)\ ex(So)g) ~ ((w;p;v0) 2

e2(e1(So)))) ; thereis at leastonewidgetw with property
p with initial valuev (hencethe triple (w; p;Vv) is in Sp),
whichis not affectedby theindividual eventse; or e, (the
triple is alsoin e1(Sp) ande,(Sp)); however, it is modi ed

whenthesequence e;; e, > is executedj.e., thevalueof
w's propertyp changegrom v to v°.

Case2: 9w 2 W;p 2 Py;v 2 Vp;v0 2 Vv 2

Vessitt (v 8 VO~ (V0 68 v A (wypv) 2

fSo\ e(So)g) N (w;p;v) 2 er(So)) » ((w;p;v®y 2

e(e1(Sp)))) thereis atleastonewidgetw with propertyp
thathasaninitial valuev, whichis notmodi ed by theevent
e2; it is modi ed by e;; however, it is modi ed differently
by thesequence e;; e, >.

Case3: 9w 2 W;p 2 Py;v 2 Vp;v0 2 Vv 2

Vp;sitt (v 8 v~ (v 8 VO A (wipiv) 2

fSo\ e(So)g) N (w;p;v0) 2 ex(So)) » ((w;p;v®y 2

e2(e1(Sp)))) thereis atleastonewidgetw with propertyp
thathasaninitial valuev, whichis notmodi ed by theevent
er; it is modi ed by e,; however, it is modi ed differently
by the sequence& e;; e, >. Notethatthis caseis different
from Case2 becauséhe eventsequenceemainsthe same,
i.e., e1 is executedbeforee;.

Cased: 9w 2 W;p 2 Py;Vv 2 Vp;v02 Vp;v02 Vv 2

3Notationfor “suchthat”

Vp;siti (v 6 VO~ (v 8 vO9~ (V98 V)~ ((w;p;v) 2 So)N
((w; p;vO) 2 e1(So)) ™ ((w; p; V29 2 €x(So)) ™ ((w; p;v) 2
e2(e1(So)))) ; thereis atleastonewidgetw with propertyp
thathasaninitial valuev, which is modi ed by individual
eventse; andey; however, it is modi ed differently by the
sequence ej; e, >.

The above four casesall handle widgets that per
sist acrossthe three statesbeing consideredj.e., e1(So),
€(Sp), andex(e1(Sp)). In mary cases,event execution
“creates”new widgets, e.g., by openingmenus;the next
casehandlemewly createdvidgets.

Case5: 9w 2 W;p 2 Py;v 2 Vp;v0 2 Vyisiti (v 6
VO~ ((w; p;v) 2 €(So)) ™ ((w; p;v) 62S0) " ((w; p;vO) 2
e2(e1(So)))) ; thereis atleastonenew widgetw with prop-
erty p andvaluev in e (Sp), i.e., it wascreatedoy eventey
(eitherey or e;) but did not exist in stateSy; it wascreated
by the sequences e;; e, > but with a differentvalue for
someproperty

A commonoccurrenceof eventinteractionin GUIs is
enabling/disablingvidgets,which may be modeledasthe
widget's ENABLEpropertybeingsetto TRUEBr FALSE
Case 6: 9w 2 W;ENABLED2 P,,;TRUE 2
VenasLeDFALSE2 VenasLess:t: (((w; ENABLEPALSEE 2
So)” ((w; ENABLEDRUIE?2 e;(Sp)) " EXEQ;; w)); there
existsat leastonewidgetw thatwasdisabledin Sy but en-
abledby e;. Evente; is performedonw, representetly a
predicateEXEQG;; w).

Modal windows createspecial situationsfor Casesl
through6 dueto the presencef terminationevents. User
actionsin thesewindows do not causeimmediate state
changesthey typically take effect aftera terminationevent
hasbeenexecuted)eadingto contexts2 and 3.

