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1 Introduction 
 
As object-oriented paradigm becomes more mature, software development industry and researchers 
turn their attention towards the paradigm. Features of the paradigm, i.e. encapsulation, information 
hiding, inheritance, and polymorphism, promote concepts of modularity, reusability, and 
maintainability. Nowadays, it is clear that object-oriented paradigm, although provides these profitable 
features, requires special care for testing. However, a lot of early works in object-oriented software 
testing discuss similarities and differences between testing for procedural programming and object-
oriented programming. At that time, issues in object-oriented testing had yet to be addressed. 
 
From that point, research interest has shifted from general issues to specific approach and techniques 
for particular testing aspects, e.g. unit testing, test level, test case selection etc. Currently UML 
(Unified Modeling Language) [OMG01] becomes the de facto standard for modeling object-oriented 
software. There are a lot of researches and practices in several areas that effectively utilize UML to 
achieve better result in works; software testing is among one of them. Lately numerous researchers and 
practitioners have found the idea of model-based testing using UML very attractive. There is a 
significant growth of research works and tool implementation in this area during the last couple years. 
 
Although the current trend has already moved from the origin of object-oriented software testing 
research, most of the works are still important as the principle of future researches. This report 
summarizes noteworthy published works in object-oriented software testing and UML-based testing 
areas over the past 15 years. Through these years, there are agreement, disagreement, improvement, 
and innovation in the concepts, techniques, and approaches. This report focuses on UML-based testing 
for object-oriented software in particular. It does not include a decent collection of works in other close 
areas like formal specification testing, although some related works are shown here to show the 
relations. 
 
The report is organized as follow. Section 2 explains the concept of object-oriented programming and 
introduces object-oriented specific features which are discussed in subsequent sections. The issues of 
object-oriented software testing are discussed in section 3, while section 4 presents a number of object-
oriented software testing techniques and approaches. Section 5 illustrates UML based testing, and 
finally the report is concluded in section 6. 
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2 Object-Oriented Programming 
 
Object-oriented programming is a paradigm for software analysis, design, and coding. The abstraction 
of software is modeled as objects, rather than functions in procedural programming paradigm. A 
solution for a given problem is illustrated as an interaction between objects, each of which has its own 
responsibility to fulfill. The interaction between a pair of objects is modeled as a message sent from 
one object as the sender to the other as the receiver. 
 
In most object-oriented programming languages, an object must be created as an instance1 of an object 
blueprint, called “class”. A class usually comprises of 2 kinds of member: attributes and methods. 
Every object created from a class has all members defined in the class. An attribute is a variable which 
holds a value or a pointer to a value or an object. A method is analogous to a function in procedural 
programming languages. A member defined in a class can be either a class member or an instance 
member. A class member is shared by all instances of the class where the member is defined. An 
instance member is specific to each instance of the class. For example, figure 2.1 shows class A with 2 
members: clsMmbr as a class member and instMmbr as an instance member. The big grey rectangle is 
a UML class notation. The uppermost rectangle part shows class name. The middle part shows 
attributes, and the lowermost part shows methods which, in this case, there is none. The clsMmbr 
attribute is underlined as it is a class member. Three rounded corner rectangles are representative of 
instances of class A. As shown in the figure, clsMmbr attribute has only one value associated to class A, 
where instMmbr attribute has 3 values, each associated to each instance of class A. 
 
 

 
Figure 2.1 Example of a class with a class member and an instance member 

 
In additional to different unit of abstraction, object-oriented paradigm provides specific features which 
do not naturally exist in procedural programming. These features ease in design and coding for 
designers and developers where procedural programming paradigm is ineffective: tedious and too 
limited. In subsequent subsections, each feature is explained regarding its concept, application, 
advantages, and potential issues for testing. 

2.1 Encapsulation and Information Hiding 
 
Encapsulation is an act of combining data (attributes) and functions (methods) into a single unit which, 
in this case, is a class. This has a great benefit in terms of understandability and maintainability, since 
data and functions that manipulate the data stay together in one place. Combined with information 
hiding, one can encapsulate data and functions into a class and only exposes necessary information to 
the users’ of the class. With this scheme, internal detail of the class can be changed without any effect 
to the users of the class. The concept of encapsulation and information hiding is illustrated in figure 2.2. 

                                                            
1 The terms “object” and “instance” are used interchangeably in object-oriented area. 
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Figure 2.2 Concept of encapsulation and information hiding 

 
From the figure, only external interface of a class (or a component) is the concern of the users of the 
class. Internal changes of the class are not an issue as long as the interface remains the same, 
syntactically and semantically. For another illustrative example, consider a stack written in a 
procedural programming language, say C. The data part is wrapped in a struct, where manipulation 
functions stay on the outside. This leaves the struct open for being modified by any function. 
Implementation of the stack in an object-oriented programming language results in a class 
encapsulating both data and function parts. Only necessary manipulation functions are exposed as 
public methods (e.g. push, pop, size etc.) Internal data structure of the stack can be implemented as 
either array, linked list, or any other list structure, and switching the implementation does not affect 
other classes that use the stack. 
 
Applying encapsulation significantly improves software quality, as it makes each component in 
software loosely coupled to each other. During the 80’s, it is also believed that encapsulation and 
information hiding could ease testing process, since the effect of changing internal implementation of a 
class is kept at minimal. There were some researches in the late 80’s and the early 90’s that tried to 
prove this point as shown in the next section. 
 

2.2 Inheritance 
 
Inheritance occurs when a class, called subclass, takes some or all of the members from another class, 
called superclass, and makes them become its own members. Inheritance relationship can be organized 
into a hierarchy, called inheritance hierarchy, since a superclass of a class may have its own superclass 
and so on. Members inherited from upper classes in an inheritance hierarchy are also inherited to lower 
classes in the hierarchy. There are programming languages, for example, C++ and Eiffel that allows a 
class to have more than one direct superclass. This feature is called multiple inheritance. In this case, 
members from all superclasses are inherited to the subclass. Figure 2.3 shows an example of 
inheritance in a UML class diagram. There are 3 classes: A, B, and C. A is the superclass of B, and B is 
the superclass of C. From the example, class C has attribute n (which is defined in class C itself), 
attribute y (which is defined in class B), attribute x, and method m (which are defined in class A).  
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Figure 2.3 Example of inheritance 

 
There are several types of inheritance. Some are specific to a particular programming language. Most 
common types are subtype inheritance and subclass inheritance. Subtype inheritance requires that an 
instance of a subclass must be a kind of the superclass, for inheritance relationship is treated as an “is-
a” relationship. For example, class Rectangle is a subclass of class Shape, as an instance of class 
Rectangle is also a shape. Subclass inheritance is more relaxed than subtype inheritance. Its major 
purpose is to allow members on a superclass to be reused in subclass; consequently, a subclass is not 
necessarily a kind of its superclass. There are a lot of arguments going on about whether to use subclass 
inheritance or not. 
 
In addition to being the fundamentals of polymorphism, the major advantage of inheritance is 
reusability. A member inherited from the superclass is available to subclasses with no cost. It is 
intuitive that this advantage should be applied for testing too. It was believed that if an inherited 
member is already tested, it does not require any additional testing when it is inherited to a subclass. 
This is a very big understanding, for most researches in the early 90’s proved this wrong as shown in 
the next section. 

2.3 Overriding 
 
Overriding is a feature that complements inheritance. In addition to inheriting a feature, a subclass has 
another option to override the feature from its superclass. Most object-oriented programming languages 
provide supports for only method overriding, where attributes can only be hided by the subclass. 
Usually hiding is only a way to allow an attribute in the subclass to have the same name as an attribute 
defined in its subclass by ignoring the attribute in the superclass in the context of the subclass. When 
discussing about overriding, usually only methods, particularly instance methods, are considered.  
 
A method is generally overridden by re-defining a member in the subclass with the same name as a 
member in the superclass. In this case, the newly defined member in the subclass is called an 
overriding method, and the method in the superclass is called an overridden method. When a method is 
overridden, it is completely ignored from the context of the subclass where it is overridden. An 
instance of the subclass responds to a call to the method by executing the overriding version of the 
method. Similar to inheritance, overriding goes along an inheritance hierarchy. A subclass can override 
methods defined in its direct superclass and also other indirect superclasses. Also an overriding method 
can be overridden again by another subclass lower in the inheritance hierarchy. An example of 
overriding is shown in figure 2.4 as a UML class diagram. 
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Figure 2.4 Example of overriding 

 
From figure 2.4, class B is a subclass of class A, and class C is a subclass of class B. Class A defines 2 
instance methods: m and n. Class B overrides method m, and class C overrides method n. A call to 
instances of different classes results in executions of different version of methods. For example, a call 
to method n on an instance of class B results in an execution of method n defined in class A, while a 
call to method n on an instance of class C results in an execution of method n defined in class C. 

