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Abstract. Current research on component-based software development
(CBSD) emphasizes work on problems faced in composing, certifying and
deploying components. Many of these problems are caused by inadequa-
cies in the process of component development apart from those that are
part of CBSD itself. In this paper, it is argued that changes need to be
brought to several aspects in the process of development of components
in order to make CBSD successful.

1 Introduction

Current trends in the field of software engineering indicate that future software
systems will be developed from components. Tools such as C++ Builder can
be used to build relatively complex database browsing applications in a matter
of minutes. The popularity of Component-based Software Development (CBSD)
can be gauged from 1) the number of component technologies available (CORBA,
JavaBeans/EJB, DCOM/ActiveX and .Net), 2) the variety of component con-
figuration and deployment tools, and environments available, and 3) the host of
components available for use.
Component-based software development has two distinct activities:

1. Development of components for use in the CBSD process.
2. The CBSD process itself which includes component assembly.

It is important to distinguish between the two because more often than not,
different organizations (or independent entities within the same organization)
will be involved with the two aspects.

Current research on CBSD has focused on issues relating to modeling compo-
nent-based systems (e.g. using UML [3,4]), component architectures [1, 16], com-
ponent technologies (the implementation aspects), prediction [9,14], verifica-
tion [6] of properties, and testing [5,7,12] of component assemblies. Most of
these techniques do not focus on the development of the component itself. In
most cases, components are assumed to be used black-box possessing limited in-
formation. This leads to several problems in the use of components, such as pro-
gram comprehension, validating component assemblies and maintenance. Such
problems may adversely affect the acceptance of CBSD processes in the industry.



We focus on these problems and describe them in Section 2. In Section 3 we
demonstrate how these problems may be addressed earlier during the develop-
ment of the components. Our concluding remarks are presented in Section 4.

2 Problems faced in CBSD

CBSD processes usually require the definition of initial component specifica-
tions and designing a component architecture [3]. Component interactions are
determined for each system interface operation. Component object architecture
constraints are defined as needed. Interfaces are factored as appropriate. Com-
ponent specifications (realization contracts) and interface specifications (usage
contracts) need to be made precise. This process described in [3] is just one of
the ways of designing for component-based systems. Since this area is relatively
new, work needs to be done in formalizing aspects of the CBSD process. The
use of UML and its extensions for components would be one way of describing
designs precisely. We will revisit the use of UML later in this paper. The focus
of this paper is not on the design of complete systems, however. Instead we are
looking at problems related to the use of actual component implementations
that meet design specifications of the target application.

The following is a non-exhaustive list of problems that may be faced by
component users:

ensuring version compatibility

understanding components

selecting components

maintaining component software

validating component assemblies

performing regression testing on component software

ANl A

2.1 Ensuring version compatibility

Versions of components may change during the course of evolution of the tar-
get application. Usually vendors will provide compatibility with other versions.
Nevertheless, the management of version numbers for the applications is more
complex because of the availability of multiple component versions. Also, there
may be cases where a new component may change the API (e.g. methods move
up or down the inheritance hierarchy, or signatures change). Versions may be
checked at bind-time if direct interfaces are used [16]. In the case where indirect
interfaces are used, there may be a problem coupling arbitrary third parties. One
may require immutable interfaces to solve the problem.

2.2 TUnderstanding components

Program understanding is important for software engineering activities such as
software reuse and maintenance. Components have important aspects that need



to be understood. Components need to be packaged, configured and deployed.
UML models can show package diagrams and deployment diagrams. Such mod-
els have been used to describe component models. The knowledge about pack-
aging helps in understanding the units that build the component. We also need
knowledge to set up the environment where the component is expected to be
used, configured and deployed. Component functionality is another aspect that
needs to be understood. A component is then treated as a software entity that
presents services to other components. Designing and implementing an applica-
tion requires understanding of how a collection of components will collaborate.
UML collaboration diagrams are usually at the level of objects and classes, but
can be easily extended for use in components. Specification of service aspects
may be facilitated by a contract between the service provider and the consumer.
However, there are other aspects (e.g. memory requirements, presence of disk
space, location of files) that are also required.
There are several techniques for understanding components. Here are two:

