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Abstract

The object-oriented (OO) paradigm provides se\eral bene ts during analysisand
designof large-scalesoftware systems,but scoreslower in terms of testability when
comparedto systemsdeweloped using the procedural approadc. The low testability
scorefor OO software is due mainly to the composition of OO systemsexhibiting the
characteristics of abstraction, encapsulation,genericity, inheritance, polymorphism,
concurrencyand exception handling. To addressthe di cult y of testing the features
of a class, a plethora of implemertation-based testing techniques (IBTTs) have
been dewveloped. However, no one IBTT has emergedas the preferred technique
to test the implementation of a class. In this paper we preser a technique that
automatically identify thoseIBTTs that are most suitable for testing a classbased
on the characteristics of that class.Our approach usesa taxonomy of OO classes
that is usedto succinctly abstract the characteristics of a classunder test (CUT).
We have implemented a tool that automates the processof mapping IBTTs to a
class.In addition to identifying the IBTTs that would be best suited for testing a
class, our tool provides feedbak to the tester facilitating the identi cation of the
characteristics of the classthat are not suitably tested by any of the IBTTs in the
list. We provide results that illustrate the importance of the technique and the tool
on sewral benchmark programs.
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1 Intro duction

Software quality assurancdSQA) cortinuesto bea major challengein the soft-
wareindustry. Studieshave suggestedhat 50- 60%of the overall developmert
e ort is dewted to quality assuranceactivities (Osterweil and et al., 1999).
Although SQA activities should be performedthroughout the software deel-
opmert process,the testing of programscortinuesto be the main approat
usedto ensurethe quality of software. Software systemsare becominglarger
and more complex, while software testing remains a challenge. Stobie states
that although the computation power doublesevery 18 months and the sizeof
the software code doublesevery sewen yearstesting of the software does not
appearto be keepingpacewith the sizeand complexity of the software, even
with the increasedcomputational power (Stobie, 2005).In this paper whenwe
refer to software testing we mean: (1) the use of techniquesand methods to
generatetest casesand (2) decidingwhether or not the test casesadequately
cover somepredeterminedtest criteria (Frankl and Weyuker, 1988;Weyulker,
1993). Most of the testing techniqueswe cite fall into the secondcategory

To handle the complexities of deweloping large-scalesoftware systemsmany
dewelopers are using the Object-Oriented (OO) paradigm. The OO paradigm
provides seeral bene ts during analysis and design of large-scalesoftware
systems,but scoreslower in terms of testability when comparedto systems
deweloped using the procedural approat. The low testability scorefor OO
software is due mainly to the composition of OO systemsexhibiting the fea-
tures of abstraction, encapsulation,genericity, inheritance, and polymorphism
(Barbey and Strohmeier, 1994; Perry and Kaiser, 1990; Payne et al., 1997;
Younessi,2003). To addressthe low testability of OO systemsa plethora of
OO0 testing techniqueshave beendeweloped (Alexander and O utt, 2000;Buy
et al., 2000;Harrold et al., 1992;Harrold and Rothermel, 1994;Koppol et al.,
2002;Kung et al., 1996;Rountev et al., 2004;Sinhaand Harrold, 1999;Souter
and Pollock, 2000;Yang et al., 1998). We would like to stressthat although
the number of testing techniquescortinuesto grow, none of the current OO
testing techniquesattempt to unify existing techniquesto producea superior
technique. In addition, many of thesetesting techniquesare not widely used
in industry by testing practitioners. Two reasonsfor this lack of wide accep-
tance are: (1) many OO testing techniques are not scalableto real software
applications, and (2) there is a lack of adequatetool support for OO testing
techniques(Harrold, 2000).

To addressthe problem of uni cation and the lack of widespreaduse of OO
testing techniques,we presen a tool that automatesthe processof matching
a list of Implementation-Basel Testing Techniques IBTTs, to a ClassUnder
Test CUT. Our tool is basedon an OO taxonomy of the classesn a software
application (Clarke et al., 2003;Clarke and Malloy, 2005).This taxonomy can



be usedto quickly provide detailed information about the characteristicsof a
class(properties of the data attributes and routines, and classdependencies),
and is able to handle large object-oriented systemsthat more ne-grained
analysistools cannot handle. Our tool not only mapsIBTTs to a CUT but
it also allows the testing professionalto selectthose IBTTs available in the
current testing environmert. Therefore, our tool scalesto handle large OO
systemsin production today and provides the testing professionalwith the
exibilit y to selectiIBTTs depending on the type of application to be tested.

The matching procesghat we presett in this paperidernti es thoselBTTs that

can suitably test characteristics of the CUT and, more importantly, provides
feedbak to the tester that facilitates identi cation of the characteristics of
the CUT that are not suitably tested by any of the IBTTs in the list. The
matching procesausedin the tool is basedon the mappingalgorithm presened

in reference(Clarke and Malloy, 2005). The tool also provides the testing
professionalwith the ability to initialize ead IBTT, in the list of IBTTs

selected,to the classcharacteristics that can be suitably tested. We provide
resultsthat illustrate the importance of the mapping processby using our tool

to mapthree IBTTs to the classesn seeral bendmark programs.The results
strongly support the notion that conbining seweral IBTTs whentesting a class
doesadiewve a higher degreeof test coverage.

The rest of the paper is organizedasfollows: in Section2 we overview imple-
mertation-basedtesting de ning the term classcharacteristicsand describing
the IBTTs usedin our study. In Section 3, we descrite the taxonomy of OO
classesusedin the tool that mapsIBTTs to a CUT. In Section4, we descrite
the mapping processexplaining how the summary of IBTTs is generatedand
provide an overview of the mapping algorithm. In Section5, we descrike the
mapping tool providing an illustrativ e exampleshowing the application of the
tool to a classfrom a classlibrary. In Section6, we presen the results of an
empirical study and discussthe results. In Section 7, we discussthe related
work and give concludingremarksin Section8.

2 Implemen tation-Based Testing

Implementation-tasel testing (also referredto asprogram-basedesting) of an
OO0 classis the processof operating a classunder speci ed conditions, ob-
serving or recording the results, and making an evaluation of the classbased
on aspectsof its implemertation. This de nition is basedon the IEEE/ANSI

de nition for software testing (IEEE/ANSI StandardsCommittee, 1990).The
aspectsof the classto be evaluated are speci ed asa set of test requiremerns
and are measuredagainsta set of correspnding adequacycriteria (Frankl and
Weyuker, 1988). The test requiremerts for implementation-tasel testing tech-



niques or IBTTs, areusually de ned in terms of the class(program) structure
(Zhu et al., 1997).1In this sectionwe de ne the term ClassCharacteristics and
overview how IBTTs are usedduring class-basedesting, focusingon three of
the IBTTs usedin the study preseted in this paper.

2.1 ClassCharacteristics

E orts to adequatelytest the basic unit of OO software, the class(or class
cluster), have resultedin an abundanceof IBTTs (Alexanderand O utt, 2000;
Buy et al., 2000;Harrold et al., 1992;Harrold and Rothermel, 1994;Koppol
et al., 2002;Kung et al., 1996;Rountev et al., 2004;Sinha and Harrold, 1999;
Souter and Pollock, 2000; Yang et al., 1998). Each IBTT focuseson testing
one or more of the properties assaiated with the featuresin the classand/or
the dependenciesbetweenthe classand other classedn the software system
(Class Characteristics). The featuresof the classinclude the attributes (data
items or instancevariables) and the routines (member functions or methods)
(Meyer, 1997).

