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Abstract

Unit testingis an importantpart of software testingthat aids in the discovery of bugs

soonerin thesoftwaredevelopmentprocess.ExtremeProgramming(XP), andits TestFirstDesign

technique,reliessoheavily uponunit teststhatthefirst codeimplementedis madeupentirelyof test

cases.Furthermore,XP considersa featureto becompletelycodedonly whenall of its testcases

pass.However, passingall testcasesdoesnotnecessarilymeanthetestcasesaregood.

ExtremeCoverage(XC) is anew approachthathelpsto assessandimprove thequalityof

softwareby enhancingunit testing.It extendstheXP requirementthatall testcasesmustpasswith

the requirementthatall defect-pronetestablemethodsmustbe invoked by the tests.Furthermore,

a set of flexible rules areappliedto XC to make it asattractive and light-weight as unit testing

is in XP. Oneexamplerule is to excludeall methodscontainingoneline of codefrom analysis.I

designedandimplementedanew tool, calledJBlanket, thatautomatestheXC measurementprocess

similar to the way that JUnit automatesunit testing. JBlanket producesHTML reportssimilar to

JUnit reportswhich inform theuseraboutwhichmethodsneedto betestednext.

In this research,I explorethefeasibilityof JBlanket, theamountof effort neededto reach

andmaintainXC, andtheimpactthatknowledgeof XC hasonsystemimplementationthroughde-

ploymentandevaluationin anacademicenvironment.Resultsshow thatmoststudentsfind JBlanket

to bea usefultool in developingtheir testcases,andthatknowledgeof XC did influencetheman-

ner in which studentsimplementedtheir systems.However, morestudiesareneededto conclude

preciselyhow mucheffort is neededto reachandmaintainXC.

This researchlays the foundationfor future researchdirections. Onedirectioninvolves

increasingits flexibility andvalueby expandingandrefining the rulesof XC. Anotherdirection

involvestrackingXC behavior to find outwhenit is andis notapplicable.
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Chapter 1

Intr oduction

Softwaretestingis a crucial elementof SoftwareEngineering.Testingcanaccountfor

approximatelyhalf of thelaborrequiredto produceaworkingproduct[1]. Withoutproperplanning

andeffective tests,developmentcostscan increasedramaticallyduring softwaredevelopmentas

unexpectedfailuresemerge. In many cases,removing theerrorsthat causedthe failures,or bugs,

becomesthe single largestcost in software development[1]. Error removal requiresdetection,

correction,testsdesignedto detectthem,andtheexecutionof thosetests.

A commonlessonComputerSciencestudentslearnat thebeginningof their college ca-

reersis that the longera bug remainsundiscovered,thecostlierit is to fix. In otherwords,asthe

“age” of a bug increases,moretime andeffort is requiredto remove it. For example,it costsmore

to fix a requirementsbug foundduringtestingthanit coststo fix acodingbug foundduringtesting

becausefixing a requirementsbug requiresfixing the requirements,design,and implementation,

andthenre-testingto ensurethebug is fixed.Fixing acodingbug,on theotherhand,only requires

fixing theimplementationandthenre-testingto ensurethebug is fixed[2]. Therefore,thesoonera

bug is discovered,thecheaperit is to resolve,andtestingcanhelpdiscover bugssooner.

Therearetwo categoriesof testingtechniquesusedto find bugs: functionaltestingand

structuraltesting[1]. Functionaltesting(alsoknown asblack-boxtesting[3]) is theverificationof

a system’s functionality andfeaturesasspecifiedby its requirements.Implementationdetailsare

irrelevantasall testingis conductedfrom a user’s perspective. On theotherhand,structuraltesting

(alsoknown aswhitebox testing,glassbox testing,or pathtesting[3] [4]) is baseduponasystem’s

implementation.By usingthestructureof aprogram’s sourcecodeto createtestcases,thetesteris

ableto comparethebehavior of testcasesto theintendedbehavior of thesourcecode.

Thetwo testingtechniquesareapplicableduringeachof thethreelevelsof testingcom-

monlyperformedduringsoftwaredevelopment:unit testing,systemtesting,andacceptancetesting
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[5]. Unit testing(alsoknown asmoduletestingor elementtesting[4]) is theexercisingof “a single

programmodule,usuallyin an isolatedenvironment(i.e., isolatedfrom all othermodules)”[6] in

variousway soas“to show that [it] doesnot satisfyits functionalspecificationand/orthat its im-

plementedstructuredoesnotmatchtheintendeddesignstructure”[1]. This level of testingcanuse

eithera structuraltestingtechniqueor a functionaltestingtechnique.Systemtesting,a functional

testingtechnique,attemptsto uncover inconsistenciesbetweena systemasa wholeandits require-

ments[6]. Acceptancetesting,anotherfunctionaltestingtechnique,assuresthe enduserthat the

softwareis stableandreadyfor deployment[5]. The techniquethatdiscoversbugsearliestin the

developmentcycle is unit testing.

1.1 The Problemwith Unit Testing

Unit testingoftenbeginsassoonasthecorefunctionalityof a programis implemented.

After this first phaseof coding,programmershave sourcecodeto test.Thethreemainmotivations

for unit testingare[7]:

� Unit testingimprovesmanagementof theindividual units,or “modules”,or combinationsof

modulesbeforethey arecombinedto form theentiresystem;

� Unit testingsimplifies finding andcorrectingbugs, or debugging, sincethe test is already

exercisingthe modulein which the bug originates. Thus,a unit testeliminatestime spent

searchingfor theguilty modulecontainingthebug;and

� Unit testingallows multiplemodulesto betestedin parallel.

A commonresultof not performingunit testingis wastedtime diagnosingthecauseof bugsfirst

foundduring systemtesting[8]. At this point in development,trying to find the causeof thebug

couldbevery time consuming.Fixing thesebugscantake effort away from otherplannedtesting

phases,likeacceptancetesting.Discoveringasufficientnumberof bugsmight leadto adelayin the

delivery dateof asystem.

In traditionaldevelopment,somecodeis developedprior to (or in parallelwith) thedevel-

opmentof thetestcode.Testersneedto haveaccessto amodule’s specificationsandsourcecodeto

designpropertestcases.First,black-boxtestingtechniquesderivetestcasesfrom thespecifications.

Second,white-boxtestingtechniquesareappliedto thesourcecodeto verify its logic [7]. To best

ensurethatintimateassociationwith a moduledoesnot influencetesting,thetesteris oftenrecom-

mendedto bedifferentfrom theprogrammer. However, in thecaseof unit testing,theprogrammer
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andthe testeris typically thesameperson[1] [9], reducingthecostof decidingwhetherbugsare

dueto errorsin themoduleor thetestcase[4].

In ExtremeProgramming(XP), unit testcodeis actuallydevelopedprior to the system

sourcecode! Then,after somecodeis written, it is exercisedby theunit tests. Furthermore,one

hundredpercentof the unit testsmust passbeforedevelopmentcanproceed. This processthen

repeatsthroughoutthe software developmentlife cycle as eachfeatureis added. Someauthors

claim that this test-firstdesign(TFD) approachactually improves the quality of testingand the

resultingsystem. In a nutshell,using TFD is claimedto have the following impacton software

development[10]:

� Thecodedevelopedis easierto testsinceit is beingimplementedspecificallyto satisfyatest;

� Themoredifficult task,designingtests,is completedprior to theeasiertask,coding;

� Thesizeof thecodeis smallersinceno effort is spenton extra features;and

� Theoveralldevelopmentprocessis performedin shorterincrements,allowing for easiermod-

ification/adaptationto changes.

In applicationdomainsthat evolve rapidly, XP provides guidelinesthat help programmersadapt

quickly to new demands[11]. Programmersbegin with implementingunit teststhatarecreatedfrom

thecurrentrequirementsandthenproceedto codeuntil theentiresuiteof unit testspass.No time

is wastedon implementinganticipatedfuturefeaturesthatmaynever beneeded.In themeantime,

programmersshouldbe refactoringtheir codecontinuouslyto keepit flexible andadaptable.The

existingunit testshelpprogrammersduringrefactoringby ensuringthatmodificationsdo notbreak

thesystemandthatthey still resultin thecorrectfunctionality.

However, it is possibleduring refactoringfor segmentsof codeto remainin thesystem

due to an oversightby the programmer. Unit testingcannotdetectthesestagnantlines of code

becausethey areno longerinvoked.Onecouldimaginethatasthesizeof thesystemincreaseswith

eachiteration,thesizeof stagnantcodecouldalsoincrease.Enoughstagnantcodecould increase

thecognitive complexity andtheamountof time neededto implementsubsequentfeatures.

Oneapproachto reducingthisproblemis to measuretestcasecoverage,i.e.,ametricthat

measurestheamountof codeexercisedby testcases.With a coveragemeasurement,programmers

will always know how much and which piecesof their codeare invoked during testing. Then

they can redesignor designnew teststo thoroughlyexercisethe untestedcode. With this extra

effort, the possibility of the unexercisedcodecontainingerrorsreduces,increasingconfidencein
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thecorrectnessof theprogram[9]. Furthermore,in thecasewhereall testspassandcoverageis not

100%,programmerscaneasilylocateunneededcodeandpromptlyremove it, reducingthesizeand

cognitive complexity of their code.

Boris Beizerclaimsthat during unit testing100%coverageis necessary[1]. However,

this level of coverageusuallydropsasmodulesarecombinedor if testingis doneon hugesystems.

Ontheotherhand,BrianMarick conductedastudywhereheexaminedthedifferentgranularitiesof

coverage,which will bediscussedfurther in Chapter2 [12]. Fromhis study, heclaimedthat100%

of “feasiblecoverage”is anacceptablelevel of coverageto achieve.

1.2 The Extr emeCoverageApproach

To further investigate“feasible” levels of coverageand unit testing,I have designeda

methodcalled“ExtremeCoverage”(XC). It is an approachto unit testingthat, like XP, requires

100%conformanceatall times,but appliesaflexible setof rulesthateliminatesuntestableor trivial

methodsfrom coverage.In otherwords,all testable,non-trivial methodsneedto beinvokedat least

onceby theunit teststhroughoutdevelopment.

Of the differentcoveragegranularitiesthat arediscussedin Chapter2, the focusof XC

is methodcoveragebecauseit can be calculatedquickly and efficiently, yet still provide useful

feedbackon thequalityof testcases.For example,duringhighly volatileperiodsof softwaredevel-

opmentwherea system’s sourcecodeis continuouslyevolving andrefactoredat a relatively quick

pace,anuninvoked methodservesasa warningsign to theprogrammer. It cansignalthatanother

testcaseis neededto invoke themethod,or thatanerrorin codingexistsif themethodwassupposed

to beinvoked,or thatthemethodis no longerneeded.

Interestingly, thereis norule in XP statingthateverymethodwrittenneedsto beexecuted

duringtesting.However, KentBeckclaimsthatwhenasystemis developedby closelyfollowing a

Test-DrivenDevelopmenttechnique,likeXP, theresultshouldyield 100%statementcoverage[13].

Althoughsourcecodeshouldonly bewritten to satisfya testcase,it is impossibleto guaranteethat

all methodsarecoveredasprogrammersmove further into development,regardlessof the belief

thatcreatingtestcasesprior to codingincreasesthelevel of testcasecoverage[10].

In its “purest” form, 100%methodcoveragerequiresinvoking every methodduringtest-

ing. However, it is not clearwhetherthis approachto coverageis cost-effective. For example,test

casessolelyaimedat exercisingmethodswith only oneline of codecanbeexpensive to createand

maintain,yetcontributelittle to improving softwarequalitysincethemethod(in mostcases)is triv-
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ial to verify throughvisual inspection.For example,one-linemethodsin a Java classoftenlook as

follows:

public class Foo
�

private int foo;

/** Sets new value of Foo instance to foo. */

public Foo(int foo)
�

this.foo = foo;�

/** Returns the value foo. */

public int getFoo()
�

return this.foo;�
�

Both accessorandmodificationmethodscanbequickly verifiedby visual inspection.If theabove

accessor, or “getter”, methodrequiredits own testcase,thesimplestimplementationof a testcase

usingtheJUnit [14] testingframework lookssomethinglike:

public class TestFoo extends TestCase
�

...

public void testGetFoo()
�

int foo = (new Foo(3)).getFoo();

assertEquals(‘‘Checking value of foo’’, foo, 3);�
...�

First, an instanceof the Foo classis initialized with an integer value. Thenthe getFoo method

is invoked. Finally, a testverifieswhetherthe integervalueretrieved is correct. Thesethreesteps

areessentialfor thetestto run successfully. In theworstcasescenario,creatinga testcasefor each

additionalmethodsimilar to getFoo increasestheamountof work by 4 LOC anda few minutes
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for designandimplementationpertestcase.In Hackystat[15], over 400of theapproximately900

methodsin thesystemareone-linemethods.Testcasesfor thesewould addalmost1600LOC to

thesystem!

From this example,it is clear that designingandimplementingtestcasesfor relatively

trivial methodscanrequireasubstantialamountof work.

In addition,somemethodsareuntestable.Forexample,abstractmethodsin Javaarenever

invoked. Thus,“pure” methodcoveragecannot only beimpractical,but canalsobeimpossibleto

achieve. However, methodcoverageof all “non-trivial” methods,i.e., methodsthat containmore

thanoneline of code,andarenotabstract,is not impractical.

1.3 JBlanket: A Systemfor Measuring XC

JBlanket [16] is a methodcoveragetool I developedin the Collaborative SoftwareDe-

velopmentLaboratory(CSDL) at theUniversityof Hawai’i (UH). As with otherapplicationsused

with Java programs,the “J” in JBlanket standsfor Java, which is alsotheprogramminglanguage

the systemis written in. “Blanket”, a large pieceof fabric usedto cover a bed(asdescribedby

theMerriam-WebsterDictionary),representsthemethodcoveragethis systemprovides.Coverage

is measurablefor bothstand-alonesystemsandclient-server systemsimplementingunit testswith

JUnit. Theonly server usedsofar is ApacheTomcat[17], althoughit shouldbeeasilyadaptableto

otherwebservers.

TheJBlanket systemhasthreemajorcomponents:onethatcountsthetotal methods,one

that modifiesbyte code,and one that collectsand reportscoveragedata. After a system’s byte

codeis modified,thetotal methodsin thesystemarecalculated.Any subsequentexercisingof the

modifiedsystemproducesoutput from eachmethodinvoked in XML format. Thenthe coverage

reportingtransformsthe XML output into HTML pagessimilar to thosecreatedby JUnit. (See

Figure1.2 andFigure1.1.) From the reports,userscanseehow many of their system’s methods

were invoked by their testcases,anddrill down to either the packagelevel (Figure1.3) or class

level (Figure1.4) for moredetailedfeedback.TheJBlanket reportuserinterfaceis designedto feel

“intuiti ve” to usersfamiliar with theJUnit reportinterface.

For example,integratingJBlanket into theHackystatbuild systemis a two-stepprocess.

Thefirst stepcountsthe total methodsin Hackystatandmodifiesits bytecodeafter thesystemis

compiled. The secondstepcollectsandreportsthe coveragedata. The summaryproducedafter

runningJBlanket with Hackystatthatis outputto thescreenlookslike:
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Figure1.1. Summaryview of JUnit reportfor Hackystatversion2

Figure1.2.Summaryview of JBlanket reportfor Hackystatversion2
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Figure1.3.Packageview of JBlanket reportfor Hackystatversion2

Figure1.4. Classview of JBlanket reportfor Hackystatversion2
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[jblanketreport] ********************************** ****** ***** ***** *****

[jblanketreport] Method-level Coverage:

[jblanketreport] All methods:
�
total=1249

�
[jblanketreport] One line methods:

�
total=510

�
[jblanketreport] Non-one line methods:

�
total=739

�
[jblanketreport] Tested methods:

�
total=514, percent=70%

�
[jblanketreport] Untested methods:

�
total=225, percent=30%

�
[jblanketreport] ********************************** ****** ***** ***** *****

With thissummary, programmerscaneasilyseethereare225methodsthatcanstill betested.They

canthenperusetheHTML reportfor furtherdetailsaboutwhichmethodswereandwerenotinvoked

duringtesting.

By usingJBlanket, programmerscanknow at all timesthenumberof unit teststhatpass

aswell astheirsystem’s XC. XC datacanhelpthemidentify potentiallyunneededcode.It canalso

help programmerstestmoreefficiently, by designingteststhat exercise(or cover) the mostcode

possible.

1.4 Evaluation of XC and JBlanket

Undergraduatestudentsenrolledin asecondsemesterintroductorySoftwareEngineering

courseassistedwith theevaluationof this research.Theclassconsistedof 13 studentsthat imple-

mentedeight web servicesusingJava, JSP, anda commonCVS repository. They participatedin

threeseparateactivities: a Pre-UseQuestionnaire,useof JBlanket,andaPost-UseQuestionnaire.

After tenweeksof development,thestudentsfilled out thePre-UseQuestionnaireto as-

sesstheir comfortwith andconfidencein their unit testingskills. I thenpresenteda brief introduc-

tion onhow to invoke JBlanket on theirprojects.Beforeclass,with thepermissionof theprofessor,

I integratedJBlanket into thebuild processesof eachservice.They thenusedthesystemfor approx-

imatelyfive weeks.During this time, I downloadedtheprojectsfrom thecommonCVS repository

andinvokedJBlanketon theservicesonceevery threedays.At theendof thesemester, thestudents

filled out thePost-UseQuestionnaireto onceagainassesstheircomfortwith andconfidencein their

unit testingskills aswell astheir opinionon theusefulnessof andimprovementsfor JBlanket and

XC.
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I comparedandanalyzedthe resultsfrom their Pre-UseandPost-UseQuestionnairere-

sponsesto find out how coverageinformation influencedtheir unit testing. The coverageresults

wereaggregatedandplottedon line graphsandbarchartsfor analysis.

1.5 ThesisStatement

This researchinvestigatestheconceptof XC andgathersqualitative andquantitative data

in orderto assessthefollowing hypotheses:

1. Technologyto supportXC is feasibleandpractical.

2. Theeffort requiredto achieve andmaintainXC is reasonable.

3. Knowledgeof methodcoveragecanhelpwith systemdesignandimplementation.

Thefirst hypothesisclaimsthat it is possibleto implementtechnologysupportfor calculatingXC

thatcanbedeployedin amoderndevelopmentenvironmentandprocess.

Thesecondhypothesissaysthatdueto thecoarsegranularityof thecoveragemeasuredas

well astheadditionalrulesin XC, theamountof effort requiredto achieve andmaintain100%XC

shouldbeappropriatefor thebenefitsobtained.Furthermore,it shouldtake lesseffort to maintain

completecoveragethanto achieve completecoverage.

The third hypothesisconcernsa chainreactionof events. Whenstudentsknow the test

casecoverageof their systems,they will needto eitherwrite new testcasesor modify existing test

casesif coverageis not100%.Eitherway, they will searchfor waysto invoke moremethodsduring

testing. By trying to increasecoverage,studentsshoulddiscover betterwaysto implementtheir

softwaresuchthatit will beeasierto test.

1.6 Structure of the Proposal

Theremainderof this thesisis asfollows. Chapter2 discussespreviousstudiesthatinflu-

encedthisresearchandaselectionof coveragetoolsthatinfluencedtheimplementationof JBlanket.

Chapter3 describesthefunctionalityandarchitectureof theJBlanket system.Theevaluationpro-

ceduresaredescribedin Chapter4 andresultsof theabove hypothesesarediscussedin Chapter5.

Finally, Chapter6 containstheconclusionsandpossiblefuturedirectionsof this research.
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Chapter 2

RelatedWork

Testcodecoveragehasbeenmeasuredfor at leastthreedecades[1]. During this time,

numerouswhite papers,tools, andexperimentshave beenpublished,touchinguponthe different

granularitiesof coverage. In this chapter, commongranularitiesof coverage,previous research,

existing tools,andcaveatsof usingtestcasecoverage(all of whichguidedthedesignof this study)

will bedescribed.

2.1 Variations of CoverageCriteria

Coveragecriteria(alsoknown aslogic coveragecriteriaor completenesscriteria)refersto

a specificgroupof pathsthrougha programthatcanbeexecutedduringtesting[4]. Beizerclaims

that“Path-testingtechniquesaretheoldestof all structuraltesttechniques”[1]. He discoveredthat

IBM hasrecordsof its usefor over two decades.Sincethatearliestknown referenceto a coverage

analyzer, many variationsof coveragecriteriahaveevolved.Amongthemostcommonin use(listed

in decreasinggranularity)arestatementcoverage,branchcoverage,andconditioncoverage[4].

2.1.1 StatementCoverage

Statementcoveragerecordswhich statementsareexecutedduring testing. Also known

asline coverage,segmentcoverage,andbasicblock coverage[3], this criteriadoesnot requirethe

presenceof sourcecode. Instead,line numberscan be inserteddirectly into the compiledcode

for calculatingcoverage.For example,compileJava programscompiledwith debug turned“on”

includesline numberswhereascompilingwith debug “off ” excludesline numbers.However, some
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considerit to betheweakestgranularityof coverage[4] [7] dueto its insensitivity to any condition

or multiple conditionstatement.

For example,considerthefollowing Java statements:

line 1: if (a > b)
�

line 2: b = a + b;

line 3:
�

line 4: a / b;

Regardlessof thevalueof a or b, executingline 1 at leastcountsit towardsthecoveragemeasure-

ment. If �����	� and 
��
� , this testcasewill causelines1-4 to beexecutedsuccessfully, yielding

100%coverage.However, furthertestingwith thecasewhere���
�	� and 
������	� , valuesthatwill

causeline 4 to fail, will never beconsidered.

2.1.2 Branch Coverage

Branchcoveragechecksfor both true and falseevaluationsof all booleanexpressions.

Also known as decisioncoverage,all-edgescoverage,and basispath coverage[3], this criteria

considersmultiple decisionbooleanexpressionsseparatedby logical-andor logical-orasa single

booleanexpression.

Considerthismodifiedversionof theabove statementcoverageexample:

line 1: if ((a > b) && ((b > 0) || (b == -a)))
�

line 2: b = a + b;

line 3:
�

line 4: a / b;

Problemsarisein programminglanguagesthat useshort-circuitoperators.In Java, lines 1-3 will

be executedaslong as ����
 and 
���� . They will not be executedif ������
 . Therefore,the

expression
����
��� will neverbeinvoked,sothetesterwill neverknow thattheexpressionshould

insteadbe 
�� �!� until valueslike �"�
�	� and 
������	� appear.

