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(ABSTRACT)

This thesis presents a procedural approach to evaluating software development methodologies. The
evaluation procedure adopts a unique approach based on the fundamental assumption that the re-
quirements govern the process by which software is constructed. To begin with, this research par-
titions desirable software characteristics into three categories, viz., objectives, principles and
attributes. The thesis claims (claims are substantiated with literature references) that there exist de-
finitive relationships (or linkages) among the software objectives, principles and attributes. These
linkages form the foundation of the evaluation procedure. The procedure constitutes two processes,
top-down process and bottom-up process. These processes are used to assess the software product
and the employed software development methodology. The top-down process begins by identifying
the objectives and travels down through principles and product attributes; thus, evaluating the ad-
equacy of the methodology. The bottom-up process, on the other hand, starts at the attribute level
and goes up through principles and objectives. The bottom-up process highlights the effectiveness
of the methodology. Attributes are identified in the product via properties. This research establishes
several properties (called factors in the report) for each attribute. A measurement approach is also
presented to help assess the extent to which attributes are present. The feasibility and validity of the

evaluation procedure are illustrated through the analysis of two real life methodologies.

Key Words: Software Development Methodology, Evaluation Procedure, Objectives, Principles, .

Attributes, Properties, Linkages, Factors, Metrics.
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1.0 INTRODUCTION

The editors of the first NATO report [NAUPG9] stressed, as early as 1969, the need for
software development based on the types of theoretical foundations and practical disci-
plines traditional in established branches of engineering. During the past decade soft-
ware engineers have come to recognize circumstances that are collectively known as the
“software crisis”. Symptomatic of the crisis are the dramatic escalation of software costs
[BOEB76] and schedules, completion dates being set but rarely kept [BROF74], waste
and duplication, and disgruntled users. Subsequently, as software systems grew larger,

quality became suspect.

As a response to the software crisis, a set of software development techniques, methods
and methodologies has evolved. These techniques deal with software as an engineering
product that requires planning, analysis, design, implementation, testing and mainte-

nance.

According to Boehm [BOEB76], software engineering involves “the practical application
of scientific knowledge to the design and construction of computer programs and the

associated documentation required to develop, operate and maintain them.” Subse-



quently, software engineering has emerged as a scientific discipline and is now considered
an integral part of computer science. Although it is difficult to provide a universally ac-
ceptable definition of software engineering, there is a general consensus that software
engineering implies the disciplined and skillful use of suitable software development
methodologies and tools, as well as a sound understanding of certain basic principles.
These methodologies and tools are employed for the development of software and its

maintenance throughout its life-cycle [ROSD735].

A study of software engineering practices has resulted in the development of a number
of software design and development methodologies based on accepted software engi-
neering principles, (e.g. hierarchical decomposition, information hiding, stepwise refine-
ment, etc.) which address various aspects of the software life-cycle. The software
industry has benefited from the proliferation of various design and development meth-
odologies. For example, Jackson [JACM75] and Warnier [WARJ74] methodologies de-
scribe approaches for designing software while Program Design Languages (PDLs)
provide design specification capabilities based on structures that resemble the software
target language [HENS8S5]. With the numerous methodologies now on the market, the
user’s dilemma is choosing one that will “deliver the goods”. This is a difficult problem
because each methodology adopts a different approach, recommends different tools and

is applicable in a different environment.

This research effort focusses on the dilemma described above. The effort is aimed at
helping users to (1) choose an appropriate methodological approach, (2) recognize what
one should expect from a methodology as opposed to environments, tools and tech-
niques, and (3) understand the relationship and role of methodology within a given en-

vironment. These concerns have provided motivation for this research and have



stimulated the evolution of a procedural approach to evaluating software development

methodologies.

To develop a foundation for discussion, this thesis first addresses the basic question -
What is a methodology? It also makes a clear distinction between a method and a
methodology. Several examples are cited for each. The second question addressed is -
Which methodology is better and in which environment? A study of these questions has
led to a systematic approach for evaluating software development methodologies

[ARTJS6].

The approach presented in this research suggests that it is possible to measure the ade-
quacy of a methodology on a comparative scale (say, from 1 to 10). A procedure is
presented which, when applied to a methodology, will yield a value assessing the ade-
quacy of that methodology. Serving as a basis for the evaluation procedure are certain
basic software engineering objectives that can be attained through the application of
certain principles which, in turn, induce particular attributes in the resulting product.
For example, to achieve the objective of maintainability one employs the principle of
hierarchical (or functional) decomposition which induces a “coupling” attribute in the
software product. Linkages have been established between these objectives, principles

and attributes.

Although the above mentioned procedure establishes and utilizes linkages among meth-
odology characteristics, relating those characteristics to a product (code and documen-
tation) is achieved via product properties. Product properties, which indicate the
presence or absence of an attribute, are identified, linked to methodological attributes,
and provide the basis for assessing to what extent a methodology is followed. In some

sense this assessment reflects the effectiveness of the methodology.



In chapter 2, this thesis presents a detailed discussion of methodologies, tools and envi-
ronments. It also provides an in-depth study of three major software engineering
methodologies. Chapter 3 discusses the evaluation procedure from a linkage viewpoint
by presenting the established relationships among software objectives, principles and
attributes. Chapter 4 then presents properties and discusses the measurement of prop-
erties using metrics. Also, a detailed discussion of factors in code and documentation is
given. Chapter 5 briefly discusses an application of the evaluation procedure to two
methodologies and diflerentiates between software engineering constraints and software
engineering objectives. Chapter 6 discusses an important relationship between software
engineering and systems engineering. Chapter 7 presents the author’s contribution to the

research as well as future work and new applications for the evaluation procedure.



2.0 BACKGROUND

This chapter is intended to familiarize the reader with the terms method, methodology,
tools, environment, and software life-cycle. The motivation is to provide a sound back-
ground that will enable the reader to understand better the concepts fundamental to
software development methodologies and to facilitate the comprehension of material
presented in subsequent chapters. The examples presented in this chapter are intended
to illustrate the fundamental principles of software development methodologies and to
provide a level of understanding that can assist the user in navigating through the world

of software engineering.

2.1 What is a methodology

In software engineering the words “method” and “methodology” are often used synoh-
ymously. In the literature, distinction is rarely made between the two terms; each has

been defined in a number of ways by different authors.



According to Cameron [CAMJ83] a method is a process or a procedure for attaining an
objective, or it is a way of doing things. At each step of the method, a number of deci-
sions are made about the system or the software which is being developed. A method
implies and is characterized by the ordering and organization of such decisions. From a
software engineering perspective, developing software is a method [ARTJ86]. It has an
element of decision making at every step. The word “decision” is interpreted in a wide
sense. It can be an explicit statement of a fact about the subject matter or it might be a
policy decision followed throughout the development process. A few possible examples

of decisions are given below:

defining a certain abstract data type,

¢ specifying a database system,

e deciding data storage formats,

¢ defining an output format, and

e decomposing system functions into sub-components.

Such decisions have to be made throughout the development task. A method organizes
the development by ordering and organizing decisions. At the lowest level of decision
making, writing a precise algorithm is a method. To summarize, a method provides three

elements:

¢ a set of decision(s) to be made,

¢ how they are made, and



e the sequence in which they are made.

A prime example of a software design method is top-down design. The general approach
in top-down design is to make decisions that consider the overall design goals and con-
straints, group them into levels, make decisions at the highest level, and then proceed

iteratively to the lower levels.

A methodology, on the other hand, is defined as the study or science of methods
[CAMIS83], or a collection of methods [HENS8S5] for achieving a specific task(s). A
methodology is also defined as a process of identifying various steps [RAMC78] in the
development of a system. In the case of software development, these steps are usually
well defined. Each step is supported by analytical techniques, software tools, design

aids, and programming guidelines.

In general, a methodology suggests several complementary methods and a set of rules

or constraints for applying them. In more specific terms, a methodology

e consists of methods for accomplishing specific task(s) within the overall framework

of an objective, and

e prescribes an order in which certain classes of decisions are made, and ways of

making those decisions that lead to the overall desired objective.

One particular characteristic of a methodology addresses decision dependency: if deci-
sion "Y” depends on the outcome of decision “X”, then “X” should precede “Y”. This
characteristic, for example, embodies the separation of specification decisions from im-
plementation decisions. How a specification is fitted into a hardware/software environ-

ment obviously depends on the constituent parts of a specification.



Methodologies are generally classified according to the concepts involved and the way
they organize the developmental effort. Software engineering methodologies commonly
address particular stage(s) of the software life-cycle [RAMCT78], e.g., requirements spec-
ification, design, implementation, testing, debugging, maintenance and so forth. Most
methodologies are also supported by analytical techniques, software tools, design aids,

and programming guidelines.

After understanding the distinction between a method and a methodology, one may ask

- why should one study methodologies? The next section discusses this question.

2.2 Why Study Methodology?

This section presents a discussion of methodologies from the perspective of what con-
stitutes a good methodology and how important it is to study a methodology from an-
alytical and critical view points. In general, a software design methodology can be

characterized by the following criteria:
e its general application,

® its ease of use, and

® its consistency.

The first criteria, generality of the methodology, is determined by the size of the domain
of application. For example, one may ask - whether a methodology is applicable to

multiple environments or to a particular environment. The second criteria, ease of use,



is the lack of difficulty in properly utilizing a methodology. In reference to the third cri-
teria, a methodology is consistent if it gives appropriate guidance in all decisions to be
made. Conversely, if a methodology gives poor advice for some decisions, it is incon-
sistent [RAJV85]. More intuitively, the role of a methodology is to guide the
user/designer in the software development process by indicating what decision should
be made at specific points in time and describing the pertinent information needed to

arrive at that decision.

Even with the availability of adequate methodologies, the process of selecting the most
appropriate methodology for a particular application can be error prone. As described

by Hamilton [HAMM79] typical risks include:

¢ comparing methodological techniques addressing very different problems,

e comparing techniques intending to address a problem, but not effectively addressing

them, and

¢ comparing techniques with respect to ill-defined requirements.

The user always faces a dilemma regarding the selection of a right methodology. Once
the methodology is determined, however, then so are methods and (hopefully) tools for

maximizing the chances of satisfying the methodological goals.

Selecting an adequate methodology is advantageous from several perspectives. A good
methodology helps reduce the number of errors committed at each development stage.
It also reduces “ripple effect”.errors, that is, an error made in one stage inducing multiple
errors in the subsequent steps. A methodology also requires that a critical analysis be

performed at every step in the software development process. This substantially reduces



the effort needed for final testing and validation. Thus, in addition to correct results, a

good methodology offers a considerable saving in man-hour cost.

Because there are a multitude of methodologies, however, evaluating each methodology
and then individually comparing them presents a major problem. Nevertheless, it is
necessary that one thoroughly understands how each methodology works, how it is ap-
plied, what restrictions are applicable, and which support environments are appropriate.
Moreover, one must understand a methodology from both an analytical and critical
point of view. This understanding includes an appropriate knowledge levels about ac-

companying tools.

The above discussion presents a justification for studying methodologies. Based on an
understanding of the need to study methodologies, the following section presents a dis-

cussion of few software development methodologies.

2.3 Methodologies, Tools and Environments

A typical software development methodology usually addresses one or more phases of
software life cycle. The life cycle phases addressed by different methodologies vary. Be-
fore proceeding to specific software development methodologies, it is first appropriate

to familiarize the reader with the life cycle phases and their implications.
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2.3.1 Software Life Cycle

As typified by [BOEB84, CAVW78, PETL81, RAMC78, TEID74] the software life cycle
consists of six separate stages through which software development passes. The phases

are.

¢ Requirements analysis,

e Specification,

e Design,

¢ Implementation,

¢ Testing, and

¢ Maintenance.

Although these phases are precisely defined, their “spheres of influence” often overlap.
For example, aspects of requirements and specifications may be interleaved, testing and
maintenance may be carried out in the same phase. It is also common to find subdivision
of these phases in smaller or more detailed phases; e.g. the design phase is often split into

preliminary design, final design and so forth.

Software development starts with the requirements analysis phase. In the requirements
analysis stage, the user discovers a need for some software system,; the nature of the need
is analyzed, the requirements for a system that would satisfy these needs are established.

Other aspects such as processing time, costs, and error probability are considered among

11



the basic requirements before an appropriate course of action is chosen. Requirements

analysis helps the system designer to better understand the problem and the trade-offs

among conflicting constraints.

The second phase of the life-cycle is called the specification phase. In this phase func-
tional descriptions of the software are developed and the constraints on structure and
resources are indicated. This stage is also known as the definition stage. The inputs and
outputs are defined during this phase as well as details about data storage (disk or tape),
output formats and so forth. A functional specification document is created and later
used throughout the development project. The more precise the specifications, the less

likely are errors, confusion, or later recriminations.

The third stage of the life cycle is that of design. Given a functional specification the
design process provides a formulation of system components and how they should

interact. Activities of the design stage include :
¢ identifying functions indicated during requirements analysis,
® assigning algorithms to these functions,

e creating modules by grouping these functions according to well-defined criteria, e.g.,

better interaction, parallel processing etc., and lastly

¢ formulating algorithms, data structures, and interconnections among modules and

data structures.

The design process is strongly influenced by the programming language used to imple-

ment the system, but is not concerned with syntactic aspects of the implementation

12



language or the level of detail inherent in expression evaluation and assignment state-
ments. In short, during the design phase the system representation is developed in suffi-

cient detail, but stops short of making all decisions associated with programming.

The fourth stage in the life cycle process is implementation. Implementation is the
transformation of system design into a software entity that can be compiled on the target

computer. The implementation process involves:

e programming - which is writing the code from algorithms,

¢ testing - where individual pieces of code are tested,

e integration - where these pieces are put together to form sub-assemblies,

¢ debugging - where software errors in the code are detected and removed, and

¢ re-design - where design is modified if necessary and changes are made to the ori-

ginal system to make it conform to specifications.

The next stage in the life cycle process involves testing the system that has been imple-
mented. Testing is done to ensure that everything is as per specifications and the results
are as per the requirements. During testing, the system is presented with data that is
expected during "like” conditions. Testing is often divided into three distinct operations:
module testing, integration testing and systems testing. In module testing each module
is subjected to the test data supplied by the programmer. A test driver simulates the
software environment of the module by containing dummy routines to take the place of
actual routines that the tested module calls. During integration testing groups of com-

ponents are tested together. The systems test focusses on assessing the behavior of the

13



total software system. Closely related to testing are verification and validation (V & V)
activities. A system is validated by showing that it performs according to its specifica-
tions. A system is verified if it can be proven that the program meets its specifications.
A verified system is correct relative only to the initial specifications and assumptions
about the operating environment. The testing stage is quite time consuming and may

even comprise half of the total effort [PRERS82].

The last stage of software development life cycle is maintenance. The maintenance
phase includes all aspects of software modification after the system is installed. It in-
volves the location and repair of bugs, modification of existing functions, and so forth.
This phase also includes the enhancement of capabilities and adaption of software to
new processing environments. The maintenance phase consists primarily of following

four activities:

Corrective maintenance - which includes diagnosis and correction of one or more

errors,

e Adaptive maintenance - which modifies software to properly interface with a

changing environment,

e Perfective maintenance - which occurs after a software is successfully executing and
usually includes recommendations for new capabilities, modifications of existing

functions, and the incorporation of general enhancements, and lastly,

¢ Preventive maintenance - when software is changed to provide a better basis for fu-

ture enhancements [PRERS2].

14



The above six stages of software life cycle are captured in the “waterfall” model of soft-
ware life cycle (Figure 1 on page 16) developed by Boehm [BOEB84]. As illustrated in
Figure 1 on page 16 additional activities implied by the software development process

are:

e verification and validation to eliminate as many problems as possible at each stage,

and
e iterations among phases.

Every software development methodology addresses at least one of the life cycle phases.
Though the ultimate goal of all methodologies is the same, the path chosen to achieve
a goal is often different, and the means (tools and environments) for reaching the ob-
jective is also dif’ferent. The following discussion introduces three software development

methodologies, their tools and environments.

2.3.2 Examples of methodologies, tools and environments

As important as methodologies are [BERGS81, PETL77], rarely is a clear distinction
made amdng software tools, environments and methodologies. Moreover, these terms
are often used interchangeably. Complicating the issue is the fact that tools exist which
function as environments and support a software development methodology, e.g.,
Structured Analysis and Design Techniques (SADT) [ROSD79] and the Software De-
velopment System (SDS) [DAVC77]. In general, an environment can be viewed as the
parts of a system that the user perceives. This perception extends beyond the user
interface to facilities (tools) that provide ancillary user support. It includes the psycho-

logical “feel” of the system as well as the details of its functionality. In essence, an envi-
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ronment defines how one expresses a computation as well as what one can express.
Hence, it is natural to view tools as elements of an environment that supports a given
methodology [ARTJ86]. With these distinctions in mind, three software development
methodologies are presented below to further familiarize the reader with methodological

characteristics.

Over the past decade numerous software development methodologies have been devised.
Among them the more prominent ones are: Structured Analysis and Design Techniques
(SADT) developed by SofTech, Software Requirements Engineering Methodology
(SREM) developed by TRW, and User Software Engineering (USE) designed and de-

veloped by A.I. Wasserman.

