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Object-oriented software development is an evolutionary process, and hence the opportu-
nities for integration are abundant. Conceptually, classes are encapsulation of data attributes
and their associated functions. Software components are amalgamation of logically and/or
physically related classes. A complete software system is also an aggregation of software
components. All of these various integration levels warrant contemporary integration tech-
niques. Traditional integration techniques towards the end of software development process
do not suffice any more. Integration strategies are needed at class level, component level,
sub-system level, and system levels. Classes require integration of methods. Various types
of class interaction mechanisms demand different testing strategies. Integration of classes
into components presses its own integration requirements. Finally, the system integration
demands different types of integration testing strategies. This paper discusses the various
integration levels prevalent in object-oriented software development. The integration re-
quirements of each level are met by suggesting a solution for the same. An integration
framework for integrating classes into a system is also proposed.

1. Introduction

Application of traditional software testing lore to object-oriented software is not
seamless. Astounding sinews of object-oriented languages create many opportunities
for errors. The situation is further intricated by the naive application of theoretical
constructs and techniques of traditional software development and testing to these lan-
guages. It is, hence, desideratum for software testing community to discover creative
ways of testing object-oriented software.

There are various levels, types, strategies, and taxonomies of software testing.
See [Beizer 1990] for some of these software testing classifications. Integration testing
is one of the significant levels of testing non-trivial software. Traditional approaches
to integration testing include top-down, bottom-up, and sandwich approaches [Beizer
1990; Kung et al. 1995]. This paper addresses the issues of object-oriented integration
testing. First we aerate different potential levels of integration testing in object-oriented
context. Then we propose testing techniques for each of these levels. Our proposed
integration testing solutions are based on the class-level unit testing approach presented
in [Bashir and Goel 1994].
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2. Integration testing – object-oriented perspective

Like many others, the term integration testing has diversified meanings. Our
definition of integration testing resembles closely to the one given by Beizer [1990].
Integration testing is the testing performed to catch any errors when two or more
individually developed components are aggregated to execute their functionalities.
A careful reader will notice that this is different than system testing, which we call as
integrated system testing. Examples of integration testing errors include internal and
external interface errors, timing errors, throughput errors, etc. In integrated system
testing, however, the typical errors include [Beizer 1990] operating system call errors,
performance errors, partition errors, etc.

Overbeck [1994] identifies three types of typical integration testing strategies.

1. Execution based integration testing to reveal erroneous interaction of units by tracing
its execution.

2. Value based integration testing employs certain values to execute units interaction.
Boundary value testing and equivalent class partitioning testing strategies fall under
this category.

3. Function based integration testing validates the functionality of components while
they interact.

Integration is typically defined as a process by which components are aggregated
to create larges components. In traditional software, the primary objective of integra-
tion testing of two procedures A and B, which have both passed their unit tests, is to
show inconsistencies between them. Such inconsistencies include incorrect handling
of data elements, improper calls, improper return types, and inconsistent data valida-
tion criteria. In object-oriented systems, however, integration is a continual process
[Bashir and Goel 1999]. One can identify the following possible levels of integration
in object-oriented context:1

• Integration of methods into a single class.

• Integration of two or more classes through inheritance.

• Integration of two classes through containment.

• Integration of more than one class to form a component.

• Integration of components into a single application.

While some people would argue about integration of methods into a single class
as a form of integration, we tend to think otherwise. We contest that in object-oriented
systems instead of a function or method, a class is a composition unit. In object-
oriented systems, classes are not developed by integrating independently devised func-
tions. Instead, classes and their interfaces are declared at design time. The methods of
a class and their interaction is, therefore, tested under class-level unit testing strategies.

1 A similar decomposition of integration testing levels is given by [Jorgensen and Erickson 1994].
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Some of the class testing strategies include [Bashir and Goel 1994; Binder 1996;
Chung et al. 1996; Dorman 1993; Turner and Robson 1995].