2.4 Polymorphism 
 
Polymorphism means the ability to take several forms [Mey97]. This feature complements inheritance 
and overriding, for an instance of a class can be handled as an instance of one of its superclass. For 
example, the inheritance hierarchy in figure 2.4 shows that an instance of class C can be also treated as 
an instance of class B and an instance of class A. The case is illustrated as Java code in figure 2.5. A 
method, doSomething, takes an instance of class A as its parameter. Somewhere during the execution 
of the method, method m is called on the instance. The three lowermost lines show calls to the method 
with instances of class A, B, and C respectively. Since instances of class B and class C inherit (or, in 
some cases, override some) members defined in class A, the instances have all characteristics and 
features of class A. Therefore, the instance can play the role as an instance of its superclass, class A, as 
well as an instance of class A. 
 
public static void doSomething(A server) { 
 ... 
 server.m(); 
 ... 
} 
 
... 
 
doSomething(new A()); 
doSomething(new B()); 
doSomething(new C()); 

Figure 2.5 Example of polymorphism in Java code 
 

Polymorphism can occur in a class inheritance hierarchy where there is method overriding. 
Considering the previous example, the method m is overridden in class B; consequently, there are 
different versions of the method m on class A and class B. With dynamic binding mechanism, the 
decision which version of the method to be executed is based on the actual class of the instance in the 
runtime, which is different from the traditional static binding. For static binding, a method call is 
resolved during compile time. A caller is bound to its callee by identifying types or functions defined in 
source code. Dynamically processed, dynamic binding uses the actual class of the callee instance to 
identify the version of to be executed. From the code in figure 2.5, the method m is called on an object 
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passed to method doSomething. The call to method doSomething with an instance of class A results in 
a call to method m on class A, as the actual class of the object referred to by “server” reference is class 
A. The call to method doSomething with an instance of class B results in a call to method m on class B, 
as the actual class of object referred to by server reference is class B, which overrides method m. The 
call to method doSomething with an instance of class C has the same effect as the previous case, as 
class C inherits method m from class B. 
 
With polymorphism and dynamic binding, the behavior of programs cannot be identified until runtime 
when actual objects receive calls. It is very beneficial, as it allows designers to tackle a problem where 
object behaviors need to be dynamic. A lot of design patterns [GHJ+95] are design based on this 
concept. However, it poses a potential difficulty in testing, since the behavior of a program under test 
cannot be identified statically. 
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3 Issues in Object-Oriented Software Testing 
 
Early works in object-oriented software testing area focus on addressing issues about similarities and 
difference between testing in procedural programming and object-oriented programming. Stannette 
shows in his memorandum [Stan02] that there were several published works as early as in the late 80’s 
as shown in a graph in figure 3.1; for example, Harrold and McGregor, among the most prolific authors 
in this area, presented an approach for object-oriented software testing from class level to system level 
in their report in 1987 [HM87], which reappeared in 1992 [HMF92]. There was also contribution in 
practical view from industry; an article from Hewlett-Packard Journal written by Fielder in 1989 [Fie89] 
discussed unit testing for object-oriented software. 
 

 
Figure 3.1 No. of papers in OO testing area for each year 

 

3.1 Adequate Testing for Object-Oriented Software 
 
In early years of object-oriented software testing research publication, most authors focused on 
identifying whether object-oriented features could keep programmers and designers from making 
mistakes, which causes faults. Furthermore, if not, they tried to answer whether object-oriented 
software requires specific techniques for testing or existing test methods could be applied. Usually they 
made an assumption that there are issues that make object-oriented software testing necessary and 
critical, and it is ineffectively performed with existing testing techniques. As adequacy is a very crucial 
criterion to identify efficiency in software testing, these authors tried to evaluate whether existing 
testing techniques are adequate for object-oriented software testing. In other words, they tried to 
identify whether existing testing techniques are effective for fault detection in object-oriented software. 
 
As the first publication that addressed issues in object-oriented software testing with formal analysis, 
Perry and Kaiser [PK90] presented adequacy criteria for object-oriented software testing. Four of 
Weyuker’s 11 axioms for test adequacy evaluation [Wey88] are applied to analyze test adequacy 
regarding object-oriented features, i.e. encapsulation, inheritance, overriding, and multiple inheritance. 
Weyuker firstly defined 8 axioms in [Wey86] to evaluate whether a given test set is adequate to test the 
software under test in program-based testing aspect. In [Wey88], she added 3 additional axioms to 
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improve completeness of the axioms, as the 8 axioms approve some obviously inadequate test sets as 
adequate program-based test sets. She stated that any program-based testing should at least satisfies 
these axioms, while also addressed that there are some well-accepted criteria that fail to satisfy these 
axioms. 
 
In one of the axioms, Antiextensionality, Weyuker stated that given two programs that are semantically 
close, an adequate test set for one is not necessarily adequate for the other. Perry and Kaiser used this 
axiom to address adequacy testing for overriding methods. It is obvious that every overriding method is 
required to be re-tested, as the code in the overriding method has never been tested before. They further 
addressed that, although counter-intuitive, the adequate test set for the overridden method is not 
necessarily adequate for the overriding method, as described in antiextensionality axiom. 
 
Regarding general multiple change axiom, Weyuker expressed that different test sets are required for 
two programs that are syntactically similar. This axiom is applied to show the issue in adequate testing 
for programs/classes with multiple inheritance. When multiple inheritance is employed, features from 
all superclasses are inherited to the subclass. It is possible that there is a feature that is defined several 
times on different superclass. Implementations of object-oriented concept deal with this subject 
differently. Some do not allow such the situation, while some use the order of inheritance to identify 
from which class the subclass inherit the feature. For example, operations can be defined in several 
superclasses, say, A, B, and C, with the same signature. A subclass inherited from these classes inherits 
only one version of the operation from one of the classes depending on the order of inheritance 
declared for the subclass. If the order is B, A, and then C, the operation is inherited from class B. For 
this case, Perry and Kaiser argued that changing inheritance order in a subclass makes the new version 
of the subclass syntactically similar to the original subclass. Re-test is required, and the previous 
adequate test set is not adequate for the new version of the subclass. 
 
Antidecomposition axiom, in short, states that a component adequately tested under a context is not 
adequately tested by itself. Using it in another context requires re-test with a different adequate test set. 
Considering inheritance feature, Perry and Kaiser indicate that inheriting an adequately tested operation 
from a superclass requires re-test with a different adequate testing, as the operation is only adequately 
tested in the context of the superclass, which is different from the context of the subclass. 
 
Perry and Kaiser used anticomposition axiom to show that encapsulation does not eliminate the need to 
re-test a class whose internal implementation changes. Referring to anticomposition, Weyuker pointed 
that components which are adequately tested in isolate are not considered as adequately tested when 
they are composed to form a bigger unit. Encapsulation allows a unit of program, say a class, to collect 
its related data and operations in one place, hide its internal structure and detail, and expose only 
necessary interface to other units. This concept minimizes coupling between units in program; as a 
result, internal structure of a unit can be changed without any impact to other units. However, 
adequately testing a class as an individual is not enough; regarding anticomposition axiom, the class 
must be adequately tested with all of its collaborator classes. Also changing internal structure of a class 
requires the class to be adequately re-tested with all of its collaborators, in addition to re-test of the 
class in isolation. 
 
The result from this analysis is quite surprising, as most parts of it are counter-intuitive. Object-
oriented features, which ease several tasks in software development, including design, coding, and 
maintenance, are not really directly beneficial as far as testing is concerned. Like in the finding about 
encapsulation, it is expected that encapsulation would ease the effort in testing, as there is no coupling 
between classes beside their interfaces. The result shows that encapsulation, although applied 
judiciously, does not prevent faults caused by composing classes/units, even well adequately tested 
ones. To many people in object-oriented field, this is rather unpleasant and unexpected, although it is a 
well-known practice and a basic principle in integration testing. 
 
Concerning similar subject, Smith and Robson [SR90] discussed about issues in object-oriented 
software testing in several points of view. Although the issues are similar to ones in [PK90], they are 
discussed in a different way. While Perry and Kaiser analyzed object-oriented features with Weyuker’s 
axioms, Smith and Robson tried to compare object-oriented programming to procedural programming 
to show difference between testing of the paradigms. From class testing point of view, they suggested 
issues similar to the ones addressed by Perry and Kaiser. They also discussed flow-based testing in the 
context of object-oriented software testing. They stated that conventional control flow-based testing 
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technique is not appropriate for object-oriented software testing as is. Either message passing or state 
changes must be applied as control-flow in order to utilize the concept. For data flow-based testing 
technique, there was no evidence or suggestion for the application of the technique for OO test at that 
time. 
 
