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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

by Rozilawati Razali

Software practitioners are provided with an enormous choice of methods and tools
for improving software quality. They seem to adopt a new technology only if there
is convincing evidence that the technology is usable. Furthermore, it is no longer
acceptable in software engineering to claim that a new technology is usable
without accompanying scientific evidence. Empirical assessments provide an ideal
mechanism for evaluating software technology. As a single assessment can never
embrace all possible situations, it is reasonable to acquire some evidence of a new
technology’s likely efficacy when used under certain conditions.

The use of formal notations such as B increases a model’s precision and
consistency. However, the notations are regarded as being difficult to comprehend
due to unfamiliar symbols and underlying rules of interpretation that are not so
apparent to practitioners. Semi-formal notations such as Unified Modelling
Language (UML) use graphical representations to present system elements. They
therefore are perceived as more accessible. Nevertheless, such notations cannot be
verified systematically to ensure the correctness of a model. Perhaps by
combining both semi-formal and formal notations could produce a model that is
not only accurate and consistent but also accessible to practitioners.

This thesis presents several empirical assessments conducted on a modelling
method that integrates the use of B formal notation and the semi-formal notation
of UML, namely UML-B. The main objective of the assessments is to evaluate the
usability of the method. This includes the comprehensibility, learnability,
operability and attractiveness of the notation used in the method and the method
itself in supporting modelling process. The assessments comprise a series of
controlled experiments and surveys. The controlled experiments evaluate the
comprehensibility of the notation from stakeholders’ perspective for model
validation and maintenance tasks. On the other hand, the surveys assess the
usability of the method and the supporting tools from developers’ perspective for
model creation tasks. The findings of the assessments suggest that the method is
able to produce a comprehensible formal model. The method is accessible to users
only when the principles and roles of both notations are obvious and well
understood, and when there is strong support from the environment. Based on the
findings, a set of usability theories of integrated methods such as UML-B has been
generated. Design profiles have also been proposed, which provide future
designers with some guidelines for designing usable integrated methods and
verification tools. The thesis also provides practitioners with some understanding
of the strengths, weaknesses, opportunities and threats of methods that integrate
semi-formal and formal approaches.
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Chapter 1

Introduction

1.1. Background to the Problem

Formal methods have been proposed as a part of software development lifecycle
for many years. They have been applied in a wide variety of settings particularly
in the development of complex and critical systems (Houston et al., 1991;
McDermid, 1993; Gerhat et al., 1993; 1994; Hall, 1996; Bowen et al., 1997; Ross,
2005), where the issue of safety and security is the main priority. There are
various types of formal methods available (Formal Methods Virtual Library,
2007). Several examples include VDM (Jones, 1990; Fitzgerald et al., 1998), B
(Abrial, 1996) and Abstract State Machines (Gurevich et al., 2000; Borger et al.,
2003). Although formal methods encompass the entire process of system

development, they are widely used in the specification development.

A formal specification is a system description expressed in a notation whose
vocabulary, syntax and semantics are formally defined using mathematical
constructs (Sommerville, 2001). Even if formal methods are not employed beyond
the analysis and design phase, a formal specification is a useful artefact as it helps
improving the quality of the later product (Bowen et al., 2006). The formality
imposed by the notation enables the early detection of specification errors, which
are expensive to correct if they remain undetected until later stages of software

development process (Boehm et al., 2001).
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Despite many asserted advantages that formal methods and their artefacts could
offer (Craigen et al., 1995; Hinchey, 2002; Bowen et al., 1995; 2006), there is still
much debate on the practicality of the methods. One of the major concerns with
formal methods is the ability of software practitioners to overcome the
mathematical barriers in a formal specification. The mathematical notation used in
the formal specification is always perceived as difficult to read and understand
(Finney et al., 1996a; Finney, 1996b; Carew et al, 2005). Therefore, it is not
surprising that the successful use of formal methods in research laboratories has
had little real impact on industrial practice for day-to-day software development

(Zimmerman et al., 2002).

Development methods that employ notations such as the Unified Modelling
Language (UML) (OMG, 2006) mainly use abstract graphical representation for
specifying system requirements. The notations possess some modelling rules and
support refinement activities. However, they cannot be verified systematically to
ensure the consistency and accuracy of the specification. Even if it is possible to
confirm the interconnection between entities and perform syntactic checking, it is
almost impossible to ensure each successive refinement’s correctness. Due to this

respect, the notations are considered as semi-formal.

On the other hand, the graphical representation in semi-formal notations is an
asset that should not be undermined. Previous studies have shown that the
representation does have significant advantages for certain tasks particularly
software comprehension (Vessey et al., 1986; Cunniff et al., 1987; Scanlan, 1989;
Curtis et al., 1989). It is believed that the representation is in some sense
analogous to the world that it represents (Bauer et al., 1993; Stenning et al., 1995)
and thus is more intuitive. Despite this claim however, researchers have yet to
agree the superiority of graphical representation over textual (Petre, 1995;
Blackwell et al., 2001). One of the reasons is that the underlying factors that
contribute to the superiority of graphical representation are not well understood
(Scaife et al., 1996). Moreover, a purely graphical representation is not as
expressive as a textual representation. To claim that a graphical representation is
more powerful than a textual representation therefore seems to be too ambitious.

Perhaps it is better to take the view that a graphical representation plays an
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important role in software comprehension as a companion to a textual

representation.

Several studies have highlighted the importance of choosing a usable notation for
software specification (Macaulay, 1996; Britton et al., 1999). The notation used
determines the comprehensibility of a specification, which indeed is an essential
communication mechanism among different stakeholders. Specifications must be
comprehensible to stakeholders with diverse backgrounds and expertise, who in
fact may be geographically distributed. Moreover, the efficiency of development
process depends highly on the technology used. The notation that is easier to learn

and use by developers is more preferable.

The choice of notation for a particular project often reflects the experience or
preferences of the development team more than an objective consideration of
possible alternatives (McCluskey et al., 1995). Lack of empirical evidence to
support theories, models and decisions in software engineering is one of the
reasons (Fenton et al., 1994; Pfleeger, 1999; Perry et al., 2000). Unless the
specific factors that cause a software technology to be more or less effective are
understood, its adoption will continue to be a random act (Perry et al., 2000).
Researchers therefore must learn to produce evidence that is useful for
practitioners. Software technology must be evaluated empirically and rigorously
to determine any significant and quantifiable improvement (Pfleeger et al., 1997;
Pfleeger et al., 2000). Although a single evaluation can never embrace all possible
situations, it is reasonable to seek some evidence of a technology’s likely efficacy

when used under certain conditions (Fenton et al., 1994).
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1.2. Outline of the Solution

It is believed that by combining semi-formal and formal notations, many software
engineering problems could be solved. A formal notation ensures system
correctness, but it is inaccessible to many practitioners. Despite being less formal,
a semi-formal notation is approachable and supports refinement activities.
Harmonising semi-formal and formal notations may overcome one notation’s
limitations while enhancing the strengths of both. Moreover, a formal notation
normally appears as textual whereas a semi-formal notation is mainly graphical.
By integrating formal and semi-formal notations, the visualisation of graphical

representation can be combined with the expressiveness of textual representation.

There are many instances of semi-formal and formal notations integration. One
such integration is to combine the formal notation used in B and the semi-formal
notation of UML. The rationale behind this integration is that B has strong
industrial supporting tools such as Atelier-B (ClearSy, 2003) and B-Toolkit (B-
Core, 1999), and the UML has become the de facto standard for system
development (Pender, 2003). Supportive environment of UML and B has
encouraged the research community to devote significant effort in establishing
links between them since a decade ago (Shore et al., 1996; Sekerinski et al., 1998;
Meyer et al., 1999; Ledang et al., 2002; Lano et al, 2004; Idani et al., 2006; Snook
et al., 2006).

Inventors often assert that their technologies are capable of increasing
productivity, delivering better quality product, lowering development cost and
enhancing user satisfaction. However, it is no longer acceptable in software
engineering to claim a technology as being able to bring benefits without
providing scientific evidence of its application. Empirical evaluation helps to
determine the effectiveness of a proposed technology (Zelkowitz et al., 1998)
where it provides an excellent mechanism to learn what works and what does not
work (Basili et al, 1986). Besides, it can eliminate the influence of assumptions
and serve for exploring explanations for new phenomena in order to develop new

theories (Tichy, 1998; Pfleeger, 1995; Perry et al., 2000). Inventors are not the
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best people to perform objective, rigorous evaluations of their own technologies
(Kitchenham et al., 2002a; Jeffery et al., 2002). Hence, independent assessors

should conduct such evaluations.

Effectiveness of a technology is normally gauged by its ability to achieve certain
product or process qualities. Usability has been recognised as an important
product quality (McCall et al, 1977; Boehm et al., 1978; Grady et al., 1987; IEEE,
1990; ISO 9126-1, 2001), which determines whether a technology is efficient,
effective and satistying for those who use it in the intended contexts. This research
investigates the usability of a development method that combines the formal
notation of B and the semi-formal notation of UML, namely UML-B (Snook et
al., 2006). As a new technology, an independent usability assessment on UML-B
is highly desired. Only if usable, the technology would be more likely adopted by

practitioners.

Empirical methods for evaluating a technology can be in the form of controlled
experiments, case studies and surveys (Fenton et al., 1996). Although very useful,
these research methods are flawed differently (McGrath, 1995). Instead of
tackling a research problem with a single method, it has been suggested to
perform several individual methods where each examines different but
complementary aspects (Daly, 1996; Wood et al., 1999; Perry et al., 2000). In fact,
a viable investigation uses multiple methods, which are chosen in such a way that
each method’s limitations are complemented by the strengths of others (Creswell,
2002). Multiple methods enable the use of two different approaches of empirical
assessments, namely quantitative and qualitative. This research comprises a series
of controlled experiments and surveys. The controlled experiments assessed the
comprehensibility of a UML-B model from the viewpoint of stakeholders for
software validation and maintenance purposes. Since it is necessary to consider
the usability of UML-B from the viewpoint of developers during the creation of a
UML-B model, a survey was designed for that purpose. The worthiness of
methods such as UML-B depends on the utility of verification tools. A set of
surveys was thus designed to evaluate the usability of the available verification
tools such as ProB (Leuschel et al., 2003) and B-Toolkit. The controlled

experiments mainly employed the quantitative approach whereas the surveys were



Chapter 1 Introduction 6

qualitative in nature. However, the controlled experiments and surveys also

included some qualitative and quantitative aspect respectively.

Drawing general conclusions from empirical studies in software engineering is
difficult as the results depend on a potentially large number of relevant context
variables (Basili et al., 1999). The findings of one study are insufficient to provide
the essential evidence for confirming the phenomenon. Replications are thus
necessary to build up knowledge whether the results hold under different
conditions. This research contains replications of the main studies. In particular,
there were two controlled experiments conducted on the UML-B model while two
surveys on the UML-B method. The investigation was evolutionary where the
results of the former studies were confirmed and refined in the latter studies.
Overall, there are five empirical assessments conducted in this research as shown
in the Figure 1.1 below. The figure is intended to depict the focus of the
assessments on the respective aspects of UML-B. The detailed description of
UML-B and the related notations and methodologies such as UML, B and Event-

B will be included in the next chapter.
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SURVEYS (1 & 2)

Study and Chapter:
e 1™ attempt: Chapter 4 — Measuring the Usability of the UML-B method

Motivation: Usability of a technology is essential for its adoption by practitioners in industry

e Replication: Chapter 6 — Measuring the Usability of the UML-B method — A Survey Replication

Objective: To assess the usability of the UML-B method (and its supporting tools) from the viewpoint of software developers for modelling purposes
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CONTROLLED EXPERIMENTS (1 & 2) A 4

Objective: To assess the comprehensibility of a UML-B model from the viewpoint of

Motivation:
e Model is the important means of communication among stakeholders

user involvement in the validation process

Study and Chapter:

B model

stakeholders (i.e. client and software developers) for model validation and maintenance purposes

e Model comprehensibility is the key foundation to effective validation and maintenance
e Model comprehensibility affects the willingness of practitioners to adopt a technology and

e [* attempt: Chapter 3 — Measuring the Comprehensibility of a UML-B model and a B model
e Replication: Chapter 5 — Measuring the Comprehensibility of a UML-B model and an Event-

Verification Tools
(e.g. ProB and B-Toolkit)

v

SURVEY 3
Objective: To assess the usability of verification tools (i.e.
B tools)

Motivation: Usability of verification tools is important for
methods such as UML-B to be worthwhile

Study and Chapter:
Chapter 7 — Measuring the Usability of Verification tools

FIGURE 1.1: Research Overview
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1.3. A list of Original Contributions

The research is the first and the only comprehensive, independent assessment of

the combination of semi-formal and formal approaches for software development.

The original contributions made by this research are listed below. They have been

divided into primary and secondary contributions.

(PRIMARY) Empirical investigation into the comprehensibility of models

that integrate semi-formal and formal notations

The research is the only empirical evaluation that assesses the
comprehensibility of graphical formal models as compared to textual formal
models from the perspective of software stakeholders. A series of controlled
experiments has been conducted (Chapter 3 and Chapter 5). The
investigation has provided some interesting evidence of such models’
accessibility. In particular, it has shed a light on how future formal methods

should be designed for their models to be more approachable to stakeholders.

(PRIMARY) Empirical investigation into the usability of methods that

integrate semi-formal and formal approaches

The research is the only empirical investigation that explores the usability of a
development method, which combines semi-formal and formal approaches,
from the perspective of software developers. A series of surveys has been
conducted (Chapter 4 and Chapter 6). The investigation has provided some
evidence, which have been used to generate a set of tentative usability theories
of methods such as UML-B. A design profile has also been proposed, which

provides future designers some guidelines for designing usable methods.
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(PRIMARY) Empirical investigation into the usability verification tools

The research is the only empirical investigation that attempts to assess the
usability of verification tools, which support a method that uses formal
notation. A set of surveys has been conducted on two instances of verification
tools (Chapter 7). The investigation has captured a number of features that
are believed to be important for verification tools to become usable. A
tentative design guideline for ensuring usable verification tools has been

proposed.

(PRIMARY) Theoretical usability evaluation of methods that integrate

semi-formal and formal approaches

The research provides practitioners with some understanding of the strengths,
weaknesses, opportunities and threats of methods that integrate semi-formal
and formal approaches such as UML-B. A theoretical evaluation that explains
what, why, who, when, where and how such methods can be usable has been
conducted (Chapter 8), based on the findings of the empirical assessments

and several theories from Cognitive Science and Educational Psychology.

(SECONDARY) Multi-method and multi-discipline approaches to

empirical software engineering research

The research demonstrates the importance of conducting research using
multiple methods where data collected from one method can be used to
complement the other. The multiple methods used in the research were
controlled experiments and surveys. As one research method focuses on one
aspect of interest, combining two methods provides a richer understanding of

the phenomenon under study.
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The research demonstrates the feasibility of conducting software engineering
research using approaches from other disciplines. Software engineering not
only concerns technology but also human factors. Therefore, several
approaches used in disciplines involving humans were adopted. For instance,
the controlled experiments employed one approach from Clinical Trials for the
design and analysis (Cross-Over Trials). The underlying theoretical
background that supports the investigation was adopted from Cognitive
Science (Dual Coding, Working Memory, Cognitive Load) and Educational
Psychology (Multimedia Learning). The surveys used a framework that
incorporates Psychology and Human Computer Interaction (Cognitive
Dimensions) aspects as the instrument. The surveys also adopted an approach
for dealing with qualitative data from Social Science (Grounded Theory) for

the data analysis.

The research combines both confirmatory and explanatory work. The
confirmatory work tested a set of predefined hypotheses while the explanatory
work endeavoured to discover new and unforeseen insight. The confirmatory
work was in the form of controlled experiments (Chapter 3 and Chapter 5)
whereas the explanatory work was conducted as surveys (Chapter 4 and
Chapter 6, Chapter 7). Moreover, both confirmatory and explanatory work
employed quantitative and qualitative approaches. The research also
demonstrates the importance of confirming empirical results through

replication (Chapter 5 and Chapter 6).

1.4. Outline of the Thesis

The above sections have outlined the problem addressed by the research, the
solution and the main contributions of the research. The rest of the chapters are

organised as follows:
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Chapter 2: Background Literature

This chapter presents the underlying theoretical background that supports the
research. It begins with some issues concerning the necessity of evaluating
software technologies, and explains several methods and strategies used in
empirical research. The chapter also explains the methods and notations
involved namely B, UML and UML-B. In addition, a brief description of
“Usability” term is also included. Since the usability evaluation in the research
concerns the investigation of cognitive processes involved in learning and

understanding, several cognitive theories are also discussed.

Chapter 3: Measuring the Comprehensibility of a UML-B Model and a B
Model

This chapter presents the first controlled experiment conducted on a UML-B
model. The experiment assessed the comprehensibility of the model in terms
of the notation used. The evaluation was based on the comparison made

between the notation used in UML-B and the formal notation used in B.

Chapter 4: Measuring the Usability of the UML-B Method

This chapter presents the first survey conducted on UML-B. The survey
assessed the understandability, learnability, operability and attractiveness of

the method in supporting model creation task.

Chapter 5: Measuring the Comprehensibility of a UML-B Model and an

Event-B Model

This chapter presents the second controlled experiment conducted on a UML-

B model. Similar to the first one, the experiment assessed the
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comprehensibility of the model in terms of the notation used. UML-B has
introduced some new changes to its environment. Therefore, this experiment
replicated the first experiment described in Chapter 3 on the new version of
UML-B. In this experiment, a model developed using the new version of
UML-B was compared with an equivalent Event-B model. Event-B on the

other hand is a formal notation evolved from the classical B.

e Chapter 6: Measuring the Usability of the UML-B Method — A Survey

Replication
This chapter presents the second survey conducted on UML-B. This survey
replicated the first survey described in Chapter 4 on the new version of UML-

B. Similar to the first one, the survey assessed the understandability,

learnability, operability and attractiveness of the method.

e Chapter 7: Measuring the Usability of Verification Tools

This chapter presents a survey conducted on verification tools that support

UML-B. The survey explored a set of features that are important and thus

must be present in verification tools for them to become usable.

e Chapter 8: Evaluation and Recommendation

This chapter presents a theoretical evaluation that explains what, why, who,

when, where and how methods such as UML-B can be usable.

e Chapter 9: Conclusions and Future Work

This chapter presents the conclusions and areas of future work.



Chapter 2

Background Literature

The previous chapter has introduced the problem addressed by the research and
outlined the solution. This chapter aims to provide the underlying theoretical
background of the research. This research is mainly empirical in nature.
Therefore, the discussion begins with some explanation of methods and strategies
used in empirical research. As the research concerns formal and semi-formal
methods and notations, the terms are defined and several weaknesses of the
notations are discussed. This is followed by specific examples of formal and semi-
formal methods and notations that are related to this research, namely B and
UML. Later, the chapter explores the idea of integrating UML and B as a possible
way of overcoming the problems of formal and semi-formal notations discussed
earlier. A specific instance of such integration, which is also the object of study,
namely UML-B is also included. The quality aspect focused in this research is
usability, thus a brief description of usability is presented. Since usability
assessments involve human cognitive activities such as understanding, several
cognitive theories are also discussed. An overview of empirical studies on similar

aspects is included at the end of the chapter.

13
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2.1. Empirical Research

Empirical research is a study that compares “what we believe” to “what we
observe” (Perry et al., 2000). Empirical research as conducted in the field of
software engineering aims at providing a scientific and thus more rational basis
for evaluating, predicting, understanding, controlling and improving the tools,
methods and techniques used in software engineering (Basili et al., 1986). The
experimentation of methods, tools and techniques is important because software
engineering community needs to improve its knowledge on how software is
developed, the effects of various technologies and the areas that most need
improvement (Basili et al, 1988; 1996). Besides, empirical research can eliminate
the influence of assumptions and alternative explanations, and serves for
exploring and finding explanations for new phenomena in order to develop and

support new theories (Tichy, 1998; Pfleeger, 1995; Perry et al., 2000).

Empirical research comprises qualitative and quantitative approaches. Qualitative
approach is the non-numerical examination and interpretation of observations for
the purpose of discovering underlying meanings and patterns of relationships. It
aims to examine objects in their natural setting and interpret a phenomenon in
terms of explanation that people bring to them (Miles, 1994). In contrast,
quantitative approach is the numerical representation and manipulation of
observations for the purpose of explaining a phenomenon that those observations
reflect. It aims to get a numerical relationship between several variables or
alternatives under examination (Juristo et al., 2001). In software engineering, the
blend of technical and human behavioural aspects lends itself to combining
qualitative and quantitative approaches (Seaman, 1999). These two approaches
should be considered as complementary rather than competitive. To understand
the impact of human factors on the efficacy of various technologies, quantitative
results must be complemented with qualitative analysis and an investigation of

subjective, human perceptions (Briand, 2007).

Empirical research can be exploratory or confirmatory, depending on the goal of

the investigation. Exploratory study aims to discover new and unforeseen insight
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whereas confirmatory study begins with some type of hypothesis or proposition
and aims to confirm it (Seaman, 2007). To conduct a confirmatory study,
researcher has to know what and how to measure and be able to define a problem
by means of hypothesis and its associated variables. Otherwise, an exploratory
study is more appropriate. Having said however, a confirmatory study does not
have to be always quantitative. Similarly, an exploratory study is not necessarily

qualitative in nature.

Empirical research has a number of different methods (Easterbrook et al., 2008).
The most common ones include surveys, case studies and controlled experiments.
Surveys are used to gather information from a broad population of individuals to
describe, compare and explain knowledge, attitudes and behaviour (Kitchenham et
al., 2002b). In contrast, case studies investigate a contemporary phenomenon
within its real-life context, especially when the boundaries between phenomenon
and context are not clearly evident (Yin, 2003). On the other hand, controlled
experiments investigate a testable hypothesis where one or more independent
variables are manipulated to measure their effect on one or more dependent
variables (Easterbrook et al., 2008). In general, the key differences between these
methods are level of control, research environment, investigation cost and ease of
replication. The detailed elaboration on the differences can be found in the

literature (Fenton et al., 1996, Wohlin et al., 2000; 2003; Easterbrook et al., 2008).

Empirical research may combine various methods and approaches when studying
a phenomenon. The strategy is called mixed methods (Creswell, 2002), multi-
method (Brewer et al., 1989) or triangulation (Martin, 1982), which emerged in
the recognition that each method has limitations that can be compensated by the
strengths of other methods. Rather than using a single method that may be
insufficient to explain the phenomenon under study, several individual methods
where each examines different but complementary aspects should be used (Daly,

1996; Wood et al., 1999; Perry et al., 2000).

Multi-method empirical research contains two or more studies that employ two or
more different methods. For example, it is possible to have controlled experiments

and surveys together to investigate a phenomenon. One study complements
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another study by helping to confirm the findings, generate research hypotheses or
explain the findings. The strategy also includes combining qualitative and
quantitative approaches. The main consideration when using the strategy is the
sequence in which different approaches and methods are employed. One
quantitative study may be followed by a qualitative study or vice versa to assist in
explaining and interpreting the findings of the former study. Besides, several
studies with different methods may be conducted concurrently to confirm, cross-
validate or corroborate findings (Creswell, 2002). Several studies that investigate
the same phenomenon using different methods enable more confidence to be
placed on the findings. In addition, they also provide various types of evidence.
Evidence obtained from different methods and approaches is very useful for
improving the understanding of a phenomenon and achieving a cohesive body of

knowledge.

Drawing conclusions from a single study is very risky due to its low confirmatory
power, a large number of potential factors that interact with the treatment and the
challenges of experimental validity. Multi-method is one strategy to alleviate the
problem. Another way is by replication where a study is repeated through a series
of similar studies. Replication may or may not vary the hypotheses of the main
study, and may extend the theory (Basili et al., 1999). Replication enables
researchers to gather enough evidence from a number of related studies before a

definite conclusion can be made about a phenomenon.

Much of the existing technology has been adopted on the basis of expert opinion
and anecdotal evidence rather than on the basis of empirical evidence (Rainer et
al., 2005; Kitchenham et al., 2007). This is mainly due to lack of empirical
validation in the published computer science and software engineering articles
(Lukowicz et al., 1995; Zelkowitz et al., 1997). The situation is however
improving as the percentage of articles with no empirical validation has dropped
in major publications (Zannier et al., 2006; Zelkowitz, 2007). Among the
conducted empirical validations, controlled experiments (Sjoberg et al., 2005) and
surveys (Hofer et al., 2007) constitute only a small fraction of the published
articles. Lack of conducting controlled experiments in software engineering has

been regarded as one reason of software engineering immaturity (Ebert, 1997).
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This is because only through experiments, practitioners could gain more
understanding of what makes software good and how to make software better
(Pfleeger, 1999). It seems that more controlled experiments and surveys should be

conducted to understand various aspects of software product and process.

This research adopts the multi-method strategy. It comprises two studies using
two types of research methods, namely controlled experiments and surveys. The
controlled experiments were mainly confirmatory as they aimed to confirm a set
of predefined hypothesis about the phenomenon under study (Chapter 3 and 5).
The surveys were exploratory as little was known about the phenomenon and thus
aimed to discover more of its characteristics (Chapter 4, 6 and 7). The studies
complemented each other where they helped to confirm the findings and explain
the phenomenon from two different perspectives. There were replications where
one study was repeated twice under different conditions (Chapter 5 and 6).
Despite being confirmatory or explanatory, each study (except the survey
described in Chapter 7) adopted both qualitative and quantitative approaches to

some degree.
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2.2. Formal and Semi-formal Methods

Formal methods are defined as methods that impose the use of mathematically
based approaches to software development. Several examples of formal methods
include VDM (Jones, 1990; Fitzgerald et al., 1998), Z (Spivey, 1992, Bowen,
1996) and B (Abrial, 1996). The rigour of formal methods could improve software
development process and produce software with better structure, greater
maintainability and fewer errors (Hinchey, 2002). Formal methods are seen as a
fault avoidance technique that aims to reduce the introduction of errors into a
system. The methods are therefore employed at the early stages of system

development, particularly from the specification stage.

The development of a system specification using a formal method allows
practitioners to work at an abstraction level that is independent of the
implementation (Plat et al., 1992; Harry, 1997; NASA, 1998). Nevertheless, a
formal specification cannot be specified using natural languages. Rather, it must
be written in a formal notation that is based on a rigorous mathematical model or a
standardised programming specification language (IEEE, 1987; 199%).
Specifically, a specification is formal if it expressed in a notation that has three
components (van Lamsweerde, 2000): rules for determining the grammatical well-
formedness of sentences (syntax); rules for interpreting sentences in a precise,
meaningful way within the domain considered (semantics); and rules for inferring
useful information (proof theory), which provides the basis for automated analysis
of the specification. A formal specification is thus an unambiguous and precise
description of system requirements that can be rigorously validated and verified.
Without a formal specification, a reliable synthesis and analysis prior to an

implementation becomes difficult if not impossible (Alexander, 1996).