We de ne the classcharacteristics for a given classC asthe properties of the
featuresin C and the dependencie<C haswith other types(built-in and user-
de ned) in the implemertation. The properties of the featuresin C descrike
how criteria sud astypes,accessibiliy, sharedclassfeatures, polymorphism,
dynamic binding, deferredfeatures, exceptionhandling, and concurrencyare
represeted in the attributes and routines of C. The dependenciesof C with

other types are realized through declarationsand de nitions of C's features
and C's role in an inheritance hierarchy (Clarke and Malloy, 2005).

2.2 Testing Techniques

The IBTTs usedto generatetest information for a classare usually classi ed
into three categoriestheseare: (1) test tuple generation,(2) messagesequence
generation,and (3) test casereuse.Test tuple generationtechniquesusually
obtain test information during program analysisand this information is rep-
reserted in the form of tuples. These tuples represeh either ordered pairs
or orderedtriples that represen line numbers assaiated with ertities in the
program that should be exerciseduring program testing (Alexander and Of-
futt, 2000;Harrold and Rothermel, 1994;Koppol et al., 2002;Rountev et al.,
2004; Sinha and Harrold, 1999; Souter and Pollock, 2000;Yang et al., 1998).
Messagesequenceagenerationtechniquesusually involve somecombination of
program analysis,automatic deduction, and symbolic executionresulting in a
sequencesf messageallsto an object being created (Buy et al., 2000;Kung
et al., 1996). Test casereusetechniquesusetest caseggeneratedto test some



part of a program to test other parts of the program that have not yet been
tested (Harrold et al., 1992).

In this paper we descrike how three IBTTs can be automatically mapped to
a classunder test (CUT) basedon the characteristics of the CUT. The three
IBTTS include: (1) Data Flow IBTT (Harrold and Rothermel, 1994),(2) the
OMEN (Object Manipulations in addition to using Escape Information) IBTT

(Souter and Pollock, 2000),and (3) IncrementalIBTT (Harrold et al., 1992).
The Data Flow and OMEN IBTTs generatetest information in the form of
test tuples and the Incrementaltest information is the identi cation of test
casesthat may be reused.In the following paragraphswe overview eat of
theselBTTs andidertify the classcharacteristicsthat can(cannot) be suitably
testad by ead IBTT. Notethat theseclasscharacteristicsare usedto initialized

the appropriate data structures usedin the mapping processefore the IBTTs

are automatically mapped to the classesunder test. In this paper the class
characteristics that can (cannot) be suitable tested were extracted from the
cited referencefor ead IBTT, howewer, in practice the tester would identify

the classcharacteristics that can (cannot) be suitably tested by ead IBTT

beforethe automated processbegins.Weisssupports this approad by stating
that the notion of decidingwhich IBTT is "better" shouldbe left to the tester
(Weiss,1990).

The Data Flow IBTT usesa classcortrol ow graph (CCFG) to generate
intra-methal, inter-methad and intr a-classdef-usepairs, then evaluates the
coveragefor a given test set basedon the all-usestest adequacy criterion
(Harrold and Rothermel, 1994). The Data Flow IBTT iderti es the def-use
pairs for variables of primitiv e typese.g., ints. Thesevariables can occur as
attributes of a class,new attributes of a derived class,and locals (variables
and parameters) of routines. The drawbadks of using the Data Flow IBTT

include: (1) missing someintra-method, inter-method or intra-class def-use
pairs resulting from specic aliases(complex variables e.g., arrays, structs
and pointers), and (2) the handling of speci ¢ object oriented featuressut
as polymorphism and dynamic binding (Harrold and Rothermel, 1994).

The OMEN IBTT usesdata- ow analysison object manipulations to gener-
ate test tuples of the form object-name(store, load, object creation site), then
ewvaluatesthe coveragefor a given test set basedon whether or not thesetu-
ples were exercised(Souter and Pollock, 2000). OMEN generatestest tuples
for inter-classtesting and presens a technique to deal with the problem of
aliasing. The drawbadks of this approad are: (1) it doesnot considervari-
ablesof primitiv e data types (including pointers to primitiv e types), and (2)
individual elemeits of aggregatedobjects, sud as arrays, createdat one site
are consideredas one object (Souter and Pollock, 2000).

The Incremenal IBTT reusestest setscreatedfor the classat the root of the



inheritance hierarchy (or any classwith descendats) basedon derived fea-
tures (Harrold et al., 1992). The attributes and routines of eat classderived
from the root (parent) classare analyzedand classi ed as one of six types.
Thesetypesare: newand recursivefor both attributes and routines, rede ned,
virtual-new, virtual-r ecursive, and virtual-r ede ned for routines (Harrold et al.,
1992). New features are those features declaredin the derived class.Recur-
sive features are those features inherited unchanged from the parert class.
Rede ned (or overridden) routines de ne a new implemertation for the sig-
nature of the routine de ned in the parert class.The virtual and non-virtual
modi ers represets dynamic and static binding of the routines respectively.
Depending on the type of feature in the derived class:(1) new test casesare
generated(new or virtual-new features),(2) the test casedrom the test history
for that inherited feature aretotally or partially reused(rede ned and virtual-
rede ned routines), or (3) the feature is consideredto be properly tested in
the parert and none of the tests are reused(recursiwe or virtual-recursive fea-
tures). The Incremental IBTT cannotbe appliedto classeghat areat the root
of an inheritance hierarchy or thoseclasseghat are not part of an inheritance
hierarchy.

3 A Taxonomy of OO Classes

Clarkeet al. (Clarkeet al., 2003;Clarke and Malloy, 2005)proposea taxonony
of OO classeghat is usedto succinctly abstract the characteristicsof an OO
class.The taxonomy of OO classess essehal to the processof automatically
mapping IBTTs to classesClarke et al. (Clarke and Malloy, 2005) de nes a
taxonomy of OO classesas follows:

De nition 1. Taxonomyof OO Classes.A taxonomyof OO classesT, clas-
si es an OO classC into a group basedon the dependenciesC haswith other
types (built-in and user-de ned) in the software application. The dependen-
ciesof C with other typesare realizedthrough declarationsand de nitions of
C's featuresand C's role in an inheritance hierardy. 2

The properties of the taxonony include: (1) it can be usedto cataloga class
written in virtually any OO language,(2) it partitions the setof all OO classes
into the nite set of mutually exclusive groups (taxa), and (3) the groups of

classesare descrilked in an unambiguous manner using a regular grammar.

Using the taxonomy to catalogan OO classgeneratesa cataloged entry con-

taining the nameof the class,the group the classbelongsto, and the subgroups
represeting the attributes and routines.



3.1 Cataloged Entry

A catalogedenry (Clarke and Malloy, 2005)is de ned asa 5-tuple consisting
of: (1) ClassName (2) Nomenclatue Compnent - the group (or taxon) con-
taining the a class,(3) Attributes Compnent- a list of ertries represeting the
subgroupsattributes, (4) Routines Component - a list of ertries represeting
the routines, and (5) Feature Classi cation Component- alist summarizingthe
inherited featuresof the class.Each component entry consistsof two parts: (1)
a modi er - describingthe properties of the classand its features(attributes
and routines), and (2) the type families - types assaiated with the class.A
modi er consistsof a list of descriptors (core and add-on) represeting the
classcharacteristics. The coredescriptorsrepresem classcharacteristicsfound
in most OO languagesand the add-onsdescriptorsrepresen characteristics
peculiar to a given language.Eadc add-on descriptor usedin a componert
ertry is enclosedin a pair of parerthesesto distinguish it form the core de-
scriptors.