Each of the above mentioned methodologies is designed to achieve certain goals and is
guided by accepted software engineering principles. The application of these principles
to a software development process results in the achievement of desired goal(s). Each
methodology demands its own set of tools and techniques for achieving its stated ob-

jectives. For each methodology the following elements are highlighted:

¢ the methodology’s fundamental concepts, and

e its relationship to the software life cycle process.

Based on a set of linkages described in Chapter 3 and information collected from the

literature survey, additional elements emphasized are:

¢ the interrelationships between its objectives, principles and attributes, and

¢ the properties identifiable in the produced product.

17



Please refer to Appendix A for details on additional software development methodol-

ogies.

2.3.2.1 Structured Analysis and Design Technique (SADT)

SADT is developed by D. Ross and his colleagues at SofTech. As the name implies,
SADT is more than just a design method. SADT addresses the requirements analysis
phase of the software life cycle. In SADT, Structured Analysis (SA) is built on top-down
decomposition. The SADT philosophy [ROSD79] is that the functional specification of
the system should be analyzed in as much detail as possible without letting implemen-
tation decisions intrude. When a stage is reached such that it is no longer possible to
analyze the sysfem, then a decision is made and documented. In SADT, the Structured
Analysis Language provides a top-down, detail specification of a structured analysis
model. Formulation of language constructs are supported by a graphical interface. Thus,

SADT consists mainly of three elements:

e a set of methods that assist the analyst in understanding a complex subject (char-

acteristic of a methodology),
¢ a graphical language for communicating that understanding, and

e a set of management and human-factors considerations for guiding and controlling

the use of the methods and the language.

As a whole, SADT is a self-contained environment that supports a methodological ap-
proach to the requirements definition phase of the software development life cycle

process.

18



SADT: Analysis of Objectives, Principles and Attributes: A careful examination and lit-
erature review reveals that SADT methodology embraces the following objectives, prin-
ciples and attributes [ADDD8S5, DICM78, ROSD77, i{OSD77a, ROSD79]. The
objectives stressed in the methodology are maintainability, reusability, reliability, porta-
bility and adaptability. In prder to achieve these objectives the principles enunciated are
hierarchical decomposition, functional decomposition, information hiding, stepwise re-
finement (iterative enhancement) and documentation. Application of these principles
imply product attributes like coupling, cohesion, complexity, well-defined interface, ease

of change, traceability, visibility of behavior and early error detection.

An SADT model is a graphic representation of the hierarchical structure of a system,
decomposed with a special purpose in mind. A model is structured so that it gradually
exposes more detail. The SADT approach is one of strict decomposition by data or
function. The SADT mechanism notation provides a concrete way of utilizing the prin-
ciple of information hiding, as well as abstractions such as monitors, abstract data types
and so forth. The principle of stepwise refinement is reflected where the SA maxim is
applied recursively. Successive iterations are carried out until the design is final. The
principle of documentation is also applied to help achieve the goals of the methodology.
Procedural documentation is a requirement in SADT along with the procedural struc-

turing of modules; final documentation is also advised [GRIS78].

The application of these principles induces attributes like reduced coupling and enhanced
cohesion at the code level. Other desirable attributes expected to be present in the code

are: reduced complexity, traceability, visibility of behavior, and ease of change.
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2.3.2.2 Software Requirements Engineering Methodology (SREM)

The second software development methodology presented is Software Requirements
Engineering Methodology (SREM). The SREM methodology, developed at TRW by
M.W. Alford [ALFM77, ALFM8S] is used for generating software requirements for
large, real-time, unmanned weapon systems. SREM addresses the requirements specifi-
cation stage of the software life cycle. SREM consists of a formal requirements de-
scription language called the Requirements Specification Language (RSL) and a set of
automated tools that operate on the RSL description to check for completeness and
consistency and to generate simulations for validation of the correctness of the require-
ments. A graphical notation called R-Nets is used in conjunction with RSL to express
parallel operations, to specify explicit interfaces to other subsystems, and to tie vali-

dation assertions to particular points in the specification.

SREM, through an application of its defined methodology, strives to achieve the fol-

lowing goals:

e a structured medium or language for the statement of requirements,

¢ an integrated set of computer-aided tools to assure consistency, completeness, and

correctness, and

¢ a structured approach for developing the requirements in this language, and for

validating them using the tools.

Thus SREM has all the requisites of a methodology. It has a set of methods that is used
to develop requirements specifications, and it provides software tools like RSL and R-

Nets for depicting embedded computer system components in a real-time environment.
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SREM: Analysis of Objectives, Principles and Attributes: A review of literature on Re-
quirements Engineering [ADDDS85, ALFM77, ALFMS85, BELT77, ROMGSS,
RZEWS8S, SCHP8S] indicates the following stated objectives: reliability, testability, por-
tability, correctness, reusability, maintainability and adaptability. To attain these objec-
tives the principles employed are : functional decomposition, stepwise refinement,
information hiding, documentation, and life cycle verification. SREM chooses to use
functional decomposition over hierarchical decomposition because most requirements
are stated at the sub-function level or below and the ease of design testing predicated
on such a decomposition. The principle of stepwise refinement is applied through an it-
erative process of analyzing the problem. SREM emphasizes the importance of doc-
umentation in that the requirements must be systematically documented. Other
principles used to achieve the objectives are: information hiding, and life cycle verifica-

tion.

Based on linkages among principles and attributes described in Chapter 3 the application
of above principles is expected to affect following attributes at the code level: complex-

ity, ease of change, traceability, coupling, cohesion, and well-defined interface.

2.3.2.3 User Software Engineering (USE)

The USE methodology is developed by A.l. Wasserman [WASAS82]. USE addresses the
specification phase of the software life cycle and is directed towards the specification and
development of interactive informations systems (IIS). USE is designed to develop reli-
able, easy to use and less costly I1Ss. USE takes into consideration factors ranging from
programming practices to hardware selection and from system definition to psycholog-
ical factors. USE attempts to combine the systematic approach to software development

inherent in the life cycle approach with the construction techniques successfully used in
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the INTERLISP [TEIL81] and Smalltalk [KAYA77] environments. USE is supported
by a set of tools in the Unix environment specifically directed toward meeting the needs
of IIS. The environment consists of three parts: 1) a user interface, 2) a database, and

3) the operations mapped from the user onto the database.

The steps involved in developing an IIS through the USE methodology are summarized

below:

¢ identify system objectives and constraints, including conflicts of interest among user

groups,

¢ model the existing system using a requirements analysis method (Structured Systems

Analysis for instance),

e construct a conceptual model of the database,

e produce a system dictionary containing the names of all operations, all data items,

and all data flows, and

e review the analysis results within the development group and with the users and

customers [ADDDS85].

To date, five automated tools have been developed. The tools are:

e Transition Diagram Interpreter (TDI)- a tool for encoding transition diagrams,

¢ Troll- a tool that provides a relational algebra-like interface to a small relational

database system,
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¢ RApid Prototypes of Interactive Dialogues (RAPID)- a tool combining TDI and

Troll that permits the rapid construction of partial systems,

¢ Programming LAnguage for INteraction (PLAIN)- a procedural programming lan-

guage to support the definition and manipulation of relational data bases, and

¢ USE Control System - a tool that supports a modular organization of software sys-

tem.

In summary, the USE methodology provides the developer of interactive information
systems with the methods and tools that improve the quality of such systems and the

process by which they are built.

USE: Analysis of Objectives, Principles and Attributes: A review of literature [ADDDS5,
WASA7S, WASAB82] on User Software Engineering indicates that the methodology has
the following stated objectives: reliability, maintainability, testability, portability and
adaptability. The methodology embraces the use of hierarchical decomposition, func-
tional decomposition, documentation, stepwise refinement, structured programming and

information hiding as principles for achieving the above mentioned objectives.

At the code level one can expect the presence of following attributes to be affected:

complexity, coupling, cohesion, readability, traceability, and ease of change.

In summary, individual tools can support methodological approaches to solve a given
task. Tools and simple methods combine to provide a more extensive and universally
applicable methodology. It is often the case that this combination constitutes an envi-
ronment, that is, not only suggesting a methodological approach, but also providing

support facilities for decision processes and information analysis.
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2.4 Toward Assessing and Comparing Methodologies

When one has a variety of methodologies with their own individual sets of tools and
techniques, an unavoidable problem of comparison between the methodologies arises.
In particular, one desires to select a methodology that is most appropriate for a given
application through an evaluation of methodological characteristics. The evaluation
process should not be just descriptive, but also prescriptive, i.e., it should be able not
only to pinpoint the weaknesses, but also suggest remedies for eliminating those weak-
nesses. The remedies must be practical in the sense that they can be implemented with

little difficulty.

One approach to comparing dissimilar software development methodologies is the de-
velopment of an assessment procedure based on the fundamentals of software engineer-
~ing, but what are those fundamentals? In simple terms, the principal aim of software
engineering is the production of high-quality software within the constraints of the
available resources in time, money, people and machinery. According to F. Bauer
[BAUF72] the goal of software engineering is the establishment and use of sound engi-
neering principles in order to obtain economically software that is reliable and works
efficiently on real machines. This definition outlines the requisites of a methodology

which are:
¢ embodiment of sound engineering principles,
¢ economic production of software,

¢ reliable and efficient on existing computers, and
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¢ assessable over the entire life span of the software.

To achieve the above goal there are a number of objectives which are commonly iden-
tifiable in various methodologies and which are in consonant with the above definition
of software engineering. To achieve each objective, however, certain principles must be
enforced by the methodology. In turn, the employment of such principles in the devel-
opment process induces certain attributes in the product (programs and documentation).
The existence of these attributes imply a corresponding existence of identifiable product

properties.

Clearly, a linkage exists between objectives, principles, attributes and properties. This
perceived set of linkages is precisely the foundation needed to evaluate dissimilar meth-
odologies on common terms. Such linkages are depicted in Figure 2 on page 26

[ARTJ86] and are discussed in detail in the following chapter.
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3.0 On Evaluating Software Development

Methodologies

A primary focus of the research described in this thesis is the evaluation of software de-
velopment methodologies. Exploiting the background material in Chapter 2, this chapter
discusses the relationships among software engineering objectives, principles and attri-
butes, followed by a description of the evaluation process which explains how these re-
lationships (henceforth called linkages in this thesis) provide a fundamental basis for a
procedural approach to evaluating methodologies. Together, these two components
(linkages and evaluation process) form the backbone for a procedural approach to

evaluating software development methodologies.
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3.1 Establishing Linkages among Software Engineering

Objectives, Principles and Attributes

The goal of software engineering as defined by Bauer [BAUF72], is, “the establishment
and use of sound engineering principles in order to obtain economically software that is
reliable and works efficiently on real machines.” According to this definition, the soft-
ware design process and the underlying support methodology should be based on sound
engineering principles in order to economically create software on existing computers

which (software) is efficient and reliable over the entire life of the software.

The evaluation of such a methodology is predicated on the existence of fundamental sets
of linkages among those “sound engineering principles”. The sets of linkages are based
on the fact that objectives can be identiﬁed within any methodology, from which one can
deduce principles that guide the software development process itself. Working together,
the objectives, principles and the software development process provide for the creation

of programs (including documentation) that have distinct desirable attributes.

It is the hypothesis of this research that there exist clear-cut, well-defined relationships
among the stated objectives of a methodology and the software development principles
adopted to achieve these objectives. That is, to achieve a particular objective of a
methodology, one must adopt and utilize a specific set of software engineering principles.
The application of those principles ensures the attainment of desired objectives stated
by a methodology, and thereby, establishes a set of linkages among objectives and
principles. For example, to achieve the objective of maintainability, one is expected to
apply the principles of hierarchical and/or functional decompositions, information hid-

ing, stepwise refinement, structured programming, and documentation. In turn, the ap-
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plication of a software development principle induces specific attributes in the product;
hence, a set of relationships among the principles and attributes subsequently exists. For
example, the application of stepwise refinement is expected to reduce coupling, enhance
cohesion, and reduce complexity. This research claims that the espoused objectives of
a methodology are inextricably tied to the application of specific software engineering

principles, which in turn, predictably induce attributes in the final product.

As evidenced in Chapters 1 and 2, the terms objectives, principles, and attributes have
been frequently used. In retrospect, Chapter 1 presents the motivation for this research,
while Chapter 2 describes the foundation of software engineering. The following sub-
section provide details of the above mentioned terms and examines their types, their

meanings, how can one use them and how they are related to each other.

3.1.1 Software Engineering Objectives

Each methodology should espouse a particular set of well-defined goals. These goals
often vary among methodologies because systems developed within methodological
frameworks differ in emphasis and usage. That is, systems are generally developed with
a particular use in mind. There is no one set of standards to which all methodologies and
systems must adhere. Some systems are built to carry astronauts into space; they must
be reliable. Other systems may have extensive life-spans and require design and imple-
mentation focused around maintainability, correctness, and adaptability. Nonetheless,
system designs are based on methodologies to facilitate the attainment of crucial goals
and objectives. Expanding on the relationships between systems and methodologies, the
remainder of this section presents a brief discussion of the seven most widely accepted

software engineering objectives.
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A survey of software literature [ARTL8S5, BATD77, BOEB78, BOWTS85, NAUP69,
McCJ77, ROSD75] reveals a number of software engineering objectives. Out of these,

seven are commonly recognized in numerous methodologies. They are:

¢ Maintainability,

e Correctness,

¢ Reusability,

¢ Testability,

e Reliability,

¢ Portability, and

¢ Adaptability

These objectives are presented below in detail.

3.1.1.1 Maintainability

Intuitively, maintainability, is defined as the ease with which a system can be corrected
when “bugs” are discovered during the system’s productive lifetime. More formally,
maintainability is the ease with which corrections can be made to respond to recognized

inadequacies [ARTJ86, BOEB78, YOUE79].

There are a variety of reasons why maintainability is an essential and important objec-

tive of software engineering. Computer software is often changing; there are always er-
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rors to fix, enhancements to add, and optimizations to make. In addition to existing
problems whose solutions mandate software changes, the act of changing the software
itself can introduce additional problems. Moreover, it is unreasonable to assume that
software testing will uncover all latent errors in large software systems. It is highly likely
that errors will surface after the system is in use and considered to be functioning prop-
erly. Latent errors are often due to changes in inputs, or perhaps due to changes in the

environment not originally envisioned during the system design process.

Other reasons that necessitate maintainability are the demands for new capabilities.
When the software is being developed, the designer must foresee such modifications,
enhancements and extensions, and structure the software in a way that facilitates the

installation of the new capabilities.

The objective of maintainability is achieved through the application of certain principles
of software development, e.g. hierarchical and functional decompositions, information
hiding, structured programming, stepwise refinement and so forth. These principles are

discussed later in detail.

3.1.1.2 Correctness

The second objective, correctness, can be defined as strict adherence to specified re-
quirements; that is, the software must be a solution to the right problem and must work
under all stipulated circumstances. Intuitively, correctness is the extent to which soft-

ware satisfies its specification requirements and fulfills the user’s objectives [ARTJ86].

Primarily, correctness can be assessed by testing the system or observing the system in

use. It is emphasized that correctness should not be confused with reliability. According
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to Wasserman [BATD77] correctness is a programmer’s notion that the software per-
forms according to the specifications. Reliability, on the other hand, is more commonly
perceived as software doing what is desired when it is desired. For example, correct
programs may be unreliable if they run on unreliable computers or when the actual

software specification differs from the perceived one.

Correctness is normally based on the following assumptibns:

e the machine which interprets the software will function properly, and
¢ that the data inputs to the system will be correct [PARD72a].

From this perspective, correctness can be viewed as a function of completeness and
consistency [ARTL85]. Completeness recognizes those software characteristics that
prévide a full implementation of the required system functionality. At the code level
there are a number of measurements that reflect completeness. One of the better ways
to understand and improve correctness is by tracking the number and types of functions
either omitted or inadequately defined during the definition and design phase. Addi-
tionally, completeness depends on the decision structure and error handling facilities.
The erratic application of control structures leads to the next measure of correctness-

consistency.

Consistency begins with the definition and design process. That is, if different analysts
use different design techniques, e.g. one group uses HIPO (hierarchical input process
output) diagrams while other group uses Nassi-Schneiderman diagrams, design consist-
ency becomes suspect. Standards serve to select a consistent method or way of doing
things. Similarly, code consistency is an important factor. A uniform style of indenting

IF-THEN-ELSE or CASE constructs fosters correctness [ARTLS8S].
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In general, one achieves correctness through the application of the following software
development principles: hierarchical decomposition, stepwise refinement, structured
programming, and life cycle verification. These principles will be discussed later in the

chapter.

3.1.1.3 Reusability

The third objective is reusability. Reusability is defined as the extent to which the de-
veloped software can be used in other applications [BOEB78]. Reusability is of prime
importance in those modules which implement major functions of a system. The devel-
opment of new systems in application areas such as command and control and man-
agement information systems invariably involves implementing a high percentage of
logic that is common to all such systems. The developed software should possess desir-
able qualities that make reuse in generic applications feasible and practical. In general,
the use of existing software is restricted to mathematical subroutine libraries, operating
system facilities such as I/O handlers and various commercially available report gener-
ation and data management systems. Extensive use (or reuse) of off-the-shelf software
modules significantly lessens the risk of introducing errors as well as shortens the time

required for software development.