Even though many do accept the existence of formal methods and their
applications in software engineering (Lau et al., 2005), the industry in general
remains unconvinced of its utility. One major concern with formal methods is the
inaccessibility of formal notation (Finney et al., 1996a; Finney, 1996b; Carew et

al, 2005). It is always recommended that formal method specialists should support
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practitioners to ensure that the notation is interpreted and employed correctly
(Hinchey, 2002; Bowen et al., 1995; 2006). This seems to suggest that
practitioners are unable to work independently and organisations have to incur
extra cost for hiring experts. The notation is also seen as more usable for
programmers rather than for stakeholders who need to specify and validate a

specification (van Lamsweerde, 2000).

Graphical notations such as the Unified Modelling Language (UML) (OMG,
2006) are considered as semi-formal because, although they impose some
formality and support refinement activities, they cannot be verified systematically
to ensure a specification’s accuracy and consistency. On the other hand, the
visualisation provided by such notations enables system requirements to be
specified more naturally and thus promotes better understanding. This is because
the symbols used in graphical notations are mainly analogous to the world’s
objects (Bauer et al., 1993; Stenning et al., 1995). Previous studies have shown
that graphical notations have significant advantages for certain tasks. For example,
flowcharts have beneficial effects in terms of the time needed to comprehend an
algorithm and the accuracy in user response as they illuminate the control-flow of
conditional logic (Vessey et al., 1986; Cunniff et al., 1987; Scanlan, 1989). A
study has also investigated the use of flowcharts as a supplementary notation to
textual code, which revealed some positive evidence in improving comprehension

(Curtis et al., 1989).

Despite the claims that graphical notations are somehow better at capturing many
aspects of the world naturally, researchers have yet to agree the superiority of
graphical notations over textual (Petre, 1995; Blackwell et al., 2001). One reason
is that the underlying factors that contribute to the superiority of graphical
notations are not well understood (Scaife et al., 1996). Furthermore, textual
notations have always been regarded as more expressive. Perhaps it is better to
combine graphical and textual notations together rather than using a single
notation. This view is similar to integrating semi-formal and formal notations, as
the former is mainly graphical whereas the latter is textual. By integrating semi-
formal and formal notations, practitioners could benefit from graphical and textual

representation and deal with a more accessible formal notation.
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2.3. B Method

The B method (Abrial, 1996) is a collection of mathematically based techniques
for the specification, design and implementation of software components. The
method synthesises many approaches to formal methods such as Z notation
(Spivey, 1992, Bowen, 1996), which was also inspired by Abrial, and Stepwise
Refinement in Programming (Gries, 1981). In essence, the invention of the B
method was motivated by the need to support all stages of software development
lifecycle in a uniform and formal way (Schneider, 2001). Unlike most formal
methods, this methodological view allows the B method to be applicable beyond
only the specification stage. Several organisations have gained the benefits of the
B method such as Paris Metro (Behm et al., 1999), Gemplus (Casset, 2002),
Clearsy (Pouzancre, 2003) and KeesDa (Hallerstede, 2003). These organisations
use the B method as the primary development method for specification and

implementation stage.

The B method provides techniques that ensure the consistency of a specification
and guarantee the implementation with respect to that specification. In the
method, system components are modelled as a collection of interrelated abstract
machines. An abstract machine is a specification of what a component should
provide. It consists of input, output and a set of allowable operations used to turn
the input into the output, which are described using the Abstract Machine
Notation (AMN). AMN is a state-based formal specification language which is
similar to the Vienna Development Method (VDM) (Jones, 1990). It acts as a
uniform notation for describing system states and behaviours at various levels of

development, from the specification through to the implementation.

The B method supports hierarchical stepwise refinement where an abstract
specification is formally specified and successively transformed into an
implementable specification through a number of correctness preserving steps.
The abstraction is firstly developed from an informal specification to capture the
most essential properties of a system. The abstraction is further refined and

decomposed until the system’s essential properties are fully specified. After each
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refinement, more concrete properties of the system are obtained. Once the
properties have been specified formally, further refinement and decomposition
allow implementation decisions to be added. A refinement that is at a sufficiently

low level can be translated automatically into code.

The refinement of system components from the specification to implementation
requires the execution of several proof activities. In particular, the method
enforces the discharge of proof obligations, which are the properties that must
hold for the components to be self-consistent. There are two main proof activities
involved in the B method, which include Consistency Checking and Refinement
Checking. Consistency Checking ensures that the component preserves its state
conditions whereas Refinement Checking ensures that the component is valid at
each refinement level. Several industrial tools support the proof activities, namely
Atelier-B (ClearSy, 2003) and B-Toolkit (B-Core, 1999). The tools generate proof
obligations and prove the obligations through automatic and interactive provers.
While the automatic prover discharges the proof obligations automatically, the
interactive prover requires user intervention for the proof activities to complete.
The automatic prover is normally capable of proving majority of proof
obligations. However, some complex proof obligations need to be proved
interactively by wusers through the interactive prover. Discharging proof
obligations with the interactive prover may be complicated, but it provides users

with a better insight into the system properties and behaviours.

Besides the industrial tools, there are also tools developed within the research
community. ProB (Leuschel et al., 2003) for instance, supports the automated
Consistency and Refinement Checking (Leuschel et al., 2005; 2006) via Model
Checking (Clarke et al, 1999). Unlike other B tools, ProB comprises a model
checker that explores exhaustively the finite behaviour of a component, an
animator that executes the operations and a graphical tool that displays the states
and transitions covered by the model checker. The tool performs the model
checking by verifying a component against the specified properties. It traverses all
the reachable states of the component, explores the possible states and finds
potential problems. ProB discovers inconsistencies through Temporal Model

Checking and State-based Model Checking (Butler et al, 2005). Through
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Temporal Model Checking, the tool attempts to find a sequence of operations that
leads to a problem from a valid initial state. On the other hand, the State-based
Model Checking or Constraint-based Model Checking points directly to a valid
state that could lead to a problem when a certain operation is invoked. ProB aims
to support the interactive proof activity in the industrial B tools. It eliminates some
non-trivial errors before more complicated proof activities are performed using the
B tools (Leuschel et al., 2006). Its animation that allows the simulated behaviour
of a model to be observed provides a useful mechanism for performing validation.
Users are provided with the description of the current state, the history that led to
the current state, and the enabled operations along with proper argument
instantiations. ProB is regarded as a faster and cheaper tool than provers while
being more rigorous than manual verification techniques such as reviewing

(Snook et al., 2004a).

Event-B' (Abrial et al., 1998; 2007) is a modelling notation and method evolved
from the B method. It is intended for formal development of discrete systems. It
uses the ideas of Action Systems (Back, 1990) that emphasises the incorporation
of an event perspective. Events in Event-B replace the idea of operations in B
where they can be executed randomly whenever the condition is true. Event-B has
been designed with tool support in mind and therefore is surrounded by a set of
associated tools for formal verification, model-checking and animation (Abrial et
al., 2006). The tools are implemented as plug-ins on the Eclipse platform (Eclipse,
2007). Its notation has two basic constructs, namely Contexts and Machines. The
former contains the static part of a model whereas the latter contains the dynamic
parts. Unlike the B method, Event-B does not have a fixed syntax and new

constructs can be added whenever necessary (Hallerstede, 2006).

This research includes both variations of B. In the first controlled experiment
(Chapter 3), the object of study was B whereas in the second one, it was Event-B

(Chapter 5).

! This work is part of the EU funded research project: IST 511599 RODIN (Rigorous Open Development Environment for
Complex Systems).
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2.4. Unified Modelling Language (UML)

The Unified Modelling Language (UML) (OMG, 2006) has become the de facto
standard for system development and is promoted as a technology that helps in
producing understandable software systems (Pender, 2003). It is a visual
modelling language that is composed of graphical representation to express
object-oriented system designs (Fowler, 2004). It emerged as a composition of
three object-oriented methods, namely the Booch Method (Booch, 1994), the
Object Modeling Technique (OMT) (Rumbaugh et al., 1991) and the Objectory
Method (Jacobson et al., 1992) by three primary authors who are referred to as
“The Three Amigos”. The language has evolved rapidly under the management of
Object Management Group (OMG). In fact recently, the organisation has
published the latest version of UML 2.0 (OMG, 2006). The version contains new
features that enhance UML’s capability to represent behavioural and architectural
models, business process and rules, and different parts of computing and non-

computing disciplines.

UML has been described as a graphical language for visualising, specifying,
constructing and documenting the artefacts of a software intensive system (Booch
et al., 1999). The language comprises a number of representations such as Use
Case, Class and Statechart diagrams for allowing the structural and dynamic
aspects of a system to be illustrated from different perspectives. Various ways of
representing a system enable UML to be applicable to a variety of modelling
domains (Booch, 2002). By providing the relevant views, UML is regarded as a
useful means of communication among stakeholders during the development and

deployment process (Schmuller, 1999).

Although useful, the graphical aspect of UML has a limitation. In particular,
system specific properties and constraints cannot be illuminated using merely the
diagrams (Cook et al., 2001; Warmer et al., 2003). Graphical representation in
general lacks formality and hence UML models liable to ambiguity and
inconsistency. An add-on feature called the Object Constraint Language (OCL)
(Warmer et al., 2003) was proposed to bring precision to UML models. OCL is a
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precise textual notation, which provides UML models with constraint and object
query expressions that cannot be specified by the diagrams. OCL enables the
specification of system properties in a more precise and detailed manner than
natural language or diagrams alone (Gogolla et al., 2001). OCL is currently a part
of the UML standard (OMG, 2006). Although OCL has great potential for
improving the correctness of UML models (Hennicker et al., 2001), it has been
criticised for being cumbersome and awkward to use (Vaziri et al., 1999). In fact,
several authors exclude OCL from their proposals of using UML (Gomaa, 2000)
and recommend using OCL only if it is necessary (Larman, 2004; Fowler, 2004).
Moreover, OCL lacks of systematic tools that could support its application.
Although several tools do available (Toval et al, 2003; USE, 2006), they are
isolated and immature. The current OCL users therefore verify their UML models

using the conventional verification and validation techniques such as reviewing.
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2.5. Integrating UML and B

Formal notations such as used in the B method contain textual mathematical
constructs. They have the precision, which enables them to be rigorously verified
so that a correct and consistent model can be produced. The notations however are
generally difficult for untrained users to understand because they have a large
numbers of different symbols that represent complex operations (Britton et al.,
1999). Even with training, several studies have found that formal notations are not

easily readable and understandable (Finney et al., 1996a; Carew et al., 2005).

Semi-formal notations such as UML mainly use graphical symbols to represent
structural and dynamic aspects of a system. Graphical symbols may be effective
for communicating ideas but they are not as expressive as textual constructs. In
particular, one cannot use graphical symbols alone to specify system constraints.
As the expressive power of a representation is essential for model completeness
(Brun et al., 1995), a model that uses graphical symbols may be incomplete.
Moreover, the lack of formality in graphical symbols causes model verification to

be difficult, if not impossible.

A study has indicated that the presence of graphical symbols together with a
formal textual notation could improve the notation’s readability (Zimmerman et
al., 2002). This may suggest that by having UML diagrams with the formal
notation of B could also lead to similar results. In fact, a preliminary case study on
the idea of integrating UML and B has shown that B promotes a model’s precision
while UML allows the model to be more intuitive (Satpathy et al., 2001). In
essence, integrating both notations may address the lack of formality in UML
while improving the accessibility of B. Furthermore, such integration could also
benefit from the B’s strong industrial supporting tools and the wide acceptance of

UML in industry.

The research community has attempted to establish links between UML and B
(Shore et al., 1996; Sekerinski et al., 1998; Meyer et al., 1999; Ledang et al.,
2002; Lano et al, 2004, Snook et al., 2004a). These studies mainly investigate the
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ideas of transforming a UML model to a B model. However, there are also studies
that investigate the ideas of reverse transformation, that is, from a B model to a
UML model (Idani et al., 2006). Regardless of direction, all these studies aim to
exploit the strength of B tools while remaining in a standard industrial process
based on UML. They are also motivated by the belief that UML could help B

notation to be approachable to practitioners.

This research aims to investigate one such integration, which was developed by a
team of researchers from the University of Southampton, namely UML-B (Snook
et al., 2006). UML-B was originated as a part of a PhD thesis (Snook, 2002).
Since then, the method has been further enhanced and developed in several
projects funded by the European Commission such as the Methodologies and
Technologies for Industrial Strength Systems Engineering (MATISSE, 2002), the
Paradigm Unifying System Specification Environment for Electronic Design
(PUSSEE, 2003) and the Rigorous Open Development for Complex Systems
(RODIN, 2004).

UML-B is a graphical formal modelling notation and method based on UML and
B. It uses UML’s Package, Class and Statechart diagrams as the graphical
representation of its model. The graphical representation is equipped with
formally defined semantics by using an integrated and action language called uB
or microB. uB is based on the B’s AMN notation. A translator called U2B (Snook
et al, 2004b) translates a UML-B model to a textual B model so that B tools can
be executed to verify the model. The Figure 2.1 below illustrates the

transformation of a UML model to a B model in UML-B.

In general, UML-B consists of the following:

e UML features, which include Package, Class and Statechart diagrams

e Specialisation of UML features via stereotypes and tagged values

e Structuring mechanisms (systems, components and modules) based on
specialisations of UML packages

e UML-B clauses, which is a set of textual tagged values to define extra

modeling features for UML entities
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e uB, which is an integrated action and constraint language based on B’s
AMN

e Well-formedness rules

The stereotype is used to specialise and enrich the meaning of the UML features.
It also relates the UML features to the B concepts. The tagged values or UML-B
clauses are defined to attach abstraction details, which do not belong to the
standard UML features. These clauses are related with clauses used in the B
notation. Other clauses that do not have direct B equivalent are also provided so

that specific details can be added to the UML-B model.

The strength of UML-B is that it combines graphical symbols and textual
constructs for formal modelling. UML-B uses graphical symbols to illustrate the
key aspects of a system while preserving precision by incorporating formal
semantics within the graphical symbols. It hides the textual mathematical
constructs of B beneath the more user-friendly graphical features of UML.
Moreover, it provides a mechanism for a UML-B model to be translated to a B

model and later to be verified by the available B tools.

uB (microB), UML-
B clauses etc.

uz2B

UML Features : UML-B 5 B Model
(Package, Class and [+ > Model ; >
Statechart diagrams ! ' ﬁ ﬁ
5 ! ProB Verification
! : Tools
! | (e.g. Atelier-B,
! ; B-Toolkit)

FIGURE 2.1: The transformation of a UML model to a B model in UML-B
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During the RODIN project, UML-B has gone through some enhancements. The
new UML-B is a graphical formal modelling notation and method based on UML
and Event-B (Abrial et al., 1998; 2007). Rather than a specialisation of UML, the
new UML-B appears to be a “UML-like” formal modelling language. Although
the new UML-B still contains UML features, it is essentially a new notation based
on a separate metamodel. The tool support for the new UML-B includes drawing
tools and a translator, U2B to generate an Event-B model from a UML-B model.
The tools are closely integrated with Event-B tools (Abrial et al., 2006) to enable
the automatic generation and verification of Event-B models. Previously, U2B
tool resided on Rational Rose (Rational, 2000). The tool has now been
redeveloped as an Eclipse (Eclipse, 2007) plug-in to improve its integration with

the Event-B tools.

This research assesses both versions of UML-B. In the first controlled experiment,
the basic concepts of UML-B were assessed by comparing a UML-B model of the
earlier version of UML-B with a B model (Chapter 3). Later, a UML-B model
developed using the new UML-B was compared with an Event-B model (Chapter
5). In addition, the supporting tools of both versions of UML-B were assessed in

the surveys (Chapter 4, 6 and 7).
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2.6. Usability

The research concerns the use of semi-formal and formal notations in developing
a specification or conceptual modelling. There are three elements involved in
conceptual modelling: the process of creating the model, the modelling language
or notation and the model itself (Piattini et al., 2005). In achieving a high-quality
model, the process and the notation used should also be of high quality. The
assessment of process quality could be based on the ISO 9000 standard (ISO
9000, 2004) and the Capability Maturity Model Integration® (CMMI) (SEI,
2005). The notation and the model are considered as products and therefore they

could adhere to the ISO 9126 standard for product quality (ISO 9126-1, 2001).

There are specific quality criteria defined for the notation used in conceptual
modelling such as domain appropriateness, comprehensibility appropriateness,
executability appropriateness and knowledge externalisability appropriateness
(Krogstie, 1998). Domain appropriateness is the ability of the notation to capture
the problem domain. Comprehensibility appropriateness is how easily the
modeling notation could be learned, used and understood by users. Executability
appropriateness is to what extent the notation is formalised to enable execution.
Knowledge externalisability appropriateness is how relevant knowledge of the
problem domain may be articulated in the notation. There are also some other
criteria such as the notation’s expressive power, generative capabilities,

extensibility and usability (Brun et al., 1995).

Similarly, there are also various criteria proposed for assessing a model quality.
Each of the proposed quality criteria becomes more or less important depending
on the task and the stakeholders involved (Wand et al., 2002). There are however
certain criteria that are generally agreed by most researchers to be important for
both the notation and the model. One of these criteria is that the notation and
model should be as easy as possible for users to understand (Batini et al., 1991;
Davis et al., 1993; Farbey, 1993; Boman et al., 1997; Moody et al., 1998; Olive,
2000; ISO 9126-1, 2001) so that users are not compelled to put effort into
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decoding them (Green, 1980). It seems that understandability or generally

usability is the most important quality to measure in conceptual modelling.

Usability has been recognised as an important software quality attribute and thus
has been included in major software quality models and standards (McCall et al,
1977; Boehm et al., 1978; Grady et al., 1987; ISO 9126-1, 2001). The primary
idea of usability is that a product is designed with the user’s psychology and
physiology in mind. A usable product is expected to be understandable, efficient

to use, easier to learn and satisfying.

There are several standard definitions of usability in the literature, which include:

e The extent to which the product is convenient and practical to use (Boehm
etal., 1978)

e The ease with which a user can learn to operate, prepare inputs for, and
interpret outputs of a system or component (IEEE Std. 610.12, 1990)

e The capability of the product to be understood, learned, used and liked by
the user, when used under specified conditions (ISO 9126-1, 2001)

e The extent to which a product can be used by specified users to achieve
specified goals with effectiveness, productivity, satisfaction and safety in a

specified context of use (ISO 9126-4, 2004)

Usability is often associated with the functionalities of the product such as defined
above and the characteristics of the user interface (Shneiderman, 1980, 1998;
Nielsen, 1994). By considering the definition provided by the International
Organization for Standardization (ISO), usability is primarily concerned with the
use of the product, the user interface and interaction, the process used to develop
the product and the capability of an organisation to apply user-centred design
(Bevan, 2001). The objective is for the product to be effective, efficient and
satisfying when used in the intended contexts. To achieve this, an appropriate
interface and interaction has to be designed, which requires a user-centred design

process.
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Usability in ISO is further defined into five sub-characteristics as follows:

e Understandability - the capability of the product to enable the user to
understand whether the product is suitable and how it can be used for
particular tasks and conditions of use

¢ Learnability - the capability of the product to enable the user to learn its
application

e Operability - the capability of the product to enable the user to operate
and control it

e Attractiveness - the capability of the product to be liked by the user

e Usability Compliance - the capability of the product to adhere to

standards, conventions or regulations

In this research, the usability of UML-B is assessed. This includes the
understandability or comprehensibility of the notation used in a UML-B model
(Chapter 3 and 5), the learnability, operability and attractiveness of UML-B’s
notation and modelling environment for supporting conceptual modelling

(Chapter 4, 6 and 7).
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2.7. Cognitive Theories

In the following paragraphs, the two main cognitive theories involved in the
empirical assessments are described. The Comprehension Strategies was
included as one of the qualitative measures for the controlled experiments
(Chapter 3 and 5) and the Cognitive Dimensions was used as the instrument for
the surveys (Chapter 4, 6 and 7). Besides these two theories, there are also other
cognitive theories used in the research such as Multimedia Learning (Mayer,
2001) and Cognitive Load (Chandler et al, 1991; Sweller, 1999). The description
of those theories is included in the respective parts of the thesis to assist

explanation, whenever applicable.

2.7.1. Comprehension Strategies

Program comprehension or the understanding of code is identified as a critical
cognitive activity in programming (Brooks, 1983; Koenemann et al., 1991). Due
to the formality enforced in formal notations, a formal specification and a program
seem to be similar in many ways. In particular, they are written using specific
predefined symbols and rules that govern how the symbols should be manipulated
to represent certain semantics. In fact, several empirical researches have
discovered that understanding a formal specification is no more difficult than a
program (Snook et al., 2001; Snook et al., 2004c). Perhaps the cognitive activity
and complexity involved in program comprehension are also applicable to formal

specifications.

There are two key aspects involved in program comprehension, which are
direction and breadth of comprehension. The direction of comprehension concerns
whether the developer employs 7op-down comprehension (Brooks, 1983,
Soloway et al., 1982), Bottom-up comprehension (Schneiderman et al., 1979,
Pennington, 1987) or combination of both strategies. The breadth of
comprehension concerns the strategies that the developer employs to become
familiar with a model, that is, whether through Systematic or As-needed strategies

(Littman et al., 1986).
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The Top-down comprehension strategy involves the construction of knowledge
about the model domain and mapping the knowledge to the model. The process
begins by constructing a general hypothesis about the model based on high-level
information such as title and model description. The general hypothesis leads to
the expectation of certain objects or characteristics in the model, which later
generates another level of more specific subsidiary hypotheses. As the model is
explored further, the subsidiary hypotheses are refined and evaluated in a depth-
first manner. The verification and rejection of the hypotheses depends on the
presence of recognisable and familiar features in the model that act as cues to the
presence of certain structures. The strategy continues for several successive
refinements and verifications of hypotheses until the whole model has been

understood.

The Bottom-up comprehension strategy involves the encoding and chunking of
several individual parts of a model into higher level of abstractions. An individual
part is grouped together with other related parts to form a semantic representation
of a larger unit. The abstractions are aggregated further until a high-level
understanding of the model is attained. This strategy consumes both working and
long-term memories. The working memory is used for the encoding of individual
parts while the long-term memory is used for the formation of the chunks and
understanding of the whole model. The process of comprehension continues by
recognising the semantic relationships between the constructed chunks and joining

these chunks into higher-level chunks.

While the Top-down and Bottom-up strategies can be employed for any
comprehension purposes, the Systematic and As-needed strategies are particularly
concerned with comprehension for maintenance. The Systematic comprehension
strategy is employed to gain a broad understanding of a component. The objective
of this strategy is to understand the overall design of a component so that the
necessary modifications to be made could fit with the existing design. On the
other hand, the As-needed strategy is not concerned with the overall design of the
component but only the selected local parts that are considered to be relevant.
Developers use this strategy to understand the minimum amount of information

necessary to successfully carry out the modification. The Systematic strategy
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acquires both static knowledge and causal knowledge while the As-needed
strategy acquires only the static knowledge. The static knowledge is the
information about the local structure of the component and the causal knowledge

is the information about the interactions between various parts in the component.

It is believed that users employ certain strategies in understanding a notation.
These strategies if known could lead to the improvement of the notation and the
identification of necessary tools and training to support them in the process. In this
research, the theories of program comprehension described above were applied to
investigate the direction and breadth of comprehension employed by subjects

when understanding UML-B and B/Event-B models (Chapter 3 and 5).

2.7.2. Cognitive Dimensions

The Cognitive Dimensions of Notations (CD) is a framework that provides a
comprehensive vocabulary for discussing the usability of programming languages,
tools and environments. It was originally proposed as a broad-brush discussion
tool, offering a vocabulary to discuss the usability tradeoffs that occur when
designing programming environments (Green, 1989; Green et al.,, 1996).
Nonetheless, it is also applicable beyond the programming environment. It can be
employed to a wide variety of notations, both interactive artefacts such as word
processors and non-interactive artefacts such as musical notation. Since its
proposal, the framework has been used as a basis of usability evaluation for
several notations such as UML (Cox, 2000; Kutar et al., 2002), C# programming
language (Microsoft, 2007) (Clarke, 2001), spreadsheet application (Tukiainen,
2001), B notation (Snook, 2002), Z notation and tools (Triffitt et al., 2002).

The framework is generally seen as a tool that aids the usability evaluation of
information-based artefacts (Green et al., 1998). The framework comprises a
number of defined terms, which have been chosen to be easy for non-specialists to
comprehend while yet capturing a significant amount of psychology and Human
Computer Interaction (HCI) aspects. Since it is intended for non-specialists, it

contains general description and checklist rather than detailed analysis. Unlike
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many other approaches in HCI, the framework concentrates on the processes and
activities rather than the finished product. Furthermore, it focuses on the

notational design rather than interactive situations.

The aim of the framework is to provide general guidelines that can be used to
evaluate the usability and suitability of an artefact for a particular setting. An
artefact is analysed based on a usability profile that contains a set of cognitive
dimensions that guides the artefact’s evaluation for a particular activity. Different
types of user activity are thus best supported by different profiles. The framework
distinguishes six main types of user activity (Blackwell et al., 2003):
Incrementation involves the addition of new elements; Transcription involves the
conversion of elements, Modification concerns the reorganisation of the existing
elements, Exploratory Design concerns the discovery and creation of new
elements; Searching involves looking for certain elements; and Exploratory

Understanding involves the discovery of elements.

The usability evaluation in the framework is accomplished by considering the
perspective of end users who use the artefact. This is particularly relevant because
only the users who use an artefact understand its strengths and weaknesses for a
particular context of use. Since they need to use the artefact to accomplish other
important tasks, the users can visualise how they could use the artefact more
effectively if certain dimension issues are addressed. Besides the end users,
designers can also use the framework to prompt possible improvements in the

design of their artefacts.

There are fourteen dimensions in the CD framework as summarised in the Table
2.1 below. To assist non-specialists to conduct a usability evaluation using CD, a
CD questionnaire has been developed (Blackwell et al., 2000). The questionnaire
is intended to present the dimensions in general terms, applicable to all
information artefacts rather than presenting descriptions specialised to a specific

system under consideration.