Context 2: If both e; and e, are associatedvith wid-
getsthat are containedin one modal window with termi-
nationevent TERIMhenthe de nitions of e1(Sp) , €2(So),
and ex(e1(Sp)) are modi ed as follows: e;(Sp) is the
stateof the GUI after the executionof the eventsequence
< e1; TERMF, e,(Sp) is the stateof the GUI afterthe exe-
cutionof theeventsequence e;; TERM , ande,(e1(Sp))
is the stateof the GUI after the executionof the event se-
quence< ej;e; TERM>. All the predicatesde ned in
Casedl through6 apply, usingthesemodi ed de nitions,
for e; ande, in thesamemodalwindow.

Context 3: If e; is associatedvith a widget containedin
a modal window with terminationevent TERMand e, is
associateavith a widget containedn the modalwindow's
parentwindow (i.e., thewindow thatwasusedto openthe
modal window) thene;(Sp) is the stateof the GUI after
the executionof the eventsequences e;; TERM, e2(Sp)
is the stateof the GUI after the executionof the evente,,
andey(e1(Sp)) is the stateof the GUI after the execution
of theeventsequence e;; TERMe; >. All thepredicates
de nedin Casesl through6 apply.



Thereis an EventSemantidnteraction relationshipbe-
tweentwo eventse; ande; if andonly if atleastoneof the
predicatesn Casesl through6 evaluatego TRUE this re-

lationshipis written ase; n(.fn) e, wherethe numbern is
oneof thecasenumbersl through6 above; m is thecontext
number If multiple casesapply, thenoneof the casenum-
bersis used.Dueto thespeci ¢ orderingof theeventsin the
sequence& e;; e >, theESlrelationships notsymmetric.
Once all of the caseshave been implemented,the
feedback-basefdrocessexecutionis straightforvard. The
seedsuiteis executedon the GUI software. The stateinfor-
mationis collectedandthe above predicatesare evaluated
for eachpair of system-interactiomventsthatareeither(1)
directly connectedy anedge(Context 1) or (2) connected
by a paththat doesnot containary intermediatesystem-
interactionevents(contexts 2 and 3). If one of the pred-
icatesevaluatesto TRUE the two eventsare ESl-related.
Whenall the ESlsin a GUI have beenidenti ed, a graph
model calledthe ESI graph(ESIG) is created. The ESIG
containsnodesthat represenevents;a directededgefrom
nodeny to ny shows thatthereis an ESI relationshipfrom
theeventrepresentedly ny to theeventrepresentetly ny,.
The ESIG maybetraversedusinga modi ed versionof
theGenTestCases algorithmdiscusseéh Section2. The
differencesarethat(1) an ESIG may containmultiple con-
nectedcomponentsn which casethe event sequencesare
generatedor eachcomponenseparatelyand(2) thelength
of the obtainedsequencess now a tunableparameteiin-
steadof a x ednumber2. Thefeasibility studyin the next
sectionusesvalues3, 4, and5 for this parameter

5 Feasibility Study

Thetestcaseobtainedrom theGenTestCases algo-
rithm can be generatedand executedautomaticallyon the
GUI. Theonly unavailable partis the testoracle, a mech-
anismthat determinesvhetheran AUT executedcorrectly
for atestcase. In this researchan AUT is consideredo
have passeda testcaseif it did not “crash” (terminateun-
expectedlyor throw anuncaughiexception)duringthetest
cases execution;otherwiseit failed. Suchcrashesnaybe
detectecautomaticallyby the scriptusedto executethetest
cases.The EIG and ESIG, and their respectie testcases
may alsobe obtainedautomatically Hence the entireend-
to-endfeedback-base@UI testingprocesdor “crashtest-
ing” could be executedwithouthumanintervention.

Implementatiorof the above processalsoincludedset-
ting up a databasdor text- eld values. Sincethe overall
procesqeededo befully automaticadatabaseontaining
oneinstancefor eachof the text typesin the setf negative
numbeyreal numberlong le name emptystring, special
characters, zep, existing le hame non-«istent le namey
wasused.Notethatif atext eld is encountereth theGUI,
oneinstanceor eachtext typeis tried in succession.