The second level of integration testing is mandated when two or more classes
are aggregated through inheritance. Derivation of a new class from a hierarchy of
existing ones is a way of class integration. The testing of such integration has been
addressed by various authors including [Bashir 1993; Chung et al. 1994; Giltinan
1994; McGregor and Dyer 1993].

The objective of this paper is to expound three other levels of integration testing
i.e., integration through containment, integration of classes to form components, and
integration of components to devise a system.

3. Approach

The emphasis on the functionality of software increases as it reaches the later
phases of software development life cycle. Integration testing, therefore, should focus
on the aggregation of software constituents while maintaining their correct behavior. In
traditional software development approaches, integration testing focused on the correct
interfaces between multiple units. For object-oriented system each of the combined
units has a state associated with it. This associated state of an individual component
may impact its behavior. Additionally, overloading and dynamic binding features of
object-oriented languages compel one to test one-to-many possible invocations of the
same interfaces.

The premier objective of integration testing is to ensure that individually de-
veloped units/components correctly interact to achieve the desired functionality of a
system [Bashir 1999]. There are three aspects to this problem. One, we want to ensure
that we get a working skeleton of the system as early as possible. Two, the individual
parts of the skeleton are aggregated to ensure that these interface and interact correctly.
Three, to ensure that all parts interact reasonably well to commence integrated-system
testing.

Integration testing requires careful planning. Hetzel [1988] identifies five con-
siderations for integration test planning. Our approach to integration testing of object-
oriented software consists of finding answers to these considerations in an object-
oriented context. Hetzel’s five considerations can be abstracted to following three
basic questions:

1. How many objects should be assembled before integration testing commences?

2. What should be the order of integration?

3. Should there be more than one skeleton for integration?

There is not a universal answer to any of these questions. These issues can only
be addressed in a project’s context. We, however, propose a general solution that
would work for most of the object-oriented projects. The approach may be tailored
for a specific project.
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Integration testing embarks as soon as we inherit one class from another. As
mentioned earlier, this is one form of integration and hence aggregation of these two
classes must be taken into account. The solution to this level of integration has been
proposed in [Bashir 1993].

Our integration testing approach is influenced by the one proposed by Shlaer
and Mellor [1994]. To understand the underpinnings of this approach, let’s consider a
virtual integration engine that is responsible for integrating the individual components
of a system. This engine has two inputs, a list of use-cases, and a list of objects. The
engine begins by picking the first use-case from the list.2 The integration engine then
tries to execute the use-case. As a new object is needed for the use-case execution,
the object is picked from the list of objects. The selected object is tested with the
objects already picked by the integration engine, both for functionality as well as for
correct aggregation. The detail of this functionality and aggregation testing are given
in section 4. The approach is simple and answers the three basic question mentioned
above.

First of all, the approach specifies that the integration testing begins as soon
as more than one object is aggregated. It also specifies that the order of integration
should be as-per-need basis. Finally, the integration engine provides a skeleton for the
integration of objects. A single integration framework is usually ample for most of the
modest-sized projects. With the increased productivity demands and expectations from
object-oriented systems, it is more pragmatic to have a single integration framework.

4. Activities

The complete set of activities and the order of integration are inherently dependent
on an individual project. The choices must be made in the context of a project by
examining the pros and cons of each option. Such analysis is the key to a good
integration testing plan.

In this section, we present two sets of activities. The first set, discussed in
section 4.1, concentrates on the structure of an application by considering integration
of two classes through containment relationship. The second set, on the other hand,
focuses on the behavior and the order of integration for a given set of classes. It is
detailed in section 4.2.

4.1. Structural integration testing

Stroustrup [1991] points out that classes do not exist in isolation. Rather they
collaborate with other classes to perform meaningful tasks. This collection of col-
laborating classes is known as a component. This section focuses on this structural
combination of classes.

