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Abstract

Successful development of software systems depends on the quality of the
requirements engineering process. Use cases and scenarios are promising vehi-
cles for eliciting, specifying and validating requirements. This thesis investi-
gates the role of use case modelling in requirements engineering and its relation
to system verification and validation. The thesis includes studies of concepts
and representations in use case modelling. Semantic issues are discussed and
notations based on natural and graphical languages are provided, which allow a
hierarchical structure and enable representation at different abstraction levels.

Two different strategies for integrating use case modelling with system test-
ing are presented and evaluated, showing how use cases can be a basis for test
case generation and reliability assessment. An experiment on requirements vali-
dation using inspections with perspective-based reading is also reported, where
one of the perspectives applies use case modelling. The results of the experi-
ment indicate that a combination of multiple perspectives may not give higher
defect detection rate compared to single perspective reading. Pilot studies of
the transition from use case based requirements to high-level design are
described, where use cases are successfully applied for documenting how func-
tional requirements are distributed on architectural elements. The investigation
of an industrial requirements engineering process improvement programme is
also reported, where the introduction of a release-driven prioritisation method
contributed to a measurable improvement in delivery precision and product
quality.

The results presented in the thesis provide further support for how to suc-
cessfully apply requirements engineering with use cases as an important basis
for software development.
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Introduction

Software is intangible and immaterial. While physical constructions have
properties that we can observe directly with our senses, software systems
cannot be weighed, touched or smelled. A software system can only be
observed through the linguistic representations that we make of it or
through the effects it produces when it is used. In addition, many soft-
ware systems of today are very “large” and of immense complexity. If we,
for example, would print on paper the source code for the software that
operates in a public telephone exchange, using the format of normal pro-
gram listings, the printing would be several miles long. We should also
bear in mind that such a complex system requires thousands of engineers
involved in its development and subsequent modification.

A software system is, due to these facts, very difficult to conceptualize
and communicate. Still, if we cannot define what we want from a software
system in a precise and comprehensible manner, it is not very easy for the
software engineers to know what to build and to verify that a system ful-
fils what was wanted from it. If we cannot capture the expectations on a
system before it is implemented, it is very likely that the system will be a
disappointment.

This thesis concentrates on how to elicit, specify and validate the
requirements of a software system to be constructed. These activities are
carried out within the discipline called requirements engineering. The
research presented here aims at improving a particular technique in
requirements engineering, called use case modelling, and to integrate this
technique with other techniques used for the testing of software systems.

Requirements Engineering with Use Cases - A Basis for Software Development



Introduction

The thesis includes a collection of seven papers and is organized in the
following four parts:

= Introduction. The introduction gives a background to the pre-
sented papers. Section 1 presents the research focus and states the
research questions. Section 2 explains the research methods used in
relation to the research questions and the presented papers.
Section 3 gives an overview of related work. Section 4 summarises
the main contributions of the research.

= Concepts and representations of use cases. This part includes two
papers regarding semantical and syntactical issues in use case mod-
elling. Paper | explains the need for adding structure to use cases
and proposes a way to build an integrated model of use case frag-
ments. Paper 1l presents a conceptual framework for use case mod-
elling and proposes a graphical representation with support for
different abstraction levels.

= Integrating use cases with verification & validation. This part
includes three papers regarding the role use cases can play in testing
and inspection. Paper 111 provides an investigation of how to utilize
the information in use case models for statistical usage testing.
Paper 1V describes how use cases can be a basis for operational pro-
file testing. Paper V reports on the results from an experiment with
a specific inspection technique used for validating requirements
documents, called Perspective Based Reading, in which use cases are
applied as one way of finding requirements defects.

= Industrial requirements engineering. This part includes two
papers regarding industrial process improvement efforts in require-
ments engineering. Paper VI reports on experiences from a sequel of
industrial pilot projects where use cases were used in the transition
from requirements to high-level design. Paper VII analyses the ben-
efits of an industrial requirements engineering process, and outlines
how some challenges can be addressed with use cases.

8 Requirements Engineering with Use Cases - A Basis for Software Development



1. Research Focus

1. Research Focus

The research presented in this thesis is carried out within the discipline of
software engineering, concerned with methods, tools, and techniques for
developing and managing the process of creating and evolving software
products (Sommerville, 1996). Within software engineering, a sub-disci-
pline has grown during this decade, called requirements engineering, which
focuses on the early phases of software development where decisions are
made on what to implement by the software system and the foundation is
laid for the later phases that determine how to implement it.

The software industry is perhaps the fastest growing and most profita-
ble industry in the world and software has had a profound impact on our
society. During the last decades, software systems have become more and
more complex, and many vital functions of our society now depend on
software systems. Development of large and complex software systems,
however, is intrinsically difficult. It is unfortunately common that soft-
ware systems are delivered with poor quality, too late, and over budget.
The term “software crisis” was coined already in the late 1960’ (Naur &
Randell, 1969), but even in the 1990’s, the crisis is still present (Gibbs,
1994). No single technique or method has yet been discovered that over-
comes all the essential difficulties in the creative process of large-scale soft-
ware development (Brooks, 1987). Thus, we have to apply a number of
different techniques and methods in this process to get complex software
systems with adequate quality delivered in a predictable time and to a pre-
dictable cost.

In large software development projects, it is neither feasible, nor desir-
able, to start directly with coding; several activities are needed before a
solution can be implemented. After the implementation is ready, activities
have to be carried out to assure and assess its quality and when the prod-
uct has been delivered, it has to be maintained as all significant software
systems are likely to need changes. New services are introduced into the
system as its environment changes and its users require more functional-
ity. In order to manage large software development projects, that either
develop new systems from scratch or enhance existing systems, we need to
follow a well defined process.

The waterfall model (Royce, 1970) is often used to illustrate the proc-
ess of large-scale software development. It views the development as a
stepwise transformation from the problem domain to the solution
through a number of phases. The model has been criticized for being too

Requirements Engineering with Use Cases - A Basis for Software Development 9



Introduction

simplistic and not taking iterations and other aspects into account
(Boehm, 1988), but variants of the model are still used to illustrate the
software development process. The major activities can be summarized as
follows:

= Requirements Engineering. Requirements on the software system are
elicited, specified and validated.

= Design. The architecture of the software system is determined, and
the system is modularised into coherent subsystems (components).

= Implementation. Executable components are developed which
implement the design.

= Component Verification. The components of the system are verified
to ensure that they are implemented according to the design.

= System Verification & Validation. The system is verified to assure that
it fulfils its specification, and validated against the users’ and cus-
tomers’ needs and expectations. Quality aspects, such as reliability,
are assessed.

This thesis concentrates on improvements to a specific technique for
requirements engineering called use case modelling, and how this tech-
nique can be integrated with the verification & validation phases. The
subsequent sections give a background to requirements engineering, use
case modelling, and verification & validation respectively. Section 1 is
concluded by stating the research questions investigated in this thesis.

1.1  Requirements Engineering

The two major objectives of requirements engineering are (1) to under-
stand the problem that the intended system is supposed to solve, and (2)
to select and document the requirements on the system and its develop-
ment. The products of requirements engineering are the foundation for
the whole subsequent development. In particular, we want to create a
solid basis for:

= Planning and cost estimation,
= Design and architectural decisions,

= Verification and validation.

10 Requirements Engineering with Use Cases - A Basis for Software Development



1. Research Focus

A major motive for spending time and effort on requirements engineering
and its improvement comes from the objective of doing the software
development right from the beginning, instead of patching at the end.
This objective is justified by empirical evidence supporting the following
hypotheses (Davis, 1993):

= Many requirements errors are being made.
= Many of these errors are detected late.
= Many of these errors can be detected early.

= Not detecting these errors may contribute to dramatic increase of
software costs.

Experience shows that the cost of detecting and repairing errors increases
dramatically as the development process proceeds. Table 1 shows a compi-
lation of three empirical studies, indicating that it may be up to 200 times
more expensive to detect and repair errors in the operation stage, com-
pared to detecting and repairing them during the requirements stage
(Davis, 1993).

With these figures in mind, it is reasonable to believe that efforts spent
on improving requirements engineering will pay off.

Table 1. Relative cost of error repair in different development stages.

Stage Relative cost of error repair
Requirements 0.1-0.2

Design 0.5
Implementation 1

Component Verification 2

System Validation 5

Operation 20

Webster’s Dictionary (1989) defines a requirement as “something
required; something wanted or needed”. A more elaborated definition,
specific to software systems, can be found in the IEEE Standard 610
(1990), where a requirement is defined as:

Requirements Engineering with Use Cases - A Basis for Software Development 11
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1. A condition or capability needed by a user to solve a problem or achieve
an objective.