This processprovided a starting point for a feasibility
studyto evaluatethe ESIG-generatedest cases. The fol-
lowing questionsneededo be answeredo determinethe
usefulnes®f the overallfeedback-basegrocess:

Q1: How mary testcasesarerequiredto testtwo-way in-
teractiondgn anEIG?How doesthisnumbergrow for 3-, 4-,
..., N-way interactions?

Q2: In how mary ESlrelationshipsioesa giveneventpar
ticipate?How mary testcasesarerequiredto testtwo-way
interactionsn anESIG?How doesthisnumbergrow for 3-,
4-, ...,n-way interactions?

Q3: How dothe ESIG-andEIG-generatedestsuitescom-
parein termsof fault-detectioreffectiveness?Do the for-
merdetectfaultsthatwerenot detectedy thelatter?

To answerthesequestionswhile minimizing threatsto
externalvalidity, this studywas conductedusing four ex-
tremely popular GUI-basedopen-sourcesoftware (OSS)
applicationsdownloadedfrom Sourcelerge. The fully-
automaticcrashtestingprocesswas executedon themand
the cause(i.e., the fault) of eachcrashin the sourcecode
wasdetermined.

STEP 1: Selectionof subject applications. Four popu-
lar GUI-basedOSS(CrossvordSaged.3.5,FreeMind0.8.0,
GanttProjec®.0.1,JMSN0.9.9b2)weredownloadedfrom
Sourcelerge. Theseapplicationshave beenusedin ourpre-
vious experiments[19]; details of why they were chosen
have beenpresentedherein. In summary all the applica-
tions have an actve community of developersand a high
all-time-actvity percentileon Sourcelerge. Due to their
popularity theseapplicationshave undegonequality assur
ancebeforerelease To furthereliminate“obvious” bugs,a
staticanalysistool calledFindBugswasexecutedon all the
applications;after the study we veri ed that noneof our
reportedougsweredetectedyy FindBugs.

STEP 2: Generation of EIGs & seedtest suites. The
ElGsof all subjectapplicationsvereobtainedusingreverse
engineeringTo addres€1 above,the numberof testcases
requiredto test2-, 3-, 4-, and5-way interactionsvascom-
puted. Theresultfor eachapplicationis shovn asa solid
line in Figure3 (they-axisin all theseplotsis alogarithmic
scale). The plot shavs thatthe numberof testcasegrows
exponentiallywith the numberof interactions.The number
quickly becomesinmanageablir morethan2- and3-way
interactions.In this study only two-way interactionswere
testedby the seedestsuites.The seedtestsuitescontained
920, 51,316,29,033,and 4634 test casesfor Crossvord-
Sage FreeMind,GanttProjectandJMSN, respectiely.
STEP 3: Execution of the seedtest suite. Theentireseed
suiteexecutedwithout ary humanintervention. It executed
in 0.39, 30.83,22.89,and 2.68 hourson CrossvordSage,
FreeMind, GanttProject,and JMSN, respectiely. In all,
163,66, 14,and34 testcasesausedrashesthesecrashes
werecausedy 5, 4, 3, and3 faults (asde ned earlier)for



[N
N

—— CrosswordSage
r —— FreeMind

—e— GanttProject

[ —— JMSN

[N
[

N
o

Log(n-way interaction test case space)

PN W~ 0 N ® ©
R

ay 3-way 4-way 5-way
Multi-way Interactions

N

Figure 3. Test Case Space Growth

CrossvordSage,FreeMind, GanttProject,and JMSN, re-
spectvely. The GUI's run-time statewas recordedduring
testexecution.All faultswere x edin theapplications.
STEP 4: Generation of the ESIG. The above feedback
was usedto obtainthe ESlIsfor eachapplication. To ad-
dressQ2, the numberof ESI relationshipsin which each
eventparticipateds shovn in Figure4. Eacheventin the
GUI hasbeenassignedh uniqueinteger ID; all eventIDs
areshavn on the x-axis. The y-axis shavs the numberof
ESlrelationshipsn whichtheeventparticipatesTheresult
shaws that certaineventsdominate(around25%) the ESI
relationshign GUIs. In thefuture,we will createaclassi -
cationof thesedominantevents.