Although the dimensions are conceptually independent, many of the dimensions

are pairwise interdependent (Green et al., 1998). This means although any given



Chapter 2 Background Literature 36

pair can be treated as independent, a change in one dimension usually requires a
change in some other dimensions. For example, by reducing a notation’s Viscosity
may not affect its Closeness of Mapping, but it is likely to affect other dimensions

such as increasing the Abstraction gradient. The framework considers this

situation as a matter of making compromises or trade-offs in artefact designs.

Dimension Description
Abstraction Gradient Level of grouping mechanism enforced by the notation
Closeness of Mapping Mapping between the notation and the problem domain
Consistency Similar semantics are presented in a similar syntactic manner
Diffuseness Complexity or verbosity of the notation to express a meaning
Error-proneness Tendency of the notation to induce mistakes
Hard Mental Operations | Degree of mental processes required for users to understand the
notation and to keep track of what is happening
Hidden Dependencies Relationship between two entities such that one of them is dependent

on the other but the dependency is not fully visible

Premature Commitment

Enforcement of decisions prior to information needed and task
ordering constraints

Progressive Evaluation

Ability to evaluate own work in progress at any time

Provisionality

Flexibility of the notation for users to play with ideas

Role-expressiveness

Purpose of an entity and how it relates to the whole component is
obvious and can be directly implied

Secondary Notation Ability to use notations other than the official semantics to express
extra information or meaning
Viscosity Degree of effort required to perform a change

Visibility/Juxtaposibility

Ability to view every component simultaneously or view two related
components side by side at a time

TABLE 2.1: The Cognitive Dimensions

In essence, the CD provides a framework for assessing the usability of building
and modifying information structures. As usability depends on the structure of the
notation and the tools provided by the environment, the dimensions are indeed
applicable to the whole system. This means the dimensions take into account the
notation or the information structures and the tools that support them. In this
research, the framework was used to evaluate the usability of the notation used in
UML-B and its modelling environment (Chapter 4 and 6), and B tools (Chapter
7).
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2.8. Overview of Related Work

The research investigates the usability of UML-B. The controlled experiments
assessed the comprehensibility of the notations used in a UML-B model and a
B/Event-B model from the perspective of users who interpret the models
(Chapter 3 and 5). The surveys investigated the usability of UML-B’s notation
and modelling environment from the perspective of users who use the method for
creating a UML-B model (Chapter 4 and 6). In general, there are two main tasks

involved in the investigations: model interpretation and model creation.

A number of empirical studies have investigated the efficacy of different
representations for model interpretation and model creation tasks. For model
interpretation, there are studies that compared representations of different
technologies such as Data Flow Diagram (DFD) versus Object-Oriented
Technology (OO) (Agarwal et al., 1999), OO versus Extended Entity-Relationship
(EER) (Shoval et al., 1994), DFD versus task-oriented menus (Nosek et al., 1986),
and Unified Modelling Language (UML) versus Open Modelling Language
(OML) (Kim et al., 2000). Several studies compared internal properties or
structures of one particular representation such as optional versus mandatory
properties of Entity-Relationship Diagram (ERD) (Bodart et al., 2001), different
decomposition (Burton-Jones et al.,, 2002) and types of UML diagrams
(Torchiano, 2004). There are also studies that assessed a representation presented
using different modes such as OO using narration versus animation (Gemino,
2004). These studies mainly used comprehension as the measure of interest, which
was determined by the accuracy of the responses given by users who read the
presented models. In contrast, the controlled experiments conducted in this
research measured the efficiency of comprehension, which took into account not

only the accuracy but also the duration of the task.

In terms of model creation, there are comparisons of representations and methods
between different technologies. Some examples include DFD versus OO (Agarwal
et al., 1996; Wang, 1996), DFD versus OO versus ERD (Vessey et al., 1994),
DFD and Integrated Definition Method (IDEF0) (Yadav et al., 1988), Flowchart
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and Program Design Language (PDL) (Ramsey et al., 1993), Relational Data
Model (RDM) versus EER (Batra et al., 1990), and Logical Data Structure (LDS)
versus Relational Data Structures (Jarvenpaa et al., 1989). The most common
measures of interest used in the studies include model correctness, ease of use and
ease of learning. Some of these measures were also used in the surveys conducted

in this research.

Most of the studies mentioned above assessed the representations and methods
that are semi-formal. The representations mainly consist of graphical symbols
with some “non-formal” textual notations. The textual notations do not contain
mathematical constructs and are generally based on natural language. On the other
hand, there are studies that explored the readability of formal notations for model
interpretation task. For example, comparisons of formal notations with informal
specifications (Carew et al, 2005) and code (Snook et al., 2004c), and
comparisons of formal notations using different presentation modes (Zimmerman

et al., 2002) and structures (Finney et al., 1996a; 1999).

Studies that investigated the efficacy of representations that combine formal
(textual mathematical constructs) and semi-formal (graphical symbols) notations
empirically are almost non-existent. Based on the literature search made on three
major software engineering digital publications, namely IEEEXplore (IEEE,
2007), ACM Portal (ACM, 2007) and SpringerLink (Springer, 2007), only one
study that suits the search criteria was found (Briand et al., 2005). The aim was to
acquire empirical studies that explored the combination of semi-formal and formal
notations. Thus, specific keywords were used in the search which include “Semi-
formal and formal notations”, “UML-based formal notation”, “Graphical formal
notation”, “Integration of notations”, “Experimentation” and “Empirical studies”.
Other related keywords were also used such as “Comprehension or
Comprehensibility”, “Usability” and “UML”. The search was based on the
published papers up until year 2007.

The study conducted by Briand et al. mentioned above assessed the use of Object
Constraint Language (OCL) with UML diagrams. OCL is indeed a kind of formal

notation as it has a set of predefined syntax and rules of interpretation, which is
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based on first-order logic and set theory. In many ways, the use of UML diagrams
with OCL 1is similar to the use of UML diagrams and B/Event-B. Therefore,
Briand et al.’s study is comparable with the study in this research. However, there
are some differences between the two studies, as illustrated in the Table 2.2
below. In general, Briand et al. explored the use of UML diagrams with OCL as
compared to UML diagrams. In contrast, the study in this research compared
UML-B with B/Event-B. The former study assessed the use of semi-formal and
formal notations (graphical and textual) with a semi-formal notation (graphical)
while the latter study with a formal notation (textual). Both studies indicate that
using dual notations together is better than one notation. However, the
interpretation of the findings and the impacts that they bring are different. The
results of Briand et al.’s study seem to suggest using UML and OCL (semi-formal
and formal notations) rather than UML alone (semi-formal notation), particularly
when practitioners are properly trained and mentored. On the other hand, the
findings of this research indicate that introducing some graphical features of a
semi-formal notation into a formal notation improves the formal notation’s
accessibility. It seems that practitioners are more likely to perform better when the
formal notation that they employ contains graphical features rather than being
textual exclusively. Further elaboration of these findings can be found in later

chapters.
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Study Object of study Independent Dependent Methodology Results Strengths and
Variable Variable(s) Weaknesses
Briand | UML and OCL Method e Comprehension | Design Analysis Strengths
etal., (Semi-formal & (Notation) e Maintenance e Related within-subject, 1™ experiment: 2-way | o Analysis considered
2005 Formal) e Defect Detection randomised block design ANOVA (Factor: confounding effects
e 2 treatments; 4 sessions; 2 case Method and Ability) e Relatively large
Versus Focus studies samples
Effectiveness e 2 trials (1% & 2™ experiments) 2" experiment: 3-way
UML e Trial duration: 4 weeks (1* ANOVA (Factor: Weaknesses
(Semi-formal) Measures experiment) => | session per Method, Ability and e Convenience sample

Percentage (%) of
Accuracy (Score)

week; 8 weeks (2" experiment)
=> 1 session per fortnight; 150
minutes per session

Subjects

e 4™ year Computer & Software
Engineering

e 4 groups; 2 blocks; balanced (2™
experiment)

e 38 (1" experiment); 84 (2"
experiment)

e Training given: no information
provided

Instrument

e Comprehension: 20 multiple-
choice (90 minutes)

e Maintenance: 5-6 open-ended (60
minutes)

e Defect Detection: List of defects
(150 minutes)

e Debriefing questionnaires (to
support quantitative results)

System)

Findings

UML and OCL is
better than UML only
after substantial
training (statistically
significant at 0.05;
modest effect)

e Subjects were in
contact with each other
after each session (at
least 1 week gap
between trials)

¢ Subjects performed two
distinct tasks on the
same case study in two
subsequent sessions

e Students as subjects

e Size and complexity
(toy problem)

e No underlying theories

TABLE 2.2: Similarities and differences between “Semi-formal and formal notations” studies
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Study Object of study Independent Dependent Methodology Results Strengths and
Variable Variable(s) Weaknesses
Razali, | UML-B Notation e Comprehension Design Analysis Strengths
2008 | (Semi-formal & (Recognition) e Related within-subject, Cross-over (Period- e Analysis considered
Formal) e Problem Solving randomised block design effect) period effect
(Understanding) e 2 treatments; 2 sessions; 2 case ® More control imposed
versus studies Findings on subjects (no
Focus e 2 trials (1% & 2™ experiments) | UML-B is better than interaction)
B/Event-B Efficiency e Trial duration: within 1 day => | B/Event-B o Instruments were based
(Formal) (Effectiveness and 100-120 minutes (statistically on cognitive theories

time spent)

Measures
Accuracy over time
(Rate of Scoring —
marks/min)

Subjects

3" year & Master students of
Computer Science and
Software Engineering

2 groups; 3 blocks; balanced
(2™ experiment)

41 (1* experiment); 36 (2™
experiment)

Training given: UML
(previous course); 8-9 weeks
(B); 1 week (Event-B); 1 week
(UML-B)

Instrument

Comprehension: 3 open-ended
questions

Problem solving: 3 open-ended
questions

Debriefing questionnaires (to
support quantitative results)

significant at 0.05;
large effect)

involved in
understanding graphical
and textual
representations

Weaknesses

¢ Convenience sample

¢ Not so large samples

o Students as subjects

e Size and complexity
(toy problem)

e Period by treatment
interaction/carry-over

TABLE 2.2: Similarities and differences between “Semi-formal and formal notations” studies (continued)




Chapter 2 Background Literature 42

2.9. Conclusion

This chapter has provided some theoretical background of the research. The
information acts as the basis for the empirical assessments conducted in this
research, which will be elaborated in detail in the following chapters. In particular,
Chapter 3 and 5 present the controlled experiments conducted on a UML-B
model whereas Chapter 4, 6 and 7 discuss the surveys conducted on UML-B’s
notation, modelling environment and supporting tools. The assessments aim to
provide some empirical evidence of the usability of UML-B from two different

perspectives using different assessment strategies.



Chapter 3

Measuring the Comprehensibility of a
UML-B model and a B model

Software understandability is a characteristic of software quality, which means
ease of understanding of software systems (Boehm et al., 1978). In Boehm’s
quality model for instance, understandability is considered an important aspect of
software maintenance. Software maintenance in general accounts for the largest
cost in the software lifecycle (Page-Jones, 1980; Sommerville, 2001), where
software understandability or comprehensibility plays a crucial and costly role in

the software maintenance process (Pigoski, 1996).

Software maintenance involves some modification to be made on the existing
system. It is a norm that the maintainers who are responsible for making the
modification were not the engineers who designed and developed the system. In
fact, the engineers who developed the system originally might not be longer
available in the organisation for the maintainers to refer. Furthermore, the system
might have been developed many years ago. The only resources available to the
maintainers for performing the modification task are therefore the available

software artefacts, which are mainly expected to be easy to understand.

Software specification is a fundamental software artefact as it captures what a
system should do. It is the primary point of reference for people who deal with a
system. For instance, maintainers scrutinise specifications to understand not only
the localised properties of a system that need to be changed but also the context
within which the changes should take place. These tasks are not straightforward

particularly when the notations used in the specifications are difficult to interpret.

43
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The situation becomes more challenging, as they need to make the necessary
modification as accurately as possible in a short period of time. Maintenance in
essence costs maintainers time, effort and money. This requires that the
maintenance process to be as efficient as possible. Specification comprehensibility
is necessary for an efficient maintenance process as it allows maintainers to

understand the system properties quickly prior to the modification task.

Besides maintenance, specification comprehensibility is also important for
specification validation process. Specification validation is concerned with
showing that the specification has actually defined the system that the customer
wants. It is a process where a number of stakeholders review and check the
specification for anomalies and omissions. The validation is critical because if it is
not properly done or inadequate, errors in the specification will propagate to the
later stages. No amount of verification could overcome those errors even though
the development imposes formality to some extent. For instance, many of the
errors found in failed safety-critical systems stem from poor or no specifications,
not due to incorrect implementation (MacKenzie, 2001). The lack of stakeholder
involvement has been the number one factor for such a failure (Standish, 1998;
2001). Having comprehensible specifications should motivate stakeholders’

involvement particularly the domain experts during the validation process.

The notation used in a specification plays a vital role. The comprehension process
and the subsequent tasks related to it will be affected if the people involved
struggle to decipher the notation rather than concentrating on the specification’s
contents. It has been known that the use of formal notations in a specification
increases its precision, which in turn enables greater consistency and correctness
to be obtained (Plat et al., 1992; Craigen et al., 1995; NASA, 1998; Hinchey,
2002). Nevertheless, it has been a concern that the notations can also cause
comprehension difficulties (Finney et al., 1996a; Finney, 1996b; Carew et al,
2005). The notations are seen as being difficult to comprehend due to the usage of
unfamiliar symbols and underlying rules of interpretation that are not apparent to
many practitioners. It is believed that the widespread adoption of formal methods
in industry will only happen when their notations are more accessible to a wide

range of users.
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The usefulness of graphical representation in software specifications has been
recognised for some time (Vessey et al., 1986; Cunniff et al., 1987; Scanlan, 1989;
Curtis et al., 1989). The representation is perceived as easy to understand quickly
as it is easier to visualise the mapping of symbols to the real world objects they
represent (Bauer et al., 1993; Stenning et al., 1995). A purely graphical
representation however is not as expressive as the textual representation as some
aspects of system properties cannot be specified completely using just diagrams
(Petre, 1995). As a result, informal specifications written using textual
representations such as natural language have been the most common and widely
accepted approach to specifying requirements (Zave, 1990). Perhaps combining
the graphical and textual representations together in a specification could be a
strategy to establish synergy between both representations. A combined graphical
representation with supporting textual representation can assist visualisation while

still achieving the full expressiveness and precision of a textual representation.

Formal notations normally appear as textual whereas semi-formal notations
mainly as graphical. By integrating formal and semi-formal notations,
practitioners could indeed benefit from both graphical and textual representations.
One of the ideas towards this integration is to combine the formal notation used in
a formal method, namely B (Abrial, 1996), and the semi-formal notation used in
the Unified Modelling Language (UML) (OMG, 2006). A method called UML-B
(Snook et al., 2006) is one such integration. The rationale behind this integration
is that B has strong industrial supporting tools such as Atelier-B (ClearSy, 2003)
and B-Toolkit (B-Core, 1999), and UML has become the de facto standard for
system development (Pender, 2003).

This chapter presents an experiment conducted on the notation used in UML-B.
The objective was to explore whether the notation could improve the specification
or model comprehensibility. The evaluation was based on the comparison made
between the notation used in UML-B and the formal notation used in B. The
measurement used in the evaluation focused on the efficiency in understanding
both notations and performing the required tasks. In the following paragraphs,
Section 3.1 to 3.5 explain the technical aspects of the experiment’s preparation

and execution. Section 3.6 discusses the results and data analysis. Section 3.7
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explains several threats to the validity of the results. Finally, Section 3.8

concludes the chapter with a summary of the main findings and future work.

3.1. Objectives

The main objective of this experiment was to evaluate the comprehensibility of
the notation contained in a UML-B model compared to a traditional B model. The
treatments of the experiment were therefore a UML-B model and a B model. A
UML-B model comprises the semi-formal notation used in UML, namely Class
and Statechart diagrams, and the formal notation used in B, namely B notation. A

B model comprises only the B notation.

The experiment was conducted to confirm or refute a theory that suggests the
notation used in UML-B has a particular effect on stakeholders, making it better in
some way than the notation used in B. This also includes another related theory
that suggests the integration of graphical and textual representations is more
effective in portraying information than a textual representation alone (Mayer et
al. 1996). In essence, a UML-B model comprises graphical and textual
representations whereas a B model contains only a textual representation.
Stakeholders in the context include software developers who view the models for
validation and maintenance (enhancement) purposes. The stakeholders are
assumed to be new users with limited hours of formal training on the notations
used. Clients are also included in the population only if they possess a reasonable

amount of knowledge of software development and the technologies involved.
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The experiment attempted to answer the following broad research questions:

Is a UML-B model easier to understand (efficiency in understanding and
performing the required tasks) than a B model for stakeholders with limited hours

of training?

Is graphical representation (semi-formal notation) in concert with textual

representation (formal notation) more effective in portraying information?

The standard statistical inference and hypothesis testing (Fisher, 1956; 1990) was
adopted in this experiment. The testing involves the construction of null (Hy) and
alternative (H;) hypotheses. The null hypothesis is the statement being tested,
which indicates “no effect” or “no difference” in the true means between
populations. In essence, the testing is designed to assess the strength of evidence
against the null hypothesis. If the evidence is strong, the alternative hypothesis
will be accepted. The alternative hypothesis is therefore the opposite of the null
hypothesis, which indicates that there is an effect between populations. The
strength of evidence is determined by the significance criterion (a) and the p-value
(P). The null hypothesis will be rejected and the alternative hypothesis will be
accepted only if the computed p-value is less than the a value. The o value
represents the risk of incorrectly rejecting the true null hypothesis, which is
normally set as 0.05 within the software engineering field. The p-value is the
probability that the null hypothesis is true. The smaller p-value indicates the
stronger the evidence against the null hypothesis. By comparing the p-value
against o = 0.05, it means a result will not be considered as statistically significant
where the null hypothesis can be rejected unless there is at least 0.95 probability

that the conclusion is correct.

The null hypothesis stated for this experiment was:

Null Hypothesis (Hp): The UML-B model is no more comprehensible than the B

model
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to be rejected in favour of the alternative hypothesis:

Alternative Hypothesis (H;): The UML-B model is more comprehensible than
the B model

The statement of the null hypothesis above implies that there is no difference
between the UML-B model and the B model in terms of comprehensibility. On the
other hand, the alternative hypothesis indicates that there is a difference between
the UML-B model and the B model in favour of the UML-B model. Although
statisticians argue that one should always use a two-sided alternative with no
specific direction (Moore et al., 2006), a one-sided alternative was employed for
this experiment. This is because UML-B can only be considered as worthwhile if
its notation could overcome the current barriers against formal notation such as
used in B. In other words, the UML-B model should be better than the B model in
terms of notation comprehensibility. After all, this is the theory that the

experiment aimed to confirm or refute by providing some empirical evidence.

In the process of understanding a model, it is believed that the subjects employ
certain comprehension strategies that assist them to perform the task. Therefore,
this experiment also aimed to identify the comprehension strategies used by the
subjects in understanding both models. The strategies encompass the direction and
breadth of comprehension, which include the top-down (Brooks, 1983, Soloway et
al., 1982) and the bottom-up (Schneiderman et al., 1979, Pennington, 1987), the
systematic and the as-needed (Littman et al., 1986) strategy respectively. The

theoretical aspects of these strategies have been elaborated in Chapter 2.

3.2. Design

The experiment had a related within-subject design where each of the subjects was
trained and assigned a task on both models. As there were two treatments to be
tested in the experiment, the subjects were allocated randomly into two groups;

Group X and Group Y. To reduce variability across groups, the blocking technique
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was applied. The subjects were blocked based on their ability on the object-
oriented technology and formal methods. The subjects’ grades on the respective
courses during their studies were used as the basis for the blocking. Each subject

from each block was then randomly assigned to one of the groups.

The experiment was designed in such a way that at one point in time, Group X
was assigned a task on the UML-B model while Group Y was assigned the same
task on an equivalent B model. The reverse was then carried out later where
Group Y was assigned a task on the UML-B model while Group X was assigned
the same task on an equivalent B model, as illustrated in the Table 3.1 below.
There was a short break between the two consecutive sessions. The design which
is called AB/BA cross-over trial (Senn, 2002) was employed in order to eliminate
any task direction bias and subsequently any ability effect. The cross-over trial is a
study in which subjects are given sequences of treatments where the object of
study is the differences between individual treatments. The cross-over trial is
particularly useful for obtaining a number of observations between two treatments
when fewer subjects are available. It also helps to remove the problem of large

differences between subjects that can obscure treatment effects.

Group X Group Y
1% session Tasks on UML-B model Equivalent tasks on B model
Case 1 (i.e. Auction System)
=== BREAK ===
2" session Tasks on B model Equivalent tasks on UML-B
Case 2 (i.e. Library System) model

TABLE 3.1: Group and task allocation

Despite being able to eliminate between subjects variability, there is always a
possibility that the cross-over trial could introduce several effects particularly
period effect, period by treatment interaction and carry-over effect. A period
effect refers to a trend that affects the experiment as a whole. For example, it is
possible that there is a general tendency for values in the second period to be
higher than those in the first period regardless of the treatment applied. A period

by treatment interaction is when the treatment effect differs according to the order
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in which treatment occurs. For instance, the treatment effect in the “UML-B then
B” sequence is not the same as in the “B then UML-B” sequence. A carry-over
effect is where one treatment affects the treatment in a subsequent session. The
carry-over effect has its origin in a preceding treatment and is thus order-

dependent.

The Table 3.2 below illustrates the basic model for a cross-over trial. The detailed
explanation about the model can be found in the literature (Senn, 2002). The
model shows the expected responses and the associated statistics for two subjects
assigned to two different sequences. The aim is to calculate the difference
between the two treatments, UML-B and B. Therefore, the treatment effect (1) is
estimated by adding the cross-over difference of X and Y and dividing it by two,
which gives: 1 — (Ay-2p )/2. The division is necessary in order to obtain one
treatment effect (1) instead of twice (2t). Similar results can also be obtained by
subtracting the period difference of Y from X and dividing it by two. A cross-over
difference (CD) is the treatment difference between UML-B and B regardless of
the sequence. On the other hand, a period difference (PD) is the treatment
difference between the first period and the second period. In essence, the CD and
the PD of the “UML-B then B” sequence is the same. However, the CD of the “B
then UML-B” sequence is minus of its PD (CD=-PD).

The © — (Ay—-2g )/2 is an unbiased estimate of the treatment effect if Ay=Ap or Ay-
Ap=0 or (Ay-2p)/2 is relatively small as compared to the treatment effect (t). The
model demonstrates that the analysis of a cross-over trial eliminates the period
effect (m) so that the true treatment effect (1) can be obtained. For the estimate to
be unbiased however, the model assumes that the period by treatment interactions
of the two sequences are cancelled out and thus, no period by treatment interaction

or that the interaction is smaller than the treatment effect.

The cross-over trial is common in clinical sciences but it is rarely adopted in
software engineering field due to complex experimental handling and data
analysis. Besides, it is difficult to ensure that there is no period by treatment

interactions present in software engineering treatments.
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Expected response Expected value of statistics
Period 1 | Period 2 Cross-over Period difference | Subject
Subject | Sequence (P1) P2) difference (P1-P2) Total
(UML-B - B) (P1+P2)
X UML-B | py+a | px+p+ | (o=B)-m-Ay | (o=R)-m-Ay | 2pxt
then B T+Ay =T-T-Ay =TT —Ay ot+B+
T+Ay
(i.e. P1-P2)
Y Bthen | py+@ | pytot+ | (a-B)+mAp | - (a=B) -m-Ap | 2py+
UML-B T+Ap = T+mtAp = —T-T—Ap a+p+
T+Ap
(i.e. P2-P1)

Note:

Lx : the average/mean effect for subject X

Ly : the average/mean effect for subject Y

o : the effect of treatment UML-B

B: the effect of treatment B

T: the difference between treatment UML-B and B (i.e. t= o-f)

m: the period effect (i.e. the expected difference between Period 2 and Period 1)
A y: the period by treatment effect due to sequence “UML-B then B”

X p: the period by treatment effect due to sequence “B then UML-B”

TABLE 3.2: Expected responses and statistics for two subjects in different sequences of an
AB/BA cross-over trial

3.3. Subjects

There were forty-one students that participated in the experiment. This included
twenty-seven third-year Undergraduate students and fourteen Masters students of
Computer Science and Software Engineering courses at the University of
Southampton, United Kingdom. They were students from Europe, Asia and Africa
continents. The international students, who came from outside the United
Kingdom constituted half of the subjects and the proportion of women to men was
1:4. There were twenty-one students in Group X and twenty students in Group Y.
Group X consisted of thirteen Undergraduate students and eight Masters students,

whereas Group Y had fourteen Undergraduate students and six Masters students.

The subjects were students who registered for the “Critical System” course in
Spring 2006 (ECS, 2007). They were taught formally on B for about nine hours
and on UML-B for one hour. All subjects had gone through courses on the object-
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oriented technology and formal methods at some points of their studies. The
subjects therefore were familiar with the notations used in this experiment but
were not very experienced. The subjects were aware that the experiment was
intended for research purposes. They were initially concerned at their assessment
being affected by the experiment. However, they were reassured by the small
motivational mark associated with it, which was designed to reflect serious

participation in the experiment rather than test performance.

The experiment adhered to the University’s ethical policies and guidance for
conducting research involving human participants (UoS, 2007). The tasks
performed in the experiment were aligned with the expectation of the course and
had pedagogical values. The subjects were motivated to participate as the level of
understanding tested in the experiment was considered to be necessary for them to
do their coursework and prepare for the examination. It served both as revision on
B and first practice on UML-B. The qualitative part of the experiment provided a
space for reflection on the learning. One of the exam questions was designed to

draw on such reflection.

The subjects were in the final semester of their respective courses and had
reasonable amount of experience and knowledge of software development. They
were the next generation of professionals. Thus, they represented closely the

population under study; software stakeholders.

3.4. Variables

The main difference between experiment and any other empirical assessments
such as case studies is through the notion of independent and dependent variables.
In an experiment, the variables are identified and later the sampling is done over
them rather than from them (Fenton et al., 1996). This experiment identified the
notations used in the models as its independent variable. The experiment aimed to
examine the effect of the notations on model comprehensibility. So, the identified

dependent variables were as follows.