Table 1 lists the descriptorsand type families usedin the componert ertries.
Columns 1, 2, and 3 in Table 1 shav the descriptors usedin the modi er
part of the componert ertries in the Nomenclature,Attributes and Routines
componerts respectively. The descriptorsare assignednamesthat intuitiv ely
re ect the characteristic they capture. For example, a classis catalogedas
Inheritance-free (Column 1, Row 8 of Table 1) if it is not a part of an in-
heritance hierarcdhy. The add-on descriptorsfor the C++ languageare shavn
enclosedin parerthesesin Columns 1 and 3 of Table 1. Column 4 shows the
typesfamilies usedin the Nomenclature,Attributes and Routines componert
ertries. A detail explanation of the descriptorsand type families are provided
in reference(Clarke and Malloy, 2004a).

3.2 lllustrative Example

Figure 1(a) shavs the C++ code for the classvBaseltemand Figure 1(b) the
catalogedertry for vBaseltemThe classvBaseltemFigure 1(a), is taken from
the V GUI Library (Wampler, 2001) a multi-platform C++ graphical interface
framework to facilitate construction of GUI applications. ClassvBaseltende-
claresthree attributes and v e routines. The catalogedenry in Figure 1(b)
presens a succinct summary of all the featuresin classvBaseltemgrouped
basedon the characteristicsthey exhibit. The catalogedertry in 1(b) wasgen-
eratedusing TaxTOOL - A TaxonomyTool for an Object-Oriented Language
seeSubsection5.1. The Nomenclature of classvBaseltemis Parent Families
P, P*, U* becauseit is at the root of an inheritance hierarchy (Parent), de-
clares primitiv e types (P), referencego primitiv e types (P*) and references



Descriptors Type
Nomenclature Attributes Routines Families
(Nested) New (Constant) NA no type
(Multi-P arernts) Recursive New P primitiv e type
(Friend) Concurrent Recursivwe p* referenceto P
(Has-Fiend) Polymorphic Rede ned U user-de ned type
Generic Private Concurrent U* referenceto U
Concurrert Protected Syndronized L library
Abstract Public Exception-R L* referenceto L
Inheritance-free | Constart Exception-H A any type (generics)
Parent Static Has-Polymorphic A* referenceto A
External Child - Non-Virtual m< n> parameterizedtype
Internal Child - Virtual m < n>* referenceto
- - Deferred parameterizedtype
- - Private wherem 2 fU, Lg
- - Protected n is any combination of
- - Public fP, P*, U, U* L, L* A, A*g
- - Static -

Table 1. Descriptors (core and add-on) and type families used in a cataloged en-
try. The descriptorsin parenthesesare the add-on descriptors usedto describe the
characteristics of a classpeculiarto C++.

to user-de nedtypes(U*).

The Attributes component in Figure 1(b) hastwo enries: (1) [2] Protected
Family P represeting _-vHandleand _copiedboth classi ed as primitiv e types
(lines 11 and 12, Figure 1(a)), and (2) [1] Protected Family P* represeting
_name(line 10) a pointer to a primitiv e type. The Routines componert has4
ertries (1) [1] HasPolymorphic Non-Virtual Public Family U* for the copy
constructor line 3 and lines 22 through 26 Figure 1(a)), (2) [1] Virtual Public
Family NA for the destructor line 4 and lines 28 through 35, (3) [2] Non-
Virtual Public Family NA for the routines vHandle()and name()line 5 and 7
respectively, and (4) [1] Non-Virtual Protected Family P* for the oneargument
constructor line 13 and lines 15 through 20. The descriptor Has Polymorphic
identi es that the routine declaresa polymorphic routine local (variable or
parameter) i.e., the local is a referenceto an object of a classthat has de-
scendats. The descriptors Non-Virtual and Virtual categorizesthe type of



1 class vBaseltemf

2 public: Class: vBaseltem

3 vBaseltem(const vBaseltem& b);

4 virtual ~vBaseltem (); . ' * [ 1%

5 const Widget vHandie() f Nomenclature: Parent Families P P* U

6 return _vHandle; g ]

7 const char name() f Feature Properties

8 return (const char ) _name;g

18 prO;eCted : Attributes:

char _name; :
| ’ . [2] Protected Family P
11 Widget _\_/Ha_ndle, Widget vBaseitem::_vHandle
12 int _copied; int vBaseltem::_copied
13 vBaseltem ( char name);g; .
14 [1] Protected Family P*
15 vBaseltem::vBaseltem (const char* vBaseltem::_name
16 char name)f Routines:
17 .vHandle = NULL; [1] Has_Polymorphic Non-Virtual Public
18 _name = new char [strlen(name)+ 1]; - Family U*
;g strcpyd( _rlarg(.e, name); vBaseltem::vBaseltem(const
o -copied = U9 vBaseltem&)
22 vBaseltem ::vBaseltem (const [1] Virtual Public Family NA
23 vBaseltemé& b)f vBaseltem::~vBaseltem()
24 -name = b_- -name; ‘ [2] Non-Virtual Public Family NA
32 -vHan %I €= 1t_) --vHandle; Widget vBaseltem::vHandle()
p -copted = 1,9 char vBaseltem::name()
28 vBaseltem::~vBaseltem ()f [l] Non-Virtual Protected Fam”y pP*
29 if (_copied)f vBaseltem::vBaseltem(char*)
30 /! Debugging system call e
31 return:g Feature Classification:
32 if (_vHandle)f None
33 XtDestroyWidget (_vHandle);
34 _vHandle = NULL;g
35 delete [] _name;g
() (b)

Fig. 1. (@) C*++ code for classvBaseltemfrom the V GUI library. (b) Cataloged
entry for classvBaseltem

binding, static and dynamic respectively. The descriptors Private, Protected
and Public capture the accessibiliy of the routine. The type families are de-
scribed in the previous paragraph. The Feature Classi cation componert of
the catalogedertry in Figure 1(b) cortains the ertry None since vBaseltem
is not a derived class. To minimize the code length in Figure 1(a) se\eral
debuggingsystemcalls wereremoved and replacedby commerts e.g.,line 30.

4 Mapping Pro cess

In this sectionwe overview the mapping technique presered by Clarke and
Malloy (Clarke and Malloy, 2005), providing additional details for the IBTTs
usedin the study presened in this paper. The mapping processconsistsof
three steps,theseare: (1) generatinga catalogedenry for the CUT from the
sourcecode, (2) capturing the classcharacteristicsfor IBTTs available to the



tester, and (3) generatinga list of the CUT's characteristicsthat can(cannot)
be suitably testal by the tester suppliedIBTTs. The rst step of the mapping
processwas descriked using the examplein Subsection3.2. The secondand
third stepsof the mapping processare descrited in Subsections4.1 and 4.2,
respectively.

4.1 IBTT Entries

The IBTTs available to the tester are stored in a list summarizingthe class
characteristics that can be suitably testad by ead IBTT. Each IBTT in the
list is storedin an IBTT entry. Figure 2(a) shows the structure of an IBTT
ertry. Each IBTT ertry usedin the mapping processconsistsof the following
elds: (1) UniquelD - a unique iderti er for the IBTT, (2) Smpe - the scope
for which the IBTT is e ective, and (3) EntryList - a list of catalogedertries
represeting the class characteristics that are suitably tested by the IBTT.
The structure of the catalogedenry in the EntryList is similar to that of
the CUT, exceptthe classname eld is replacedby a priority value. The
priority value is usedin the ewert that more than oneIBTT can be usedto
suitablytesta classcharacteristic. The componert ertries in ead catalogertry
in an IBTT ertry is written using EBNF notation (Sethi, 1986), a notation
usedto specify grammars. Figure 2 parts (b), (c) and (d) showv the IBTT
ertries for the IncrementalIBTT (Harrold et al., 1992),the Data Flow IBTT
(Harrold and Rothermel, 1994), and the OMEN IBTT (Souter and Pollock,
2000),respectively. Thesearethe IBTTs usedin the study descrikedin Section
6.