The ESIs were usedto obtain the ESIGs and, subse-
guently additionaltestcases.The numberof testcasese-
quiredto test2-, 3-, 4-, and 5-way interactionsusing an
ESIG is shavn, for eachapplication,as a dottedline in
Figure 3. This resultshaws that the growth of the ESIG-
generatedest casesappearsmanageabldor 3-, 4-, and
(givensufcient resourcesh-way interactions.They arein
factreducedrom the EIG by 99.78%,99.97%,and99.99%
for 3-,4-, and5-way interactionsrespectiely. In thisstudy

testcasedor 3-, 4-, and5-way interactionsveregenerated.

The total numberof test casesfor theseinteractionswas
3592, 160,629,199,127,and 18,144 for CrossvordSage,
FreeMind,GanttProjectandJMSN,respectiely.

STEP 5: Execution of the test cases.To addresQ3, all
the newly-generatedest caseswvere executed. The execu-
tion lastedfor several days. In all, 68, 157, 109, and 20
testcasecauseccrashesthey werecausedy 3, 3, 3, and
1 faultsfor CrossvordSage FreeMind, GanttProjectand
JMSN, respectiely. Thesefaultshadnot beendetectedy
the two-way test cases. The result shavs that the ESIG-
basedestcasedelpto detectadditionalfaults.

This study demonstratedhat test suitesfor multi-way
GUI eventinteractionsare able to detectadditionalfaults
comparedto two-way interactions. In earlier work, we
have shavn thattwo-way interactionsyield high codecov-
erage,while multi-way interactionscover little additional

code[10]. The additionalfault-detectioreffectivenessof
multi-way interactionsis dueto the executionof combina-
tionsof eventsin differentexecutionorders.Also, this study
did not usethe newnly-generatedestcasesdn its seedsuite
to generateadditionaltestcasesthe extensionwill be ex-
ploredandits bene tsdemonstrated futurework.

As always, resultsof studiesshouldbe interpretedwith
threatsto validity in mind. Several suchthreatsareidenti-
ed in this study First, four Java applicationshave been
usedas subjectprograms. Although they have different
typesof GUIs, this doesnot re ect the wide spectrumof
possibleGUIsthatareavailabletoday Moreover, theappli-
cationsareextremely GUI-intensie, i.e., mostof the code
is written for the GUI. Theresultswill be differentfor ap-
plicationsthathave complex underlyingbusinesdogic and
afairly simpleGUI. Secondall thesubjectapplicationsare
open-sourcetypically developedby volunteerdevelopers
and might be more bug-pronethan software implemented
by paid developers. Third, the run-time stateof GUI wid-
getsis obtainedusingJava Swing API. Thesewidgetsmay
have additionalpropertieghatarenot exposedby the API.
Hencethesetof ESlrelationshipsnay beincomplete.

6 Discussion

Several lessonswerelearnedfrom this study First, the
developersof the applicationdelt thatthe crashesevealed
importantfaultsin the code. Several crashesverereported
on eachapplications bug-reportingsite. In responsesome
of themhave alreadybeen x edin subsequentelease®of
the applications.For example,Bugs#1536224#1536229,
and#1536205Sourcelerge-assignedumbers)have been
x edby thedevelopersof FreeMind.

Second,the study provided evidencethat the intuition
behindusingthe GUI's run-timestateto nd setsof inter-
acting eventswas useful. Upon closerexamination,sev-
eraltestcaseghatcauseccrashesadexecutedeventsthat
sharedsomecodeelements.The rst evidenceof the use-
fulnessof the state-basefeedbackapproachwasapparent
evenwith the seedestsuite.