2.1.3 Condition Coverage

Conditioncoverageis amorethoroughcaseof branchcoverage.Insteadof treatingmulti-

pledecisionbooleanexpressionsseparatedby local-andor logical-orasasinglebooleanexpression,
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eachsub-expressioncombinationis consideredasseparatetests.Fromthebranchcoverageexam-

ple, therewould be #%$ combinationsof testssinceeachsub-expressionhaseithera true or false

valueandtherearethreesuchsub-expressions.Therefore,the numberof testcasesper multiple

decisionbooleanexpressionsincreasesor decreasesby a factorof 2.

2.1.4 Method Coverage

The coveragecriteria investigatedin this researchis methodcoverage. Also known as

function coverage,call coverage,and method-level coverage[18], this criteria usesmethodsto

form pathsthroughthe systemand measuresthe percentageof methodsinvoked during testing.

Methodcoverageis particularlyusefulduring the beginning stagesof testingsinceit hasa much

broaderscopethanthepreviouscriteriamentionedandis thereforecheaperto implementandless

expensive to measure.Furthermore,exercisingeverymethodin asystemat leastonceduringtesting

canincreaseconfidencein the system’s correctness[9] beforemoving on to morespecifictesting

techniques.

In addition,it obviously requireslesseffort for programmersto achieve higherlevelsof

methodcoveragethanstatementcoverage,oneof thesimplestmeasurementsto calculate[19] [20].

The only way to exerciseevery statementis to exerciseevery methodthat containsthoselines of

code.(Theexception,of course,is abstractmethodsin Java). Moreover, thereis no proof that the

time spenttrying to increaselevelsof statementcoverageyieldssubstantiallyhigherbenefitsthan

spendinglesstime trying to increaselevelsof acoarsergrainedcoveragelike methodcoverage.

2.2 CodeCoverageStudies

Variousstudieshavebeenconductedon largeandsmallscaleswith thedifferentcoverage

granularitiesto discover theideallevel for testcodecoveragesandthepossibleimpactsthey haveon

thequality of software. However, only a limited numberof themhave includedmethodcoverage.

Thethreeexperimentsdescribedshow thatmethodcoverageis a useful,albeit limited, criteriathat

is acceptableduringinitial stagesof softwaretesting.

2.2.1 TestCasePrioritization

In [21], Elbaumet.al presentedastudycomparingtheeffectivenessof usingeitherstate-

mentcoverageor methodcoveragefor prioritizing testcasesduringregressiontesting. Eachcov-

eragetypewasmeasuredin four differentways: total coverage,additionalelementsinvoked, total
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fault-exposingpotential(FEP),andadditionalFEPpotential.Theseeight typesof coverageswere

executedon eightC programswith sizesrangingfrom 138 to 6218linesof code(LOC), sevenof

whichwereunder520LOC.

They foundthatwhile statementcoverageperformedbetterthanmethodcoverage,there

wereseveral casesin which thedifferencebetweencoverageswerenot significant,andtwo cases

in which a methodmeasurementperformedbetterthanits statementcounterpart.Furthermore,on

theaverage,thevariousmethodcoveragemeasurementsperformedsimilarly to statementcoverage

measurements.The ranking for both typeswere: 1) additionalFEP potential,2) total FEP, 3)

total coverage,and4) additionalelementsinvoked. The authorsalsonotedthat, while someloss

of effectivenesscanbe expecteddueto its coarsergranularity, their findingssuggestthat benefits

of methodcoverageshouldbe further investigatedsinceit is the “less costly and lessintrusive”

approach[21].

This study relatesto the usefulnessof methodcoverage. If it canperformsimilarly to

a finer granularityduring regressiontesting,perhapsit canbe usedduring unit testingto obtain

helpfuldataaboutthequalityof thetestcasesandto provide suggestionsfor futuretestcases.

2.2.2 Experimenting with Differ ent CoverageGoals

An experimentconductedby Marick [12] suggestedthathigh levels of coverageareac-

ceptablegoalswith variousgranularitiesof testcasecoverage.He measuredthe costof reaching

near100%coveragewith branchcoverage,loop coverage,multi-condition coverage,andweak-

mutationcoverage.Costwasdeterminedin termsof theamountof coverageattained,thenumber

of testcasesdocumented,the amountof time neededto designthe testcases,andthe numberof

conditionsarguedto not be feasibleto test. Infeasibleconditionsincludedconditionswhich are

eitherimpossibleto testor arenotworthwhiletesting.

Theresultsof this singlepersonexperimentshowedthatafter two tries,branchcoverage

reached95% usingblack-boxtestingtechniques,a level notedto be higherthanthosereachedin

previousstudies.In addition,whenbothloopandmulti-conditioncoverageresultswerecombined,

their total reached92%. To exercisetheremaining8% would have required“3% of total time, 2%

of total testconditions,and3% of thetotal testcases”[12]. By usingthesevariousgranularitiesof

coverage,theexperimenterconcludedthat“100%feasiblecoverageis a reasonabletestinggoalfor

unit testing”[12].

However, this experimentwasconductedon anextremelysmallscale.Theexperimenter

wastheonly personconductingtheexperiment(i.e., creatingmissingspecifications,designingtest
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cases,calculatingthe amountof time useddesigningthe testcases,etc.). The systemsmeasured

were C programsconsistingof 30 to 272 LOC. Resultsfrom suchsmall experimentscannotbe

generalizedto includelargersystems[22] or begeneralizedto othergranularitiesof coveragesince

eachcoveragetypehasdifferentweaknesses[3].

Therefore,thesefindingscannotbe generalizedto methodcoverage.So, theamountof

effort neededto reach100%methodcoverageremainsunknown. In this research,effort will be

measuredin termsof the total LOC, total testLOC, andthe amountof coverageobtainedfor the

systemmeasured.To ensurethemeasurementof only “feasiblecoverage”,rulespertainingto the

typesof methodsincludedin coveragewill beapplied.

2.2.3 Measuring Coveragewith Function Testing

Piwowarski et. al studiedthe benefitsof statementcoverageon a large scalesoftware

systemat IBM [23]. They measuredstatementcoverageduring unit testing,function testing,and

systemtesting.Initially, they observed that testersoverestimatedtheir coveragewhenthey did not

know theiractualcoverage.For example,someestimatedachieving coverageof 90%or above,but

actuallyreachedonly 50%to 60%. However, aftermeasuringcoverage,they found thatproblems

suchasunreachablecodeor unexecutablecodeprevented100%coverage.For example,codeman-

agingunlikely errorsduringnormalexecutionis notreachedundernormalcircumstances,or special

hardwarecommandscannotbeexecutedduringtesting[23].

Theauthorsconcludedthat“70% statementcoverageis thecritical point for our function

test”, “50% statementcoverageis generallyinsufficient”, and“beyonda certainrange(70%-80%),

increasingstatementcoveragebecomesdifficult andis notcosteffective” [23]. They alsofoundthat

with coverageinformation,improvementsto testcasescould increasecoverageby 10%. Further-

more,while 100%statementcoverageis not feasibleduring function testing,it is feasibleduring

unit testing.

From their experiment,it is clear that knowledgeof statementcoverageinfluencedthe

implementationof test caseswhile trying to increasecoverage. This is probablythe casewith

methodcoveragealso. However, in what waysarethe testcasesmodified? For example,doesit

requiresignificantlymorecode,or minoradjustmentsto currenttestcasesto increasecoverage?

Thesethreecasestudieshave influencedthedesignof theevaluationof theusefulnessof

XC. Thenext sectiondescribesexisting coveragetoolsthat influencedthedesignandimplementa-

tion of JBlanket, thesystemusedto gatherdatafor this research.
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2.3 CoverageTools

Numerouscommercialandnon-commercialtools currentlyavailableincludemorethan

onetypeof coveragemeasurementandreportingfunctionality. All of theminstrumenta system’s

codein differentways. However, noneof themwereconsideredappropriatefor this research.Al-

thoughthetoolsmayor maynot have offeredmethodcoverage,themainreasonsbehindthis deci-

sionarethatmajority wereClosedSourceprojectsand/orwouldhave beenprohibitively expensive

to obtainanddeploy.

With ClosedSourceprojects,they eitherdid or did not offer methodcoverage. When

methodcoveragewasnot included,the tool couldnot beextendedto includetheneededcoverage

measurement.Whenmethodcoveragewasincluded,obtainingthemrequiredeitherspendingmore

than a hundreddollars to purchasea single license,or using trial versionsfor at most 30-days.

Sinceundergraduatecollege studentsweretheevaluators,requiringthemto purchasethe licenses

for this researchor be constrainedby the lifespanof trial versionsdid not seemfeasible. Either

actionwould mostlikely have frustratedtheevaluatorpopulationandhave negative influenceson

theresearchresults.

Therefore,thecoveragemeasurementtool usedin this researchneededto beaccessible

andavailablefor useunderany situation.Hence,to avoid re-downloadingexpiredtrial versions,the

obviouschoicewasto try to useanOpenSourceProject.

Furthermore,the coveragetool neededto be extendible. For example,this researchex-

cludedone-linemethodsfrom coverage. Sincethis is not a typical rule appliedwhenmeasuring

coverage,the chosentool would needto be alteredsuchthat one-linemethodswerenot included

in coveragecalculations.Sincethis is not possiblewith CloseSourceprojects,theuseof anOpen

Sourceprojectbecamemoreessential.

The coveragetools reviewed hereappearto be amongthe mostpopular(i.e., appeared

higherup in theGoogle[24] ranking)for Java programs.

2.3.1 Clover

Clover [25] is an impressive codecoveragetool that determineswhich sectionsof code

arenot executedduring testing.Thecurrentversionof Clover, version0.6b,comeswith two JAR

files andcanmeasuremethod,statement,andbranchcoverage.With thesourcecode,it produces

byte codethat includeboth the original programandClover’s methodsto recordtracedata. This

automaticadditionensuresthattheuserdoesnotneedto manuallyaltertheir sourcecode.Clover’s
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outputis viewableaseitherXML, HTML, or througha SwingGUI. Any unexecutedcodeis high-

lightedfor quick identification.

Usersneedto have accessto thesourcecodeof thesystembeingtestedbecauseClover

recompilestheentiresystemto includeits “coveragegatheringmechanism.” While this approach

restrictsthe tool from systemsin which only byte codeis available, it allows usersto includeor

excludespecificchunksof codefrom coverageby addingClover specificcommandsto thesource

code.

In addition,this is a ClosedSourcesystemandit is not clearwhetherit canbeusedwith

client-server systems.Theprojectsusedfor thisevaluationuseTomcatastheserver.

2.3.2 JCover ™

With JCover [26], userscanwork with a program’s sourcecode,classfiles, or both to

calculatestatement,branch,method,class,file, or packagecoverage. It can conductclient and

server-side testingwith any “standards-compliant JVM.” An additionalJava API is includedthat

allows theuserto “programmaticallycontrol JCover’s coverageagentat runtime” [26]. This API

mustbeintegratedinto theuser’s testframework. All coveragedatais archivedfor futureanalysis.

The datacollectedcanalsoaid in optimizing testsby including whethercoveragesoverlapor are

disjoint. Thereportsareformattedin HTML, XML, CSV, andMDB.

JCover is not an OpenSourceproject,but a fully functional15-dayevaluationcopy is

available. This tool’s web pagedoesnot clearly statewhat its the processof datacollectionis or

whatserversit canbeusedwith.

2.3.3 Optimizeit CodeCoverage

OptimizeitCodeCoverage[27] is a partof Borland’s Optimizeit Suite,which alsocon-

tains two other tools, Optimizeit Profiler and Optimizeit ThreadDebugger. It measuresclass,

method,andstatementcoverage. Dependinguponthe type of measurement,it cancalculatethe

numberof timesa class,method,or line of codeis executedin real-time.A GUI is alsoavailable

for quick identificationof results.Thesourcecodeis not requiredfor this coveragetool. Classand

JAR filesaresufficient to receive anaccuratemeasurement.It alsoworkswith applicationservers.

While this is notanOpenSourceproject,it alsooffersa15-daytrial version.In addition,

OptimizeitCodeCoverageseemsto show coveragefor everyclassin anapplication.Theuserdoes

notappearto have theoptionto focusonaspecificsubsetof classes.
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2.3.4 JUnit-Quilt

JUnit-Quilt [28], or Quilt, is anOpenSourceprojectcreatedby David Dixon-Peughand

TomCopeland.Currentlyit offersstatement,branch,andpathcoverage.Throughbytecodeinstru-

mentation,classesareloadedbyaClassLoaderspecificallydesignedfor Quilt beforethey areloaded

into the JVM. Statisticsarekept, from which coverageis calculated.Resultscanbe displayedin

HTML or XML usingits reportingfunctionality.

Quilt is releasedundertheApacheLicense[29]. Therefore,someoneotherthantheau-

thorscanextendor improvethesystem.However, while their licensingmakesQuilt availablefor use

freeof charge,I wasunableto modify it to includemethodcoverageandintegrateit with Tomcat.

2.3.5 ConclusionsRegardingTool Support for Extr emeCoverage

From the coveragetools reviewed, both Clover andQuilt were consideredas possible

candidatesin this research.However, its price aswell as its trial versionperiodhinderedaccess

to Clover. It would bedetrimentalto this studyif theevaluatorswererequiredto obtainnew trial

versionsafter theold trial versionsexpired. Furthermore,if they would not beableto run Clover

with Tomcat,theevaluatorswould not beableto useit to measuretheir systems.(SeeChapter4.)

Finally, asa CloseSourceproject,Clover is not extendibleto includethenon-traditionalrule(s)of

XC.

With respectto Quilt, while it is anOpenSourcesystemthatcanbemodifiedto include

the methodcoveragemeasurement,the useof a ClassLoaderwasfound to inhibit integrationof

Quilt with Tomcat.Therefore,I madethedecisionto createJBlanket.

Table2.1.Coveragetoolssummary

Tool Coverage(s) Source
Clover method,statement,branch sourcecode
JCover file, class,method,statement,branch sourcecode,bytecode,both
OptimizeitCodeCoverage class,method,statement bytecode
Quilt statement,branch,path bytecode
JBlanket method bytecode

However, finding theright tool to usefor measuringXC wasnot enough.Therearealso

many caveatsto usingtestcodecoverageto measurethequality of testing. Theseincludeknown

misconceptionsandmisusesof codecoverage.
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2.4 CodeCoverageMisconceptionsand Misuses

Ensuringsoftwarequality is animportanttask,asmallportionof which is measuringtest

codecoverage.Companiesthat producesoftwareareresponsibleundernegligencelaw to ensure

that the productsthey releasedo not “pose an unreasonablerisk of personalinjury or property

damage”[20]. Therefore,theintensityof testingasystemenduresvariesdependinguponthenature

of thesystem.Misinterpretingandmisusingvarioustestingresultscanpotentiallyleadto hazardous

conditions.

2.4.1 Misconceptions

Whentestcodecoverageis usedduringthebeginningstagesof softwareimplementation,

usingphraseslike “completecoverage”or “100% coverage”to describetestingresultscanbemis-

leading[20]. Inexperiencedtestersmight infer thattesting,in general,wasthoroughandcomplete.

They maynot immediatelyunderstandthatthephrasesonly describethecompletionof a particular

coveragecriterion.

Furthermore,knowing a coveragemeasurementdoesnot imply that the testcaseswere

distributeduniformly [19]. For example,70%methodcoverageof asystemdoesnotindicatethatall

classesor packagesweretestedequally. However, by breakingdown thetotalcoverageaccordingto

packages,testerscanmake up thedeficienciesin packageswith lower levelsof coverageby either

creatingnew testcasesor modifying existing testcases.

Calculatingonly onetypeof coveragemeasurementis not enoughwhenmeasuringtest

casequalitywith coveragedata[30]. By trying to increasequalitywith highlevelsof coveragelevel

with asingletypeof coveragecannotfind all failuresbecause“many coveragemodelsareill suited

to dealwith many commonproblems”[31]. For example,statementcoveragecannotdetecterrors

in themulti-conditionalif-statementin Section2.1.1.

Coveragemeasurementsare not extendibleto include the other variationsof coverage

criteriaor any othertestingtechniques.Obviously, it is incorrectto concludethat reaching100%

statementcoverageimpliessimultaneouslyachieving 100%conditioncoverage.On theotherhand,

it maynotbeasobviousthat100%conditioncoveragedoesnotmeanall boundaryconditionswere

tested.

Toolsusedto measurecoveragecannotdetectfaultsof omission[19] andaresubjectto

programminglanguagerules. In thestatementcoverageexamplein Section2.1.1,coverageresults

do not reportthat thecondition 
��&����� is neededto make the if-statementconditionvalid. From
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thebranchcoverageexample,its coverageresultswill not reportthat 
'���(��� is wrong,andwill,

in fact,erroneouslycauseline 2 to execute.

2.4.2 Misuses

Mostmisusesof coveragedataarebaseduponpressureperceivedby testersthatareeither

self-imposedor imposedby highermanagement.Whenspecificcoveragecriteria is requiredto

reachacertainlevel beforethedevelopmentof thesoftwarecanproceed,tendenciesmayemergeto

createsimpleteststo makeup any deficiencies[19].

Furthermore,“designing[the] initial testsuiteto achieve100%coverageis anevenworse

idea” [19]. Thesetypesof testscorruptthe testingprocessbecausethey areno longercreatedto

find errorsin theprogram.Instead,their implementationandexecutionwastesvaluabletime.

Managementcanalsomisusecoveragemeasurements.Whenasoftware’s quality is mea-

suredby its testcodecoveragealone,workersmaychooseto implementtheeasiestandmostob-

vious tests[19]. Clearly, this approachto testingwill result in problemslater in thedevelopment

processwherefaultsthat aremoreobscurecanemerge. Even worse,an obscurefault canbe de-

tectedbeforethesoftwareis distributed,or anothermoreobscurefault thatcausedthefirst obscure

fault is detectedafterdistribution.

2.4.3 SoWhat is CoverageGoodFor?

An interestingparadigmof testcasecoveragebehavior is that achieving high levels of

coveragedoesnot guaranteethat the quality of testing is also high, but low levels of coverage

almostcertainlyguaranteesthequality of testingis low. Therefore,coveragecanprovide guidance

for focusingtestingefforts,but cannotprovide a catchallfor testingefforts.
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Chapter 3

JBlanket SystemAr chitectureand

Design

I createdJBlanket to gather“ExtremeCoverage”(XC) datafor this research.It usesJUnit

testcasesto calculatethepercentof methodsin a systeminvoked during testing. Baseduponmy

researchon variouscoveragetools thatwerepreviously described,I designedJBlanket to combine

desirablefeaturesfrom thedifferentsystemsso that it would be a feasibletool for research.This

meansthat from a researchstandpoint,it is readilyavailable,easyto use,easyto understand,and

haslow run timeoverhead.

Creatinga readily available tool allows othersto gain accessto the tool andbe ableto

integrateit into their own research.With easeof use,peoplewill not be discouragedfrom using

the tool insideandoutsideof their research.With coverageresultspresentedin a comprehensible

manner, peoplewill be ableto easilyunderstandhow to apply the results. At this time, both the

JBlanketsourcecodeandbytecodehavebeenreleasedto thepublicundertheGNU GeneralPublic

License[32] sothatuserswill beableto usethesystemandmodify it to suit their needs.

In this chapter, I will discussits goals,its functions,its architecture,its design,andim-

plementationhistory. I concludewith ascenarioillustratingits use.

3.1 SystemFunctionality

JBlanket canmeasurecoverageof bothstand-aloneandclient-server systems.Currently,

it hasonly beenappliedto client-server systemsthat useTomcatasthe web server. To calculate

coverage,usersneedto have accessto a system’s bytecode.With this sourceof input, four setsof
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dataarecreatedandstored:(1) the total methodsmeasuredin thesystem(total), (2) themethods

thatcannotbe invoked duringtesting(untestable),(3) themethodsinvoked duringtesting(tested),

and(4) the remainingmethodsthatarenot invoked during testing(untested).Methodcoverageis

calculatedwith thefollowing formula:

% coverage = tested / subtotal

where

subtotal = total - untestable

To measureXC, usershave theoptionof excludingmethodsthat containoneline of code. These

“one-linemethods”form anoptionalfifth outputset(one-line). Thepercentcoveragefor this ap-

proachis calculatedwith

% coverage = (tested - one-line) / subtotal

where

subtotal = (total - untestable) - one-line

To further improve the versatility of JBlanket, specificclassfiles caneitherbe excludedfrom or

includedin coveragedata.This featureallows separatemeasurementsof combinationsof multiple

sub-packages,which is usefulfor targetingpartsof asystem.

Coveragereportsarepresentedin anHTML formatsimilar to thatof JUnit reports.Since

usersarerequiredto implementJUnit testcasesbeforerunningJBlanket,mimickingJUnit’s reports

shouldincreasethedegreeof familiarity with JBlanket reportsfor first-timeusersby reducingthe

amountof timethey wouldneedto understandandinterprettheresultsandlearntonavigatebetween

reports.

3.2 Ar chitecture

JBlanket usesfour mainstepsto calculateXC. (SeeFigure3.1)Thefirst stepis counting

the total methodsto include in the coveragemeasurement,countingthe untestablemethods,and

countingthe methodsthat containoneline of code(optional). The secondstepis modifying the

system’s bytecode.Thethird stepis theuserrunningthetestcasesover thesystem,thusexecuting

themethods.Thelaststepis creatinganHTML formattedreportfrom all of theoutputthattheuser

canreview with any webbrowser.
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Figure3.1. JBlanket architecture
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3.3 Design

JBlanket wasimplementedwith Sun’s Java 2 Platform,StandardEdition (J2SE)(which

includesthe Java 2 StandardDevelopmentKit version1.3)). By using Java, I was able to use

existingpackageslike theApacheByteCodeEngineeringLibrary (BCEL) [33] for modifyingbyte

code,Xerces[34] for creatingreportswith XSL Transformations(XSLT) [35], andDOM [36] and

JDOM [37] for manipulatingXML files. I wasalsoableto usethe existing JUnit framework for

unit testing.Final reportsarein HTML formatto easenavigationbetweenreports.

To implementthethreemainstepsmentionedin theprevioussection,thesystemcontains

these five packages: csdl.jblanket. modif y , csdl.jblanket. metho ds et ,

csdl.jblanket.r epor t , csdl.jblanket.an t , andcsdl.jblanket.u ti l .

3.3.1 Packagecsdl.jblanket.modify

This packagecontainstheclassesusedin the first andsecondmain steps.Methodsare

modifiedto includea staticmethodcall to theMethodCollector .s to re Metho dTyp eSig -

nature method. With this modification,a method’s type signature(the fully qualifiednameof

the classit belongsto, the nameof the method,and its fully qualified parametertypes)can be

recordedin “intermediate”JBlanket files thefirst time it is invokedby aJUnit testcase.Thenames

of theseintermediatefiles areof the form “COVER-*.xml”, where* is the nameof the testclass

that invoked themethod.(However, whenTomcatis used,* is thenameof thefirst modifiedclass

thatwasinvokedonTomcat.)