Figure 2(b) shonvsthe IBTT ertry that represets the characteristics suitably
testal by the Incremenal IBTT (Harrold et al., 1992). We assignthe Incre-
mertal IBTT the unique identi er IncrementaHarold92 The e ective scope
of the Incremenal IBTT is a classcluster (the inheritance hierardy). We as-
signa priority of 4to the Incremenal IBTT, higherthan the othertwo IBTTSs,

sincetest casesalready existsif this IBTT canbe usedto test the CUT. The
Incremenal IBTT can be appliedto derived classeshencethe Nomenclature
ertry ?(Internal Child j External Child)?. We usethe ? asa wild card charac-
ter that represets any legal descriptor or string of descriptors.The Attribute

ertry is Recursive? represeting any componert ertry that beginswith the
descriptor Recursive i.e., an attribute inherited form the parert class. The
Routine enry is (Recursive ] Rede ned)? represeting any componert erntry

that beginswith the descriptorsRecursive or Rede ned i.e., any routine that

is inherited from the parert classor any routine that inherits only the routine
prototype form the parert class.

The Data Flow IBTT (Harrold and Rothermel, 1994), showvn in 2(c), is as-

10



UniquelD: <lIdentifier of IBTT>
Scope: <Class or class cluster>
EntryList:

<Catalog Entry 1>

<Catalog Entry 2>

Priority: <Tester assigned priority>

Nomenclature: <group of classes
suitably tested by IBTT>

Feature Properties

Attributes: <groups of attributes
suitably tested by IBTT>

Routines: <groups of routines
suitably tested by IBTT>

@)

UniquelD: Incremental_Harrold92

Scope: Cluster
EntryList:

Priority: 4

Nomenclature:
?(Internal Child | External Child)?

Feature Properties

Attributes:  Recursive?

Routines: (Recursive | Redefined)?

(b)

UniquelD: Data-Flow_Harrold94
Scope: Class
EntryList:

Priority: 3

Nomenclature:
(Inheritance free | Parent) Family P

Feature Properties

Attributes:  (Private | Protected | Public)
[Static] Family P
Routines:
(Non Virtual | Virtual) (Private |
Protected | Public) [Static] Family P

Priority: 3

Nomenclature:
(External Child | Internal Child) Family P

Feature Properties

Attributes: New (Private | Protected |
Public) [Static] Family P
Routines:
(New | Redefined) (Non Virtual | Virtual)
(Private | Protected | Public) [Static]
Family P

UniquelD: OMEN_Souter00
Scope: Cluster
EntryList:

Priority: 3

Nomenclature:
(Inheritance free | Parent) Family U* L*

Feature Properties

Attributes:  [Polymorphic] (Private |
Protected | Public) [Static] Family U* L*

Routines: [Has Polymorphic]
(Non Virtual | Virtual) (Private |
Protected | Public) [Static] Family U* L*

Priority: 3

Nomenclature:
(External Child | Internal Child) Family U* L*

Feature Properties

Attributes:  New [Polymorphic] (Private |
Protected | Public) [Static] Family U* L*

Routines: (New | Redefined)
[Has Polymorphic] (Non Virtual | Virtual)
(Private | Protected | Public) [Static]
Family U* L*

©

(d)

Fig. 2. (a) Structure of the IBTT entry. (b) IncrementallBTT entry (Harrold et al.,
1992).(c) OMEN IBTT entry (Souter and Pollock, 2000).(d) Data- ow IBTT entry
(Harrold and Rothermel, 1994).

signed the unique iderti er Data-Flov_Harold94 and the e ective scope is
within the class The rst catalogedertry in EntryList shovn in Figure 2(a)

11



states that the Data Flow IBTT can be applied to a classthat is either
Inheritance-free or a Parent (the root of an inheritance hierarchy) with at-

tributes or routine locals declaredonly as primitiv e types (P). The ertry in

the Attributes componen statesthat the Data Flow IBTT canbe usedto suit-

ably test attributes declaredas Private, Protected or Public, with (without) a
Static classi er, and a primitiv e type. The entry in the Routines componert

statesthat the Data Flow IBTT canbe usedto suitablytest routines declared
asstatically bound (Non-Virtual ) or dynamically bound (Virtual ), with acces-
sibility Private, Protected or Public, with (without) a Static classi er, and all

variables and parametersare declaredas primitiv e types. The ertries in the

secondcatalogertry canbe similarly described, the only di erence is that the

classcharacteristics are described for derived classe<.g., External Child and

Internal Child classesNote that only newly declaredattributes and routines
in the derived classesan be tested by the Data Flow IBTT.

The entries for the OMEN IBTT (Souter and Pollock, 2000),showvn in Figure
2(d) may be descriked using an approad similar to the Data Flow IBTT.

The main di erence is the type families stated in the componen enries. The
Nomenclature componert entry indicates that the OMEN IBTT can be ap-
plied to classeghat declarereferencedo user-de nedtypes(classesstructs)
(U*) and referencesto types from classlibraries (L*) e.g., STL (ISO/IEC

JTC 1, 1998).The Attributes componert ertries cortain the ertry Polymor-
phic represeting the fact that the OMEN IBTT canbeappliedto classesvith
polymorphic attributes i.e., attributes that are referencedo objects of parert
classesn aninheritance hierarchy. The Routinesertries cortain the descriptor
Has-Polymorphicindicating that the IBTT can be applied to routine locals
that are polymorphic.

4.2 Overviewof Mapping Algorithm

Clarke and Malloy descrike the algorithm we useto map IBTTs to a CUT
(Clarke and Malloy, 2005), step 3 of the mapping process.The mapping al-
gorithm takes as input a summary of the CUT and a list summarizing the
IBTTs available to the tester, then identi es thoseIBTTs that can (cannot)
suitably testfeaturesof the CUT. A detailed versionof the mapping algorithm
is presetted in (Clarke and Malloy, 2005).

The mapping algorithm works by matching (see De nition 2 that follows)
componert ertries in the catalogedertry for the CUT and the correspnding
componert ertries in ead catalogedentry of an IBTT entry. That is, a match
is attempted for the Nomenclaturecomponert ertries from the catalogeden-
tries of the CUT and an IBTT ertry. If there is a match then the enries for
the Attributes and Routines componerts are cheded for a match. The above
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sequenceof stepsis performed for ead IBTT in the input IBTT list. The
matchesoperator (Clarke and Malloy, 2005)is de ned asfollows:

De nition  2: Boolean operator matches(' ). The value of a componert ernry
A matchesa componert ertry B if and only if: (1) the string of descriptorsin
the modi er part of A is a string in the languagegeneratedby the modi er
part of B, and (2) the intersection of type familiesin A and B is nonempt.

That is,

A' B () Amodifier 2 L(B:modif ier) and
Aty peFamily\ B:typeFamily 6 ;

wherefor any componert erntry C, C:modif ier is the string of descriptorsof
C, L(C:modif ier) is the languagegeneratedby the modi er componert of C,
and C:typeFamily is the set cortaining the type families of C. 2

Note that applying the matchesoperator to two componert erntries A and B
and obtaining a value of true implies that there is an nonempty intersection
betweenthe type families of A and B. If A matchesB but the type family of
A is not equalto the type family of B resultsin a partial match. During the
mapping processbetweenIBTTs and a CUT oneor more partial matchescan
occur betweenthe componert ertries in the IBTT ertry and the cataloged
ertry for the CUT. Additional details of the mapping algorithm are presened
in (Clarke and Malloy, 2004a,2005).