Bug#15362050f FreeMind was detectedusing a test
casefrom the seedsuite. It causeda NullPointerException
whenreverting backfrom a newly createdFreeMindmap
to its previously saved version* The testcasecontained
two system-interactioavents:e; — Createa new FreeMind
map ande, — Revert FreeMindstartswith a default map;
evente; createsa new mapwith onenode;evente;, reverts
themapbackto the previously sared version.Theseevents

arerelatedusingCase?,i.e., e; 2(!1) . Whenexecutedo-

gether they modify the map object; executedindividually,

e, doesnot changehestate asthereis no savedmap.
Thecrashoccurrecbecaus¢he eventhandlersof e; and

4FreeMindis a“mind mapping”’software.
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e, containedin the NewMapAction.class and Re-

vertAction.class , respectiely, improperly handled
themapobjectsinstancevariablefile  usedto keeptrack
of the physical le correspondingo the map. A new map
object, createdby e; hasno associatedle; the variable

file  remainsnull . A subsequentevert eventinvokes
createRevertXmlAction(file ) thatin turninvokes
file.getAbsolutePath() . With file  beingnull ,

aNullPointerExceptions thrown.

This examplereinforcedour intuition linking the run-
time stateresultingfrom the executionof eventsto interac-
tionsamongevent-handlecode. The ESIGtestcasesvere
moreinterestingand provided additionalinsights. The re-
mainderof this sectiondescribeshe ESIGtestcasesn de-
tail andthe cause®f the crasheghey detected.

Crash 1. Onetestcase,which executedtwo eventsin a
modalwindow, thenthe window's terminationevent, and
nally an eventin the parentwindow, causeda NullFor-
matExceptiorin FreeMindby trying to createa new Free-
Mind mapwith anon-numeridont size. Thetestcasecon-
tainedfour events: e; — Selectdefault parametes to set
e, — Setdefaultfont sizein text eld, e; — Saveprefeence
settings ande, — Createa new FreeMindmap Eventse;
ande, aresystem-interactioeventsin a modalwindow ti-
tled Settings ; e3 is aterminationeventin the samewin-
dow; and e, is a system-interactiorevent in FreeMinds
main window. The relationshipsbetweenthe eventsare

€ 6(!2) e 3(!3) es. Evente; enables,; thefont-sizecannot
besetunlessthetext- eld (for ;) is enabledby e;. Setting
a non-numeridont sizewith e, thenexecutingthe termi-

nationeventes, cause®, to try to createa a new mapwith

aninvalid font size,resultingin acrash.

The crash occurred because the event handlers
for e;, e, €3, and e, contained in Option-
Panel$ChangeTabAction , OptionPanel.class ,
OptionPanel.closeWindow() , and NewMa-
pAction.class , respectrely, madedifferent assump-

tionsaboutthe defaultfont size,which FreeMindmaintains
asa string object. Evente,, performedby clicking on the
New...  menu-item,createsa new map. During map
creation, it obtainsthe preferencesettings,including the
default font size, which it (incorrectly) assumego be an
integervalue. An invocationof Integer.parselnt()
onthestringcauseshecrash.

LessonsLearned: This exampledemonstratedhat event
handlersnteractin complex ways. Becauseeventhandlers
may have beendevelopedby differentprogrammersthey
may have madeincorrectassumptionsboutthe validity of
sharedobjects,leadingto integrationproblems.Moreover,
Context 3 thathandlesnteractionsamongeventscontained
in multiple windows are extremely useful,sinceachieving
the combinedeffect of eventsin a modalwindow requires
the executionof thewindow's terminationevent.

Crash 2: An eventsequencéhatexecutedacrosswo cas-
cading(oneopeneddy theother)modalwindows, followed
by the parentmodalwindow's terminationevent, causeca
NullPointerExceptiorin GanttProject. The sequencéried
to changethetype of a le to be importedafterit had se-
lectedthe nameof the le from alist. Developersof the
softwarehadexpectedhatuserswould selectthetype rst,
andthenselectthe le name.The sequenceontained ve
events:e; — Choosamport le typeT;, e; —Choosdmport
le, e5 — Click OKto closeFileChooser window e4 —
Chooseimport le typeT,, es — Click OKto closeimport
le window Eventse; ande, aresystem-interactiosvents
in amodalwindow titled Import ; eventes isthewindow's
terminationevent. Evente; is a system-interactiosventin
the FileChooser  modal window; event es is the win-
dow'sterminationevent. Notethatanothereventis usedaf-
tere; to opentheFileChooser  window; it is notshavn
herebecauset is not a part of the EIG. The relationships