In addition to modifying the byte code,a collectionof all the includedmethodsin the

system,a collectionof all themethodsin classesthatarespecificallyexcluded,anda collectionof

all theuntestablemethodsthatwill never bemodifiedby JBlanket arestored.Untestablemethods

areeitherabstract(methodsthathavenocontentsandcannotbeinvoked)or native (methodswhose

contentsare of a programminglanguagedifferent from Java). The optional third collection of

methodswhosecontentis oneline of sourcecodeis alsostoredhere. Theseresultingoutputfiles

arereferredto as“essential”JBlanket files.

3.3.2 Packagecsdl.jblanket.methodset

Thispackagecontainstheclassesusedto managemethoddatacollectedby JBlanket. The

mainclass,MethodSet , is implementedusingtheSingletondesignpatternandsynchronization.
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This is to ensurethatevery methodtypesignatureis storedin thecorrectoutputXML file andthat

no outputfile is over-written duringJUnit testexecutions.

3.3.3 Packagecsdl.jblanket.report

This packageis usedin the last main step,creatingthe final report for JBlanket. The

AggregateTransf or mer classmimics thebehavior of theAnt AggregateTransf or mer

class– combiningall of the intermediatefiles into oneaggregatefile, “COVER-MethodSets.xml”

andtransformstheXML file into anHTML report.Theaggregatefile containsthemethodssorted

by theclassthey belongto andtheir classification(tested,untested,one-line).TheJBlanketRe-

port classcalculatesandstoresthemethodsinvoked duringtestingandthemethodsnot invoked

duringtesting.The“COVER-MethodSets.xml”file is arealsoconsideredtobean“essential”JBlan-

ket file.

3.3.4 Packagecsdl.jblanket.ant

This packagecontainedthe Ant taskdefinitionsfor the jblanket (JBlanketModify -

Task ) andjblanketreport(JBlanketReportT ask ) Ant tasks.

3.3.5 Packagecsdl.jblanket.util

ThispackagecontainstheSysInfo class,whichprovidesversioninformationaboutthis

system.It alsocontainstheJarFactory class,whichincludesthejar andunjar methodsused

for packagingor extractingJAR files. This utility is usedto extendtheapplicationof JBlanket to

includesystemsthatrely heavily on JAR files to containtheir functionality. TheJBlanketCon-

stants classcontainsconstantvaluesthatareusedthroughoutthesystem.

3.4 Building a CoverageTool

A tool to collectcoveragedatacanbebuild in threeways[28]:

� SourceCodeInstrumentation- Changethesourcecodebeforethesoftwareis compiled.

� Byte CodeInstrumentation- Changethebinarybeforeit is run.

� ProfilerMonitoring - Monitor aprofiler andreportbaseduponits results.
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Thedecisionto useany particularapproachdependsuponadeveloper’s preference.

Prior to its releaseto theICS 414classduringevaluation,JBlanket evolved throughtwo

previous implementations,bothusingprofiler monitoring,beforesettlingon its currentimplemen-

tationusingbytecodeinstrumentation.Sourcecodeimplementationwasnever considered.

3.4.1 Version1.0

The initial designof JBlanket utilized the Java Debug Interface(JDI) provided by Sun

andwasfirst designedfor stand-alonesystems.A new Java Virtual Machine(JVM) waslaunched

every time JUnit testingwasconducted.A secondJVM wasthenlaunchedto run the testsuite.

TheadditionalJVM tracedthrougha testcaseduringexecutionandrecordedthetypesignaturesof

eachmethodinvoked, includingdefault methodsnot implementedby theprogrammer, like default

constructors.The resultsfrom testingwerestoredin a “testedmethods”XML file. LOCC [38],

a line of codecountertool for Java alsodevelopedin CSDL, wasthenrun over theentiresystem

to recordevery method’s typesignatureandstoredthemin a “total methods”XML file. Thenthe

two files werecomparedandthedifferencerecordedin a “untestedmethods”XML file. With the

3 XML files, coveragestatisticscouldeasilybecalculatedasthepercentof methodstested.Users

neededto look throughthe XML files to find out which methodsweretestedandwhich methods

werenot.

Executingthisversionona500MHz PentiumIII processortookapproximately2 minutes

to run on a programthatcontained20 linesof codewith 4 methods.With thebelief thatthelength

of executiontime for stand-aloneprogramscouldbeoverlooked, thesystemwasthenextendedto

includeclient-server systems.Suddenlytheexecutiontime couldno longerbeoverlooked.

To extend the systemto client-server systems,Tomcatrequiredits own separateJVM

running the JDI. Without the separateJVM, i.e., normal launchingof Tomcatwith the “startup”

script, methodsexecutedon Tomcatcould not be recorded.For example,methodscalledby JSP

pagesduringHTTPUnit testingwerenot recorded.

Duringnormalexecutionona512MHz dualprocessor, preparingTomcatfor testingtook

anaverageof 7 seconds.However, preparingTomcatusingJDI took approximately7 minutes,60

timesthenormalexecutiontime! Furthermore,thespeedof runningthetestsaftertheinitialization

appearedto have thesamerelative run-timeascomparedto testingwith thestand-alonesystem.

Methodsinvoked by Tomcatwererecordedin a “tomcatmethods”XML file. Thesere-

sults were combinedwith the testedmethodsfile to calculatethe percentageof methodstested.
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Overall, a client-server programwith 330 lines of codeand 33 methodstook approximately28

minutesto teston the512MHz dualprocessormachine.

Dueto thelimitationsintroducedby theexecutiontime of JBlanket, a differentapproach

wasrequired.As thesizeandcomplexity of systemsgrew, the increasein executiontime wasno

longeracceptable.Thereforeinsteadof usingtheJDI, loadingthebytecodethroughmorenormal

meansappearedto beamoredesirablesolution.In theory, thenext executionof thetestcasesshould

take approximatelythesameamountof time asanormalexecutionof thetestcases.Therefore,the

searchbeganfor anOpenSourceprojectthateitheralreadycontainedmethodcoverage,or couldbe

extendedto includemethodcoverage.

3.4.2 Version2.0

After searchingtheInternetwith Google,I discoveredJUnit-Quilt(Quilt). As discussedin

thepreviouschapterunderCoverageTools,Quilt doesnot includemethodcoverage.Therefore,the

JBlanketClassLoader, andextensionof theJava ClassLoadercreatedspecificallyfor JBlanket, was

implementedto accomplishthisgoal.With theJBlanketClassLoader, amethod’s typesignaturewas

accessibleandthusstoredeverytimethemethodwasinvokedduringtesting.With thisprofiling-like

capability, thenumberof timesamethodwasinvokedcouldalsobecounted.

Unfortunately, usingtheClassLoaderapproachcreatedunacceptablelimitations. It could

be usedwith simpleandcomplex stand-alonesystems,but could not be usedwith Tomcat. From

my limited knowledgeof Java, I wasnot ableto usemy JBlanketClassLoaderto loadthesystem’s

classeson theserver-sideinsteadof Tomcat’sClassLoader. Facedwith this failure,I movedon to a

third approach.

3.4.3 Version3.0

Thecurrentversionof JBlanket usesbytecodeinstrumentation.It canbeexecutedfrom

thecommand-lineor integratedwith Ant. Four mainstepsneedto becompletedto calculatecov-

erage.Thefirst stepgeneratesasetcontainingthetotalmethodsincludedin thecoveragemeasure-

ment,a setcontainingthe total untestablemethods,a setcontainingthe total methodsto exclude

from coverage,anda setcontainingall methodswith one line of code. Thesesetsarestoredto

essentialXML files. Usersseethisstepperformedsimultaneouslywith thesecondstep.
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The secondstepin JBlanket modifiesthe byte codecreatedby compiling the system’s

sourcecode. BCEL methodsalter eachmethodsuchthat when oneof the modified methodsis

executedfor thefirst timeduringtheexecutionof aunit testcase,its type-signatureis stored.

Beforeeachmethodis modified,it is checked againsttwo separateconditions.Thefirst

conditionis if themethodis invokableor shouldbeincludedin coverage.If a methoddoenot fall

into eithercategory, it is notmodifiedandplacedin theuntestableor excludedoutputset.Theother

conditionrelieson thenumberof linesof codethemethodcontains.If methodscontainingasingle

line of codeareto beexcludedfrom coverage,thenone-linemethodsarenotmodifiedandrecorded

in the optionalone-lineoutputset. The untestableandexcludedoutputsetsare immediatelyre-

moved from the total methodsoutputset,creatinga modifiedtotal methodsoutputset,andsonot

includedin thecoveragemeasurement.

The third stepis the executionof the JUnit testcases.Prerequisitesetupstepsmay be

neededdependingupon how the systemis tested. For example,the modified classfiles can be

packagedinto JAR files beforerunningtheJUnit tests.A WAR file canbe createdfor Tomcator

themodifiedclassfilescanbecopiedto oneof the“classes”subdirectoriesin theTomcatdirectory.

ThenTomcatcanbe launchedfor client-server systems.This third stepoutputsthe intermediate

JBlanket outputfiles.

After theexecutionof theJUnit tests,thefinal stepis performed.This reportstepinter-

pretsall of theaccumulatedresults.First a “testedmethodsoutputset” is createdfrom thecombi-

nationof the intermediatefiles. Thenan “untestedmethodsset” is createdfrom thedifferenceof

the modifiedset, the testedmethodsoutputset,andthe optionalone-lineset. Thenthesesetsof

raw coveragedataareaggregatedinto oneXML file, whereeachmethodis storedaccordingto the

fully qualifiednameof its class.Eachfully qualifiedclasscontainsat mostthreedifferentmethod

classifications(tested,untested,one-line)underwhichthecorrespondingtype-signaturesarestored.

Thisfile is thentransformedinto HTML throughXSLT.

For successfuluseof JBlanket, thejavac“debug” optionmustbeturnedonwhencompil-

ing thesourcecode.Thedebug optionensuresthatline numbersfrom thesourcecodeareincluded

in thebytecode.Without line numbers,severalJBlanket stepsemploying BCEL will fail. Thefirst

setof total methodswill be inaccuratebecauseline numbersareusedto decidewhenconstructors

areimplementedin thesourcecodeor aredefault constructors.Furthermore,thenumberof linesof

codein amethod,cannotbecalculatedfor determiningmethodswith oneline of code.

In addition,to ensurethattheJava ClassLoaderloadsthecorrectclass,I recommendthat

only onecopy of theclassfiles bereferencedin theclasspath.This meansexcludingJAR files that
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maycontainunmodifiedversionsof theclassfiles. If multiple referencesto thesefilesexist, thereis

noguaranteethattheClassLoaderwill find thecorrect,modifiedclassfiles. Invoking methodsfrom

unmodifiedclassescannotproducecoveragedata.

Finally, for coveragedatato bereliable,all testcasesneedto pass.It is possiblefor JBlan-

ket to calculatecoveragewhensometestcasessucceedandothersfail. However, thismeasurement

will not reflectthetruecoverageof thesystem.

3.5 UserScenario

Sally is a studentin ComputerScienceworking on a classassignment.The problemis

implementinga stackthat is accessibleover the Internet. The requirementsspecify useof Java

v1.4,JSP, JBlanket,Ant, andTomcatasthewebserver. Beingaconscientiousstudent,Sallybegins

working on theassignmentright away. Sheis working on a PCrunningWindows 2000.All of the

toolshave beenpreviously installed,exceptfor JBlanket.

After completingher first attemptat the program,shedecidesto createunit testsusing

JUnitandHTTPUnit to ensurethatherprogramworkscorrectly. Shedesignsandimplements3 test

cases,oneperstackfunction(push,pop,andclear),andplacesthemin onetestclass.

After thefirst runof hertests,Sallyfindsthatherclear functiontestdoesnotpass.She

views theJUnit reportto find out whathappened.Thestackdid not clear. Therewasoneelement

remainingin the stack. Therefore,shechecksher codefor clearingthe stackandfinds that she

doesnot popoff the last element.Feelingrelieved to have found theerror so quickly, sheaddsa

commandto popoff anotherelementandrunshertestsagain.

100%success!

Knowing that all her testsmust passbeforeany meaningfuldatacan be gainedfrom

coverage,Sally is now ableto integrateJBlanket into herproject. Shedownloadsthe jblanket.zip

file from the CSDL web site andreadsthe README.html file. Under the “Invocation” section,

thereareinstructionson how to addJBlanket to aproject.1

Openingherbuild file, shefinds theAnt target that compilesher program.As statedin

thedirections,shemodifiesto herbuild file to look like thefollowing:

<taskdef name="jblanket"

classname="csdl.jblanket.ant.JBlanket Modif yTask" />

<target name="compile"+
Theprocessof integratingJBlanket into a systemhasevolvedfrom thepreviousprocessusedwith CREST.
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description="Compiles code and run JBlanket over byte code.">

<javac srcdir="$
�
basedir

�
/src/edu/hawai i/sta ck"

debug="on"/>

<mkdir dir="$
�
jblanket_dir

�
"/>

<!-- Run JBlanket over class files. -->

<jblanket testgrammar="Test*.class"

enable="true"

totalfile="totalMethods.xml"

onelinefile="onelineMethods.xml"

untestablefile="untestableMethods.xml ">

<fileset dir="$
�
basedir

�
/src">

<include name="**/stack/**/*.class"/>

</fileset>

</jblanket>

</target>

Thenshescansthroughthe build file to find the Ant target that runsher unit tests. To createthe

reportfor JBlanket,Sally changesherbuild file to:

<taskdef name="junit"

classname="org.apache.tools.ant.ta skdefs .opti onal. junit. JUnit Task" />

<taskdef name="junitreport"

classname="org.apache.tools.ant.taskde fs.op tiona l.juni t.

XMLResultAggregator" />

<taskdef name="jblanketreport"

classname="csdl.jblanket.ant.JBlanketR eport Task" />

<target name="test" depends="init"

description="Run JUnit tests and generate reports.">

<mkdir dir="$
�
basedir

�
/test_output"/>

<!-- Run the tests, all classes whose name starts with ’Test’. -->

<junit printsummary="withOutAndErr" fork="yes">

<sysproperty key="jblanket_dir" value="$
�
jblanket_dir

�
"/>

<sysproperty key="test_host" value="http://localhost:8080/"/>
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<classpath>

<pathelement path="$
�
java.class.path

�
"/>

<pathelement path="$
�
basedir

�
/src"/>

<fileset dir="$
�
lib.dir

�
">

<include name="*.jar"/>

</fileset>

</classpath>

<formatter type="xml" />

<batchtest todir="$
�
basedir

�
/test_output">

<fileset dir="$
�
basedir

�
/src">

<include name="**/stack/**/Test*.java" />

</fileset>

</batchtest>

</junit>

<!-- Generate JUnit report on the results. -->

<junitreport todir="$
�
basedir

�
/test_output">

<fileset dir="$
�
basedir

�
/test_output">

<include name="TEST-*.xml"/>

</fileset>

<report format="frames" todir="$
�
basedir

�
/test_output" />

</junitreport>

<echo message="JUnit results in $
�
basedir

�
/test_output/index.html" />

<!-- Generate JBlanket report on the results. -->

<jblanketreport totalfile="totalMethods.xml"

testfile="testMethods.xml"

difffile="diffMethods.xml"

onelinefile="onelineMethods.xml"

reportformat="frames"

enable="true">

</jblanketreport>

<echo message="JBlanket results in $
�
jblanket_dir

�
/index.html" />

</target>

Finally, shecreatestheJBLANKET DIR environmentvariableandcopiesthesetEnv.batfile to her

project.
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Anxiousto try out thenew tool, Sally opensanothercommandpromptwindow andnavi-

gatestoherprojectdirectory. Shesetstheenvironmentwith thebatchfile, andimmediatelyre-builds

herprojectandrunsthetestcases.Thefollowing outputis displayedon thescreen:

[jblanketreport] ********************************** ****** ***** ***** *****

[jblanketreport] Method-level Coverage:

[jblanketreport] All methods:
�
total=18

�
[jblanketreport] One line methods:

�
total=10

�
[jblanketreport] Non-one line methods:

�
total=8

�
[jblanketreport] Tested methods:

�
total=8, percent=100%

�
[jblanketreport] Untested methods:

�
total=0, percent=0%

�
[jblanketreport] ********************************** ****** ***** ***** *****

Happy thatshereceived 100%coverageon thefirst try, Sally decidesto attempttheextra credit–

implementingacommandthatdoublesthecontentsof astack– sincethere’sstill lotsof timebefore

theduedate. Beforeproceedingany further, sheturnsJBlanket off beforeimplementingthe new

feature,changingboth“enable”attributesin thejblanket andjblanketreporttasksto “f alse”.

After several tries,Sally is ableto play with thestackon herMozilla webbrowser. Now

shehasto createthetestcase.Within 2 minutes,sheimplementsthetestcase.Sally is amazedthat

afterthefirst run, thetestcasepasses.

Rememberingto checkhercoverageagain,sheturnsJBlanket backon by changingthe

“enable”attributesbackto “true”. Shethenre-builds herassignmentandrunsthetestcases.JBlan-

ket producesthefollowing output:

[jblanketreport] ********************************** ****** ***** ***** *****

[jblanketreport] Method-level Coverage:

[jblanketreport] All methods:
�
total=20

�
[jblanketreport] One line methods:

�
total=10

�
[jblanketreport] Non-one line methods:

�
total=10

�
[jblanketreport] Tested methods:

�
total=8, percent=80%

�
[jblanketreport] Untested methods:

�
total=2, percent=20%

�
[jblanketreport] ********************************** ****** ***** ***** *****

Sally is shocked to find out that shedid not get 100%coverage. So, sheimmediatelyopensthe

JBlanket report in Mozilla and searchesfor the uninvoked methods. Shequickly finds that the
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double methodshewrote wasnot invoked. Confused,shelooks for the othermethodthat was

not invoked. It is thetstDouble method.RememberingthatJUnit requirestestmethodsto begin

with “test”, shequickly correctsthenameof themethodandrunshertestcasesagain.

Coverageis backto 100%.However, Sallycontainsherexcitementaboutthecoverageof

herassignmentwhenshenoticesthatthereare10one-linemethods.

Being the conscientiousstudentthat she is, Sally reviews the one-linemethodslisted

in the JBlanket report andfinds that one of the methodsis not a getteror setter. Thereforeshe

checkshercodeto ensurethatthecontentsof themethodarecorrect.Whatshefindsis two logical

expressionsseparatedby a logical-or. However, they shouldbe separatedby a logical-and. With

four key strokes,Sally correctedthemistake andre-runshertestcases.

100%coverageagain.Satisfiedwith herprogress,Sallymentallynotesto herselfthatshe

needsto implementmoretestcasesfor boundaryconditionsthenquitsfor theday.
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Chapter 4

Evaluation of Extr emeCoverage

The evaluationof this research’s hypothesesoccurredin an academicenvironmentby

undergraduatesin a senior-level, second-semesterSoftwareEngineeringcourse(ICS 414) at the

Universityof Hawai’i. Therewere13 studentsin ICS 414,all of who participatedin developing8

separatewebservices(usingJava 1.4andJSP)thataredeployedon theInformationandComputer

Science(ICS) homepage(http://www.ics.hawaii.edu)asof Spring2003. The combinationof the

webservicesis calledCREST.1 Dueto thenatureof theprojects,eachstudentwasassumedto either

have enrolledin theprevioussemester’s SoftwareEngineeringcourse,or have adequateknowledge

of Java,JSP, ApacheTomcat,CVS,JUnit,HTTPUnit,andApacheAnt.

4.1 Qualitati veData Gathering Process

Studentshadthefirst tenweeksof thesemesterto accustomthemselvesto thecourseand

their projects. Teamsof 2-3 peopleworked on six of the projects. Two students,who werealso

membersin theaforementionedteams,individually implementedtheremainingtwo projects.

At the endof the 10th week, I integratedJBlanket into the Ant build files the students

usedto build theirprojects.By doingthis, I hopedto remove two possibleobstacles:

1. Theeffort neededto includeJBlanket into thebuild processes.

Whenthe studentsfirst hadaccessto JBlanket, it requireda degreeof familiarity with the

system.I wasconcernedthatstudentsmightbediscouragedfrom usingthetool if they found

it difficult to integrateinto their build processes.Furthermore,I did not want to disrupttheir+
This projecthasbeenrenamedto CLEW. However, in this researchit will be calledby its original name,CREST,

whenreferringto its previousarchitecture,andits currentname,CLEW, whenreferringto its currentarchitecture.
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developmentprocess,but enhanceit [39]. However, sincethen,the installationprocesshas

beenimproved.

2. Inconsistentuseof JBlanket.

To gatheraccuratedata,everyoneneededto have accessto JBlanket simultaneously. It was

thenup to the studentsto usethe system.If studentsintegratedthe systemthemselves,the

additionwould proceedat their convenience.Therefore,any generalcoveragebehavior ob-

servationsareimpossibleif somestudentsareusingthetool andothersarenot.

In the middle of the 11th week, the professorhandedout the Pre-UseQuestionnaires

(“pre”) shown in FigureA.1 to thestudentssothat I could judgetheir currentpracticesandbeliefs

towardsunit testing.Eachcopy wasmarkedwith a letterof thealphabet.Theprofessorkepta list

thatidentifiedstudentswith theletterthatappearedon theircopy. I waitedoutsidetheclassroomso

thatI wouldnot know whichquestionnaireeachstudentcompleted.

After the professorcollectedthe completedquestionnairesandplacedthemin a closed

envelopewith the list, I enteredtheclassroomandpresenteda 20-minuteintroductionto JBlanket

– a descriptionof thesystem,how to run it with their JUnit testcases,andhow to usetheoutputto

increasetheir coverage.Theprofessorfollowedtheintroductorypresentationwith instructionsthat

eachservicewasrequiredto reach100%XC by theendof thesemester. To increasethelikelihood

of discoveringwhetherit is difficult to reachtotalcoverageandtheamountof work it wouldtake to

maintainsuchahigh level theprofessorenforcedthis requirementwith anassignedgrade.

At the endof the semester, the 16th week,the studentsweregiven the Post-UseQues-

tionnaire(“post”) shown in FigureA.2 to find out their reactionsto XC andif their practicesand

beliefstowardunit testingchanged.Eachsheetwasonceagainmarkedwith a letterof thealphabet.

Studentsweregiventhesheetwith thesameletterasontheir“pre” questionnaire(asrecordedonthe

identificationlist). To ensurethatresponsesweresincere,studentswereassuredthat their answers

wouldnotaffect theirfinal gradeby includingthequestionnaireswith thecourseevaluationforms.2

I wasnotpresentfor thisphaseeitherandwasnever allowedto seetheidentificationlist.