The Attributes componerts enries for the Data Flow, OMEN, and Incre-
mertal IBTT ertries shovn in Figure 2 parts (b), (c) and (d) are mutually
exclusiwe. That is, given an ertry in the Attributes componert of a CUT,
at most one ertry from the Attributes componerts in either the Data Flow,
OMEN, or Incremerial IBTTs canmatch the ertry in the CUT. For the Rou-
tines componerts only the ertries in the Data Flow and OMEN IBTTs are
mutual exclusiwe, i.e., the Rede ned descriptor and wild card character ? used
in the Routinescomponernt of the Incremertal IBTT precludesthe componert
ertries in the three IBTTs from being mutually exclusie.

5 Mapping Tool

In this section we descrike a tool that automates the processof mapping
IBTTs to a CUT. The mapping tool acceptsasinput a list summarizingthe
IBTTs available to the tester and the sourcecode of the CUT. The output
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TaxTOOL

<<queries>>
] 7| Clouseau_API
Tax_Cataloger ]
> Tax_Repository
<<updates>>
uses TaxTOOL . . . queries TaxTOOL
to build an IBTT <<queries>> for the CUT catalog
catalog entry | <<uses>> ! entry
I
] <<queries>> ]
Tax_lO Commmmmmma Tax_Map
N
queries Tax_IO
for the IBTT list of
catalog entries

Fig. 3. Classdiagram for the tool to map IBTTs to a CUT.

of the tool consistsof: (1) the IBTTs that can be usedto suitably test the
features of the CUT, and (2) the features of the CUT for which no IBTT
is available to suitably test that feature. The mapping tool consistsof two
subsystemsTaxTOOL and Tax Mapper. Figure 3 shovs a UML classdiagram
for the mapping tool.

5.1 TaxTOOL

TaxTOOL - A TaxonomyTool for an OO language is a reverseengineering
tool that catalogsclassesvritten usingthe C+ + language(Clarke et al., 2003).
TaxTOOL is shavn asthe padkageat the top of Figure 3. The componerts
of TaxTOOL usedin the mapping tool include Clouseau, Tax Catalager, and
Tax Repository. Clouseauprovides information about the accessibiliy, visi-
bility, and types of namespacesglassesfunctions, and variablesin the C++
program (Clarke et al., 2003;Matzko et al., 2002). Tax_Catalogergeneratesa
catalogentry for ead classin the C++ program being reverseengineeredAn
exampleof a catalogedentry is shavn in Figure 1(b). Tax_Repository storesa
list of all the catalogedertries generatedfrom the classesn the C++ program.
In addition, Tax_Repository storessupporting information for the cataloging
processe.g., the name and type of ead attribute and the name and type of
all the locals (parametersand variables) for ead routine.
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5.2 TaxMapper Subsystem

The TaxMapper subsystemis responsible for capturing the list summarizing
the IBTTs from the tester (Subsection4.1) and performing the stepsoutlined
in the mapping algorithm (Subsection4.2). The Tax_Mapper subsystemcon-
sists of two padkagesTax IO and TaxMap shavn at the bottom of Figure 3.
Tax_10 isresponsiblefor readingthe le cortaining the list of IBTT summaries
supplied by the tester, parsing the cortents of the le, and generatingIBTT
ertries. Tax_.Map mapsIBTTs to a CUT by matching componen ertries of
an IBTT catalogedenry and a CUT catalogedenry. In the next subsection
we descrike an examplethat illustrates how the mappingtool is usedto map
IBTTs to a CUT.

5.3 Exampleof Mapping Process

In this examplewe descrike how the Incremenal IBTT (Harrold et al., 1992),
the Data Flow IBTT (Harrold and Rothermel, 1994),and the OMEN IBTT
(Souter and Pollock, 2000)are mappedto the classvBaseltenfrom the V GUI
library (Wampler, 2001).The input to the mappingtool is the sourcecode of
the software application cortaining the C++ classvBaseltemshownn in Figure
1(a), and a list summarizingthe Incremertal, Data Flow and OMEN IBTTS,
shown in Figure 2 parts (b), (c) and (d), respectively. The output generated
from the mapping tool is shavn in Figure 4.

The data structure in Figure 4 consistsof the following elds: (1) Class- the
name of the CUT, (2) Featurestestedlist - a list of classfeaturesthat can
be suitably testal by the IBTTs supplied by the tester, and (3) FeaturesNOT
testedlist - a list of classfeaturesfor which thereis no IBTT to suitably test
thosefeatures.The secondeld in Figure 4, Featuregestedlist, illustrates that
the Data Flow IBTT (Harrold and Rothermel, 1994)- Data-Flow_Harrold94
canbe usedto suitablytestthe attributes _vHandleof type Widgetand _copied
of type int. Note that both theseattributes are catalogedas Protected Family
P. Similarly, the OMEN IBTT (Souter and Pollock, 2000)- OMEN _Souter00
can be usedto suitably test the one-argumeh constructor vBaseltem(const
vBaselten®&), with respect to the localsdeclaredasreferencedo user-de ned
types. The third eld in Figure 4 contains ertries for all the other attributes
and routines in the classvBaseltemNote that the Incremertal IBTT cannot
be usedto test any of the featuressincethe classvBaseltems not cataloged
as an External Child or an Internal Child i.e., it is not a derived class.

The mapping tool readsas input the sourcecode cortaining the classvBa-
seltemand parsesit usingthe ClouseauAPI. Tax Catalogerthen queriesthe
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Class: vBaseltem

Features tested list:

Feature Component Entryf2] Protected Family P

Feature Pairs:(int vBaseltem::_copied, ATTRIBUTE)
(Widget vBaseltem::_vHandle, ATTRIBUTE)

IBTT ID: Data-Flow_Harrold94
IBTT Priority: 3

Feature Component Entry
[1] Has_Polymorphic Non Virtual Public Family U*

Feature Pairs:
(vBaseltem::vBaseltem(const vBaseltem&), ROUTINE)

IBTT ID: OMEN_Souter00
IBTT Priority: 3

Features NOT tested list:

Feature Component Entryf1] Protected Family P*
Feature Pairs:(char* vBaseltem::_name, ATTRIBUTE)

Feature Component Entnyf1] Virtual Public Family NA
Feature Pairs:(vBaseltem::~vBaseltem(), ROUTINE)

Feature Component Entry{f2] Non Virtual Public Family NA

Feature Pairs:(Widget vBaseltem::vHandle(), ROUTINE)
(char vBaseltem::name(), ROUTINE)

Feature Component Entry
[1] Non Virtual Protected Family P*

Feature Pairs:(vBaseltem::vBaseltem(char*), ROUTINE)

Fig. 4. Output generatedby the mapping tool when the sourcecode for the class
vBaseltemand the IBTT entries for the Incremental IBTT (Harrold et al., 1992),
Data Flow IBTT (Harrold and Rothermel, 1994)and the OMEN IBTT (Souter and
Pollock, 2000) are supplied to the mapping tool.

ClouseauAPI and generatescatalogedertries for all the classesn the appli-
cation cortaining the classvBaseltenand storesthem in Tax_Repository. The
mapping tool then readsthe text le conaining the summary of the Incre-
mertal, Data Flow, and OMEN IBTTs. Tax_lO parsesthe cortents of the test
le and usesTaxTOOL to generatelBTT ertries for ead IBTT readasinput.
A list cortaining the Incremertal, Data Flow and OMEN IBTT ertries are
stored in Tax_lO using the format shown in Figure 2 parts (b), (c) and (d),
respectively. The userthen ernters the name of the CUT (vBaselten to the
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Application Library No. Lines

No. Name Release (NCSL)
1 gausselim ADOL-C 1.6 737

2 IV edrav IV Tools 1.0.1 956

3 | IV graphdrav || IV Tools 1.0.1 4319

4 IV drawserv || IV Tools 1.0.1 6670

5 ep matrix NTL 5.2 7068

6 vkey V GUI 1.2.5 8628

Table 2. C++ applications usedin the study.

mapping tool and Tax_Map initiates the mapping process.Tax_Map queries
TaxTOOL for the catalogedentry for vBaseltemand Tax 1O for the list of
IBTT ertries. Tax_ Map then appliesthe mapping algorithm to the cataloged
ertry ofthe CUT andlist of IBTT ertries generatingthe output shown in Fig-
ure 4. Additional details of how the mapping algorithm works can be found
in (Clarke and Malloy, 2004a,2005).