There are various possible means of class collaboration. The scope of a col-
laborating class may be at a method level, or at a class level. Method-level scope

2 The order of use-cases in the list is important, and is discussed later.
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implies that an instance of the collaborating class is either constructed or passed as a
parameter in a method of the collaborative class. An appropriate call is then made to
the collaborating class. Finally, that instance may be destructed, if constructed within
the method, before the end of the method. Class-level collaboration, on the other
hand, implies that an instance of a collaborating class is declared as an attribute of a
collaborative class, hence a containment relationship. There are various possibilities
for these two basic forms of collaborations. For example, some people might argue
that private inheritance is one form of collaboration. We, however, will stay away
from these discussions. We present an approach that provides a means for testing two
collaborating classes, regardless of their collaboration technique.

4.1.1. Typical set of activities
Let us assume two classes A and B, such that class B is contained3 within class A.

Let us also assume that the relationship between the methods of classes A and B is as
shown in figure 1.

Definition 1 (DUM). A Data-Usage-Matrix (DUM) of a class is an n × m matrix,
where n is the number of data members in the class and m represents the number
of member functions in the class. An entry DUMi,j is marked for the correct usage
type if the jth member function manipulates ith data member in its implementation.
This matrix gives a visual feeling of the usage of a given data member by a subset of
methods. It also gives a crude measure of the cohesion of the class.

class B;

class A {
public:

A() {B *bp = new B();}
void A m1() {bp->B m1();}
void A m2() {bp->B m2();}
void A m3() {bp->B m2();}
void A m4() {bp->B m3();}
void A m5() {...;}
˜A();

private:
B *bp;

};

Figure 1. Integration of classes A and B through containment.

3 Although we are using a containment relationship here, the approach is equally valid for any collabo-
ration relationship.
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DUMl(i, j) =


tl if method j ; data-member i,
rl if j reports the state of i,
ol if j@@ i

else,

where ; ≡ transforms4 and l is the number of level at which member functions j
manipulates data member i. The value of level l is 1 if j directly uses i.

Drawing DUM may not be as obvious as it may seem initially. A data member
may be accessed by a member function indirectly, i.e., through invoking another mem-
ber function of the same class. It is not unusual for a member function to only invoke
another member function, called a helper function, to do something on its behalf. This
implies that a member function may not access any data member of its class directly,
instead it accesses them through its helper functions. If the only statement in a caller
method is to invoke a helper function, then for all practical purposes, the effect of
calling either of these functions is essentially the same. A complete algorithm to draw
MaDUM of a class is given in [Bashir 1993].

We propose the following integration testing procedure between two collaborating
classes A and B.

Draw Data-Usage-Matrix (DUM) of container class: First step in the integration
testing of two collaborating classes is to draw the data-member usage matrix.
For class A, we draw the DUM along the X–Y axis. The DUM of class A is given
in figure 2.

Add DUM of contained class: The data-usage-matrix of the contained class B is then
drawn along the Y–Z axis. As we will see, we only employ the member functions
relationship between classes A and B. Since we have the DUM of class B from its
unit testing anyway, we will paste the DUM along the Y–Z axis. The DUMs of
classes A and B are shown in figure 3.

Draw collaboration matrix: Next, we draw the inter-method relationship between
classes A and B along the X–Z axis. This is accomplished via extending the method
columns of class A and of class B along the Z-axis and the X-axis, respectively.
The matrix along the X–Z axis is an i × j matrix, where i and j are the numbers
of methods in the contained class B and the container class A, respectively. If a
method of class A calls a method of class B, then an x is marked in the intersection
box of the two methods. This, so-called collaboration-matrix is shown in figure 4.

Determine test case for each slice: Let us draw our attention to the container class A.
Our testing approach is based on the slices of a class.

4 We are using ; symbol to denote the transformation relationship. Thus m ; d expresses that the
method m can potentially transform the value of data member d.
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Figure 2. Data-Usage-Matrix (DUM) of the container class A.

Definition 2 (Slice of a class). A slice of a class can be defined as a quantum of a
class with only a single data member, and a set of member functions such that each
member function can manipulate the values associated with this data member. A slice,
associated with a data member di of a class K, can be represented by

Slicedi(K) =
〈
di,Mdi(K)

〉
,

where:

• di ∈ D(K),

• Mdi(K) = {mi | mi @@ di},5 and

• Mdi(K) ⊆M (K).