With themetricscollectedfrom thestudentprojectsandcomparisonsbetweenthe“pre”

and“post” questionnaires,I will try to answerthehypothesesof this research.,
Courseevaluationformsarestudentevaluationsof thecontentandsuggestionsfor improvementsof a class.These

formsarenot turnedover to theprofessoruntil afterthegradesareofficially turnedin.
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4.2 Quantitati veData Gathering Process

To gathermetricsfor measuringeffort, theeightstudentprojectswerecheckedout from a

commonCVSrepository. For thefirst two weeksof datagathering,I downloadedtheprojectsdaily

at approximatelythesametime. Twelve o’clock noonwaschosenasthedownloadtime with the

following 3 assumptions:

1. Mostclassesareduringtheday, sotheprojectswouldmostlikely notbemodifiedduringthis

time.

2. Most studentswill work on their projectsatnight,whenI assumedthey wouldhave themost

continuousamountof timeavailable.

3. I, too, ama collegestudent,andsoshouldbeableto getup by at leastnoonto checkout the

projectsonweekdaysandweekends.(Actually, beingagraduatestudentmakesit evenharder

to getupearly.)

Metricsgatheredfrom theseinitial checkoutshelpedto determinethebestschedulethat

reflectstudents’effort andchangesin their projects’coverage.As canbe seenin Figure4.1 and

Figure 4.2, checkingthe projectsevery day did not result in finding many significantchanges.3

While therepositoryof at leastoneprojectchangedeveryday, nonewasconsistentlymodifiedevery

day. Furthermore,changesthatdid occurwerenot presentin any particularpattern.For example,

the coverageof the Poll serviceappearedto changein spurtswhile the coverageof Techreports

serviceincreasedfor about4 daysbeforeremainingat a steadylevel for 4 daysbeforeincreasing

0.1%.

Therefore,from thedatagatheredthusfar, I decidedthat theprojectsshouldbechecked

out onceevery threedays. Within the 3 days,averagecoveragechangewas8.3% insteadof the

2.2% averagedaily coveragechangeandaverageLOC changeis 107.6LOC insteadof the 42.6

LOC averagedaily LOC change.

4.3 Measurements

In this section,I will discussthesignificanceof thedatacollectedby both thequestion-

nairesandJBlanket.-
Missing datais dueto inability to calculatecoverage. This happenswhena projectdoesnot compile. However,

coveragewasrecordedeventhougherrorsor failuresoccurredduringunit testing.
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Figure4.1. Daily XC of CRESTservices
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Figure4.2.Daily LOC of CRESTservices
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4.3.1 Questionnaires

This sectiondescribesmy motivation for including eachquestionin the questionnaire.

ThePre-UseQuestionnairecontainsfivequestions,four close-endedquestions,andoneopen-ended

question. The Post-UseQuestionnairecontainseight questions,five close-endedquestions,and

threeopen-endedquestions.Fourof thefiveclose-endedquestionsandoneof thethreeopen-ended

questionsweresimilar to Pre-UseQuestionnairequestions.Repeatedquestionsprovidedfeedback

on any changes,or lack thereof,in eachstudent’s opinions.

1. Unit testsarevery importantfor creatingcorrectlyfunctioningsoftware.(“pre”, “post”)

This questionwasincludedto uncover students’opinionsaboutthevalueof unit testing. It

givesan indicationof how enthusiasticthey are towardsthe designandimplementationof

unit tests,which couldbeconnectedto thequality of their testcases.For example,a student

who views unit testsas importantwill most likely put moreeffort into creatingusefuland

meaningfulteststhanonewhodoesnot.

2. Designingunit teststo supportcorrectlyfunctioningsoftwareis hard.(“pre”, “post”)

This questionindicatestheamountof effort studentsbelieve is neededto implementuseful

tests. Effort canbe thoughtof in termsof time, or LOC, for example. The answersin the

“post” questionnairemay alsobe relatedto how much effort wasneededto sustain100%

coverage.

3. My currentsetof unit testsdoesa goodjob of ensuringthatmy softwarefunctionscorrectly.

(“pre”, “post”)

This questionindicatesthestudents’confidencein thedesignof theirunit tests.

4. JBlanket helpsme to write unit teststhat ensurethe correct functioning of my software.

(“post”)

This questionindicateshow usefulthestudentsfelt thetool wasduringdevelopment.

5. To thenearest25%,what% of themethodsin your softwarearecurrentlyinvoked by your

unit tests?(“pre”, “post”)

As indicatedin [23], mostestimationsof coveragearehigherthantheir actualof coverage

measurement.In the“pre” questionnaire,thisquestionreflectshow muchconfidencestudents

have with respectto their testingabilities. In the “post” questionnaire,it reflectswhat they

wereableto achieve.
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6. Pleasebriefly describeoneor two of themostsignificantproblemsyou’ve encounteredwhile

designingunit tests.(Do not includetheproblemof learninghow to useunit testingfacilities

suchasJUnit or HTTPUnit.) (“pre”, “post”)

This open-endedquestionaimsto find out what hindersthe implementationof quality test

casesfor students,and if XC would be able to help rectify the morebasicproblems,like

implementation,andmove focusto amorecomplex setof problems,like design.

7. Briefly describehow accessto JBlanket hasinfluencedthewayyouwrite unit tests.(“post”)

This questionaddressesthethird hypothesis,which statesthatXC influencesthedesignand

implementationof testing.It is importantto find outwhatinfluencesJBlankethadandif these

influencescanbecomparedto theproblemsexpressedin the“pre” questionnairequestion#5.

8. Whatwouldyousuggestwedo to improve theusefulnessof JBlanket?(“post”)

This questionwasaddedfor two reasons.JBlanket is oneapproachto measuringXC. Any

suggestionsfor improvementsmay be directly applicableto improving XC. On the other

hand,suggestionscouldtargettheusabilityof thetool, asimprovementsarealwaysneeded.

4.3.2 Extr emeCoverage

For every setof metricscollectedfrom theCVS checkouts,the following measurements

wererecordedfrom thenormalsetof resultsprovided by theJBlanket andLOCC toolsandaddi-

tional calculations:

1. JBlanketmeasurements:totalmethods,totalone-linemethods,totalmulti-line methods,total

testedmulti-line methods,totaluntestedmulti-line methods,andpercentcoverage

2. LOCC measurements:total methods,total testmethods,total non-testmethods,percenttest

methods,totalLOC, total testLOC, totalnon-testLOC, andpercenttestLOC

The mostimportantJBlanket coveragemeasurementwasthepercentcoverage.With a history of

this measurementover a periodof time, possibletrendscanbe observed. In addition, it canbe

matchedagainstvariousLOCC measurementsto estimatethe effort to reachandmaintain100%

coverage.

While I cannotlist the one-linemethods,including this metric signalshow many more

methodscouldhave requiredexercising.It alsoindicatesthemaximumnumberof additionaltests

avoided. The total methodsgive a rough estimateof eachservice’s size. The total multi-lined
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methodsrepresentshow many methodsneedto be tested,andthe total testedanduntestedmulti-

linedmethodsrepresentexactlyhow difficult it is to reachandmaintaincoverage.For example,the

casewhen200methodsaremulti-linedandonly two werenot invokedduringtestingcouldsuggest

thatachieving total coverageis morechallengingthanexpected.

From LOCC, the main measurementswerethe uncommentedtotal LOC, or total LOC,

andtheuncommentedtestLOC, or testLOC. With thesemeasurements,it maybepossibleto detect

changesin codingactivity. This is mostinterestingwhendetectedactivities donot correspondwith

unchangingcoveragebehavior. Moreover, with a measurementlike the total methodsor total test

methodschangesin thecoveragemeasurement,or lack thereof,couldhave many implicationswith

respectto maintainingcoverage.

The calculationof the percentof test methodsand test LOC simplified comparisons

againstcoveragebecauseof the similar units of measurement.The total non-testmethodsand

total non-testLOC aremeasurementscalculatedfrom their respective total andtestcounterparts.

Recordingthesemeasurementscompletethesetof observations.

4.4 Duration

Theevaluationperiodbeganon November6, 2002,whenstudentsfilled out thePre-Use

questionnaire.This tookat most10 minutesfor all 13 studentsto complete.

Thecoveragedatacollectionperiod,on theotherhand,lastedfor 5 weeks.A preliminary

samplewastaken the day beforethe questionnairesweregiven to the students.The samplewas

solely for the presentationto inform the studentsof the level of XC of their services.It wasnot

includedin the resultingdataset. Thefirst official datacollectiondaywasNovember8. The last

dayof collectionwasDecember11.

On December11, studentscompletedthe Post-UseQuestionnaire.Becausethey were

includedwith thecourseevaluationforms,I did notreceivethemuntil mid-January2003,alongwith

the “pre” questionnairesso that I would not be swayedby any suggestionsduring this evaluation

period.
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Chapter 5

Results

Thischapterdiscussesmy qualitative andquantitative results.First,Section5.1describes

my adventuresin implementinga usableJBlanket system.Next, Section5.2 investigatespossible

trendsfrom ExtremeCoverage(XC) measurementsandthenverifiesthetrendswith theLOC and

methodmetricscollected.ThenSection5.3analyzestheLOC andmethodmetricsin anattemptto

quantifytheresultsfrom XC. Section5.4discussesresultsfrom thequestionnairesin stages,begin-

ningwith acomparisonbetweenthePre-UseQuestionnaireandPost-UseQuestionnaireanswersto

theclose-endedquestionswhoseanswersrangedfrom “Stronglydisagree”to “Stronglyagree”and

endingwith open-endedquestionresponsesandtheir applicability to XC. Section5.5 summarizes

how resultseithersupportor rejectthe hypotheses.ThenSection5.6 discussesthe limitations of

this research.Finally, Section5.7 includesaninterestingobservationsthat is not directly relatedto

thehypothesesof this research.

5.1 Supporting Extr emeCoverage

The conceptof XC is very simple. The creationof a usabletool to automateit is not.

Asidefrom theevolution throughpreviousversions,modificationshave continuouslybeenmadeto

thecurrentversionof theJBlanket systemsincetheevaluationperiod(which endedthreemonths

ago)to improve its usabilityandability to gatherXC measurements.

5.1.1 Experiencewith CREST

IntegratingJBlanket with theCRESTwebservicesbroughtattentionto a few implemen-

tationbugs.For example,onebug wasa missingtranslationof thebooleanprimitive typefrom its
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representation(“Z”) in theConstantPool. Without this translation,methodswith a booleanargu-

menttypeor returntypeareunquestionablyrecordedasuntestedmethodseventhoughthey could

have beeneithertestedor one-linemethods.

An incorrectimplementationof theSingletondesignpatterncausedanotherbug. Thepat-

terninstallsorderduringtheexecutionof multipleunit testswhenforking Ant’s junit task.Further-

more,methodsthataccessedthesamedatastructuresdid not containthe “synchronize”keyword.

Thesetwo bugsledto inaccurate“intermediate”coverageresultsbecausesomeresultsoccasionally

overwrotethemselves.

A final bug concernedthespeedwith whichJBlanket ran.Botha designflaw in JBlanket

aswell asthe CRESTdevelopmentprocesscontributedto thebug. Thedesignflaw (that is fixed

in thecurrentversion)did not detectpreviously modifiedmethods.For example,supposeJBlanket

calculatesthecoverageof asystemFoo. InsideFoois aclassBar. If Bar is neverchanged,andthus

never recompiled,the modifiedmethodsin Bar would be modifiedagain. Not only doesthe size

of theBar.classfile steadilyincrease,but themany modificationmethodcalls to storethemethod

typesignatures(of which only thefirst attempttriggerstheactualstorage)would wastemany CPU

cycles.

5.1.2 Experiencewith Hackystat

In February2003,JBlanket startedmeasuringthe coverageof Hackystat. This brought

attentionto evenmorebugs,this time relatedto usability.

Modifying Methods

For example,aspreviously mentioned,the unconditionalmodificationof methodswas

onceagaina problem. This simpleapproachcould causedramaticincreasesin the sizeof .class

files whentheclassis never recompiled.Therefore,addinga checkof whethertheConstantPool

alreadycontaineda referenceto the storeMethodTypeS ig natu re methodturnedthe sim-

ple modificationinto a smartmodification. This fix also reducedthe amountof time neededto

run JBlanket over a systemsincethecompiledclassesno longerneededto becleancopiesbefore

calculatingcoverage.
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Modifying More Than .classFiles

IntegratingJBlanket in its evaluationformat into the third versionof Hackystatproved

to be impractical. The architectureof Hackystat splits the systembetweena kernel with basic

functionality andplug-in extensionsfor eachfeature.Therefore,thekernelandits extensionsare

developedseparatelyand packagedinto separateJAR files. Becauseall testingis donethrough

thekernel,andtheextensionsarepackagedin a JAR file, theprocessof unjar-ing theextensions,

modify themwith JBlanket, andthenre-jar themthroughAnt eachtime coverageis measuredis

unreasonable.Instead,anew JAR utility in JBlanketperformsthisservice.Therefore,whenever the

extensionsaretested,their methodtypesignaturesarenow recordable.

Furthermore,modifying all files in a JAR file is not enough.It turnsout thatsomeof the

files in thepackagedJAR file previously belongedto outsideJAR files createdby outsidesources,

suchasJDOM.Not only do theseotherJAR files not containline numbers(which is whatbrought

attentionto this problem),but including themin thecoveragemeasurementis undesirable.There-

fore, thelatestimprovementallows themodificationof only specificpackageprefixes.

5.2 Extr emeCoverage

By itself, coverageis a ratherthoughtprovoking metricto observe. Only fiveof theeight

servicesfinishedwith 100%coverage.Theremaining3 serviceswerewithin 6% of total coverage.

Fromthegraphs,it appearsthatno two servicesexhibited theexact samebehavior. Instead,most

servicesweresimilar towardstheendof theevaluationperiod,whenthey werecloseto or obtained

100%coverage.At first glance,it seemedasif aftera servicereacheda thresholdvaluethatmay

not have been100%,its coveragedid not deviate very far from that level. (This is especiallythe

casewith Textbooks,which remainedat100%throughouttheentireevaluation.)

For example,in thecaseof Newsbulletin’s graph,coverageappearedto bequiteunstable

until it reached100%on December2. It never left that level thereafter. The unstablecoverage

measurementssuggestthatfocuswasnotalwayson increasingcoverage.Instead,eitherunit testing

wasdoneperiodicallyor Newsbulletin increasedits functionaltesting. The stablecoveragemea-

surementsuggesteithermaintainingsucha high level of coverageis not difficult, studentsneared

thecompletionof implementingtheservice,so little activity wasoccurring,or theeffort required

to reach100%wassogreatthat thestudentsdid not want to alter their codein fearof losingtotal

coverage.
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Table5.1. Summaryof Newsbulletin metrics

Date

Coverage

L

Total 

M
LOC

N Test LOC


M
Non-test 

O

LOC

N Total 


M
methods
P Test 


M
methods
P Non-test 


O
methods
P One-line 


Q
methods
P

11/8
 30.8%

R

1786
 172
 1614
 188
 13
 175
 110

11/11
 72.3%


S
2043
 406
 1637
 195
 22
 173
 112


11/14
 77.0%

S

2143

T

506

U

1637
 200

T

27

T

173
 113

11/17
 73.8%


S
2129
 506


U
1623
 190
 27
 163
 106


11/20
 88.9%
 2293

T

637

V

1656
 198
 33

R

165
 108

11/23
 89.0%
 2299


T
637

V

1662
 198
 33

R

165
 107

11/26
 96.0%


W
2578
 925


W
1653
 211
 47
 164
 111


11/29
 94.1%

W

2659

T

953

W

1706
 215

T

47

X

168
 113

12/2
 100.0%
 2690
 975


W
1715
 214
 47
 167
 113


12/5
 100.0%
 2686
 975

W

1711
 214
 47
 167
 113

12/8
 100.0%
 2686


T
975

W

1711
 214

T

47

X

167
 113

12/11
 100.0%
 2740
 982


W
1758
 214
 47
 167
 112


Uponcloserinspectionof theLOC behaviors, it appearsthatthemajority of thechanges

in Newsbulletin’s total LOC weredueto anincreasein thenumberof testLOC. Fromthedatacol-

lected,it is unclearwhetherall of thetestingefforts werefocusedon only increasingcoverage,but

it is clearthatcoveragedid increaseevery time thetestLOC increased.However, beforereaching

100%on at least2 occasions(November17 and23), many changesoccurredwithout any visible

changesin testLOC or testmethods.

Thefinal effort requiredby Newsbulletin to reach100%includedanincreaseof 5.9%in

coverageandan increaseof 31 LOC in total LOC, mostof which looks to be from an increasein

testLOC. It is difficult to concludeif any otherfactorswereinvolvedin this increase.For example,

it is not obvious if therefactoringof eithertestor non-testcodecausedthe increasebecausethere

wasno observablechangein thenumberof testmethods,but anobservableincreasein thenumber

of non-testmethods.

After reaching100%,Newsbulletin did notappearto evolveverymuch.Therewasalittle

observableactivity with respectto thechangein theLOC, but therewasnoobservableactivity with

respectto thechangein thenumberof methods.Sotheonly conclusionat this time is thatperhaps

thestudentsweresatisfiedwith whatthey achievedsofar, andsospentmostof their time cleaning

up thecode.

Ontheotherhand,Poll, whosethresholdvalueappearedto bebetween94-95%,showeda

dramaticdecreasein coverageof 21.5%onNovember29,andthenseemedto quickly recoverat the

next checkonDecember2. Thissuddendecreasein coverageonly happenswhena largenumberof
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methodsarenot testedascomparedto thenumberof total methods.It turnsout thaton November

29, 4 failuresoccurredfrom Poll’s testcases.SinceJUnit failuresthrow an exceptionwhenthey

occur, the remainderof the methodsin which they areinvoked arenever executed,resultingin a

possiblelossof methodsfrom coverage.

Table5.2. Summaryof Poll metrics

Date

Coverage

L

Total 

LOC

N Test LOC
 Non-test 


O
LOC

N Total 


methods
P Test 

methods
P Non-test 


O
methods
P One-line 


Q
methods
P

11/8
 87.5%
 3835

R

793

S

3042

R

380

R

62

V

318

R

220

11/11
 93.2%


W
3885

R

901

W

2984

T

380

R

67

V

313

R

219

T

11/14
 95.9%

W

4140
 1118
 3022

R

394

R

80
 314

R

224

11/17
 94.8%


W
4217
 1118
 3099


R
400
 80
 320


R
228


11/20
 94.8%

W

4216

X

1118
 3098

R

400

X

80
 320

R

228

T

11/23
 94.8%

W

4216
 1118
 3098

R

400
 80
 320

R

228

11/26
 95.3%


W
4216

X

1118
 3098

R

400

X

80
 320

R

228

T

11/29
 73.8%

S

4216

X

1118
 3098

R

400

X

80
 320

R

228

T

12/2
 94.8%

W

4209
 1111
 3098

R

400
 80
 320

R

228

12/5
 94.2%


W
4234

X

1125
 3109

R

400

X

80
 320

R

227

T

12/8
 94.2%

W

4234
 1125
 3109

R

400
 80
 320

R

227

12/11
 94.9%


W
4358
 1211
 3147


R
404
 84
 320


R
229


ThefactthatPoll missed100%coverageby atleast4.7%is crucial.By itself thisbehavior

suggeststhatremoving methodswith only oneline of codemaynotenough.Perhapsthereareother

untestablecategoriesof methodsbesideabstractandnative methods.On the otherhand,perhaps

thosemethodsthatwerenot invokedduringtestingshouldhave beenimplementeddifferently. For

example,asbelievedby TFD advocates,usingTFD wouldproducemoretestablemethods.(While

Resumewasalsonot ableto reachtotal coveragedueto onemethod,it is harderto concludeif this

is dueto thedifficulty of achieving totalcoverageor if thestudentswerenotawarethismethodwas

untested.The JBlanket summaryoutputto the screenlists the coveragemeasurementroundedto

thenearestpercentin additionto thenumberof uninvokedmethods.)

Overall, every service,exceptfor Textbooks,experiencedat leastonedecreasein cover-

agethat appearedat no particularpoint in development.From TableC.3, the dropsrangedfrom

0.1%to 21.5%.Thecoveragemeasurementsof FAQ, Login,andTechreportsdecreasedaround1%.

Newsbulletin showed decreaseslessthan4%. Poll hadonebig decreaseof about21% andother

smallerdipslessthan2%. Theremaining2 services,ResumeandTutor, eachexperienceddecreases

lessthan15%. The presenceof thesedropsin coveragesuggestthat maintainingcoverageis not

effortlessandthatduringthoseperiodsin development,focusmaynothavebeenonly onincreasing
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coverage.For example,in FAQ andLogin, decreasesin coverageappearedwhenlittle or no evi-

denceof changeto theobserved testLOC or testmethodsexisted. However, in Techreports,there

appearedto behalf asmuchchangein thetotal testLOC thannon-testLOC andanincreasein the

totalnumberof non-testmethodsaswell astestLOC.

Anotherinterestingobservation is thatseveralservicesexperiencedonedropin coverage

that wassignificantlylarger thanthe others,while theothersweresmallerdropsaround1%. For

example,theTutorserviceshoweda14.3%dropat thebeginningwhile its other2 dropswereonly

1.5%and0.2%. Similarly, Resume’s biggestdrop is 8.7%,andits otherdrop is 0.9%. The large

dropsoccurduringtimesin whichtherewasnoobservablechangein thetotal testLOC,but changes

in thetotal non-testLOC. Thesetwo servicesfurthersupporttheassumptionthatmaintainingcov-

erageis not easyandrequiressomeeffort. (Poll’s big dropof 21.5%waspreviously explainedand

is alsoin favor of thedifficulty of maintainingcoverage.)

My lastcoverageobservationconcernstheamountof effort thatmightbeneededto reach

100%. From FAQ, Login, Newsbulletin, Techreports,andTutor, an averageof 2.8% increasein

coveragewasthe last increasebeforereachingtotal coverage.(Technically, Resumedid not reach

100%,so it is not fair to assumethat the studentscould have invoked the 1 remainingmethod.)

Becausethe remaininguncoveredpercentageis so low, covering the remainingmethodswould

probablyrequiresomeeffort on thepartof theprogrammers.

5.3 LOC and Method Metrics

Theprevious sectionshowed thatsomeeffort wasrequiredfor reaching100%coverage

andthatmaintainingthatlevel of coveragerequiredsomeeffort. In thissectionI attemptto discover

how mucheffort bothcasesrequire,andif thateffort is reasonable.Sincesix of theeightservices

(FAQ, Login, Newsbulletin, Techreports,Textbooks,and Tutor) reachedand/ormaintainedtotal

coverage,they areconsideredin this analysis.In addition,even thoughPoll did not achieve total

coverage,it did reacha thresholdvalueandmoreor lessmaintainit. Therefore,this analysisalso

includesPoll.