6 Empirical Study

In this sectionwe descrike the C++ applicationsusedin our study and presen

the results obtained when three IBTTs are mapped to the classesn the the

C++ applications. Our mappingtool is usedto map the IBTTs to the classes.
We also state the limitations of the study with respect to the selection of

the IBTTs chosenand the C++ applicationsusedin the study. Although the

primary purposeof the mapping tool is to automate the processof mapping

IBTTs to a single CUT, we have extendedthe mapping tool to investigate
the perceniagesof features(attributes and routines) in the C++ applications
that can be suitably tested by the Incremertal (Harrold et al., 1992), Data

Flow (Harrold and Rothermel, 1994),and OMEN IBTTs (Souterand Pollock,

2000).

6.1 Software Applications

Our application suite consistsof six C++ programs written to solve prob-
lemsin the domains of mathematics and the dewelopmen of graphical user
interfaces.Table 2 summarizesthe application suite usedin the study. Row 1
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App Entities Cataloged Componert Entries (CES)
No. | Classes| Attrs | Routs | Routs* | Attrs Routs

1 11 22 131 203 14 95

2 44 31 366 656 18 208

3 151 421 | 1171 2760 157 978

4 234 1153 | 2477 7562 448 2341

5 50 118 467 467 66 201

6 46 293 435 720 111 240

Table 3. Summary of the classesattributes and routines cataloged by TaxTOOL
for the six applications in Table 2. Columns 4, (Routs), represert the number of
coded routines in the applications and Column 5, (Routs*), represent the number
of coded routines catalogedplus the inherited (recursive) routines.

summarizesthe data for the rst application, gausselim a program that per-
forms GaussianElimination using the library ADOL-C (Griewank and Vogel,
2003). ADOL-Cis a library that facilitates the ewvaluation of rst and higher
derivatives of vector functions. Rows 2, 3, and 4 of Table 2 summarizesthe
data for IV edraw, IV graphdrav and IV dravservapplications that usethe IV
Toolslibrary (Johnstonet al., 2003).1V Toolsis a layeredcollection of applica-
tion frameworks for building custom drawing editors and spatial data seners.
Row 5 cortains the data for ep matrix, an extended precision matrix appli-
cation that usesNTL (Shoup, 2002). NTL is a high-performance, portable
C++ number theorem library providing data structures and algorithms for
manipulating signed,arbitrary length integersfor vectors, matrices and poly-
nomials over integersand nite elds. Row 6 cortains data for vkey (Swan,
2000,p. 760),a GUI application that usesthe V GUI library Wampler (2001),
a multi-platform C++ graphical interface framework.

Columns 1 and 2 of Table 2 cortain the number and name for ead of the
six C++ applications. Column 3 iderti es the library usedto dewlop the
application and Column 4 cortains the number of non-commered lines of
code (NCSL) in the source code for the application. For example, Row 1
summarizesapplication 1, gausselim that usesthe ADOL-C library version
1.6, and has 737 non-commeted lines of non-commered sourcecode.

Table 3 cortains a summary of the classes,attributes and routines cata-
logedusing TaxTOOL. Column 1 cortains the application number, Columns2
through 4 shavs the number of classesattributes, and routines cataloged,re-
spectively. Column 4 represets the number of non-recursie routinesi.e., those
routines that are either new or rede ned. Column 5, labeled Routs™, shows
the total number of routines catalogedincluding the recursiwe routines i.e.,
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App Attributes CEs Routines CEs

No. Match | No Match Match Partial Match | No Match
1 | 5(36%) | 9(64%) | 15 (16%) 1 (1%) 81 (85%)
2 | 6(33%) | 12(67%) | 34 (17%) 24 (12%) 193 (95%)
3 | 30(19%) | 127 (81%) | 118 (12%) 56 (6%) 916 (94%)
4 | 69 (15%) | 379(85%) | 231(10%) | 103 (4%) | 2213(95%)
5 | 23(35%) | 43(65%) | 69 (34%) 21 (10%) 153 (76%)
6 | 38(34%) | 73(66%) | 57 (24%) 26 (11%) 209 (87%)

Avg. | (29%) (71%) (19%) (7%) (89%)

Table 4. Summary of results when the Data Flow IBTT (Harrold and Rothermel,
1994)is mappedto the classedn the applications listed in Table 2. The numbersin
the table represen the Attributes and Routines componerts ertries that can/cannot
be suitably tested by the Data Flow IBTT.

thoseroutines that are new, recursiwe, or rede ned. Column 6 and 7 cortains
the number of componert enries generatedwhen the classesare cataloged.
Note that that there is a reduction betweenthe number of actual attributes

and routines in a classand the number of componen ernries generatedus-
ing TaxTOOL. Clarke et al. (Clarke and Malloy, 2004b) presen a study that

shows the number of ertities to be analyzedby a tester whenselectingIBTTs

can be reducedby 53%if the CUT is rst catalogedusing TaxTOOL.

6.2 Results

The results obtained from mapping IBTTs to the classedor the programsin
the C++ application suite are shovn in Tables4, 5, 6 and 7. We also presen
a summary of the information cortained in the aforemenioned tables as bar
charts in Figures5 and 6.

Tables4, 5, and 6 shav a summary of the resultswhenthe Data Flow (Harrold
et al., 1992), OMEN (Souter and Pollock, 2000) and Incremertal (Harrold
and Rothermel, 1994) IBTTs, respectively, are mapped to the classesn the
applications listed in Table 2. Tables4, 5, and 6 all have a similar structure
as explained in the following sertences. Column 1 cortains the number we
assignedo the C++ programsin the application suite (seeTable 2). Column
2 shaws the total number (and perceriage) of Attributes componert ertries
that match the correspnding entry for the respective IBTT. Column 3 shavs
the total number (and percenage) of the Attribute componert ertries that do
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App Attributes CEs Routines CEs

No. Match | No Match Match Partial Match | No Match
1 1(7%) | 13(93%) | 23 (24%) 2 (2%) 74 (78%)
2 | 8(44%) | 10(56%) | 60 (30%) 27 (13%) 170 (84%)
3 | 50(32%) | 107 (68%) | 254 (26%) | 106(11%) | 830 (85%)
4 | 98(22%) | 350(78%) | 499 (21%) | 186 (8%) | 2028(87%)
5 | 18(27%) | 48 (73%) | 76 (38%) 20 (10%) 145 (72%)
6 | 28(25%) | 83(75%) | 32 (13%) 13 (5%) 221 (92%)

Avg. | (26%) (74%) (25%) (8%) (83%)

Table 5. Summary of results when the OMEN IBTT (Souter and Pollock, 2000)
is mapped to the classesin the applications listed in Table 2. The numbersin the
table represern the Attributes and Routines componerts ertries that can/cannot be
suitably tested by the OMEN IBTT.