Reusability can also be viewed as a function of generality, modularity, hardware de-
pendence, and self-documentation [ARTL8S]. Generality is a primary requirement of any
reusable module and is a measure of the software characteristics that help expand the
usefulness of a function beyond the existing module. Modules that perform functions
like data conversions, table searching, and sorting are considered general in nature. Each
such module has a specific function and well-structured interface. The second factor that

influences reusability is modularity. Typically, single-function, well-structured modules
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are reusable [ARTL8S5]. Modularity encourages highly independent software components
tailored to supporting only one function. A third factor that affects reusability is hard-
ware dependence of the code. For example, software written in assembly language is
often rendered non-reusable 6n other hardware. Lastly, for any software to be reusable,
it must be documented. Self-documentation explains the funption of the software. For

example, the code in reusable modules should not use cryptic data names.

In general, reusability can be achieved through the application of the following software
development principles: hierarchical and functional decompositions, information hiding,

and documentation. These principles are also discussed later in the chapter.

3.1.1.4 Testability

The fourth objective, testability, is the ability to evaluate conformance with require-
ments. It can also be viewed as the effort required to test a program to insure that it
performs its intended function. A software product possesses the testability characteristic
to the extent that it facilitates the establishment of acceptance criteria and supports
evaluation of its performance [BOEB78]. Testability is influenced by two primary ele-

ments:
e how test criteria are defined, and
¢ how one determines that the product satisfies the criteria previously set.

In addition to the above two criteria testability is also influenced by modularity. Mod-
ular programs are more testable as compared to those which are not modularized. In

particular, it is easier to define a systematic testing process for modular programs. The
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rationale behind this statement is that modularity introduces a partitioning which helps
in testing modules independent of each other. From a measurement perspective,
testability is often assessed through flow-charts. An evaluator who has a thorough
understanding of flow-charts and system design can detect faulty logic, undetected error

conditions and so forth from the corresponding flow-chart representation.

At this point, however, a few words of caution for the programmer are appropriate. One
major point that should be emphasized is that testability is designed and coded into the
system - it cannot be added later. With regard to actual coding, one must remember that
the use of GOTOs in the code makes it more difficult to test because of the structure
violation [DIJE68]. Also, excessive nesting (nesting levels of three or more) levels are

difficult to understand and, therefore, difficult to test.

In addition, a programmer can facilitate source code testing by inserting diagnostic and
intermediate numerical results in the software. To cite a positive example, suppose a

program has universal expressions or equations like:

sin’x + cos’x = 1,

where sin(x) and cos(x) are co;r)puted separately. Such results can be printed or dis-
played as intermediate results. These results, when correct, give the designer a go-ahead.
Negative examples are the utilization of a combination of global and local variables, and
the overlapping use of variables for different functions. Such programming style makes

it difficult to adequately test software systems.

One can achieve testability through the application of the following software develop-

ment principles: hierarchical and/or functional decompositions, information hiding,
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structured programming, stepwise refinement, and life cycle verification. A more detailed

discussion of these principles is presented later in this chapter.

3.1.1.5 Reliability

The fifth objective is reliability. Reliability is defined as the extent to which software can
be expected to perform its intended function with the required precision [ARTIS86,
BOEB78]. Intuitively, reliability is the error free performance of software over time. That

is, software should be resilient to errors in the input data.

From a reliability perspective, one normally expects that once in service, software will
continue to operate correctly, even though the input conditions are not precisely the
same as the teét inputs. Thus, reliability must simultaneously prevent failure in con-
ception, design, and construction as well as recover from failure in operation or per-
formance. As with testability, it is absolutely essential to build reliability from the start

because it is not possible to add it in the end.

In general, reliability is determined by the requirements and then introduced into the
system design. The reliability of a software product depends both on the number of de-
sign errors in the software and on the use of the software in a given application. This
concept is different from that of software correctness, which is primarily concerned with

the consistency between the program code and its specification.

With regard to technical systems, reliability can be measured in stochastic terms. Hecht
[HECH77] defines three principle functions of software reliability: measurement, esti-
mation, and prediction. Reliability measurement uses failure interval data obtained by

running a program in its actual operating environment. Reliability estimation uses fail-
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ure interval data from a test environment. Reliability prediction uses program charac-
teristics (not failure intervals) to determine software reliability and commonly considers
factors such as program size, complexity and so forth. The four more prominent areas
to which these software reliability measures have been applied are: Systems engineering,
Project management, Operational software change management, and Software engi-

neering technology evaluation [MUSJ84].

Generally, reliability is influenced by the following three characteristics: accuracy, con-
sistency and modularity [ARTL8S). Accuracy (in this context) is concerned with the ac-
curacy of data, compuied results, and the avoidance of error buildup in iterative
routines. Accuracy is best legislated during the definition and design phases of develop-
ment. The second factor to influence reliability is consistency. Consistency provides
uniform design, code, and test -techniques. Standards for design techniques, coding,
naming and documentation serve to improve consistency; in turn consistency helps en-
sure reliability. Lastly, modularity affects reliability because modular units can be easily

tested, repaired and replaced, thus enhancing reliability.

One can achieve reliability through the application of the following software engineering
principles: hierarchical and/or functional decompositions, information hiding, structured
programming, stepwise refinement, and life cycle verification. These principles will be

discussed later in the chapter.

3.1.1.6 Portability

The next widely accepted software engineering objective is portability. Portability is de-
fined as the ease with which software can be transferred to another environment

[ARTJ86, BOEB78]. In general, portability is the property of a system that permits it
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(the system) to be mapped from one environment to a different environment [STEM78].
The characteristic of portability is synonymous with self-containment. One may ask -
can a software product stand by itself in a different environment, or to what extent does

it require additional resources?

Some common examples of portable software are programs that

e use standard library functions and routines selected for universal availability, and
¢ use operating system functions minimally or not at all.

Additionally, documents written to require only minimal reference to other documents

for comprehension are also portable.

The original requirements play an important role in specifying the need for portability.
Portability is viewed as a function of hardware independence, modularity, and software
system independence [ARTLS8S]. The first factor, hardware independence, conveys the
capability of software to compile and run on different kinds of machines. Hardware in-
dependent software should pose few problems when compiled and executed on different
machines. The second factor that influences portability is modularity. Modularity en-
courages a highly independent structure among software components. For example, the
UNIX operating system has been ported from the PDP 11/45 to the IBM and Amdahl
mainframes and also to virtually every microprocessor. The original UNIX system de-
sign isolates I/O to just a few software modules. Only these select few modules have to
be recoded for each target machine. The remainder of the operating system and tools
are written in a portable language called "C”. Finally, the last factor to affect portability
is software system independence. This factor captures the application program’s de-

pendence on the software environment, and hence, the program’s portability. For ex-
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ample, operating systems, data-base management systems, extensions to the coding

language and so forth are in many cases dependent on the software environment.

Portability can be achieved through the application of the following software develop-
ment principles: hierarchical decomposition, and documentation. These principles will

be discussed later in the chapter.

3.1.1.7 Adaptability

The seventh and last major software engineering objective is adaptability. Adaptability
is defined as the measure of the ease with which software can accommodate to change
[ARTIJ86]. Poole defines adaptability as the ease with which a program can be altered
to fit different user images and system constraints [POOP72]. In the software engineering
literature, adaptability is commonly referred as flexibility. According to Gilb [GILT77]
adaptability is “open-ended flexibility”, that is, the degree to which module interfaces are
designed to accommodate future changes. One comparable concept, Gilb says, is the
way FM radios are often “prepared for” stereo FM, or the way cars are prepared for
safety belts. Stevens [STEW81] also refers to adaptability as flexibility and defines it as

the ability to adapt to new requirements not currently specified for the program.

The difficulty in achieving adaptability is that it is almost impossible to code for all
functions that will be needed by the software in the future. Additionally, future needs
are often the most ill-defined; one often finds it difficult to get everyone’s agreement and
approval on future needs. Nonetheless, adaptability is enhanced by allowing for all
possibilities, rather than designing a solution specific to today’s particular situation. The
designer should assume that the current specifications may change, and accordingly,

choose alternatives that will be least affected if changes do occur. On the other hand,
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there is a temptation to provide for adaptability by trying to generalize functions far
beyond what is needed. Because all future requirements cannot possibly be implemented
at one time (and many turn out to be different when they finally occur), one must be

careful not to go overboard in implementing unnecessary “nicities”.

Factors that contribute to adaptability often include consistency, expandability, gener-
ality, modularity, and self-documentation [ARTLS85]. Adherence to standards indicates
consistency; in turn, consistency implies adaptability. Expandability, on the other hand,
recognizes the software attributes that provide for expansion of the data or the pro-
gram’s functions. Enhancements are an expansion of the program’s capabilities, hence
adaptability goes hand in hand with expansion. Data expansion can be achieved through
use of a data dictionary while functional expansion is attained through use of generic
designs and code. The next factor affecting adaptability is generality. From the adapt-
ability point of view, generality connotes the ability to expand the usefulness of a given
function beyond its present scope. For example, driver modules with a high fuhctional
density should also be fairly general, and therefore adaptable. The fourth factor to in-
fluence adaptability is modularity. Modularity supports/a systematic structure of highly
independent modules, each of which has a well-defined interface tolerant to external
changes. In general, for software to be truly adaptable, it needs the flexibility which
comes from modular, interchangeable components. Lastly, self-documentation helps
increase the understanding of the logic flow. In turn, the achieved understanding pro-

motes adaptability.

One can attain adaptability through the application of the following software develop-
ment principles: hierarchical and/or functional decompositions, information hiding,

structured programming, stepwise refinement, and documentation.
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In summary, the above seven objectives are the most commonly espoused objectives in
the software engineering literature. Each methodology should attempt to achieve some
of these objectives. As mentioned in the previous discussion, these objectives can be at-
tained through the application of related software development principles. The following

presentation briefly discusses these principles.

3.1.2 Software Engineering Principles

The previous section presents a discussion of the common objectives aspired by a typical
software development methodology. The hypothesis mentioned earlier claims that the
attainment of these objectives is accomplished through the application of software en-
gineering principles. This thesis attempts to show the existence of direct relationship(s)
among the objectives and the principles. By virtue of these relationships, one knows ex-

actly what principles yield which objectives.

Various software engineering principles are mentioned in the literature. The principles
listed below are associated with the creative process by which programs and documen-
tation are produced. According to McLure [BATD77], the creative process can be visu-
alized as constructing a bridge to cover the distance between the methodology objectives
and the final product. Each principle attempts to tackle the problem in its own way. For

example,

e In stepwise refinement the starting point is an abstract program, which, if it could

be implemented, would solve the whole problem [JACM76],

¢ In functional decomposition the starting point is a dissection of the whole problem

into fewer pieces [JACM76],
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e Structured programming advocates that any program can be written using just a few

constructs [DIJE65], and

¢ Information hiding is wherein a module is associated with a design decision which

the module hides from higher level routines that appeal to it.

Seven prominent software engineering principles are commonly used in methodology

development. These principles are listed below:

e Hierarchical Decomposition,

¢ Functional Decomposition,

¢ Information Hiding,

e Stepwise Refinement,

e Structured Programming,

¢ Documentation, and

e Life Cycle Verification.

The following text presents a brief discussion of each of the seven principles.

3.1.2.1 Hierarchical Decomposition

In the late 60’s and early 70’s, hierarchical structuring or decomposition was the

“buzzword” [PARD74]. The principle of hierarchical decomposition, in recent years, is
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more commonly known as top-down specification. The term top-down refers to the di-
rection of the steps taken in the design and development process. Top-down design has
been defined as a system where decisions are made first which concern the highest-level
functions of the software. These decisions are then successively refined until the level of
existing resources is reached [BATD77, DeMT79, FAIR85, McCC75, PARD7I,
ROSD7S, TAUR77]. In simple terms, in hierarchical decomposition software systems
are usually divided into many components where each component solves a subproblem

that partition the original problem

Hierarchical decomposition employs the techniques of analysis and synthesis - that is,
taking the components apart and putting them together [ROSD75]. While one decom-
poses a subject by recognizing the different subparts of which it is composed, care must
be taken to examine the overall decomposition and look for similarities among the
lower-level constituents with an eye toward recomposing collections of them into larger
constructs. For example, pure decomposition would never result in recognizing sub-

routines that are needed in separated parts of the decomposition. |

Generally, in top-down design, the strategy consists of the following three sﬁeps:
¢ determine what decisions are to be made,

¢ rank the decisions in importance, and

e design the structure by making the most important decisions first. That is, defer
detail decisions as long as possible. At each level, choose the structure that preserves

the most options for later decisions.
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Typically, the highest level is given functional responsibility for the entire process. As
shown in Figure 3 on page 44, the decomposition process is the division of a task or
module into sub-tasks or sub-modules. In the best case of decomposition, these sub-
modules are independent of each other. This independent nature of modules helps the

system to be adaptable to the changes in the environment.

Wasserman [BATD77] suggests that the top-down approach to problem-solving is val-
uable, because it serves to provide a structure that facilitates intellectual mastery of the
problem. The structure of the problem solution is then reflected in the resulting program
structure. Also, via top-down development, a user can visualize the top level interfaces
very early during the system development. Changes can then be easily integrated early

in the development cycle.

The application of hierarchical decomposition is expected to induce following attributes
at the product (code and documentation) level: low coupling, high cohesion, reduced

complexity, and ease of change. These attributes will be discussed later in detail.

3.1.2.2 Functional Decomposition

The second fundamental principle is functional decomposition. The principle of func-
tional decomposition states that the components of a system should be partitioned along
functional boundaries. Characteristically, in any design, a system is broken down into
components to make the system more manageable. One of the criteria used for the de-
composition of a system is called “functional decomposition” which is the process of
identifying and separating the components based on functional differences. For example,
individual types of I/O devices or processing modules may be broken down as separate

components because it is easier to deal with them individually. .
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Often components derived in the above mentioned fashion are not closely related and
can be designed in such a way as to be independent of one another. This greatly facili-
tates the design process by allowing the design of functionally diffei‘ent components to
proceed independently and often in parallel. In addition, it increases the inherent
modifiability of the system. It is this kind of decomposition or modularization that has
resulted in standard mathematical subroutines and in proposals for standard business-

oriented modules, all of which can be used as a base for more complex software systems.

In using functional decomposition, one begins with the ultimate function to be per-
formed; this function is then divided into sub-functions by decomposing it with respect
to time order, data flow, or some other criterion. The choice of “what to decompose with

respect to” has a major impact on the “goodness” of the resulting product.

One can expect to find the following attributes in the code when the principle of func-
tional decomposition is applied. The attributes are: coupling, cohesion, complexity, and

ease of change. These will be discussed in more detail later.

3.1.2.3 Information Hiding

The third software engineering principle is information hiding. The concept of informa-
tion hiding is first introduced by Parnas [PARD71, PARD72a]. Parnas suggests that the
concept of information hiding helps produce flexible software and recommends the fol-

lowing three steps:
¢ the identification of items that are likely to change (these items are called “secrets”),

e locating specialized components in separate modules, and
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e designing inter-module interfaces that are insensitive to anticipated changes. The

changeable aspects or “secrets” of the modules are not revealed by the interface.

The concept of information hiding has been highly acclaimed as a software principle in
the literature [DeMT79, FAIR85, PETL81, PRER82, ROSD75]. When a software sys-
tem is designed using the information hiding approach, each module in the system hides
or conceals the internal details of its processing activities; modules communicate with
each other only through well-defined interfaces. In other words, modules are specified
and designed so that information (procedure and data) contained within a module is in-
accessible to other modules that have no need for such information. This encapsulation
of information helps improve the flexibility of software. Besides encapsulating difficult

and changeable decisions, other candidates for information hiding include:

e complex data-structures (stacks, pointer structures), their internal linkages, and the

implementation details of the procedures that manipulate them,
¢ the format of control blocks such as those for queues in an operating system, and
e shifting, masking, and other machine dependent details [FAIRS8S].

The use of information hiding provides greatest benefits when modifications are required
during testing, and later during software maintenance [PRERS82]. Since most data and
procedures are “hidden” from other parts of the software, inadvertent errors introduced

during modification are less likely to propagate to other locations within the software.

The principle of information hiding when applied is expected to induce the following
attributes in the code: coupling, cohesion, complexity, well-defined interface, and ease

of change; each of these will be discussed separately in the next section.
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3.1.2.4 Stepwise Refinement

The fourth principle, stepwise refinement, is one of the oldest and most widely used
methods of program design. It is also known as “stepwise program development” and
“successive refinement” [FAIR8S]. Stepwise refinement is a careful statement of the good
techniques long practiced by the better programmers. It is a variant of the top-down
approach [GILP83]. Through stepwise refinement one develops a program by successive
refinement steps, each of which partitions a portion of the potential program text into
several parts. Initial steps deal with large program segments and broad design decisions,
while later steps deal with small program segments and detail design decisions. In the
refinement process additional details are incorporated at each step. Nevertheless, the
design decisions are postponed as long as possible. This technique allows the designer
to argue convincingly that the resulting software is consistent with the design specifica-

tions.