5 The symbol @@ is employed to denote the usage relationship. Thus m@@ i represents the usage of
data member i by method m.
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Figure 3. Data-Usage-Matrix (DUM) of the contained class B with the container class A.

Thus a class is nothing but a composition of slices and some more functions.
A class with n data members can be represented by

K = {Sliced1 , Sliced2 , Sliced3 , . . . , Slicedn , Fns},

where

Fns =
{
fi | fi ∈M (K) and fi 6@6@ di ∈ D(K)

}
,

6@6@ ≡ inverse of @@ .
A set of slices, when composed as a class, may have over-lapping functions but

each of them has a unique data member.
We employ the sequence of methods for testing a slice of a class.6 Let us reuse

the test cases from the unit testing the container class A. For slice of data member

6 This unit testing approach is proposed by [Bashir 1993].
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Figure 4. Data-Usage-Matrix (DUM) of the collaborating classes A and B.

A d1, let us assume that the test cases are given as following:

A m1 A m2 A m3

A m1 A m3 A m2

A m2 A m1 A m3

A m2 A m3 A m1

A m3 A m1 A m2

A m3 A m2 A m1

Let us assume that all three methods, A m1, A m2, and A m3, can potentially
transform the state of data member A d1.

Extend sequence of methods for both classes: In this step, we extend the sequence
of methods of class A to determine the impact of methods of class B on the data
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member under test. From the previous step, we have seen the sequence of methods
that were used to test the slice for A d1. We extend those sequences such that if a
member function of the container class calls one or more member functions of the
contained class, then it is written within braces. For example, if A m1 calls B m1,
then each occurrence of A m1 is replaced by A m1(B m1). Continuing in a similar
fashion, the test cases of A d1 can be re-written as follows:

A m1(B m1) A m2(B m2) A m3(B m2)
A m1(B m1) A m3(B m2) A m2(B m2)
A m2(B m2) A m1(B m1) A m3(B m2)
A m2(B m2) A m3(B m2) A m1(B m1)
A m3(B m2) A m1(B m1) A m2(B m2)
A m3(B m2) A m2(B m2) A m1(B m1)

Extract sequence of methods for contained class: Next, we only look at the se-
quence of methods of contained class that may modify the state of data member
under question, A d1. By ignoring the methods of container class, we conclude the
following sequence of methods as the potential test cases for slice of A d1:

B m1 B m2 B m2
B m1 B m2 B m2
B m2 B m1 B m2
B m2 B m2 B m1
B m2 B m1 B m2
B m2 B m2 B m1

Ignore redundant sequences: We see that there are redundant sequences in our con-
cluded set of test cases. In this step we remove any such redundant test cases. After
eliminating these unnecessary test cases, we are left with the following set of test
cases:

B m1 B m2 B m2
B m2 B m1 B m2
B m2 B m2 B m1

Determine remaining sequence of methods for container class: Next, we replace
each call to the contained class method by the method of the corresponding con-
tainer class. For example, if B m1 was called by A m1, then each occurrence of
B m1 is replaced by A m1. Thus our test cases for slice of A d1 are reduced to the
following sequences:

A m1 A m2 A m3
A m2 A m1 A m3
A m2 A m3 A m1

Execute test cases: This is our set of test cases for testing the impact of a collaborating
(contained) class on the slice of data member A d1. We test A d1 for this set of



I. Bashir, R.A. Paul / Object-oriented integration testing 197

Figure 5. A virtual integration engine for objects integration.

test cases the same way we unit tested class A. Readers interested in the details of
our unit testing technique are referred to [Bashir 1993; Bashir and Goel 1994].

4.2. Functional integration testing

A fundamental question during integration testing is about the order of objects
integration. There are various possible orders of integration. In this section, we propose
a simple order of integration that requires minimal stub generation. Our integration
strategy consists of a virtual integration engine. There are two queued inputs to this
integration engine. One queue contains the use-cases associated with the project, or
with the application. The other queue contains the usable objects. The virtual engine
can either be built, or a person can play the integration engine role.7 The order of
integration of objects depends upon the order of use-cases. We propose the following
set of activities for functional integration.