5.3.1 Reaching100% Extr emeCoverage

As mentionedin theprevioussection,anaverageof 2.8%increasein coverageprevented

someservicesfrom reachingtheir thresholdvalue(that may or may not have been100%). Since

Textbooksstartedwith totalcoverage,thisportionof theanalysiscannotincludeit. Calculatinghow
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mucheffort theprogrammersusedto reachthat level is impossible.It couldvery well bethat they

did notneedto useany additionaleffort to invoke every methodat leastonceduringtesting.On the

otherhand,thecomplexity of this servicecouldhave beenlow enoughthat it resultedin methods

thatwereeasierto test.

Everyserviceshowedanincreasein theirtotalnumberof testLOC exceptfor Techreports.

In fact, Techreportsdecreasedits total LOC (-101 LOC), which resultedin a total loss of two

one-linemethodsand four non-testmethodsfor an increaseof 1% in coverage. In addition, the

studentsfixedthesingletestfailurethatoccurredin thepreviouscheck.This decreasein LOC and

methodssuggeststheprogrammer(s)possiblyrestructuredthenon-testcodeandimprovedthetests

to increasecoverage.

Table5.3. Changein Techreportsmetricsfor reaching100%coverage

Date

Y Coverage


L
Total 

LOC


Test LOC
 Non-test 

O

LOC

Total 


methods

Test 


methods

Non-test 

O
methods


One-line 

Q
methods


11/8 - 11/11
 14.5%
 250
 275
 -25
 2
 7
 -5
 -1


11/11 - 11/14
 1.8%
 200
 66

Z

134
 7
 0
 7
 6


11/14 - 11/17
 0.1%

[

54

\

21
 33

]

2
 0
 2
 0


11/17 - 11/20
 -0.5%
 384
 135
 249
 25
 5
 20
 8


11/20 - 11/23
 8.5%

^

237
 245
 -8
 6
 8
 -2
 0


11/23 - 11/26
 2.6%
 260
 240
 20
 5
 6
 -1
 1


11/26 - 11/29
 1.0%
 -101
 -63
 -38
 -4
 0
 -4
 -2


Most servicesshowedmorechangein their testLOC thantheir non-testLOC exceptfor

FAQ. Thepositive increasein testLOC andtestmethodssuggestthe implementationof moretest

cases.The positive increasein testLOC andno changein testmethodssuggestimprovementin

testcases.Althoughtherewereno obviouschangesin thenumberof methodsin FAQ, thegreater

increasein its total non-testLOC (+136LOC) thanits testLOC (+4 LOC) suggeststhat focuswas

moreonmodifying non-testcodeto increasecoverage.

Thenumberof one-linemethodsof mostserviceschangedeitherpositively or negatively

exceptfor Newsbulletin, whosenumberof one-linemethodsdid not change.Newsbulletin hadthe

secondhighestincreasein coverageof 5.9%.In additionto its smalltotalLOC increase(+31LOC),

its totalnumberof non-testmethodsdecreasedby 1 while its testmethodsremainedthesameandits

testLOC increasedby 22LOC. Thissuggestssomerestructuringof non-testcodeandimprovement

to testcodeto increasecoverage.
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Table5.4. Changein FAQ metricsfor reaching100%coverage

Date

Y Coverage


L
Total 

LOC


Test LOC
 Non-test 

O

LOC

Total 


methods

Test 


methods

Non-test 

O
methods


One-line 

Q
methods


11/8 - 11/11
 36.7%

R

168
 143
 25
 14
 8
 6

V

10


11/11 - 11/14
 0.0%

_

0

_

0

_

0

_

0

_

0

_

0

_

0

_

11/14 - 11/17
 0.0%

_

8
 0

_

8
 0

_

0

_

0

_

0

_

11/17 - 11/20
 13.5%
 240
 67

V

173
 13
 5

U

8
 3

R

11/20 - 11/23
 0.7%

_

-15
 0

_

-15
 -3
 0

_

-3
 -2


11/23 - 11/26
 -0.6%
 31

R

0

_

31

R

1
 0

_

1
 -1


11/26 - 11/29
 12.5%
 14
 57

U

-43
 2

T

3

R

-1
 4

X

11/29 - 12/2
 3.4%

R

140
 4

X

136
 0

_

0

_

0

_

-1


Table5.5.Changein Newsbulletin metricsfor reaching100%coverage

Date

Y Coverage


L
Total 

LOC

N Test LOC
 Non-test 


O
LOC

N Total 


methods
P Test 

methods
P Non-test 


O
methods
P One-line 


Q
methods
P

11/8 - 11/11
 41.5%

X

257

T

234

T

23

T

7

S

9

W

-2
 2

T

11/11 - 11/14
 4.7%

X

100
 100
 0

_

5

U

5

U

0

_

1


11/14 - 11/17
 -3.2%
 -14
 0

_

-14
 -10
 0

_

-10
 -7


11/17 - 11/20
 15.1%
 164
 131
 33

R

8
 6

V

2

T

2

T

11/20 - 11/23
 0.1%

_

6

V

0

_

6

V

0

_

0

_

0

_

-1


11/23 - 11/26
 7.0%

S

279
 288
 -9
 13
 14
 -1
 4


11/26 - 11/29
 -1.9%
 81
 28
 53

U

4
 0

_

4
 2


11/29 - 12/2
 5.9%

U

31

R

22
 9

W

-1
 0

_

-1
 0

_
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On the otherextreme,Login increasedits numberof one-linemethodsby 34 methods,

whichcontributedto theimprovementof its coverageby 29.4%to reach100%thefirst time. Other

noticeablechangesincludeda total increaseof 279testLOC, 21 testmethods,6 non-testmethods,

andthe removal of 57 LOC from the total non-testLOC. Theprogrammerfor Login clearly took

advantageof the exclusion of one-linemethods. He also could have dramaticallyimproved the

quality of thetestcasessincethereis little or no evidenceof changein testLOC from theprevious

checkout or thesubsequentcheckout.

Table5.6.Changein Login metricsfor reaching100%coverage

Date

Coverage

L

Total 

M
LOC

N Test LOC


M
Non-test 

O

LOC

N Total 


M
methods
P Test 


M
methods
P Non-test 


O
methods
P One-line 


Q
methods
P

11/8 - 11/11
 0.0%

_

0

_

0

_

0

_

0

_

0

_

0

_

0

_

11/11 - 11/14
 0.2%

_

102
 0

_

102
 3

R

0

_

3

R

2

T

11/14 - 11/17
 29.4%

T

222

T

279

T

-57
 27

T

21

T

6

V

34

R

At onepoint,astudentrevealedto methatinsideeveryJUnit testclassis amain method

thatlookedlike thefollowing:

public static void main(String[] argv)
�

//Runs all no-arg methods starting with "test".

System.out.println(‘‘Running testclass TestFoo.’’);

TestRunner.run(new TestSuite(TestFoo.class));�

Thesemethodsareincludedto ensurethat individual testsclassescanbe executedfrom thecom-

mandline interfaceinsteadof executingevery testclassthroughtheAnt build.xml file. However,

the implementationof testcasesto invoke themain methodsis not feasiblebecausethesemeth-

odsinvoke the testclasses.Therefore,onestudentrealizedthat commentingout, or removing the

System.out.prin tl n methodcall reducesthemain methodto oneline of code,andtherefore

becomingexemptfrom thecoveragemeasurement.

From the above observations,the easiestway to increasecoverageis to first attemptto

reducemulti-line methodsto one-linemethodsby removing non-essentialcode.Othertechniques

includeaddingmoretestcases,modifying non-testcode,or improving testcases.(XC appearsto

requireupdatingtestcaseswheneverasystemis changed,whichalsoincreasesthechancesof higher
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coveragemeasurements.)Overall, thesearepositivechangesaprogrammershouldalwaysperform,

regardlessof whethercoverageis or is not measured.The fact thatno serviceshowed changesin

their total LOC exceeding300LOC couldimply thata smallamountof effort wasused.However,

it is alsoplausiblethatthecauseof thesmallamountof noticeablechangeis therefactoringandre-

designingof thetestandnon-testmethodsandclassessuchthattheresultcontainedaslight increase

in thesizeof codethantheoriginal size. Therefore,while reaching100%XC may not appearto

requirean unreasonableamountof work from this perspective, more researchwill be neededto

evaluatethisclaim.

5.3.2 Maintaining Extr emeCoverage

Shiftingthefocusto determiningif XC is maintainablewith areasonableamountof effort

changesthegroupsof servicesanalyzed.Textbooksis includedin this portionof analysissinceit

had100%coveragefrom the first checkout andmaintainedthat level of coveragethroughoutthe

evaluationperiod. (Actually, Textbooksshouldprovide the bestevidenceto how mucheffort is

neededto maintainXC.) However, Tutorcannotbeincludedin thisanalysisbecauseit reachedtotal

coverageonthelastdayof theevaluation.Therefore,nodataexistsregardingany activities,or lack

thereof,for maintainingits coverage.

Whilecoveragenevervariedfrom100%,Textbook’sdatareflectedonlyaminimalamount

of activity. For example,when consideringthe dataat facevalue, the only day in which activ-

ity clearly could have influencedthe maintainabilityof coverageis November17, whenthe total

methodsincreasedby 3 methods.Oneassumptionis thatthestudentsimplementedsomeadditional

modificationsandthenits tweakingcarriedover to thenext checkout. Asidefrom this day, observ-

ableactivities occurononly threeotherdays,eachonealteringthetotalLOC by lessthan30LOC.

It is possiblethat the implementationof this service’s featuresnearedcompletionwhencoverage

wasmeasured,sotheonly taskremainingwasto cleanupthecodeandimproveunit testing.There-

fore, the conclusionthat coveragemaintainabilityrequiresa reasonableamountof effort derived

from thebehavior of this serviceis duemainly to thedatacollectedon November17.

Conversely, thepossibilityof this service’s featuresnot beingalmostcompleteis remote

becauseanadditionof a featurewould mostlikely producean increasein thenumberof non-test

LOC or non-testmethods.

On the otherhand,FAQ displayeda lot of activity in the four checkoutsafter reaching

100%.TotalLOC appearsto changeby 309LOC (+181LOC,-128LOC) andtotalmethodsappears

to changeby 18 methods(-10LOC, +8 LOC). This is thesecondmostobservabletraumaa service
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Table5.7. Changein Textbooksmetricsfor maintaining100%coverage

Date

` Coverage


a
Total 

LOC

b Test 


LOC

b Non-test 


c
LOC

b Total 


methods
d Test 

methods
d Non-test 


c
methods
d One-line 


e
methods
d

11/8 - 11/11
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

11/11 - 11/14
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

11/14 - 11/17
 0.0%

f

105
 94

g

11
 3
 3
 0

f

-1


11/17 - 11/20
 0.0%

f

2

h

0

f

2

h

0

f

0

f

0

f

-1


11/20 - 11/23
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

11/23 - 11/26
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

11/26 - 11/29
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

11/29 - 12/2
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

12/2 - 12/5
 0.0%

f

26

h

0

f

26

h

0

f

0

f

0

f

0

f

12/5 - 12/8
 0.0%

f

0

f

0

f

0

f

0

f

0

f

0

f

0

f

12/8 - 12/11
 0.0%

f

12
 0

f

12
 0

f

0

f

0

f

0

f

experienced.Interestingly, thetotalone-linemethodsdroppedby 4 duringthis time. Thenumberof

testmethodsandnon-testmethodsdid not continuallyincreasenor continuallydecrease.Instead,

therewasadecreasein totalmethods,anincreasein totalmethods,andthenadecreaseagain.This

could be dueto the removal of unneededmethodsfollowed by the creationof moremethodsand

moretestmethodsto testthenew methods.If this is whathappened,thenmaintainingXC probably

requiressomeeffort sincethetotal increasein testLOC is greaterthanthetotal increasein non-test

LOC.

Table5.8. Changein FAQ metricsfor maintaining100%coverage

Date

Y Coverage


L
Total 

M
LOC

N Test LOC


M
Non-test 

O

LOC

N Total 


M
methods
P Test 


M
methods
P Non-test 


O
methods
P One-line 


Q
methods
P

12/2 - 12/5
 0.0%

_

-128
 9

W

-137
 -9
 -1
 -8
 -3


12/5 - 12/8
 0.0%

_

171
 105
 66

V

8
 3

R

5

U

0

_

12/8 - 12/11
 0.0%

_

10
 2

T

8
 -1
 0

_

-1
 -1


The most traumatizedserviceafter reaching100%coverageappearsto be Login. This

servicefirst achievedtotalcoverageonNovember17. Thencoveragedroppedto 99.2%for thenext

two checkoutsbecauseonemethodwasmissed.Login thenregained100%coverageuntil theend,

whenonceagainamethodwasnot invoked,droppingto 99.2%.Thebouncingbetweentwo values
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suggeststhat maintainingcoveragerequiresa lot of work sincethe observable changesin LOC

arerelatively small comparedto the final sizeof the service,yet 100%coveragewasnot always

maintained.More activities occurredduringthesecondvisit to 100%.However, themostactivities

seemto have takenplacebetweenDecember8 to 11,whentotal LOC increasedby 207LOC, total

methodsincreasedby 17methods,andone-linemethodsincreasedby 16methods.This lastchange

lookssuspiciouslylike thecreationof a new class.If so,thenit implies thatcodewasmostlikely

refactoredsincetherewerenoobservablechangesin testLOC or testmethods.

Table5.9.Changein Login metricsfor maintaining100%coverage

Date

Coverage

L

Total 

M
LOC

N Test LOC


M
Non-test 

O

LOC

N Total 


M
methods
P Test 


M
methods
P Non-test 


O
methods
P One-line 


Q
methods
P

11/17 - 11/20
 -0.8%
 11
 1
 10
 1
 0

_

1
 0

_

11/20 - 11/23
 0.0%

_

0

_

0

_

0

_

0

_

0

_

0

_

0

_

11/23 - 11/26
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Poll’s coveragereachedapproximately96%at best,but it’s coveragemeasurementsalso

bouncedaroundwhile theamountof noticeableactivity wasminimal. Thecoveragemeasurement

alonehintsthatcoverageis noteasyto maintain.

Thebehavior of Newsbulletin is somewhatsimilar to Textbooks– no observablechanges

in numberof methods,but observablechangesin LOC.

Techreportsdisplayedunusualbehavior throughoutthe evaluationperiod. It showed a

steadyincreasein total testLOC beforereaching100%coverage,and thena steadydecreasein

total testLOC after reaching100%. As a whole, maintenancebehavior suggeststhe cleanup of

non-testandtestcode.Therefore,in this case,maintainingcoverageonceagaindid not appearto

requireanunreasonableamountof effort.

Overall, the amountof effort neededto maintainXC is not definite becausedifferent

servicesproduceddifferent results. From the bouncingbetweenvaluesby Login and Poll that

suggestperhapstheamountof effort is unreasonableto thesteadycoverageby theremainderof the
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servicesthat suggestperhapsthe amountof effort is reasonable,the only clearconclusionis that

moreinvestigationis needed.

5.4 Questionnaires

Two differenttypesof questionsappearedonboththePre-UseQuestionnaire(“pre”) (See

FigureA.1) andPost-UseQuestionnaire(“post”) (SeeFigureA.2): close-endedquestionsandopen-

endedquestions.The close-endedquestionsasked studentsto rate their responsesasoneof the

following: stronglydisagree,disagree,noopinion,agree,or stronglyagree.Theratingfor theircur-

rentcoverageis: 0%,25%,50%,75%,100%.All answersarecomparedusing“pre” questionnaire

responsesversus“post” questionnaireresponseseitherperstudentor asa class.Due to thesmall

samplesize,therewereno attemptsat statisticaltestsfor significance.

5.4.1 Unit TestsareVery Important

Theintensionof this close-endedquestionis to discover how muchvaluestudentsplaced

onunit testingin general.In the“pre” questionnaire,majorityof thestudentsansweredeitheragree

or stronglyagreeandonestudenthadno opinion. In the“post” questionnaire,moststudentseither

agreed or stronglyagreed. Every answereitherremainedthesameor increased.Clearly, students

agreedin theendthatunit testsareimportantto correctlyfunctioningsoftware.

Thestudentthatfirst hadnoopinionchangedtostronglyagreethatunit testsareimportant.

Interestingly, for all of theclosed-endedquestions,this samestudent’s responsesall changedfrom

negative to positive responses,suchasdisagreeto agree.

5.4.2 DesigningUnit Testsis Hard

Thisclose-endedquestiongaugestheamountof effort studentsneedto implementuseful

unit tests.In the“pre” questionnaire,moststudentsansweredwith agree, but answersrangedfrom

disagreeto stronglyagree. In the “post” questionnaire,moststudentsonceagainansweredagree,

with answersrangingfrom disagreeto stronglyagree. Therewasno particulardirectionin change

betweenquestionnaires.Someopinionsincreasedin favor of difficulty, somedecreasedin favor of

easiness,andothersstayedthesame.

The changesin opinionscould have beeninfluencedby, amongotherthings,either the

introductionto XC andJBlanket or thecomplexity of the8 services.

54



0


2


4


6


8


10


12


14


Strongly disagree
 Disagree
 No opinion
 Agree
 Strongly agree


Pre-Use


Post-Use


Figure5.1. Question1 responses

0


2


4


6


8


10


12


14


Strongly disagree
 Disagree
 No opinion
 Agree
 Strongly agree


Pre-Use


Post-Use
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5.4.3 My Unit TestsareGood

This close-endedquestionmeasuresthe confidencestudentshave in their currentunit

testingabilities. In the “pre” questionnaire,answersrangedfrom stronglydisagreeto agree, with

agreebeing the more popular, thoughnot by much. In the “post” questionnaire,answerswere

slightly more positive, rangingfrom disagreeto strongly agreewith the consensusremainingat

agree. Someopinionsdecreasedin confidenceor remainedthe same,but the confidenceof most

studentsincreased.

While onestudenthadno opinion in the“pre” questionnaire,his coveragemeasurement

was estimatedat 100%. In the “post” questionnaire,the samestudentagreed that his unit tests

did a goodjob afterknowing thecoveragemeasurementof his service.Furthermore,his response

to JBlanket’s influenceon his unit testsstatedthat he did not think he did much testingbeyond

coveragetesting.Therefore,this studentmustunderstandthat total coveragedoesnot indicatethe

endof unit testing.
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Figure5.3. Question3 responses

5.4.4 JBlanket is Helpful

Thisclose-ended“post” questionnairequestionmeasurestheusefulnessof JBlanket. The

answersrangedfrom disagreeto stronglyagree, with majorityof thestudentsagreeing thatJBlanket

washelpful, i.e.,knowing their XC washelpful.

56



Two studentsdisagreed thatJBlanket is helpful. For onestudent,theanswersto theother

questionsdid notprovide sufficient evidenceasto thereasonfor his negative opinion.On theother

hand,thesecondstudentdid not seemto placemuchvalueon the reductionin testcodesizethat

alsoincreasedcoverage.
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Figure5.4. Question4 responses

5.4.5 My Method Coverageis ...

This close-endedquestionverifieshow realisticstudents’expectationsof their coverage

are. In the “post” questionnaire,every studentestimatedhis coverageat 100%. However, in the

“pre” questionnaire,a surprisingnumberof six studentsranked their coverageasapproximately

25%, andonly onestudentapproximating100%. The averagecoverageapproximationis about

46%.Theactualaveragecoveragefrom thefirst dayof datacollectionis 38.7%,proving onceagain

thatpeopleover-estimatetheir coverageswhenthey arenotmeasuringit.

Interestingly, theonestudentwhoseestimatedcoverageremainedat100%stronglyagreed

thatJBlanket is helpful.

5.4.6 Unit TestProblems

Thisopen-endedquestiontouchesuponwhetherXC succeededin addressingencountered

problemswith designingandimplementingunit tests.The“pre” questionnaireconcernscamein a

wide variety, rangingfrom not having enoughtime to implementadequateteststo frustrationfrom
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not beingableto implementtestscorrectlyto the inconvenienceof changingunit testsin response

to changesin sourcecode. For example,onestudentclaimedthat outsideinspirationwasneeded

asmotivation for implementingtests. Anotherstudentclaimedthat updatingunit testswas“very

tediousandcumbersome.” Someof his classmatesagreedthatunit testswerefragile andrequired

immediateattentionwheneversourcecodeis changed.(Becausetheserviceswerealwaysbuilt asa

whole,onefailedtestwould “break” thebuild.) Finally, 3 studentscommentedonhaving problems

determiningwhattestcasesto write andhow to ensurethatthey includedall combinationsof valid

andinvalid values.

Workingtowardsagoalof 100%XC providesmotivationfor writing testcasesmorethan

instructionsthatvaguelyspecifythecodeneedsto betested.However, only applyingXC maynot

provide enoughmotivationfor someprogrammers.

With regardsto updatingunit tests,XC cannothelpstudentspredictwhich methodswill

changeor provide implementationhintsfor teststhatwill not bemodifiedthenext time somecode

is changed.Unfortunately, no matterhow they are designed,automatedtestslike JUnit require

maintenance[40]. However, if a studentfindsthis problemoccurringfrequently, it maysignalthat

the implementationof the testcasesare too tightly coupledto the implementationof the system

beingtested. On the otherhand,perhapsthe problemis not the testcases,but the designof the

system.Thestudentmayneedto re-thinkthecurrentdesignbeforeproceedingwith testingsothat

thesystemwill beasrobustandeasyto testaspossible.
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As to thelackof directionwhendesigningtestcases,JBlanketcreatesreportsthatincludes

methodsnot invoked in testing. This list of untestedmethodscan serve as a startingpoint for

studentsto decidewhat to testnext. By creatingtestsfor the untestedmethods,other testcases

usingspecificboundarypointsor conditionsmayberealized.

In the“post” questionnaire,answersonceagaincovereda varietyof problems.However,

the typesof theproblemsshiftedfrom personalissueswith testing,like finding the motivation to

createthem,to theactof designing,implementing,andexecutingtests.For example,studentsare

no longercluelesson what to test. Instead,they now know aboutmethodcoverageandcanmove

beyond it to “trying to figureout how to thoroughlytestthesystem.” At leastonestudentrealized

that “reaching100%methodcoveragedoesnot meanthat the softwareis fault free. If you make

thatassumptionyouareworseoff thennothaving 100%.”

Otherproblemsincludedtestinglinkedpages,lackof a testingtool for JavaScript,testing

void or file I/O methods,andNullPointerExceptions.The problemof updatingtestswasstill an

issuefor onestudent.Issuesrelatedto gettingtestcasesto executecorrectlyandreliably werestill

presentaswell.