As originally described by Wirth [WIRN71], stepwise refinement involves the following

activities:

¢ decomposing design decisions to elementary levels,

¢ isolating design aspects that are not truly interdependent,

e postponing decisions concerning representation details as long as possible, and

e carefully demonstrating that each successive step in the refinement process is a

faithful expansion of previous step.
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On the application of stepwise refinement principle, the resulting product is expected to
exhibit the presence of following attributes in the code: coupling, cohesion, and com-
plexity. A brief discussion of the attributes present at the code level is presented in sub-

sequent paragraphs.

3.1.2.5 Structured Programming

The fifth principle is structured programming. The concept of structured programming
is introduced by E.W. Dijkstra [DIJE65, DIJE72] and involves the use of only three

constructs for programming. These constructs are shown in Figure 4 on page 50.
As seen from the Figure 4 on page 50 the three forms allowed are:

¢ Sequence, which indicates the order in which execution should take place, e.g. exe-

cute S1, then execute S2,

¢ Choice, which allows selection of one path out of two on some condition (C) being

true, e.g. IF-THEN-ELSE statement, and

e [teration, which is same as the loop. On some condition C; if false, calculation pro-
ceeds to next step along arrow labeled false. If C is true, then S is executed and C
is tested again. Thus S is repeatedly executed while C continues to be true. Examples
of iterative constructs include the WHILE < condition> DO in Pascal and DO loop

in Fortran.

According to Dijkstra, and Boehm and Jacopini [BOEC66], any programmable calcu-
lation can be programmed using only the above three constructs. With the use of these

forms, they claim, the resulting program is easily understood by programmers - even at
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first reading. Justification for the above statement follows from the fact that there are
fewer intricacies to be deciphered. Thus, maintenance personnel can quickly discover the
portions of the program that require maintenance or modification. In contrast, program
structures that have many blocks intricately interconnected are difficult or impossible to

comprehend fully.

The application of structured programming is expected to induce the following attributes
in the resulting code. They are: complexity and readability. The attributes will be dis-

cussed later in this chapter.

3.1.2.6 Documentation

The sixth principle, documentatién, is the management of supporting documents (system
speciﬁcations, user manual etc.) throughout the life cycle of a software system [ARTJ86].
The principle of documentation emphasizes that the complete system must be fully re-
corded, so that each decision taken in the development can be traced back to its reasons,
and every statement in the final code can be traced to a corresponding element in the
problem specification. Horowitz [HORES6], suggests that documentation permits

traceability through all phases of the software life cycle.

According to Bauer [BAUF72), documentation is the information about the software
system available in writing. Arbitrary pieces of paper cannot be a part of documentation.
To be effective, documentation must have purpose, content and clarity. Documentation
is part of the software development process, inseparable from the analytical, design,
programming, coding, and testing phases, and must be integrated into these activities.
Tausworthe [TAUR77] terms this as the concurrent documentation principle because the

definition, design, coding and verification phases of development cannot be regarded as
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complete until the documentation is complete. This view, which reflects the importance
and place of documentation, is taken because good documentation is inextricably bound

up in each facet of the project, from conception to design, coding, testing etc.

System or project documentation is classified into four main categories:

¢ The user’s manual - which is subdivided into three parts: introductory manual, ref-

erence manual, and operator’s guide,

¢ The conceptual description - which is developed as the project proceeds. It serves

as an introduction, overview, and specification of the project,

¢ The design documentation - which describes the current state of the project during

the design phase. It defines the input for the construction phase, and

¢ The product documentation - which describes the current state of the project during
the construction and maintenance phase. The program itself is the part of the

product documentation [BAUF72].

From this perspective, there must be guidelines or standards stating what information
is considered part of which document. Moreover, because documentation may not re-
main static for long, the life-span of current documentation must be considered. Each
time there is a change to a system, the change must be recorded in what is called a re-
vision of the document(s). The documentation must have a detailed record of the past,

the present and the future activities related to the system.

The use of the principle of documentation is expected to induce the attributes of com-

plexity, readability, ease of change, and traceability in the resulting product.

52



3.1.2.7 Life Cycle Verification

The last software engineering principle considered is that of life cycle verification, that
is, the verification of requirements throughout the design, development, and mainte-
nance phases of the life cycle [ARTJ86]. This principle is also termed as confirmability

[ROSD75].

The principle of life cycle verification directs attention to methods for assessing whether
stated goals have been achieved [ROSD75]. Applied to design issues, life cycle verifica-
tion is the verification to ensure that the structuring of a system is done in accordance
with the requirements. Applied to development issues, life cycle verification is making
sure that the correct notations are used such that the notations require explicit specifi-
cation of constraints which affect the correctness of a design or implementation (e.g.
data declarations that specify range of values, units of value, as well as modes of repre-
sentation). Basically, life cycle verification is making sure that nothing has been over-

looked.

Tausworthe [TAUR77] defines life cycle verification as that aspect of development as-
serting that the program response falls within the acceptable limits of functionally spec-
ified behavior. It (1) testifies that design and production activities conform to program
requirements and project standards, (2) generates test procedures and conducts tests to
evaluate the program behavior, (3) identifies all anomalies for corrective action, and (4)

ultimately certifies the program is ready for user operation.

The application of life cycle verification is expected to induce the following attributes

at the code level. The attributes are: visibility of behavior and early error detection.
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In summary, the seven software engineering principles discussed above are instrumental
in achieving desired objectives of a methodology. As mentioned earlier, to achieve an
objective, one applies a specific set of software engineering principles. The application
of these principles is evident at the product level. That is, specific software engineering
attributes are induced in the product as a direct result of the application of a software

engineering principle. The next section presents a discussion of these software attributes.

3.1.3 Software Attributes

The earlier discussion of software engineering objectives and principles focuses on sys-
tem development through the use of methodologies. It presents the software develop-
ment process from more theoretical perspective as compared to the practical aspect of
producing a product via the association of objectives and principles. At the product
level, one is interested in identifying the software and documentation characteristics that
are desirable and beneficial. Such characterics are called attributes. This researéh claims
that once a software engineering principle is selected (to achieve a certain objective), the
application of that principle directly influences product characteristics; that is, it induces
specific attributes in the code which are a direct consequence of the application of that
particular principle. For example, use of hierarchical decomposition is expected to re-
duce coupling and complexity while enhancing cohesion and ease of change. Similarly,
the application of structured programming is expected to enhance readability of the code

and reduce the complexity.

The following discussion is directed towards presenting the nine commonly identified

software attributes. They are:
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¢ Coupling,

¢ Cohesion,

¢ Complexity,

e Well-defined Interface,

¢ Readability,

e Ease of Change,

¢ Traceability,

e Visibility of Behavior, and

e Early Error Detection.

The above attributes are individually discussed below.

3.1.3.1 Coupling

The first software attribute is coupling. The concept of coupling is introduced by L.L.
Constantine [STEW74]. According to Constantine coupling is a measure of the strength
of association established by a connection from one module (or routine) to another
where that connection is defined by a reference to some label or address defined else-

where.
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From the above definition, it is evident that coupling primarily results from one or more
connections between modules. A connection exists when an element of code references
a location in memory defined elsewhere. In more general terms, a connection exists when
two elements of code reference the same location in memory, usually to share a data
item [STEW81]. Two common situations that give rise to coupling are: use of global
variables in code, and use of parameters. The use of global variables introduces con-
nections between all the modules that refer to the common global variables whereas the

use of parameters directly connects modules through the parameters.

The connections discussed above introduce interdependence among modules. This de-
pendence can adversely affect the modifiability of the software because if one wishes to
change a module he (or she) may inadvertently introduce changes in the dependent
module(s). Such a phenomenon is called the “ripple effect”. Obviously, a programmer
would like to minimize the dependency among modules in order to reduce the possibility
of the “ripple effect”. A programmer would therefore, wish to eliminate coupling. Soft-
ware cannot function, however, without some amount of coupling. Some connections
must exist among modules in a program, or else they would not be part of the same
program. Subsequently, coupling cannot be eliminated. A programmer at best can only
minimize coupling. From this view point it is not only important to identify coupling,

but also to identify factors that affect the degree of coupling.

The degree of coupling between modules depends on a number of factors that can be
manipulated by the programmer, e.g. how complicated the connection is, the type of
connection, the size of connection, and the type of communication via the connection.

Subsequent discussion presents the dependence of coupling on these factors.
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The first factor, complexity of connection, is determined by whether the connection is
due to use of a common environment (such as global variables) or due to use of pa-
rameters. According to Constantine [STEW74], connections due to common environ-
ment are less complex from the coupling viewpoint than those introduced by use of
parameters. The reason for such a complex coupling is that every element in the com-
mon environment, whether used by particular module or not, constitutes a separate

connection along which errors or changes can propagate.

The second factor that influences the degree of coupling is the type of connection be-
tween modules. Connections are partitioned into two categories: 1) connections that
address or refer to a module as an entity by its name, and 2) connections that refer to
internal elements of a module. The first category, reference to a module by its name, is
commonly encountered in COBOL. Such a connection introduces less coupling than the
second category which is referencing internal components of a module [STEWS81]. In the
second category (referencing internal component), one needs to take into account the
entire content of that module to correct an error or make a change. The additional effort

required in such a situation introduces extra coupling.

The third factor that affects the degree of coupling is the size of connection. The size of
connection is determined by the amount of data passed between two modules - the more
data, higher the coupling. The fourth factor influencing the degree of coupling between
modules is the type of information passed via a connection. Two types of information
is passed across a connection, e.g. data and control. Data is simple information such as
computational items or simple arguments. Control, on the other hand, is the informa-
tion from which decisions are made in a subordinate or superordinate module. Control
information is also termed as a “flag” or “switch”. Coupling associated with passage of

data items is less severe than that caused by passage of control [YOUE79]. According
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to Constantine [STEW74], modules must pass at least data to another module(s) or they
cannot functionally be part of a system. Data coupling is sufficient for a system to
function. The conclusion is that all communication of control is not only extraneous,

but also introduces needless additional coupling.
To summarize, a programmer strives for low coupling because,

¢ the fewer the connections there are between modules, the less chance there is for the

ripple effect,

¢ one should be able to change a module with minimum risk of having to change an-

other module; that is, each change should affect as few modules as possible, and

¢ while maintaining a module, one does not want to worry about the interal (coding)

details of any other module [PAGM80].

Several authors have classified coupling into five distinct classes in order to provide the
programmer with guidelines for miniinizing coupling in code [MYEG75, PAGMS0,
STEW74, STEWS81, TAUR77]. The degree of coupling associated with these five classes
may be represented on a spectrum from a low (desirable) coupling to a high (undesira-

ble) coupling. The five classes are:
¢ Data Coupling,

¢ Common Coupling,

Control coupling,

External Coupling, and
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¢ Content Coupling.

The first class of coupling, data coupling, introduces the lowest coupling, whereas the
fifth class of coupling, content coupling, is the highest coupling and therefore should
always be avoided. The degree of coupling increases as one moves from data coupling
toward content coupling in the above list. A pictorial representation of the above classes
of coupling is shown in Figure 5 on page 60. The first class of coupling is data coupling.
Data coupling is the lowest form of coupling. It exists if 1) one module calls another
module, and 2) if all input and output communication is in the form of arguments or
parameters passed through call-sequence interface, and 3) if all such parameters are data
(not control) elements. Constantine [STEW74] has shown that this data coupling is suf-

ficient for any program to function.

The second class of coupling is called common coupling. Common coupling exists when
modules (or routines) reference data held in a “common pool”, such that the common
data is accessible to all modules. For example, global variables in Pascal and common
data in Fortran personify the common pool concept. The use of such common data
creates coupling because it binds together the entire set of modules using the common

pool, irrespective of whether the modules are related or not.

The third class of coupling is called control coupling. Two modules are control coupled
if one module passes a flag or a set of flags (control data) as argument(s) to the other
[TAUR77]. Such connection(s) is undesirable because it directly influences the func-

tioning of the receiving module, thus affecting the independence of two modules.

The fourth class of coupling, external coupling, exists when two modules refer to a
common data structure. External coupling is also called stamp coupling [PAGMS80].

External coupling is considered high because the entire usage or content of a submodule

59



- --

l
I

Data Passed

/ as Arguments
/ L
MOD SuBMOD
i

v

(2) Data Coupling

Control Data
Passed as
Arguments

SuBMOD

(c) Control Coupling

'

MOD

susMoC

"R A

COMMON
Store

(b) Common Coupling

MODA

MCOA > Moo
-
INTDATA 1-—’

Figure §.

(e) Content Coupling

Classes of Coupling

LEGEND:

—

—>

(d) External Coupling

MODB

indicates control flow
indicates data coupling




may have to be taken into account to correct an error, or to make a change, or to verify

that it does not create side effects.

The last class (and the worst) of coupling is content coupling. Two modules are said to
exhibit content (also known as pathological) coupling if one refers to the inside of the
other in any way, i.e. a direct reference to the contents of another module, by either
modifying a statement in the other module, or accessing a set of internal data not ex-
ternally declared [TAUR77]. Another example of content coupling is when modules
share the same physical code. Assembly languages commonly indulge in such practices.
It is obvious that content coupled modules are very much dependent on each other and

a small change can cause disastrous effects on the other.

3.1.3.2 Cohesion

With coupling, one is concerned with intermodule relatedness or connections. For the
second software engineering attribute, cohesion, one is more concerned with intramod-
ular relatedness. The concept of cohesion is first introduced by Constantine [STEW74,
YOUE79] and is described as the measure of the strength of functional association
among elements within a module. Cohesion is sometimes referred as binding [MYEG75]
and modular strength [TAUR77]. Unlike coupling concepts, with cohesion each module
is considered in isolation. The consideration is - how tightly bound or related the mod-

ule’s internal elements are to one another.

A common analogy for cohesion is that of cement that holds itself and other elements
together. Module cohesion is conceptualized as the cement that holds the processing el-
ements together. Similarly, a cohesive module is a collection of statements and data

items that are treated as a whole because they are closely related. In other words,
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cohesiveness reflects integrity of a module. A cohesive module performs a single task
within the module, requiring little interaction with modules being performed in other
parts of the program. Cohesiveness, therefore, is a desirable software characteristic be-
cause it gives rise to independence among modules. Hence a programmer should strive

for maximum cohesion in code.

A survey of literature presents seven different levels of cohesion commonly encountered
in code [MYEG7S, PAGMSO, STEW74, STEWS81, TAUR77, YOUE79]. The discussion
of these levels provides the programmers with a set of guidelines for achieving maximum
cohesion in code. The seven levels of cohesion are listed below in order of increasing

strength of cohesion:

Coincidental cohesion,

¢ Logical cohesion,

¢ Temporal cohesion,

e  Procedural cohesion,

¢ Communicational cohesion,

e Sequential cohesion, and

¢ Functional cohesion.

The first level of cohesion is called coincidental cohesion. Coincidental cohesion is dis-
played by a module when there is no meaningful relationship between its components

other than, as a coincidence, they lie in the same module. This is the worst type of
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cohesion. Such a situation may be described as a random module. However, occurrence
of this type of a module is rare, because it normally results from an attempt to divide

code arbitrarily.

The second level of cohesion is logical cohesion. A module is called logically cohesive if
its elements contribute to activities of some general category, i.e., they fall into the same
logical class of similar or related functions. For example, a module called INPUTALL,
which includes all processing elements that need input operations will contain logically
cohesive code. It could include reading from a disk file, or a terminal or a magnetic tape.
All of these are input operations and therefore logically cohesive. These types of modules
are more cohesive as compared to coincidentally cohesive modules because they (log-
ically cohesive modules) have at least some commonalty among their elements. In gen-
eral, however, these modules do not perform a single function, but rather one of several

different (but logically similar) functions.

The third level of cohesion is called temporal cohesion. A module is temporally cohesive
if its components are involved in activities that are related in time. Temporal cohesion
is similar to logical cohesion, except that the elements are related in time. That is,
temporally bound elements are executed in the same time period. In such a case, there
are no parameters or control data that determine which components are executed and
which are not. Typical examples of such modules are: initialization modules, termination
modules, and house-keeping modules. Elements in an initialization module are logically
bound because initialization represents a logical class of functions. In addition, these
elements are related in time. These modules are higher in degree of cohesiveness than
logically cohesive modules because the same set of elements are always executed within
the same time frame (i.e., no parameters and logic to determine which elements to exe-

cute).
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The fourth level of cohesion is called procedural cohesion. Modules in this category have
elements that are related with respect to the procedure of the program. Such modules
normally result when the problem to be solved is first flow-charted and then partitioned
into modules that represent two or more blocks on the flow-chart. Procedurally associ-
ated components are elements of a common procedural unit. They are combined into a
module of procedural cohesion because they are found in the same procedural unit. The
common procedural unit may be an iteration (loop), or a decision process, or a linear
sequence of steps. Procedural cohesion often cuts across functional lines. A module with
mere procedural cohesion may contain only part of a complete function, one or more

functions plus parts of others, or even fragments of several functions.