4.2.1. Typical set of activities
A virtual integration engine and its associated queues are shown in figure 5.

Order use-cases: The foremost step in our functional integration strategy is to cor-
rectly order the use-cases. There are various choices available here. Our recom-
mendation is to pick use cases in order of simplicity and inter-dependence. The
use-cases that are independent of other use-cases should be on the top of the queue.
A pseudo-algorithm for ordering use-cases would be as follows.

1. Draw a tree of use-cases such that a node in the tree represents a unique use-case
and edges represent the dependency between use-cases.

7 Usually this person is called a system integrator.
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2. Draw an edge from use-case A to use-case B, if B is dependent upon A. A use-
case is dependent upon another use-case if the dependent use-case requires some
objects from the other use-case.

3. Mark all the leaf use-cases in the tree. These represent the use-cases that no
other use-cases are dependent upon. These use-cases should be tested first.

4. Order the leaf use-cases in terms of simplicity. Simplicity could be in terms
of number of classes, aggregate complexity of the classes, and/or inter-class
dependency.

5. Put the simplest leaf use-case at the head of the queue followed by other use-
cases such that the complexity of a use-case is higher than its preceding use-case
and is lower than its proceeding use-case.

6. Once all leaf use-cases have been ordered, consider those use-cases that are
dependent upon the leaf use-cases only. Order this set of use-cases in terms of
their complexity and put them in the use-case queue.

7. Follow the same sequence till all use-cases have been ordered in the queue.

Take next use-case: Take the next use-case in the queue. All required objects for this
use-case will be integrated first.

Get required object: Follow the steps of the use-case. Any time, an object is referred,
pick the required class from the queue and instantiate it.

Test with existing objects: Next step is to integrate the new object with the existing
objects in the partially integrated system. If the new object collaborates with the ex-
isting objects in anyway, test the collaboration by employing the procedure outlined
in section 4.1.

Test possible functionality: If all the required objects are in the partially integrated
system, test the possible functionality with these objects to ensure that the objects
are collaborating according to the functional specifications.

Test other requirements: If the partially integrated system conforms to the functional
specifications, stress it. Test it for the required load and performance. If the partial
system does not satisfy either of the load, performance, or resource, requirements,
it must be brought to the attention of the development team.

Loop through: Once satisfied with the integration of last object, pick the next required
object from the pool of objects. If no more objects are required for this use-case,
select the next use-case from the use-case queue and repeat the procedure.

An important question arises at this point. What happens if an error is encountered
during integration testing? Should we stop the integration testing? How are the errors
fixed and brought back to the integration testing environment?

Our approach to these questions is simple. Do not stop the integration testing as
long as there are use-cases in the queue. If an error is encountered during the integration
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of objects for use-case U1, then put U1 at the end of the use-case queue. Also, all
the non-integrated use-cases in the branch of U1, in the use-case tree drawn earlier in
figure 5, are also moved towards the end of the use-case tree. This implies that all use-
cases dependent upon U1 cannot be integrated till U1 is ready for integration. Similarly,
all the potentially incorrect classes are removed from the class queue. Potentially
incorrect classes are those whose integration has surfaced the symptoms of an error.
At this point, it is hard to say which class the error is in. The integration team
should not even try to debug the code. The focus of integration testing is to report
the symptom of an error and not to identify the source of an error. Report an SPR
(Software Problem Report).8 The reported error will go back to the development team
that provides a fix for the problem. Once these fixed components have been provided
by the development team, U1 and its dependent use-cases can be upgraded to the front
of the queue. On the same token, the classes removed earlier from the class queue are
put back into the queue and are available for integration testing again.

5. Social issues in integration testing

The most significant integration testing resource is a system integrator. Each
project should designate at least one person for this role. In case of tools unavailability,
this person acts as the integration engine and performs the required integration testing
between collaborating objects.