1. Component implementation model:
The component implementation model [15] supports a database to store
information about the class structure and inheritance structure of an object-
oriented system. This method requires reverse engineering of source code.
Since in most cases source code is not available, this method is usually not
applicable.
2. Interface-based models:

Several techniques are based on using information from the interfaces of
components. Connectors (interfaces) are used as the mechanism by which
information and control is transferred between components. Black-box un-
derstanding approaches attempt to use the information regarding the inter-
face (e.g. API) to understand the component. Users of components endeavor
to write test cases that exercise the component and in the process, get an
understanding of the behavior of the component. Korel [8] reports on a black-
box method that requires the user to write specifications for the behavior
and then automatically generate test-code that has the required behavior. A
test case generator generates test-cases from this test-code and these tests
can be used as input to the real component. The author claims that 1) this
process removes the guess work, and 2) writing assertions is simpler than
writing test-cases. There are several limitations of this approach. Aside from
the fact that writing assertions is a non-trivial task, there are practical lim-
itations of the approach which breaks down for most complex types used
in real-world systems. The examples used in the proposed approach restrict
themselves to scalar types. Complex types present an infinite number of
states, and it is much harder to randomly create complex objects that are in
valid states than creating integers in valid states. Not handling such types
makes the analysis not quite applicable to real-world problems.

In the program comprehension literature, there are several Cognition mod-
els that have been proposed. The program understanding techniques discussed



above are usually part of these cognition models. These models are mostly based
on program code, but some may be adapted for black-box components. The mod-
els are as follows:

1. Top-down comprehension model:
Brook’s top-down comprehension model [2] starts with a global hypothesis
and attempts to verify this hypothesis. This is done until a level is reached
where the hypothesis can be verified or demonstrated to be false.

2. Bottom-up comprehension model:
Schneiderman’s bottom-up comprehension model [13] gathers knowledge from
small chunks of code to build the cognitive model to higher levels of abstrac-
tion. For most components, we will not have access to code. However, the
same model can be applied to black-box components by applying a different
method to gather knowledge about individual components.

3. Systematic comprehension model:
Littman et al. [10] describe a model that requires understanding control-
and data-flow abstractions in the code. This model is less likely to work for
component software.

4. Integrated comprehension model:
von Mayrhauser and Vans [18] developed and integrated the top-down and
bottom-up comprehension models. The top-down strategy is advocated for
familiar code, and the bottom-up strategy otherwise.

2.3 Selecting components

Based on the functional, non-functional and business requirements of an appli-
cation, developers may need to select a component from a set of available com-
ponents. The component needs not only to meet the functional requirements,
but also needs to possess the appropriate mix of quality attributes, and have no
adverse impact on the quality of the target application [17]. The approach sug-
gested by Voas [17] requires black-box testing to determine quality attributes,
and interface perturbation analysis (IPA) and operational system testing to de-
termine the impact of using the component. There are other approaches that
may be used to first understand the behavior of a component (e.g. see previous
sub-section) and then make a selection.

2.4 Verifying and validating component assemblies

As with any software development process, verification and validation are im-
portant activities in CBSD. Since components are mostly black-box, validation
of the component assembly cannot make use of code-based test generation tech-
niques. They need to rely only on the specifications, which may be available
in various degrees of detail, or as part of the API (Application Programming
Interface). Testing approaches attempt to somehow automate the process of test
generation and oracle generation from the available specifications. Korel’s ap-
proach [8] is to write in the form of assertions the requirements of the component



and then automatically generate check code from the assertions. This check code
could then be used to generate test cases using white-box approaches. These test
cases would complement those that are generated using black-box approaches.
Edwards’ strategy [5] automates black-box testing by automatically generating
test-drivers, black-box test data and oracles from a model-based specification of
the software component. Model-based specifications can be relatively easily writ-
ten for mathematical Abstract Data Types, but it is not clear how scalable the
process would be for specifying arbitrary classes of complex objects. Moreover,
in cases where the process is not fully automatable, the effort and understanding
required for human intervention may prevent this process from being used alto-
gether. The approach also requires the availability of hooks inside the component
that enable the wrapper to obtain state information about the component.