Chapter 3 Measuring the Comprehensibility of a UML-B model and a B model 53

3.4.1. Direct and Indirect Measures

The experiment identified two direct measures that acted as its dependent

variables:

o Score (Accuracy): This variable is the mark obtained. Each question was
given a specific allocation of marks. Since the questions were open-ended,
the marking was based on specific keywords expected from the answers.
Marks were awarded for the presence of these keywords. The questions
were carefully constructed so that the marks could be easily decided.
Acceptable answers were prepared beforehand. One person did the marking

so that there was consistency throughout the process.

o Time Taken: This variable is the time taken to answer each question in
minutes. The subjects were required to state the Start time and End time for
each question. The Start time excluded the time to read and understand the
question. The Time Taken was determined by subtracting the Start time
from the End time. It is the time taken by the subjects to understand the

model and answer the question.

The Score was chosen as the measure of comprehension because the subjects
could only answer a question correctly if they understood the object being
evaluated. To avoid the formulation of correct answers from wild guess or hunch,
the questions were constructed in such a way that the subjects could only derive
the answers from the models. The 7ime Taken was decided to be the other
measure because it is the most frequent measure of software engineers’ effort in
any software development, particularly maintenance (Foster, 1991). Moreover,
software engineering is not just about developing correct products but developing
products in a cost-effective way where the cost is primarily determined by the
consumption of development time and budget (Sommerville, 2001). A technology
is better than the other if it allows software engineers to do their tasks correctly in

least possible time.
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The quality aspect measured in this experiment was efficiency in understanding
the models. This means a model is considered as more comprehensible than the
other if it allows the subjects to answer the questions accurately in a minimum
period of time. Therefore, the Score and the Time Taken measures were used to
determine an important indirect measure namely Rate of Scoring. The Rate of
Scoring was obtained by dividing the Score by the Time Taken. Due to its
importance in this experiment, the Rate of Scoring was given more attention and

emphasis during the data analysis.

The Rate of Scoring is believed to be a more meaningful measure of model
comprehensibility compared to the Score or the Time Taken alone because of
several reasons. By measuring the Score, one could determine the accuracy of the
answers. However, high Score with shorter time is more desirable than high Score
with longer time although the level of accuracy is the same. This is because high
Score with longer time may indicate that the subjects struggled to derive the
correct answers. The model comprehensibility would likely have caused this
phenomenon, if other confounding factors such as unclear questions had been
controlled. Similarly, by measuring the 7ime Taken alone is useless as shorter or
longer time does not indicate anything if the accuracy of the answers has not been
taken into account. Furthermore, since the experiment was conducted in allocated
time slots, most subjects seemed to spend about the same time, whether or not

they had answered all the questions.

3.4.2. Other Measures

Empirical assessment comprises both qualitative and quantitative approaches. In
software engineering, the blend of technical and human behavioural aspects lends
itself to combining qualitative and quantitative approaches in order to take
advantage of the strengths of both (Seaman, 1999). In fact, gaining the qualitative
measures is important for human-based experiments since more than one
interpretation can be placed on the data, which are not readily facilitated by the
statistical approaches (Daly, 1996). The qualitative measures in essence can be
used to supplement the statistical analysis on the quantitative measures and to

explain the individual results. Therefore, the data collection for this experiment
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was not limited only to the above quantitative measures. Some other qualitative
measures were also gathered to support the quantitative measures, which included
the subjective rating of model comprehensibility, the subjects’ preference between
the model notations and the subjects’ personal comments on the models. The
debriefing questionnaire, which required the subjects to state how they derived the

answer for each question also acted as one of the qualitative measures.

3.5. Materials and Procedure

3.5.1. Design of the Materials

The materials used in the experiment included models written in each notation, a
questionnaire on each of the models and a set of debriefing questionnaire on the
tasks performed. There was also an instruction sheet that explained the steps
required when performing the tasks. Since the experiment had two treatments to
be examined in each of the two sessions, four models that represented two
separate case studies were developed. In the first session, Group X was given a
UML-B model and Group Y was given an equivalent B model on Auction System.
In the second session, Group X was given a B model and Group Y was given an
equivalent UML-B model on Library System, as illustrated earlier in the Table
3.1. Two separate case studies were needed to avoid learning effects. The models
for the second session were made as equivalent as possible to the first session so
that the treatment effect to be tested remained the same. However, they were
different enough in subject matter to avoid confounding the second session with
learning gained from the first session. In each case, the UML-B model had one
Class diagram with four classes and two Statechart diagrams with two states each.
On the other hand, there were about 180 lines of script for each of the B models.

The models can be found in the Appendix A.
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3.5.1.1 Questions on Models

The comprehension measure used in this experiment was based on the proposed
approach on experimental studies of programmers’ behaviour (Brooks, 1980).
Several indicators were employed to gauge subjects’ comprehension level.
Subjects are considered as being able to understand a model if they possess some

or all of the following abilities (Finney et al., 1999):

(1) Interpret the symbols used in the notations

(2) Identify right abstractions by their purposes

(3) Understand the relation between inputs and outputs
(4) Understand the mapping between model and domain
(5) Modify by changing the right abstractions

(6) Modify by adding new features to the model

The experiment employed four of the criteria stated above, namely criterion (1),
(3), (4) and (6). Criterion (1) was selected because symbols play an important role
in any notation especially in symbol-extensive notations such as employed in
formal methods. If subjects cannot interpret the meaning of specific symbols used
in a notation, it is almost impossible for them to understand the model. Operations
are the heart of any software systems. Subjects should be able to identify the
required inputs and trace through the transition steps in the operations to identify
the outputs. The relation between the inputs and outputs should be accessible.

Therefore, criterion (3) was selected to assess this aspect.

Criterion (4) was chosen because it is essential for ensuring any model’s accuracy
and completeness; a quality that is expected from any specification (Davis et al.,
1993; Piattini et al., 2005). Stakeholders who are involved in the validation
process must understand the mapping between the presented model and the
problem domain. Otherwise, the model cannot be checked. Since it is so
important, two questions were designed for this criterion. Maintenance involves
modification by changing certain system elements and adding new features.
Maintainers should be able to execute these activities successfully if they

understand the models. Hence, criterion (6) was included.
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The remaining criteria were not selected due to several reasons. Criterion (2) was
not included because most abstractions in UML and B are obvious. For instance,
clauses in B such as VARIABLES and OPERATIONS are self-descriptive and thus
can be easily interpreted. Similarly, as the subjects were quite familiar with UML,
they could easily recognise the role and functionalities of the diagrams and clauses
used in the notation. Although there was no specific question on Criterion (3), the
question on Criterion (6) had indirectly included it. When adding a new feature, it

is normal to also change the existing elements to accommodate the new feature.

There were five questions for each model. The questionnaires on both UML-B
and B models were similar to each other except for the question on Criterion (7).
This cannot be avoided as each notation has its own unique symbols that are
important for subjects to interpret in order to comprehend the models. The
questions were open-ended in nature rather than multiple-choices. This allowed
the subjects to derive the answers independently without being influenced by the
given selections. The questions were made simple and straightforward in order to
avoid any confusion caused by the words used or the way they were constructed.
The clarity and simplicity of the questions were tested in the pilot study, which
will be elaborated in the next section. As the objective was to assess the subjects’
comprehension level, the questions were constructed using the comprehension
keywords proposed in the Bloom’s Taxonomy (Bloom et al., 1956). The Table 3.3
below illustrates the mapping between the comprehension ability criteria

explained above and the questions.

The subjects were required to read and understand each question before
answering. Whenever they were ready to attempt any question, they were needed
to state the Start time. The time was literally the time shown on the clock
displayed in the room or the subjects’ own watches. Similarly, they were required
to state the End time whenever they had provided the answer. They were then
instructed to proceed to the respective part of the debriefing questionnaire before
continuing with the next question. To ensure the right track was followed, the
necessary instructions were included timely. The questionnaire was designed in
this way to ensure the recorded time was indeed the time spent for understanding

the model and providing the answer. If the subjects were required to state the Time
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taken instead of Start time and End time, the situation may have been problematic.
For instance, the subjects might have failed to notice the time when they actually
started. As a result, they would skip or even give incorrect time spent that

included the time to read the question.

Comprehension Ability Criteria Question

Criterion (7): Question Al:

Interpret the symbols used in the notations | What does the ... symbol mean in the model?

Criterion (3): Question A2:

Understand the relation between inputs In your own words (i.e. natural language), describe

and outputs the difference in output between X and Y operations.

Criterion (4): Question A3:

Understand the mapping between model By analysing the model, is it possible... ... ? Which

and domain part(s) of the model do(es) indicate you this?
Question A4:

In your own words (i.e. natural language), describe
the difference in functionality between Al and A2
operations.

What does the following statement of A1 operation
mean exactly in natural language?

<Statement>
Criterion (6): Question AS:
Modify by adding new features to the A new requirement is added to the system:
model

<Requirement>

How would you introduce/add this requirement to
the current model? Formulate your solution
explicitly on the given sheets.

TABLE 3.3: The mapping of comprehension ability criteria and questions

3.5.1.2. Debriefing Questions

Besides the questionnaire on the model, the subjects were also provided with a set
of debriefing questionnaire. The debriefing questionnaire was the same for both
models and sessions. The objective of the questionnaire was to identify the
strategies used by the subjects to answer each question, either through Guess,
Previous knowledge, Common sense, Understanding the model or Other. Besides,
it was aimed to investigate the direction and breadth of comprehension employed
by the subjects when understanding both models. The nature of this questionnaire
was multiple selections. The subjects were given a set of answers where they

could select one or more selections. Any other answers were permitted if they did
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not belong to any of the given selections. The details of the questions used in the

experiment can be found in the Appendix A.

3.5.2. Pilot Study

The importance of performing a pilot study before the execution of an experiment
cannot be over emphasised. Performing a pilot study can mean the difference
between a success and a failure of an empirical assessment (Pfleeger, 1995;
Kitchenham et al., 2002b). A pilot study was conducted to validate and verify the
accuracy of the materials prepared for the experiment. These included the clarity
of the instructions, the validity and complexity of the questions and the
practicality of the tasks required relative to the time available for the experiment.
The pilot study was also intended to identify any issues that might have not been

realised during the preparation of the materials.

Five participants who were postgraduate colleagues of the researcher were
involved in the pilot study. They were B active users who applied the notation
extensively in their respective research. Similar to the subjects, the participants
learned UML at some points of their studies. Thus, they were familiar with the
notation but were not so experienced. They knew UML-B through reading and
seminars but never used it. One of the postgraduates however had some practical
exposure to UML-B. They were suitable for the pilot study because they reflected
the characteristics of the actual subjects. Their expertise in B was more than the
subjects, which may have caused them to overlook some aspects. However, the
expertise was seen as necessary to validate the accuracy of the materials especially
the B models. The pilot study revealed that some instructions were not clear
enough and that some tasks were too complex. As a result, several questions had
been discarded and modified. The instructions had been made simpler. These

modifications were made in the final version of the materials.

In addition to the pilot study, an expert also reviewed the validity and accuracy of
the UML-B models. He was the author of UML-B himself. He had been chosen

for the task because he was the only person who knew every detail of UML-B.
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Since the review was done together with the researcher who was neutral, no bias

had been introduced.

3.5.3. Execution

The experiment was a paper-based exercise, which was conducted in a hundred-
minute slot. The slot was divided into two sessions with thirty-five minutes each.
In each session, each subject was given a specific model and its questionnaire.
The instruction sheet was distributed and explained before the first session began.
The materials for the first session were collected after thirty-five minutes had
passed and the materials for the second session were distributed right after. During
this time, the subjects had a break before starting the second session. After the
second session had passed, an additional set of questions was distributed where
the subjects were asked about both models comprehensibility subjectively. Five

minutes were allocated for answering this qualitative questionnaire.

The subjects were not allowed to communicate with each other or leave the room
at any time until the experiment ended. The subjects were separated from each
other as if in an examination session. During the tasks however the subjects were
allowed to refer to textbooks or notes. The rationale behind this is that
stakeholders enquire knowledge about a technology from many possible
references. Stakeholders also work in teams where discussion is possible.
However, it was not permitted in the experiment to control any external factors.
The subjects were also instructed to inform the researcher if they had any trouble
in understanding the questions. This was to ensure that any confusion that may

have arisen was due to the model comprehensibility rather than the materials.
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3.6. Results and Analysis

The experiment employed two types of measures, namely the quantitative and
qualitative measures. The quantitative measures involve the comparison of
numeric data between models while the qualitative measures mainly involve the
subjects’ perspectives on the given tasks and models. The measures are treated

and elaborated separately as follows.

3.6.1. Quantitative Measures and Analysis

The dependent variables of this experiment were Score and Time Taken. These
direct measures were taken to determine a derived measure namely the Rate of
Scoring, which was obtained by dividing the Score by the Time Taken. The Rate
of Scoring was the measure of interest as it considered the accuracy and the
duration of the comprehension tasks. The scale used for the Rate of Scoring was
marks per minute (marks/min). This means a model with a higher Rate of Scoring
is better than otherwise since it indicates a higher accuracy with least time taken to

understand the model.

The Score and Time Taken for each question were measured individually. There
were two types of comprehension measurement and analysis; Overall
Comprehension Task and Comprehension for Modification Task. The
measurement for Overall Comprehension Task was obtained by consolidating the
total Score and the total Time Taken for all five questions. The measurement for
the Comprehension for Modification Task was obtained by considering the Score
and the Time Taken for the question on model modification only, that is, Question
AS5. The respective analysis was then applied on these measurements. The raw

data of those measures can be found in the Appendix A.
3.6.1.1. Descriptive Statistics and Analysis
The simplest useful numerical description of a distribution consists of both a

measure of centre and a measure of spread (Moore et al., 2006). These measures

depict how the data are distributed across the sample. The Figure 3.1 below
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illustrates these measures for the Overall Comprehension Task distribution.
Column Min shows the minimum values, column /* Quarter shows the first
quartile values, column Mean shows the average values, column Median shows
the middle values, column 3 Quarter shows the third quartile values, column
Max shows the maximum values, column Std Dev shows the degree of variation,
and column N gives the number of collected data. Rows Case 1:UML-B and Case
1:B present the Rate of Scoring of the respective models for the Auction System.
Rows Case 2:UML-B and Case 2:B present the Rate of Scoring of the respective
models for the Library System. The last two rows present the grouped Rate of
Scoring based on the models used, regardless of the system. In addition to the
table, the respective boxplots are also included to illustrate the distributions
graphically for easy viewing and comparison. For the left boxplots, columns
Cl U and CI B present the Rate of Scoring of the UML-B and B models
respectively for the Auction System. Similarly, columns C2 U and C2 B present
the Rate of Scoring of the UML-B and B models respectively for the Library
System. Columns U and B in the right boxplots present the grouped Rate of
Scoring of the UML-B and B models respectively.

Min | 1* Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.13 0.59 0.74 0.70 1.00 1.33 0.33 21
UML-B
Case 1: 0.17 0.41 0.60 0.63 0.78 1.12 0.26 20
B
Case 2: 0.28 0.68 0.76 0.75 0.86 1.14 0.19 20
UML-B
Case 2: 0.43 0.53 0.73 0.71 0.91 1.18 0.23 21
B
UML-B 0.13 0.63 0.75 0.74 0.90 1.33 0.27 41
B 0.17 0.48 0.66 0.67 0.87 1.18 0.25 41
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Note: C1_U=>Case 1:UML-B; C1_B => Case 1:B; C2_U => Case 2:UML-B;
C2_B =>Case 2: B; U=>UML-B (Case 1 &2); B=>B (Case 1 &2)

FIGURE 3.1: The Rate of Scoring distribution for Overall Comprehension Task (Unit:
marks/min)

Model comprehensibility is the key foundation to efficient maintenance as it
assists maintainers to understand system properties correctly and quickly prior to
any modification task. Therefore, a modification task was included in this
experiment as one of the criteria to assess model comprehensibility. The
modification task required the subjects to introduce new features to the existing
models. Since the existing models must collaborate well with the new features, the
modification task also required some changes to be made on the models. Both of

these activities required some understanding of the models.

The Figure 3.2 below illustrates the measures of centre and spread for the
Comprehension for Modification Task distribution. The description for the
columns, rows and boxplots are similar to the Figure 3.1 above. It is important to
note that the collected data N were twenty-one for Case 1:UML-B and Case 2:B
and twenty for Case 1:B and Case 2: UML-B, which resulted in forty-one data had
been collected altogether for each model. For the modification task however, the
data considered for the analysis were slightly less than the collected data. This was
due to data cleaning, which was conducted in order to ensure the validity of the
analysis. In particular, the analysis excluded the subjects who did not attempt the
modification task at all, which numbers are stated in the brackets under the N
column in the Table 3.4. The excluded data were identified by the zero values (0)
in the Time Taken for the question on model modification. On the other hand, the

subjects who had attempted the modification task for some time (non-zero Time
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Taken) but failed to get any score (zero Score) were included in the analysis.
There were two such subjects from the UML-B model and three subjects from the
B model, as illustrated in the brackets under the Min column. The implication of
these data is that the subjects had struggled to understand the model or perhaps
had misunderstood the model. Either possibility indicates a problem in

comprehending the model. This is the reason why they were included in the

analysis.

Min | 1% Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.00 1.00 1.20 1.21 1.69 2.00 0.62 18
UML-B () (3)
Case 1: 0.00 0.41 0.80 0.58 1.13 2.00 0.64 16
B @) (4)
Case 2: 0.33 0.46 0.72 0.63 0.77 1.60 0.37 19
UML-B | (0) (1)
Case 2: 0.00 0.32 0.59 0.50 0.89 1.20 0.36 21
B €)) 0)
UML-B 0.00 0.53 0.98 1.00 1.38 2.00 0.55 37
B 0.00 0.40 0.68 0.58 0.91 2.00 0.49 37

Note: C1_U=>Case 1:UML-B; C1_B => Case 1:B; C2_U => Case 2:UML-B;
C2_B=>Case2: B; U=>UML-B (Case 1 & 2); B=>B (Case 1 & 2)

FIGURE 3.2: The Rate of Scoring distribution for Comprehension for Modification Task
(Unit: marks/min)

From the descriptive statistics shown in the Figure 3.1 and 3.2 above, it can be
seen that the Rate of Scoring on the UML-B models is higher than that for the B
models. The differences of mean and median values between both models are
particularly apparent for the Comprehension for Modification Task. These
differences may be a reflection of true differences in the population from which

the samples were taken. On the other hand, it is possible that the differences may
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have occurred by chance in the random samples. In order to assume that the
differences obtained from the samples are true differences in the population, the
standard statistical inference needs to be applied. The statistical inference is the
process of drawing conclusions about the population from the observations about

a sample (Gauch, 2000).

3.6.1.2. Statistical Inference and Hypothesis Testing

Traditionally, the most common methods used for inference about means of a
single sample, matched pairs or two independent samples are the t procedures or
Student’s t-test (Gossett, 1942). The t procedures are useful in practice because
they are robust and quite insensitive to moderate lack of normality especially
when the samples are reasonably large (Moore et al., 2006). However, they rely
on the use of normal distributions for data where they assume that the dependent
variables have normal distributions in the population. Normal distributions have a
bell-shaped curve. By definition, the mean and median of such distributions are all
equal and ninety-six percent of the data occurs within three standard deviations of
the mean. In essence, the t procedures cannot be used if the data are strongly
skewed where there are more data on one side of the mean than the other, unless

the samples are quite large.

The boxplots in Figure 3.1 and 3.2 above seem to suggest that the distributions are
not always normal. A boxplot in general presents a five number summary of a
distribution, which includes the smallest observed data, lower quartile, median,
upper quartile and the largest observed data. A boxplot can be drawn either
horizontally or vertically. The normality of a distribution can be determined in a
vertical boxplot such as in the figures by looking at the median, which is
demonstrated by the horizontal line inside the box. If the distribution is normal,
the median line splits the box into two equal or symmetric parts. Besides, the box
is also located in the middle of the vertical line that extends from the top and
bottom of the box, which are called whiskers. If these patterns are not seen in the
boxplot, the distribution is skewed and thus is not normal. Since the samples used
in this experiment can be considered as not so large, all these indications may

suggest that the traditional t procedures are not so suitable for the data.
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At a glance, the data may suggest using the non-parametric methods such as
Wilcoxon Rank Tests (Wilcoxon, 1945; Siegel, 1956) and Kruskal-Wallis Test
(Kruskal et al., 1952). The advantage of these methods is that they do not require
any specific form for the distribution of the population. However, they do not
make use of the actual values of the observations. Rather, they work with counts
of observations where the observations are classified according to ranks. The tests
are applied based on the place in order of each observation in the set of all the
data. Because of these characteristics, the methods have been considered as less
powerful and less robust than the parametric methods such as the t procedures.
Therefore, a method that does not require normality or any specific form of
sampling distribution such as in the non-parametric methods but has the same
degree of robustness as in the t procedures is highly desired for the data of this

experiment.

This experiment employed a robust statistical method called permutation tests for
the statistical inference (Efron et al., 1993). The method was chosen as it utilises
computing power to relax some of the conditions needed traditionally while at the
same time retains the main ideas of statistical inference. The strength of this
method is that it does not rely on characteristics of the underlying population
distribution and does not require large samples but are capable of generating
results that are more accurate than those from the traditional methods (Moore et
al., 2006). The idea behind the method is that the original sample represents the
population from which the sample was drawn. Many samples are taken from the
original sample and the required statistic is calculated from each resample. Thus,
the permutation distribution of a statistic generates their respective values from
many resamples. The resamples from the original sample represent what would be
obtained if many samples were taken from the population. The permutation
method uses resampling without replacement technique and therefore, it does not
assume random sampling. The method is appropriate if subjects have been
allocated randomly to treatments. The permutation method was used in this
experiment to calculate the standard errors, confidence intervals and to test the
significance level of the observed effects. The analysis was done using the S-

PLUS® 7.0 for Windows-Enterprise Developer (Insightful, 2006) software.
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The experiment employed a cross-over design. Thus, the analysis of the data
needed to be treated differently than the ordinary statistical analysis. The analysis
had to consider the period effect and the carry-over effect (Senn, 2002), which are

treated independently as follows.

1. Period Effect Consideration (With Outliers)

The analysis for the period effect was performed by firstly obtaining the period
difference, which is the difference between the first period’s data and the second
period’s data. While differences between period differences in the same sequence
group can be regarded as being random, differences between any two period
differences in different sequences would also reflect treatment differences.
Therefore, comparing the means of the period differences for the two sequences
would allow the treatment effect to be examined (Jones et al., 2003). The first
period was when the first treatment or model was given to the subjects. For
example, the subjects in Group X were given the UML-B model while the subjects
in Group Y were given the B model. The second period was when the subjects and
models were switched. Since the variable of interest of the experiment was the
Rate of Scoring, the differences in Rate of Scoring between those periods were
calculated. The two-sample procedure using the permutation method was then
performed on the differences by categorising the data according to the model

used, namely UML-B versus B.

Prior to applying the procedure however, one must confirm that the generated
permutation distribution is close enough to normal. The subsequent analysis
should not be performed on the non-normal data, as they would be inaccurate. The
Figure 3.3 and 3.4 below illustrate the permutation distributions for the Overall
Comprehension Task and the Comprehension for Modification Task respectively.
They confirm that the procedures could be performed, which are based on the
normal quantile plots shown on the right side. Any normal distribution produces a
straight line on the normal quantile plot, which is a useful tool for assessing
normality especially if the histograms appear roughly symmetric and unimodal
(Moore et al., 2006). In general, a permutation distribution of a sample mean will

always be approximately normal because of the Central Limit Theorem.
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FIGURE 3.3: The permutation distribution for Overall Comprehension Task
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FIGURE 3.4: The permutation distribution for Comprehension for Modification Task
Later, the two-sample procedure was performed. The Figure 3.5 and 3.6 below are

the generated permutation test results for the Overall Comprehension Task and the

Comprehension for Modification Task respectively.
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*** Permutation Test Results ***
Number of Replications: 999

Summary Statistics:
Observed Mean SE alternative p.value
Var 0.1712 0.001153 0.07719 two.sided 0.024

FIGURE 3.5: The permutation test results for Overall Comprehension Task

*** Permutation Test Results ***
Number of Replications: 999

Summary Statistics:
Observed Mean SE alternative p.value
Var 0.532 0.006809 0.2408 two.sided 0.022

FIGURE 3.6: The permutation test results for Comprehension for Modification Task

To understand the implication of these results, attention should be given to the
highlighted (bold) values in the figures. The Observed entry gives the mean of the
sample and the SE entry is the standard error, which is the standard deviation for
the means calculated by the permutation method. These entries allow the
calculation of t-statistics (Mean/Standard error): 2.218 (Overall Comprehension
Task) and 2.209 (Comprehension for Modification Task). The p.value entry is the
value to be assessed against the significance criterion (o). The alternative entry is
the indicator on the direction of the test, that is, whether the alternative hypothesis
is greater or lower than the null hypothesis or it is a two-sided test with no

specific direction.

The generated results above have yet to consider the period effect. They are not
quite reflecting the actual results that consider the period effect because the mean
period difference for each sequence is an estimate of the difference between two
treatments and also between two periods. This means the mean period difference
for the “UML-B-then-B” sequence is an estimate of the difference between UML-
B and B and the difference between first period and second period. Similarly, the
mean period difference for the “B-then-UML-B” sequence is an estimate of the
difference between B and UML-B and the difference between first period and
second period. In eliminating the period difference or period effect (m) by

subtracting the second estimate that is the “B-then-UML-B” sequence, from the
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first estimate that is the “UML-B-then-B” sequence, will give an estimate of twice
the difference between UML-B and B (Senn, 2002). This is demonstrated by the
cross-over model in Table 3.2 where the subtraction of the period differences of
the two sequences will give an estimate of twice treatment effect (21). In order to
overcome this inaccuracy, the values need to be adjusted accordingly. The
necessary adjustment is to divide the difference in means and standard errors by

two as shown below.