Discussion about inheritance in [SR90] went into more details than [PK90], as each type of inheritance 
along with difficulties in testing are discussed. In addition to strict inheritance and multiple inheritance, 
non-strict inheritance, simple non-strict inheritance, and repeated inheritance were discussed. The 
major difficulty of these inheritance types is when a feature is selectively inherited from several 
superclasses. However, similar to [PK90], [SR90] did not address the way to overcome the issue. 
 
Smith and Robson argued that polymorphism and genericity are among the obstacles in object-oriented 
software testing. Applying these features, an object reference in runtime can be substituted by an object 
reference of the class/type different than the one defined in the code. This could make behavior of the 
program in runtime unpredictable, which is not good in testing point of view.  In spite of the good 
effect in design and coding, these features aggravate the problem of object-oriented software testing, as 
it is required that all substitution should be tested to ensure its correctness and integrity. Moreover, 
Smith and Robson also discussed about the importance of object-oriented software testing to 
demonstrate reusability and reliability of classes in class library. Although these characteristics do not 
affect functionality of classes directly, they are important characteristics of object-oriented. Indeed, 
they accentuate the advantage of object-oriented over procedural programming paradigm. 
 
In 1994, there was a paper that concerned issues in difficulties in object-oriented software testing; 
Barbey and Strohmeier [BS94] addressed issues in object-oriented software testing regarding three 
features: encapsulation, inheritance, and polymorphism. From the view of encapsulation, it is quite 
difficult to test a class, since most of its variables are usually invisible to code outside itself. Based on 
[PK90], inheritance requires testing for each inherited features. Testing every inherited operation in 
every subclass is tedious and requires a tremendous amount of testing effort. Polymorphism also poses 
difficulty in testing. For dynamic binding allows the target of a call to be decided on runtime, it is 
impossible to identify the target of the call during compile-time. Testing is required to exercise every 
possibility of bindings. Barbey and Strohmeier pointed that, although there are some workarounds, 
these issues are not addressed properly existing testing techniques; as a consequence, specific 
techniques for object-oriented software testing are required to tackle the issues. 
 
Another paper in 1994, Berard [Ber94], described problems of testing with encapsulation. By referring 
to Weyuker’s axioms [Wey88], he stressed that information hiding leads to difficulty in testing similar 
to ones described in [BS94]. Moreover, he illustrated how these issues show a great effect in 
integration testing. 
 
In her paper, Hayes discussed several aspects in object-oriented software testing [Hay94]. She referred 
to differences between testing of procedural and object-oriented software presented by Firesmith 
[Fire93], although she disagreed with some points. Most object-oriented programming languages are 
strong typed, and operations tend to have relatively low complexity; as a result, Firesmith suggested 
that boundary value testing and basis path testing are not effective for object-oriented software testing. 
Hayes argued that there is a good chance that variables are inappropriately used, even in strong typed 
programming languages. And, though not likely, it is possible to have operations that have high 
complexity; consequently, boundary value testing and basis path testing are still effective for object-
oriented software testing. Her opinions went toward the idea of applying existing testing techniques for 
object-oriented software testing, as she discussed several object-oriented specific testing techniques 
[CL92, SR92, TR93] but only [CL92] was included in her final recommended list of test techniques. 
She reasoned that the unselected techniques are already covered by existing conventional testing 
techniques. 
 

3.2 Test Level 
 
Test level was another issue to which researchers had paid a lot of their attention in early 90’s. Along 
with object-oriented features, publications in the previous section [SR90, BS94, Hay94] also discussed 
about test level for object-oriented software. There were also other publications discussing object-
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oriented software testing topics, like test techniques, that suggested test level for object-oriented 
software. But unlike the issues about adequacy, results in this area were rather diverse.  
 
Smith and Robson [SR90] expressed that test level for object-oriented software is different from 
traditional test level: unit, integration, and system. As classes are designed to represent templates of 
abstraction of real-world problems, they are not organized as trees, like functional decomposition trees 
in procedural programming. Techniques for integration testing, like top-down or bottom-up testing, are 
not applicable to object-oriented software testing, and neither is the concept of integration testing level 
itself. This idea is also supported by [CM90, JE94, Ber94]. 
 
Cheathem and Mellinger [CM90] suggested three levels of testing similar to conventional test level, 
although they called the second level as cluster testing rather than integration testing. Like stated earlier 
in this survey, they described that existing integration testing approaches are not sufficient for cluster 
level testing. Berard [Ber94] supported this idea. He addressed that object-oriented software does not 
have a “top”; therefore, integration testing approach based on tree hierarchies cannot be applied. 
 
Harrold et al. [HMF92] presented an approach to decrease the effort in testing by reusing test cases 
from the superclass of the class under test. They suggested that each operation should be tested 
individually first, and then operations should be tested for interaction, both intra-class and inter-class, 
between them. This is similar to the concept proposed by Smith and Robson [SR92], who suggested 
that levels of testing should include algorithm level (individual operation), class level (inter-class 
operations), cluster level (intra-class operations), and system level. Johnson, who compiled a survey 
about object-oriented testing techniques during early 90’s [Jo96], also agreed with this idea, although 
he expressed in the survey that there were some different ideas. 
 
Jorgensen and Erickson suggested five levels of testing for object-oriented software [JE94]. They are 
method level, message quiescence level, event quiescence level, thread level, and thread interaction 
level. While it is obvious that method level is equivalent to unit testing in conventional testing, thread 
and thread interaction levels are equivalent to system testing. Unlike test level presented by others, test 
level presented by Jorgensen and Erickson provides seamless transition between levels of testing, as 
method testing turns into message-method path testing, and finally atomic system functions. 
 
However, there was a point made by several researchers [BS94, Bin94, Bin99] that basic unit for 
testing is a class, not an operation. Barbey and Strohmeier [BS94] addressed an issue of non-
instantitable classes, as they cannot be instantiated for testing. From their concern, it is clear that the 
code under test must be tested as instantiated objects of the classes. In his report [Bin94] and later in 
his book [Bin99], Binder stated that a class is the basic unit for testing, as an operation is meaningless 
outside the context of its enclosing class. Other units Binder suggested are class cluster and system, 
which are similar in concept to ones in [SR92, JE94, Jo96]. This idea becomes more acceptable later on, 
as researchers and practitioners find that it is more reasonable and more practical to test on class level 
than to test on operation level. 

3.3 Case Study 
 
There were also several publications during this era that presented case studies about object-oriented 
software testing. Murphy et al. presented a case study about testing TRACS (Trouble Advisor for 
Customer Services), software written in Eiffel and C++ [MTW94]. The authors focused on different 
effectiveness of testing for different test level approaches. The original version of TRACS was tested in 
cluster and system levels from functional view. For maintenance, the authors showed that class testing 
was also employed additionally in order to resolve two problems: the uncontrollable growth of clusters 
and the hidden defects which were only uncovered by class testing. The authors’ assumption was that 
testing in class level reveals defects sooner in development life cycle and provides more thorough 
testing for each class where cluster testing is not effective. From the study, the testing result of a 
module showed that only one defect was discovered during system testing when class testing was 
employed, while over 70 defects were discovered during system testing for the previous version of 
development. Given the results, the authors estimated that applying class testing can save 50% of total 
development time. They also made an additional point that designing and executing test cases require 
comparatively low effort especially when tools like capture/play-back tool are available. The results 
from this paper went along well with suggestions from other test-level related publications. However, it 
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implicitly suggested the basic unit for testing as a class, as it showed excellent effectiveness of testing 
in class level. 
 
Arnold and Fuson [AF94] presented a case study of object-oriented software testing in the real world 
which usually comprised of software written in object-oriented programming languages, some legacy 
library codes written in procedural programming languages like C, and third party products. Different 
from other suggestions, the software was tested in unit level, subsystem level, process level, domain 
level, and cross-domain level. Unit level and subsystem level testing were similar to traditional unit 
testing and integration testing. The other levels were designed specifically for testing distributed 
process software where several programs on different domains (or hosts) collaborated to complete a 
task. Process level testing was for testing a single process, while domain level testing was to test 
collaboration of several processes on a single domain. Cross-domain level was for testing programs 
that interoperated across domains. This study showed a test level approach which was different from 
other publications. It showed that test level approaches from theory aspect may not be suitable for real 
world software where different architectures required specific levels of testing. 
 
Arnold and Fuson stated that the most critical issue encountered in the study was feature clashing 
between standard non thread-safe library and third party multithread library. This resulted in the failure 
of instrumentation tools, which could aid testing process. In addition, the failure was also the result 
from the size of the software, as there were a large number of classes and libraries in the project. The 
issue was completely technical and was not related to test approach directly. Nevertheless, it was 
evidence that tools or techniques to resolve this issue were required. 
 