Techniques that do not involve testing are also available. Modular reasoning
techniques [19, 20] use local certification to verify properties of the component
assembly.

2.5 Performing regression testing on component software

Regression testing is a costly process and often testers use minimization tech-
niques to reduce the amount of re-testing. However, a lack of relevant testing
information in components makes it difficult to effectively determine the test
cases that should be rerun. Harrold et al. [7] propose to use metadata with
components to address the problem of test case selection. The metadata may
be based on the information relating test cases to code or specifications. The
examples shown in the paper relate to coverage criteria that are based on white-
box criteria (statement or branch coverage) or method entry in a component.
While it is theoretically possible to apply this technique to any criteria, the tech-
nique seems to be not scalable with respect to dataflow-based test criteria. The
problems lie in the determination of appropriate meta-data that corresponds to
dataflow-based test criteria.

2.6 Maintaining applications using software components

Software maintenance may be necessitated because of changes in components
(versions, availability of superior components, etc), or changes in the require-
ments of the application and a host of other reasons. The process of mainte-
nance may require the development of new wrappers for existing components,
or the procurement of new components. This again involves understanding and
selection of components. Finally, the new version of the application needs to be
validated, and that process will involve regression testing.

3 Addressing problems during component development

All the techniques proposed for various activities require some information about
the component. Even if code were available, we would still run into issues men-
tioned in the section on program understanding. Using code would actually



negate the advantages of using components. Ideally a component [16] should
be “units with contractually specified interfaces and explicit context dependen-
cies only.”

In most cases, the code is not available and the component user needs to
adapt the CBSD process according to the amount of information available. As
we saw earlier, most of the problems emanate from the fact that component
users lack sufficient information about the component. The particular kind of
information required depends on the type of activity for which it will be used.

Version control is now well understood and several techniques are available.
Determining the compatibility of versions can be done based on information
available with a component, or by using component understanding and testing
techniques. The problems of selection of appropriate components and software
maintenance also boil down to the understanding and/or testing of components.
The goal of our work, therefore, is to identify the necessary conditions that will
enable 1) easier understanding, and 2) effective verification and validation of
components.

Components may be logically-encapsulated code fragments such as program-
ming libraries, class libraries, reusable modules and wrapped legacy systems [16].
The kind of information and the process of providing and gathering the infor-
mation also depend on the granularity of a component. Several techniques are
illustrated in the literature by taking as examples components at different levels
of abstraction: 1) a function in the API is used in Korel’s work [§8], 2) a C++
template class implementing an abstract data type in Edwards’ work [5], or 3) a
Java class in Harrold et al. [7]. The following paragraphs illustrate the issues
that arise in each method and possible solutions to the problems. The list is
not exhaustive, but does highlight some of the approaches that may need to be
adopted for component development.

3.1 Korel’s interface probing method

The interface probing method relies on one difficult task: writing assertions about
the function to be used. If the developer of the function (API) provides this
information in a formal and precise notation, this aspect of understanding the
“function” component is simplified. This still does not help in defining other
side-effects a function may have because Korel’s approach only restricted the
technique to function parameters. However, the component developer could also
enumerate the side-effects and non-functional aspects of the function.

Since the interface probing method deals with primitive types that are passed
as arguments to a method/function, a lot of object-oriented application devel-
opers may have trouble using it. In most real programs, arguments are objects.
Theoretically, we can model objects in a similar way, as after all, at some point,
the object will contain instance variables that are primitive types. However,
practically this is not useful. We suggest that using UML class diagrams for
describing the argument objects may assist in the description of the function
interface. The classes would also provide constraints on the attributes. No “se-
cret” information is being revealed that may jeopardize the technical superiority



of that component (or disclose intellectual property). If a component is being
developed in-house for reuse, the developers may maintain information about
the detailed design of the component.