Communicational cohesion represents the fifth level of cohesion. Communicational
cohesion occurs in a module where the components are related through procedural
cohesion and additionally, communicate with one another. In other words, the elements
contribute to activities that use the same input or output data. The cohesive units either
reference the same set of data or pass data only among themselves. This type of cohesion
is higher on the scale than procedurally cohesive modules because the module compo-
nents have the additional bond, that is, they share the same data. It is common to find
communicational cohesiveness in business and commercial applications. For example, a
module to print and punch a transaction file or a module that accepts data from several
sources, transferring and assembling them into a report line exhibits communicational
cohesion. There is a potential problem with communicational cohesion which is the
temptation to share code among the activities within it. This can make it difficult to

change one activity without destroying the other.

Next higher on the scale of cohesion is sequential cohesion, where the output data (or

results) from one element serves as the input for the next element. In terms of data flow,
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sequential cohesion combines a linear chain of successive or sequential transformations
of the data. Constantine [YOUE79] conducted a series of experiments at IBM in 1968,
69 and conjectured that sequential cohesion is stronger than communicational cohesion.
A sequential module may contain more than one function which makes it weaker than

the best cohesion which is functional cohesion.

Functional cohesion is at the top of the strength scale and is considered the strongest
type of cohesion. In a functionally cohesive module, all of the components are related
directly to the performance of a single function. That is, all the elements of the module
contribute to the execution of one and only one problem-related task. In other words,
every element of processing is an integral part of, and is essential to the performance of
a single function. Thus, a functionally cohesive module does not contain any extraneous
elements. A useful technique for deciding whether a module is functionally cohesive is
to write a sentence describing the purpose (function) of the module, and examining the
sentence. If the sentence is a simple declarative statement (one verb and no commas),
and if there are no words relating to time or sequence (e.g.; “first”, “next”, “then”, "after”,

”

“otherwise”, “when”, “if” etc.) then the module is functionally cohesive.

To summarize, cohesion is a desirable attribute; that is, one should strive to maximize
cohesion in the code. This can be achieved by striving toward functionally cohesive

modules.

3.1.3.3 Complexity

The third software attribute to be considered is complexity. Complexity is one of the

most frequently discussed issues in computer science. Controlling program complexity
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is often an underlying objective of software engineering techniques. The literature offers

a variety of definitions for software complexity. To cite a few, complexity is:

e the software attribute that decreases the program’s clarity [ARTLS85],

e the amount of remaining difficulty, once the problem is established, algorithms and
data structures selected, and an initial version of the program is prepared

[DUNH?78], and

e the presence of anything which cannot be traced back, as a whole, to a corre-
sponding factor in the problem or one of the implementation constraints which

modify it [GRIS78].

In summary, complexity can be defined as an abstract measure of work associated with
a software component [HENS8S]. It is needless to say that a programmer should strive

to reduce complexity in code.

Most of the problems in software development occur because of human beings (pro-
grammers and analysts) that make mistakes. The reason behind their mistakes is their

limited capacity for complexity. Factors affecting complexity are:

¢ the amount of information that must be understood correctly,

e the accessibility of information, and

¢ the structure of information [YOUE79].

The first factor to affect complexity involves the consumption of information. By

“amount of information” what is meant is the number of bits of data, that a programmer
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must deal with in order to comprehend the problem. In simplest terms, it is related to
the number of statements or arguments that are presented to the programmer at one
time. In the software sense, this factor could be related to the size of a module. Gener-

ally, a 100-statement routine is more difficult to understand than a 10-statement routine.

The second reason for complexity is accessibility of information. Sometimes the acces-
sibility of information is more important than the amount of information. For example,
certain information about the software must be understood by the programmer in order
to write or interpret the code correctly. Adequate comments increase the accessibility
of information and decrease the possibility of error. Standardization also helps improve

the situation in the sense that it can reduce complexity.

The last factor “structure of information” can be a key issue from the software com-
plexity perspective. The main point is that information is less complex if it is presented
in a linear fashion and more complex if presented in a nested fashion. Similarly infor-
mation is less complex if it is presented in a positive fashion, rather than in a negative
fashion. Both of these concepts have application in the writing of code. For example, it
is known that certain forms of nested IF statements are considerably more difficult for
an average person to understand than an equivalent sequence of simple IF statements.
Similarly it is well-known that Boolean expressions involving NOT operators are gener-
ally more difficult to understand than an equivalent expression without the NOT oper-

ator.

The problem of program (or code) complexity has been approached by authors from

different aspects; viz.:

e The psychological complexity of programs - a measure of human factors that affect

software development [WEIL74],
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e The graph-theoretic (cyclomatic) complexity - a control flow representation of pro-

gram [McCT76],
¢ The effort equation [HALM77],
e The information flow complexity [HENS81], and

¢ The computational complexity - formal specification of algorithm structure, effi-

ciency and application [WAHB84].

The approach taken in this thesis to measure complexity (and other attributes) is based

on assessing product properties and is discussed later in Chapter 4.

3.1.3.4 Well-Defined Interface

The fourth software attribute is well-defined interface. An interface is defined as a shared
boundary where independent systems meet and act on or communicate with each other
[DALNS3]. For example, when one uses the computer there is an interface between the
user and the computer. The physical interface involves the particular I/O device (such
as a terminal). In the case of a software module (or a procedure) the parameter list serves
as an interface. The designer considers the nature and complexity of each interface to
determine any effect on the development of resources, cost and schedule. The concept

of an interface is interpreted to mean:

¢ hardware (e.g. processor and peripherals) that executes the software and devices (e.g.

machines and displays) that are indirectly controlled by the software,
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e software that already exists (e.g. database access routines, subroutine packages, and

operating system) and must be linked to “new” software,

® people who make use of the software through terminals or other I/O devices, and

e procedures that precede or succeed the software as a sequential series of operations

[PRERS2].

Of the four interpretations discussed above, this research concentrates on the interface
aspect at the code level. This type of interface signifies the specific connections that
routines, modules and subprograms have with each other. The number of parameters
passed across the boundaries of two procedures or functions constitute an interface be-
tween them. Each programmer must strive to keep each interface simple, clear, and
well-defined. A simple and well-defined interface is essential for smooth operation of any
software. To the contrary, an obscure interface will have an adverse effect on the soft-

ware.

Generally, software is divided into subprograms, modules or routines. The special place
where a subprogram “hooks” into the software is called an interface point. Data and the
flow of (execution) control are transferred at the interface point [MARDS84]. The
guidelines for a well-defined interface (point) suggest that a module’s interface should

be defined and used so that

¢ all communication is done through the interface,

e parameters lists are kept small, and

¢ inputs are separated from outputs [MARD&4].
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The first guideline for a well-defined interface states that all communication (with other
parts of a program) must be through the interface. Communicating through the interface
requires that 1) each input and output is defined and described, 2) all required data is
passed in when a subprogram or module is called, and 3) all results are passed back when
the subprogram returns. Such an approach to communication reduces code errors. For
example, incorrect definitions of FORTRAN COMMON data can give a subprogram
wrong data when called. The stored data values as well as the executable statements may
be correct, but the subprogram operates incorrectly because data definitions refer to the

wrong storage locations.

The second guideline for a well-defined interface concerns parameter lists. Keeping pa-
rameter lists small reduces human complexity of an interface [MARD84]. According to
Stevens [STEWS1], the number of parameters in a parameter list should not exceed three

or four; fewer parameters improve clarity and simplicity of the interface.

The last guideline to a well-defined interface refers to separation of inputs from outputs.
This technique allows one to segregate what is needed (or accepted) from that which is
produced. Programmers should list input parameters first and output parameters last;
those parameters that are both input and output belong in the middle of the parameter
list. Some languages, such as Pascal, enforce input/output separation; others like

FORTRAN do not.

In the next chapter, some additional factors that contribute to a well-defined interface

are identified and discussed.
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3.1.3.5 Readability

The fifth software attribute is readability. The attribute, readability, is td some extent
related to human complexity; that is, readability directly affects the human complexity
of the code. Human complexity is concerned with the understandability of the material.
If code is found to be readable then the human complexity of the code is low. In other
words, if the readability is good then the user can understand the code better. More
formally, readability is defined to be the difficulty in understanding a software compo-

nent [ARTJS6].

Many factors affect code readability which, in turn, affect our actions toward code units.
For example, as large software systems develop over expanding time periods, program-
mer turnover on projects increases. In general, when a change has to be made to such
a system in the absence of the original programmer, it is often easier to rewrite an entire
software module than to attempt to make the modification. In such circumstances the

importance of readability stands out.

The above crisis emerges if the software to be modified is difficult to understand. On the
other hand, if the software is easily readable (and therefore understandable), such a crisis
can be averted. The importance of the readability of code is highly stressed in the pro-
gramming literature [ARTL83, BAUF72,BULR76, GILP83, KERB78]. One of the pri-
mary ways to improve readability of code is through the use of comments. Well-written
comments in the code make it easier for the programmer to understand and comprehend
author’s logic. Obviously, in the absence of comments, maintenance personnel have to
rely possibly on cryptic code to understand the original intent of 'the software module.
Even more detrimental, however, is the presence of bad comments - they are likely to

mislead the maintenance personnel and cause the code to be misinterpreted.
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One must be aware that comments are generally helpful in improving readability, but the
use of “excessive” comments often have an adverse effect on readability. There are, of
course, a number of factors that aid in improving readability and detecting “excessive”

comments. These items are presented in the next chapter.

3.1.3.6 Ease of Change

The sixth software attribute is ease of change. Ease of change is defined as the ease with
which software accommodates enhancements and extensions [ARTJ86]. Some authors
call it expandability and define it as the ability of software to provide for the expansion
of data or program functions [ARTL85]. Other authors describe it as changeability

which is the ease with which the logic of a program can be changed [GANC77].

Generally, once code is written, it does not remain static; changes, extensions, enhance-
ments, and expansions become necessary with the passage of time. These modifications
normally involve extending the program’s capabilities. A programmer attempts to in-
corporate these new capabilities with the least amount of effort by expanding functions
of the existing modules. Such an approach to altering code often results in a situation
similar to that of loading a camel. That is, at first loading a camel is easy, then it be-
comes harder to find a place to strap on more cargo. Finally, the camel collapses from
the sheer weight of its burden. Programmers should make an effort to avoid such situ-
ations. If the code is designed to facilitate “ease of change”, a programmer will not find
himself in the above situation because “ease of change” implies the capability to make
changes in the code in a controlled manner, that is, the alteration of relevant portions
or segments of the code, without affecting other code or logic in the thrust of coding for

change.
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A common technique for incorporating ease of change is through the use of a data dic-
tionary and data base management system. Such techniques usually increase the ability
to expand a program beyond its current data requirements. Data dictionaries provide
common naming conventions and data descriptions, which are then combined to form
the record structures required by all of the system’s programs. Hence, if field “X” needs
to increase to seven numeric positions, one simply changes the data dictionary, and

generates the revised data structures in order to achieve a particular goal.

Other techniques useful in enhancing “ease of change” are the use of distinct functions,
and “sandwiching”. Using distinct, separate functions or routines assist in making
changes because changes to independent routines do not force changes in other routines.
Another technique, called “sandwiching”, is first introduced by Parnas [PARD79], and
addresses the conflict resulting when two programs want to call each other. In such sit-
uations, one of the programs is sliced into two parts in such a way-that allows the pro-
grams to use each other. In the next chapter the reader is exposed to details of

“sandwiching” and a few other techniques that facilitate “ease of change” in the code.

3.1.3.7 Traceability

The seventh software attribute is termed traceability. Traceability is defined as the soft-
ware attribute that provides a link from requirements to the implemented program
[ARTLS8S]. In other words, traceability is the ease in retracing the complete history of a

software component from its current status to its design inception [ARTJ86].

For any software, it is desirable to trace the requirements to certain parts of the physical
or logical system. The importance of traceability is realized when there is a need to find

the origins of an error by tracing conditions back to the design and further to the re-
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quirements definition. One can check whether there is an error in the definition or
whether the designer overlooked something in the requirements. Although error condi-
tions can arise under many circumstances, getting to the source of the error is always

easier if the product possesses the attribute of traceability.

Methods that help programmers introduce 'traceability at the code level include:
® references to project documentation, and

e references to calling procedures.

The above items are discussed in more detail in the next chapter.

3.1.3.8 Visibility of Behavior

Software is characteristically less tangible than hardware. Code production, often used
as a primary indicator of completeness, conveys nothing as a measure of the complete-
ness of requirements, design and how well the code implements the design. Therefore,
until one has reached the system testing phase the true development status does not
become obvious. At this stage of development, however, problem correction is exceed-
ingly expensive and time consuming. The root of this problem lies in the way a software
system is produced. A software system can be produced by successive refinement of
system requirements through high level system specification, and subsequently, into a
more detailed representation of a system solution until the final solution (the checked
out program representation) is reached. Software developed in the above fashion pos-
sesses the attribute of visibility of behavior, that is, the provision of review process for

error checking [ARTJ86].
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The lack of behavior visibility makes a system more complex and therefore more difficult
to manage. Consequently, one spends more time fixing errors than it would be required

if the software possesses the attribute of visibility of behavior.

The presence of visibility of behavior attribute is exhibited at the code level through
items like certification levels, validation and verification (V & V) awareness, and V & V

procedures. These items are to be discussed in the next chapter.

3.1.3.9 Early Error Detection

The ninth and the last software attribute is "early error detection”. The attribute of early
error detection is defined as an indication of faults in the requirement’s specification and

design prior to implementation [ARTJ86].

The importance of identifying “bugs” in specification and design prior to implementation
is well-known. Generally, after the design stage, system functions are well-defined and
are ready for implementation. If errors in the specification and design stages are allowed
to propagate to the implementation level, they (the errors) can have disastrous effect on
the product. Therefore, during specification and design it is essential that the subsystems
are verified to be consistent and in concert with overall system objectives. Moreover, all
discrepancies and mismatches should be corrected before they propagate into the next

level.

The attribute of early error detection can be achieved through certification levels in the
code, suggestions of V & V awareness, presence of V & V procedures, indication of V

& V enforcement, and V & V result accessibility in the code and documentation. That
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is, validation and verification should be recognized as an indispensable element and

strictly enforced.

Thus far, the discussion in this chapter has revolved around the software engineering
objectives, principles and attributes. The reader is exposed to the meanings of these
terms, their usage, and their application. Additionally, the discussion also presents ex-
amples to provide the reader with an intuitive feel for these terms as well as how they
are applied to yield desirable effect on the software. The next section attempts to estab-
lish a correspondence among these terms; that is, the relationships (linkages) among the

objectives, principles and attributes are established.

3.2 Linkages

Recall that the primary focus of this research is to formalize a procedure for the evalu-
ation of software development methodologies. The rationale for the evaluation proce-
dure described in this research utilizes objectives, principles, and attributes, and is based

on the philosophical argument that:

A set of objectives can be defined that should be postulated within any software
engineering methodology, from which certain principles are derived that characterize
the process by which software is created. Adherence to a process governed by those
principles should result in a product (programs and documentation) that possesses

attributes considered desirable and beneficial [HENS8S].
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It is precisely the above argument that serves as the motivation for linking objectives to
principles and principles to attributes. The thrust of this research is to establish concrete
linkages (relationships) among software engineering objectives, principles and attributes,
based on literature support, intuition and common sense. In other words, this research
attempts to justify that software engineering objectives can be achieved by the applica-
tion of software engineering principles. When these principles are applied one can predict
certain product attributes that are induced by the application of the above chosen prin-

ciples.

The above concept is illustrated by the following example. Consider the single objective,
maintainability. To remind readers, maintainability is the ease with which corrections
can be made to recognized inadequacies. This research claims (claims later substantiated
through literature references) that maintainability is achieved through the application
of the following softwarevengineering principles: hierarchical decomposition, functional
decomposition, information hiding, stepwise refinement, structured programming, and
documentation. Following discussion presents a justification for establishing a corre-

spondence between maintainability and each of these principles.

The first software engineering principle that assists in the achievement of maintainability
is hierarchical decomposition. The use of hierarchical decomposition implies the parti-
tioning of a system in smaller, manageable modules. Such a division allows multiple use
of common designs and programs, and also makes it easier to incorporate changes, ex-

pansions and extensions to the system [WASA76].

The second software engineering principle that helps in achieving maintainability is
functional decomposition. According to J. Hosier [HOSJ78], the divisionalization of a

system based on functional units promotes maintainability because “functional
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separateness” of the constituent modules facilitates easier changes, extensions, and ex-

pansions to the original system.

The third software engineering principle that promotes maintainability is information
hiding. Dickover [DICM78] suggests that the encapsulation of major design decisions in
information hiding helps enhance maintainability. Additionally, according to Pressman
[PRERS82], the use of information hiding as a design criteria provides better benefits

when modifications are required during testing, and later during software maintenance.

The fourth software engineering principle that helps achieve maintainability is stepwise
refinement. In support of a correspondence between stepwise refinement and maintain-
ability, Gilbert [GILP83] says that stepwise refinement is a design strategy that seeks to

implant ease of understanding and ease of maintenance into the program text.