Overall Comprehension Task:

Mean = 0.1712 = 0.0856
2 2

SE = 0.07719 = 0.03859
2 2

Comprehension for Modification Task:

Mean = 0.532 = 0.266
2 2

SE = 0.2408 = 0.1204
2 2

The adjusted means and standard errors above were then used to determine the
actual treatment effect that considers the period effect. This was obtained by
firstly multiplying the standard errors with the critical values at 95% confidence
level from the Student’s t distribution tables (Geigy 1982; Lindley et al., 1984).
The critical values were determined by the degrees of freedom. The degrees of
freedom are the number of values that are allowed to vary when calculating the
means, which can be calculated manually or using the software. This experiment
used the degrees of freedom generated by the software, which were forty for the
overall comprehension task and twenty-five for the modification task. After all,
both of those methods ended up with quite similar estimates. Later, the values
obtained from the multiplication were subtracted from the means to obtain the
lowest estimated value for the treatment effect. Similarly, the values were added
to the means to obtain the highest estimated values for the treatment effect. The
calculated true treatment effect (t) that considers the period effect at 95%
confidence interval for the respective comprehension tasks are shown below.
Indeed, they are the estimated differences between the expected Rate of Scoring

under the UML-B model and that under the B model at 95% confidence interval.
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Overall Comprehension Task:

0.02 <= T <= 0.15 (to the nearest 2 decimal places)

Comprehension for Modification Task:

0.06 <= T <= 0.47 (to the nearest 2 decimal places)

To test the significance of the results, the p-values were assessed against the
significance criterion (o). Generally, the p-values must be less than a = 0.05 for
the results to be significant. Unlike the means and the standard errors, the p-values
generated by the software previously need not to be adjusted. This is because the
p-values are determined from the magnitude of the t-statistics mentioned earlier,
which is the ratio of the mean to its estimated standard error. The magnitude of the
ratio is the same even for the adjusted values because the division by two is
applied to both the means and standard errors. Mathematically, this means no
difference in the resulted values. Therefore, the generated p-values can be used

straightaway without requiring any adjustment.

Based on the Figure 3.5 above, the p-value for the Overall Comprehension Task is
0.024 in a two-sided direction. This means the results of the analysis are
significant (P<0.05), however with no specific indication on what treatment it
favours. Since the research question was to determine whether or not the UML-B
model is better than its equivalent B model, a one-sided direction testing was

applied. The generated p-value for the one-sided testing is as shown in Figure 3.7.

*** Permutation Test Results ***
Number of Replications: 999

Summary Statistics:
Observed Mean SE alternative p.value
var 0.1712 -0.0006786 0.07826 greater 0.012

FIGURE 3.7: The permutation test results for Overall Comprehension Task (one-sided)

The data clearly show that the difference in the treatment effect between the
UML-B model and the B model is statistically significant (P<0.05). Therefore, the
null hypothesis can be rejected in favour of the alternative hypothesis. In other

words, it can be concluded that the UML-B model is more comprehensible than
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the B model in terms of efficiency in Overall Comprehension Task. Subsequently,
the same testing was applied on the modification task’s data, as shown in the

Figure 3.8 below.

*** Permutation Test Results ***
Number of Replications: 999

Summary Statistics:
Observed Mean SE alternative p.value
var 0.532 0.008663 0.2301 greater 0.011

FIGURE 3.8: The permutation test results for Comprehension for Modification Task (one-
sided)

Similarly, the data show that the difference in the treatment effect between the
UML-B model and the B model for the modification task is statistically significant
(P<0.05). Therefore, it can be concluded that the UML-B model is more
comprehensible than the B model in terms of efficiency in Comprehension for

Modification Task.

It can be seen that the analysis involved two statistical tests on the same data set.
One test was for the Overall Comprehension Task and the other for the
Comprehension for Modification Task. It has been claimed that multiple tests on
the same dataset can produce a proportionally large number of statistically
significant results by chance (Miller et al., 1981; Courtney et al., 1992). Due to
that reason, a method called Bonferroni (Keppel, 1991; Rosenberger, 1996) was
considered in order to ensure the results obtained are still valid. In essence, the
Bonferroni method requires the significance criterion (a) to be divided by the
number of tests. For this experiment, the Bonferroni adjustment is 0.025 (o =
0.05/2) for each test. Since the p-values obtained in the analysis are all less than
0.025 therefore, the results are still considered as statistically significant

(P<0.025).

In addition to the above findings, the conducted statistical inference and
hypothesis testing is also believed to essentially provide evidence for the second
theory mentioned in the Objectives section. The second theory suggests that the

integration of graphical and textual representations is more effective in portraying
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information. In many cases, the UML-B model and the B model contain similar
textual representation or B notation except that the UML-B model uses the
graphical representation of UML in concert with the textual representation to
illustrate the semantics. Since other possible factors such as subjects’ ability,
confounding effects and materials’ validity had been randomised and treated
accordingly in this experiment, the results may also suggest that the integration is
better than the textual representation alone. The qualitative data further supports

this finding, which will be explained later.

1l.  Period Effect Consideration (Without Outliers)

The results of analysis presented above were obtained from the data that contained
outliers. Outliers are abnormal data that are further away or numerically distant
from the others. The outliers may be caused by operational errors such as
measurement instrument or process, or they are simply true data that happen to be
different. Outliers can be easily identified using a boxplot where they are labeled
as small circles or marks outside the box. From the boxplots presented in the

previous section, it can be seen that there are at most two outliers in the data.

The outliers in the data had been scrutinised to identify the possible reasons of
their occurrence particularly if there were any operational errors. As far as the
marking process is concerned, it was correctly performed. One possible error may
be due to the recording of the Time Taken. The Time Taken was given by the
subjects by manually stating the Start time and End time. Perhaps the subjects had
incorrectly state the times and thus affected the Rate of Scoring. In addition, the
errors may be also due to the experiment materials and environment. However,
this possibility was less likely to happen as the subjects had the opportunity to
raise the issue during the experiment. In fact, the experiment itself was closely
monitored. The outliers may also have been caused by personal ability. Otherwise,
the outliers can be considered to truly represent the comprehension performance

with respect to the respective treatment.

As there were no firm reasons of why the outliers might have occurred, therefore

they were included in the analysis. However, the analysis that excluded the
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outliers was also performed. This enabled the results of analysis for data with and
without outliers to be compared. In particular, it determined whether the
conclusion of the findings would be altered if the outliers were not included. The
Table 3.4 below illustrates the means, standard errors, t-statistics and one-sided p-

values for the data after excluding the outliers.

Item Mean of Standard Error t-statistics p-value
Difference x 2 X2 (one-sided)
Overall 0.1756 0.0786 2.2341 0.013
Comprehension Task
Comprehension for 0.7813 0.2464 3.1708 0.001
Modification Task

Note: significant at a = 0.05 and a = 0.025 (Bonferroni); x 2 = Unadjusted means and
standard errors

TABLE 3.4: The mean, standard error, t-statistics and p-value for Overall Comprehension
Task and Comprehension for Modification Task (without outliers)

By comparing the values indicated in the Table 3.4 with the Figure 3.7 and 3.8, it
can be seen that they are pointing to the same direction. Specifically, the results of
analysis for data with and without outliers suggest that the differences between the
UML-B and B models are statistically significant for both comprehension tasks.
Therefore, the conclusion of findings described previously is still valid with or

without outliers.

The measure of efficiency used in the experiment was a ratio of two direct
measures, which may have caused the outliers. However, the outliers in the data
are very few and have not caused a conflict in terms of the findings’
interpretation. The use of the measure is thus considered as appropriate.
Therefore, further statistical analyses such as multivariate analysis of variance

between the two direct measures and the two treatments are seen as unnecessary.

1II. Without Period Effect Consideration

Besides obtaining the treatment effect that considers the period effect, perhaps the
analysis that ignores the period effect is still worth doing. The rationale behind
this action is to allow a comparison to be made between the unadjusted treatment
effect and the adjusted treatment effect. Since the period difference was out of the

analysis’s concern, the calculation for the unadjusted treatment effect was
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performed by obtaining the cross-over difference (Koch, 1972), that is, the
difference between the two treatments. The difference was obtained by
categorising the data according to models, regardless the treatment sequence. As
the data were arranged in this way, the matched pairs test using the permutation

method was used.

The objective of the analysis was to determine the estimated treatment effect
without the period effect consideration. Therefore, no significance test was
pursued. The estimated treatment effect (t) that ignores the period effect at 95%
confidence interval is as follows. It can be seen that there is a slight variation in
the estimates especially for the Comprehension for Modification Task. The period
effect for the Overall Comprehension Task is indeed too small which has caused
the estimate to appear to be the same as the adjusted estimate, after being rounded

to two decimal places.

Overall Comprehension Task:

0.02 <= T <= 0.15 (to the nearest 2 decimal places)

Comprehension for Modification Task:

0.05 <= T <= 0.52 (to the nearest 2 decimal places)

1V. Carry-Over Effect Consideration

The analysis discussed so far concerns the period effect. There is another effect
that may influence the results obtained in a cross-over trial, namely the carry-over
effect. Although the existence of the effect is admitted, to carry out tests for it is
not advisable (Senn, 2002; Jones et al., 2003). This is due to some conflicting
statistical theories, which seem to suggest that the tests for carry-over effect are
useless. Moreover, it has been shown than if slightly more realistic forms of carry-
over test apply, using the models and associated designs can actually be worse

than doing nothing at all about the carry-over effect (Senn, 1992).

One possible approach to dealing with carry-over is that of using a wash out
period. The wash out period is when the subjects of cross-over trial are given a

break to refresh the effect of the first given treatment. When a wash out period is
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employed, it is assumed that the effect of the first treatment has disappeared. The
measurement taken in the second treatment therefore will not be affected by the
first treatment. As far as the experiment is concerned, there was a break between
the two sessions. Due to time constraint however, the break was only a few
minutes. The implication of this is that the break might have been insufficient for
the first treatment’s effect to disappear. On the other hand, one can never be
certain whether or not the wash out period meets its purpose even if a longer time
is allowed. This is particularly true especially when the human’s mind and
experience sustainability is concerned, which even vary from one person to the
other. For instance, it can never be sure that the first treatment effect will
disappear if the second session of the experiment is performed after a month or a
year. In fact, this approach may introduce other confounding factors that might
influence the results due to lack of controls that could be imposed on the subjects.
For example, some subjects may be exposed to new knowledge so that the
comparison of the two treatments is affected by uncontrolled variables. The

subjects’ skill in using the methods may also be improved by practice.

Another possible approach to the carry-over problem is to replicate the experiment
several times with different designs. If several experiments with different designs
investigated the same treatments and revealed similar results, one could be certain

that the results are valid whether or not the carry-over has existed.

V. Unbalanced Randomised Blocking and Cross-over Design

To reduce variability across the two groups, the subjects were allocated randomly
based on their knowledge and expertise in object-oriented technology (OO) and
formal method (FM). This was based on the subjects’ grades on the respective
courses during their earlier studies. There were three blocks of ability: High,
Moderate and Low. High ability refers to subjects who performed very well in
both OO and FM courses (Grade B and above), Moderate ability includes subjects
who performed fairly well either in OO or FM or both (Grade C and above) and
Low ability comprises subjects who performed poorly in both courses (Grade D

and below).
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The results of analysis presented so far are based on the assumption that the
allocation was a simple random. This is because the cross-over trial as described
by Senn (2002) does not require blocking for individual differences. This is shown
in the Table 3.2 above where individual differences, represented as the mean
effect for each individual (p), are removed when the results for an individual in
each period are subtracted. The treatment distributions for each ability block were
then examined. This was to ensure that the direction of treatment effect, UML-B
is better than B, is consistent across the three different blocks. This would support
the results discussed earlier. The Figure 3.9 below shows the numbers of subjects
in each block for both groups. The last two columns present the means and
medians of grouped overall Rate of Scoring for UML-B and B regardless of the
treatment sequence. Boxplots are also included to illustrate the distributions
graphically for easy viewing and comparison. Since there were only two subjects

for the Low ability block, no boxplot is displayed.

Ability Number of Number of Total UML-B B
Subjects Subjects Grouped Grouped
(Group X) (Group Y) Mean/Median | Mean/Median
High 9 (43%) 11 (55%) 20 0.87/0.86 0.72/0.71
Moderate 11 (52%) 8 (40%) 19 0.63/0.64 0.63/0.67
Low 1 (5%) 1 (5%) 2 0.63/0.63 0.35/0.35
Total 21 20 41

| E 4'.+'ﬁ
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Note: H_U => High Ability:UML-B; H_B => High Ability:B; M_U => Moderate
Ability:UML-B; M_B => Moderate Ability:B

FIGURE 3.9: The Rate of Scoring distribution for different ability blocks (Unit: marks/min)

The figure depicts that UML-B is better than B for the High and Low ability

blocks. However, both treatments appear to be very similar in the Moderate ability
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block. Since the numbers of subjects for each block are less than thirty, no
significance test was pursued. Overall, this observation seems to suggest that the

direction of treatment effect is consistent, at least in two out of three blocks.

3.6.2. Qualitative Measures and Analysis

The qualitative measurement was included in the debriefing questionnaire. It was
intended to support and explain the quantitative results by providing qualitative
insight. Four main aspects were measured. This included the strategies used by the
subjects to answer each question, direction and breadth of comprehension
employed by the subjects when understanding both models and the preference of
model by the subjects. In addition, the subjects were also given the opportunity to
provide any personal comments on the models. The details of the questions can be

found in the Appendix A.

3.6.2.1. Strategies in Answering Questions

This aspect was included to confirm that the answers given by the subjects were
derived from reading the model itself. In addition, it was also meant to identify
any other strategies that the subjects employed when deriving the answers. For
each question, the subjects were asked to indicate whether the answer given was
based on Guess, Previous knowledge, Common sense, Reading the model or
Other. The subjects could select more than one selection. If Other was selected,
they were required to state how the answer was obtained. The Table 3.5 below

illustrates the distribution of answers for every question in both cases respectively.

Guess Knowledge Common Reading the Other
Sense model
Cl | C2 C1 C2 C1 C2 Cl1 C2 Cl1 C2
Question A1 | 6% | 28% | 46% |29% |30% | 17% | 18% | 13% | 0% | 13%
Question A2 10% | 2% 5% 1% 5% 9% 80% | 88% | 0% | 0%
Question A3 1% | 0% 2% 0% 2% 5% 95% | 95% | 0% | 0%
Question A4 | 0% | 0% 11% | 0% 11% | 10% | 78% | 90% | 0% | 0%
Question A5 | 2% | 5% 11% | 8% 14% | 7% 73% | 80% | 0% | 0%
Note: C1 = Case 1 = Auction System; C2 = Case 2 = Library System

TABLE 3.5: The distribution of answering strategies for each question
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It can be seen from the data that majority of the answers were derived from the
models since all questions except Question Al indicate high percentages under the
Reading the model column. It is not surprising to discover that Question Al of
both cases have a variety of answers as the questions were about the meaning of
the symbols used in the models, which can be obtained in various ways. For
instance, the subjects may already know the symbols from previous experience of
learning and using the notations. Thus, the subjects can simply state the meaning
without having to refer to the models. In addition, it is worth noting that several
subjects used other strategies for Question AI in Case 2 as indicated by /3% in
the table above. As the questions asked about a very specific symbol used in each
model namely § and /, the subjects used the available notes to find the meaning.
This can be considered as normal since stakeholders in general should not be
assumed to memorise the symbols used especially for newly invented notations. In
fact, they constantly refer to handbooks and documentation to accomplish their
tasks. This is the reason why the experiment was conducted as an open book

exercise, where the subjects were allowed to refer to textbooks or notes.

Another indication that can be seen from the data is that Question A4 and
Question A5 have some prominent figures under Knowledge and Common Sense
columns, especially for Case . It is believed that these questions were indeed
required the subjects to read the models to obtain the answers. For instance,
Question A5 required model modification, which is impossible to do without
firstly reading and understanding the models. The possible explanation for this
phenomenon is that the subjects might have combined their understanding about
the model with previous knowledge and common sense to derive the answers. The
Auction System was particularly involved probably because of the problem
domain itself. Unlike the Library System that is very common, the operations in
the Auction System are more logical if the subjects could visualise how the
operations actually work in the real world. Thus, common sense and previous

knowledge dealing with such a system play the roles in this context.

The above phenomenon however is not believed to cause the analysis to be less
valid as the majority of the feedback reflects that the models were read during the

tasks. Even though the subjects stated other strategies, they still included Reading
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the model as one of the strategies. Besides applying any other strategy such as
Common Sense or previous Knowledge, the subjects actually combined it with the
understanding of the model to derive the answers. In general, the feedback
suggests that the questions had been constructed in such a way that they were
close enough to the models. In other words, they were relevant to the object of

interest, that is, model comprehensibility.

3.6.2.2. Direction and Breadth of Comprehension Strategies

The second aspect of the qualitative measurement was included to investigate the
direction and breadth of comprehension employed by the subjects when
understanding both models. In particular, the research aimed to find out whether
the subjects employed the Top-down or Bottom-up strategy for the direction, and
whether they employed the Systematic or As-needed strategy or both for the
breadth. The direction concerns the Overall Comprehension Task while the

breadth concerns only the Comprehension for Modification Task.

The subjects were not introduced to the terms used for the comprehension
strategy, that is, whether it was Top-down or Bottom-up and Systematic or As-
needed strategy. Rather, the terms were illustrated in specific scenarios that
described the actions that the subjects would possibly take in accomplishing the
tasks. The descriptions were given in layman terms without introducing any
technical jargons. This was to avoid any confusion caused by the jargon and to
avoid any unnecessary mental burden imposed on the subjects. The Figure 3.10
and Figure 3.11 below show the proportions of strategies employed in both

models respectively.
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FIGURE 3.10: Direction of comprehension for Overall Comprehension Task (in %)
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FIGURE 3.11: Breadth of comprehension for Comprehension for Modification Task (in %)

Based on the figures shown above, it seems that the majority of the subjects
employed the Top-down strategy for the Overall Comprehension Task and the As-
needed strategy for the Comprehension for Modification Task. Similar trends can
be seen in both UML-B and B models where the differences between models had
been found to be insignificant (Chi-Square test: x°=0.17 for Overall, x*=0.31 for
Modification; P>0.05).

The Top-down strategy may have been employed because the subjects were
familiar with both problem domains. These results support the theory that suggests

stakeholders use a top-down, goal-oriented or hypothesis-driven approach to



Chapter 3 Measuring the Comprehensibility of a UML-B model and a B model 82

comprehension when they are working in a familiar domain in which they
recognise a large number of plans (Shaft et al., 1995; von Mayrhauser et al.,
1996). On the other hand, a number of subjects employed the Botfom-up strategy,
which is about one-third to half of the subjects who employed the Top-down
strategy. This is possibly because the subjects were quite new to the notations
used in the models, as supported by the theory that claims stakeholders with less
accumulated notation knowledge and knowledge of the model, spend some time in
Bottom-up comprehension strategy (von Mayrhauser et al., 1997). This
assumption was in fact supported by the subjective comments highlighted by the
subjects. For instance, a number of subjects mentioned that the experiment was a
good exercise because as it was the first time they were exposed to the application

of B notation in real problems with reasonable size.

The Figure 3.11 above shows that the subjects employed the As-needed strategy
for the Comprehension for Modification Task in both UML-B and B models. This
may be because the task required the subjects to modify the current models by
adding new features. Rather than gaining an overall familiarity with the models,
the subjects aimed to make the necessary changes as accurately and quickly as
possible. They browsed through the models only to find the respective parts that
were thought to be relevant to the task. Another factor that might influence the
strategy is the size of the system. It has been claimed that the 4As-needed strategy
is more applicable to modification tasks for large systems (Koenemann et al.,
1991; von Mayrhauser et al., 1995). Since the models used in this experiment
could be considered as quite small, this may suggest that the strategy applies to
modification tasks regardless of the system’s size. Moreover, the As-needed
strategy may be applied in any modification tasks regardless of the models used,
or even the programming technology used such as demonstrated in a study
(Corritore et al., 2001). The possible explanation for this phenomenon is that
maintenance costs stakeholders time, effort and money. Thus, they tend to make
the necessary modification as accurately and quickly as possible, regardless of the

system’s type and size.
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3.6.2.3. Model Preference

The third aspect of the qualitative measurement was the preference of model. At
the end of the experiment, the subjects were asked to provide subjective rating for
each model’s comprehensibility. The subjective rating was a symmetric five
ordinal scales from —2 for Very difficult to comprehend to 2 for Very easy to
comprehend. In addition, they were also asked to provide their preferences of
model to work with in future. The Table 3.6 below illustrates the distribution of
the subjective rating and the Figure 3.12 shows the percentage of model notations
preference. The figures were based on the thirty-four subjects who responded to

the questions.

-2 -1 0 1 X Total | Median
Very difficult | Difficult Neither Easy | Very easy to
to difficult comprehend
comprehend nor easy
UML-B 2 10 7 12 3 34 0
6% 29% 21% 35% 9% 100%
B 1 3 7 17 6 34 1
3% 9% 21% 50% 17% 100%

TABLE 3.6: Subjective rating distribution of model comprehensibility
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FIGURE 3.12: Preference of model (in %)

The descriptive statistics shown above seem to suggest that the subjects perceived
the B model as more easy to comprehend than the UML-B model and the B model
was preferred to the UML-B model. In a glance, one may suggest that the B
model is better than the UML-B model from the subjects’ perspective. However, it

is worth noting that the findings may be due to several reasons. Compared to B,
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the subjects were only exposed to UML-B a few days before the experiment was
conducted. In fact, the lecture session was only about an hour. The subjects
therefore had limited experience and time on learning and exploring UML-B.
Unlike B, UML-B also lacks comprehensive references with specific examples of
application. UML-B is a subset of UML and B, which the subjects have already
known. However, there are several integration rules that need to be understood.
Thus, it is not surprising to discover that the subjects preferred the B model, as
they were more familiar with B. This fact was indeed supported by the informal
feedback received from the subjects. Perhaps the perception would be different if
more resources were allocated for learning and exploring UML-B, which is worth-

investigating in future.

3.6.2.4. Comments on the Models

Besides the above measures, the subjects were also asked to provide personal
comments on the models. The UML-B model was perceived as being easy to
visualise and understand the scenario more quickly, easy to understand the
relationships between operations, easy to develop especially on computers, easy
for novices and more logical to developers. The model however was said to be
useful only with good tool support. The UML-B model was also commented as
being quite ‘messy’ since the information was scattered around the Class and
Statechart diagrams. In general, the main difficulties of the UML-B model include
the interpretation of specific symbols, understanding the integration between the
UML diagrams and the B notation, and the tracing between chunks of
information. Perhaps these are the reasons why some of the subjects perceived the
UML-B model as difficult to understand. On the other hand, the B model was
commented as being more formal, less ambiguous and easy to read since the
information was kept together as a flow of information. However, the B model
was claimed as being harder to develop, lacking visualisation, lengthy and too
much text. The hardest parts to understand about the B model are generally about

the interpretation of symbols used and the tracing between chunks of information.
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3.6.3. Other Findings

3.6.3.1. Absentees and Performance

Another finding seems to suggest that even with very limited training on UML-B,

one can still understand the model well. There were eight subjects who did not

attend the UML-B lecture and thus depended on the available references or their

own knowledge to answer the questions. The Rate of Scoring for these eight

subjects is shown in the Table 3.7 below. It can be seen that seven out of eight

subjects performed better on the UML-B model. Five of these subjects

commented that they preferred the B model to the UML-B model. Despite the fact

that these subjects disliked and had no training on UML-B, the quantitative

measures show that they still performed better on the UML-B model than with the

B model. However, the size of this sample is too small to perform reliable

statistical significance testing.

Subject UML-B model B model Preference
X08 0.63 0.61 U
X12 0.63 0.53 B
X13 0.64 0.73 B
X16 0.50 0.44 B
X18 0.66 0.48 U
Y01 0.87 0.42 U
Y11 0.57 0.48 B
Y20 0.77 0.71 B

TABLE 3.7: The Rate of Scoring for subjects who were absent during UML-B lecture
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3.7. Threats to Validity

Threats to validity are influences that may limit the ability to draw conclusions
from the data. In empirical studies, there are four kinds of validity that must be
protected from such threats (Cook et al., 1979a; Perry et al., 2000), which are

discussed below.

3.7.1. Internal validity

This validity refers to how tight the conditions of the experiment. It concerns
whether the experiment is conducted in such a way that there is a clear cause and
effect relationship between the dependent and independent variables (Gauch,
2000). In other words, it determines whether the measures of model
comprehensibility could be influenced by any other factors than the notations used

in the models.

3.7.1.1. Materials

Since the experiment employed a cross-over design, it required two sets of
equivalent models to be developed in each case. The equivalency was required not
just between two models but also between two cases. Despite the cases must be
closely equivalent, they also must be different enough to avoid any significant

carry-over effect.

A similar set of questions was prepared for both models to ensure the models were
assessed on the same aspects. All questions were exactly the same except one
question on the symbols used. This cannot be avoided as each model has its own
unique symbols. In addition, the models had similar levels of complexity and size.
The difference between models was the notations used. The UML-B model
comprised the graphical and textual representations while the B model comprised
only the textual representation. In fact, the textual representation in both models

was quite the same due to the usage of B notation in both UML-B and B models.
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To avoid any comprehension difficulty caused by the problem domains rather than
the notations used, two common problem domains were selected namely Auction
System and Library System. Both systems were designed in such a way that they
modelled similar operations but in different contexts. For example, both systems
involved user accounts administration and business transactions. Although the
number of operations in the Library System was slightly more than the Auction
System, it was not seen as a factor that could violate the validity since the
operations in the Library System were more straightforward. For instance, the
borrowing and returning book operations were seen as simpler than the placing
bid operations in the Auction System. Moreover, some operations in the Library
System were actually similar except slight changes in the conditions and the
effects. For instance, there were two operations on returning a book; one was
returning a book on time and the other was late returning. On the other hand, there
were also some variations in the questions particularly on the modification tasks in
order to reduce any carry-over effect from the first system to the second. The
modification task in the Auction System involved a task on the user account

whereas in the Library System involved a task on the business transaction.

3.7.1.2. Maturation

The experiment contained two consecutive sessions where the subjects had to
perform two tasks within two hours. This may have caused the subjects to be tired
or bored, which affected their performance especially in the second task. To
reduce this effect, there was a break between the two sessions and the sessions

were made to be as short as possible.

3.7.1.3. Selection of Subjects

The selection of the subjects in the experiment may have influenced the results.
Although the subjects were randomly assigned to treatments, the subjects
themselves were not quite a random sample. The subjects were students in the
university where the research was conducted. They might have been obliged to
perform well only because they were taught on the methods. Besides, they might

have wanted to impress the lecturers and to make the results looked good. Since
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the participation was on volunteer basis, the subjects might have been more

motivated and were more enthusiastic about trying new technologies.

Despite those facts, the selection of these subjects was seen as appropriate. This
was because as new technologies, it was difficult to get people from the
population who had the knowledge of both the UML-B and B methods. Even if
there were, those people were academicians or researchers who had personal
interest on the methods in many ways. This could make the results to be bias. To
reduce the above effects, the subjects were advised to act as naturally as possible
and to do their best. In fact, the experiment acted as a revision thus the subjects

treated it as learning rather than assessing methods.