The personnel resources and their roles required for integration testing are de-
scribed in the following paragraphs. For small to medium-sized projects, one person
may be adequate for a role. As the project size grows, a role played by a person may
have to be played by a team. This is generally true for all the roles described below.

Software integrator: The prime responsibility of this role is to assemble individually
developed components into a system which appeases its requirements. For small
projects, it can be done without the aid of automated tools. As a project grows in
size, the need for automated tools escalates. In case of lack of tools availability, this
person may act as the integration engine and may have to perform the integration
manually.
This person also arranges for any code reviews required for a particular sub-system.
This person is also responsible for getting a team of people together for actual
functionality testing of the use-cases during functional integration testing.

Domain expert: The need for this role is also during the functional integration testing
sub-phase. It is significant that a domain expert be present to validate the functional
requirements of a use-case. Correct functionality of a use-case provides additional
confidence in the integration activity. This person ensures that the partially inte-
grated system can correctly execute some functionality of the desired system.

8 Or whatever the correct procedure for your organization may be. This paper is about the testing and
we will refrain from commenting on individual processes and procedures.
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Database expert: This role is required for systems that involve persistent storage
in either a relational or an object-oriented database. Database expert ensures that
all access, queries, modifications to the data are correctly handled by the partially
completed system. This role, like the domain expert, is mainly needed during the
functional integration testing.

Product assurance expert: A product (alternatively quality) assurance person should
be part of any software development activity. During integration testing, this role
ensures that the partially completed software conforms to its requirements. During
structural integration testing, this person assists the system integrator in determining
the integrity of the software.

Senior developer: A senior member of the design and/or development team should
accompany the structural and functional integration testing activities. The role
is responsible for providing the development aspect of various components and
subsystems. The person playing this role must have a broader picture of software
architecture. (S)he must also be very familiar with the interfaces and structure of
individual components. For small projects, the role may very well be played by the
system integrator.

Integration environment: An integration testing environment, separate from the de-
velopment environment, must be created for software integration. The specific
needs for this environment are highly project dependent. A separate server is rec-
ommended for a client-server environment. Similarly, ample client machines must
be available to test concurrent use of the software. A separate database instance
may be required if the software is database dependent. Most importantly, the en-
vironment should mimic the production environment as closely as possible. This
would prevent any surprises during the integrated-system testing.

6. Effort

Integration runs throughout the lifetime of an object-oriented project. Classes are
continuously integrated, through inheritance, containment, collaboration, or otherwise,
The collaborating classes could either be locally created or be provided by a third-party
vendor. In either case, once they are integrated with these home-grown classes, the
burden of testing lies on the person integrating these independently developed classes.
These integrated classes are then integrated into components and sub-systems. The
sub-systems are finally slammed together to form meaningful applications.

The reuse potential of these individually developed classes, components, sub-
systems and/or applications dictates that a significant effort be spent in integration
testing of these components. Some of these components have been developed with a
specific purpose in mind. Extending these components for unintented use provides a
perfect opportunity for errors to creep into the resulting software. Hence integration
testing effort is inversely proportional to the amount of reuse. Higher reuse warrants
higher integration testing effort.
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7. Conclusion

Encountering difficulties during integration testing can usually be traced to two
sources [Hetzel 1988]. Either unit testing was poorly executed, and/or there is no
formalism in the integration testing approach. Integration testing, like the other testing
activities, must be planned and executed properly. Informalism and lack of significance
on integration testing by an organization puts it on a very high risk of project failure
either during or even before it goes into production.

We cannot emphasize enough on the importance of integration testing. Object-
oriented projects warrant continuous integration. The need for correct integration
increases manifold as it is done at many levels and each level demands a different
type of testing. A software system is ready for system testing once all individually
developed components have been correctly integrated. The correct integration implies
that the components have both structurally and functionally been tested, and conform
to the requirements. All use-cases and requirements must have been met before turning
a green signal on for system testing to proceed.

This paper has proposed novel ways of performing integration testing at the
various integration levels mandated by object-oriented software engineering processes.
Various levels of object-oriented integration testing have been identified. Procedures
for conducting various levels of integration testing have also been detailed.
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