Another point made by Arnold and Fuson was the benefit of encapculation. Opposed to other remarks, 
they expressed that encapsulation seems to ease the testing, as different parts could be tested 
individually. From their case study, the communication between processes was designed as a queue, 
which was abstract. Early in development, the queue was implemented as Unix files which was quite 
easy for testing a process individually. Later the queue was replaced by named pipes for integration 
testing of processes. This could be done without any change to the programs except the queue. The 
final implementation replaced the pipes with RPC calls. This observation was intuitive to but against 
other theoretical observations, including the well known observation by Perry and Kaiser [PK90]. 
 
Offutt and Irvine noticed that previous researches in object-oriented software testing focused on 
creating new techniques, and traditional techniques were usually ignored by researchers. There was no 
research which presented evidence that existing test techniques could not be applied to object-oriented 
software testing; therefore, they conducted an empirical study to prove that some traditional test 
techniques could be effective for object-oriented software testing. In their publication [OI95], they 
selected category-partition method [OB88], a functional test technique for procedural programming 
software, for evaluation. Their assumption was that the technique, which is effective for procedural 
programming software testing on system level testing, could be equally effective for object-oriented 
software testing on the same level, since there is no difference between the paradigms from the system 
function point of view. 
 
Regarding the category-partition technique, inputs and environment from specification are classified 
into partitions. In each partition, a set of equivalence class is defined. It is required that a sample from 
each equivalence class is selected as test input/environment. Based on assumption that a sample of an 
equivalence class is the representative of the rest, test cases created from this method tends to cover all 
conditions of the function. Even though there are several methods similar to this one, and they have 
been defined prior to this one, those methods are not systematic in partitioning inputs and environment. 
 
Offutt and Irvine used 2 C++ programs as software under test. Test cases for the programs under test 
were created with the category-partition method. Then the authors defined 23 types of faults, which 
were usual faults in C++, and inserted each of them to the programs under test. Test cases were created 
prior to fault injection to prevent bias in creating test cases to favor the faults. The total 23 fault types 
were classified into 5 groups of fault type: memory management, implicit functions, initialization, 
inheritance, and encapsulation. Test cases wer executed against the programs, and the results were 
analyzed. The test case, which yielded unexpected result or caused the program to abnormally 
terminate, was considered as being able to detect the faults. 
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Table 3.1 shows number of faults detected and undetected by the test cases, grouped by fault category. 
From the total 75 faults injected into the programs, 55 faults were detected by the test cases; 20 of them 
remained undetected. Calculated into percentage, 73.3% of the faults were detected by the test cases. 
The majority of undetected faults (19 from 20) were memory management faults, i.e. misuse memory 
allocation and de-allocation, misuse pointers etc. However, the authors noticed that the category-
partition method is not effective for uncovering this type of fault, even for procedural programming 
software. Excluding this type of faults, the method was capable for revealing other types of defect, as 
the majority of faults from other groups were detected. The authors concluded that this method, even 
though a traditional testing technique, is appropriate for test object-oriented software testing in 
specification-based testing view. 
 

Table 3.1 Number of detected/undetected faults from Offutt and Irvine’s case study 
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4 Techniques and Approaches in Object-Oriented Software Testing 
 
After early researchers had illustrated the necessity of specific care of testing for object-oriented 
software, the later group of researchers focused on creating techniques and approaches. Most of the 
time, they focuses on different points. Some tried to modify existing techniques or approaches to 
accommodate object-oriented software testing, while some proposed completely new idea for 
techniques or approaches. Also there were different directions which the researchers pursued. Some 
tried to find techniques for testing and test case generation. Some suggested approaches for performing 
test effectively. In subsequent subsections, publications about test techniques and approaches are 
discussed in related groups. 
 

4.1 Data Flow Based Testing Techniques 
 
Harrold and Rothermel presented a technique for testing object-oriented software in class level [HR94]. 
It is based on traditional data flow testing technique which is originally designed for unit testing of 
procedural program. Harrold and Rothermel extended the technique for object-oriented software by 
presenting a new idea for construction of control flow graph (CFG), while the part of the technique for 
creating test remained close to the traditional technique. 
 
Data flow testing [Beiz90] is a well known testing technique for procedural programs. It is accepted as 
an effective technique for test case generation and also evaluation of test adequacy. The basis concept 
of the technique is to test the program under test based on its data definitions and uses. For each piece 
of data in a program (usually a variable), it is defined somewhere in the program and gets used possibly 
in another place. For each variable, all definitions and uses are identified. As a variable is usually 
defined and then used later, a definition and a subsequent use without intervening definition forms a 
DU pair. Test execution is required to cover DU pairs for each variable in the program under test. How 
DU pairs are covered varies, as there are several criteria for this technique. For example, the all-use 
crition requires that for every use, there must be at least one DU pair of this use gets covered by the test 
execution. Another criterion, all-DU-path, requires that for every DU pair, every path between the def 
and the use must be covered by the test execution. 
 
As seen in the previous paragraph, data flow testing technique is also based on control flow of the 
program under test, in addition to data def/use. Testing with this technique requires a control flow 
graph of the program under test, which is constructed from the code of the program. For each variable, 
labels are put onto edges in the control flow graph to show where in the program, the variable is 
defined or used. For example, consider a Java program in figure 4.1. A control flow graph is drawn to 
present control flow of this program as shown in figure 4.2. Labels are put on edges where there is  a 
definition or a use of variable maxVal. 
 
/** 
 * Find the index of max value in an int array. 
 */ 
public int max(int[] data) { 
 
 int maxVal = 0; 
 int index = 0; 
 
 for (int i = 0; i < data.length; i++) { 
  if (data[i] > maxVal) { 
   maxVal = data[i]; 
   index = i; 
  } 
 } 
 
 return index; 
} 

Figure 4.1 Example of Java code for data flow testing 
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Figure 4.2 CFG with def/use of variable maxVal in program from figure 4.1 
 

After the control flow graph is ready, DU pairs are identified. In this example, only variable maxVal is 
considered for test, so only DU pairs of the variable is considered. After DU pairs are identified, paths 
to be covered under tested are selected based on test adequacy criteria. Figure 4.3 shows 2 examples of 
paths selected to be covered under test execution. The left side example shows a very simple path 
which leads a def to a use. The other example shows a more complex example; the path leads from a 
def through a user and loops through for loop, passing another use. This example shows a single def 
that leads to more than one use on the same path. Note that the basic rule is that there is no intervening 
def between a DU pair. 
 
 

  
Figure 4.3 Paths to be covered under test execution for example in figure 4.1 
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Harrold and Rothermel adapted this technique for object-oriented software testing [HR94]. They 
suggested 3 levels of testing for class based on the technique: intra-method testing, inter-method testing, 
and intra-class testing. They considered intra-method testing as testing on a method individually; as a 
consequence, the technique for this test level is exactly the same as data flow testing for an individual 
function. A control flow graph is drawn for a method; then, labels are assigned. Finally paths are 
selected to be covered. 
 
Inter-method testing is for testing methods which interact or call each other. The technique proposed by 
Harrold and Rothermel is based on the concept of interprocedural data flow testing [HS89], which is an 
adaptation of traditional data flow testing for testing a function which calls other functions. Control 
flow graphs for all related methods are drawn and put together to form a control flow graph that shows 
the whole control flow of all related methods, which is called interprocedural control flow graph. This 
requires the call graph of the related methods to identify call relationships between the methods. After 
the interprocedural control flow graph is constructed, DU pairs can be identified, and paths to be 
covered can be selected. 
 
Intra-class testing is quite different from intra-method and inter-method testing, it is not primarily 
based on any existing concept. A class as a unit for testing is required to be tested for all of its public 
members, particularly methods, which can be accessed from outside of the class. The intuitive 
approach is to test all public methods with all possible sequence of call to ensure that the class is still 
working under the circumstances. Harrold and Rothermel noticed that the concept would require a lot 
of time and effort to be accomplished; as a result, they suggested that data flow testing could help in 
selecting the sequence of method call to be tested. They defined a kind of control flow graph, called 
class control flow graph (CCFG), which represents the control flow of the entire class. 
 
Starting with a call graph of methods in the class under test, each node which represents a method is 
substituted with the control flow graph of the method. For each call, an edge is placed to link the node 
on the caller graph, where a call takes place, to the entry node on the callee graph. Also a link is placed 
to link the exit node on the callee graph back to the caller node on the caller graph. After this step, all 
related methods are linked together. Then 5 new nodes are introduced to the control flow graph: frame 
entry, frame exit, frame loop, frame call, and frame return. The frame entry node and the frame entry 
node are the entry node and the exit node of the CCFG respectively. The frame loop node represents an 
iterative call to the frame call node. There is an edge that links the frame entry node to the frame loop 
node and an edge that links the frame loop node to the frame exit node. 
 