The fifth software engineering principle to support maintainability is structured pro-
gramming. Structured programming advocates the use of only three programming con-
structs, i.e., sequence, choice, and iteration. With the use of such few constructs, the
resulting program is easily understandable because it contains fewer intricacies. Thus,
programmers can quickly detect which portions of the program that require maintenance

or modifications [GILP83].

Finally, the principle of documentation is also linked to maintainability. As Wasserman
[WASAT76] states, a good design document is not only essential for writing software, but

also for the maintenance of the software over time.

The above discussion provides supportive arguments for establishing a linkage between
maintainability and each of the following six software engineering principles: hierarchical

decomposition, functional decomposition, information hiding, stepwise refinement,
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structured programming, and documentation. It can therefore be concluded that if one
seeks maintainability as an objective, the methodology must support a software devel-

opment process that embraces the above six principles.

Table 1 on page 81 summarizes relationships between software engineering objectives
and principles. Appendix B provides literature references for each of the linkages shown

in Table 1.

To achieve a software engineering objective one must adhere to a software development
process guided by fundamental software engineering principles. In turn, the application
of these principles induces certain attributes in the product. To continue with the earlier
example, consider the single software engineering principle functional decomposition. In
functional decomposition, a system is partitioned along functional boundaries. The use
of functional decomposition technique induces the following software attributes in the
final product: reduced coupling, enhanced cohesion, reduced complexity, and ease of

change.

The first software attribute affected in the code by the application of functional decom-
position is coupling. Functional decomposition entails divisionalization of code into
modules in a controlled manner. Such controlled partitioning reduces the association

between modules, thereby reducing coupling [PRERS2].

The second software attribute affected by functional decomposition is cohesion. In
functional decomposition the dissection of the system is done on functional boundaries.
Modules resulting from this division are expected to perform a single task so that little
interaction exists with other modules in the program [PRERS82]. Thus, functional de-

composition enhances cohesion.
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Table 1. Linkages Between Objectives and Principles

Objective

Principle

Maintainability

Stépwise Refinement
Documentation
Hierarchical Decomposition
Functional Decomposition

Information Hiding
Structured Programming

Adaptability

Stepwise Refinement

Documentation
Hierarchical Decomposition
Functional Decomposition
Information Hiding
Structured Programming

Reusability

Documentation
Hierarchical Decomposition
Functional Decomposition

-Information Hiding

Portability

Functional Decomposition
Documentation

Testability

Life-cycle Verification
Hierarchical Decomposition
Functional Decomposition
Information Hiding

Stepwise Refinement
Structured Programming

Reliability

Hierarchical Decomposition
Information Hiding
Stepwise Refinement
Structured Programming

Correctness

Hierarchical Decomposition
Life-cycle Verification

Stepwise Refinement
Structured Programming
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The third software attribute affected by functional decomposition is complexity. Func-
tional decomposition is simply divide and conquer technique applied to programming.
When a program is divided into two independent parts, complexity is reduced dramat-

ically [BERGS81b].

Lastly, the attribute, ease of change, is induced by application of functional decompos-
ition. Functional decomposition enhances product flexibility; that is, it facilitates the

making of drastic changes to one module without a need to change others [PARD72a].

The preceding discussion establishes a correspondence between functional decompos-
ition and each of the following software engineering attributes: coupling, cohesion,
complexity, and ease of change. With respect to the maintainability example, Figure 6
on page 82 illustrates the espoused linkages. Table 2 on page 83 provides a complete set
of principle/attribute relationships. Literature references for each of the linkages shown
in Table 2 on page 83 can be found in Appendix C. From an overall, global perspective,
Figure 7 on page 85 summarizes the entire set of linkages among software engineering

objectives, principles and attributes.

The author notes that it is not the intent of this thesis to present supportive arguments
for each of the linkages shown in Figure 7 on page 85. An interested reader is advised
to refer to linkage references in Appendices B, and C. Moreover, additional discussion

on the evaluation procedure is found in ARTJ8S, HENS85 and ARTJS86.

This author has significant contribution in validating the linkages among the objectives,
principles, and attributes. All the objective/principle and principle/attribute likages were
validated through literature references by tiie author. More detailed description of au-

thor’s contribution is listed in Chapter 7.
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Table 2. Linkages Between Principles and Attributes

Principle

Effect on Attributes

Stepwise Refinement

Coupling/Cohesion enhanced
Reduced Complexity

Hierarchical Decomposition

Ease of Change
Coupling/Cohesion enhanced
Reduced Complexity

Structured Programming

Enhanced Readability
Reduced Complexity

Functional Decomposition

Ease of Change
Coupling/Cohesion enhanced
Reduced Complexity

Information Hiding

Extensible Software
Coupling/Cohesion enhanced
Reduced Complexity
Well-defined Interface

Documentation

Enhanced Readability
Reduced Complexity
Traceability

Ease of Change

Life Cycle Verification

Visibility of Behavior
Early Error Detection
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To summarize, this chapter has concentrated on presenting the motivation behind this
research, explaining the background material, introducing the software engineering ob-
jectives, principles and attributes, and the linkages among them. The next issue to ad-
dress is how these linkages are utilized in assessing the adequacy of a methodology. That
is, given a methodology, how do the relationships described above enable one to deter-
mine if that methodology possesses the necessary qualities for attaining its stated goals

and objectives.

3.3 Assessment

Having established linkages among the software engineering objectives, principles and
attributes the next topic of interest is how the linkages can be utilized in assessing
whether a methodology possesses the appropriate software engineering characteristics
crucial to software development, and the extent to which they (the characteristics) are
present in the product. An examination of the above will proceed in two phases. The first
phase deals with “how to” assess the adequacy of the methodology while the second
phase addresses “how well” the methodology succeeds in achieving its goals. Formally,
the "how to” assessment is viewed as a top-down evaluation process, while the “how
well” approach is considered a bottom-up process. Together, these two approaches
(top-down ar;d bottom-up) not only provide a basis for judging the adequacy of a soft-
ware development methodology but also the extent to which the software product (re-
sulting from the application of the methodology) conforms to the stated goals of the

methodology. The top-down and bottom-up approaches are discussed below in detail.
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3.3.1 The Top-Down Evaluation Process

As the name suggests, the top-down evaluation process begins at the highest level of
characteristics (the objectives) in the characteristics tree (Figure 7 on page 85), i.e.
identification of the objectives of the methodology. The evaluation process then moves
to the next lower level in the software engineering hierarchy, and addresses the appro-
priateness of the software engineering principles. The last level visited in the top-down
approach is thé software attributes. This step-by-step examination of the objectives,
principles and attributes adopted in the top-down evaluation process allows one to
evaluate a methodology in terms of its goals, and the sufficiency and completeness of its
supporting tool set for achieving those goals. The top-down evaluation process is re-

flected in the three major steps described below.

In the first step of the top-down evaluation process, two sets of objectives are identified.
The first set of objectives is based on software needs and requirements. These objectives
are normally reflected in the description of a desired software system. The second set is
comprised of objectives adopted by the software development methodology. These are
the stated objectives of the methodology. If the comparison of the two sets of objectives
indicates a mismatch, then one should question whether the methodology being consid-
ered is appropriate. After all, one should not expect to achieve objectives that are not

enumerated by the methodology.

The second step in the top-down evaluation is the investigation of the software devel-
opment process that links objectives to principles. That is, given a stated set of
methodological objectives, one can identify (using linkages between objectives and prin-
ciples) which principles should be supported by the methodology. Three possible cases

exist in such an identification. The first case is where the methodology is overprincipled,
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that is, principles are present without corresponding objectives. In the second case, the
methodology may be underprincipled, that is, the objectives exist without supporting
principles. In the third case, the methodology is adequately supported by the principles.
A software development methodology that exhibits either case one or case two charac-

teristic also has a potential for creating unwanted problems.

The third step in the top-down evaluation process involves a formulation of the set of
expected product attributes. This formulation is based on the fact that the software en-
gineering principles define the process by which a software product is produced and in-
duce a specific (desired) set of product attributes. Obviously, the expected set of product

attributes should reflect those desired by the software engineer.

Thus, one can utilize the top-down assessment in order to establish the adequacy of a
software development methodology. The inadequacy of a methodology may be reflected
at any of the above three steps, and will have a detrimental effect on the overall ade-

quacy of the methodology.

3.3.2 The Bottom-Up Evaluation Process

While the top-down approach brings to light the deficiencies in the software develop-
ment methodology, the bottom-up approach enables one to determine the extent to
which a software product conforms to the objectives of a software development meth-
odology. In other words, the bottom-up evaluation process reveals product attributes
and allows one to assess, to some extent, the effectiveness of the methodology; that is,

the capability of producing desired results.
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The top-down approach provides a set of attributes which is expected as a direct con-
sequence of applying the methodology. However, it is possible that the set of expected
attributes does not match those determined to be present in the product. Such an irreg-

ularity can be identified using the bottom-up approach described below.

The bottom-up evaluation process, as the name suggests, starts at the lowest level (the
product level) in the software engineering hierarchy shown in the characteristics tree
(Figure 7 on page 85). Like the top-down approach, the bottom-up evaluation process
also relies on the existence of linkages among software engineering objectives, principles

and attributes.

To begin with, the bottom-up evaluation process involves the identification of software
attributes in the product resulting from the application of a software development
methodology. This computed set of attributes is compared with the attributes derived
(and expected) from the top-down evaluation process. If these two sets of attributes do
not match, one can infer that there is an improper use of software engineering principles
in developing the product. Several reasons may exist, however, as to why the supported

principles may not be properly employed:

e the personnel involved in the development process are ill-trained, and/or

¢ the effectiveness of methodology is questionable.

Based on the evaluation procedure, one can examine the exploited software development
process in order to pin-point possible reasons for the failure of attaining the expected
attributes. That is, using the computed set of attributes and the linkages among princi-
ples and attributes one can compute the actual set of principles used in the software

development process. This set of principles is then compared with the set of principles
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needed to support the desired methodological objectives. If the two compared sets are
in agreement then the methodology is expected to achieve its goals. On the other hand,
if the two sets are not in harmony then there is a possibility that the software develop-
ment process has fallen short of meeting desired methodological objectives. One must
then question whether the fault lies with the personnel expertise or insufficient tool

support for the enunciated principles.

In summary, the top-down and bottom-up evaluation processes together are not only
descriptive in nature, but are also prescriptive. That is, they not only indicate potential

problem areas but also indirectly suggest remedies for rectification.

3.4 Assessment Based on a Common Yardstick

In the previous section, the reader is presented with the software methodology assess-
ment procedure wherein a given methodology is tested for fulfillment of its goals. The
procedures used for this test are the top-down and bottom-up evaluation processes.
Once a methodology is assessed for adequacy of its goals (using the top-down evaluation
process), and its objectives, principles and attributes have been established, the next
major issue is to measure these characteristics (objectives, principles and attributes)

based on a common framework.

This research suggests that one appropriate measurement approach be based on an ar-
bitrarily selected scale of 1 through 10, where a score of 1 is considered to be poor and
the score of 10 is the best (or most desirable). A score of 5 is the mid-range and does

not reflect the “goodness” or “badness” of a characteristic (objective, principle or attri-
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bute) under consideration. The scores 6,7,8, or 9 reflect increasingly desirable qualities
with respect to the measured quantity. Scores like 4,3,2, and 1, on the other hand, reflect
increasingly undesirable qualities. This 1-10 approach provides a uniform basis for
measuring software engineering characteristics inherent to a product, and at the same
time, reflects the variability with which these characteristics are stressed during the
software development process. The variability among software engineering objectives,
principles and attributes can be reflected when they are measured on a common basis.
In other words, the computation reflects the emphasis. Such a measurement enables one
to compare the extent to which a characteristic (objective, principle or attribute) is

present.

We note that this research does not deal with the question of what the ideal scores are
for different characteristics nor how they should be achieved in a methodology. Such a
problem falls in the software engineer’s purview. In this section, we are presenting a
method by which a characteristic’s presence is measured on a common scale so that they

can be compared with one another.

A secondary issue closely tied to the common yardstick concept is the use of weighted
computations. In the current evaluation procedure determining the emphasis placed on
an objective, principle or attribute starts with the product and utilizes a weighted com-
putational process. The first items to which weights are associated are code properties.
For example, the presence of a GOTO statement in the code indicates that the attribute
readability is adversely affected. The question of “how adversely it is affected” is a con-
troversial issue due to its subjective nature. For example, we feel that the presence of a
GOTO statement is three times more harmful for readability than the presence of mul-
tiple exits from a loop. Although other researchers may perceive the need for different

weight distributions, the point we wish to convey is that the evaluation procedure does
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provide a mechanism for capturing the variability of influence among measured quanti-
ties. Hence, by using weights one can assess the extent to which each characteristic is
present. The 10-point scale together with the weighted averages allow the scores for in-
dividual characteristic to remain in the range 1 through 10. These scores reflect the em-
phasis placed by the methodology on various characteristics. Also, when the scores are

on a common scale comparison among the entities is justified.

To summarize, in this chapter the reader is exposed to the various software engineering
objectives, principles and attributes, their meanings, and applications. This chapter also
introduces the concept of linkages to tie the objectives, principles and attributes to one
another, followed by a discussion on how the methodologies are evaluated for adequacy
and completeness. Two approaches, top-down and bottom-up, are presented in support
of the evaluation process. Finally, a procedure for the assessment of various character-
istics based on a common yardstick is presented. Most of the discussion in the chapter

is substantiated with examples.

In concert with the material presented in this chapter, the next major issue is the iden-
tification of various attributes in the code and documentation. For example, the code is
likely to possess attributes like coupling, cohesion, complexity, readability and so forth.
The question is how does one identify or detect the presence or absence of these attri-
butes at the code level. The next chapter discusses what are the surface qualities that one

needs to look for in the code to establish the presence of these attributes.
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4.0 Product Properties

This thesis, in chapter 1, presents the motivation and need for developing a procedural
‘approach to evaluating software development methodologies. Chapter 2 presents the
background material which, after distinguishing between a method and a methodology,
familiarizes the reader with several software development methodologies, and lays the
foundation for the introduction of software engineering objectives, principles and attri-
butes. Chapter 3 outlines in detail the various software engineering objectives, principles
and attributes and the linkages among them. Chapter 3 also describes how the linkages
are utilized to assess the adequacy and the effectiveness of a software development
methodology using the top-down and bottom-up evaluation procedures, respectively.
Finally, a discussion is given which focusses on a common yardstick for assessing the

influence of properties on various attributes.

After having introduced the linkage approach and the evaluation procedure, the next
major topic, and focus of this chapter, is the measurement of product attributes. This
topic can be partitioned into two issues - the first issue involves identifying the existence

of attributes while the second issue addresses the measurement of those attributes.
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Issue one, the identification of code and documentation attributes, is a non-trivial task.
Unfortunately, attributes are intangible objects. Hence, to establish their existence one

needs first to address the following sub-items:

¢ the identification of code and documentation properties whose presence implies ex-

istence of certain attributes, and
¢ the definition of relationships among properties and attributes.

Two examples of code properties that are related to attributes are the number of routines
and the average length of a routine. One can argue that the average length of a routine
is related to the attribute complexity. The rationale being, the longer the routine the

more complex the code is to understand.

Once a set of properties is established and the relationships among properties and attri-
butes are defined, the second issue concentrates on measuring the extent to which an
attribute is perceived present based on the assessed presence of related properties. To
compute the presence of a property one needs to resort to the concept of metrics which

is introduced later in this chapter.

4.1 Background and Motivation

One benefit of the evaluation procedure is that it allows one to assess the adequacy of
a given software development methodology with respect to achieving its stated objec-
tives. This assessment procedure is performed through a top-down evaluation process.

Effectively, assessing the adequacy of a methodology means that methodological suffi-
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ciency or completeness is determined with regard to its stated objectives, principles, and

attributes.

Although it is recognized that having a well-defined, adequate methodology can produce
software products exhibiting desirable characteristics, in the development environment
there may be problems in achieving the goals of a methodology. In short, methodologies
do fail in attaining their goals. The reason(s) for the failure of a methodology could be

any one or a combination of the following:

® wrong design or an inadequate methodology, i.e., the goals of a methodology are

not in harmony with those derived from needs and requirements analysis,

¢ improper application of the methodology, or

¢ untrained personnel.

Of these three causes or problems, the first problem can be detected by the top-down
analysis which reveals the adequacy of the methodology. If the reason for the failure of
a methodology does not lie within the methodology per se, then it lies with either an
improper application of the methodology or untrained personnel. These two aspects are
reflected in assessing the effectiveness of the methodology. The effectiveness of a meth-
odology is directly mirrored in the resulting product and, as such, can be assessed by
examining the product. Correspondingly, product examination based on properties as-

sessment form a foundation for determining the effectiveness of a methodology.
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4.2 Attribute|/ Property Relationship

In order to assess the extent to which an application of a methodology follows its in-
tended use, one needs to start at the product level. At this stage, the problem narrows
down to the evaluation of the code and code documentation. This situation can be
translated as follows: Given the project software, project documentation, project re-
quirement specifications and methodology specification, the question is - to what extent
do the code and code documentation conform to the specified software development

methodology?