2. A condition or capability that must be met or possessed by a system or
system component to satisfy a contract, standard, specification, or other
formally imposed document.

3. A documented representation of a condition or capability as in 1 or 2.

We can see that the word requirement can mean both a desired property
and an obligatory property. This reflects the decision process, inherent to
requirements engineering; we need not only to find all desires, we also
have to decide which of the, possibly conflicting, desires to be imple-
mented.

The documented representation of a requirement is also, for short,
termed just requirement. This indicates the specification process within
requirements engineering, as we need to document the selected require-
ments together with the reasons for our decision so that the rationale for
the requirements can easily be understood.

Those that have interests in the process of requirements engineering
are called stakeholders, including, for example, requirements holders (cus-
tomers, procurers, sponsors, end-users, etc.) and developers (requirements
engineers, designers, testers, managers etc.).

The product of requirements engineering is called requirements specifi-
cation. This term is also used for the process of documenting requirements.

The process of requirements engineering is not a simple succession of
demarcated activities. Instead, it is inherently iterative and consists of a
number of interrelated subprocesses. Loucopoulos & Karakostas (1995)
identify the following interrelated subprocesses:

= Elicitation: understand the problem, identify the stakeholders and
capture the requirements.

= Specification: describe the problem and document the requirements.

= Validation: ensure that the specified requirements agree with the
stakeholders’ expectations.

Figure 1 gives an overview of the information flow between these proc-
esses. This picture does, however, not take into account other important
subprocesses, such as the management of requirements changes or the pri-
oritisation of requirements. Karlsson & Ryan (1998), for example, stress
the need for incorporating a structured requirements selection process

12 Requirements Engineering with Use Cases - A Basis for Software Development
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User Feedback

User requirements

Models to be

Requirements

Knowledge models

Validation

Elicitation Specification

Validation

Request for more
results

knowledge

Domain knowledge Problem Domain knowledge

Domain

Figure 1.  Processes in requirements engineering (Loucopoulos & Karakostas,1995).

into requirements engineering, where requirements may be prioritised
based on pair-wise comparison of requirements, using the criteria of value
and cost. Requirements are selected so that the system will give a high
value to an acceptable cost.

A major challenge is to know when to stop requirements analysis, and
unfortunately it is not easy to define an objective stop criterion. It is up to
the judgement of the involved stakeholders to determine if the require-
ments documentation is good enough to proceed with design. The subse-
quent phases in the development process are likely to demand changes in
the requirements document, and after delivery, the system is likely to need
changes caused by changing requirements. Hence, the requirements engi-
neering process must continue, in some form, throughout the entire life-
time of the system.

Requirements Engineering with Use Cases - A Basis for Software Development
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1.2 Use Case Modelling

The main concepts in use case modelling are actors and use cases. Accord-
ing to Jacobson et al. (1992), an actor represents a certain user type or a
role played by users. A use case is a specific way of using the system, viewed
as a set of related transactions performed by an actor and the system in
dialogue.

As an example, consider an automated teller machine, where users can
retrieve money and check how much money they have in their bank
account. In this system we can identify the following actors:

= Customer — the normal user role with the goals of withdrawing cash
and checking the account balance.

= Supervisor — the actor which supervises and maintains the machine,
including money and receipt paper refilling.

= Database — the central banking system maintaining and updating
bank account information.

The last actor is an example of a user type where the role is not played by
humans, but instead by another software system.

Examples of use cases for the customer actor are withdraw cash and
check balance. These use cases typically include events such as insert card,
display message, enter code etc.

As another example, consider a telephony system. Here we may iden-
tify actors such as subscriber and operator, and the use cases make call and
add new subscriber. The use case make call typically includes events such as
lift receiver, send dialtone, dial number, etc.

Another example is an ordinary, single user word processor system,
where the writer actor may, for example, perform the use case spell check-
ing, including events such as select paragraph, select dictionary, display mis-
spelling, learn word, etc.

Use cases may have different variants or alternative courses, depending
on the different circumstances of system usage. For example, in the with-
draw cash example use case there may be different courses depending on,
for example, if the code is entered correctly or not. A single sequence of
events representing such specific realisations of a use case is often termed a
scenario. Hence, a use case is often said to cover a set of scenarios.

The term use case was coined by Jacobson et al. (1992), and intro-
duced in an object-oriented context. Object orientation provides concepts

14
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for defining and relating objects. These objects can both be entities of the
problem domain and entities existing as parts of a software system. Many
object-oriented methods demarcate between analysis and design, where
analysis is focused on problem domain objects and design is focused on
system internal objects. Traditional object-oriented analysis, however, can
only partially capture requirements, as object models, focused on inherit-
ance and aggregation, mainly are static views of the system and its prob-
lem domain. Requirements are, however, to a large extent functional and
not solely object-oriented, as they define a system’s functional properties
also with regard to dynamic issues. Several object-oriented methods have,
in consequence, incorporated dynamic modelling based on the concept of
use cases in order to bridge the gap between a functional view in require-
ments analysis and an object-oriented view in architectural analysis and
design.

Although often combined with object orientation, use case modelling
is a general technique that may be applicable as a front-end to any design
method. The basic idea of modelling usage from an external point of view
by describing different usage scenarios, is often practised within require-
ments engineering, sometimes under the name scenario-based require-
ments analysis (see e.g. Carroll, 1995).

Paper | and Il concentrate on improvements to use case modelling
with respect to their meaning and representation. In paper VI, an indus-
trial case study is presented, where use cases are used as a vehicle in the
transition from requirements to high-level design.

1.3 \Verification & Validation

As the software development process is human intensive and error prone,
it is important to continuously assure that the interim and final products
of the development are of adequate quality. Verification & Validation
(V&V) refer to activities that test the quality of a product for the purpose
of finding and correcting defects and deciding if the development can
continue or some parts must be subjected to rework. Verification refers to
a narrow frame of testing, where a product is checked if it is correct in
terms of previous products. An example of verification is when an imple-
mented software component is executed using a set of test cases to see if it
fulfils the component design. Validation is a broader type of evaluation,

Requirements Engineering with Use Cases - A Basis for Software Development 15
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where the product is checked against the original stakeholders’ views. An
example of validation is when the final integrated system is tested in an
acceptance test, to see if it corresponds to the original intentions.

V&yV strategies may be divided into two main classes: (1) static V&V
including v&Vv methods that do not execute the artifact under scrutiny,
and (2) dynamic v&yV including methods that exercise a software artifact
by executing it with sample input data. These two classes can be broken
down further into different types of methods. Figure 2 shows a partial®
classification of v&Vv methods.

V&v

Static \Dynam ic
\
/ Automated / \

Inspection Checking White-box Black-bo:
/ \ Random Equivalence
Ad Hoc Checklist Testing Partitioning
Scenario-based readin isti
? Statistical Usage Operational Profile
Testing

Testing

Figure 2.  Classification of verification & validation techniques.

Static V&V in turn may be divided into automated checking and inspec-
tions. Automated static checking is based on formal languages and com-
piler technology and may reveal defects based on the syntax and semantics
of the formal languages used.

Inspection, on the other hand, is a manual approach, where humans
read the documentation of a software artifact with the objective of finding
and understanding defects. Reading techniques are suitable for docu-
ments containing natural language, common in requirements documents,
but also applicable when evaluating, for example, the quality of design
and code. This thesis includes an investigation of a reading technique for
requirements inspection that involves use cases (Paper V).

Dynamic testing can be divided into black-box and white-box tech-
niques, where black-box refers to functional testing with an external per-
spective and white-box refers to structural testing with an internal

1. The figure only includes a few examples of each class. A more detailed survey of existing tech-
niques is available in (Graham, 1994).

16
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1. Research Focus

perspective. In white-box techniques, the test cases are defined based on
structural aspects, such as path coverage.

In black-box techniques, test cases are derived from a system specifica-
tion, and hence have a natural connection to requirements. One example
of a black-box technique is equivalence partitioning (see e.g. Sommerville,
1996), where the test cases are based on classes of input and/or output
values of a system.

Another example of a black-box v&v technique is random testing,
where test cases are selected according to some probability distribution.
This type of testing is motivated by the need for making test cases resem-
ble system operation. The reliability of a system depends not only on the
number of defects in a software product, but also on how it is executed in
operation. This implies that reliability testing must resemble operational
usage, i.e. test cases are selected according to a usage profile.

This thesis includes investigations of how usage models for reliability
testing can be constructed based on use cases (Papers 11, 1V). The three
papers 111, IV & V are based on a general investigation of use cases and
v&V integration opportunities provided in (Regnell & Runeson, 1998).