For each entry node of public methods, an edge is placed to link the frame call node to the entry node, 
and another edge is placed to link the exit node of the method to the frame return node. Finally an edge 
that links the frame return node back to the frame loop node is placed. An example of complete CCFG 
is shown on figure 4.4. From the example, the execution starts at the frame entry through frame loop. 
At this node, the frame call node is visited a number of times; each time one of the public methods is 
called. When the method execution finishes, the execution goes through the frame return node back to 
the frame loop node. After the loop exits, the execution goes to the frame exist node and ends. 
 
From a CCFG, a class can be tested with any sequence of method call. Identifying DU pairs from a 
CCFG, Harrold and Rothermel expressed that selecting paths to be covered under test execution also 
suggests the sequence of the methods to be tested. They believed that this technique is more effective 
than testing method call sequences randomly and testing all method call sequences, since it uses 
information from data flow which usually reflects the potential sequence of execution. 
 
However, the technique presented by Harrold and Rothermel is only for testing an individual class. 
Moreover, the technique does not provide support for any object-oriented specific features, like 
inheritance and polymorphism. Further adaptation is required to accommodate testing on larger level, 
and also object-oriented features must be considered. 
 



 16

 
Figure 4.4 An example of a CCFG 

 
Alexander and Offutt also applied data flow testing technique for object-oriented software testing. As 
shown in their publication [AO00a, AO00b] in 2000, their technique focused on integration testing of 
object-oriented software, taking inheritance and polymorphism into account. Although it could be 
considered as a follow-up research to the technique presented by Harrold and Rothermel [HR94], it 
was not a direct extension from the technique. In fact, it was adapted from coupling based testing, an 
integration testing technique presented by Jin and Offutt in 1997 [JO97]. Similar to interprocedural 
data flow testing [HS89], coupling based testing is based on data definitions/uses and control flow.  
 
Focused on integration testing, Jin and Offutt suggested how coupling between modules can be applied 
as test adequacy criteria [JO97], which lead to test case generation and test coverage. From previous 
research, where couplings are classified into 12 ordered levels for analysis purpose, they noticed that it 
is unnecessary to have coupling classified in this manner. For their testing purpose, coupling levels are 
combined into 3 unordered types: parameter coupling, shared data coupling, and external device 
coupling. Coupling in this context is similar to relationship between definitions and uses in data flow 
testing technique. There is a point in a module which defines (or creates) a resource (parameter, or data) 
and another point in another module uses it. Testing must cover the path from the first module to the 
latter module. 
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The authors defined several definitions about def and use of each type of coupling. Based on these 
definitions, 3 types of coupling paths are defined for 3 coupling types. They are similar to path in data 
flow testing, but each of them is specific to the type of coupling. As coupling paths are analogous to 
paths in data flow testing, coverage criteria from data flow testing can be applied for coupling-based 
testing. Similar to control flow graph, a coupling graph is created for a group of integrated modules. 
The difference between these graphs is that a control flow graph is a sequence and flow of execution, 
while a coupling graph is a hierarchy of modules composed into a subsystem (or system).  
 
Jin and Offutt also presented 4 coverage criteria: call coupling, all-coupling-defs, all-coupling-uses, 
and all-coupling-paths. Analogous to branch coverage criteria, call coupling criteria requires each 
module to, at least, calls other modules once. All-coupling-defs, all-coupling-uses, and all-coupling-
paths are very similar to all-defs, all-uses, and all-DU-paths, but coupling-based testing focuses on only 
definitions and uses across modules. 
 
In [AO00a], Alexander and Offutt showed how coupling based testing could be adapted for object-
oriented integration testing. As coupling based testing is applied for integration testing among modules, 
the adapted technique is for integration testing among classes, where there are generalization 
relationships between classes. For the case where there is no polymorphism in the classes under test, 
they suggested that the original coupling based testing can be applied to test the program under test. 
When polymorphism is employed, coupling path must also take into account the effect of 
polymorphism. 
 

 
Figure 4.5 Example for coupling based testing for object-oriented 

 
For example, the class diagram in section (a) of figure 4.5 shows inheritance hierarchy of class A, B, 
and C. In section (b) of the figure, pseudo code of method f is shown. An instance of class A is passed 
as a parameter to the method, and method m and n on the instance are called in method f. Section (c) 
shows a table which presents definitions and uses of state variable u and v in each method. If an 
instance of class A is passed as an argument to method f, method m and n on class A are called. This 
results in definitions of state variable u and v during execution of method m and a use of state variable 
v in method n. When an instance of class B is passed as an argument, different definitions and uses are 
yielded, as method n is overridden in class B. Rather than a use of state variable v, the method 
produces a use of state variable u. Notice that there is a problem in passing an instance of class C as an 
argument to method f. Since method m is overridden in class C, the execution of the method results in a 
definition of state variable v rather than definition of both state variable u and v. When method n is 
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executed later on the instance, it results in a use of state variable u (method n in class B). There is a 
data flow anomaly here, as the state variable u is used without a definition. 
 
As a continued work from their previous paper, Alexander and Offutt presented 4 adequacy criteria 
[AO00b] based on their adapted coupling based testing [AO00a]. While the criteria can be applied for 
test generation, the authors only present them for test case evaluation. First criterion, All-Coupling-
Sequences, requires all coupling sequences in the method under test to be covered by the test set. Next 
two criteria subsume the first criterion. All-Poly-Classes criterion requires all possible type substitution 
to be executed in the coupling context. This ensures that every overriding method on every class in the 
class hierarchy is tested. Third criterion, All-Coupling-Defs-and-Uses, extends All-Coupling-
Sequences by strengthening the requirement to force all paths between every definition and every use 
of every state variable. The last criterion, All-Poly-Coupling-Defs-and-Uses, is the strongest criterion. 
It requires all possible paths between every definition and every use of every state variable of every 
class in the class hierarchy to be covered by the test set. Subsumption hierarchy of the criteria is shown 
in figure 4.6. 

 
Figure 4.6 Subsumption hierarchy of criteria for object-oriented coupling based testing 

 
In [SP00], Souter and Pollock presented another adaptation of the technique proposed by Harrold and 
Rothermel [HR94]. They pointed the lack of effectiveness for object-oriented testing in the previous 
technique, as it only supports data as primitive data. Their approach goes even further by considering 
manipulation of object references in addition to primitive data. This concept is derived from 
observation of object-oriented software, where primitive data flow is very rare and does not represent 
the behavior of the program. Manipulation flows in several levels are considered: intra-method, inter-
method, intra-class, object-state, and inter-class. 
 
The approach is targeted to support situation where the software under test is not completely on the 
memory. Point-to and escape analysis are applied to solve this problem. As object-oriented software 
usually uses references which are similar to the concept of pointer, point-to analysis, which has its root 
in pointer analysis of procedural programs, is necessary. Escape analysis, accompanied with point-to 
analysis, is required to analyze incomplete programs. The modified version of point-to graph, called 
ape graph, is proposed to represent object references at any given time during execution. Using escape 
analysis, the ape graph of the called method is merged to the ape graph of the caller method when the 
called method returns. With ape graph, object reference manipulation can be represented and observed, 
and the concept of DU pair in data flow testing can be applied. 
 

4.2 Formal Specification Technique 
 
In their paper [CTC+98], Chen et al. noticed that existing object-oriented testing strategies rely on 
either pure black-box or white-box techniques. Their article presented a test strategy which combines 
strength from both techniques. While black-box technique is used for test case selection, white-box 
technique is applied to determine test execution. 
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They showed how canonical specification of a class can be defined and from the specification. An 
infinite number of test cases can be generated. Using algebra, they proved that it is possible to have 
limited number of test cases for testing which can reveal defect in the same level of infinite number of 
test cases. These test cases are derived from applying limited length of normal form of ground term 
into variable in axioms. These terms are called fundamental pair of equivalent terms. The authors call 
this algorithm GFT (Generating a Finite Number of Test Cases). Although number of test cases is still 
large in some cases, it is limited and possible for test execution. 
 
The only way to identify whether two objects from fundamental pair are equivalent is by using 
observerable context. On a class, there is infinite number of observable context. The authors apply 
white-box technique here to obtain finite number of observable context which could reveal that a pair 
of objects is not observational equivalent. These contexts are called relevant observable context. From 
implementation, a data member relevant graph (DRG) is constructed to show relationship between data 
member in the class. Determining observational equivalence (DOE) algorithm is discussed. This 
algorithm checks if two objects is observational equivalent. For each attribute whose values from the 
objects are different, DRG is used to identify relevant observerable context. Similar to GFT algorithm, 
a limited number is needed to be specified since the DRG can contain cycles. This number is used to 
for maximum number of loop cycle which is to limit finite number of relevant observerable context. 
 