App Attributes CEs Routines CEs

No. Match No Match Match Partial Match | No Match
1 7 (50%) | 7(50%) | 38 (40%) 12 (13%) 57 (60%)
2 0 (0%) | 18(100%) | 74 (36%) 19 (9%) 129 (864%)
3 | 62(39%) | 95(61%) | 483(49%) | 109(11%) | 495(51%)
4 | 251(56%) | 197 (44%) | 1356(58%) | 277(12%) | 985 (42%)
5 0 (0%) | 66(100%) | O (38%) 0 (0%) 201 (100%)
6 | 30(27%) | 81(73%) | 85 (35%) 24 (10%) 155 (65%)

Avg. | (29%) (71%) (37%) (9%) (63%)

Table 6. Summary of results when the Incremertal IBTT (Harrold et al., 1992)is
mapped to the classesin the applications listed in Table 2. The numbers in the
table represern the Attributes and Routines componerts ertries that can/cannot be
suitably testad by the Incremental IBTT.

not match any of the Attributes componert ertries for the respective IBTT.

Column 4 shaws the total number (and perceriage) of Routines componert
ertries that match the correspnding ertry for the respective IBTT. Column5
shows the total number (and percenage) of Routinescomponert ertries that
partially match the correspnding entry for the respective IBTT. Column 6 of
the Tables4, 5, and 6 shavsthe total number (and percenage) of the Routines
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App Attributes CEs Routines CEs
No. Match No Match Match No Match
1 13 (93%) 1 (7%) 76 (80%) | 19 (20%)
2 14 (78%) | 4 (22%) | 168(83%) | 35 (17%)
3 | 142(90%) | 15(10%) | 855(87%) | 123(13%)
4 | 418(93%) | 30(7%) | 2086(89%) | 255(11%)
5 41 (62%) | 25(38%) | 145(72%) | 56 (28%)
6 96 (86%) | 15(14%) | 174(73%) | 66 (28%)
Avg. (84%) (16%) (81%) (19%)

Table 7. Summary of results when the Data Flow (Harrold et al., 1992), OMEN
(Souter and Pollock, 2000), and the Incremenrtal IBTT (Harrold et al., 1992) are
mapped to the classesn the applications listed in Table 2.

Fig. 5. Bar chart shawing the percertages of attributes that can be suitably tested
by the Data Flow, OMEN, and Incremental IBTTs for the six programs in the
application suite. The rightmost bar of eat cluster shovsthe cumulativ e percerniage
of attributes that can be suitably testal by all three IBTTSs.

componert enries that do not match any of the Routines componert ertries
for the respective IBTT. The rows in Tables4, 5, and 6 cortain the data
obtained for ead programin the application suite. The last row in ead table
shows the averagepercenage correspnding to the perceragesshovn in the
respective columns.

A partial match occurswhenthere is an intersectionbetweenthe type families
of a Routines componert erntry from the catalogedertry of the CUT and a
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Fig. 6. Bar chart showing the percertages of routines that can be suitably tested
by the Data Flow, OMEN, and Incremental IBTTs for the six programs in the
application suite. The rightmost bar of ead cluster showvsthe cumulativ e percenage
of routines that can be suitably tested by all three IBTTs.

Routines componert ertry from the IBTT enry (see Subsection4.2. The
details of the mapping algorithm are presertied in (Clarke and Malloy, 2004a,
2005). As a result of a partial match someof the Routine componert ertries
are courted more than one, hencethe sum of the percertagesin Columns4, 5
and 6 of se\eral rows exceed100%.For example,the sum of the percertages
in Columns4, 5 and 6 of Row 2 in Table 4 is 124%.

Table 4 contains the data obtained when the Data Flow IBTT is mapped to
the classesn the six programsin the application suite. Columns 2 and 3 of
Row 1 in Table 4 shav the results obtained when the Attributes componert
ertries of the Data Flow IBTT are mapped to the correspnding componert
ertries in the catalogedclassegor the gausslimapplication. Row 1 shovsthat
5 (36%) of the Attribute componert ertries match, and 9 (64%) do not match.
Columns 4, 5 and 6 of Row 1 shawv that for the Routines componert ertries
15 (15%) match, 1 (1%) partially matches,and 81 (85%) do not match. The
results of the remaining programsin the application suite can be explained
similarly. The nal row of Table 4 shonsthat on averagethe Data Flow IBTT

can be usedto suitably test 29% of all the Attributes componen erries used
to represen the attributes in all the classesin the gausselim application.
Similarly, on averagethe Data Flow IBTT can be usedto suitably test 19%
of all the Routines componert ertries usedto represen the routines, with

another 7% being partially tested.

The data in Tables5 and 6 may be described using a similar approad to
the description given for data in Table 4 in the precedingparagraph. Note
that Column 4 (labeled\Matc h") in Table 6 represets only routinesthat are
recursiwe i.e., routinesinherited from a parert classto a child classunchanged.
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The cortents of Column 5 represenh those routines that are rede ned i.e.,
routines de ned in the parent classand rede ned in the child class.

Table 7 shavs the resultswhenthe Data Flow, OMEN and Incremertal IBTTs

are collectively mapped to the classesn the application suite shovn in Table
2. Unlike Tables 4, 5, and 6 we do not include the column labeled Partial

Match for the Routines componert ertries. We omit the column labeled Par-
tial Match in Table 7 becauseour focus is on the number of attributes and
routines that can/cannot be suitably testad by a conbination of the IBTTs

usedin the study. The corntents of the last row of Table 7 clearly provides
evidencethat conmbining IBTTs whentesting a CUT providesbetter coverage
if the appropriate IBTTs are selectedduring implemertation-based testing.
For example,on averagethe Data Flow IBTT can only be usedto suitably
test 19%of the Routine componen ertries, the OMEN approad 25%and the
Incremental 37%.When theselBTTs are conbined 81% of the routines rep-
reseied by the componert ertries and be suitably test A similar conclusion
can be drawn for the Attributes componert ertries shovn in Tables4, 5, 6,
and 7.

The bar charts in Figures 5 and 6 showv the percenage of attributes and
routines, respectively, that can be suitably tested by the Data Flow (Harrold
and Rothermel, 1994),OMEN (Souter and Pollock, 2000) and Incremenal
(Harrold et al., 1992)IBTTs. The rightmost bar for ead clusterin Figures5
and 6 showv the cumulative percenage of attributes and routines respectively,
that canbe suitablytestad by all three IBTTs. In Subsectiord.2we stated that
the Attributes componerts ertries for the Data Flow, OMEN, and Incremertal
IBTT entries shavn in Figure 2 parts (b), (c) and (d) are mutually exclusive
basedon the de nition of the matches operator. Therefore the cumulative
percertagesshavn in Figure 5 re ects the true percenage of attributes that
can be suitably tested by a conbination of the three IBTTs usedin the study.
This value is over 90% for three of the six programs and between 60% and
90%for the remaining three programs. The rightmost bar for ead cluster in
Figure 6 represelis the total number of routines that can be suitably tested
by a combination of the three IBTTs. Note howeer, that the total number of
routines that can be suitably testel it is not the cumulative percenage of the
three IBTTs i.e. the sum of the three bars on the left in ead clusterin Figure
6. There is someredundancy in the cumulative percenage for the routines
that can be suitably testad by a conbination of the three IBTTs. This is due
to the Rede ned descriptor in the IBTT ertry for the Incremenal IBTT in
Figure 2(b) having the wild card character ?.
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6.3 Commentson the Study

The results preserted in the previoussubsectionsupport the widely held view
amongtesting researbersand practitioners that usingseeral IBTTs increases
the test coveragefor OO programs.This evidenceis basedon mapping IBTTs
to the featuresof classesand not the actual testing of OO programs.Many of
the OO IBTTs are not scalableand therefore cannot be applied to programs
consistingof over seweral hundred lines of code. In addition, many of the tools
referencedn the researt literature are still under dewelopmert.