1.4 Research Questions

The presented thesis project started in November 1993. The main vision
of the project was to work with methods and techniques which support a
user-centred approach to software engineering, where the user perspective
is in focus throughout the life-cycle (Wohlin et al., 1994). This vision
aims at continuous visibility and evaluation by the customers and users,
which in turn is assumed to help with keeping software development on
track for the successful delivery of systems that comply with the original
needs and expectations.

There are inherent connections between Requirements Engineering
(RE) and Verification & Validation (v&V). Both RE and v&V view the
system under development at a higher abstraction level compared to
design and implementation, and both disciplines have an external view of
the system (see Figure 3), where the system usage is in focus, rather than
its internal structure. In both the RE and v&vV research communities,
there exist concepts related to system usage, namely the use case concept in
RE and the concept of usage testing in v&V. At the beginning of this dec-
ade, little effort was paid to the integration of these concepts, and research
questions were formulated for the investigation of such an integration.
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Figure 3. External and internal views in the software development process.

Before an integration between use case modelling and usage testing can
be achieved, it is important to investigate the properties of each of these
concepts in order to see which parts best fit together. The first two papers
in this thesis are focused on research questions related to use case model-
ling itself, as the investigation presented by Wohlin et al. (1994) identified
several open issues regarding how to apply use cases. It was assumed that a
more structured approach to use case modelling was needed in order to
facilitate an integration with usage testing.

The investigation of use case modelling is based on questions regarding
the representation of use cases, the abstraction level of use case representa-
tions, and their understandability to laymen.

The thesis project has a broad interest in requirements engineering in
general, and use case modelling in particular. Other requirements engi-
neering related issues have been investigated, such as requirements valida-
tion through inspections and requirements process improvements.
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In summary, four major research questions have formed the basis for
the presented work:

RQ1. How can the semantics and syntax of use case representations be
improved in order to allow different degrees of formality, differ-
ent levels of abstraction, and easy comprehension?

RQ2. How can use case modelling be integrated with system testing,
so that the usage information contained in use case models can
be utilised for test case creation and assessment of reliability?

RQ3. How does the user perspective perform in requirements valida-
tion through inspection?

RQ4. What have been the outcomes of requirements engineering
improvement efforts in industry?
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2. Research Methods

Software engineering has a short history and is still maturing as a research
discipline. It is therefore not surprising that the research community is
debating how to conduct research in software engineering and require-
ments engineering (Potts, 1993; Fenton, et al., 1994; Glass, 1994; Ryan,
1995). Software engineering emerged as a complement to computer sci-
ence, which in turn has grown out of a sub-discipline of mathematics.
Although software engineering research deals with real world problems
involving humans and organisations, a great deal of software engineering
research is, perhaps for historical reasons, conducted in the analytical tra-
dition of mathematics, where formal (mathematical) reasoning is the
main starting point. The research presented in this thesis is, however, less
based on formal mathematics, and more centred around the investigation
of informal and semi-formal techniques aimed at solving practical prob-
lems faced by the software industry.

The humans involved in and affected by software development are
central to software engineering. Hence, it may be wise to investigate the
research approaches used in behavioural sciences which have a longer tra-
dition of research with humans as subjects. Robson (1993) gives a classifi-
cation of behavioural science research approaches on an ordinal scale from
basic research to applied investigations:

= A. The traditional ‘science only approach, including (1) basic research
where application to problem-solving in the real world is not usu-
ally seen as an objective; (2) less basic, but still ‘pure’ or ‘theoretical’
where application is not a high priority; (3) research on practical
problems where application is seen as possible but not a necessary
outcome.

= B. Building bridges between researcher and user, where (1) the
researcher believes that the work has practical implications and
should be used and seeks to disseminate results widely and in an
accessible language; (2) the researcher obtains client collaboration
on researcher-designed projects and would like the client to be
influenced by the outcome of the research; (3) in addition to B2 the
researcher takes steps to give the client regular feedback on progress,
problems and outcomes and during this feedback, the client has an
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opportunity to check on interim findings and contribute with the
client’s own analysis and interpretation and the researcher helps in
the practical implementation of the research results.

= C. Researcher-client equality. (1) The researcher and client together
discuss problem areas and jointly formulate the research design and
actively collaborate involving some measure of control on part of
the client, including implementation of results; (2) As in C1, but
the initiative is taken by the client who identifies the problem and
the researcher consider whether there are other issues which should
receive primary attention; (3) As in C2, but the problem identified
by the client is not questioned and research proceeds on that basis
with the researcher paying most attention to implementation.

= D. Client-professional exploration. A client with a problem requests
help from a researcher. Collection of new data (if any) is minimal.
Advice or recommendation is based on the researcher’s past experi-
ence and knowledge of the field. If this takes place in an organisa-
tion, then training or organisation development is a frequent
outcome.

= E. Client-dominated quest. A client requests help from a specialist
who examines the problem, interprets ‘best current knowledge’,
makes a diagnosis and suggests a line of action.

The work presented in this thesis has, according to the above classifica-
tion, been conducted with approaches in the classes from A3 to C1, indi-
cating a clearly applied focus with the researcher in main control of the
research design.

A classification of research methods in software engineering was pro-
posed at a Dagstuhl Workshop (Adrion, 1993) and discussed by Glass
(1994) and Zelkowitz & Wallace (1998). This classification identifies the
following four research methods:

= Scientific method. Scientists develop a theory to explain a phenome-
non; they propose a hypothesis and then test alternative variations
of the hypothesis. As they do so, they collect data to verify or refute
the claims of the hypothesis. An example is building a simulation
model of a software development process based on mathematical
relations between measurable entities and validate results from the
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simulations with empirical data from real projects; if the simulation
model is valid it may be used for prediction purposes (see e.g.
Donzelli & lazeolla, 1996).

= Engineering method. In this evolutionary approach, engineers
observe existing solutions, propose improvements and analyse and
measure the improvements proposals; this scheme is repeated until
the solutions do not need further improvements. An example is
proposing improvements to a requirements engineering method
and trying it out to evaluate the results; the evaluation is input to
further improvement efforts (see e.g. Potts et al., 1994).

= Empirical method. Based on hypotheses, design a study, collect data,
and test the hypotheses with quantitative (statistical) methods.
Unlike the scientific method, there is not necessarily a formal model
or theory describing the hypotheses. Empirical methods can be fur-
ther categorised into three types (Robson, 1993):
— Experiment: measuring the effect of manipulating one variable
over another variable. An example is comparing the effectiveness of
two different requirements inspection techniques (see e.g. Basili et
al., 1996)
— Survey: collection of information in standardized form from
groups of people. An example is investigating current practice in
requirements engineering through interviews with a number of
companies (see e.g. Weidenhaupt et al., 1998)
— Case study: development of detailed, intensive knowledge about a
single case, or a small number of related cases. An example is study-
ing a specific requirements engineering technique used in a real
project (see e.g. Gough et al., 1995)

= Analytical method. A formal theory is developed, and results derived
from that theory can be compared with empirical observations. An
example is using formal reasoning in requirements specification (see
e. g. Du Bois et al., 1997; Desharnais et al., 1998).

The work presented in papers I, I1, 11, and 1V represents the engineering
research method, as new improvement proposals on existing techniques
are investigated. Paper V represents the empirical research method, in
which a controlled experiment is performed. Paper VI and VII represents
the empirical research method as case studies of specific industrial require-
ments engineering methods are investigated.
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The approaches and methods used in this thesis are summarised in

Table 2.
Table 2. Mapping between research questions, papers, approaches and methods.
Research
Questions | Papers | Approaches | Methods
RQ1 I, 1 B1, B2 Engineering
RQ2 1, v B1 Engineering
RQ3 \% A3 Empirical: experiment
RQ4 VI, VIl C1 Empirical: case study

The work presented here is conducted by engineers with a strong urge to
measure and quantify. Although, the search for objective and quantifiable
facts is considered as essential, there is in engineering also a pragmatic
attitude to the problems in focus; if a method works, then use it, even if
there is no rigorous scientific explanation to why it works or any certain
quantification of how effective the method is. The use of qualitative
methods in software engineering is often not as structured as in the more
mature behavioural sciences, but qualitative reasoning is often used by
engineers.

During the presented research project, there have been many occasions
where a clear cut, objective answer in quantifiable terms has not been
found. Other parts of the problem space have been investigated with
more scientific rigour. Still, all research results presented in the thesis are
founded in the dedicated quest for solutions to industrial software engi-
neering problems.
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3. Related Work

The research contributions presented in this thesis are enhancements of
previous work in the area of requirements engineering and verification &
validation. This section puts the presented work into context, points out
some important publications in the field, and identifies a number of
sources that have been major inputs to the study of the research questions.