However maximum length of normal term (in GFT algorithm) and number of cycle (in DOE algorithm) 
are limitation of this technique. Using too small number of length can cause defects unrevealed, while 
using too big number results in too many test cases. Number of cycle has the similar effect. Too less 
number of cycle could result in defect unrevealed, but too many number of cycle results in an 
extremely large number of observerable context. These parameters need human decision. 
 

4.3 Integration Testing 
 
Focusing on integration testing, Jorgensen and Erickson proposed new constructs to aid object-oriented 
software testing [JE94]. They stated that conventional integration relies mostly on structure of software 
under test rather than its behavior, due to functional decomposition design technique. Programming 
languages for this design scheme are usually imperative. While object-oriented programming 
languages are imperative at method level, they are declarative in a big picture. Therefore, conventional 
integration testing techniques, like top-down, bottom-up etc, are not effective for object-oriented 
integration testing. 
 
They proposed 5 levels of testing for object-oriented software: method, message quiescence, event 
quiescence, thread, and thread interaction. MM path and ASF (Atomic System Function) are defined to 
support testing on message quiescence and event quiescence levels. A group of ASFs forms a thread 
which represents an actual user function. From the constructs, defects, which cannot be detected in 
method level testing, could be revealed in higher level of testing. Also testing relies on the behavioral 
aspect of the software rather than the structural aspect, which poses problems like infeasible path. An 
interesting observation is that testing based on these constructs results in a seamless juncture between 
integration testing and system testing. 
 

4.4 State Based Testing 
 
In their paper [GKH+95], Gao et al. presented a test strategy for validating behaviors of object of the 
class under test in state and transition views. The object state diagram (OSD) is introduced in their 
work to present states and transitions of the class under test which could be mapped to the real 
implementation. As an extension of finite state machine (FSM) it focuses on supporting area that is 
infeasible for FSM to support; inheritance, concurrent state, and states in terms of member of object. It 
is similar to other design models as design specification, but its main purpose is for testing. 
 
They defined 2 types of OSD, atomic object state diagram (AOSD) and composite object state diagram 
(COSD). An AOSD represents state and transition of a data member, while a COSD is composite of 
several AOSDs and COSDs. There are 3 types of orthogonal part which form the COSD, defined parts, 
aggregated parts, and inherited parts. OSD can be applied to drive test process. Test strategies and test 
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cases are created from OSD to incorrect states and transitions. Examples of AOSD and COSD are 
shown in figure 4.7 and 4.8 respectively. 
 

 
Figure 4.7 Example of AOSD 

 

 
Figure 4.8 Example of COSD 

 
They described that an OSD is created from class design specification. From OSD, test cases are 
created to achieve criteria, as object state criterion, object transition criterion, condition transition 
criterion, and interacting transition criterion. A state structure tree is created from OSD to present state 
hierarchy. From the tree, test order is derived. There are 2 strategies for testing based on this tree. State 
unit testing focuses on testing each individual OSD part which might require stub, while state 
integration testing focuses on combination of states from multiple OSDs. Test order and the issue of 
stub are discussed in the subsequent subsection. 
 

4.5 Test Order 
 
One important issue in testing a class individually is that a class is usually dependent to other classes in 
some ways. For example, a class may have an association relationship to another class, which is usually 
one of the collaborators in the class interaction. If the class is required to be tested without its 
collaborators, stubs must be created to replace instances of those classes. This is undesirable because a 
lot of effort is required to generate stubs which are to be thrown away when the testing is complete. 
Another obstacle is superclass/subclass relationship. It is not possible to test a subclass without the 
presence of its superclass. Several researchers have tried to resolve this issue as shown in the rest of 
this subsection. 
 
From axioms for program-based test adequacy criteria proposed by Weyuker [Wey86, Wey88] and 
issues in object-oriented testing addressed by Perry and Kaiser [PK90], Harrold et al. presented an 
approach for class testing [HMF92]. By considering inheritance hierarchy of the class under test, they 



 21

used the history of superclass testing for subclass testing. This approach keeps the number of new test 
cases and test effort minimum. 
 
The approach requires the superclass to be tested first. Every attribute (variable and method) in the 
class needs to be tested, both unit testing and integration testing with other attributes within the class. 
When testing was discussed, they required both specification-based testing (black-box testing) and 
program-based testing (white-box testing). When the superclass is tested, information about test cases 
is kept as test history. When a subclass is tested, the history of its superclass is considered whether it is 
reusable for the subclass testing. The type of attributes in the subclass is considered. A new attribute 
requires new test cases for both unit testing and integration testing. An inherited attribute can reuse test 
from test history for unit testing. Integration testing with inherited attribute is not required, but it is 
required for interaction with new attributes. An overridden attribute can reuse specification-based test 
cases from test history, because its external function remains the same.  
 
They compared using this approach against retesting all attributes. The result shows that this approach 
requires less new test cases for subclass testing as shown in table 4.1. The left most column shows the 
names of the classes under test. Next 2 columns show the numbers of functions that require new test 
cases for retest all and their technique. Furthermore, in some cases there is no need to execute some test 
cases, as they are already executed in the exactly same context during superclass test. Therefore, the 
approach can also reduce test execution time for subclass testing. 
 

Table 4.1 Comparison of numbers of functions that require new test cases 

 
 
Kung et al. presented a technique for identifying test order from object relation diagram (ORD) 
[KGH+95]. Test order is important to integration testing as indicator of which classes to be integrated 
first. As it is an effort to minimize stub generation for test, it is very useful for finding sequence of 
class development and stub generation. Also it can help in reducing number of generated test case, as 
test cases can be reused by applying the technique presented by Harrold et al. [HMF92]. 
 
The ORD shows relationship between objects/classes in 3 ways, inheritance, aggregation, and 
association, from which test order is derived. An example of ORD is shown in figure 4.9. “As” stands 
for association relationship, while “Ag” stands for aggregation relationship. “I” stands for inheritance 
relationship. 
 

 
Figure 4.9 Example of ORD 
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In his work, Kung et al. presented test order as levels, which are divided into 2 levels: major and minor 
levels. Topological sorting is applied for finding test order from the diagram. However, an ORD can be 
a cyclic graph, which is unable to performed topological sorting on. Therefore, some edges must be 
broken to make the diagram acyclic. Their suggestion is to remove association relationship edge, as it 
is the weakest among the others. After that, minor level order is identified. For each major level or, in 
other words, cluster, topological sorting is applied to assign minor level number. If a cluster is cyclic, it 
must be transformed into acyclic. Both major and minor level identifies sequence of testing. Classes in 
the lower major level must be developed and integrated before ones in the higher major level. Among 
classes in the same major level, classes with lower minor level must be developed and integrated before 
ones with higher minor level. With this scheme, the number of required test stubs is minimal. However, 
choices of selection for edge removal to break a cycle have an effect on the number of require stubs. 
Some might results in greater number of required stubs than others. 
 
As an improvement to the previous technique, Tai and Daniels suggested ideas for selecting 
relationship edges to be removed to break a cycle [TD97]. Under the assumption that inheritance and 
aggregation relationships are strong relationships and do not usually form a cycle, major level order is 
derived from an ORD with association relationships eliminated. A problem arises for minor level, 
which is derived from an ORD with association relationships. They suggested that to remove edge(s) 
which results in the minimum number of required test stubs. However, it is impossible to prove this, so 
an acceptable number of required stubs is set. Edges to be removed must result in a number of required 
stubs less than or equal to the acceptable number. Moreover, they also suggested that stubs from 
previous integration cycle can be reused; therefore, keeping track of generated stubs and reusing them 
could also guide in decision of edge removal. 
 
Labiche et al. [LTW+00] described another improvement on test order finding technique proposed by 
Kung et al. [KGH+95]. Main focus of this technique is to gather more information than the previous 
technique, which considers only classes in each test level (order). Also, they introduced other concerns, 
dynamic relation and abstract class, to object-oriented integration testing. 
 
In their paper, they showed similarity between ORD and other design models (like UML, OMT) and 
how this concept could be applied to new software development. However, there are 3 issues which the 
authors addressed as potential improvement; dynamic relation, more test order information, and 
abstract class. 
 