3.7.2. External validity

This validity refers to the ability to generalise the results and conclusions of a
study to other populations and conditions than those used in the study (Gauch,
2000). In other words, the external validity involves establishing the domain to
which a study’s findings can be generalised (Yin, 2003). Indeed, internal and
external validity are related. Internal wvalidity addresses observing causal
relationships under certain conditions, while external validity addresses the

domain within which these causal relationships are correct.

3.7.2.1. Students as Subjects

The subjects who participated in the experiment may have not represented
software professionals. Ideally, it would be better to have professionals to be
involved in the experiment. For pragmatic consideration however, having students
as subjects is the only viable option for laboratory-based experiments. It is not
always possible to require professionals to spend their precious time trying a new
technology unless there is clear and enough evidence that the technology would
bring a benefit to their business. At the point when the experiment was executed,
there was no empirical evidence on UML-B other than the ones obtained from
isolated case studies, which were run by people who had strong interests on its

development (Petre et al., 2001; Snook et al., 2003a; 2003b; 2004d; Krupp et al.,
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2004; Cansell et al., 2004). In fact, UML-B is a technology that has not yet been
used in practice and hence there is no formal training available to professionals.
The experiment was the first and only independent assessment with trained

potential users conducted on UML-B.

In addition, excessive organisational bureaucracy needs to be undergone to obtain
the authorisation to use the professionals. The process is not straightforward
unless there is a mutual agreement between academia and industry for work
collaboration. This is the main reason why many studies in software engineering
use students instead of professionals even though the objective is to draw
conclusions for professionals. For software comprehensibility alone, there are a
number of studies that use students as the subjects for various objects of interest
(Finney, 1996b; Finney et al. 1999; Kamsties et al., 2003; Snook et al., 2004c;
Torchiano, 2004; Glezer et al., 2005; Carew et al., 2005). To address the issue
however, several studies have attempted evaluating the difference between
students and professionals in carrying out judgement task (Host et al., 2000;
Runeson, 2003). The studies have found that that the differences are only minor
and concluded that students may be used instead of professionals particularly
when the pedagogical goals of the course and the research goals are harmonised.
Moreover, students are the next generation of professionals (Kitchenham et al.,
2002a). Particularly for new technologies such as UML-B, students are indeed

much better trained than most professionals.

There are several benefits that researchers, students and industry could gain from
studies with students (Carver, 2003). Among others, the use of students allows the
researcher to control factors such as vast variation in expertise and experience
among professionals from the object under investigation. The students on the
other hand could be exposed to new technologies which are more cutting-edge
than those taught in the courses. They could also be introduced to the idea of
validating new technologies empirically through experiments. Moreover, the
industry is provided with preliminary evidence of the efficacy of new
technologies. When some understanding has been obtained from these small-scale
and less expensive studies, more extensive and carefully planned studies using

professionals could then be invested.
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Several assumptions have been made on the population for the experiment’s
results to be generalised. In particular, it is assumed that the professionals have
limited knowledge on at least one of the notations, UML or B or even both. This
means even though the professionals are experts on UML, they still need some
training on B and vice versa. Based on the knowledge of UML and B, the
population could grasp the concepts of UML-B. These conditions which were
satisfied by the subjects in the experiment are seen as typical in the real world
since professionals are generally specialised in certain expertise and have limited
hours for learning any new technology. The expected difference between
professionals and students would be perhaps the professionals could perform the
comprehension task slightly faster than the students due to experience, provided

they use the notations in a similar manner.

3.7.2.2. Toy Problem

The problem domains used in the experiment were not large and may have not
been representative of real software systems. As far as the comprehension task is
concerned, the systems contained the necessary elements to be assessed. Besides,
since the technology is new and the experiment was the first attempt to evaluate it
empirically, small and less complex systems were seen as more suitable.
Otherwise, the conditions and effects may become too difficult to control and
distinguish from one to the other. More control exerted over an experiment is

gained only at the expense of its realism (Tiller, 1991).

It is agreed that the effectiveness of maintenance process is best evaluated by
considering the entire maintenance process, not only the front-end. The
experiment considered only the modification made on the model or specification.
This is because to conduct a laboratory-based experiment on such a scale is not
practical. Besides, like any other engineering, documentation is important in
software engineering (Sommerville, 2001). It is assumed that before any changes
are made to the code, the specification must firstly record the changes. After all,
the specification is the document that will be referred by stakeholders. If the rate

of comprehension gives a positive indication such as demonstrated by this
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experiment, one may foresee that the entire maintenance process could also be

expedited.

3.7.3. Construct Validity

This validity concerns the establishment of correct operational measures for the
concepts being studied (Yin, 2003). The concept being studied in this experiment
was the model comprehensibility in terms of notations used. In essence, it is
necessary to ensure that the dependent variables are the valid measures for the

model comprehensibility.

3.7.3.1. Dependent Variables

There is a concern whether the Score or correct answers given by the subjects
really portray their true understanding of the models. It is reasonably correct to
assume that the subjects will only give correct answers if they understand the
objects being asked and the elements illustrated by the models. As the subjects
were motivated to perform the tasks, there is no sensible reason for the subjects to
give incorrect answers unless they really do not know the answers or have
misunderstood the questions or the models. To avoid misunderstanding caused by
questions, the questions were made simple and easy to understand. The clarity of

the questions had been assessed in the pilot study.

The focus of the experiment was accuracy over time, namely efficiency.
Therefore, the Time Taken was considered together with the Score to determine
the Rate of Scoring. These measures are valid because a higher Rate of Scoring
reflects higher efficiency in understanding the model and thus accomplishing the
related tasks. On the other hand, the Rate of Scoring is an indirect measure which
combines two direct measures. The two direct measures may influence each other
and contribute to unexpected anomalies. It can also mislead the interpretation
where a low score in a short period may be judged better than a high score in a
long period. For example, Subject A who scored 20% in 15 minutes (1.33
marks/min) would have a better Rate of Scoring than Subject B who scored 95%

in 75 minutes (1.27 marks/min). However, the experiment regarded subjects such
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as Subject A had chosen not to attempt the questions completely and thus a shorter
time was spent. They would have scored higher if they did and spent as much time
as Subject B. On the other hand, it is logical for Subject B to score higher due to
the amount of the time spent. As far as the efficiency in understanding is
concerned, Subject A is still considered as better than Subject B even with a lower
score because he or she could obtain 1.33 marks in one minute. Furthermore, the
experiment had a specific time frame. Subjects seemed to consume the given time
and thus spent about the same time whether or not they had answered all
questions. Thus, such possibilities have been found to be low. Moreover, based on
the distributions illustrated in the Figure 3.1 and 3.2 above, very few anomalies
are observed (no more than two outliers). Therefore, the use of Rate of Scoring as

the measure of interest in the experiment is acceptable.

The experiment was conducted in a specific duration of time. Rather than letting
the subjects to use as much time as they required, they were given a specific time
frame to attempt the questions. This may have imposed time constraints to the
subjects, which affected their answers. On the other hand, the subjects would be
likely to engage in mental elaboration process if there was no time limit. They
would possibly keep restructuring the built knowledge structures or mental
models. This means their answers would be much influenced by prior knowledge

rather than what were being presented.

3.7.3.2. Qualitative Measures

Some of the qualitative measures were retrospective. Therefore, there was a risk
that the subjects responded based on what they thought they did rather than what
they actually did. Giving the debriefing questions as closely as possible to the
tasks reduced this threat, as the subjects were still aware of what he or she was

doing.

3.7.3.3. Marking Process

Even though the questions were mainly open-ended, the answers were expected to

be exact due to the formality imposed by the models. The marking process was
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quite straightforward by looking for certain keywords in the answers. There was
no personal information such as student’s name on the answer sheets. Therefore,
the answer sheets were anonymous to the researcher during the marking. Because
different models use different notations, the researcher cannot avoid being aware
of the model being marked. Although this may pose a threat to the validity of the
experiment however, it can be regarded as negligible as the researcher is an

independent user of both methods.

3.7.3.4. Time Recording

The duration of comprehension task was determined based on the starting and
ending time given by the subjects. As the process was manual, there was a risk
where the subjects had inaccurately specified the times. Moreover, there may be
cases where the subjects had been dishonest where they stated incorrect times on
purpose. To reduce this effect, the subjects had been reminded to state the times
accurately. They were asked to treat the experiment as a revision and were assured
that no personal assessment would be made. They therefore were advised to be

honest and do their best.

3.7.4. Conclusion Validity

This validity concerns the ability to draw the correct conclusion about relations

between the treatment and the outcome of an experiment (Wohlin et al., 2000)

3.7.4.1. Heterogeneity of Subjects

The subjects might have different ability, experience and degree of training on the
notations, which may influence their understanding of the models. There was a
risk that the variation due to individual differences might have affected the results.
On the other hand, more homogeneous subjects would affect the external validity
since they were not selected from a general enough population. This factor was
reduced by firstly selecting the subjects from the same course. The subjects were

third-year Undergraduate and Masters students of Computer Science and Software
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Engineering. In general, they were taught on UML and formal methods at some
points of their studies. However, the degree of usage and experience in applying
the notations vary. Therefore, the blocking and random allocation techniques were
applied to reduce the subjects’ variability across groups. These techniques should
distribute such variability between the two groups. As in any sampling method,
there is always the chance that an unexpected allocation has occurred, which

cannot be eliminated entirely.

3.7.4.2. Familiarity of Subjects

The subjects were taught formally on B for about nine hours and one hour on
UML-B. The training on B was much longer because some principles used in
UML-B are also based on B. The one-hour session of UML-B was intended to
introduce how to integrate UML and B notation. The results may have been
different if the amount of training was much longer. However, it was believed that
the allocated training time was appropriate to test the effect and was quite realistic

for practitioners to adopt.

3.8. Conclusions and Future Work

This chapter has presented an experiment conducted on a UML-B model and a B
model. In particular, the experiment assessed the notations used in the models.
The objective was to explore whether the notation used in the UML-B model is
more comprehensible than the notation used in the B model. The model
comprehensibility was measured based on the subjects’ efficiency in

understanding the notations used in the models and performing the required tasks.

The findings indicate that the integration of both semi-formal and formal notation
is useful in promoting model comprehensibility as compared to the formal
notation alone. A model that integrates the use of both notations such as UML-B
is capable of expediting the subjects’ comprehension task with accuracy even with

limited training. The model allows the subjects to grasp the required information
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more quickly and use it to perform the subsequent tasks correctly. This finding is
appealing as it suggests that introducing some graphical features of a semi-formal
notation into a formal notation significantly improves the formal notation’s
accessibility. Besides allowing the formal notation to be more understandable, the
graphical representation seems to make its daunting mathematical features

interesting and approachable.

The findings also seem to support the theory that suggests the integration of
graphical and textual representations is more effective in portraying information.
In many cases, the UML-B model and the B model contain similar textual
representation in the form of B notation except that the UML-B model uses the
graphical representation of UML in concert with B to illustrate the semantics.
Since the possible confounding factors had been randomised and treated
accordingly in this experiment, the results suggest that the integration is better
than the textual representation alone. As far as the experiment is concerned, this
theory helps to explain why the UML-B model is more comprehensible than the B

model.

The findings of the experiment indicate that one can still comprehend the notation
in a UML-B model even with very limited hours of training. However, the
underlying assumptions about the population that is represented by the sample
should be understood. Practitioners should only be expected to perform well on
the UML-B model if they have been exposed to both UML and B. In addition,
basic understanding of the theoretical aspects of formal method and object-

oriented technology is also seen as necessary for promoting the comprehension.

For another aspect of evaluation, the experiment also provided some qualitative
evidence on the strategies used during the comprehension task. It has been found
that both notations in the UML-B model and the B model require the users to
apply the Top-down strategy rather than the Bottom-up. The qualitative data also
show that the users use the As-needed strategy when modifying both models.
These findings imply that the difference in the notations does not influence the
way the models are understood. Nevertheless, this knowledge could act as a basis

in improving the methods in future. For instance, knowing that people tend to use
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the Top-down strategy in understanding a UML-B model, the inventor may utilise
the upper-level parts more to illustrate the important elements. The upper-level
parts of a UML-B model comprise the graphical features of UML diagrams. Thus,
perhaps more functionality could be introduced to the diagrams. One possible
advantage of this is that the complexity caused by the B notation could be
reduced. This also means that the tools which accompany UML-B should support
the transformation of more graphical representation to equivalent B textual

representation.

There are several ways in which the experiment and its findings could be
improved further. It has been pointed out that the hallmark of good
experimentation is the accumulation of data and insights over time (Basili et al.,
1986; Tichy, 1998; Basili et al.,, 1999; Jeffery et al., 2002). Therefore, one
possible way of improvement is through replication, where the experiment will be
repeated on different samples of the population with slightly different conditions
and design. This would help in determining how much confidence can be placed
in the results of the experiment (Basili, 1992). As the objective of a specification
is to further stakeholders’ understanding of a problem domain, the investigation of
the notation will be extended to include the resulting cognitive model developed
by the stakeholders. The measurement will not only assess the notation’s ability to
present information that can be understood but also its ability to facilitate the
construction of problem domain knowledge. The efficacy of UML-B will be
further investigated by assessing its model development process through surveys.
The qualitative methodology such as found in the social sciences will be
employed to gather a holistic understanding of the important factors and how and
why they may influence the effectiveness of the method. The qualitative
approaches also allow the users’ perception towards the method’s ease of use to

be explored and better understood.

In general, the experiment has met its main objectives. Despite several validity
issues such as discussed in the Threats to Validity section, it is believed that the
findings of the experiment are useful to the software engineering community in
many ways. Instead of relying on the inventor’s assertions, the practitioners are

now provided with some preliminary empirical evidence, which is based on an



Chapter 3 Measuring the Comprehensibility of a UML-B model and a B model 97

independent study. In essence, conducting a perfect experiment in software
engineering field is virtually impossible as it involves great coordination between
product, process and people in a strictly controlled situation. However, as long as
the assumptions and limitations of the study are communicated clearly, the

findings could be implied and channelled by the community to the right way.



Chapter 4

Measuring the Usability of the UML-B
Method

Modelling is vital in the development and maintenance of software systems. It
allows the characteristics of the existing and future systems to be captured and
understood. The modelling process produces models where the requirement
specification is one of them. Software requirement specification is a conceptual
model that establishes the connection between the user’s needs of a system and
the software solution to meet them. It is an abstract, clear, precise and
unambiguous conception of a system, which is developed by using the appropriate
notations. In essence, it provides the material support for recording and
communicating all the relevant aspects of a problem domain (Motschnig-Pitrik,

1993; Loucopoulos et al., 1995).

A conceptual model is produced through the use of a designated modelling
language or notation. Some examples of the existing notations include semi-
formal notations such as Entity-Relationship Diagram (ERD) (Chen, 1976;
Elmasri et al., 2001), Data-Flow Diagram (DFD)(Yourdon, 1989), Unified
Modelling Language (UML) (OMG, 2006) and Open Modelling Language (OML)
(Firesmith et al., 1998), and formal notations such as Z (Spivey, 1992, Bowen,
1996) and B (Abrial, 1996). In addition, there are also notations that integrate both
semi-formal and formal such as UML and Z (Dascalu et al., 2002; Martin, 2003;
Kim et al., 2004), and UML and B (Shore et al., 1996; Sekerinski et al., 1998;
Meyer et al., 1999; Ledang et al., 2002; Lano et al, 2004, Snook et al., 2006).

98
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A modelling notation provides a set of constructs from which the conceptual
model is derived. Each construct has its own well-defined syntax and semantics
that determine which aspects of a system it can represent. For instance, a Class
diagram in UML is used to illustrate the static structure of a system where it
shows the entities involved and the relationships between them. On the other
hand, a Statechart diagram is used to portray the behaviours of the entities. The
specific role played by each construct allows the notation to focus on certain
perspectives that are considered as important to the system being built. However,
it also imposes some constraints that not only limit the expressiveness of the

model but also affect the usability of the modelling notation.

The usability of modelling notation is one of the factors that determine the quality
of a model. It is impossible to achieve a high quality model or even produce a
model if the notation in the first place cannot be learned, used and understood by
users. It has been suggested that the understandability, learnability, operability and
attractiveness of a software entity such as notation used should be assessed to
determine its usability (ISO 9126-1, 2001). In addition, the ability of a notation to
capture the problem domain, the extent to which the notation is formalised to
enable execution and how relevant knowledge of the domain may be articulated in
the notation (Krogstie, 1998) are also worth-considering when assessing its

usability.

In the previous chapter, the comprehensibility of the notation used in UML-B has
been assessed based on the results obtained from a controlled experiment. The
controlled experiment evaluated the notation comprehensibility in terms of how
easy it is to understand a UML-B model from the perspective of users who
interpret the model. The results of the experiment suggest that the UML-B model
is more comprehensible than the B model. The findings however cannot suggest
by any means that the notation is also usable from the perspective of developers
who use UML-B for modelling. Neither could they determine whether or not the
notation is easy to learn and operate, and suits the developers’ common needs and
expectations. It is believed that in order to fully understand the strengths and
weaknesses of UML-B, another empirical assessment should be conducted to

evaluate other aspects of usability especially during model development process.
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This chapter presents a survey conducted on UML-B, particularly the notation
used. The notation includes the use of Class and Statechart diagrams of UML and
the use of B syntax for expressing constraints and actions on the diagram
elements. The survey aimed to assess the usability of the notation from
developers’  perspective.  Usability in  this context means the
understandability/comprehensibility, learnability, operability and attractiveness of
the notation in supporting the modelling process. The assessment was conducted
by using a usability evaluation framework namely the Cognitive Dimensions of
Notations (CD) (Green, 1989; Green et al., 1996) with the usability criteria
suggested in the International Organization for Standardization (ISO) (ISO 9126-
1, 2001; ISO 9126-3, 2003; ISO 9126-4, 2004). As usability depends on the
notation and its environment, the evaluation included the tools that accompany
UML-B namely Rational Rose (Rational, 2000) and U2B (Snook et al., 2004b),
whenever appropriate. Rational Rose provides the environment for the UML-B
model development while U2B is a tool that generates a B model from a UML-B
model so that it can be verified by B tools such as Atelier-B (ClearSy, 2003), B-
Toolkit (B-Core, 1999) and Click'n'Prove (Abrail et al., 2003).

The following section explains the technical aspects of the survey’s preparation
and execution. Section 4.2 and 4.3 present the results and data analysis
respectively. Section 4.4 discusses the outcomes and contribution of the survey.
Section 4.5 explains several threats to the validity of the results. Finally, Section

4.6 concludes the chapter with a summary of the main findings and future work.
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4.1. Objectives and Methodology

4.1.1. Motivation and Approach

The survey was qualitative in nature. Despite the fact that some of the data were
quantified using an ordinal scale, the bulk of the analysis was interpretative. This
type of analysis was carried out due to the problem at hand, that is, the survey
attempted to understand the nature of experience of using UML-B. As little is
known about the method, the survey aimed to explore and gain novel
understandings of its use through qualitative data and analysis. The analysis
allows the intricate details about the phenomena such as feelings, emotions and

thoughts to be extracted and learned.

There are many different approaches to dealing with qualitative data employed in
the social sciences (Gilgun et al., 1992; Cassell et al., 1994; Denzin et al., 1994;
Gubrium et al., 1994; Westbrook, 1994; Morse et al., 1995). The survey adopted
one approach, namely the grounded theory (Glaser et al., 1967; 1999; Strauss et
al., 1998). There are two variations in the approach, which are based on different
directions taken by its originators; Glaser (Glaser, 1992) and Strauss (Strauss et
al., 1998). The essential differences between these two variations can be found in
the literature (Babchuck, 1997). This survey employed Strauss’s approach because
it is more systematic and directive. In particular, it contains more formal models
and procedures to generate theories. It also encourages a qualitative study to have
a research question so that the researcher can stay focused in the midst of masses
of data. As a qualitative study, the research question should be broad and open-

ended.

The theory in the approach means theory that is derived from data, systematically
gathered and analysed through the process. The approach was chosen because
unlike the controlled experiment conducted previously, this survey was not based
on any specific theory. The approach allows the study to be initiated without a
preconceived theory in mind, where the researcher could start with a phenomenon

and allow the theory to emerge from the collected data. As the theory is drawn



Chapter 4 Measuring the Usability of the UML-B Method 102

from data, it is likely to offer insight, enhance understanding and provide a
meaningful guide to action (Strauss et al., 1998). It is believed that the theory is
more likely to resemble the reality than the theory derived by merging concepts

based on how one thinks things ought to work.

The survey followed the scientific approach to studying software engineering
phenomena (Jeffery et al., 2002), as illustrated in the Figure 4.1 below. In the
approach, the process begins when a researcher becomes aware of a phenomenon
that is poorly understood. The phenomenon is investigated using empirical
methods and analysis so that a better understanding about the phenomenon can be
obtained. The understanding will lead to the formulation of a tentative theory,
which is open to testing and evaluation by the software engineering community.
The theory that has been evaluated will be independently replicated to prove or
disprove the results and if necessary, the theory revision will also take place to

improve the theory. The theory can then be applied to improve the phenomenon.

In general, the survey aimed to formulate tentative theories of the usability of
integrated methods (semi-formal and formal notations) such as UML-B, based on
the understanding obtained from the qualitative analysis using the grounded
theory approach. As one single study can never embrace all possible situations,
the survey sought to provide some preliminary evidence of such methods’ likely
strengths and weaknesses when used under certain known conditions. It was also
intended to identify any threats that could hinder such methods’ usability and any
opportunities that could improve them further. The tentative theories can act as a

basis for further investigation and analysis in future.
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FIGURE 4.1: A scientific approach to studying software engineering phenomena (Jeffery et
al., 2002)

One of the subjective comments obtained from the controlled experiment was that
the UML-B was seen as easy to develop particularly on computers. The method
was also commented to be useful only with good tool support. The hypotheses
were given by subjects who dealt with the already developed UML-B model, not
modelling. This could not suggest that the hypotheses are true from developers’
perspective for modelling purposes. The survey therefore included these
hypotheses in its investigation of the phenomenon through the following broad

research questions:

Do individuals who develop a UML-B model perceive the method and model as

usable (easy to understand, easy to learn, easy to operate, and attractive)?

What are the characteristics of UML-B method and model that affect their

usability?

4.1.2. Materials

The survey instrument was developed based on the ideas proposed in the
Cognitive Dimensions of Notations (CD) usability framework (Green, 1989;

Green et al., 1996). The framework was adopted because it is a tool that aids the
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usability evaluation of information-based artefacts (Green et al., 1998). As a
usability tool, it captures a significant amount of psychology and Human
Computer Interaction (HCI) aspects that focus particularly on the notational
design. Moreover, it concentrates on the processes and activities by considering
the perspective of people who deal with the artefact and its environment. The
framework comprises fourteen dimensions, which acted as the response variables
in the survey. The detailed explanation of the dimensions and the framework has

been described in Chapter 2.

The questions for the survey were constructed by following the proposed CD
questionnaire (Blackwell et al., 2000). The advantage of using the standard
instrumentation such as proposed by the CD questionnaire is that it has been
assessed for validity and reliability by the authors. As the CD framework is widely
used by other researchers who are investigating the usability of notations such as
UML diagrams (Kutar et al., 2002) and Z (Triffitt et al., 2002), it also provides a
mechanism to compare the results of this survey with the results of other similar

studies.

The CD questionnaire is intended to present the dimensions in general terms,
applicable to all information artefacts rather than presenting descriptions
specialised to a specific system under consideration. The questionnaire was
therefore tailored and modified slightly to reflect the characteristics of UML-B.
The proposed CD questionnaire also employs an open-ended question approach,
which could complicate the data analysis. The questions for the survey were thus
designed to include a set of answers using an ordinal scale together with the open-
ended questions. Besides reducing the data analysis’s complexity, it allows the
survey to obtain some quantitative measures rather than qualitative measures

exclusively.

In addition to the CD framework, the questions of the survey were also
constructed based on the usability criteria proposed by the International
Organization for Standardization (ISO)(ISO 9126-1, 2001; ISO 9126-3, 2003; ISO
9126-4, 2004); understandability, learnability, operability and attractiveness.

There were twenty questions in the survey; fourteen questions reflected the
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fourteen dimensions of the CD framework, five questions represented the ISO’s
usability criteria and one question gathered suggestions for improvement. The
questions in the survey were presented in random order without following a
specific sequence of dimensions. To ensure the questions were purposeful and
concrete, the general guidelines on survey question construction were followed

(Kitchenham et al., 2002b, Gauch, 2000).

The questions used an ordinal scale that provided the respondents with five
possible levels of agreement such as —2 for Very Difficult to 2 for Very Easy.
There were also questions that required either Yes, No or Not Sure. The five levels
were chosen because they cover the possible categories of the variables. An odd
number of levels were used because odd numbers contribute to the achievement of
better results as they are balanced (Bonissone, 1982; Godo et al., 1989). Besides
the selection on the scale, justification of the answer given was also required such
as Why? or Which part?. This acted as the qualitative data, which were used
together with the quantitative data on the scale for the analysis. To give an
overview of the questions, below are some examples of the survey questions. The
first question concerns the Visibility and Juxtaposability dimension. The second
question involves the Hard Mental Operations dimension. The details of the

questions can be found in Appendix B.

If you need to compare different parts of your UML-B model (e.g. between
diagrams or windows of different operations etc.), how easy is it to view them at

the same time in Rational Rose?

Very Difficult Very Easy
-2 -1 0 1 2

Why?
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Do you find any complex or difficult tasks to work out in your head when

modelling your UML-B model?

No Not Sure Yes

If Yes, what are they? If No or Not Sure, why?

The CD framework describes the necessary conditions for usability based on the
structural properties of a notation, the properties and resources of an environment,
and the type of user activity; Incrementation, Transcription, Modification,
Exploratory Design, Searching and Exploratory Understanding (Blackwell et al.,
2003). In particular, it addresses the question whether the users’ intended
activities are adequately supported by the structure of the notation used and its
environment. For the survey, the identified users’ intended activity was
Exploratory Design, which the users employed UML-B (notation and
environment) to design a conceptual model. The survey questions and analysis

therefore were tailored to focus on this aspect.

The survey questions were reviewed by a focus group prior to distribution. There
were four people involved in the process. The purpose of the review was to
identify any missing and unnecessary questions as well as ambiguous questions

and instructions.

4.1.3. Participation

Thirteen out of fourteen participants responded to the survey. Three of the
submitted questionnaires could not be retrieved and thus were excluded from the
analysis. As a result, the questionnaires from ten participants were analysed. Eight
participants were from Asia and Europe and the remaining two participants were

from the United Kingdom. There were four women and the rest were men.