At leastonestudentexperiencedaproblemrelatedto testingreliability. Runningonly the

service’s testsproduceddifferentoutputthanrunningall of thetestsin CRESTtogether. While the

causeof this is still unknown, theonedifferencebetweenthestudents’developmentenvironment

and my developmentenvironmentwas our versionsof Tomcat. After Tomcatwas fixed to one

specificversion,thisproblemwasnotbroughtupagainuntil the“post” questionnaire.Therefore,it

is unclearwhetherthiscommentrefersto theirpreviousexperienceor theproblemwasstill present

at theendof thesemester.

5.4.7 JBlanket InfluencedMy Unit Tests

This open-endedquestionin the“post” questionnairelooksfor thetypesof changesstu-

dentsnoticedin their unit testing. It canalsobe interpretedashow knowledgeof XC influenced

unit testing.

A handfulof studentsclaimedthat they wrote moreunit tests. A coupleof themstated

they wrote lesstestcodeto increasetheir coverageby invoking the “bigger” methodsthat called

other“smaller” methodsinsteadof implementingindividual testsfor the “smaller” methods.One

studentsaidthathewasableto write testsquicker. Interestingly, anotherstudentwrote thatusing

JBlanket improvedhis confidencein his unit tests.
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However, JBlanket andXC also influencedsomeundesirablebehavior. Somestudents

mentionedthatthey endedup focusingsomuchonreaching100%coveragethatthey did not think

toomuchaboutincludingothertypesof testing,like conditionalsor boundaryconditions.

5.4.8 JBlanket NeedsImpr ovement

SinceJBlanket is closelyassociatedto XC, answersto thisopen-endedquestioncouldbe

interpretedassuggestionsto improveXC, JBlanket,or both.For example,suggestedimprovements

on thespeed,clarity of output,andinclusionof a method-callingtreearespecificto JBlanket. The

speedof theearlierversionof JBlanketusedby theICS414classfor evaluationwasrelatively slow.

As the size and complexity of a systemincreased,the time to measurecoveragealso increased

becausea cleanbuild of the systemwasalwaysneeded.This problemis no longera concernin

the currentversion. With respectto the output,asmentionedpreviously, the summaryprintedto

theconsoleroundednumbersto thenearestpercent.Therefore,it wasdeceiving to studentswhen

coveragewaslistedat100%,but 1 methodwasnot invoked.

Includinga method-callingtreeis actuallya plannedfutureimprovementto theJBlanket

system. This tree would representa map of all the methodsin a systemand the methodsthey

call. After resultsfrom onerun of JBlanket arecalculated,thenodesin the treewould indicateif

a methodwasinvoked or not, visually identifying the next possibletestcasethat would increase

coverage.

A coupleof studentsrequestedchangesto bothXC andJBlanket. For example,someone

saidthatall methods,regardlessof size,shouldbeincludedin coverage.Otherstudentsclaimedthat

othergranularitiesof coverageshouldalsobeincluded,likestatementcoverageor branchcoverage.

Onecommentincludedin the previous questionactuallyappliesto this question. The

studentwrote that the covering of emptymethods,i.e., methodsthat do not containany lines of

codein its body shouldnot be counted. While theseemptymethodswere includedin coverage,

they were includedwith the assumptionthat eventually the methodswould containcode. If not,

thenthey wouldbeimplementedasabstractmethods.However, thecasewhereemptymethodsact

asplaceholdersthat eitherrestricta userfrom invoking the methods,like privateconstructors,or

provide requiredimplementationof abstractmethodswerenot considered.This issueneedsfurther

investigated.
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5.5 Summary

Armedwith theobservationsmadefrom theevaluationresults,the following summaries

canbemadeaboutthethreehypotheses:

1. Technologyto supportXC is feasibleandpractical.

Althoughimprovementsarecontinuouslyneeded,JBlanket hasalreadyevolvedinto aneasy-

to-useandcomprehensibletool to measureXC. It providesa packageof functionalitiesthat

arenotavailablewith theothercoveragetoolsmentionedin Chapter3. It currentlysurpasses

othermethodcoveragetoolswith its flexibility concerningone-linemethodsandextendibility

to includeotherXC rules.

Furthermore,the run times for building Newsbulletin with the old versionof JBlanket is

alwaysapproximately75 secondsandwithoutJBlanket is approximately60 secondsthefirst

time and25secondsthereafterwith no changesto thesourcecode.Therun timesfor thetest

caseswith theold versionof JBlanket is 225secondsversuswithoutJBlanket is 150seconds.

With thenew versionof JBlanket, building Newsbulletin takes90 secondsthefirst time and

then60 secondsthereafterwith no changesto thesourcecode,andthe testcasestakes225

seconds.Therefore,thetimeto measurebothunit testsandcoverageincreasedexecutiontime

by 50%- 140%.

2. Theeffort requiredto achieve andmaintainXC is reasonable.

Evidencedid suggestthat achieving XC requiressomeeffort andmaintainingXC requires

someeffort. Conflictingobservationsbetweenthebehaviorsof differentservicessuggeststhat

maintainingXC wasrelatively easyandthatmaintainingXC wasrelatively hard. However,

dueto thelimitationsof theLOCCmetricscollected,exactlyhow mucheffort is unclear.

3. Knowledgeof methodcoveragecanhelpwith systemdesignandimplementation.

Fromthequestionnaires,themajority of thestudentsagreedthatusingJBlanket to measure

their coveragewas helpful with writing useful unit tests. It encouragedstudentsto write

testsmoreoften andhelpeda couplestudentsby reducingthe amountof testcodeimple-

mentedwhile exercisingmoremethods.However, somestudentsclaimedthatconcentration

on achieving 100%coveragedrew attentionaway from designingand implementingother

testcasesthatcheckedboundaryvaluesandconditionals.
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5.6 Limitations

Following thepresentationof theresultsof thisstudy, severallimitationsonthegenerality,

applicability, andinterpretationof this researchneedto bementioned.

First,generalizingtheresultsof thisstudyto abiggerpopulationis notrecommended.The

hypothesesof this researchwereevaluatedusinga smallgroupof 13 undergraduatestudents.The

rangeof their“experience”isunknown asthey wereonlyexpectedto havesomeworkingknowledge

of technologieslike Java, Tomcat,Ant. Moreover, thestudents’behaviors andthebehaviors of the

servicesthey implementedarespecificto their situations.As canbeseenfrom theresults,no one

serviceactedexactly thesameasanotherservice.

In addition,themetricsobtainedfrom bothJBlanket andLOCC reflectsnapshotsof the

stateof eachserviceatperiodicintervalsfor 5 weeks.Thedatadoesnotrepresentall of theactivities

thatoccurredduringtheintervals. For example,while thechangein total LOC mayappearto be0,

thereality is that20non-testLOC couldhavebeenremovedandreplacedby 20othernon-testLOC

thataremoreeffectiveat increasingcoverage.Furthermore,it is impossibleto detectbig changesin

sourcecodewhenonly smallamountsof changesaredetected.For example,anew classcanreplace

a groupof relatedmethodswhile thetotal numberof methodsdoesnot change.Poll is anexample

of this possibility – no visible changescould be detectedwith respectto LOC or the numberof

methods,but XC activity wasstill present.

Finally, mostcoveragemeasurementsshouldbetakenwith agrainof salt.Unfortunately,

not all testcasespassed100%of the time. For example,in Poll, the coveragedecreasedat one

point dueto testcasefailures.However, otherserviceswith testfailuresdid not resultin suchbig

differencesin their coverage.

5.7 Additional Observations

Aside from proving or disproving the hypotheses,anotherinterestingobservation was

madefrom theresultsof JBlanket andLOCC thatwerenot directly connectedto theobjectivesof

this study.

At theendof theevaluation,thepercentageof testLOC andtestmethodsfor eachservice

on eachdatewas calculated. Then the differencein the percentagesbetweenNovember8 and

December11 wasfound.Theresultsareshown in Figure5.6andTable5.10.
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Interestingly, theservicewith themostincreasein coverage,Resume(72.0%),alsohad

themostincreasein percentof testLOC (31.0%)andpercentof testmethods(22.0%).Conversely,

theservicewith theleastincreasein coverage,Textbooks(0.0%),did nothave theleastincreasein

percentof testLOC (3.3%),but did have theleastincreasein percentof testmethods(1.5%). The

servicewith theleastincreasein percentof testLOC (-0.1%)wasTutor.
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Table5.10.Percentchangein metricsof CRESTservices
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Chapter 6

Conclusionsand Futur eDir ections

Unit testingis a usefulsoftware testingtechniquethat can reducethe costof software

developmentby revealingdefectssoonerandcanincreasethelikelihoodof producingquality soft-

ware. In this research,a variationof methodcoveragecalled“ExtremeCoverage”(XC) wascom-

binedwith unit testingin anattemptto reducethecostof implementingunit testswhile increasing

theirquality. Resultsshowedthatknowledgeof XC influencedthefrequency of thecreationof unit

testsandhelpedto increasedeveloperconfidencein them.However, resultsalsoshowedthatknowl-

edgeof XC reducedattentionto conditionalandboundaryvaluetestingbecauseof an increasein

attentionto obtaining100%coverage.

6.1 Evaluation Impr ovements

During theevaluationperiodwith theICS414students,severalunforeseenproblemsand

issuesarose.Someproblemsoriginatedin JBlanket andsomeproblemswereresultsof different

developmentenvironmentsusedby the students.Regardlessof the causeof a problem,coverage

measurementswere not recalculatedbecauseit was important that the resultsappearedas they

appearedto thestudents.Theseissuesshouldberesolvedbeforeproceedingwith futureresearch.

6.1.1 Run Time Impr ovement

As mentionedin the previous chapter, the speedwith which JBlanket ran over CREST

could also be attributed to CREST’s build process. Eachservicehad its own build.xml file to

build themselves. However, the whole systemneededto be compiledasa whole first, packaged

andcopiedover to Tomcat,and then launchedon Tomcatbeforea service’s test casescould be

65



executed.Dependinguponthespeedof theprocessor, theentireprocesslastedbetween15minutes

to 30 minutes.

A relatedproblemoccurredwhenforking wasturnedoff in an attemptto decreasethe

timeneededto runall thetestcases.Without forking, System.out.pri nt ln statementsin test

casesbeganappearingon thescreeninsteadof mysteriouslydisappearinginto JUnit’s outputXML

files. However, System.err.pri nt ln statementsfrom errorsthat never causedtest failures

alsostartedappearingon thescreenthatdid appearin theoutputXML files, but did not appearin

theJUnit HTML reports.As a result,somestudentsdiscoveredthat they did not fully comprehend

theclient-server model.

With theimplementationof smartmodification,runtimeis nolongeranissuewith respect

to how a systemis built. As mentionedin thepreviouschapter, therun time of Newsbulletin’s test

caseswith JBlanket took about90 secondswith a “clean” build of the system,andthenabout60

secondsthereafter(with no changesto the sourcecode)to executewhile without JBlanket took

about60secondswith a“clean” build andthen25secondsthereafter(with nochangesto thesource

code).

However, whatremainsanissueis whenin thebuild processshouldasystem’smethodsbe

modified.For example,modificationcanoccurright aftercompilinga systemor beforepackaging

thesysteminto aJAR file.

Forking of JUnit testsin Ant shouldbeavoidedwherepossiblebecauseforking by itself

canincreaseexecutiontime. Experimentingwith Hackystatversion2.0 (without JBlanket), testing

without forking tookabout107secondswhile testingwith forking took about270seconds.

6.1.2 SetTomcatVersion

Anotherproblemwasthedifferentversionsof Tomcatusedby the studentsthat ranged

from 4.0.1to 4.1.12.JBlanket wasdevelopedusingversion4.0.1,whichwasalsousedby students

that enrolledin theprevious semester’s ICS 413 class.Otherstudentsusedversion4.0.3or later,

which arenot aslenientwith theTagLibraries. Interestingly, this versionproblemwasnot discov-

ereduntil after thestudentstried usingJBlanket. In futureresearch,restricttheTomcatversionto

only oneversion.
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6.1.3 Data Collection Process

Thedatacollectionandrecordingprocesseswereperformedmanually. I checkedout the

CRESTmoduleonceevery threedays. A batchfile then ran the test casesof eachserviceand

senttheoutputto differentfiles. Eachoutputcontainedameasurementfrom LOCCandJBlanket. I

wouldthenscantheoutputfilesandenterthedatainto onecolumnof aMicrosoftExcelspreadsheet

perday. Finally, thesourcecodeandoutputfiles werecompressedwith WinZip [41] andarchived

in a separatestoragelocation.

While I tried to beextremelycarefulenteringthedata,like checkingthenumberstwice,

2 errorsappearedduring theanalysisphaseof this research.Oneerror useda ’3’ insteadof a ’2’

to describethenumberof testLOC, skewing theresults.Theseconderrorswitchedtwo numbers,

’41’ insteadof ’14’, whichdid notaffect theresultsasmuchasthefirst error.

Datarecordingshouldbeperformedautomaticallywith Hackystatsensors.For example,

theexistingsensorfor JBlanket andapossiblefuturesensorfor LOCCcouldcollectdatasimilar to

whatthesystemsoutputto thescreen.Sincesensorsalsoarchive thedatathey collect,spreadsheets

areno longerneeded.In addition,if theuncoveredmethodsarestored,it is possibleto discover the

mostdifficult methodsto testandperhapswhatmakesthemsodifficult.

Thelastitemonthiswish list is theautomatedcheckoutof CREST, executionof JBlanket

andLOCC,andrecordingof their results.Attemptsat implementingcrontabsdid notprogressvery

far. Becauseof time limitationsandmy experience,it waseasierto manuallyperformthesetasks.

However, having a functioningcrontabwould have savedmeat leastonehouron thosedayswhen

I gatheredthenext setof CRESTdata.

Thesedatacollectionimprovementswouldhelpthenext researcherconcentrateonduties

thataremoreimportant.

6.1.4 Gathering Inf ormativeData Samples

Theamountof effort neededto achieveandmaintainXC remainsamystery. Oneproblem

experiencedduring analysiswas the difficulty of arriving at any plausibleconclusionsregarding

effort. Themetricscollectedfrom bothJBlanket andLOCC reflectedonly a snapshotof theactual

developmentprocesses.For example,it wasdifficult to concludewhethera changeof 20 LOC in

totalLOC wasstrictly 20 LOC addedto theserviceor 300LOC addedand280LOC removed.

Shorteningthe intervals betweenmeasurementsseemslike an improvement. It would

result in smalleramountsof time with which major changescould occur. However, with this ap-
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proach,it is still possiblethatanincreaseof 20 LOC couldbefrom only anadditionof 20 LOC or

anadditionof 300LOC andthenasubtractionof 280LOC.

Instead,effort shouldbemeasuredby theamountof time spentworking on eachtypeof

file (testandnon-testclasses).With thecurrentsetof Hackystatsensorsfor the emacs,JBuilder,

andEclipseIDEs, thisdatacanbecollected.

In addition,a sensorfor theCK (Chidamber-Kemermer)metricsalsoexists. In this case,

theusefuldatait providesis LOC. SincethesensorcalculatestheLOC every 30 secondsper file

thatis workedon,anaccuratemeasurementof thechangein LOC over time is measurable.

Furthermore,JUnit andJBlanket sensorsexist also. Unit testandcoveragedatais now

collectableevery time unit testsareexecuted.With morefrequentdatasamples,theobservedcov-

eragebehaviors now representtheactualbehavior. Coupledwith anIDE sensorandtheCK metrics

sensor, theamountof effort usedto reachdifferentlevelsof coverageis measurable.

6.2 Futur e Dir ections

Theresultsof thisstudyareintendedto beafoundationfor futurestudiesonthefeasibility

of includingmethodcoveragein thesoftwaredevelopmentprocessandits applicability.

6.2.1 How Much Effort is a Needed?

Themostobviousnext stepis to answerthequestionof how mucheffort doesXC require

to reachandmaintain100%coverage?In this research,it wasestimatedthatstudentsprobablyused

someamountof effort.

6.2.2 Refining the Rulesof XC

FromthePoll service’s behavior, it appearsthattherulesappliedby XC needto bemod-

ified. A next stepin this directionincludesrecordingwhich methodswerenot invokedduringunit

testing,categorizingthem,andthenevaluatingthosecategoriesaseithertestableor untestable.For

example,in Hackystat,testingof theJBlanketsensorpackageis almost100%.Theonly methodnot

invoked is theexecute method,themethodinvokedby Ant whenever theJBlanket sensortaskis

invoked. (SeeFigure6.1andFigure6.2)

In addition,moreresearchis neededto find out if excludingeverymethodwith oneline of

codeis feasible.Theoriginal assumptionfocusedon removing accessorandmodificationmethods

from coveragesothatachieving high levelsof coveragewouldnotbecometedious.However, is the
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Figure6.1. JBlanket resultsof JBlanket sensorpackagein Hackystat3

Figure6.2. JBlanket resultsof JBlanketSensorclassin Hackystat3
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probabilityof methodscontainingonly oneline of codethatdoesnotcontainacomplicatedexpres-

sionso small that this rule is feasible?Or shouldit be modifiedfurther to somehow includeonly

theaccessoror modificationmethods?Or do thesemethodsthemselvesalsocontaincomplicated

expressionsthatneedto betested?

6.2.3 Comparison Against StatementCoverage

As previously stated,methodcoverageis a coarsergranularitycoveragemeasurement

thanstatementcoverage,branchcoverage,andconditioncoverage.However, statementcoverage

considersa behavior that is similar to a behavior consideredby methodcoverage. For example,

considerthefollowing if-elsestatement:

if (condition) t
...u
else t
...u

If within the bodiesof the if-statementand else-statementlay methodcalls, statementcoverage

could reach100%if both the bodiesof the if-statementandelse-statementare tested. Similarly,

methodcoveragewill reach100%if bothbodiesaretested.

On theotherhand,if thereareno methodcallswithin thebodiesof theif-elsestatement,

statementcoveragewill not reach100%until both bodiesare testedwhile methodcoveragewill

reach100%.However, this casecanalsobemeasuredby anothertypeof coveragelike branchcov-

erage.Combiningtwo typesof coverageslike methodcoverageandbranchcoverageis considered

to bebetterthanusingonly onetypeof coveragelike statementcoverage[30].

Therefore,it is not clearat this time how significantthedifferenceis betweenstatement

coverageandmethodcoveragethat cannotbe measuredby anothertype of coverage. The study

conductedby Elbaumet.al [21] suggestssimilarpursuits,i.e., investigatingthebenefitsof applying

methodcoverage.
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6.2.4 Where Has the CoverageGone?

For the evaluationof this study, studentswererequiredto reach100%coverageby the

endof thesemester. At theendof thesemester, CREST, asa whole, reachedapproximately98%

XC. Eachof its servicesachievedat least94%or better.

Sincethen,CRESThasbeenredesignedinto akernelandextensionsarchitecturesimilar

to Hackystatandrenamedto CLEW. Eight of the 13 studentsreturned,four of themasan inde-

pendentstudyand four of themasvolunteerssincethey graduatedlast semester. With only the

motivationof producinga webservicethatwill beusedby theICS Departmentandoccasionaluse

of JBlanket, togetherthey achieved approximately91% XC at the beginning of March. Unfortu-

nately, a per-servicemeasurementcannotbetakensinceall testingis donein thekernel.However,

by perusingthe JBlanket report,asseenfrom coverageper package,only two of the servicesre-

mainedat 100%while theothersdid not.

Ontheotherhand,XC of Hackystat,whichonly usedJBlanket infrequently, is only about

62% at about the sametime. Interestingly, the previous version,which did not have accessto

JBlanket,hadXC atabout70%.

In othersituations,would coverageremainhigh like CLEW, or would it be lower, i.e.,

more like Hackystat without frequentuseof JBlanket? Are thesechangesdue to the changein

architecture,or somethingelse?Furthermore,why did thecoveragemeasurementof CLEW andits

servicesdrop?In addition,whathappenswhenprogrammersfirst have accessto JBlanket, thendo

nothave accessto JBlanket,andthenhave accessto JBlanket again?

This futurestudyinvestigateswhetherXC is adequately“light-weight”, like unit testing

in XP, suchthat programmersare willing to useit unconditionally, and make up the difference

when coverageis not 100%. One experimentobserves coveragebehaviors from using JBlanket

throughoutdevelopmentand comparesthem with coveragebehaviors from using JBlanket after

developmentbegins. AnotherexperimentintroducesJBlanket to achieve 100%coverage,andthen

removesJBlanket to discoverhow muchcoveragedrops,andthenre-introducesJBlanket to find out

if programmersarewilling to work towardsincreasingcoveragebackup to 100%.

6.2.5 XC and SystemQuality

In 1994Horganet. al presentedtwo casestudiesin which they measureddataflow cov-

erageusingATAC (AutomatedTestAnalysisfor v�w ) on C programs[42]. ATAC measuresblock
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coverage,decisioncoverage,c-use(computationalexpression),p-use(predicate),andall-uses(ei-

therc-useor p-use).

Thefirst casestudyconductedin the largeattemptedto find a relationshipbetweencov-

eragemeasurementandthetotal faultsby inspectingoneof Bellcore’s productionsoftware.These

resultswereinconclusive.

Theothercasestudyinvolvedanautopilotsystemdevelopedby 40 studentsdivided into

15 teamsat theUniversityof IowaandtheRockwell/CollinsAvionicsDivision. Eachteamcreated

their own systemthat rangedfrom 900 to 4,000 lines of code. They discovered the following

interestingoutcomes:

x With every test execution,the quality of testsimproved while the rangeof coveragesde-

creased.

x Thefirst testexecutiontestedlargeamountsof thesystemswith overall coveragesincreasing

monotonicallywith respectto the amountof testcases.In eachsubsequentexecution,the

differencesbetweencoveragesdecreaseduntil eventuallyleveling out.

x Reachingabove 80 percentcoveragewasanimportantsteptowardsoftwarequality andreli-

ability.

x Theredid not seembea strongcorrelationbetween“the total faultsdetectedin theprogram

versionsandtheir coveragemeasuresduringvarioustestingconditions”[42].

Sincethe studyconductedby Horganet. al did not measuremethodcoverage,a study

similar to this onecouldbeconductedusingXC. Begin with two systemsin which onehasaccess

to JBlanket and the other doesnot. Requirethe systemwith JBlanket maintain100% coverage

throughoutdevelopment.At theend,comparingthequality andcoverageof the two systemscan

determinewhetherXC canimprove thequalityof software.