Regarding dynamic relation, they presented an improved version of ORD, called C-ORD, which 
presents aggregation and association relationship to subclass (derived from inheritance relationship in 
ORD) in dotted edges, according to polymorphism property of object-oriented.  From this view test 
level finding algorithm must be changed to also take this relationship into account. Further from the 
step, a test level is described in a form of triplet; class(es) under test, class(es) needed for test execution, 
and type of testing (static – dynamic). From the levels, a test order graph is created. At this point, test 
order which takes dynamic relation into account is presented with more useful information (classes 
needed for test and test type). 
 
However, more additional information for needed classes is not yet presented. A class which involves 
in test execution as a parent of the class under test does not get instantiated, so it should be treated 
differently from other classes (which need to get instantiated). Likewise, a class which is an 
aggregation or an association server with one or more subclasses should be marked differently in static 
and dynamic relation testing. And the last concern, abstract class, comes into play in the last step. Since 
abstract class cannot get instantiated, test level which required an instance of the class is infeasible. The 
test order graph is then modified to postpone the infeasible testing until one of the concrete subclasses 
of the abstract class is available. And in this step, the role of classes needed for test might be changed, 
according to the graph modification. 
 
Finally, Labiche et al. presented a comparison of their technique and the one presented by Kung et al 
[KGH+95]. Obviously, this new technique benefits from using graph representation of test order, 
which can help in more precisely identifying independent classes. With tabular structure in the 
technique presented by Kung et al., modification for postponing abstract class testing is not possible. 
Also, dynamic relationship is very useful in revealing complexity of the classes. Comparing to the 
technique presented by Tai and Daniels [TD97] which is also an improvement version of the technique 
presented by Kung et al., the focuses of the techniques are different. While the technique presented by 
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Labiche et al. has an assumption of acyclic ORD, the technique presented by Tai and Daniels focuses 
on finding test order on cyclic ORD. Labiche et al. showed that the technique presented by Tai and 
Daniels suffers in some situations where the ORD is acyclic, as the test order from this technique 
requires more stubs than the test order from the general technique presented by Kung et al. 
 

4.6 Fault Model 
 
There were some works that, rather than focused on test techniques, offered a discussion of faults in 
object-oriented software. This kind of work is also important in object-oriented software testing area. 
As faults in object-oriented software are known, it is easier to design techniques that effectively detect 
the faults. Offutt et al. presented a fault model in object-oriented software which makes use of subtype 
inheritance [OAW+01]. Subtype inheritance is the one that represents “is-a” relationship, while 
subclass inheritance allows unrestricted usage of inheritance to reuse ancestor’s methods without being 
a type-compatible instance of the ancestor. They defined that for a failure to occur, there are 3 
conditions that must be met; reachability, infection, and propagation. Reachability requires the 
statement of the program which contains the fault to be executed or, in other words, reached. Next, 
infection is the condition where the state of the program after execution of the statement containing the 
fault is incorrect. As only state scope of the ancestor class is considered, if an overriding method 
defines or does not define state variable as the overridden method, it is considered as infected. Finally, 
propagation is the condition where the infected state causes the output of the program to be incorrect. 
 
The authors classify polymorphism faults into 9 groups: inconsistent type use, state definition anomaly, 
state definition anomaly, state definition inconsistency, state defined incorrectly, indirect inconsistent 
state definition, anomalous construction behavior 1 and 2, incomplete construction, and state visibility 
anomaly. 
 
Inconsistent Type Use (ITU) is a fault in a situation where the subclass does not override any method 
of the ancestor. It may implement some extension methods which is invisible when its instance is used 
as an instance of the ancestor. Problem occurs only when the instance of this class is used in multiple 
contexts where it is used as an instance of the ancestor, as an instance the child class, and then back to 
the instance of the ancestor (by up and down casting). When it is used as an instance of the class, the 
extension method is visible. If the extension method defines state or call method on the ancestor which 
defines state, it may put the instance into an inconsistent state. 
 
State Definition Anomaly (SDA) is a fault where the overriding method refines the overridden method 
but leaves the instance with the state that is not equivalent to the state after the execution of the 
overridden method. In data flow analysis view, the overriding method must have net effect of def-use 
as the overridden method. Otherwise, this would result in data flow anomaly. 
 
State Definition Inconsistency due to state variable hiding (SDIH) is a fault where a state variable is 
hidden by defining another variable as the same name in the subclass (data hiding). This requires all 
methods that use the variable to be overridden to refer to the new variable. If the child class fails to 
consistently use the variable, it would result in data flow anomaly. 
 
State Defined Incorrectly (SDI) is a fault that the overriding method defines the correct state variable 
but semantically incorrect. 
 
Indirect Inconsistent State Definition (IISD) is a fault in the situation where an extension method on the 
child class modifies a state variable, and it is called by an overriding method (in the child class). With 
the effect of the extension method, this can introduce data flow anomaly similar to SDA. 
 
Anomalous Construction Behavior 1 (ACB1) is a fault where the constructor in the ancestor calls a 
polymorphic method. The call might result in the method implemented in the child class executing 
which may use an uninitialized state variable in the child class. 
 
Anomalous Construction Behavior 2 (ACB2) is a fault similar to ACB1 but the constructor calls 
polymorphic method which may be overridden in the child class. The overriding method may use state 
variables in the ancestor which may not be properly initialized. This results in data flow anomaly. 
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Incomplete Construction (IC) is a fault where the constructor does not define or initialize all state 
variables necessary for use. Although there may be other methods which do the initialization, this 
requires all subclasses and their users to use them properly. 
 
State Visibility Anomaly (SVA) is a fault where the state variable of the ancestor is private and the 
method in the child class which overrides the method on the ancestor that defines this variable does not 
call the overridden method to define the variable. Failing to call the overridden method results in state 
inconsistency. 
 
Following the previous paper, Alexander et al. showed syntactic patterns related to polymorphism 
which are classified as anomaly and can possibly cause defects [AOB02]. The patterns can be applied 
for static analysis which takes considerably less effort that testing. Five types of defect were selected in 
this paper; inconsistent type use (ITU), state definition anomaly (SDA), state definition inconsistency 
due to state variable higing (SDIH), state defined incorrectly (SDI), and indirect inconsistent state 
definition (IISD). The patterns are discussed based on these fault models. 
 
First pattern is the pattern where the descendant class introduces extension methods which includes the 
descendant introduces non-interacting extension methods (DNEM) and the extension method calls 
another extension method (ECE). DNEM can results in ITU when an instance is used in context of both 
ancestor and descendant. ECE possibly causes SDA when the called extension method, in some way, 
defines inherited state variables. 
 
When an extension method calls an inherited method (ECI), an extension method calls a refining 
method (ECR), or an extension method defines inherited state variables (EDIV), there is possibility of 
SDA depending on the subsequence call. For EDIV, SDI is possibly occurred as the extension method 
may not inconsistently define the inherited variable. 
 
When a refining method is introduced in the descendant class, it could possibly fall into one of the 
patterns related to refining method; a refining method calls an extension method (RCE), a refining 
method calls other inherited method (RCA), a refining method calls another refining method (RCR), a 
refining method calls the overridden method (RCOM), and a refining method defines/uses inherited 
state variable (RDIV/RUIV). All of them result in SDA and SDI. Additionally, RCE can result in IISD, 
for it has the same pattern as the fault model. When there is a hiding state variable declared on the 
descendant class, SDIH can occur for both RDIV and RUIV. 
 
The last pattern is the pattern related to constructors. They are a constructor calls an inherited method 
(CCIM), a constructor calls a refining method (CCRM), a constructor calls an extension method 
(CCEM), a constructor defines an inherited state variable (CDIV), and a constructor defines/uses a 
local state variable (CDLV/CULV). Primarily, SDA is the major fault for CCIM, CCRM, CCEM, and 
CDIV. CDIV can pose SDI, as it directly modifies the state variable. CDLV and CULV are apparently 
related to SDIH. 
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5  UML Based Testing 
 
This section discusses about UML based testing techniques and approaches which are usually based on 
issues, techniques, and approaches discussed in previous sections. Most of the time, the techniques and 
approaches are tailored to match particular UML diagrams selected for the works. Each work focused 
on a different aspect from other works for different UML diagrams. Usually there is an implementation 
of tool for the techniques and approaches. 
 

5.1 State Testing 
 
Offutt and Abdurazik presented a method to create test cases from UML [OA99]. Their focus is on 
specification level (system level test). In their work, system behavior is represented with state diagrams. 
Test cases are created based on change event on state diagrams. Conditions of change events are used 
for generating test input and test prefix (input to set the system into the state under test). Test oracle is 
derived from state change according to the event. Four types of coverage criteria: transition coverage 
level, full predicate coverage level, transition-pair coverage level, and complete sequence level, are 
presented based on state transitions. Algorithms to create test set are derived from these coverage 
criteria. 
 