The participants were Masters students of Software Engineering course at the

University of Southampton, who registered for the “Critical System” course in
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Spring 2006 (ECS, 2007). They were chosen using theoretical sampling due to
their potential contribution towards the theory development for integrated
methods such as UML-B. Specifically, they were selected because they were
taught formally on B (nine hours) and UML-B (one hour) during the course. Basic
knowledge of both methods is necessary to develop a UML-B model. Moreover,
the participants had some practical experience of using UML-B and its tools when
participating in the survey. In particular, they used them to develop a model of a
system in one of the coursework at the end of the course. The participants were
also involved in the controlled experiment described in Chapter 3. The survey

was administered a month after the experiment.

The survey adhered to the University’s ethical policies and guidance for
conducting research involving human participants (UoS, 2007). The participants
were aware that the survey was intended for research purposes. They were
motivated to participate as it helped them in exploring the method besides

providing a space for reflection on the learning prior to the examination.

The subjects were in the final semester of their Masters course. They therefore had
reasonable amount of experience and knowledge of software development. Some
of them had some work experience. They were the next generation of
professionals, thus they represented closely the population under study; software

developers.

4.2. Results

The following paragraphs present the responses for each of the questions in the
survey questionnaire. The first fourteen questions reflect the dimensions of the CD
framework while the subsequent five questions represent some of the usability
aspects suggested by the ISO. The last question is comments for further

improvement.
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4.2.1. Visibility and Juxtaposability

The question (1) of the survey assessed the ability of UML-B to allow the user to
view every component of its model simultaneously or view two related
components side by side at a time. As UML-B resides in Rational Rose, the
assessment particularly concerned the ability of the application to support the

above user’s activities.

The Table 4.1 below shows the distribution of answers for question (1). It can be
seen that three of the respondents considered the activities as “Easy” and “Very
easy”. They commented that navigation in Rational Rose was generally easy as
they could view different parts of the model at the same time by opening several
windows. For instance, the application allowed them to compare different
operations either from one class or different classes simultaneously. They also

found that switching around the windows was pretty straightforward.

There were four respondents who regarded the activities as “Neither difficult nor
easy”’, which contributed to the median value. These respondents had a mixture of
agreement on the ability of Rational Rose to support the activities. They agreed
that the application supported the viewing of different operations, however it did
not support the viewing of different models or even diagrams. For instance, they
had difficulties in viewing a Class diagram and its Statechart diagrams at the
same time, which made the process of mapping the operations in the Class
diagram and the transitions in the Statechart diagrams tedious. The only solution
was to open another Rational Rose application in Read-only mode, which was

awkward to do.

The remaining respondents considered the activities as “Difficult”. Besides the
above limitations, they discovered other user-friendliness issues. They found that
some common modelling functionality was not visible on the toolbar. For
instance, there was no Aggregation icon on the toolbar and they had to get it
through several intricate steps, which was not obvious. In fact, they found that

Help feature was not so helpful.
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-2 -1 0 1 2 Total
Very difficult | Difficult | Neither difficult Easy Very
nor easy easy
UML-B 0 3 4 1 2 10
Model 0% 30% 40% 10% 20% 100%
& Rose 30% 40% 30% 100%
Median | 0 |

TABLE 4.1: Distribution of answers for the “Visibility and Juxtaposability” dimension

4.2.2. Viscosity

The question (2) of the survey assessed the degree of effort required by the user to
perform a change in the UML-B model. The change in this regard includes editing
the diagrams and the respective semantics of the model in Rational Rose as well
as retranslating the model to a B model by using U2B. The question required the
respondents to indicate the difficulty level and state any particular changes that

they found difficult or tedious to make.

The Table 4.2 below shows the distribution of answers for question (2). It can be
seen that six of the respondents considered the task as “Easy” and “Very easy”.
This resulted in the typical comment or median as “Easy”. Most of these
respondents did not state any specific changes that they thought would be
difficult. However, two respondents commented that Rational Rose did not
support some changes automatically. For instance, if a variable name was changed
in the Class diagram, the change was not reflected in other parts such as in the
Statechart diagram or in the semantics where the variable name was used. A
similar situation occurred for the variable deletion. Thus, the changes had to be

done manually by visiting the respective parts of the model.

The remaining respondents who considered the changes as “Difficult” highlighted
other issues such as Rational Rose did not support undo and drag-and-drop
operations. One respondent highlighted that when a deletion was made in the
diagram panel, the item would still exist in the model although it did not appear on
the diagram. The right way to do the deletion is in the navigation panel, which

was not obvious to the respondent.
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None of the respondents mentioned any difficulty with U2B.

-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy

UML-B 0 4 0 5 1 10
Model 0% 40% 0% 50% 10% 100%
& Rose 40% 0% 60% 100%
& U2B
Median | 1 |

TABLE 4.2: Distribution of answers for the “Viscosity” dimension

4.2.3. Diffuseness

The question (3) of the survey assessed the complexity or verbosity of the notation
used in UML-B to express a meaning. The notation includes the use of Class and
Statechart diagrams of UML and the use of B syntax. The question required the

respondents to indicate how simple to describe what they intended in the model.

The Table 4.3 below shows the distribution of answers for question (3). It can be
seen that six of the respondents considered the task as “Simple” and “Very
simple”. This causes the median to be “Simple”. These respondents generally
agreed that UML diagrams made the modelling process easier. They started the
process by identifying the main objects or entities involved in the problem domain
and connecting the entities using the appropriate relationships. The diagrams acted
as a base for them to add specification details using the B syntax. These
respondents nevertheless admitted that they needed to think in object-oriented way

during the process.

Three respondents commented the task as “Neither complicated nor simple”. One
respondent believed that the diffuseness would depend on the problem at hand.
Two respondents thought that the task was not simple due to lack of
documentation. The remaining one respondent who thought the task as
“Complicated” had difficulty in dealing with UML diagrams and B syntax at the

same time. The respondent was confused whether to specify the semantics of the
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operations in the specification window of the Class diagram or the Statechart

diagram.
-2 -1 0 1 2 Total
Very Complicated Neither Simple Very
complicated complicated simple
nor simple
UML-B 0 1 3 4 2 10
Model 0% 10% 30% 40% 20% 100%
10% 30% 60% 100%
Median | 1 |

TABLE 4.3: Distribution of answers for the “Diffuseness” dimension

4.2.4. Error Proneness

The question (4) of the survey assessed the tendency of the notation to induce
mistakes. Since UML-B’s notation comprises UML diagrams and B syntax, the
questions were divided into two parts. One was meant to assess the diagrams and
the other was for the B syntax. The question required the respondents to indicate
how easy to make mistakes when modelling the diagrams and defining the formal

semantics using the B syntax.

The Table 4.4 below shows the distribution of answers for question (4). It can be
seen that six of the respondents considered making mistakes in the diagrams as
“Neither difficult nor easy”, which contributes to the median value. These
respondents agreed that modelling using the diagrams was simple. However, since
the diagrams would be translated to a B model at the end, they had to be more
careful and conscious. Each time they added a feature to the diagrams, they tended
to transform the UML-B model to the B model using U2B to see the effects. They
wanted to ensure the added feature had the effect that they intended in the B

model, besides being able to verify the model using B tools.

Two respondents commented that making mistakes in diagrams was “Easy” and
“Very easy” due to Rational Rose itself, which did not synchronise the changes
made to the Class diagram with the Statechart diagram. The mistakes were not

obvious until they run the model in B tools. In addition, one respondent found that
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the multiplicity of associations had to be given more thought during the
modelling. This was because unsuitable multiplicity could violate the invariants of
the B model even though the multiplicity seemed to make sense in the diagrams.
The remaining two respondents thought it was “Difficult” to make mistakes

because even if they did, the mistakes could easily be identified and corrected.

In contrast, eight of the respondents believed that it was “Easy” and “Very easy”
to make mistakes when defining formal semantics using the B syntax. Since the
semantics had to be specified literally through typing, mistakes such as wrong
variables names, data types, inappropriate use of clauses and typing errors could
easily be made. Moreover, the syntax checking had to be done manually as there
was no such facility in Rational Rose. Having the semantics scattered around
different parts of the models made the task more troublesome, as the semantics
could not be viewed easily at once. Any mistakes in applying the B syntax could
only be realised when they transformed the UML-B model to a B model and run
the model in B tools. Several respondents also highlighted that the mistakes were
“Easy” to make due to lack of understanding, documentation and experience on
UML-B. In fact, they were also new to B and were novice users of UML, which

made them prone to errors.

The remaining two respondents believed that it was “Difficult” to make mistakes

due to the formality imposed by the B syntax.

-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy
UML-B 0 2 6 1 1 10
Diagram 0% 20% 60% 10% 10% 100%
20% 60% 20% 100%
Median 0 |
UML-B 0 2 0 6 2 10
Syntax 0% 20% 0% 60% 20% 100%
20% 0% 80% 100%
Median 1 |

TABLE 4.4: Distribution of answers for the “Error Proneness” dimension
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4.2.5. Progressive Evaluation

The question (5) of the survey assessed the ability of UML-B to allow the user to
evaluate his or her work in progress at any time. The evaluation process involves
the transformation of the UML-B model to the B model using U2B and the
execution of B tools. The question required the respondents to indicate whether or
not it is possible to stop modelling at any time to check their work so far. The

respondents had to state why if it was not possible.

The Table 4.5 below shows the distribution of answers for question (5). It can be
seen that majority of the answers were “Yes”. The remaining respondents were
not sure or thought it was not always possible depending on at what stage they
stopped. They believed major elements of the UML-B model needed to be
specified correctly before translating the model to the B model. Otherwise, the

error messages generated by U2B and B tools would be too intimidating.

No Not sure Yes Total
UML-B 1 2 7 10
Model 10% 20% 70% 100%
& U2B
& B tools

TABLE 4.5: Distribution of answers for the “Progressive Evaluation” dimension

4.2.6. Hard Mental Operations

The question (6) of the survey assessed the degree of mental processes required
for the user to understand the notation and to keep track of what is happening. The
question required the respondents to indicate whether or not they found any
complex or difficult tasks to work out in their heads when modelling the UML-B
model. The respondents had to state what the difficulty was, if any.

The Table 4.6 below shows the distribution of answers for question (6). It can be
seen that six respondents stated the answer as “No”. One respondent commented
that the visual aspect of the UML-B model helped in reducing the hard mental

operations, which would exist in the traditional B modelling.
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Four respondents found some complex tasks to work out in their heads. Two
respondents found that writing correct semantics for the model was hard. One
respondent discovered that having semantics in the Statechart diagram would
make the transformed B model more complex. For instance, the transitions in the
Statechart diagram were translated as nested conditions in the B model, which
could conflict with the already defined conditions. One respondent believed that
having to consider and integrate two modelling styles, UML and B, at the same

time was indeed a mental burden.

No Not sure Yes Total
UML-B 6 0 4 10
Model 60% 0% 40% 100%

TABLE 4.6: Distribution of answers for the “Hard Mental Operations” dimension

4.2.7. Consistency

The question (7) of the survey assessed whether similar semantics in the notation
were presented in a similar syntactic manner. The question required the
respondents to indicate whether or not they found any parts in the model that seem
to be similar in functionality but the method makes them appear different. The

respondents had to state what the parts were, if any.

The Table 4.7 below shows the distribution of answers for question (7). It can be
seen that six respondents stated the answer as “No”. The remaining respondents

were not sure whether or not the parts exist.

No Not sure Yes Total
UML-B 6 4 0 10
Model 60% 40% 0% 100%

TABLE 4.7: Distribution of answers for the “Consistency” dimension
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4.2.8. Hidden Dependencies (ISO: Understandability/Learnability)

The question (8) of the survey assessed whether there was any relationship
between two parts such that one of them was dependent on the other but the
dependency was not fully visible. The question required the respondents to
indicate whether or not they found any structure dependencies in the model. If
they did, the respondents had to state how visible the structure dependencies and

what parts that were involved.

The Table 4.8 below shows the distribution of answers for question (8). It can be
seen that four respondents stated the answer as “Yes”. Three of these respondents
found that those structure dependencies were visible in both parts. One of them
commented that the dependencies were visible only in one part. As pieces of
information were scattered around different parts of the UML-B model, the
relationship between these parts were not so visible until the model was

transformed to a B model by U2B.

The remaining respondents were not sure whether or not the parts exist.

No Not sure Yes Total
UML-B 3 3 4 10
Model 30% 30% 40% 100%

TABLE 4.8: Distribution of answers for the “Hidden Dependencies” dimension

4.2.9. Secondary Notation

The question (9) of the survey assessed the ability of UML-B to allow the user to
provide supporting information to the model by using notation other than the
official semantics. As the UML-B model resides in Rational Rose, the assessment
particularly concerned the ability of the application to support the above user’s
activity. The question required the respondents to indicate whether or not they
could make notes or convey extra information beyond the model to themselves.

The respondents had to state the possible actions, if any.
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The Table 4.9 below shows the distribution of answers for question (9). It can be
seen that all respondents stated the answer as “Yes”. The respondents found that
the notes and the documentation facility in Rational Rose were very useful for this
purpose. Three respondents mentioned that the notes would be very helpful for

formal models.

No Not sure Yes Total
UML-B 0 0 10 10
Model 0% 0% 100% 100%
& Rose

TABLE 4.9: Distribution of answers for the “Secondary Notation” dimension

4.2.10. Role Expressiveness

The question (10) of the survey assessed whether the purpose of each component
in the model was obvious and the user could directly imply how it related to the
whole model. The question required the respondents to indicate how easy to
determine what each diagram and syntax was for in the UML-B model as a whole.
In addition, the question also asked whether the respondents included any

component in the model without exactly knowing its purpose.

The Table 4.10 below shows the distribution of answers for question (10). For the
diagrams, it can be seen that five respondents considered the task as “Easy” and
“Very easy”. This causes the median to be “Easy”. These respondents found that
the concepts of UML were easy to grasp. There were a lot of resources on UML
that they could refer. Once the concepts were known, they could easily

differentiate the role of each part of the diagrams.

On the other hand, four respondents considered the task as “Neither difficult nor
easy”. These respondents did not really understand why they needed to have the
Statechart diagrams, as they believed they could simply use the Class diagrams to
specify the behaviours. In addition, they were also quite confused about the roles
of Precondition and Post-condition in the diagrams. As far as the UML-B

modelling was concerned, they believed they could merely use the Semantics.
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For the B syntax, four respondents considered the task as “Neither difficult nor
easy”. Despite being taught on B, these respondents faced some difficulties in
dealing with the B syntax. Three respondents considered the task as “Difficult”
due to the same reason. They believed more experience and time were required to
fully understand the roles of B syntax in the UML-B model and how they could
work together. Besides, they believed more comprehensive documentation should

be available to support them during the process.

Three respondents found the task as “Easy” particularly after the major parts of
the model had been illustrated using the diagrams. The structure of the diagrams
somehow helped them in determining the roles of the B syntax.

Two respondents found that there were parts that they simply included without

knowing the purpose; the Statechart diagram and Post-condition.

-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy
UML-B 0 1 4 4 1 10
Diagram 0% 10% 40% 40% 10% 100%
10% 40% 50% 100%
Median 1 |
UML-B 0 3 4 3 0 10
Syntax 0% 30% 40% 30% 0% 100%
30% 40% 30% 100%
Median 0 |

TABLE 4.10: Distribution of answers for the “Role Expressiveness” dimension

4.2.11. Closeness of Mapping

The question (11) of the survey assessed the mapping between the notation used
in UML-B and the problem domain. The question required the respondents to
indicate how well UML-B allowed them to describe their problem accurately and

completely as what they intended.

The Table 4.11 below shows the distribution of answers for question (11). It can
be seen that six respondents regarded the mapping as “Good” and “Very good”.

This causes the median to be “good”. Three of the respondents believed that the
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mapping was achieved easily because of UML and its object-oriented concept.
Two respondents commented that UML and Rational Rose had guided them
through the modelling process in a logical way, which helped in ensuring a
complete model to be developed. They started the modelling with the UML
diagrams, which provided the overview of the whole system. The overview later
leaded them to specify the system behaviours in more detail and systematically.
One respondent believed that UML-B and U2B were useful for the development
of a B model, which would be different if the B model was developed from

scratch.

Four respondents considered the mapping was “Neither bad nor good”. The
respondents found several occasions where they wanted to add certain features,
which seemed to be logical in UML, but did not work well in UML-B. In turn,
they had to change slightly the way they normally did in UML in order to
accommodate the UML-B modelling style.

-2 -1 0 1 2 Total
Very bad Bad Neither bad nor | Good Very good
good
UML-B 0 0 4 6 0 10
Model 0% 0% 40% 60% 0% 100%
& U2B 0% 40% 60% 100%
Median 1]

TABLE 4.11: Distribution of answers for the “Closeness of Mapping” dimension

4.2.12. Provisionality

The question (12) of the survey assessed the flexibility of UML-B. The question
required the respondents to indicate how well the method allowed them to play
around with the model without being sure what the effect would be. The
respondents were required to state which parts of the method that allowed or

prevented them to do so.

The Table 4.12 below shows the distribution of answers for question (12). It can
be seen that five respondents commented that the notation was not good enough

for them to play around with the model. These respondents agreed that they could
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make any changes to the UML-B model to test any new ideas. However, their
main concern was that they needed to transform the UML-B model to a B model
each time they made changes so that they could test the model using B tools.
Otherwise, there was no way they could be sure whether or not the ideas were

correct, as Rational Rose did not support any syntax or model checking.

Four respondents found that they could easily play around with the model. These
respondents believed that the concepts of UML in the UML-B model had made
the process easier. Although they admitted that they needed to transform the
UML-B model to a B model in order to test the effects, they did not found it as a
burden. Being able to test the model using B tools was regarded as one of the

method’s strengths.

-2 -1 0 1 2 Total
Very bad Bad Neither bad nor | Good Very good
good

UML-B 2 3 1 3 1 10
Model 20% 30% 10% 30% 10% 100%
& Rose 50% 10% 40% 100%
& U2B
Median 0.5 |

TABLE 4.12: Distribution of answers for the “Provisionality” dimension

4.2.13. Premature Commitment

The question (13) of the survey assessed whether the notation used in UML-B
enforced the user to make decisions prior to modelling or there was any task
ordering constraints. The question required the respondents to indicate whether or

not they could go about any task in any order they liked.

The Table 4.13 below shows the distribution of answers for question (13). It can
be seen that nine respondents commented that there was no task ordering
constraints. They generally believed that they could start modelling as they liked.
However, they found it was more logical to start with the diagrams before

specifying the semantics for the operations using the B syntax.
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No Not sure Yes Total
UML-B 0 1 9 10
Method 0% 10% 90% 100%

TABLE 4.13: Distribution of answers for the “Premature Commitment” dimension

4.2.14. Abstraction Gradient

The question (14) of the survey assessed whether the notation used in UML-B
enforces any level of grouping mechanism. The question required the respondents
to indicate whether the method insisted they start modelling task by defining or
grouping things before they could do anything else.

The Table 4.14 below shows the distribution of answers for question (14). It can
be seen that six respondents commented that they did not think the method
insisted them to define or group things when they started the modelling. They
generally found the process was natural. They would define or group things

whenever required.

On the other hand, three respondents found that they had to define the classes

needed and group the attributes and operations according to those classes, before

they could proceed.
No Not sure Yes Total
UML-B 6 1 3 10
Method 60% 10% 30% 100%

TABLE 4.14: Distribution of answers for the “Abstraction Gradient” dimension

4.2.15. Learnability of UML-B

The question (15) of the survey assessed the learnability of UML-B. The question
required the respondents to indicate how easy to learn UML-B compared to

traditional B. The respondents were also required to indicate any particular parts
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of the method that were particularly difficult to learn and understand how they

work.

The Table 4.15 below shows the distribution of answers for question (15). It can
be seen that four respondents found that UML-B was “Difficult” and “Very
difficult” to learn. This was because the respondents had to integrate two concepts
of modelling, that is, UML and B. As U2B transformed the UML-B model to B
model automatically, they had to understand how the transformation was done.
They had to know what effects that the generated B model would have for each
feature that they added on the UML-B model. Familiarity with tools such as

Rational Rose was also believed to play a role on the method’s learnability.

Three respondents thought the method was “Neither difficult nor easy” to learn.
Similarly, three respondents commented the method as “Easy” and “Very easy” to
learn. These respondents believed that learning the method was easy because of
the UML diagrams. However, they would foresee that learning the method would

become difficult if they had not been taught on UML and B.

-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy
UML-B 3 1 3 2 1 10
vs B 30% 10% 30% 20% 10% 100%
40% 30% 30% 100%
Median | 0 |

TABLE 4.15: Distribution of answers for the learnability of UML-B

4.2.16. Learnability and Utility of U2B

The question (16) of the survey assessed the learnability of U2B that accompanies
UML-B. U2B is a tool that transforms a UML-B model to a B model so that it
could be verified by B tools. The question required the respondents to indicate
how easy to learn and use U2B. The respondents were also required to indicate

whether the tool had met its purpose and their expectation.
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The Table 4.16 below shows the distribution of answers for question (16). It can
be seen that all respondents found that U2B tool was “Easy” and “Very easy” to
learn and use. Even though the tool lacks documentation on how to use, these
respondents found the process was straightforward. Simply following a short
instruction and clicking a button, the UML-B model could be transformed to a B

model.

Five respondents agreed that the tool had successfully met its purpose and their
expectation. The tool had helped them in developing a correct model. These
respondents would consider using UML-B to generate a B model rather than
developing a B model from scratch. However, some of them admitted that using
the tool for the first time was quite daunting as the tool generated a vast amount of
syntax. They therefore had to understand why and how the transformation was
done. Four respondents thought the tool had helped them “A little” as it only
transformed the UML-B to a B model. Much of the difficult tasks such as

specifying correct semantics and verifying the model still needed to be done by

them.
-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy
U2B 0 0 0 5 5 10
0% 0% 0% 50% 50% 100%
0% 0% 100% 100%
Median | 1.5 |
-2 -1 0 1 2 Total
No Not Sure Yes, a little Yes Yes, a lot
U2B 0 1 4 5 0 10
0% 10% 40% 50% 0% 100%
10% 40% 50% 100%
Median | 0.5 |

4.2.17. Usefulness of Documentation

TABLE 4.16: Distribution of answers for the learnability and utility of U2B

The question (17) of the survey assessed the usefulness of the available manual

and documentation on UML-B.
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The Table 4.17 below shows the distribution of answers for question (17). It can
be seen that five respondents found that UML-B documentation was “Neither
useful nor useless”. These respondents generally found that the documentation
was quite complicated to understand. In fact, they found that the presentation
slides used during the lecture was more useful than the documentation. They used

the slides extensively during the model development.

Four respondents commented that the documentation was “Useless”. These
respondents found that the documentation merely discussed the theory underlying
the method rather than specific examples on how to build a UML-B model step-
by-step from scratch. They faced some difficulties in understanding the practical
aspect of the method such as why certain things should be done in certain ways.

They would expect more comprehensive documentation on the method.

One respondent found that the documentation was useful.

-2 -1 0 1 2 Total
Very useless Useless Neither useless | Useful | Very useful
nor useful
UML-B 0 4 5 1 0 10
& Doc 0% 40% 50% 10% 0% 100%
40% 50% 10% 100%
Median | 0 |

TABLE 4.17: Distribution of answers for the usefulness of documentation on UML-B

4.2.18. Accessibility of UML-B

The question (18) of the survey assessed the accessibility of UML-B. In particular,
the question required the respondents to indicate how easy to become familiar
with the method and to be able to use it in their task efficiently without referring

to the documentation.

The Table 4.18 below shows the distribution of answers for question (18). It can
be seen that four respondents found that it was “Easy” and “Very easy” to become
familiar with the method. Once they were clear on how to use the notation

correctly and had some practice in using it, the task was pretty straightforward
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where the documentation could be neglected. However, they admitted that the
difficult part was to understand how the notation and the transformation worked as

a whole.

Four respondents felt that the task was “Difficult” and “Very difficult” because
the method integrates both UML and B. They found that learning these two
notations particularly the B syntax took much of their time. Moreover, they had to
learn how the two notations should be integrated in the UML-B model. They

found that using the method was easy but mastering it was quite difficult.

Two respondents commented the task as “Neither difficult nor easy”. There were
some parts such as the Statechart diagram and Associations that required them to

refer to the documentation quite often.

-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy
UML-B 1 3 2 2 2 10
10% 30% 20% 20% 20% 100%
40% 20% 40% 100%
Median 0 |

TABLE 4.18: Distribution of answers for the accessibility of UML-B

4.2.19. Operability and Attractiveness of UML-B

The question (19) of the survey assessed the operability of UML-B. In particular,
the question required the respondents to indicate how easy to do modelling using
UML-B compared to traditional B. The respondents were also required to indicate
their choice in modelling, that is, which method that they would prefer to use in

modelling.

The Table 4.19 below shows the distribution of answers for question (19). It can
be seen that four respondents found that it was “Easy” and “Very easy” to model a
system using UML-B compared to traditional B. This was because the main
elements of the model could be illustrated graphically using the UML diagrams.

The diagrams made the process of specifying semantics for the model more
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obvious. Besides, they found that much of the effort and trouble in modelling a B
model were reduced through automatic transformation provided by U2B. The tool

was seen as capable of preventing more errors to be made on the model.

Four respondents regarded the task was “Difficult” and “Very difficult” because
they had to integrate both styles of modelling, UML and B, at the same time.
Different ways of specifying the semantics had caused some confusion to these
respondents. In addition, the lack of training and comprehensive documentation

on UML-B was also a factor that made it difficult.

Six respondents preferred UML-B to traditional B. These respondents believed
that UML-B would be useful and easier to use if they were given more time and
exposure to the method. They could see the potential of the method as it is much

more closer to the realism.

-2 -1 0 1 2 Total
Very difficult Difficult | Neither difficult | Easy Very easy
nor easy
UML-B 1 3 2 4 0 10
vs B 10% 30% 20% 40% 0% 100%
40% 20% 40% 100%
Median 0 |
UML-B B Both Total
UML-B 6 2 2 10
vs B 60% 20% 20% 100%

TABLE 4.19: Distribution of answers for the operability and attractiveness of UML-B
4.2.20. Further Improvement
The question (20) of the survey provided the respondents an opportunity to raise
any issue of using UML-B and U2B. The respondents were also allowed to

suggest any possible improvement that could be made on the method and its tools.