6.2.6 Exercising the TestFirst DesignTheory

TestFirst Designtheorystatesthat testcasesarecreatedprior to implementation.These

testcasesareimportantbecausethey aid in thedesignof thesystem.Many examples([10] [43])

canbefoundastestimonialto its effectiveness.ConsidertheCVSReaderexamplein [10]. First, a

testcaseis createdto testthecreationof a CVSReaderobjectwith a non-existing file. It obviously

failsbecausetheclassbeingtesteddoesnotexist. Thenthetestedclassis implementedjustenough

to make thetestpass.After thetestpasses,thenext testcaserecognizingvalid files is implemented.
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Whenthesecondtestis shown to fail, theCVSReaderconstructoris furtherdevelopeduntil it passes

thetest.Thisprocessrepeatsuntil theclassis complete.

Somestepsin theprocessseemto be very tedious.For example,thenext stepinvolves

returninga truevalueto make a testfail andthenchangingthatvalueto falseto make thetestpass.

Do programmersusingTFD alwaysensuretheir testcasesfail first andthencorrectthem,or do

they glanceover suchdrudgeryshown in thisexample?Furthermore,whatis thequalityof thetest

casesthatdrive thedesignandimplementationof thesystem?Do they invoke every methodor is it

possiblethat,asthesizeof a systemincreases,methodsareoverlooked?With XC, theTFD theory

canbevalidatedby studyingthebehaviors of TFD developedsystemsandmeasuringthecoverage

of their testcases.

In addition,the boundariesof XP canalsobe tested.Kent Beck recommendsabout10

peopleteamsfor usingXP [44], but thereis no clearlimitation on thesize(LOC) of projects.With

XC, explorationonsizelimitationsis possible.For example,if at theendof any givendayasystem

alwaysachieves100%XC (which is not equivalent to achieving 100%statementcoverage[13]),

suddenconsecutive decreasesin coveragemay indicatethat a systemis growing too big andthat

projectmanagementneedsreorganization.

6.3 Final Thoughts

Fromtheresultsof this research,creatinga tool to measureXC waschallenging,but not

insurmountable.Themostdifficult taskswerefinding anapproachwith anacceptablerun time and

ensuringJBlanket couldbeintegratedinto any system’s build processreasonably.

With sucha flexible tool, XC wasdeemeda usefulmeasurementby undergraduatesin a

senior-level secondsemesterSoftwareEngineeringclass.However, assomestudentsrealized,it is

not meantto betheonly techniqueappliedduringunit testing,but to assistwith unit testing.If the

amountof effort neededby XC canbe determined,the feasibility of its presencein the software

developmentprocesscanbesupported.
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Appendix A

Extr emeCoverageEvaluation

Questionnaires
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Thank you for your participation.  As a reminder, your participation in this research is voluntary.  All 
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1. Unit tests are very important for creating correctly 

functioning software.
 

 


  1       2        3        4       5
 


2. Designing unit tests to support correctly functioning software 

is hard.

|

 

 


  1       2        3        4       5
 


3. My current se

}

t of unit tests does a good job of ensuring that 

~

my software functions correctly.
 

 


  1       2        3        4       5
 


4. To the nearest 25%, what 

�

%
 of the methods in your software 

are currently invoked by your unit tests?
�  

 


 0%   25%   50%  75%  100%
 


 

5. Please briefly describe one or two of the most significant problems you've encountered while designing 

�
unit tests. (Do not include the problem of learning how to use unit testing facilities such as JUnit or 
�
HttpUnit).

�

 

 


FigureA.1. Pre-UseQuestionnaire
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Use Questionnaire for JBlanket
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Thank you for your participation.  As a reminder, your participation in this research is voluntary.  All 
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references to data gathered will be made anonymously.
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1. Unit tests are very important for creating correctly functioning 

software.
�  

 


  1       2        3        4       5
 


2. Designing unit tests to support correctly functioning software is 

hard.

�

 

 


  1       2        3        4       5
 


3. My current s

}

et of unit tests does a good job of ensuring that my 
�
software functions correctly.
�  

 


  1       2        3        4       5
 


4. JBlanket helps me to write unit tests that ensure the correct 

functioning of my software.
 

 


  1       2        3        4       5
 


5. To the nearest 25%, what 

�

%
 of the methods in your software 

are currently invoked by your unit tests?
�  

 


0%   25%   50%  75%  100%

�

 


 

6. Please briefly describe one or two of the most significant problems you've encountered while designing 

�
unit tests. (Do n
� ot include the problem of learning how to use unit testing facilities such as JUnit or 
�
HttpUnit).
 

 

 

 

 

 

7.  Briefly describe how access to JBlanket has influenced the way you write unit tests.

�

 

 

 

 

 

 

 

8. What would you suggest we do to improve the usefulness 

�

of JBlanket?
�  


FigureA.2. Post-UseQuestionnaire
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Appendix B

Questionnaire Data

Note: The fourth questiondoesnot apply to the Pre-UseQuestionnaire,so answersare

marked with “n/a”. Answersto open-endedquestions(6-8) are denotedas “(Pre-Use)” for an-

swersto the Pre-UseQuestionnaireand“(Post-Use)”for answersto the Post-UseQuestionnaire.

Questionswhich werenot answeredaremarked with “(no answer)”. Answersto the open-ended

questionsarepresentedascloseto theoriginal answersandpossible.
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B.1 StudentA

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Stronglyagree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Stronglyagree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Agree No opinion
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Agree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 75% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Updatingunit testhasa major overheadeven for the smallestchangein the
code.

x Thinkingfor all possiblecombinationof casethataunit testclassshouldhave.

(Post-Use)

x Methodsw/ 0 linesof codeis askedto becovered.

x Updatingtest.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)Makesmefeel saferto know I’m at 100%.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)(noanswer)
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B.2 StudentB

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Agree No opinion
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Agree Stronglyagree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Stronglyagree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 75% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Translatinghtml tagsto work with unit tests.
Example: � br � currentlymessesup my unit tests.

(Post-Use)(noanswer)

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)Leastamountof codewith themostamountof coverage.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Optionfor unit testingsingleline methods.(toggleonandoff)
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B.3 StudentC

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Agree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Stronglyagree Stronglyagree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood No opinion Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a No opinion
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 25% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Themainproblemnow is thathaving to finishall codebeforedoingunit tests.
I know canwrite without it beingcompletelydone,but thepartwe’reworking
on is amajorpartof theproject.

x Otherthanthat,having to remove stuff, logging in throughHttpUnit is a big
hasslewhich makes the methodreally long andmight make it go over 200
lines.

(Post-Use)

x Null pointers.

x Having themwork onetime, thenfail (without changinganything), thenwork
again(nochangeagain).

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)Write it moreoftento get100%.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Not roundoff %. If maybecango faster.
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B.4 StudentD

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Stronglyagree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly No opinion Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Agree Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Disagree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 50% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Sometimesit’s hardto try to cover a certainmethod.For instance,if I try to
makea testcasefor SysInfo.java in theCREST, (maybein theHackystattoo) I
have no ideato write getRelease,andgetBuildTime.

(Post-Use)

x hardto testvoid returntypeandthemethodrelatedto file manipulation.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)(noanswer)

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)default pluginsfor ANT.
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B.5 StudentE

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Stronglyagree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly No opinion Stronglyagree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Stronglydisagree No opinion
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Agree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 25% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Determineif you actuallycoveredall links andform fill ins for bothvalid and
invalid instances.

(Post-Use)

x Order of JUNIT test runs would output different results(would get errors
runningonebatfile while it ranperfectfor theother).

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)JBlanket is excellent! It help me pinpoint packageswhich have in-
adequate.However onceit wascoveredI gave very little thoughtto conditionaland
branchcoverage.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Make it run faster. Provide some way to include test coveragefor
conditionalandbranchtesting.
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B.6 StudentF

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Agree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Agree Stronglyagree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Stronglyagree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 25% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Don’t know whereto start.

x Bombswhenever makechangesto packages.

(Post-Use)

x Testingpageswhich requirelinking to otherpages.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)Able to write unit testquicker. Know whatI still needto test.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)(noanswer).
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B.7 StudentG

Pre-Use Post-Use
1. Unit testsarevery importantfor creating No opinion Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Disagree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Disagree Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Stronglyagree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 25% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x The main problemis finding time to write them becausethereisn’t enough
time to evenwrite theclasses.

x Anotherproblemis forgettingto changethetestwhentheclassesarechange.

(Post-Use)

x Whenoneof theHttpUnit testserrorsout it sometimescausesthe restof the
teststo fail aswell.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)Insteadof goingfor quantityI try for thequality of thetests.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Make it faster.
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B.8 StudentH

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Agree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Disagree Disagree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Stronglydisagree No opinion
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Agree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 25% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Making unit testsare troublesomebecauseit takes too much time and also
doesnotbuild upontheprogramyourworkingon.

x Theunit testsarealsoinconvienientwhenyoucantestwhatyoudoa lot faster
manually.

(Post-Use)

x Doesn’t testJavascriptfunctionality.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)I write moreunit teststo testmorepartsof thesystem.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)HaveJBlanket seeif every line of codeis invoked.
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B.9 Student I

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Agree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Stronglyagree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood No opinion Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Agree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 50% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Becausethe systemchangesconstantlyupdatingthe unit testsbecomesvery
tediousandcumbersome.

x Becauseof dualVM’ s in unit testingsoftwareandthejdk, sometimesit’shard
to testalsosomeunit testingdoesn’t seemto work properlysometimeseven
thoughit’s setupcorrectly(I think).

(Post-Use)

x Sometimesthetestdoesn’t go to theright pagesoit’s hardto becauseanerror
occursthatmayhave no correlationto thetestingbeingdone.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use) Definitely think more about unit tests covering more “area” of
sourcecode.More functionalitytestsratherthanunit tests.
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8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)

x I think it’s bestto just includeall methodsregardlessof lengthin tests.

x Maybealsohave a tracecapabilityto show whenmethodswerecalled.
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B.10 StudentJ

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Agree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood No opinion Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Stronglyagree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 100% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Therewasaproblemearlierin semesterwhenwe madea junit test,but it kept
failing. Whenwe took the sameexact codeout andput it in a testclass,it
workedfine. Otherthanthatnever reallyhadproblems.

(Post-Use)

x Nonereally, we foundout whattheproblemwasearlierin thesemesterandit
wasn’t a junit testproblem.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)I don’t think we testedout every little detail since we were just re-
ally looking to getthesystemto 100%.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)None.
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B.11 StudentK

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Agree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Disagree Disagree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Disagree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 25% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Gettingmyself to do them. Anytime I finish writing somecode,I just physi-
cally testit w/o writing unit testimmediately. Thereneedsto besomeoutside
inspirationfor meto write unit testyour I just won’t do it.

(Post-Use)

x To createtestthattestall casesof positionfunctionally.

x To testif thedisplaylooksright.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)I wrote less test casesthat covered more code. Insteadof write a
whole bunchof testcasesfor eachmethod,I just call the “super” methodthat calls
all thelittle smallones.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Clarity of jblanket output. What does out 100% mean for ev-
erything?Somewereclear, someweren’t.

89



B.12 StudentL

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Agree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Agree Stronglyagree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Disagree Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Agree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 50% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x Most of the time I concentrateon implementingfunctionality asopposedto
testing.I view functionalityasbeingmoreimportant.So,whenit comesto the
pointof decidingto implementfunctionalityor test,I choosefunctionality.

x Also, theuseof inspectionprovidesmewith a “goodenough”view of correct
functionality.

x However, I do try to do testsandI like tests.

(Post-Use)

x Reaching100%methodcoveragedoesnotmeanthatthesoftwareis fault free.
If youmake thatassumptionyouareworseoff thennothaving 100%.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)I was able to ensure that my methods were being called. If a
methodwasreportedasnot testedI testedit.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Would it behardto do statementcoverage?

90



B.13 StudentM

Pre-Use Post-Use
1. Unit testsarevery importantfor creating Agree Stronglyagree
correctlyfunctioningsoftware.
2. Designingunit teststo supportcorrectly Agree Agree
functioningsoftwareis hard
3. My currentsetof unit testsdoesagood Agree Agree
job of ensuringthatmy softwarefunctions
correctly.
4. JBlanket helpsmeto write unit teststhat n/a Agree
ensurethecorrectfunctioningof my software.
5. To thenearest25%,what% of themethods 50% 100%
in yoursoftwarearecurrentlyinvokedby
your unit tests?

6. Pleasebriefly describeone or two of the most significant problemsyou’ve
encounteredwhile designingunit tests.(Do not includetheproblemof learninghow
to useunit testingfacilitiessuchasJUnit or HttpUnit.)

(Pre-Use)

x (noanswer)

(Post-Use)

x Trying to figureouthow to thourouglytestthesystem.

7. Briefly describehow accessto JBlanket hasinfluencedthe way your write unit
tests.

(Post-Use)It hasinfluencedmeto write moreunit tests.

8. Whatwould yousuggestwe do to improve theusefulnessof JBlanket?

(Post-Use)Increasethe speedif possible. Also maybeintegrate it into an IDE
e.g.JBuilder.
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Appendix C

JBlanket data

Thecoveragedatagatheredduringtheevaluationperiodis presentedasbothgraphsand

tables.

Thefollowing metricsweregraphedandsortedby service:
x extremecoverage

x total LOC

x testLOC

x total one-linemethods

x total multi-line methods

x total testedmulti-line methods
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C.1 FAQ
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FigureC.1. Extremecoverage- FAQ
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FigureC.2.Total LOC - FAQ
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FigureC.3. Totalone-linemethods- FAQ
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FigureC.4. TestLOC - FAQ
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C.2 Login
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FigureC.5.Extremecoverage- Login
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FigureC.6. TotalLOC - Login
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FigureC.7.Total one-linemethods- Login
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FigureC.8. TestLOC - Login
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C.3 Newsbulletin
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Figure C.9. Extreme coverage -
Newsbulletin
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FigureC.10.TotalLOC - Newbulletin
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Figure C.11. Total one-line methods -
Newsbulletin
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FigureC.12.TestLOC - Newsbulletin
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C.4 Poll
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FigureC.13.Extremecoverage- Poll
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FigureC.14.TotalLOC - Poll
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FigureC.15.Total one-linemethods- Poll
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FigureC.16.TestLOC - Poll
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C.5 Resume
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FigureC.17.Extremecoverage- Resume
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FigureC.18.TotalLOC - Resume
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Figure C.19. Total one-line methods -
Resume
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FigureC.20.TestLOC - Resume
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C.6 Techreports
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Figure C.21. Extreme coverage -
Techreports
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FigureC.22.Total LOC - Techreports
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Figure C.23. Total one-line methods -
Techreports
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FigureC.24.TestLOC - Techreports
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C.7 Textbooks
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FigureC.25.Extremecoverage- Textbooks
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FigureC.26.Total LOC - Textbooks
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Figure C.27. Total one-line methods -
Textbooks
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FigureC.28.TestLOC - Textbooks
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C.8 Tutor
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FigureC.29.Extremecoverage- Tutor
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FigureC.30.Total LOC - Tutor
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FigureC.31.Totalone-linemethods- Tutor
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FigureC.32.TestLOC - Tutor
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 1893
 
 1948
 
 1947
 
 1964
 
 1964
 
 2171
 


Lo
gi

n

 


LO
C

C

 


test LOC

�

 
 461

�

 
 461

�

 
 461

�

 
 740
 
 741
 
 741
 
 781
 
 781
 
 781
 
 788
 
 788
 
 788
 

to

�

tal

�

 
 188
 
 195
 
 200
 
 190
 
 198
 
 198
 
 211
 
 215
 
 214
 
 214
 
 214
 
 214
 

one
-
line total
 
 110
 
 112
 
 113
 
 106
 
 108
 
 107
 
 111
 
 113
 
 113
 
 113
 
 113
 
 112
 

multi
� -
line total
 
 78
 
 83
 
 87
 
 84
 
 90
 
 91
 
 100
 
 102
 
 101
 
 101
 
 101
 
 102
 

multi
� -
line tested
 
 24
 
 60
 
 67
 
 62
 
 80
 
 81
 
 96
 
 96
 
 101
 
 101
 
 101
 
 102
 

multi
-
line u
ntested
 
 54
 
 23
 
 20
 
 22
 
 10
 
 10
 
 4
 
 6
 
 0
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 30.8%
 
 72.3%
 
 77.0%
 
 73.8%
 
 88.9%
 
 89.0%
 
 96.0%
 
 94.1%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 

total methods

�

 
 188
 
 195
 
 200
 
 190
 
 198
 
 198
 
 211
 
 215
 
 214
 
 214
 
 214
 
 214
 

non
-
test methods


�
 
 175
 
 173
 
 173
 
 163
 
 165
 
 165
 
 164
 
 168
 
 167
 
 167
 
 167
 
 167
 


test methods

�

 
 13
 
 22
 
 27
 
 27
 
 33
 
 33
 
 47
 
 47
 
 47
 
 47
 
 47
 
 47
 

total LOC

�

 
 1786
 
 2043
 
 2143
 
 2129
 
 2293
 
 2299
 
 2578
 
 2659
 
 2690
 
 2686
 
 2686
 
 2740
 

non
� -
test LOC


�
 
 1614
 
 1637
 
 1637
 
 1623
 
 1656
 
 1662
 
 1653
 
 1706
 
 1715
 
 1711
 
 1711
 
 1758
 


N
ew

sb
ul

le
tin


 


LO
C

C

 


test LOC

�

 
 172
 
 406
 
 506
 
 506
 
 637
 
 637
 
 925
 
 953
 
 97
5
 
 975
 
 975
 
 982
 

total

�

 
 380
 
 380
 
 394
 
 400
 
 400
 
 400
 
 400
 
 400
 
 400
 
 400
 
 400
 
 404
 

one
-
line total
 
 220
 
 219
 
 224
 
 228
 
 228
 
 228
 
 228
 
 228
 
 228
 
 227
 
 227
 
 229
 

multi
-
line total
 
 160
 
 161
 
 170
 
 172
 
 172
 
 172
 
 172
 
 172
 
 172
 
 173
 
 173
 
 175
 

multi
-
line tested
 
 140
 
 150
 
 163
 
 163
 
 16
3
 
 163
 
 164
 
 127
 
 163
 
 163
 
 163
 
 166
 

multi
-
line untested
 
 20
 
 11
 
 7
 
 9
 
 9
 
 9
 
 8
 
 45
 
 9
 
 10
 
 10
 
 9
 


JB
la

nk
et


 


% coverage
 
 87.5%
 
 93.2%
 
 95.9%
 
 94.8%
 
 94.8%
 
 94.8%
 
 95.3%
 
 73.8%
 
 94.8%
 
 94.2%
 
 94.2%
 
 94.9%
 

total methods

�

 
 380
 
 380
 
 394
 
 400
 
 400
 
 400
 
 400
 
 400
 
 400
 
 400
 
 400
 
 404
 

non
-
test methods


�
 
 318
 
 313
 
 314
 
 320
 
 320
 
 320
 
 320
 
 320
 
 320
 
 320
 
 320
 
 320
 


test methods

�

 
 62
 
 67
 
 80
 
 80
 
 80
 
 80
 
 80
 
 80
 
 80
 
 80
 
 80
 
 84
 

total LOC

�

 
 3835
 
 3885
 
 4140

�

 
 4217

�

 
 4216

�

 
 4216

�

 
 4216

�

 
 4216

�

 
 4209

�

 
 4234

�

 
 4234

�

 
 4358

�

 

non
-
test LOC


�
 
 3042
 
 2984
 
 3022
 
 3099
 
 3098
 
 3098
 
 3098
 
 3098
 
 3098
 
 3109
 
 3109
 
 3147
 


P
ol

l
 


LO
C

C

 


tes

�

t LOC

�

 
 793
 
 901
 
 1118
 
 1118
 
 1118
 
 1118
 
 1118
 
 1118
 
 1111
 
 1125
 
 1125
 
 1211
 

 


101



TableC.2.CRESTresults,con’t

S
er

vi
ce


 
  
 Metric
 


 
1
1/

8/
20

02

 


 
1
1/

11
/2

00
2
 


 
1
1/

14
/2

00
2
 


 
1
1/

17
/2

00
2
 


 
1
1/

20
/2

00
2
 


 
1
1/

23
/2

00
2
 


11
/2

6/
20

02

 


11
/2

9/
20

02

 


 
1
2/

2/
20

02

 


 
1
2/

5/
20

02

 


 
1
2/

8/
20

02

 


12
/1

1/
20

02

 


total

�

 
 326
 
 338
 
 338
 
 360
 
 418
 
 420
 
 420
 
 422
 
 422
 
 441
 
 ---
 
 475
 

one
-
line total
 
 206
 
 221
 
 221
 
 23
3
 
 248
 
 248
 
 248
 
 245
 
 245
 
 255
 
 ---
 
 269
 

multi
-
line total
 
 120
 
 117
 
 117
 
 127
 
 170
 
 172
 
 172
 
 177
 
 177
 
 186
 
 ---
 
 206
 

multi
-
line tested
 
 33
 
 22
 
 22
 
 41
 
 126
 
 126
 
 126
 
 140
 
 140
 
 169
 
 ---
 
 205
 

multi
� -
line untested
 
 87
 
 95
 
 95
 
 86
 
 44


�
 
 46


�
 
 46


�
 
 37
 
 37
 
 17
 
 ---
 
 1
 


JB
la

nk
et


 