3.2 Edwards’ automatic black box testing of components

This approach makes two important assumptions. One is that a model-based
specification is available, or at least an informal specification can be made avail-
able to describe the component being used. The other is that component hooks
are available that enable the attachment of wrappers. The obvious strategy
would be to have the component developer also provide the specifications for
the component using a model-based specification language. However, the avail-
ability of component hooks may be a problem. Some languages provide support
for enabling such features (e.g. reflection in Java). Some component middleware
provide higher level abstractions that enable features like introspection (e.g.
properties in Java Beans). However, there are cases for which there is no pro-
gramming language support, nor is there a component middleware that provides
the abstraction. It is left to the component developer to provide the hooks. This
problem may also arise in the case of Java Beans, where not all properties reveal
the entire state of the component. This may break encapsulation and also may
not be desired by the developer. In C++, the developer would have to include
the hooks as part of the development process itself.

The application of model-based specification languages to complex compo-
nents is another problem. Complex components would include several cooperat-
ing classes. The languages will most likely not scale up well. Moreover, it is not
clear whether hooks would need to be provided for all the classes, which gives
too much insight on how the component is constructed, or only to the ones inter-
facing with the outside world. For in-house use of a component, developers may
have conditional compilation of the hooks installed in all the classes. Component
users would then be able to access all the objects, but still not be required to
perform white-box testing which usually stretches the available resources.

3.3 Harrold et al’s regression testing method

The regression testing method proposed by Harrold et al. [7] advocates the use of
meta-data for components. The meta-data will contain information (or methods
to obtain the information) regarding what tests were performed on the compo-
nents, so as to reduce the amount of re-testing done during maintenance. The
papers [7,11] provide a starting point for describing the kind of data that de-
velopers need to provide to enable efficient regression testing. Similar to the
approach for providing hooks, developers can use programming language sup-
port, component-model support or other means to provide the metadata. The
problem of scalability of this method comes into play depending on which test
adequacy criterion was used to test the components. Changes made to a compo-
nent may make it difficult to map the old tests to the new code if, for example,



dataflow-based criteria were used in the testing process. However, the key idea
is that a format can be selected to provide meta-data information.

Issues like heterogeneity, compatibility with related standards (e.g. CORBA
components with DCOM), and concurrency constraints also need to be specified.
Developers may provide the same information in different ways using different
languages. However, as long as tools are available to analyze the information, this
is not a problem. Already there are several standards for describing metadata.

3.4 Discussion

It is clear that component developers need to provide component information.
The information is generated during different phases of component development.
Regardless of the process used in development, the basic tasks (e.g. analysis, de-
sign, implementation, testing and maintenance) remain the same, although they
may be performed with less or more rigor, and in different orders. Design mod-
els can be maintained by the developer and those aspects of the design that
are relevant to future CBSD activities can be packaged along with the com-
ponent. All tests that are written and any coverage analysis that is performed
may be recorded. These additional tasks may cause an extra burden on the al-
ready stretched resources of the developers, but will eventually help in producing
quality software. This will probably require changes in the software development
process used by the developer. The changes will depend on the type of process
employed and may be incorporated with varying degrees of difficulty.

4 Conclusion

In this paper we described how various activities in CBSD run into problems
that are caused mainly because of lack of information about components. We
surveyed the different techniques that are proposed in the literature for solv-
ing the problems, and also the different kinds of information each technique
requires. Ultimately we discuss the need for improving the process of component
development so that the necessary information does become available to the com-
ponent users. While this paper does not attempt to give a formal description of
all kinds of information that will fit all kinds of activities, it is nevertheless a
starting point from where researchers and practitioners can take off. Providing
information will not solve all the problems faced in CBSD, but it will at least
provide a solid foundation upon which sophisticated techniques for CBSD, such
as reasoning, verification, validation and certification may be based.
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