This thesis represents an effort of combining and integrating different
areas of software engineering through the use case concept, as the research
questions RQ2 & RQ3 in Section 1.4 suggest. The presentation of related
work is consequently divided into three subsections, describing use cases,
testing, and inspections, respectively.

3.1 Use cases and Scenarios

The work in this thesis was initially based on the use case concept coined
by Jacobson et al. (1992). In the papers of this thesis we use the terminol-
ogy that stems from Jacobson, where a “scenario” is specialisation of a “use
case”. Now, the term “scenario” has gained widespread acceptance as a
general concept denoting a sub-discipline of requirements engineering
rather than a specific, well-defined technique.

The number of research publications in the area has grown and indus-
try is applying scenarios and use cases in a plurality of ways. A large EU-
funded basic research action started in 1996 called CREWS (An ESPRIT 4th
Framework Programme, No. 21.903), which stands for “Cooperative
Requirements Engineering With Scenarios”, and which have had a major
impact on the requirements engineering community. An important con-
cept-building crRews report is the Scenario Classification Framework
(Rolland et al., 1998) — subsequently denoted CREws-sCF — which also
includes an extensive literature study and the classification of 12 scenario
approaches according to this framework. A scenario approach is classified
in terms of its contents, form, purpose and role in the requirements engi-
neering life cycle. An overview of the CREWS-SCF is given in Figure 4.

Paper | is classified by Rolland et al. (1998) according to the CREWs-
SCF, and it is concluded that the approach in Paper | differs from Jacob-
son et al. (1992) with respect to form, contents and purpose, as more
structure to use case modelling is applied, a more advanced graphical
notation is provided, and the purpose is primarily focused on require-
ments specification rather than identification of design objects. Paper 1l is
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What is the knowledge

Contents expressed in a scenario?
has
Why use a aims at . expressed
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evolves In which form is
a scenario expressed?
How to manipulate Life-cycle
a scenario?

Figure 4.  Overview of the cCREws Scenario Classification Framework
(Rolland et al., 1998).

in essence similar to Paper | in terms of the CREwWs-SCF, although the
graphical representation is more developed and extensions are proposed in
relation to the standard language of Message Sequence Chart (MSC,
1993) ITU Recommendation Z.120. Many of the ideas in Paper Il are
now incorporated in the latest version of MSC (1996).

The CREWS-SCF shows that the views of scenarios may vary to a large
extent and that many different ways of using scenarios are possible. For
example, Gough et al. (1995) present a use case approach where use cases
are expressed using visual representations with multimedia and hypertext
animations, while Hsia et al. (1994) present a formal but non-executable,
grammar-based approach to scenario generation and analysis. Potts et al.
(1994) propose textual scenarios and tabular notations and integrate sce-
narios with an inquiry cycle where open questions, responses and argu-
ments are tracked together with change requests.

The plurality of scenario applications is further emphasised by the sur-
vey of current industrial practice described in another CREWS report
(Weidenhaupt et al., 1998), where 15 projects in 4 European countries
are classified according to the CREWs-SCF. In this survey it is concluded
that inspections in conjunction with scenarios are commonly used, which
is a motivation from practice for the study in Paper V.

Another conclusion from the survey is that nearly all developers men-
tion the need to base system tests on scenarios, but current practice rarely
satisfies this demand as most projects lack a systematic approach for defin-
ing test cases based on scenarios. Paper 111 & IV provide an investigation
of such systematic approaches, providing methods to integrate use case
modelling with testing.

Requirements Engineering with Use Cases - A Basis for Software Development
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In addition, four types of scenario evolution where encountered by the
survey: (1) top-down decomposition of scenarios, (2) from black-box to
white-box scenarios, (3) from informal to formal scenario definitions, and
(4) incremental scenario development. The first two evolution types are
discussed in Paper VI. The third evolution type is discussed in Paper | &
I1. Leite et al. (1997) discuss the management of incremental scenario
development in conjunction with a requirements baseline, which in turn
may fit well to the use case approach in Paper | & 1I.

Several object-oriented methods have incorporated dynamic object
modelling with use cases, as a complement to the static view in traditional
object models. One of the early publications on dynamic object behaviour
analysis is Rubin & Goldberg (1992), who propose object scripts in tabu-
lar form which resemble use cases. Paper Il presents a comparison of
object-oriented use case approaches including OOSE (Jacobson et al.,
1992), OMT (Rumbaugh et al., 1991), the Booch method (Booch,
1994), and ROOM (Selic et al., 1994). The Jacobson, Rumbaugh, and
Booch approaches are now integrated in the Unified Modelling Language
(UML).

In Paper I, the goal concept (Dardenne et al., 1993) is pointed out as
useful in the identification and definition of use cases. Several authors
agree with the importance of combining use cases and goals (see e.g.
Cockburn, 1997a; Cockburn, 1997b; van Lamsweerde & Willemet,
1998). Anton et al. (1994) investigate the derivation of goals from scenar-
i0S.

Paper I & Il are mainly interested in functional requirements, while
Paper 111 & IV focus on one non-functional requirement, namely reliabil-
ity. Sutcliffe & Minocha (1998) provide a general investigation of how
scenarios can be utilised in the analysis of non-functional requirements.

3.2 Usage-based Testing

Non-functional requirements are an essential part of requirements specifi-
cations. In particular, the reliability requirements are often regarded as
one of the most important non-functional requirements. Software relia-
bility is in the IEEE Standard 610 (1990) defined as “the ability of a sys-
tem or component to perform its required functions under stated
conditions for a specified period of time”. As the definition indicates, reli-
ability is dependent on the circumstances of operation. When certifying
that a system fulfils a specified reliability requirement, it is in consequence
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necessary to specify under which circumstances this reliability require-
ment is to be met. Thus, there is a need to model system usage and to
quantify the probability of different usages in order to generate test cases
that resemble the circumstances in the reliability requirement. As in all
testing, the testing budget is limited, making it impossible to test all possi-
ble cases, which in turn implies that a subset of all test cases must be
selected. A common criterion for selecting test cases is their expected fre-
quency of usage.

It can thus be concluded that both the objective of prioritising among
possible test cases and the objective of certifying reliability, results in the
need for a system usage model. Usage-based testing implies a focus on
detecting the faults that cause the most frequent failures, hence maximis-
ing the growth in reliability.

There are two main approaches on probabilistic models of system
usage: (1) Statistical Usage Testing (SUT) based on Markov models as
introduced by Mills et. al. (1987) and further developed by Whittaker &
Thomason, where test cases are generated from a state-machine model
with probabilities attached to transitions between externally observable
system states; and (2) Operational Profile Testing (OPT) as proposed by
Musa (1993), where test cases are sorted in expected frequency order
based on a functional profile combined with an operational profile
including quantification of usage frequencies. A further development of
SUT is presented by Runeson & Wohlin (1992, 1995), introducing the
state-hierarchy (sHY) model in order to tackle the problem of scalability of
Markov models.

Common to the mentioned techniques is that the approaches include
two basic parts of usage specification: (1) a usage model including the
structural aspects of usage in terms of externally observable states or sys-
tem functions, and (2) a usage profile including the statistical aspects of
usage in terms of frequency or probabilities.

Paper 111 is based on the sHY model, and shows how sUT can be com-
bined with use case modelling, while Paper IV is based on opT and
presents ways of creating an operational profile from use cases. Another
approach for generating operational profiles from use cases is proposed by
Denney (1998). This approach uses the regular expression based use case
notation from the Fusion object-oriented method (Coleman et al., 1994),
complemented with statistical information.
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3.3 Requirements Inspections

Tool support for requirements validation based on scenarios has been pro-
posed by, for example, Maiden et al. (1998) and Sutcliffe et al. (1998).
The validation of requirements documents is, however, often done manu-
ally, as requirements normally include informal representations, fre-
quently based on natural language.

A commonly used technique for manual validation of software docu-
ments is inspections, proposed by Fagan (1976). Inspections can be car-
ried out in different ways and used throughout the software development
process for (1) understanding, (2) finding defects, and (3) as a basis for
making decisions. Inspections can be used to find defects early in the
development process, and have shown to be cost effective (e.g. Doolan,
1992).

A central part of the inspection process is the defect detection carried
out by an individual reviewer reading the document and recording defects
(a part of preparation, see Humphrey, 1989). Three techniques for defect
detection are Ad Hoc, Checklist and Scenario-based reading (Porter,
1995). Ad Hoc detection denotes an unstructured technique, providing
no guidance and the reviewers detect defects based on their personal
knowledge and experience. The checklist detection technique provides a
list of issues and questions, capturing the knowledge of previous inspec-
tions, helping the reviewers to focus their reading.

In the scenario-based approach, different reviewers have different
responsibilities and are guided in their reading by specific scenarios which
aim at constructing a model, instead of just passive reading. A scenario in
this context denotes a script or procedure that the reviewer should follow.