betweerthe eventsaree; 4(!2) e 4(!2) e4. Thetestcasese-
lectsa le type(e;) andthe le name(e,), butthenchanges
thetype(e;) withoutchanginghe le name.Executingthe



terminationeventresultsin a crash.

The crashwascausedecauseghe eventhandlersof the
eventse;, €, €3, €, and es containedin Importer-
ChooserPage.class , FileChooserPage.class ,
JFileChooser.closeWindow() , Importer-
ChooserPage.class and ImportFileWiz-
ardimpl.onOkPressed() , respectiely, failedto keep
track of the relationshipamonga le' s name, its type,
andthe le sufx in the name. GanttProjectrecordsthe
import le' s type in myProject andits namein myS-
tate . ImportFileWizardimpl.onOkPressed()
examinesthe selectedype andassumeshatthe le name
will have the correct sufx. If, however, the lename
doesnot have the assumedsufx, anobjectOpen remains
null . Executionof Open.load(file) resultsin a
NullPointerException.

LessonsLearned: This examplereinforcedour original
motivationfor developingnew techniquegor model-based
GUI testing. Developersoften cannotpredict how users
will usethe software. They typically testthe software for
asmallnumberof obvious,predictablause-casedevelop-
ersneedto useautomatedechniquego testtheir software
for alargernumberof unpredictableventsequences.
Crash 3: One event sequencecauseda NullPointerEx-
ceptionin FreeMindafter executinga Cancel eventin a
modalwindow. It triedto closeawindow thatwastrying to
sase a le with an empty name. The sequenceontained
six events: e; — Createa new FreeMindmap e, — Add
a child nodeon current FreeMindmap es — Inserta hy-
perlink to the child node e; — Click OKto closewindow
es — Click the hyperlink; side effect opensthe Save win-
dow, andeg — Click the Cancel buttonto closethe Save
window e; ande, aresystem-interactiomventsin Free-
Mind's mainwindow; e3 is a system-interactiomventin a
modalwindow Hyperlink ; e4 is Hyperlink 's termi-
nationevent; es is a system-interactiomventin the main
window with the side effect of openinga modal window
Save; e is Save's Cancel terminationevent. Notethat
anothervent(notshonn here)is usedto openthe Hyper-
link window. The relationshipsbetweenthe eventsare
€1 ‘P e ‘P €3 o) €s.

The crash occurred becausethe event handlers of
€, €, €3, €, e, and e; containedin NewMa-
pAction.class , NewChildAction.class ,

SetLinkByTextFieldAction.class , Hyper-
LinkDialog.closeWindow() , NodeMouseMo-
tionListener.mousePressed() , and Con-

trollerAdapter$loadURL() , respectiely, failed to
setaninstancevariablefile , andcheckits validity before
associatingt with a hyperlink. The associationcausedyy
getFile().toURL() , resultsin a crashassoonasthe
terminationeventis executed.

LessonsLearned: This exampledemonstratetivo points.