We validated our technique by manually inspecting the output generatedafter
mappingthe IBTTs, shown in Figure 2 parts (b), (c) and (d), to the CUTs in
seeral programs. Theseprogramsincluded se\eral short \to y* programsand
the rst two programsin the application suite shovn in Table 2 (guasselim
and IV edraw). In addition, we also manually cheded the output generated
after applying the mappingtool to se\eral individual CUTSs, for examplethe
output shown in Figure 4 was generatedby the mapping tool after mapping
the IBTTs in Figure 2 parts (b), (c) and (d), to the CUT shown in Figure
1(a).

Therearetwo limitations of our study including: (1) the number and sizeof our
application suite, (2) the number of IBTTs usedin the mapping process.The
rst limitation is dueto the fact that Keystonethe parser(Power and Malloy,
2001)usedin ClouseauAPI parsesISO (IEEE/ANSI Standards Committee,
1990) compliant C++ programs. Someof the ga (Free Software Foundation,
2005)libraries usesyntax that is not ISO compliart thereby causinga problem
when programs are parsedthat include the standard gac C++ libraries. In
addition, the version of the ClouseauAPI usedin the mapping tool does
not generateinformation for templated classesThe secondlimitation is the
number of IBTTs usedin the study. Many of the IBTTs usedfor testing OO
programsoverlap with respect to testing the featuresof a CUT, thereforewe
decidedto selectthoseIBTTs that we expectedto provide the greatesttest
coverage.In our future work we plan to addresstheseissuesby performing
similar experimerts using programswritten in the Java language.

7 Related Work

A surwey of the researt literature on implemertation-based (program-based)
testing for OO software reveals that little or no researb has beendone on
how to automatically selectIBTTs to test the featuresof a class.The focus
of the recent researb on implemertation-based testing of OO programs is
the dewelopmen of new testing techniques (Alexander and O utt, 2000;Buy
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et al., 2000;Harrold et al., 1992;Harrold and Rothermel, 1994;Koppol et al.,
2002;Kung et al., 1996;Rountev et al., 2004;Sinhaand Harrold, 1999;Souter
and Pollock, 2000;Yang et al., 1998) and the comparisonof IBTTs basedon
testing criteria (Frankl and Weyuker, 1988; Weyuker et al., 1991; Weyuker,
1993; Zhu et al., 1997). Over the last decadethere have beena number of
testing tools dewloped to show the feasiblitiy of various class-basedesting
techniques (Childers et al., 2003; Crowther and Clarke, 2005; Csallner and
Smaragdakis,2004).

Harrold et al. proposea testing technique that usesan incremeral approadh

to testing OO software dependent on the inheritance hierarchy componert

of the classstructure (Harrold et al., 1992). The incremenal approad reuses
speci cation-basedand implementation-basedest setscreatedfor the classat

the root of the inheritance hierardhy, to possibly test derived features.Based
on the classi cation of a derived feature, test casesnay or may not be reused.
This technique indirectly usesse\eral testing techniquesto test a classi.e.,

those usedto deweloped the test setsfor the parert classes.Although test

casesare reusedbasedon the partial characteristicsof the derived featuresno

selectionof IBTTs are mapped directly to the CUT.

Csallner and Smaragdakis(Csallner and Smaragdakis,2004) deweloped the
JCrashertool that constructstest casesat random through the tested meth-
ods' parameter-spacesUsing the test casesconstructed JCrasherdetermines
if exceptionsthrown by a method should be consideredas a bug or a vio-

lation of the methods' preconditions. Childers et al. (Childers et al., 2003)
descrike SoftTesta framework for testing Java programsbasedon a novel ap-
proach to path-basedtesting. SoftTestis purported to bea scalableand exible

framework. Crowther and Clarke (Crowther and Clarke, 2005) reviewed sev-
eral OO testing tools basedon various criteria ranging from the creation of
stubsand driversto the generationof def-usepairsto support implemertation-

basedtesting. The tools reviewed included: JUnit, Jtest, Panorama for Java,
CSUnit, Harnesslt and Clover.Net

Many of the tools reviewed by Crowther and Clarke provided support for the
creation of stubsand drivers,aswell assupported regressiortesting. Howeer,
few of them provided support for many of the IBTTs dewloped for OO soft-
ware over the last decade.JCrashertest methods focusing on the exception
handling medanism, a single classcharacteristic. SoftTest appearsnot to fo-
cuson any of the classcharacteristicscaptured by our taxonomy, howeer the
approad can be applied to the cortrol ow in the methods of a class.None
of the tools mertioned in the previousparagraphidentify the IBTTs that can
be usedto test a class.In addition, noneof the tools allow the tester to iden-
tify those classcharacteristicsthat can be tested by a given IBTT. Using the
approad presetted in this paper someof thesetools can be usedin an overall
framework wherethe front end would map testing techniquesto a classunder
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test.

Clarke and Malloy (Clarke and Malloy, 2004a) descrile an algorithm used
to map IBTTs to a CUT . They also de ned the operator matchesusedto
comparethe ertries in an IBTT ertry and a catalogedentry of the CUT. The
algorithm descrited in (Clarke and Malloy, 2004a) maps IBTTs to a single
CUT. In this paper we presen an implemertation of the algorithm (mapping
tool) to map IBTTs to a CUT. We alsoimplemerted an extendedversion of
the algorithm that mapsIBTTs to all the classesn a C++ program. Using
our mapping tool we were able to obtain results that show the percertages
of the featuresin the classesf a C++ application suite that can be suitably
testal by three IBTTs. TheselBTTs included the Data Flow IBTT (Harrold
and Rothermel, 1994),the OMEN IBTT (Souter and Pollock, 2000) and the
IncrementalIBTT (Harrold et al., 1992).

8 Concluding Remarks

In this paper we descriked a tool that automatically maps implemertation-

basedtesting techniques (IBTTs) to a classunder test (CUT). The main
algorithm in the mapping tool usesa classabstraction technique, a taxonomy
of OO classesthat succinctly summarizesthe characteristics of an OO class.
The mapping tool takes as input the source code for the CUT and a list
summarizingthe IBTTs available to the tester. The output generatedfor the
mappingtool is a list cortaining the featuresof the CUT that can be suitably
testal along with the IBTTs that can be usedto the test the features. The
output list alsocortains thosefeaturesof the CUT that cannot be test by any
IBTTs in the input list. We usethe term suitably tested to indicate that the
decisionof which featuresin a classthat can/cannot be tested by an IBTT

is made by the tester. The mapping tool provides a facility that allows the
tester to initialize the characteristicsof a classthat can be suitably tested by
an IBTT.

We also presetted results obtained from mapping three IBTTs to the classes
in six C++ programs. The resultsincludesthe percernagesof featuresin the
programs that can/cannot be suitably tested by the the three IBTTs. The
results obtained during our study indicated that using the Data Flow IBTT
(Harrold and Rothermel, 1994), OMEN IBTT Souterand Pollock (2000),and
Incremenrtal IBTT (Harrold et al., 1992) can suitably testal test 84% of the
attributes and 81% of the routines in the six C++ programs. Individually
eat IBTT can suitably testad at most 29% of the attributes and 37% of the
routines.

Our mapping tool is the rst stepin the dewelopmen of an implemertation-
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basedtesting framework for C++ that automatesthe processof testing pro-

grams. The next stage of our work includes the dewlopmen of a module

that producesand integration test order for classedn a program. There are

a number of approadiesusedto generatean integration test order for classes
descriled in the researb literature, our focus will be to minimize the num-

ber of stubs required to test the featuresof concreteclasseserived from an

abstract class.The nal stage of our testing framework is to modify exist-

ing, or dewlop new, IBTTs so that they can generatetest information for

large programs, thereby making implemertation-basedtesting of classesnore

practical.
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