There is a considerable risk for terminology confusion here, as the
term scenario also is used within requirements engineering in general, and
in this thesis in particular, to denote a sequence of events involved in an
envisaged usage situation of the system under development, and a use case
is often said to cover a set of related (system usage) scenarios. The term
scenario in a scenario-based reading context is, however, a meta-level con-
cept which denotes a procedure that a reader of a document should follow
during inspection.

Two variants of scenario-based reading have been proposed: Defect-
Based Reading (Porter, 1995) and Perspective-Based Reading (Basili,
1996). The former concentrates on specific defect classes, while the latter
focuses on the points of view of the users of a document.
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Another part of the inspection process is the compilation of defects into
a consolidated defect list where all individual reviewers' defect lists are
combined. This step may include the removal of false positives (reported
defects that where not considered to be actual defects) as well as the detec-
tion of new defects. This step is often done in a structured inspection meet-
ing in which the team of reviewers participates. The effectiveness of a team
meeting has been questioned and studied empirically by Votta (1993) and
Johnson (1998).

Paper V describes research on scenario-based reading with a perspec-
tive-based approach. The research method is empirical and includes a for-
mal factorial experiment in an academic environment. The presented
experiment is a partial replication of previous experiments in the area and
focuses on refined hypotheses regarding the differences between the per-
spectives in perspective-based reading.

Requirements Engineering with Use Cases - A Basis for Software Development
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4. Research Results

The main results of the presented work include findings related to both
use case modelling itself, the combination with verification & validation,
as well as industrial application of requirements engineering and use cases.
This chapter summarises the main contributions, and gives a guide to the
reader on the contents of each included paper. Finally, an extensive list of
further research is presented.

4.1 Main contributions

The main research contributions are summarised below. The results are
grouped in relation to the research questions of Section 1.4.

= Proposals on use case syntax and semantics (RQ1). A conceptual study
of use case modelling is provided including additional concepts,
such as goal, service, episode, context and event. Definitions of and
relations between the concepts are given. Proposals on how to give
use cases more structure are given, and representation suggestions
regarding both natural language and graphical descriptions are illus-
trated with examples. A hierarchical approach to use case modelling
is presented as a means for allowing descriptions at different levels
of abstraction. Extensions to the Message Sequence Chart language
are provided, making it more suitable for graphical representation
of requirements-level use cases.

= Methods for applying use cases as a basis for testing (RQ2). An investi-
gation of the integration of use case modelling and usage-based test-
ing is provided, and two specific methods of integration is
proposed: extension and transformation. The two approaches are
investigated in combination with both Statistical Usage Testing
using the State Hierarchy model, and Operational Profile Testing.
The results include a conceptual analysis of the terms from each
domain and methods for deriving test models from use cases.

= Evaluation of use cases in requirements inspection (RQ3). An experi-
ment is conducted, which evaluates perspective-based reading of
requirements documents with three perspectives, including the user
perspective applying use case modelling. The assumption of differ-
ence between perspectives is analysed and the results of the data
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analysis show that (1) there is no significant difference between the
three perspectives in terms of defect detection rate and number of
defects found per hour, (2) there is no significant difference in the
defect coverage of the three perspectives, and (3) PhD students with
a checklist approach find significantly more defects per hour and
have a significantly higher detection rate than MSc students with a
PBR approach.

= Experiences from industrial applications (RQ4). Case studies in two
different industrial environments are presented. The first case study
includes a sequel of pilot studies where use cases are applied in the
modelling of requirements distribution on architectural compo-
nents. Use case modelling was found valuable as a tool in the transi-
tion from requirements engineering to design. A central
observation is that the use cases are not decomposed in a strict top
down manner and that the architectural decomposition is mainly
carried out based on trade-offs between non-functional require-
ments. The second case study reports on a requirement process
improvement programme in a market driven context, concluding
that requirements prioritisation in combination with cost estima-
tions and release planning have contributed to significant improve-
ments of delivery precision and product quality. The evaluation of
the case study includes the observation of a remaining challenge of
how to implement a product strategy for a plurality of market seg-
ments, which possibly can be achieved using a use case based
approach in combination with prioritisation based on pair-wise
comparison.
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4.2  Summary of Papers

The work presented in Paper | represents the earliest views of the research
project. This paper is written in the bold spirit of providing a step towards
the grand Method for use case modelling. As the investigation of use case
modelling progressed, it became obvious that use cases can be applied in a
number of ways depending on, for example, the application domain and
the purpose, and that no modelling strategy is optimal in all situations.
Hence, despite some rather categorical statements in Paper I, a more prag-
matic view on formalisation in general and the use of specific constructs
in particular is represented by the later papers.
The abstracts of each paper are provided below.

PAPER I: Improving the Use Case Driven Approach to Requirements
Engineering

Bjorn Regnell, Kristofer Kimbler and Anders Wesslén

Proceedings of Second IEEE International Symposium on Requirements Engineering
(RE'95), York, UK, March 1995.

This paper presents the idea of Usage-Oriented Requirements Engineering, an
extension of use case driven analysis. The main objective is to achieve a require-
ments engineering process resulting in a model which captures both functional
requirements and system usage aspects in a comprehensive manner. The paper
presents the basic concepts and the process of Usage-Oriented Requirements
Engineering, and the Synthesized Usage Model resulting from this process. The
role of this model in system development, and its potential applications are also
discussed.

PAPER Il: A Hierarchical Use Case Model with Graphical
Representation

Bjorn Regnell, Michael Andersson and Johan Bergstrand

Proceedings of IEEE International Symposium and Workshop on Engineering of Computer-
Based Systems (ECBS'96), Friedrischshafen, Germany, March 1996.

This paper presents a conceptual framework for use case modelling and a new
use case model with graphical representation, including support for different
abstraction levels and mechanisms for managing large use case models. Current
application of use cases in requirements engineering is discussed, as well as con-
ceptual and methodological issues related to use case modelling.
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PAPER I11: Towards Integration of Use Case Modelling and Usage-
Based Testing

Bjorn Regnell, Per Runeson and Claes Wohlin

Accepted for publication in Journal of Systems and Software, Elsevier.

This paper focuses on usage modelling as a basis for both requirements engineer-
ing and testing, and investigates the possibility of integrating the two disciplines
of use case modelling and statistical usage testing. The paper investigates the
conceptual framework for each discipline, and discusses how they can be inte-
grated to form a seamless transition from requirements models to test models for
reliability certification. Two approaches for such an integration are identified:
integration by model transformation and integration by model extension. The
integration approaches are illustrated through an example, and advantages as
well as disadvantages of each approach are discussed. Based on the fact that the
two disciplines have models with common information and similar structure, it
is argued that an integration may result in coordination benefits and reduced
costs. Several areas of further research are identified.

PAPER IV: Derivation of an Integrated Operational Profile and Use
Case Model

Per Runeson and Bjorn Regnell

Proceedings of 9th International Symposium on Software Reliability Engineering
(1sSRe’98), Paderborn, Germany, November 1998.

Requirements engineering and software reliability engineering both involve
model building related to the usage of the intended system; requirements models
and test case models respectively are built. Use case modelling for requirements
engineering and operational profile testing for software reliability engineering
are techniques which are evolving into software engineering practice. In this
paper, approaches towards integration of the use case model and the operational
profile model are proposed. By integrating the derivation of the models, effort
may be saved in both development and maintenance of software artifacts. Two
integration approaches are discussed: transformation and extension. It is con-
cluded that the use case model structure can be transformed into an operational
profile model adding the profile information. As a next step, the use case model
can be extended to include the information necessary for the operational profile.
Through both approaches, modelling and maintenance effort as well as risks for
inconsistencies can be reduced. A positive spin-off effect is that quantitative
information on usage frequencies is available in the requirements, enabling plan-
ning and prioritizing based on that information.
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PAPER V: Are the Perspectives Really Different? — Further
Experimentation on Scenario-Based Reading of Requirements

Bjorn Regnell, Per Runeson, and Thomas Thelin

Technical Report CODEN:LUTEDX(TETS-7172)/1-40/1999 & local 4,
Submitted to the journal of Empirical Software Engineering, Kluwer.