First, software crashescanoccurafter the executionof the
Cancel button; we had not expectedthis result. Sec-
ond, this sequencecontained6 events; in our study the
GenTestCases algorithm generatedsequencethat had
at most5 events. The only reasonthat Cancel was ex-
ecutedis that GenTestCases closesall openwindows
(usingCancel ) afteratestcasehascompletedexecution.
Summary: The above crashegandthe onesnot presented
here)illustrated several importantpoints. First, the event
handlersfor eventsare typically implementedn 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,
programmersnusttake stepsto ensurethat their software
works correctlyfor alargeinput space.They shouldcheck
the validity of objectswheneer possiblebeforeuse;text
elds in particularshouldbe restrictedto the smallestin-
put domainspossible.For example,an e-mail addresgext
eld in JMSN causeda crashaftera non-e-mailstringwas
entered. The developershad simply checled whetherthe
lengthof theenteredext wasnon-zerowhichis clearlyin-
adequate. Third, most of the test casesthat revealedthe
crasheddid not add to the code coverage(statementand
branch)of the seedtestsuite. They wereableto detectthe
faultsbecausef the permutationf eventsthat were ex-
ecutedon the GUI. Finally, we expectthat we would not
have foundmary of thesefaultshadwe simply performeda
randomwalk of the EIGs. Thewalk would have usedfour
timesasmary events,addinga signi cant spaceof interac-
tions, andit would have generatedsequencesf unrelated
events. Comparisonof our techniqueto sucha “random
walk” approachs atopic for futureresearch.

7 Conclusionsand Future Work

This paperpresented new techniqueto testmulti-way
interactionsamongGUI events. The techniques basedon
analysisof feedbackobtainedfrom the run-time state of
GUI widgets. A seedtestsuiteis usedasa startingpoint
for feedbackcollection. Subsequently-generateahd-exe-
cutedtestcasesareexpectedo beusedfor theanalysisjter-
atively yielding additionaltestcasesThis algorithmcanbe
stoppedary time to yield usefulresults. Thetechniquevas
demonstratedia afeasibility studyonfour elded software
applications. The resultsof the study shaved that the test
casegieneratedisingthefeedbackvereusefulat detecting
seriousandrelevantfaultsin the applications.

This researcthaspresentedeveral exciting opportuni-
tiesfor futurework. In theimmediatefuture, the threecon-
texts for the caseswill be simpli ed and,if possible,com-
bined. The currentspecialtreatmenbf terminationevents,
which led to an additionaltwo contexts, will be revised.
Onepossibilityis the revision of the EIG model;the elimi-
nationof all terminationeventsfrom this modelwill be ex-



plored. Thisrevisionwill alsoleadto thede nition of new,
fundamentallydifferentcasedor the ESlI relationship.

The resultsof the feasibility study shoved that certain
eventsin the GUI dominatethe ESI relationship. These
eventswill be studiedand classi ed. In the future, ad-
ditional GUI applicationsand software problemsbeyond
crasheswill be studied. The run-time stateinformation
wascollectedusingthe Jasa Swing API 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 sequencedoundedby a pre-
determinedength. As the goal of this work is to generate
multi-way interactionamongGUI events,othertechniques
(suchas covering arrays [21]) designedto minimize the
numberof testcaseswhile retaininghigh interactioncov-
eragewill beexplored.

The analysissummarizedn Section6 led to a deeper
understandin@f the relationshipbetweenGUI eventsand
theunderlyingcode. This mayleadto new techniqueghat
combinedynamicanalysisof the GUI andstaticanalysisof
the eventhandlercode. For example,the codefor related
eventsmay be givento a static-analysignginethat could
examinethe codefor possibleinteractionghatareonly ap-
parentatthe codelevel, e.g., data- ow relationships.

Someof the challengeof GUI testingarealsorelevant
to testingof Webapplicationsandobject-orientedoftware.
Oneway to testtheseclasse®f softwareis to generataest
casedhataresequencesf events(eitherWeb useractions
or methodcalls). Someof the techniquesievelopedin this
researchmay be usedto prunethe spaceof all possiblein-
teractionghatneedto betested.

The feedbackcurrently obtainedat run time is in the
form of GUI widgets. Mechanismssuchasre ection, in
modernprogrammindanguagesnay be usedto obtainad-
ditional feedbackirom non-GUI objects. The de nition of
state,in termsof a setof objectswith propertiesandval-
ues,is general;it may be appliedto any executingobject.
Someof the six casesnaybeadaptedor non-GUIobjects.
Anotherstraightfornardway to enhancehe feedbacks to
instrumenthe softwarefor codecoverageandrun-timein-
variantcollection. This feedbackmay be usedto generate
new typesof testcases.
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