A tool, called UMLTest, was created to automated test generation. UML state diagrams, as test 
generation input, are in Rational Rose’s MDL format file. Test cases are automatically generated for 
two of the coverage criteria: full predicate coverage and transition-pair coverage. Transition coverage 
is subsumed by the supported criteria, and complete sequence coverage is not possible for automated 
generation. From empirical results, test cases created from both coverage criteria are better in defect 
detection than test cases from branch coverage criteria. 
 

5.2 Interaction Testing 
 
Abdurazik and Offutt suggested several ways to generate test case from collaboration diagrams 
[AO00c]. They noticed that the main benefit of generating test cases from design artifact is that defects 
could be detected earlier than generating test cases from implementation, which occur later in 
development process. They also addressed that mistakes in design artifacts are probably detected while 
test cases are generated. They gave some basic definitions of elements in collaboration diagrams. The 
focus was on links and pairs of links. Several possible ways to perform static checking on the 
information gathered from collaboration diagrams were also shown in their paper. 
 
Using test cases generated from collaboration diagrams, dynamic testing is also possible to be 
performed. However, they did not describe it in the paper. Instead, they showed that the 
implementation can be instrumented, and coverage analysis can be performed based on collaboration 
diagrams. 
 
As sequence diagrams also represent behavior of the system, it is feasible to create test cases from the 
diagrams. Like collaboration diagrams, sequence diagrams are created early in development process, 
mostly as realization of the use cases; as a consequence, creating test cases from sequence diagrams 
benefits from early test creation which can detect design error earlier than test creation based on source 
code. A tool, named SeDiTeC, was developed by the Fraikin and Leonhardt [FL02]. The tool uses 
interactions from sequence diagrams to create test scenario (cases). Two parts of sequence diagrams are 
considered; the part that represents interaction that put the object(s) into test state (test setup), and the 
part which represents interaction under test. The tool also supports creating test stubs for unavailable 
class/interface implementation. The code under test is also instrumented to capture and evaluate test 
result (order of method calls, parameters etc.). Each project might use sequence diagrams to represent 
behavior in different level of detail, ranging from abstract view to actual implementation. The 
assumption of this work is that actual sequence diagrams, which reflect the major portion of the system 
implementation, are available. It is possible that some refinement is applied to the actual 
implementation. However, human analysis is required to evaluate test result in this case. 
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From TACCLE approach presented by Chen et al. [CTC+98, CTC01], Chen expressed how to apply 
the approach to test object-oriented software based on UML Sequence Diagrams and UML 
Collaboration Diagrams [Chen03]. TACCLE is an approach for testing object-oriented software on 
class level and cluster level using formal specification. In this approach, software is tested based on 
Contract specification which is a formal specification for object-oriented software. For either UML 
Sequence Diagrams or UML Collaboration Diagrams, a diagram corresponding to a use case is 
converted into specification by rules which are presented by Chen. Characteristics like message path, 
conditional message, and message iteration are extracted from the diagram to the specification. Once 
the specification is created, test is performed based on the specification as in TACCLE approach. 
 

5.3 Integration Testing 
 
Hartmann et al. presented a methodology to generate test case and perform testing based on UML 
statechart diagram [HIM00], as dynamic behavioral model. Similar to concept presented by Offutt et al 
[OA99]. this method goes even further by supporting test on integrated parts as a whole system, rather 
than just a particular component. In addition, this work also supports test execution. 
 
A tool, called TnT, was implemented based on the proposed methodology. This tool supports test case 
generation from UML statechart diagram. The tool generates test cases from the global statechart 
which is composed from statecharts of all components in the system. Each statechart is transformed 
into finite state machine before composition. As composing all state machines at once would take a 
considerable amount of time and space for processing intermediate composed states and unreachable 
composed states which will be discarded after the composition is complete, the state machine should be 
composed incrementally. This would result in less time and space consumption during the composition. 
 
Test cases are generated from the global state machine using category-partition method [OB88]. Each 
state is considered as a category/partition, while each transition is considered as a choice. Test frame is 
created from this basis, which is required to yield different coverage according to the test level. 
 
Implementation of the tool was separated into 2 parts, TDE (Test Development Environment) and 
TECS (Test Execution for Distributed Component-Based Software). TDE provides integration to 
Rational Rose for generating a global state machine and then test cases. TECS is responsible for 
supporting test execution environment. It creates and compiles test driver, create sinks (which is for 
monitoring output event from the software under test), and control the test. 
 
Wu et al. addressed necessity in performing integration testing on off-the-shelf software components 
[WCO03], even though those components have been thoroughly testing in isolation. Referring to the 
absence of source code, traditional structural testing techniques are not applicable. Context-dependence 
relationship and content-dependence relationship were introduced as new concerns in this problem 
domain. 
 
Context-dependence relationship is a situation where trigging an event and the possible execution path 
of the event can trig other events. The paper explains how this kind of relationship can be derived from 
interaction diagram (using sequence of execution) and statechart diagram (using state transition edge). 
 
Content-dependence relationship is a situation where an interface has data-dependency with another 
interface. In other words the interfaces have operations on the same data in which order of invocations 
impacts the result. In the paper, they suggested criteria to address data-dependency from interaction 
diagram by identifying entity component and type of its interaction type. For statechart diagram, 
similar approach is presented for state transition and interface invocation. 
 
To be adequately tested, they address components to be tested on all transition in interaction diagram, 
all sequence in interaction diagram, all transition in statechart diagram, and all content-dependence 
relationship. 
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5.4 System Testing 
 
As a part of TOTEM project (Testing Object-orienTed systems with the unified Modeling language), 
Briand and Labiche defined testability characteristics of UML modeling in analysis phase [BL02]. This 
is necessary since there is no standard for object-oriented software development, resulting in variation 
of analysis artifacts. Testability characteristics are derived from models which are used for creating test 
requirement from analysis artifacts. Main focus of this work is on analysis artifacts, i.e. use cases and 
interaction diagrams. 
 
Usually use cases work in sequence, so they are presented in an activity diagrams which shows 
sequence dependencies of use cases of a specific actor. Use cases are made parameterized to reflect 
parameter dependencies in sequence. To generate use case sequence, first, simple parameterized use 
case sequence is generated from activity diagram, as an example shown in figure 5.1. Since there can 
be infinite number of actual sequence generated, next step is to limit number of sequence using test 
scale which is to identify how many instances of the test must be covered. The last step is to combine 
sequences from previous step to complete sequences. With interleaving, this step would result in 
extremely large amount of sequence, so they must be sampled. 
 

 
Figure 5.1 Example of activity diagram for use case sequence generation 

 
Each use case has several scenarios, usually one for nominal and several for alternative (exceptional) 
scenarios. The scenarios are presented in interaction diagram which the authors use capital letters in 
message number to indicate alternative path. Then regular expressions to present interaction are 
presented; they are called terms. Each term presents a path in interaction (including iteration in itself). 
Next step, path realization condition of each term is identified from its guard condition which is in 
OCL (Object Constraint Language) [OMG01]. If the condition contains disjunction, it should be split 
into several conditions. Since each term may have iteration in itself, actual sequence is still needed to 
be identified (loop technique for coverage might be applied). Test oracles then are derived from post 
condition of methods which are in OCL. Finally decision table is created from conditions of terms, 
action results, and state changes. Each entry in the table is called a variant 
 
From use case sequences and use case scenarios, variant sequences are generated. Number of possible 
variants depends on sequence of use case and number of scenarios in each use case. However, there 
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might be contradiction in condition between conditions of use cases which makes some invariants 
impossible.  
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6 Conclusion 
 

So far there have been a lot of publications in object-oriented software testing area. Focuses of the 
publications have changed over time. From problem domain analysis to design of techniques and 
approach and then to UML based testing, researchers and practitioners have shifted their interests, as 
the concept and core knowledge of the area become more mature. Along the way, there have been 
some conflicts in ideas, concepts, and opinions among researchers. However, the conflicts are 
presented as alternatives most of the time. It is possible to say that generally most works go in the same 
direction, since there is an agreement on fundamental concept regarding object-oriented software 
testing. 
 
Although researches in this area are still carried on by a lot of researchers, there are several new 
directions in researches, which have their roots in object-oriented software testing. Model checking 
based on executable UML [AFG03] is one of examples of an attempt to apply testing techniques to test 
UML models. Unlike traditional model checking, this technique relies on symbolic execution of UML 
model. As it is analogous to program execution, concepts from object-oriented software testing and 
UML based testing can be applied. Another example is an attempt to adapt data flow testing for object-
oriented software [HR94] to aspect-oriented software [Zhao03]. This shows a good sign that researches 
in this area and closely related areas will continue and span in many directions. 
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