Perspective-Based Reading (PBR) is a scenario-based inspection technique where
several inspectors read a document from different perspectives (e.g. user,
designer, tester). The reading is made according to a special scenario, specific for
each perspective. The basic assumption behind PBR is that the perspectives find
different defects and a combination of several perspectives detects more defects
compared to the same amount of reading with a single perspective. This paper
presents a study which analyses the differences in the perspectives. The study is a
partial replication of previous studies. It is conducted in an academic environ-
ment using MSc and PhD students as subjects. Each perspective applies a spe-
cific modelling technique: use case modelling for the user perspective,
equivalence partitioning for the tester perspective and structured analysis for the
design perspective. A total of 30 MSc students were divided into 3 groups, giv-
ing 10 subjects per perspective. A control group of 9 PhD students used a check-
list reading technique. The analysis results show that (1) there is no significant
difference between the three perspectives in terms of defect detection rate and
number of defects found per hour, (2) there is no significant difference in the
defect coverage of the three perspectives, and (3) PhD students with a checklist
approach find significantly more defects per hour and have a significantly higher
detection rate than MSc students with a PBR approach. The results suggest that
a combination of multiple perspectives may not give higher coverage of the
defects compared to single-perspective reading. It is also indicated that individ-
ual abilities and motivation are more important than the reading technique
used.

PAPER VI: From Requirements to Design with Use Cases
— Experiences from Industrial Pilot Projects

Bjorn Regnell and Ake Davidson

Proceedings of 3rd International Workshop on Requirements Engineering - Foundation for
Software Quality (REFSQ'97), Barcelona, Spain, June 1997.

In systems evolution, new requirements are distributed on existing architectures.
This paper describes a method for modelling how new requirements are distrib-
uted on a hierarchy of existing system components. The method applies use case
modelling in the transition from requirements to design, with focus on require-
ments traceability and dynamic system behaviour modelling. The method is
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based on a recursive process where functionality specification and distribution
activities are applied at different abstraction levels in the component hierarchy.
The method has been evaluated in three realistic projects, concerned with the
evolution of a complex real-time cellular switching system. The subjective con-
clusions from these evaluations suggest that use case modelling is useful in
requirements analysis and distribution within the studied domain.

PAPER VII: A Market-Driven Requirements Engineering Process
— Results from an Industrial Process Improvement Programme

Bjorn Regnell, Per Beremark, Ola Eklundh

Journal of Requirements Engineering 3:121-129, Springer-Verlag, 1998.

In market-driven software evolution, the objectives of a requirements engineer-
ing process include the envisioning and fostering of new requirements on exist-
ing packaged software products in a way that ensures competitiveness in the
market place. This paper describes an industrial, market-driven requirements
engineering process which incorporates continuous requirements elicitation and
prioritisation together with expert cost estimation as a basis for release planning.
The company has gained a measurable improvement in delivery precision and
product quality of their packaged software. The described process will act as a
baseline against which new promising techniques can be evaluated in the contin-
uation of the improvement programme.
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4.3  Further Research

One important outcome of research is the formulation of new research
issues to be investigated in the striving for more knowledge. Several areas
of further research in use case modelling are identified in each of the
papers of this thesis. Below, some examples of further research areas are
outlined.

= Use cases and market-driven requirements engineering. Most of the
published requirements engineering practices and process models
have been oriented towards customer driven projects. Requirements
engineering for market-driven projects poses quite different prob-
lems, regarding, for example, how to invent requirements based on
foreseen end-user needs and select a set of requirements resulting in
a software product which can compete on the market. Require-
ments prioritisation based on use cases may be a valuable tool,
when designing requirements for a packaged software product.

= Use cases and software procurement. The market for commercial off-
the-shelf software components is taking off, and system providers
may construct their systems using components that they buy from
specialised software vendors. Software procurers are often in a deli-
cate situation, as they need to be experts in several specific compo-
nent domains in order to be able to state the right requirements of
each component. There are considerable risks of either being too
specific, or too general, which may result in a component that does
not solve the actual problem. Use cases may play an important role
in the requirements models used for specifying component require-
ments in a procurement situation.

= Usage-based inspection. Given that a use case model is part of the
requirements document rather than created afterwards, this can be
a starting-point for a new type of inspection technique (Regnell,
1998), where the focusing of inspection effort is based on use cases
annotated with priority information. Techniques based on pair-wise
comparison may be used here (Karlsson, 1997). By comparing pairs
of use cases, we may prioritise them according to criteria such as fre-
quency and criticality. With the methods in (Karlsson, 1998) it is
possible to derive the relative priority of each use case. Based on
this, it may be possible to conduct usage-based reading using the
following scheme of effort partitioning: (1) Prioritise the use cases;
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(2) Decide on the total time to be spent on reading of an artifact;
(3) Assign a fraction of the total time to each use case based on the
priority; (4) For each use case, inspect the artifact for the assigned
time fraction by “walking through” the events of the use case and
decide if the artifact is correct. By using the priority criterion of
usage frequencies to focus reading by use cases, we get a static verifi-
cation that corresponds to the expected operational conditions of
the system. If we also record the reading time between found
defects, we may use these measures to derive an estimate of reliabil-
ity based on the mean time between defects. The performance of
such an inspection technique is an interesting area of further empir-
ical research.

= Use cases and usage-based testing. The two proposed strategies of
integrating use cases with testing (transformation and extension)
require validation in real situations to investigate under which con-
ditions which strategy is best. Further study of stochastic semantics
of use case models in the extension approach is needed. Interesting
topics are how time can be introduced in stochastic use case models,
and how to construct user simulators based on use case models.

= Use cases and usability engineering. In usability engineering the user
interface of a system is optimized in order provide a user friendly
and efficient interaction between humans and computer-based sys-
tems. Analysis of user tasks in terms of their contained operations
and their frequency is hence an important step in usability engi-
neering. Scenarios have been used in the Human Computer Inter-
action (Hci) community, and the relation between and integration
of HCI methods with use case based RE is an interesting topic for
further studies.

= Requirements engineering process simulation based on “meta use cases”.
In Paper VII, requirements engineering process enactment scenarios
are described using Message Sequence Charts in a similar way as use
cases are described in Paper 11. These meta-level “process use cases”
may be a valuable input to the creation of requirements engineering
process simulation models, which may be used to investigate proc-
ess optimization problems, such as how to partition the effort spent
on different requirements engineering activities in order to get the
highest possible throughput in the analysis and specification of
requirements.
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= Formal methods and use case modelling. In this thesis, the representa-
tions of use cases are semi-formal in the sense that they are not
based on a mathematical formalism that allow formal reasoning.
Although there is in an inherent conflict between the understanda-
bility of requirements models and their formalisation, it is still
interesting to define and investigate the formal semantics of use
cases, using, for example, the Z language (Spivey, 1992) or process
algebra (Hoare, 1985), to see how the deductions made possible by
such a formal language can help in the analysis of use case based
requirements.

= Use cases as a basis for effort estimation. When planning a software
development project, a difficult task is to estimate the efforts
needed to implement the requirements. Given that the require-
ments include structured use case models, it may be possible to
define measurements that can be used in the creation of use case
based effort prediction models. Combined with experiences from
previous projects, use case metrics may play a key role in effort esti-
mation. Developing and validating such metrics and prediction
models is an interesting area of further research.

= Tool support for use case modelling. If use cases are represented using
natural language without restrictions, it may be suitable to use a
common word processor as a tool for creating and maintaining use
cases. However, a structured approach to use case modelling may
provide the opportunities of effective tool support, where text-
based requirements entities are integrated with use case descriptions
in, for example, graphical language. Tools may support the analysis
of use case syntax and semantics and provide means for relating use
cases to other artefacts such as test cases and design models.

= Empirical studies of use case approaches. Weidenhaupt et al. (1998)
provide an interesting survey of current practice in 15 European
software development projects. Further surveys of use case practice
and the effectiveness of use cases and scenarios are important. Spe-
cific case studies on new use case methodology proposals are also of
certain interest. It is very important to gain further understanding
of when and how use cases and scenarios can be effectively and effi-
ciently applied in different contexts.
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PAPER I:

Improving the Use Case Driven
Approach to Requirements Engineering

Bjorn Regnell, Kristofer Kimbler and Anders Wesslén
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Engineering, York, UK, March 1995

Abstract

This paper presents the idea of Usage-Oriented Requirements Engineer-
ing, an extension of Use Case Driven Analysis. The main objective is to
achieve a requirements engineering process resulting in a model which
captures both functional requirements and system usage aspects in a com-
prehensive manner. The paper presents the basic concepts and the process
of Usage-Oriented Requirements Engineering, and the Synthesized Usage
Model resulting from this process. The role of this model in system devel-
opment, and its potential applications are also discussed.
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1. Introduction

When dealing with complex systems, it does not seem feasible to go
directly, in one step, from an informal requirements description provided
by the customer to a formal requirements specification. Too rapid formal-
ization of requirements may have several negative consequences, such as a
substantial semantic gap between the requirements description and the
requirements specification or incompleteness of the latter. It is also very
difficult to produce a formal specification without a deep understanding
of what the customer and the end users expect from the system, and how
they intend to employ it in practice. This kind of information is rarely
provided at the outset of system development.