One answer to this question can be based on an assessment of the presence or absence
of product attributes, that is, the software and documentation characteristics that are
desirable and beneficial (e.g., low coupling, high cohesion, low complexity, etc.). The
primary issue then is identifying these attributes in the product. It can be seen that the
attributes cannot be identified directly. That is, by simply observing the product one
cannot identify the presence or absence of code (or documentation) attributes. The rea-
son is that the attributes are intangible and often subjective qualities. For example, one
can not establish the presence or absence of coupling or complexity or any other attri-

bute with a mere look at the code or code documentation.

In determining the presence or absence of attributes, one has to search for certain spe-
cific qualities of the code and code documentation. For example, the use of global var-
iables in the code indicates the presenc.e of coupling. Similarly, the use of certification
levels in code documentation indicates visibility of behavior. Surface qualities of the code

and code documentation that are indicative of the presence or absence of an attribute
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are called properties. The difference between properties and attributes is that properties

are readily observable (or recognizable) while attributes are not.

In addition to identifying code properties one must also ascertain the relationship be-
tween a property and attribute as well as determine its effect on the attribute. That is,
the presence or absence of a property can have a positive (favorable) or a negative (ad-
verse) effect on the attribute. For example, the following properties influence cohesion
(to remind the reader, one endeavors to enhance cohesion in the code). The type of effect

(positive or negative) they have on cohesion is shown with each property:

e Use of switches as parameters (-),

¢ Use of control structures (+),

e Multiple entry points in a routine (-),

* Fan-in to a routine (+),

¢ Fan-out (-), and

¢  Modularization (+).

The first property (use of switches as parameters) has an adverse effect on cohesion.
According to De Marco [DeMT78] the downward passing switch is probably the sim-
plest test of poor cohesion. This is true because when a switch is passed downward the
controlling module is not aware as to how and how many modules are going to be af-
fected by this switch. On the contrary, when a switch is passed upward, the passing

module knows exactly which (one) module will be affected.
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The second property (use of control structures) has a favorable influence on cohesion
[TRODS81]. When a control structure is used to represent some complex logic, that piece
of code is more like a unit with all relevant code encompassed in it. This homogeneity

of code enhances cohesion.

The next property that affects cohesion is the use of multiple entry points in a routine.
This property has an adverse effect on cohesion. If a routine has multiple entry points,
the implication is that there are pieces of code performing multiple functions. In turn,

this indicates reduced functional cohesiveness [PERE85].

The fourth property to influence cohesion is fan-in to a routine [TRODS81]. Fan-in has
a positive effect on cohesion. The rationale behind this type of influence is that the more
fan-in to a routine the more specific and well-defined its function. This is precisely the

goal of cohesion.

The next property listed is fan-out and has an adverse effect on cohesion. Multiple calls
from a module indicate a tendency toward too much control within a single module
[CARDS86, STEWSI1]. The problem may be a missing design level. The function and

control contained within the original module may need to be divided.

The last property mentioned above that influences cohesion is modularization. The main
goal of modularizing a design is to divide the software into pieces that are functionally

cohesive [TRODS81]. This property, therefore, has a favorable influence on cohesion.

It should be mentioned that the collective effect (or influence) of all the properties re-
lated to an attribute imply the existence of that attribute. For example, the overall effect
of the six properties (mentioned above) imply the existence and the extent to which

cohesion is present in the code.
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The reader is advised to refer to Appendix D for further information about the sets of
properties related to various attributes. Appendix D addresses each attribute individually

and indicates the set of properties that is related to each attribute.

The previous examples illustrate that the presence of properties can have either a posi-
tive or a negative effect on an attribute. Correspondingly, the absence of properties can
also have a favorable or adverse effect on attributes. For example, absence of code in-
"dentation has an adverse effect on readability and complexity, i.e., the lack of code in-
dentation reduces readability and increases complexity. The absence of “Go To”
statements, on the other hand, helps improve readability and reduce coupling, both of

which are favorable (positive) influences [DeMT78, DIJE68].

In addition to the above, properties can also have a positive effect on one attribute while
the same property may have a negative influence on another attribute. For example, the
use of structured data types as parameters has a favorable effect on the “well-defined
interfaces” attribute but has an adverse effect on coupling. The structured data type (as
a parameter) helps improve the well-defined interface because all the information (in a
data structure) is passed as a single parameter which makes the interface simpler. On the
other hand, it has an adverse effect on coupling because extraneous information is being

passed to other modules [TROD81].

Thus far, in this chapter the reader is presented with the notion of properties, why they
are needed, and how they can be related to attributes. The above discussion also de-
scribes how the presence or absence of a property can have a favorable or an adverse
effect on attributes. A particular case, where one property has a positive effect on one

attribute while having a negative effect on another, is also presented. The next section
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distinguishes between code and documentation properties. Also, the concept of metrics

for measuring properties is introduced in the discussion.

4.3 Types of properties

The previous discussion acquaints the reader with the definition of properties and how
they are useful in determining the presence of an attribute. The following discussion is
aimed at familiarizing the reader with the different types of properties, and a basis for

their classification.

Product properties can be viewed as exhibiting either
¢ Logical, or

¢ Numerical characteristics.

The first group consists of properties whose assessment values reflect responses like
“yes”, “no”, and “sometimes”. Representative elements of “logical” properties are deter-

mined from questions like:
e [s the source code indented,
¢ Are symbolic constants used in the code, and

¢ s there consistency in use of variable names in code and documentation?
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Properties that elicit logical responses are often subjective in nature and can be difficult
to verify. On the other hand, properties that exhibit numerical characteristics are much
less subjective and are easy to verify. The responses to these properties are in numerical

quantities. Some typical examples of “numerical” properties are:

Number of routines in the software,

Average number of lines of code (LOC) per routine,

Number of global variables, and

Total program length.

Independent of their logical or numerical qualities, product properties can be partitioned

into two categories, viz;

e Code properties, and

e Documentaton properties.

The above distinction is based on the criteria of whether a property is found in the
source code (executable program instructions) or whether it is represented in documen-
tation. An example of a code property might be the number of parameters passed by a
routine while an example of a documentation property might be the use of block com-

ments. Documentation properties can be further sub-divided into:

¢ Comment (code documentation) properties, and

e System documentation properties.
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The first subcategory, comments or code documentation properties, are internal to the
code. They are reflected in comments or explanations written in the code. Such doc-
umentation includes: single line comments, block comments, and in-line comments.
These comments also include program header comments and module/routine header
comments. The second subcategory of documentation properties are found in system
documentation which includes overall project document, design document,
testing/maintenance document, users’ manuals and all other system documents. This
form of documentation is external to the code. The following discussion first presents

properties associated with the code followed by the documentation properties.

As mentioned earlier, code properties are the ones present in the source code. Some

typical examples of the code properties are:

e Use of structured data types (SDTs) as parameters,

Use of dynamic structures,

Use of recursive code, and

Multiple exit points from a routine.

The first property mentioned above, the use of structured data types as parameters, can
be related to the attributes of coupling and well-defined interface. It should be noted that
this property has opposite effects on coupling and well-defined interface. That is, the use
of structured data types has a positive (favorable) effect on well-defined interface but a
negative (undesirable) effect on coupling. The rationale is that when a data structure is
passed as a parameter the interface is more compact, concise and therefore well-defined.

On the other hand, an SDT induces extra coupling as a result of passing extraneous data
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items which are not necessary for computation, and thereby, increasing coupling

[LOHJ84, TRODSI1].

The second code property listed above is the use of dynamic structures. This property
has a favorable influence on ease of change while having an undesirable effect on com-
plexity. The use of dynamic structures enhances ease of change because they (dynamic
structures) alleviate problems of insertion and deletion of components [DALNS83]. On
the other hand, dynamic structures change in size during the execution of a program,

thereby, increasing complexity [GROP83, WEIL74].

The third property enlisted is the use of recursive code. The recursive nature of code in-
creases complexity because in the case of an error it is difficult to debug the code easily

[BOEB84].

The fourth property, multiple exits from a routine, has an adverse effect on readability,
complexity and cohesion. The reason for a negative effect on readability and complexity
is that the multiple exits destroy the structuredness of a program. By definition, a module
with a single exit has an effective complexity of zero. Also, readability is adversely af-
fected because of the multiple exits [ARTJ86). Multiple exits from routines also ad-
versely affect cohesion. Accordihg to Perry [PERE8S], program modules must remain
single purpose, with single entry and exit points. A program cannot jump into the middle
of a module nor can it leave the module except via its sole exit. Such modules are called

cohesive modules.

The reader is advised to refer to Appendix E for a detail list of properties, which
attribute(s) they affect, how those attributes are influenced by them. Also, each re-

lationship between a property and attribute(s) is substantiated with literature references.
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In Appendix E these properties are referred as factors that exhibit presence or absence

of an attribute.

The second category of properties is documentation related. These properties appear
both within the code and outside of code. Documentation inside the code refers to vari-
ous types of comments which include block comments, header comments, single line
comments, and in-line comments. Similar to the code properties, a documentation
property can also be related to one or more attributes. Properties related to documen-

tation in code include:

e Use of comments,

¢ Use of "excessive” single line comments,

e Use of block comments,

e Use of comments consistent with code functions, and

¢ Use of comments referencing project documentation.

The first code documentation property is the use of comments. Comments favorably
influence readability and complexity. According to Weissman [WEIL74], comments can
increase the ability to understand and maintain programs. They also aid in enhancing

clarity and precision of the code [CONR76].

The second documentation property listed above is the use of “excessive” single line
comments. Comments, if excessive in number, adversely affect complexity and readabil-
ity. The reason for the adverse effect is that too many comments can obscure the exe-

cutable code. Also, there is no need to restate what is already obvious [ARTLSS].
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The third code documentation property is the use of block comments. According to
McCracken [McCD76], the use of block comments makes a program more understand-
able, thereby, favorably affecting the readability and the complexity of the code

[McCD76].

The fourth code documentation property listed is the use of comments consistent with
code functions. Such comments have a favorable effect on both readability and‘com-
plexity. According to Kernighan and Ritchie [KERB78], the trouble with comments that
do not accurately reflect the code is that the code cannot be examined critically - this

affects complexity and readability.

The last documentation property in the above list is the use of comments referencing
project documentation. Such references in code enhance traceability because traceability
implies overall relationships to other routines which is reflected via comments referenc-

ing code documentation.

The above discussion presents the code properties and the code documentation proper-
ties, both of which are present within the code. The reader is again advised to refer to
Appendix E for detailed listing of properties and their relationships to attributes. These

relationships are substantiated through literary references.

After presenting the properties exhibited in the documentation internal to the code (code
documentation), one needs to discuss the properties intrinsic to the documentation ex-
ternal to the code. Such documentation includes users’ manuals, design documentation,
product documentation, operations documentation and so forth. A detailed discussion
of external documentation is presented in Chapter 3. These external documents are col-

lectively referred to as system documentation in the following discussion.
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As mentioned above, the system documentation exhibits certain documentation proper-

ties. The properties whose presence can be detected in system documentation are:
¢ Completeness,

¢ Accuracy, and

¢ Readability.

The first system documentation property is completeness. Completeness of documenta-
tion refers to the extent to which the information presented in the documentation pro-
vides full account of the design, implementation, and operational (including
maintenance) features of the system. That is, the documentation should provide a de-
tailed record/report of the development of requirements, preliminary and detailed de-

signs, implementation of the final design and finally maintenance of the system.

The second system documentation property is accuracy. Documentation accuracy indi-
cates consistency among documentation elements and between documentation and the
final software product. If the documentation does not reflect the exact behavior of the

product the documentation will be termed inaccurate.

The third property of documentation external to the code is that of readability. The
readability of documentation is the ease with which one can understand and comprehend
the contents of documentation. Readability normally depends the appropriateness of

information, consistency of formats, cross-references and various other factors.

The above three system documentation properties can be detected by employing an

evaluation technique that uses a questionnaire, which when answered, indicates not only
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the presence or absence of one of the three properties but also the extent (on the

10-point scale) to which the properties are present.

An assessment of these properties (completeness, accuracy and readability) is accom-
plished through the evolution of factors that are related to the properties. For example,
accuracy and completeness can be assessed by identifying incomplete or missing infor-
mation, traceability between requirements and design, and between design and imple-
mentation, revision numbers, inclusion of memory size and so forth. The factors that
assess completeness and accuracy are currently found to be the same. We have therefore
combined these two properties into one which we call completeness/accuracy of the

system documentation.

Similarly, readability can be assessed by observing additional factors in (or qualities of)
the documentation. The factors that inﬂuence'readability include: traceability, usage of
presentation tools and change bars, consistency of format between documents for table
of contents, lists of illustrations, and sections of paragraphs. Appendix F shows the
factors that enhance accuracy/completeness and readability. Appendix F also presents
a sample questionnaire that enables one to determine the presence of factors that are

related to the documentation properties.

Once the presence of attributes in the software product (code and documentation) is
established via properties, the next logical concern is the measurement of these proper-
ties. The measurement technique should be able to measure the degree of presence of
the attributes in the software product. Such a measurement of properties is accomplished

through the use of metrics.

106



4.4 Metrics

The discussion in this chapter, thus far, has suggested how the presence of attributes in
the product can be determined. To remind the reader, at the lowest level in the software
characteristics tree (see Figure 7 on page 85) are the code attributes. To assess the ex-
tent to which the methodology has been effectively applied, one needs to measure the

degree to which attributes are present or absent in the product.

According to Gilb [GILT77], there exist two important stages in software attribute

measurement. They are:
e agreement on the measuring concept, and
¢ finding a sufficiently accurate tool for measuring the attribute in a real system.

Effectively, this amounts to identifying or defining indices of merit that can support
quantitative comparisons and evaluations of software. To carry out these comparisons

and evaluations, parameters are needed. They are provided by the metrics.

The term “metric” is defined as the measure of the extent or degree to which a product
(this research concentrates on code and documentation) exhibits a certain (quality)
characteristic [BOEB78]. Some metrics provide very important insights and decision cri-
teria for both the developer and potential users of a software product; others provide
information which is interesting, perhaps' indicative of the potential problems. The
judgement as to its potential benefit is, of course, dependent on the users for which the

evaluator is assessing the product.
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A simple example of a metric can be as follows. Program development techniques often
prescribe that the length of routines (modules, procedures, functions) should be man-
ageable in terms of the lines of code (LOC). A number of arguments supporting this idea
are present in the literature. Constantine [YOUE79] argues that the executable LOC in
a routine should be restricted to 30. Beyond this limit the understandability, readability,
and complexity are adversely affected. The number 30 emerges from the fact that a
standard output page can accommodate about 30 LOC and a human is said to
comfortably understand that much code at one time. This value can be used for com-
parison with the average routine length in the code. If the average LOC in a routine is
over 30 then one can conclude that the software attributes readability and complexity
are adversely affected. On the other hand, a shorter routine (LOC < 30) should enhance

both complexity and readability of the code.

Now, consider another example where one needs to compute a metric to assess the de-
gree of presence of an attribute, e.g. the software attribute of coupling. The reader is
aware that coupling depends on the amount of communication between routines. Earlier
discussion has established that one factor influencing coupling is the number of global

variables referenced.

As discussed in the previous chapter, the computation of the following metric is done in
such a way that it results in a score on the 10-point scale. A metric to compute the effect

of global variables referenced on coupling is as follows:

(# Global Variables Referenced)

(# Global + # Local Variables Referenced)
Scale = 10 - 9% |
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One can observe from the above computation that in the absence of global variables the
metric would yield an ideal score of 10. As the number of global variables referenced
increases (relative té the number of local variables referenced), the value of the metric
would drop. Use of local variables in a routine would reduce the coupling caused by
global variables to a certain extent. The worst case scenario (i.e., high coupling) occurs
when there are no local variables in a routine. In other words, when the entire commu-
nication between routines is through global variables, the degree of coupling is maxi-

mum and the reflected metric value is lowest, i.e. a "1”.

The use of a 10-point scale is suggested for metrics in Chapter 3. One can easily assess
the “goodness” (positive effect) or “badness” (negative effect) of the attribute by simply
looking at the number on the 10-point scale. As discussed earlier, a score of over S sug-
gests a good effect (e.g., low coupling, high cohesion etc.) of the attributes. On the other
hand, a score of less than 5 indicates a bad effect (e.g., high coupling, low cohesion etc.)

of the attribute. A score of 5 does not provide any information.

One must be aware that a property which influences more than one attribute may have
different metrics for each of the affected attributes. For example, use of structured data
types (SDTs) affects the attributes of coupling and well-defined interface. Use of SDTs
introduce extraneous coupling between routines. On the other hand, use of SDTs makes
interface more compact and concise. Because of these variable effects one needs to
compute the scale differently in the above two cases. Appendix G presents several
metrics used to evaluate two Navy software development methodologies (These meth-

odologies are explained in the next chapter).