% coverage
 
 27.5%
 
 18.8%
 
 18.8
%
 
 32.3%
 
 74.1%
 
 73.3%
 
 73.3%
 
 79.1%
 
 79.1%
 
 90.9%
 
 ---
 
 99.5%
 

total methods

�

 
 326
 
 338
 
 338
 
 360
 
 418
 
 420
 
 420
 
 422
 
 422
 
 441
 
 453
 
 475
 

non
-
test methods


�
 
 312
 
 324
 
 324
 
 325
 
 334
 
 336
 
 336
 
 332
 
 332
 
 340
 
 342
 
 350
 


test methods

�

 
 14
 
 14
 
 14
 
 35
 
 84
 
 84
 
 84
 
 90
 
 90
 
 101
 
 111
 
 125
 

total L

�

OC
 
 3041
 
 3166
 
 3174
 
 3470
 
 4273
 
 4298
 
 4298
 
 4391
 
 4393
 
 4749
 
 4958
 
 5379
 

non
-
test LOC


�
 
 2914
 
 3039
 
 3047
 
 3057
 
 3140
 
 3165
 
 3165
 
 3159
 
 3161
 
 3317
 
 3387
 
 3487
 


R
es

um
e
 


LO
C

C

 


test LOC

�

 
 127
 
 127
 
 127
 
 413

�

 
 1133
 
 1133
 
 1133
 
 1232
 
 1232
 
 1432
 
 1571
 
 1892
 

total

�

 
 352
 
 354
 
 361
 
 363
 
 388
 
 3
94
 
 399
 
 395
 
 395
 
 395
 
 397
 
 396
 

one
-
line total
 
 184
 
 183
 
 189
 
 189
 
 197
 
 197
 
 198
 
 196
 
 196
 
 196
 
 198
 
 198
 

multi
-
line total
 
 168
 
 171
 
 172
 
 174
 
 191
 
 197
 
 201
 
 199
 
 199
 
 199
 
 199
 
 198
 

multi
� -
line tested
 
 121
 
 148
 
 152
 
 154
 
 168
 
 190
 
 199
 
 199
 
 199
 
 199
 
 199
 
 198
 

multi
� -
line untested
 
 47


�
 
 23
 
 20
 
 20
 
 23
 
 7
 
 2
 
 0
 
 0
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 72.0%
 
 86.5%
 
 88.4%
 
 88.5%
 
 88.0%
 
 96.4%
 
 99.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 

total methods

�

 
 352
 
 354
 
 361
 
 363
 
 388
 
 394
 
 399
 
 395
 
 395
 
 395
 
 397
 
 396
 

non
� -
test methods


�
 
 240
 
 235
 
 242
 
 244
 
 264
 
 262
 
 261
 
 257
 
 257
 
 257
 
 259
 
 259
 


test methods

�

 
 112
 
 119
 
 119
 
 119
 
 124
 
 132
 
 138
 
 138
 
 138
 
 138
 
 138
 
 137
 

total LOC

�

 
 3986
 
 4236
 
 4436
 
 4490
 
 4874
 
 5111
 
 5371
 
 5270
 
 5271
 
 5266
 
 5307
 
 5265
 

non
� -
test LOC


�
 
 2723
 
 2698
 
 2832
 
 2865
 
 3114
 
 3106
 
 3126
 
 3088
 
 3089
 
 3088
 
 3129
 
 3140
 


T
ec

hr
ep

or
ts


 


LO
C

C

 


test LOC

�

 
 1263
 
 1538
 
 1604
 
 1625
 
 1760
 
 2005
 
 224
5
 
 2182
 
 2182
 
 2178
 
 2178
 
 2125
 

total

�

 
 172
 
 172
 
 172
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 

one
-
line total
 
 90
 
 90
 
 90
 
 89
 
 88
 
 88
 
 88
 
 88
 
 88
 
 88
 
 88
 
 88
 

multi
� -
line total
 
 82
 
 82
 
 82
 
 86
 
 87
 
 87
 
 87
 
 87
 
 87
 
 87
 
 87
 
 87
 

multi
� -
line tested
 
 82
 
 82
 
 82
 
 86
 
 87
 
 87
 
 87
 
 87
 
 87
 
 87
 
 87
 
 87
 

multi
-
line untested
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 
100.0%
 

total methods

�

 
 172
 
 172
 
 172
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 
 175
 

non
-
test methods


�
 
 150
 
 150
 
 15
0
 
 150
 
 150
 
 150
 
 150
 
 150
 
 150
 
 150
 
 150
 
 150
 


test methods

�

 
 22
 
 22
 
 22
 
 25
 
 25
 
 25
 
 25
 
 25
 
 25
 
 25
 
 25
 
 25
 

total LOC

�

 
 1806
 
 1806
 
 1806
 
 1911
 
 1913
 
 1913
 
 1913
 
 1913
 
 1913
 
 1939
 
 1939
 
 1951
 

non
� -
test LOC


�
 
 1448
 
 1448
 
 1448
 
 1459
 
 1461
 
 1461
 
 1461
 
 1461
 
 1461
 
 1487
 
 1487
 
 1499
 


T
ex

tb
oo

ks

 


LO
C

C

 


test LOC

�

 
 358
 
 3
58
 
 358
 
 452
 
 452
 
 452
 
 452
 
 452
 
 452
 
 452
 
 452
 
 452
 

total

�

 
 169
 
 173
 
 175
 
 175
 
 180
 
 175
 
 174
 
 174
 
 188
 
 187
 
 187
 
 187
 

one
-
line total
 
 85
 
 83
 
 77
 
 77
 
 79
 
 75
 
 75
 
 75
 
 85
 
 86
 
 86
 
 87
 

multi
-
line total
 
 84
 
 90
 
 98
 
 98
 
 101
 
 100
 
 99
 
 99
 
 103
 
 101
 
 101
 
 100
 

multi
-
line tested
 
 68
 
 60
 
 64
 
 64
 
 85
 
 85
 
 84
 
 84
 
 90
 
 98
 
 98
 
 100
 

multi
-
line untested
 
 16
 
 30
 
 34
 
 34
 
 16
 
 15
 
 15
 
 15
 
 13
 
 3
 
 3
 
 0
 


JB
la

nk
et


 


% coverage
 
 81.0%
 
 66.7%
 
 65.3%
 
 65.3%
 
 84.2%
 
 85.0%
 
 84.8%
 
 84.8%
 
 87.4%
 
 97.0%
 
 97.0%
 
100.0%
 

total methods

�

 
 169
 
 173
 
 175
 
 175
 
 180
 
 175
 
 174
 
 174
 
 188
 
 187
 
 187
 
 187
 

non
-
test m


�
ethods
 
 148
 
 152
 
 154
 
 154
 
 154
 
 149
 
 149
 
 149
 
 159
 
 158
 
 158
 
 158
 


test methods

�

 
 21
 
 21
 
 21
 
 21
 
 26
 
 26
 
 25
 
 25
 
 29
 
 29
 
 29
 
 29
 

total LOC

�

 
 2153
 
 2236
 
 2360
 
 2360
 
 2455
 
 2428
 
 2424
 
 2424
 
 2653
 
 2593
 
 2593
 
 2610
 

non
-
test LOC


�
 
 1640
 
 1723
 
 1847
 
 1847
 
 1862
 
 1835
 
 1834
 
 1834
 
 1974
 
 1988
 
 1988
 
 1990
 


T
ut

or

 


LO
C

C

 


test LOC

�

 
 513
 
 513
 
 513
 
 513
 
 593
 
 593
 
 590
 
 590
 
 679
 
 605
 
 605
 
 620
 

 


102



TableC.3. Changein metricsof CRESTservices

S
er

vi
ce


 
  
 Metric

�

 


 
1
1/

8
-

11

/1
1
 




 
1
1/

11

-
1

1/
14


 


 
1
1/

14

-
1

1/
17


 


 
1
1/

17

-
1

1/
20


 


 
1
1/

20

-
1

1/
23


 


 
1
1/

23

-
1

1/
26


 


11
/2

6
-

11

/2
9
 




11
/2

9
-

12

/2

 


 
1
2/

2
-

12

/5

 


 
1
2/

5
-

12

/8

 


 
1
2/

8
-

12

/1
1
 




total

�

 
 14
 
 0
 
 0
 
 13
 
 -
3
 
 1
 
 2
 
 0
 
 -
9
 
 8
 
 -
1
 

one
-
line total
 
 10
 
 0
 
 0
 
 3
 
 -
2
 
 -
1
 
 4
 
 -
1
 
 -
3
 
 0
 
 -
1
 

multi
� -
line
 total
 
 4


�
 
 0
 
 0
 
 10
 
 -
1
 
 2
 
 -
2
 
 1
 
 -
6
 
 8
 
 0
 


multi
� -
line tested
 
 41

�

 
 0
 
 0
 
 23
 
 0
 
 1
 
 13
 
 5
 
 -
6
 
 8
 
 0
 

multi
� -
line untested
 
 -
37
 
 0
 
 0
 
 -
13
 
 -
1
 
 1
 
 -
15
 
 -
4


�
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 36.7%
 
 0.0%
 
 0.0%
 
 13.5%
 
 0.7%
 
 -
0.6%
 
 12.5%
 
 3.4%
 
 0.0%
 
 0.0%
 
 0.0%
 

total methods

�

 
 14
 
 0
 
 0
 
 13
 
 -
3
 
 1
 
 2
 
 0
 
 -
9
 
 8
 
 -
1
 

non
� -
test methods


�
 
 6
 
 0
 
 0
 
 8
 
 -
3
 
 1
 
 -
1
 
 0
 
 -
8
 
 5
 
 -
1
 


test methods

�

 
 8
 
 0
 
 0
 
 5
 
 0
 
 0
 
 3
 
 0
 
 -
1
 
 3
 
 0
 

total LOC

�

 
 168
 
 0
 
 8
 
 240
 
 -
15
 
 31
 
 14
 
 140
 
 -
128
 
 171
 
 10
 

non
-
test LOC


�
 
 25
 
 0
 
 8
 
 173
 
 -
15
 
 31
 
 -
43
 
 136
 
 -
137
 
 66
 
 8
 


F
A

Q

 


LO
C

C

 


test LOC

�

 
 143
 
 0
 
 0
 
 67
 
 0
 
 0
 
 57
 
 4
 
 9
 
 105
 
 2
 

total

�

 
 0
 
 3
 
 27
 
 1
 
 0
 
 4
 
 0
 
 0
 
 1
 
 0
 
 17
 

one
-
line total
 
 0
 
 2
 
 34
 
 0
 
 0
 
 2
 
 2
 
 0
 
 1
 
 0
 
 16
 

multi
� -
line total
 
 0
 
 1
 
 -
7
 
 1
 
 0
 
 2
 
 -
2
 
 0
 
 0
 
 0
 
 1
 

multi
� -
line tested
 
 0
 
 1
 
 30
 
 0
 
 0
 
 3
 
 -
2
 
 0
 
 0
 
 0
 
 0
 

multi
� -
line untested
 
 0
 
 0
 
 -
37
 
 1
 
 0
 
 -
1
 
 0
 
 0
 
 0
 
 0
 
 1
 


JB
la

nk
et


 


% coverage
 
 0.0%
 
 0.2%
 
 29.4%
 
 -
0.8%
 
 0.0%
 
 0.8%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 -
0.8%
 

total methods

�

 
 0
 
 3
 
 27
 
 1
 
 0
 
 4

�

 
 0
 
 0
 
 1
 
 0
 
 17
 

non
� -
test methods


�
 
 0
 
 3
 
 6
 
 1
 
 0
 
 0
 
 0
 
 0
 
 1
 
 0
 
 17
 


test methods

�

 
 0
 
 0
 
 21
 
 0
 
 0
 
 4

�

 
 0
 
 0
 
 0
 
 0
 
 0
 

total LOC

�

 
 0
 
 102
 
 222
 
 11
 
 0
 
 40
 
 55
 
 -
1
 
 24
 
 0
 
 207
 

non
-
test LOC


�
 
 0
 
 102
 
 -
57
 
 10
 
 0
 
 0
 
 55
 
 -
1
 
 17
 
 0
 
 207
 


Lo
gi

n

 


LO
C

C

 


test LOC

�

 
 0
 
 0
 
 279
 
 1
 
 0
 
 40
 
 0
 
 0
 
 7
 
 0
 
 0
 

total

�

 
 7
 
 5
 
 -
10
 
 8
 
 0
 
 13
 
 4
 
 -
1
 
 0
 
 0
 
 0
 

one
-
line total
 
 2
 
 1
 
 -
7
 
 2
 
 -
1
 
 4
 
 2
 
 0
 
 0
 
 0
 
 -
1
 

multi
-
line total
 
 5
 
 4
 
 -
3
 
 6
 
 1
 
 9
 
 2
 
 -
1
 
 0
 
 0
 
 1
 

multi
-
line tested
 
 36
 
 7
 
 -
5
 
 18
 
 1
 
 15
 
 0
 
 5
 
 0
 
 0
 
 1
 

multi
-
line untested
 
 -
31
 
 -
3
 
 2
 
 -
12
 
 0
 
 -
6
 
 2
 
 -
6
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 41.5%

�

 
 4.7%

�

 
 -
3.2%
 
 15.1%
 
 0.1%
 
 7.0%
 
 -
1.9%
 
 5.9%
 
 0.0%
 
 0.0%
 
 0.0%
 

total methods

�

 
 7
 
 5
 
 -
10
 
 8
 
 0
 
 13
 
 4

�

 
 -
1
 
 0
 
 0
 
 0
 

non
� -
test methods


�
 
 -
2
 
 0
 
 -
10
 
 2
 
 0
 
 -
1
 
 4


�
 
 -
1
 
 0
 
 0
 
 0
 


test methods

�

 
 9
 
 5
 
 0
 
 6
 
 0
 
 14
 
 0
 
 0
 
 0
 
 0
 
 0
 

total LOC

�

 
 257
 
 100
 
 -
14
 
 164
 
 6
 
 279
 
 81
 
 31
 
 -
4

�

 
 0
 
 54
 

non
� -
test LOC


�
 
 23
 
 0
 
 -
14
 
 33
 
 6
 
 -
9
 
 53
 
 9
 
 -
4


�
 
 0
 
 47


�
 


N
ew

sb
ul

le
tin


 


LO
C

C

 


test LOC

�

 
 234
 
 100
 
 0
 
 131
 
 0
 
 288
 
 28
 
 22
 
 0
 
 0
 
 7
 

total

�

 
 0
 
 14
 
 6
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 4
 

one
-
line total
 
 -
1
 
 5
 
 4
 
 0
 
 0
 
 0
 
 0
 
 0
 
 -
1
 
 0
 
 2
 

multi
-
line total
 
 1
 
 9
 
 2
 
 0
 
 0
 
 0
 
 0
 
 0
 
 1
 
 0
 
 2
 

multi
-
line tested
 
 10
 
 13
 
 0
 
 0
 
 0
 
 1
 
 -
37
 
 36
 
 0
 
 0
 
 3
 

multi
-
line untested
 
 -
9
 
 -
4
 
 2
 
 0
 
 0
 
 -
1
 
 37
 
 -
36
 
 1
 
 0
 
 -
1
 


JB
la

nk
et


 


% coverage
 
 5.7%
 
 2.7%
 
 -
1.1%
 
 0.0%
 
 0.0%
 
 0.6%
 
 -
21.5%
 
 20.9%
 
 -
0.5%
 
 0.0%
 
 0.6%
 

total methods

�

 
 0
 
 14
 
 6
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 4

�

 

non
� -
test methods


�
 
 -
5
 
 1
 
 6
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 


test methods

�

 
 5
 
 13
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 4

�

 

total LOC

�

 
 50
 
 255
 
 77
 
 -
1
 
 0
 
 0
 
 0
 
 -
7
 
 25
 
 0
 
 124
 

non
� -
test LOC


�
 
 -
58
 
 38
 
 77
 
 -
1
 
 0
 
 0
 
 0
 
 0
 
 11
 
 0
 
 38
 


P
ol

l
 


LO
C

C

 


test LOC

�

 
 108
 
 217
 
 0
 
 0
 
 0
 
 0
 
 0
 
 -
7
 
 14
 
 0
 
 86
 

 


103



TableC.4. Changein metricsof CRESTservices,con’t

S
er

vi
ce


 
  
 Metric

�

 


 
1
1/

8
-

11

/1
1
 




 
1
1/

11

-
1

1/
14


 


 
1
1/

14

-
1

1/
17


 


 
1
1/

17

-
1

1/
20


 


 
1
1/

20

-
1

1/
23


 


 
1
1/

23

-
1

1/
26


 


11
/2

6
-

11

/2
9
 




11
/2

9
-

12

/2

 


 
1
2/

2
-

12

/5

 


 
1
2/

5
-

12

/8

 


 
1
2/

8
-

12

/1
1
 




total

�

 
 12
 
 0
 
 22
 
 58
 
 2
 
 0
 
 2
 
 0
 
 19
 
 ---
 
 34
 

one
-
line total
 
 15
 
 0
 
 12
 
 15
 
 0
 
 0
 
 -
3
 
 0
 
 10
 
 ---
 
 14
 

mul
ti


�
-
line total
 
 -
3
 
 0
 
 10
 
 43
 
 2
 
 0
 
 5
 
 0
 
 9
 
 ---
 
 20
 


multi
-
line tested
 
 -
11
 
 0
 
 19
 
 85
 
 0
 
 0
 
 14
 
 0
 
 29
 
 ---
 
 36
 

multi
-
line untested
 
 8
 
 0
 
 -
9
 
 -
42
 
 2
 
 0
 
 -
9
 
 0
 
 -
20
 
 ---
 
 -
16
 


JB
la

nk
et


 


% coverage
 
 -
8.7%
 
 0.0%
 
 13.5%
 
 41.8%
 
 -
0.9%
 
 0.0%
 
 5.8%
 
 0.0%
 
 11.8%
 
 ---
 
 8.7%
 

total methods

�

 
 12
 
 0
 
 22
 
 58
 
 2
 
 0
 
 2
 
 0
 
 19
 
 12
 
 22
 

non
� -
test methods


�
 
 12
 
 0
 
 1
 
 9
 
 2
 
 0
 
 -
4


�
 
 0
 
 8
 
 2
 
 8
 


test methods

�

 
 0
 
 0
 
 21
 
 49

�

 
 0
 
 0
 
 6
 
 0
 
 11
 
 10
 
 14
 

total LOC

�

 
 125
 
 8
 
 296
 
 803
 
 25
 
 0
 
 93
 
 2
 
 356
 
 209
 
 421

�

 

non
� -
test LOC


�
 
 125
 
 8
 
 10
 
 83
 
 25
 
 0
 
 -
6
 
 2
 
 156
 
 70
 
 100
 


R
es

um
e
 


LO
C

C

 


test LOC

�

 
 0
 
 0
 
 286
 
 720
 
 0
 
 0
 
 99
 
 0
 
 200
 
 139
 
 321
 

total

�

 
 2
 
 7
 
 2
 
 25
 
 6
 
 5
 
 -
4

�

 
 0
 
 0
 
 2
 
 -
1
 

one
-
line total
 
 -
1
 
 6
 
 0
 
 8
 
 0
 
 1
 
 -
2
 
 0
 
 0
 
 2
 
 0
 

multi
-
line total
 
 3
 
 1
 
 2
 
 17
 
 6
 
 4
 
 -
2
 
 0
 
 0
 
 0
 
 -
1
 

multi
-
line tested
 
 27
 
 4
 
 2
 
 14
 
 22
 
 9
 
 0
 
 0
 
 0
 
 0
 
 -
1
 

multi
-
line untested
 
 -
24
 
 -
3
 
 0
 
 3
 
 -
16
 
 -
5
 
 -
2
 
 0
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 14.5%
 
 1.8%
 
 0.1
%
 
 -
0.5%
 
 8.5%
 
 2.6%
 
 1.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 

total methods

�

 
 2
 
 7
 
 2
 
 25
 
 6
 
 5
 
 -
4
 
 0
 
 0
 
 2
 
 -
1
 

non
-
test methods


�
 
 -
5
 
 7
 
 2
 
 20
 
 -
2
 
 -
1
 
 -
4
 
 0
 
 0
 
 2
 
 0
 


test methods

�

 
 7
 
 0
 
 0
 
 5
 
 8
 
 6
 
 0
 
 0
 
 0
 
 0
 
 -
1
 

total LOC

�

 
 250
 
 200
 
 54
 
 384
 
 237
 
 260
 
 -
101
 
 1
 
 -
5
 
 41

�

 
 -
42

�

 

non
� -
test LOC


�
 
 -
25
 
 134
 
 33
 
 2
49


�
 
 -
8
 
 20
 
 -
38
 
 1
 
 -
1
 
 41


�
 
 11
 


T
ec

hr
ep

or
t
s


 


LO
C

C

 


test LOC

�

 
 275
 
 66
 
 21
 
 135
 
 245
 
 240
 
 -
63
 
 0
 
 -
4

�

 
 0
 
 -
53
 

total

�

 
 0
 
 0
 
 3
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 

one
-
line total
 
 0
 
 0
 
 -
1
 
 -
1
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 

multi
� -
line total
 
 0
 
 0
 
 4


�
 
 1
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 


multi
� -
line tested
 
 0
 
 0
 
 4

�

 
 1
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 

multi
� -
line untested
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 


JB
la

nk
et


 


% coverage
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 
 0.0%
 

total methods

�

 
 0
 
 0
 
 3
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 

non
-
test methods


�
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 


test methods

�

 
 0
 
 0
 
 3
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 

total LOC

�

 
 0
 
 0
 
 105
 
 2
 
 0
 
 0
 
 0
 
 0
 
 26
 
 0
 
 12
 

non
-
test LOC


�
 
 0
 
 0
 
 11
 
 2
 
 0
 
 0
 
 0
 
 0
 
 26
 
 0
 
 12
 


T
ex

tb
oo

ks

 


LO
C

C

 


test LOC

�

 
 0
 
 0
 
 94
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 
 0
 

total

�

 
 4

�

 
 2
 
 0
 
 5
 
 -
5
 
 -
1
 
 0
 
 14
 
 -
1
 
 0
 
 0
 

one
-
line total
 
 -
2
 
 -
6
 
 0
 
 2
 
 -
4


�
 
 0
 
 0
 
 10
 
 1
 
 0
 
 1
 


multi
� -
line total
 
 6
 
 8
 
 0
 
 3
 
 -
1
 
 -
1
 
 0
 
 4

�

 
 -
2
 
 0
 
 -
1
 

multi
� -
line tested
 
 -
8
 
 4


�
 
 0
 
 21
 
 0
 
 -
1
 
 0
 
 6
 
 8
 
 0
 
 2
 


multi
� -
line untested
 
 14
 
 4

�

 
 0
 
 -
18
 
 -
1
 
 0
 
 0
 
 -
2
 
 -
10
 
 0
 
 -
3
 


JB
la

nk
et


 


% coverage
 
 -
14.3%
 
 -
1.4%
 
 0.0%
 
 18.9%
 
 0.8%
 
 -
0.2%
 
 0.0%
 
 2.5%
 
 9.7%
 
 0.0%
 
 3.0%
 

total methods

�

 
 4

�

 
 2
 
 0
 
 5
 
 -
5
 
 -
1
 
 0
 
 14
 
 -
1
 
 0
 
 0
 

non
-
test methods


�
 
 4
 
 2
 
 0
 
 0
 
 -
5
 
 0
 
 0
 
 10
 
 -
1
 
 0
 
 0
 


test methods

�

 
 0
 
 0
 
 0
 
 5
 
 0
 
 -
1
 
 0
 
 4
 
 0
 
 0
 
 0
 

total LOC

�

 
 83
 
 124
 
 0
 
 95
 
 -
27
 
 -
4
 
 0
 
 229
 
 -
60
 
 0
 
 17
 

non
-
test LOC


�
 
 83
 
 124
 
 0
 
 15
 
 -
27
 
 -
1
 
 0
 
 140
 
 14
 
 0
 
 2
 


T
ut

or

 


LO
C

C

 


test LOC

�

 
 0
 
 0
 
 0
 
 80
 
 0
 
 -
3
 
 0
 
 89
 
 -
74
 
 0
 
 15
 

 


104
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