This paper presents Usage-Oriented Requirements Engineering
(UORE) which tries to address the above issues in a structured and sys-
tematic way. The concept of UORE originates from Use Case Driven
Analysis (UCDA), a key contribution of Object-Oriented Software Engi-
neering (OOSE) [1].

Our objective is to improve the original UCDA by extending it with a
synthesis phase where separate use cases are integrated into a Synthesized
Usage Model (SUM). This model captures both functional requirements
and system usage aspects. To facilitate this integration, UORE introduces
a formal, graphical representation of use cases and abstraction mecha-
nisms for representing user and system actions.

Abbreviations

The following abbreviations are used throughout this paper:

AlO Abstract Interface Object
AUS Abstract Usage Scenario
SUM Synthesized Usage Model
UCDA Use Case Driven Analysis
UCM™M Use Case Model

UCS Use Case Specification

UORE Usage-Oriented Requirements Engineering
OOSE Object-Oriented Software Engineering, according to [1]
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2. Use Case Driven Analysis

This section presents and discusses UCDA as defined in OOSE [1]. The
basic concepts of UCDA are actors and use cases. An actor is a specific role
played by a system user, and represents a category of users that demon-
strate similar behaviour when using the system. By users we mean both
human beings, and other external systems or devices communicating with
the system. An actor is regarded as a class, and users as instances of this
class. One user may appear as several instances of different actors depend-
ing on the context.

A use case is a system usage scenario characteristic of a specific actor.
During the analysis we try to identify and describe a number of typical
use cases for every actor. Use cases are expressed in natural language with
terms from the problem domain. The descriptions of actors and use cases
form the Use Case Model (UCM).

Advantages. UCDA helps to cope with the complexity of the require-
ments analysis process. By identifying and then independently analysing
different use cases we may focus on one, narrow aspect of the system
usage at a time.

Since the idea of UCDA is simple, and the use case descriptions are
based on natural concepts that can be found in the problem domain, the
customers and the end users can actively participate in requirements anal-
ysis. In consequence, the developers can learn about the potential users,
their actual needs, and their typical behaviour.

Disadvantages. The lack of synthesis is probably the main drawback of
UCDA. The Use Case Model that we get from UCDA s just a loose col-
lection of use cases. In the subsequent phases of OOSE, these use cases are
directly used to create the so-called Analysis Model. This model describes
the structure of the system and is a step towards design. What we really
would like to get from requirements analysis, is a model which captures
the functional requirements and system usage, without any design
aspects.

Although use cases are perfect material for creating test cases, the
UCM resulting from UCDA cannot be used for automatic generation of
test cases. This limits its applicability as a reference model for validation
and verification.
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There are also several problems with the interpretation of the actor and
use case concepts, as defined in [1]. No clear definition of the semantics of
use cases, and no consistent guidelines on how the use cases should be
described are provided. It is not clear what kind of events we should con-
centrate on while describing use cases; external stimuli-responses only, or
internal system activities as well. In [1], use cases are treated as classes with
inheritance-like relations, but, at the same time, they are seen as sequences
of events. Object-orientation purists tend to treat everything as objects,
but here we find the class interpretation rather artificial and confusing.

In [1], every use case is associated with a specific actor, but, at the same
time, allows use case descriptions in which several actors are involved.
Moreover, an actor is defined as a specific role played by a user. This
means that, in extreme, one physical user can appear as different actors in
a single use case. These uncertainties leave too much room for free inter-
pretation of the actor and use case concepts, and may cause a lot of confu-
sion.

The number of use cases may be very large in cases of complex systems.
Since produced independently, there might be inconsistencies between
use case descriptions. Moreover, use cases might be contradictory, as they
express goals of different actors. In [1] there is no support for resolving
such problems.

A specific use case can not occur in every situation. What we need for
each use case is a specification of the context in which it can be triggered
and successfully accomplished. This issue is not addressed by UCDA.

In general, UCDA, as defined in [1], does not fully address the follow-
ing issues:

= Use cases are not independent. They may overlap, occur simultane-
ously, or influence each other.

= Use cases occur under specific conditions. They have invocation
and termination contexts.

= The level of abstraction of use cases and their length are matters of
arbitrary choice.

= The use cases can, in practice, guarantee only partial coverage of all
possible system usage scenarios.
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3. Usage-Oriented Requirements
Engineering

The proposed UORE process aims at removing some of the weaknesses of
UCDA stated in the previous section. UCDA is extended with a synthesis
phase, where use cases are formalized and integrated into a Synthesized
Usage Model. The SUM captures functional requirements and system
usage in a more formal way than the UCM.

The SUM is intended to be a part of requirements specification, and a
reference model for validation and verification. The SUM captures the
following related aspects:

= Categories of system users and their objectives,
= Domain objects, their attributes, and operations,
= Stimuli and responses of user-system communication,

= User and system actions, their possible combinations and usage
contexts,

= Scenarios of system usage, their flows of events, and trigger condi-
tions.

The process of UORE consists of two phases, analysis and synthesis, as
shown in fig. 1. The analysis phase has an informal requirements descrip-
tion as input, and produces the use case model containing descriptions of
actors and use cases. This model, in turn, is used as input to the synthesis
phase which formalizes the use cases, integrates them, and creates the syn-
thesized usage model

3.1  Analysis phase

The analysis phase of UORE resembles the original UCDA, and consists
of two interrelated activities:

1. ldentification of use cases and actors,

2. Unification of terminology.
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Requirements Description

ANALYSIS / N\

Identification Unification

N

Use Case Model
UCM

Formalization |«——s| Integration

k Verification J

I}

Synthesized Usage Model
SUM

Figure 1.  The process of UORE.

SYNTHESIS

The first activity aims at finding and describing actors and use cases. The
second activity unifies the terminology of these descriptions. For this pur-
pose the problem domain objects and their attributes are identified and
described in a data dictionary. The focus is on entities manipulated by the
actors, externally observable system operations, and elements of the user
interface.

The unification of terminology is important, especially as different use
cases may be described by separate persons or groups. The terminology is
gradually extended and revised as more and more use cases are identified.
The unified terminology is enforced by inspections. The two activities of
the analysis phase are performed iteratively.

To illustrate UORE we will use a well-known example of an Auto-
mated Teller Machine (ATM) [2]. ATM offers basically two services: cash
withdrawal and account control. In fig. 2 we show examples of actors and
use cases.
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Actors:
ATM customer uses the ATM to withdraw cash or control the account balance.

ATM supervisor supervises and maintains the operation of the ATM.
ATM database- the external system maintaining account information.

1.IC
lIC.1
1.FC
1.FC.1
1.FC.2
1.FC.3
1.FC.4
1.FE
1.FE.1
1.FE.2
1.FE.3
1.FE4
1.FE.5
1.FE.6
1.FE.7
1.FE.8
1.FE.9
1.FE.10
1.FE.11
1.FE.12
1.FE.13
1.FE.14
1.FE.15
1.FE.16
1.FE.17
1.FE.18
1.FE.19
1.7C
1.TC1

1.Withdraw Cash, normal case
Actor: “ ATM customef

Invocation Conditions:

The system is ready foansactions
Flow Conditions:

The user'sard is valid

The user enteryalid code

The user entersvalid amount.

The machine has theguired amount ofash
Flow of Events:

The user inserts thard.

The systerthecks if theard is valid
Aprompt for thecodeis given.

The user enters tbede

The systerthecks if theodeis valid

Aprompt “enter amount or select balance’ given.

The user enters tamount

The systerthecks if the amount is valid
The systemollects thecash
Theashis ejected

Aprompt “take cash’is given.

The user takes tbash

Thecard is ejected

Aprompt “take card”is given.

The user takes tbard.

The systemwpllectsreceipt information
Theeceipt is printed

Aprompt “take receipt”is given.

The user takes trexeipt.
Termination condition:

The system is ready fmansactions

2.Withdraw Cash, amount invalid
Actor: “ATM customer”

2.1C Invocation Conditions:

21C.1 Sameas1.IC.1.

2.FC  Flow Conditions:

2.FC.1 Sameasl.FC.1-1.FC.2.

2.FC.2  The user enters mwvalid
amount.

2.FE  Flow of Events:

2.FE.1 Sameasl1l.FE.1-1.FE.S8

2.FE.2 Théeinvalid amount” message
is given.

2.FE.3  Aprompt for “retry” is given.

2.FE.4 The useaborts the transactian

2.FE.5 Sameas1l.FE.13-1.FE.15

2.TC Termination condition:

2.TC.1 Sameas1.TC.1.

' Problem domain objects bold face. '
\Defined and unified terminology italics. ,

Figure 2.

Use case description examples.