Gilb [GILT77] suggests that even where there is a stable metric available for some soft-

ware characteristic, the measuring tools will tend to be varied, tailor-made to fit the
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system, and constantly changing as the years pass. This rate of change in the measuring
instrument, which can be observed in all scientific, engineering, and business applica-

tions is probably attributable to the following factors:

¢ the need for greater accuracy for measurement,

¢ the need for mofe reliable measuring,

e the need for more economic measuring, and

¢ the invention or development of instruments which satisfy the above needs.

To summarize, a metric allows one to measure the presence of an attribute and also the
extent of its presence. One must be cautioned not to be biased when designing a metric.
A biased metric design will not yield a correct picture of the extent to which an attribute

is present.

In summary, this chapter presents the notion of product properties. To start, the moti-
vation for the use of properties is presented. The motivation is followed by the re-
lationships between attributes-and properties. A number of examples are cited to justify
these relationships. Later sections then present a more detailed discussion on the two
types of properties; viz.: code properties and documentation properties. Finally, the last

section introduces the concept of metrics, their purpose, and their use.

Currently, this thesis has presented the reader with a description of software engineering
objectives, principles and attributes, the evaluation procedure and how the evaluation is

achieved through the use of properties and metrics. The next chapter deals with the ap-
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plication of the evaluation procedure to two (2) software development methodologies

and a discussion of the results.
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5.0 Application and Ramifications

The first four chapters of this thesis have presented the reader with the motivation be-
hind the procedural approach to evaluating software development methodologies, the
background material, the evaluation procedure itself and the requisite measurement
techniques that are instrumental in the evaluation process. To remind the reader, the
main purpose of this research is to evolve a procedure that enables one to evaluate and
compare software development methodologies. As mentioned earlier, the evaluation
procedure is aimed at identifying both the strengths and the weaknesses of a software
development methodology. In addition to pointing out methodological weaknesses, the

evaluation procedure can also suggest remedial actions.

5.1 Application of Evaluation procedure

With the above concepts in mind, the evaluation procedure has been applied to two

Navy methodologies. These methodologies are referred to as methodology A and meth-
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odology B (and Systems A and B, respectively) in this chapter. The following material,
extracted and summarized from [ARTJ85] and [NANRSS], presents a brief introduction

of the two methodologies.

Methodology A

The goal of methodology A is to control the design process for a complex of operational
computer programs so that the resulting product is reliable, and correct. The program
development process adopted by methodology A is a top-down process by which system
requirements are allocated into successively more detailed functional performance re-
quirements. These performance requirements are then mapped into top level software
design specifications which, in turn, are allocated to detailed modules and data base de-

signs.

The basic code unit in system A is called a procedure. A typical procedure performs
some small unit function and has only one entry point and one exit point. Procedures
are grouped into units called modules. Data is structured into messages. A message is

defined to be a formatted unit of data exchange between modules.

Methodology B

The goal of methodology B, enunciated in the documentation, is to achieve product

maintainability, adaptability, and reliability. The review also reveals that the principles

of hierarchical decomposition, functional decomposition, life cycle verification, and
structured programming are espoused by the methodology. This methodology includes

a software production and maintenance procedure with associated production support

tools.
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In system B, the smallest basic unit of code is called a task. User programs are repres-
ented by task set chains (TSC) which are composed of computer program tasks. The
interface between system control and user programs consists of system control/task

interfaces.

Drawing from the overview above, later discussion in this chapter presents a detailed
analysis of the two methodologies stemming from an application of the evaluation pro-
cedure. The following section presents the sets of data used in both the top-down and

bottom-up processes of that evaluation.

5.1.1 Sets of Data Used

The evaluation of a methodology requires information describing the methodology itself,
as well as information derived from the application of the methodology in a project.
Methodology description and project requirements usually provide information regard-
ing the guidelines, conventions and/or standards to be applied in developing the software

product. Often, objectives and principles are identified in these instructions.

Project documentation, source code, and code documentation are all sources of infor-
mation related to principles and attributes. Within the program performance specifica-
tions and interface design specifications, information is often found regarding the degree
to which a methodology is understood and applied in a particular project. The surface
properties of program design specifications and the source code provide the input to
metrics for assessing code properties - either in terms of objective elements or subjective

opinion.
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The following documentation items were studied in order to evaluate methodologies A

and B.
® Four software development methodology documents for

1. identifying the pronounced software engineering objectives, principles, and at-

tributes, and

2. assessing the effectiveness of each methodology through the

objective/principle/attribute linkages defined by the evaluation procedure, and

e Eight software system documentation items and 118 routines comprising 8300

source lines of code, for
1. determining the evident set of product attributes, and

2. via the attribute/principle/objective linkages, empirically assessing the principles

and objectives emphasized during product development [ARTJ86, ARTI87].

The following section describes the application of the evaluation procedure to method-
ologies A and B. It involves the application of top-down and bottom-up approaches to
both the methodologies. The following presentation is a re-statement and a summary

of the discussion found in [ARTJ86).
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5.2 Analyzing the Methodology and the Product

To remind the reader, the evaluation process consists of two steps:
® a top-down analysis of the methodology, and
¢ a bottom-up examination of the product.

The initial step in the evaluation process is to perform a “top-down” analysis of meth-
odologies A and B. For each methodology, this top-down analysis reveals the set of
pronounced software engineering objectives, principles, and attributes. Because both
methodologies appear to be in the process of evolving, a clear statement of their re-

spective methodological objectives is lacking.

Nonetheless, the documentation of mefhodology A appears to stress the objectives of
reliability and correctness supported by the principles of structured programming, hi-
erarchical decomposition, and functional decomposition. Following the
objective/principle relationships defined by the evaluation procedure, for each objective
stressed in methodology A only three of the necessary four principles are emphasized.
The implication is, that unless the principles of life-cycle verification and information
hiding are implicitly assumed and utilized, correctness and reliability, respectively are
compromised. Table 3 on page 118 illustrates the pronounced software engineering ob-
jectives, principles, and attributes [ARTJ86). Using metric values and properties, a cor-
responding “bottom-up” examination of product A provides some interesting results.
The Kiviat charts displayed in Figure 8 on page 119 illustrate the extent to which each
attribute is assessed as present in the product. The reader should note that the com-

plexity attribute attains the rating 8.0 on the 10-point scale. The high rating of 8.0 indi-
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cates that the complexity is reduced to a considerable extent. It is closely followed by
readability (7.4) and cohesion (6.8). Based on the three principles stressed in methodol-
ogy A, the evaluatio;l procedure predicts that (reduced) complexity, readability and
cohesion should, in fact, be among the product attributes. In concert with the stated
objectives and principles for methodology A, Figure 8 on page 119(b) reveals that
structured programming (7.7) is the prominent principle used in developing system A,
followed by stepwise refinement (6.7), hierarchical decomposition (6.4), and functional
decomposition (6.4). Figure 8 on page 119(c) depicts the results of emphasizing these
principles in the software development process. In particular, reliability (6.7) is rated as
the major software development objective. Although correctness is also stressed by
methodology A, attaining correctness necessitates life-cycle verification; this principle is
neither emphasized by methodology A, nor evident in the software product. As illus-
trated by Figure 8 on page 119 other objectives and principles are given some emphasis
during the software development process for system A. One may deduce that because the
objectives and principles are not explicitly stressed in methodology A, the associated

product suffers [ARTJ86].

For methodology B, the top-down analysis reveals that the objectives stressed in the
corresponding documentation are maintainability, adaptability, and reliability. The
principles emphasized are structured programming and documentation. Like methodol-
ogy A, however, a complete set of supporting principles are not stated; hierarchical de-
composition, functional decomposition, and to some extent information hiding are
implicitly assumed as underlying principles of methodology B. According to the linkages
among objectives and principles, all of the above principles (both stated and assumed)

are required to achieve the objectives explicitly stated in methodology B.
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Table 3. Pronounced Objectives, Principles and Attributes

Methodology Methodology
A B

Objectives

Maintainability Yes
Correctness Yes
Reusability
Testability
Reliability Yes Yes
Portability
Adaptability Yes

Principles

Hierarchical Decomposition Yes
Functional Decomposition Yes
Information Hiding

Stepwise Refinement
Structured Programming Yes Yes
Documentation Yes

Life Cycle Verification

Attributes None None
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Subsequent analysis of product B and a “bottom-up” propagation of the results through
the linkages defined by the evaluation procedure reveals that structured programming is
the most prominent principle (8.3), closely followed by documentation (7.0). Moreover,
the evaluation also indicates that the implicitly assumed principles of methodology B are
highly utilized - stepwise refinement, hierarchical decomposition, functional decompos-
ition, and information hiding rate 6.9, 6.7, 6.7 and 6.3 respectively. Finally, the results
imply that during the development of product B the objectives of maintainability,
adaptability, and reliability are most emphasized. The above assessments are illustrated

in Figure 8 on page 119.

To summarize, the evaluation procedure reveals that both methodologies lack a clear
statement of goals and objectives, as well as sufficient principles for achieving the ob-
jectives that are emphasized. Moreover, glaring deficiencies are apparent in both soft-
ware development methodologies. That is, both fail to actively support the principle of
information hiding and also have difficulties in incorporating the desirable attributes of
traceability and well-defined interfaces in respective system products. In general, the
evaluation procedure does accurately assess the software engineering objectives, princi-
ples and attributes espoused by methodologies A and B. Of particular significance is the
fact that the objectives and principles determined to be “emphasized” during the product
development process, yet not stated in the methodology documentation, are precisely
those that are implicitly assumed important by the software engineers developing pro-
ducts A and B. An interested reader is advised to refer to NANRSS for a detailed eval-

uation of the two methodologies.

Thus far, the reader is presented with an application of the evaluation procedure and the
discussion of its results. The Kiviat graphs illustrate, in comparative terms, the extent

to which the objectives, principles and attributes are achieved in each methodology. One
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question that commonly intrigues everyone, however, is why performance or efficiency
is not considered a software engineering objective. The following discussion explains the

omission of performance as a software engineering objective.

5.3 Why Performance Is Not An Objective?

Because one strives to achieve a high degree of efficiency or performance in a system, it
is logical that one might assume performance as a software engineering objective.
Therefore, the extension of performance as an objective of software development or a
methodology is assumed reasonable. However, performance is not an objective - it is, in
fact, a constraint. This section presents the arguments as to why performance is a con-

straint rather than an objective.

5.3.1 Linear Programming Concept

To understand the rationale behind the statement that performance is a constraint rather
than an objective, one needs to first understand several concepts basic to linear pro-
gramming (commonly known as LP) [GREM78, JOHR76]. LP is one of the most
common and useful tools used in the operations research area for finding solutions to
complex situations and problems encountered in many different environments. Some
typical environments where LP is applied are production systems, transportation prob-

lems and so forth.
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LP refers to a technique for the formulation and solution of problems in which some
linear function of two or more variables is to be optimized subject to a set of linear
constraints. The linear function to be optimized is refered to as the objective function.
Optimization can refer to either the maximization or minimization of the objective
function. For example, the objective may be to maximize a profit function or to mini-
mize a cost function. Constraints are simply algebraic statements which, for
maximization problems generally specify the limited availability of resources - time, la-
bor, material, money, etc. - while for minimization problems they usually establish min-
imum quality or composition requirements. Let us now apply the LP concept to the

software engineering objectives.

5.3.2 Performance : A Constraint

In Chapter 3 we list a number of software engineering objectives, viz; maintainability,
correctness, portability, adaptability, testability, reliability and reusability. A methodol-
ogy may stress all of these objectives equally or perhaps emphasize only on a few. For
example, one may aim only for maintainability, portability and correctness. In such a
case, the objective will be: To optimize M + P + C where variables M, P, and C re-
spectively stand for maintainability, portability, and correctness. Another methodology
may be aimed at achieving maintainability, portability, adaptability and reusability,
where adaptability and portability are considered twice as important as maintainability
and reusability. In such a case, the objective function will be to optimize M + 2P +2A
+ R where variables A and R stand for adaptability and reusability respectively. The
above objective functions are usually optimized with respect to some constraint like a

given performance measure.
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Performance (or efficiency) is described in a variety of ways by various authors. A few

sample definitions of performance are:

e the measure of execution behavior of program (execution speed, storage speed)

IMYEG?75],

e the execution time, storage space, number of instructions, processing time

[KOSD74],

¢ the effectiveness with which resources of the host system are utilized toward meeting

the objective of the software system [DENJ73], and

¢ the amount of computing resources and code required by a program to perform a

function [McCJ77].

To generalize the above, performance (or efficiency) deals with the utilization of a re-
source. One would normally endeavor to achieve a high degree of efficiency. It must be
pointed out, however, that the achievement of high performance is not without side ef-
fects. That is, high performance has an adverse effect on the following software engi-
neering objectives: maintainability, testability, adaptability, portability and reusability.
Performance does not have an influence on correctness and reliability [McCJ80].
Figure 9 on page 126 [McCJ80] depicts the relationships between various software
quality factors. A close examination of those relationships substantiate why perform-
ance is considered a constraint on the above objectives. That is, as performance goes up

the achievement of objectives goes down!

Justifications for the adverse effect of high efficiency on the objectives of maintainability,

testability, adaptability, portability and reusability are given as follows:
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e Performance has an adverse effect on maintainability. Optimized code, incorporating
intricate coding techniques and direct code, always provides better efficiency but
poses problems for the maintenance of the system. From the other perspective,
modularity and well documented high level code tend to improve maintainability but

usually increases overhead and results in less efficient operation.

e Testability is also adversely affected by performance. The reason for this adverse
effect is that the complex coding techniques used to gain performance often hinder
the programmer throughout system testing. Moreover, in the case of an error the

programmer often finds it difficult to trace the error because of the complex code.

e The use of direct code, optimized system software and utilities improve the per-
formance of the system. This has, however, a detrimental effect on portability be-
cause direct code and special utilities cannot be easily installed on other systems.

Hence, portability of the original system is reduced.

e Adaptability is usually attained through generality. The generality required to
achieve an adaptable system increases overhead and, correspondingly, decreases the

efficiency of the system.

¢ Performance also has an adverse effect on reusability. Reusability also relies on
generality of application which helps expand the usefulness of a function beyond the
existing module. As mentioned above, however, generality gives rise to extra over-

head which reduces the efficiency of the system.

In view of the above reasoning one can naturally perceive why performance is considered

a constraint rather than an objective. If one wishes to achieve certain objectives, he must
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compromise levels of performance. That is, maximizing a function of objectives is con-

strained by the level of performance one strives to achieve.

125



S/ &
) E §\ A
IS S o /X
FACTORS ¢S /L /&/S
Correctness & NS L/ A N
Relfability O C/E/ S/ T
N N
Efficiency L qf';,'b 3 \‘-S\
Maintainability] 0 | O | @ SR A A
Testability olole®]o A3 Qé" «53\\
Adaptability ®) Ol e®@1|O @) RY
Portabiiity e |0 O ¢
Reusability [ ] ® (O oo e
LEGEND

If a high degree of quality is present for factor,

what degree o

O = High

f quality is expected for the other:
® = Low

Blank = No relationship or application dependent

Figure 9. Relationship between Software Quality Factors

126



6.0 Software Engineering versus Systems

Engineering

After exploring'the domain of software engineering let us now examine the systems en-
gineering area and investigate the similarities and differences between the two disciplines.
The science of software engineering is aimed at creating software that is economical,
correct, reliable and maintainable. Similarly, systems engineering endeavors to create
systems that have several desirable characteristics. A few coveted characteristics per-
taining to systems engineering are efficiency (or performance), reliability, testability and

so forth.

6.1 Systems Engineering Life Cycle

A survey of literature [CUTM83, CUYR84, HIRS84, KATR84, RADJ84, SMICS83]
reveals a significant commonalty between the software engineering and systems engi-

neering disciplines. Systems engineering also employs a life cycle that is similar to the
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software life cycle. Hirschhorn and Davis [HIRS84] argue that the systems engineering
development life cycle is conceptually similar to the software life cycle presented in

Chapter 3.

The following discussion first presents the phases of a systems engineering life cycle. As
each phase is presented, similarities and correspondence between the software and the
systems life cycles phases are highlighted. Rader [RADJ84] outlines a systems engineer-

ing life cycle which he calls digital life cycle. This life cycle includes the following steps:

Requirements Definition,

¢  Architectural Design,

e Logic Design

¢ Detail Design,

e Construction,

¢ Testing and Integration, and

¢ Maintenance.

The first step of systems engineering life cycle is requirements definition. In this step, the
complete description of the features of the system from a pure black-box perspective is

presented. The corresponding step in the software life cycle is requirements specification.

128



The second step in the systems engineering life cycle is architectural design. Architectural
design involves organization and division of system functions across computational

modules. This step corresponds to the high-level design phase of the software life cycle.

Logic design and detailed design are the next two steps in systems life cycle. Together,
these two steps support the detailed design aspect of the life cycle, wherein the abstract
high-level design in the previous step is refined to more concrete ideas. The detailed de-

sign step of software life cycle parallels these steps.

The next step in systems engineering life cycle is construction. In this step the detailed
design is implemented to create physical entities which can be networks, circuits and so

forth. From the software aspect, construction resembles the coding and implementation.

The fifth step listed in the systems engineering life cycle consists of two main activities;
testing and integration. Where testing involves verifying that the implemented hardware
system fulfils system specifications while validating its <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>