3. Account Control, normal case
Actor: “ATM customer”

3.IC  Invocation Conditions:

3.IC.1 Sameas1l.IC.1.

3.FC Flow Conditions:

3.FC.1 Sameas1l.FC.1-1.FC.2.

3.FE Flow of Events:

3.FE.1 Same as 1.FE.1-1.FE.6.

3.FE.2  The useselects “balance”

3.FE.3 The systemollects balance
information

3.FE.4 Thebalance is displayed

3.FE.5 Same as 1.FE.13-1.FE.19

3.TC Termination condition:

3.TC.1 Sameas1.TC.1.
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Differences

As mentioned above, the analysis phase of UORE resembles the OOSE
version of UCDA. There are, however, a number of issues that make our
approach different:

= Changed semantics of actors and use cases,
= Identification of use case contexts,

= Strict application of the single-actor view,
= Explicit unification of terminology,

= Structured description of use cases.

In UORE, an actor represents a user (a person or an external system) that
belongs to a set of users with common behaviour and goals. An UORE
actor does not necessarily model a single role played by a user, as in [1]. In
our opinion, the single-role semantics of actors may lead to use cases
which address too narrow aspects of system usage. This, in turn, disables
analysis of how different system operations interact. (Some systems may
allow a user to play multiple roles at the same time.)

Unlike [1], which treats the use cases as classes, we regard them just as
examples of system usage. We consider use cases as “experimental mate-
rial” which will be further investigated in the synthesis phase.

In UORE, each use case describes the system behaviour, as seen by one
actor only. This single-actor-view approach makes the use case concept
simpler. We assume that the actor involved in a use case communicates
with other actors through the system. No situations with direct actor-to-
actor communication are modelled. In other words, the narration of the
use cases distinguishes only between the actor and the “rest”. If a system
usage scenario involves several actors, this scenario should be modelled by
several use cases, one for each involved actor. This provides a clear crite-
rion for constructing use case descriptions and reduces their complexity.
To conclude, we can say that the UORE principle for use case definition
is: “multiple roles, yes; multiple actors, no”.

In UORE, the description of each use case contains a list of conditions
defining a context in which the specific flow of events of the use case can
occur. The invocation conditions and termination conditions define the sys-
tem state before and after the use case, while the flow conditions state the
assumptions about the user and system behaviour during the use case. A
flow condition is not necessarily true at the invocation of the use case, but
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it becomes true at some point in the use case. A flow condition is thus a
temporal assertion that implicitly refers to a “future” point in the flow of
events of the use case. These different conditions are an important aid in
the synthesis phase for finding relations between use cases.

In order to avoid some typical problems with natural language descrip-
tions, all the use cases should use the same terminology and format. The
terminology of these descriptions is unified across different use cases, as
discussed above. The examples in fig. 2 show a possible structure of use
case descriptions. A systematic numbering of events supports traceability
within and between the models of the analysis and synthesis phases. Fur-
thermore, when describing a use case, we can use such numbers to refer to
identical conditions and sequences of events in other use cases, in order to
make the description shorter.

3.2 Synthesis phase

The synthesis phase formalizes the use cases, integrates them, and creates
the Synthesized Usage Model. The synthesis phase consists of three activi-
ties:

1. Formalization of use cases,
2. Integration of use cases,
3. Verification.

These three activities are carried out in an iterative manner, until an agree-
ment upon the correctness and completeness of the SUM is reached. In
the following sections we will describe each activity and the concepts they
use.

3.3 Formalization activity

The formalization activity aims at producing a formal Use Case Specifica-
tion (UCS) for each use case identified in the analysis phase. The product
of this activity is a collection of UCS'’s, represented in the formal, graphic
language of message sequence charts (an extension of [3]). Each UCS
expresses the temporal ordering of user stimuli, system responses, and
atomic operations.

The formalization activity has the following steps:
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1. Identification of abstract interface objects,
2. ldentification of atomic operations,
3. Creation of one UCS for every use case.

The concepts used in the formal representation of user-system communi-
cation, and the steps necessary in the creation of a UCS are explained
below.

Abstract interface objects

The user never communicates directly with a software system. Some sort
of interface is always involved in this communication. The interface trans-
forms the user’s stimuli into messages (software events) and, messages from
the system into responses comprehensible to the user. This transformation
is not necessarily straightforward. The three basic elements of user-system
communication; the user, the interface and the system, are inherently parts
of system usage, consequently they can be found in use case descriptions.

The entities that form the nature of user-system communication will
be called Abstract Interface Objects (AlO). They are abstract in the sense
that they do not necessarily represent concrete interface objects. Instead,
they model responsibilities (see [4]) that can be mapped to one or more
real interface objects. The intention is to avoid any design decisions at this
stage.

Identification of abstract interface objects is achieved by examining all
the use cases and the problem domain terminology, and searching for
entities that take part in the actor-system communication. An AlO is
characterized by its sets of stimuli, responses, messages, and states.

Atomic operations

On a conceptual level we can describe the elements of the system’s capa-
bilities by atomic operations. They are operations performed by the sys-
tem, and have effect on the users. A system operation is atomic from an
actor’s point of view, if it does not require any communication with this
actor during its execution. However, other actors may see the same opera-
tion as a combination of other atomic operations and communication
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protocols. For example, the operation card validation is atomic from the
ATM Customer actor’s point of view, although from the ATM Database
actor’s point of view it is a sequence of operations and communications.

The atomic operations are identified from the use cases by focusing on
system operations that do not require interaction with the actor involved
in the use case. Every system action is described and given a unique name
to be used uniformly in all use case specifications. We will not elaborate
here on the specification of atomic operations.

Formal use case specification

The formalization activity produces formal use case specifications. After
identifying all abstract interface objects and atomic operations, we trans-
form the flow of events of every use case into a UCS that models the tem-
poral relations between AIO stimuli/responses/states and atomic
operations.

We illustrate the notation of UCS by our ATM example. The UCS
corresponding to the use case “withdraw cash, normal case” is shown in
fig. 3. The left-most time axis of fig. 3 represents the specified actor. The
right-most time axis represents the system. Between the actor and the sys-
tem we have the different AIO’s involved in this use case. The AlO states
are drawn as diamonds on the AIO time axis, and the atomic operations
are drawn as boxes on the system’s time axis.

3.4 Integration activity

The integration activity aims at merging different use case specifications
and producing a Synthesized Usage Model. The SUM consists of a collec-
tion of usage views, one for each actor. The integration activity consists of
the following three steps:

1. Identification of user and system actions,
2. Creation of abstract usage scenarios,

3. Integration of abstract usage scenarios.
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Figure 3.  Use Case Specification Withdraw cash - normal case.
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Note: For the example in 3.4,
two UCS parts are marked *1
and *2, and correspond to the
actions 1* and 2*.
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Figure 4.  Abstract Usage Scenario.
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User and system actions

In a use case, the control shifts between the user and the system. When we
formally represent system usage we would like to have an abstraction
mechanism that conceals the detailed protocol of the interaction during
the user-controlled parts and the system-controlled parts of a use case. We
use the terms user actions for protocols where the user is in control, and
system actions for protocols where the system is in control.

The first step of the integration activity aims at extracting such abstract
protocols. Hence, in several UCS’s we can identify actions such as “enter
code” and “cash collection”, which form a demarcated protocol with a
sequence of related events, resulting in a single message. All such UCS
parts are uniformly defined with a name and description.

To illustrate this, in fig. 3 a UCS part is marked with *1, which corre-
sponds in fig. 4 to the user action 1* “enter code” and the resulting mes-
sage “code”. Similarly, the UCS part denoted *2 corresponds to the
system action “cash collection” and message “cash”, marked with 2*.

An action can have different outcomes. For example, the system action
“code validation” may result in the events “code OK” or “code invalid”.
An action can thus represent a collection of similar protocols, with differ-
ent outcomes. An action can also be seen as a state where the user or the
system tries to accomplish some specific task. The user and system actions
could be described internally by finite state machines, as proposed in [5].
This possibility is, however, not yet incorporated into UORE.

Abstract usage scenarios

Using the abstraction mechanisms of user and system actions, use case
specifications can be expressed in a more condensed way. Every UCS is
transformed into an Abstract Usage Scenario (AUS), drawn as a sequence
of user actions (bubbles) and system actions (boxes) interconnected with
transitions (arrows) that represent the resulting messages of each action.
The invocation and termination context of an AUS is indicated by labels
(circles). A label denotes an external system state, i.e. a subset of the
carthesian product of all AlO states. In fig. 4 a sample AUS is shown.

The main purpose of creating AUS’s, is to make the synthesis feasible
even if we have a very large number of use cases. By raising the abstraction
level we hide information, to make “clean threads” and then “weave them
together” in the last step of integration.
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