Below are some of the issues and areas for improvement highlighted by the

respondents:
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e Provide syntax checking at early stage (UML-B model rather than B
model)

e Provide dropdown lists for B syntax to avoid typing errors

e Provide automatic changes in the respective parts of the model

e Provide a more functional and user-friendly interface for U2B

e Provide comprehensive documentation

4.2.21. Other Findings

The respondents were among the subjects who were involved in the controlled
experiment conducted previously. An informal observation had been made where
the performance of the respondents when interpreting a UML-B model had been
compared with their perception when developing the model. From the Table 4.20
below, it can be seen that seven respondents perceived UML-B as better than B in
the survey. This includes four respondents who performed better using B in the
experiment. On the other hand, two respondents who preferred B for modelling
performed better on UML-B in the experiment. Only four respondents had been
found to be consistent across the two studies, three for UML-B and one for B.
This seems to suggest that there is a difference between model interpretation and
creation tasks using the method. This may be because the models used in the
experiment were on papers whereas the survey required the model to be developed
using the UML-B tools. Perhaps, the respondents could make more senses of

UML-B when using it online.

Respondent Experiment Survey
(Better Performance) (Better Perception)
R1 U B
R2 B U
R3 B U
R4 U U
R5 B U
R6 U B
R7 U U
RS B U
R9 U U
R10 B B

TABLE 4.20: Performance and Perception of UML-B
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4.3. Analysis

The survey adopted the grounded theory approach for the data analysis. Besides
capturing the experience of using UML-B, the survey aimed to formulate tentative
theories of usability of such integrated methods in general. The theory in the
approach denotes a set of discrete categories that are systematically connected
through statements of relationship. The categories in essence are abstract concepts
that describe the phenomenon under study whereas the statements of relationship

are the interrelated properties of those categories.

Employing the grounded theory approach entails a certain amount of coding and
analysis. The first one was open coding where the responses were examined for
objects of interest based on the stated research questions. The technique used was
microanalysis (Strauss et al., 1998). The analysis focused on the identification of
major themes or categories and how often they emerged in the data under varying
conditions. The idea was to form a theoretical framework, thus the analysis
involved the formulation of general categories rather than specific to any
individual cases. For example, issues of using Rational Rose and running U2B
were conceptualised as Availability and usefulness of supporting tools. The
analysis did not intend to specifically delineate every single limitation of the tools.
Rather, the objective was to identify and propose a set of categories that can be

used as a basis for examining the usability of other similar methods in future.

After completing open coding, axial coding process was conducted. Axial coding
involves moving to a higher level of abstraction by identifying relationships
between categories based on their properties. This forms the basis for the theory
construction. The properties for the categories were derived by having queries
such as what, why, how and when during the analysis process. For example,
respondents mentioned the issue of learning UML and B several times in their
answers. Therefore, Learnability of notations and tools was recognised as one of
the categories. On the other hand, it is necessary to know what aspect of the
notations and their tools that was easy and difficult to learn, when and why they

happened, in order to understand the phenomenon. To answer the queries,
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evidence was obtained and accumulated from various parts of the questionnaire.
This included both the quantitative (ordinal scale) and qualitative (subjective)
data. As an exploratory study, the analysis mainly focused on the qualitative
answers as they provided a richer explanation of the phenomenon. The qualitative
answers were particularly useful when the quantitative answers were inconsistent
where some respondents gave positive answers and some gave negative answers
with no clear majority or consistent trends. The use of CD framework and ISO’s
usability criteria that shapes the dimensions of usability investigation facilitated

the identification of the categories and properties.

The following sub-sections list the categories and elaborate their properties. The
properties were grouped into categories based on the respondents’ qualitative and
quantitative answers. The properties (reasoning based on CD and ISO’s usability
criteria) that support the statements are stated in the parentheses in the paragraphs,

which link to the actual evidence described in the previous section.

4.3.1. Category 1: Model Structure and Organisation

The UML portion of UML-B allows the system properties and behaviours to be
illustrated using the Class and Statechart diagrams. Each diagram represents the
system from a specific perspective. For example, the Class diagram shows the
attributes and relationships between entities in the system while the Statechart
diagram delineates the states and transitions involved in the system operations. In
modelling a UML-B model, the users employ the diagrams to illustrate the system

properties from these perspectives.

The diagrams are equipped with formal semantics where the characteristics and
behaviours of the systems are specified more precisely. Formal semantics in the
form of B syntax are added at different parts of the diagrams so that they can be
transformed to a B model. For example, the global variables and invariants are
placed at the Class diagram level while the conditions and effects of the
behaviours are placed at the Statechart diagram level. Despite being scattered at
several parts of the model, the method has the ability to transform the diagrams

and consolidate the semantics as a single B model through its tool, namely U2B.
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Despite being logical, having the formal semantics at different parts of the model
causes an accessibility issue to the users. They need to switch around different
parts of the model to specify the formal semantics. Rational Rose supports the
display of multiple windows at one time. However, having to deal with several
displayed windows simultaneously in Rational Rose seems to be a problem
(Property: “Visibility and Juxtaposibility” dimension). The users have to view not
only the windows that display the Class and Statechart diagrams but also the pop-
up windows that carry the semantics for each of the diagrams. In fact, some of
these windows have to be on top of each other due to limited screen space. This
leads the users to overlook certain aspects of the model and prone to errors
(Property: “Error Proneness” dimension). The users can view and subsequently
check the model using B tools by translating it to a B model using U2B at any
modelling stage they like (Property: “Progressive Evaluation” dimension).
However, having to transform the model particularly during formulating and
synthesising ideas has been regarded as a ‘noise’. In addition, model
transformation at early stages where many aspects have yet to be given careful
thought will generate error messages in B tools. Starting modelling with many

generated errors can be a daunting experience especially to new users.

This finding supports the comment obtained from the controlled experiment where
the UML-B model had been regarded as ‘messy’. The ‘messiness’ is not only
caused by the scattered information but also the display of multiple windows at a
time. The structure of the model does affect its accessibility for both model
reading and development, even on the computer screen. The cognitive psychology
theory that underpins this phenomenon is that humans have a limited amount of
information that can be processed at one time. The way material is organised and
presented has an effect (Chandler et al., 1992). When the related information is
separated from each other on the page or screen, users have to use cognitive
resources to search and integrate it. Users are less likely to be able to hold the
separated information in working memory at the same time especially if the
information has a high intrinsic cognitive load (Sweller et al., 1994). In general,
formal notation such as B syntax is high in intrinsic cognitive load because it
involves concurrent interactions between its syntactical and semantic

characteristics.
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As a UML-B model always involves the use of more than one UML diagram that
carries the respective B syntax, the issue of scattered information is seen as
unavoidable. However, the effect of split-attention can be reduced if the modelling
tool allows the switching and viewing of different parts of the model more

conveniently and less distracting.

4.3.2. Category 2: Availability and Usefulness of Supporting Tools

Rational Rose and U2B are the main supporting tools in UML-B. These tools have
been useful in some aspects (Property: “Consistency” dimension; “Secondary
Notation” dimension; “Learnability and Utility of U2B”). On the other hand, there
are also several user-friendliness issues discovered by the users. For example,
Rational Rose does not support some changes automatically, which causes the
modification process to be unnecessarily tedious (Property: “Viscosity”
dimension). If a variable name is changed in the Class diagram, the change is not
reflected in other parts such as in the Statechart diagram or in the semantics where
the variable name is used. A similar situation applies to variable deletion. Thus,
the changes have to be done manually by visiting the respective parts of the

model.

U2B in general has received a fairly good acceptance among the users. This is due
to its obvious role, that is, to transform a UML-B model to a B model. By
executing several simple steps, the users can generate a B model and execute the
verification task using B tools (Property: “Progressive Evaluation” dimension).
This is the reason why the tool is seen as easy to learn and use (Property:
“Learnability and Utility of U2B”). The automatic transformation has alleviated
some pains that would occur when modelling a B model from scratch. At the very
least, it provides basic structures for the B model where the users could extend
further by adding more details. The simplicity of U2B however has made the
verification task remains in B tools. No matter how simple, U2B or even Rational
Rose does not support any checking in any way. This means the users have to
transform the UML-B model to a B model and run it in B tools each time they
change ideas even if it involves only a minor change. Otherwise, there is no way

they could be sure whether or not the changes are acceptable. The generated B
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model will contain numerous types of errors from the simplest to the complex
ones, which can only be realised during model verification using B tools. Because
of this reason, the users feel that the method is not good enough for playing
around with ideas (Property: “Provisionality” dimension). Some simple checking
such as unused variables and typing errors of B syntax at the modelling and
transformation levels would be useful to the users. This can act as the front line
checking, which eliminates trivial errors before pursuing more extensive
verification in B tools. Rather than introducing all types of errors at once,
evolutionary phases of checking could make the verification task less daunting
and troublesome to the users. As the tool lacks of these elements, it does not fully

meet the users’ expectation (Property: “Learnability and Utility of U2B”).

This finding supports the comment obtained from the controlled experiment where
several subjects in the experiment believed that the method is useful only with
good tool support. Although the necessary tools are available, there are several
aspects that should be improved in order to increase their utility (Property: “Future
Improvement”). Perhaps a more seamless modelling environment should be
created so that users do not have to perform several individual and intricate steps

during modelling.

4.3.3. Category 3: Learnability of Notations and Tools

The successful use of UML-B method relies on the fact that users have to be
familiar with UML and B. Otherwise, the integration of both notations could not
be understood or valued. It has been found that it is difficult if not impossible to
obtain the understanding of the notations used in both UML and B at the same
time (Property: “Learnability of UML-B”). Even though the users have been
exposed to UML and B for some time, some mental burden still occurs during the
process (Property: “Hard Mental Operations” dimension). Having to think,
integrate and harmonise two styles of modelling from two different methods

seems to be problematic.

The model transformation provided by U2B also requires some learning

(Property: “Learnability of UML-B”). A UML-B model in essence carries two
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types of semantics; explicit B syntax specified by the users in the UML diagrams
that U2B transforms as it is in the B model, and implicit B syntax that U2B
implies and generates automatically from the diagrams. For example, behaviours
of the operations have to be specified by the users using the B syntax in the UML
diagrams whereas classes and associations in the diagrams are translated
automatically as the respective sets and variables in the B model. The users have
to understand these transformations and why they are accomplished in such ways
(Property: “Learnability and Utility of U2B”; “Hidden Dependencies” dimension)
as it affects the way they should do the modelling (Property: “Closeness of
Mapping”). Moreover, learning of how to do modelling in Rational Rose is also

required (Property: “Learnability of UML-B”).

Modelling the UML diagrams is regarded as quite straightforward (Property:
“Role  Expressiveness-Diagram”  dimension; “Error Proneness-Diagram”
dimension), which eases the process of describing what is intended (Property:
“Diffuseness” dimension; “Closeness of Mapping” dimension). Despite the fact
that B modelling imposes some task ordering and requires users to define and
group things beforehand, the diagrams have somehow diluted the effects
(Property: “Premature Commitment” dimension; “Abstraction Gradient”
dimension). Perhaps these factors help to explain why a UML-B model is seen as
more approachable than a B model and thus, UML-B is preferred for formal
modelling (Property: “Operability and Attractiveness of UML-B”).

On the other hand, specifying the UML diagrams with the correct formal
semantics is perceived as hard and error-prone (Property: “Error Proneness-
Syntax” dimension; “Hard Mental Operations” dimension). Shallow
understanding of how the formal semantics should work with the UML diagrams,
lack of comprehensive documentation on the method (Property: “Usefulness of
Documentation”) and the need to grasp the underlying principles of the
participated methods and tools mentioned above have downgraded the operability
of the method (Property: “Operability and Attractiveness of UML-B”). To attract
new users to the method, a more comprehensive documentation should be readily
available (Property: “Future Improvement”). The documentation should cover

more on the practical aspect of the method and its tools (Property: “Usefulness of
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documentation”), rather than just theory. Currently, the available documentation
on the method is not helping the users much in this aspect (Property:

“Accessibility of UML-B”)

4.3.4. Category 4: Functionality of Notations

Rational Rose provides specification windows in each diagram for specifying the
semantics. There are two types of diagrams involved in UML-B, thus the users are
provided with two types of specification windows. One is in the Class diagram
and the other is in the Statechart diagram. Regardless the location, U2B is able to

extract the semantics and treat them accordingly as a B model.

The semantics in the Statechart diagram are transformed as a nested condition
under the primary condition, which is obtained from the Class diagram. In many
cases, the semantics of the Statechart diagram can also be placed directly in the
specification windows of the Class diagram. If the users know what the states and
transitions involved in the operations, they can specify it literally as a series of
conditions in the specification windows of the Class diagram. Despite providing
an alternative in modelling, the flexibility somehow has made the role of the
semantics in the Statechart diagram or even the Statechart diagram unclear to
some users (Property: “Role Expressiveness-Diagram” dimension; ‘“Role
Expressiveness-Syntax” dimension). The users seem to prefer specifying the
whole semantics in the Class diagram, as it is more obvious and straightforward.
It could also reduce the mental burden of having to work with two different
diagrams at the same time (Property: “Visibility and Juxtaposibility” dimension;
“Hard Mental Operations” dimension). Moreover, the generated nested conditions
from the Statechart diagram tend to complicate the B model. As the end product
that actually matters is the transformed B model, the users prefer to have a simple

and quick solution to achieve it.

More clear roles and boundaries should be set between the formal semantics of the
Class diagram and the Statechart diagram. The explanation on the roles and
responsibilities of each part of the diagrams and semantics should be stated

succinctly in the documentation, which the method is currently lacking (Property:
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“Usefulness of documentation”). It may be better if some principles and controls
can be placed on how a UML-B model should be modelled. Although it may
reduce the flexibility in modelling, it can at least guide the users based on what
should and should not be done. It can also avoid redundancy. This is particularly
true for new users who mainly have no idea on how to start and pursue the
modelling. Besides, the transformation of formal semantics from the Statechart
diagram to a B model can be smoothed further so that no unnecessary

complication is introduced to users.

4.4. Discussion

There are two main outcomes of the survey, namely theory generation and
proposal of a design profile. The following sub-sections explain the theories and

the design profile respectively.

4.4.1. Theory Generation

The data from the survey suggest that UML-B is appealing to users who opt into
B modelling while yet prefer working with the standard development style of
UML. This is particularly true when users are familiar with UML and have the
capacity to appreciate what formal notations such as B could offer. The graphical
modelling environment alleviates the pain of developing a formal model from
scratch by stimulating the formulation of idea through the use of visual objects at
the abstraction level. Some comments from the respondents that support this claim

include:

Respondent 1:

“UML-B is based on UML modelling. Since the modelling in UML is very precise and robust,
UML-B modelling is definitely easier.”

“When I developed my model in UML-B, I could switch to B tool instantly every time I added a
method to ensure that I haven’t produced an error. This is good and easy.”
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Respondent 3:

“I'm familiar with UML and object-oriented technology. It seems to me that UML-B has the
objected-oriented style. The diagrams make it easier to build up a model. This is a power of UML-
B as you can think graphically and model it semantically.”

Respondent 5:
“Modelling with UML-B is much closer to the realism as compared to B modelling”.
Respondent 7:

“I had very low expectations about UML-B before I used it and wasn’t very satisfied at first
because it was hard to get started due to the lack of documentation. But after a few hours, I really
enjoyed using it and I can imagine it to be useful in industry. It created a lot of code even though
only a little bit of B notation was added to the model. This can save a lot of time and prevent many
errors. If I had to write another B machine, I would consider using UML-B.”

Respondent 8:

“UMLB is much easier to model than just in B because you have the visual model, which makes it
easier to think through different tasks”.

Respondent 10:

“UML-B model use both graphical and semantics for modelling thus easier to work with. UML-B
is a nice tool to describe a model because you can start with a visual model (i.e. the class diagram)
and then B lets you add more detail.”

On the other hand, users are faced with the challenge of having to grasp the
underlying principles of each individual notation as well as to understand how
both notations work together to achieve the integration objectives. Each notation’s
roles and functionality at different parts of a model should be understood, which
can easily be achieved only if the distinction between them is clear-cut. Users are
also required to learn and become familiar with the individual tools that
accompany each notation, which in general should provide the necessary support.

Some comments underlying this claim are as follows:

Respondent 1:

“The main reason of difficulty is the lack of experience and documentation concerning UML-B. In
addition, a good knowledge of both UML and B-Method is required in order to formulate the
semantics. It was necessary to first gain familiarity with UML prior to building the model.”

“I have never used Rational Rose before. So, I had to learn how to use it then learn how to use
UML-B.”
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Respondent 2:

“It is difficult to think in UML and B at the same time. I had to gain familiarity with UML
diagrams before building the model. Once the code is generated, we need to read the code entirely
to understand what it does and how it functions to be able to make changes in the UML-B
diagrams.”

“If no prior experience with UML is acquired, it is difficult to determine the meaning of the
diagrams and components.”

Respondent 3:
“The lack of UML-B documentation and examples made it difficult to build the model.”

“The tool surely generates the B-Model of the system. However, in order to test the model it is
necessary to understand how it is written and how it is generated.”

“If I had prior experience with UML, gaining familiarity with UML-B wouldn’t be a hard task.
However, much time was spent on learning UML and it was necessary to refer to the

documentation. And, more experience and time are required in B notations to be comfortable with
UML-B.”

Respondent 4:

“Once it is clear where to write things, and how the notation works, it is very easy. The only thing
is that we have to know UML and B before being able to learn UML-B.”

“I think it would be good if there were a few simple examples, and a tutorial that walks you
through those examples step by step. The current manual seems to more talk about the theory, not
so much about where to put which part of the notation.”

Respondent 6:
“I haven't quite worked out what the statechart is for, so I'm confused!”

“There are many ways to do a particular thing this makes it a bit confusing (e.g. specifying an
operation in the state chart diagram and class diagram and also some part through the
transitions). All of them have a facility to specify preconditions and post conditions. What is the
difference between semantics and post conditions?”

Respondent §8:
“If the user is familiar with B and with UML, it will not be that difficult to build a UML-B model.”

“There is strong support and help in UML modelling. Since we are already familiar with the UML
model, it is easy to associate any diagram.”

“B is not a published and robust language. There is no online help that can guide while modelling.
Hence it is difficult to understand a B notation unless a person has read the subject in depth from
the available resources.”

Respondent 9:

“UML-B is based on B. B methods are based on systematic semantics and it took a considerable
amount of time to understand the B concepts. Hence, to cover all topics of B in UML-B, it becomes
necessary to refer to the document to find out how the modelling can be done corresponding to B.
(e.g. Specification of general Quantifiers, Functions Relations, Set Operation,
Refinement...inclusion, etc).”
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Based on these findings, the survey generates the following tentative theories of
the usability of integrated methods that combine semi-formal and formal
notations. The categories that contribute to the formulation of the theories are

stated in the parentheses:

Theory 1: The integration of semi-formal and formal notations requires the
understanding of principles and roles of both notations as well as the rules of the
integration. The principles, roles and rules ought to be obvious to users (Category

3 and 4).

Theory 2: The integration of semi-formal and formal notations requires strong
support from the environment. Supporting tools and comprehensive
documentation should be not only available but also useful, easy-to-learn and

easy-to-use (Category 1, 2 and 3).

Unlike the other categories, Category 1: Model Structure and Organisation is
not explicitly stated in the theories although it is included. It is indirectly implied
in Theory 2 with a similar effect as Category 2: Availability and Usefulness of
Supporting Tools. This is because the incident may depend on the environment
by which the method is supported (Rational Rose). Perhaps only the current
environment has the problem of managing scattered information and multiple
windows. As the data are quite limited, more observation is required on this aspect

particularly under different environments.

4.4.2. Design Profile

In terms of the CD framework, goals for designing integrated methods such as
UML-B were identified. The design goals were proposed based on the nature of
semi-formal and formal notations, and the motivation behind the integration. The
individual notations (semi-formal and formal) have their own strengths and
weaknesses, which are enhanced through the integration effort. In addition, the
design goals were also based on the common types of user activity involved in

using such methods. In general, there are two major user activities: Exploratory
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Design where users use such methods to create a new model, and Modification
where users use the methods to make changes and enhancements to an existing

model.

The Table 4.21 below illustrates the recommended CD profile for designing
methods that combine semi-formal and formal notations. The profile proposes the
desired level for each dimension that integrated methods and their notations
(combination of semi-formal and formal) should aim to achieve. The High and
Low indicate whether the dimension should be increased or reduced respectively,
when such methods are designed. For example, method designers are
recommended to aim at increasing Progressive Evaluation and reducing Hidden
Dependencies. The Moderate indicates that although the dimension is desired at a
certain level (High or Low), it may be traded-off to suit more important
dimensions or the two user activities. For instance, Secondary Notation is very
useful for Modification activity as it provides users with additional informal
information. It thus may be needed (High) to improve the model
comprehensibility, especially for formal mathematical models (See Section 4.2.9.
Secondary Notation). However, Secondary Notation may cause Exploratory
Design activity a bit cumbersome, as users are obliged to provide informal
information about the elements in the model besides the official notation.
Moreover, the two user activities require a model to be less resistant to change
(Low Viscosity). By having Secondary Notation, any alterations to the model can
be painful as the changes are also required for the additional information (See
Section 4.2.2. Viscosity). Therefore, Secondary Notation may be traded-off
(Moderate instead of High) for achieving Low Viscosity and facilitating the two
activities. Diffuseness may need to be traded-oft (Moderate instead of Low) for
achieving Low Premature Commitment. Premature Commitment is one dimension
that designers may aim to reduce because it can be problematic for both
Exploratory Design and Modification activities. To reduce the need for users to
look ahead and make a decision before sufficient information is available during
the activities, the notation may need to be verbose (See Section 4.2.3.
Diffuseness; Section 4.2.13. Premature Commitment). It is up to method
designers to decide the best compromise based on their methods’ context of use

and needs.
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There are dimensions that specifically affect a particular notation more than the
other. By integrating the notation with the other notation, it is believed that its
usability can be improved. The * in the Table 4.21 below indicates the dimension
that affects formal notations, which semi-formal notations help to reduce the
effect. On the other hand, the ** denotes the dimension that semi-formal notations
lack, which formal notations help to overcome. For example, it is generally known
that formal notations such as B syntax involve High Hard Mental Operations,
which causes comprehension difficult (Finney et al., 1996a; Finney, 1996b; Carew
et al, 2005). The use of graphical symbols in semi-formal notations, which is more
intuitive, with formal notations should be able to reduce the effect (See Section
4.2.6. Hard Mental Operations). Similarly, semi-formal notations in general lack
mechanisms for a systematic Progressive Evaluation. By integrating with formal
notations, such an operation is possible (See Section 4.2.5. Progressive
Evaluation). Without such interplay between the two types of notations, the
integration effort is not worthwhile. After all, the motivation of such integrated
methods is to allow one notation’s limitations to be compensated by the strengths
of the other. The following paragraphs elaborate how both notations co-operate to

achieve the desired level for dimensions other than described above:

o Abstraction Gradient: Formal notations impose abstractions since users
need to define and group elements into logical entities (High). Moreover, to
reduce Viscosity, users may need to introduce abstractions so that any
changes required would be easier. By integrating the graphical symbols of
semi-formal notations with formal notations may alleviate the effect as the
grouping of elements becomes more apparent (Low). (See Section 4.2.14.

Abstraction Gradient).

. Closeness of mapping: The problem domain mapping is not quite
straightforward using formal notations due to the notations’ unfamiliar
symbols and underlying rules of interpretation (Low). The graphical
symbols in semi-formal notations may however facilitate the mapping, as
they generally resemble objects in the real world (High) (See Section
4.2.11. Closeness of Mapping).
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o Consistency: The formality in formal notations enforces consistency, which
semi-formal notations solely could not be able to assure (Low). By having
semi-formal notations together with formal notations could enable a
consistent graphical formal model to be developed (High). (See Section
4.2.7. Consistency).

o Diffuseness: Similar to natural language, the textual aspect of formal
notations may cause a description to be verbose. In contrast, the graphical
symbols in semi-formal notations could normally carry meanings in simpler
forms. By combining textual and graphical symbols may cause the

description to be short and precise (See Section 4.2.3. Diffuseness).

o Error-proneness: The unfamiliar mathematical symbols in formal notations
normally induce mistakes (High). The accessibility of graphical symbols in
semi-formal notations may reduce the tendency of making errors (Low) (See

Section 4.2.4. Error Proneness).

o Premature Commitment: Formal notations normally require users to look
ahead in order to get the right abstractions (High). By incorporating the
graphical symbols of semi-formal notations into formal notations may
reduce the effect as they permit the visualisation of possible interacting

entities (Low) (See Section 4.2.13. Premature Commitment).

J Role-expressiveness: The roles of mathematical symbols in formal notations
are not so obvious to many users due to their complex interpretation rules
(Low). On the other hand, the graphical symbols in semi-formal notations
are mainly intuitive. By combining the graphical symbols together with the
mathematical symbols may help users to grasp the roles of the latter (High)
(See Section 4.2.11. Closeness of Mapping).
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The remaining dimensions without * or ** in the Table 4.21 below, involve
factors other than the notations used. The dimensions are Provisionality, Hidden
Dependencies, Secondary Notation, Viscosity and Visibility/Juxtaposibility. Based
on the findings of the survey, it is believed that the environment in which the
notations reside plays a major role for achieving the desired levels for these
dimensions. This includes the structure of the model and the tools that support the
notations (See Section 4.2.1. Visibility and Juxtaposibility; 4.2.2 Viscosity;
4.2.8. Hidden Dependencies; 4.2.9. Secondary Notation; 4.2.12.

Provisionality). This claim is worth investigating in future.

Dimension Desired level
Abstraction Gradient Low*
Closeness of Mapping High*
Consistency High**
Diffuseness Moderate (instead of Low)*
Error-proneness Low*
Hard Mental Operations Low*
Hidden Dependencies Low
Premature Commitment Low*
Progressive Evaluation High**
Provisionality High
Role-expressiveness High*
Secondary Notation Moderate (instead of High)
Viscosity Low
Visibility/Juxtaposibility High

Note: High — to increase; Low — to reduce; Moderate — possible trade-off; * — Semi-formal notations support
formal notations to achieve the desired level (otherwise, the level will be opposite); ** — Formal notations
support semi-formal notations to achieve the desired level (otherwise, the level will be opposite).

TABLE 4.21: The proposed Cognitive Dimensions profile for designing integrated methods
(combine semi-formal and formal notations)

The tentative theories and the proposed CD profile above may not be conclusive,
where they can be validated and refined further in future investigations. However,
they can act as the first step in understanding the nature of integrated methods

such as UML-B and providing a meaningful guide to better design.
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4.5. Threats to Validity

The four kinds of validity that must be protected in empirical studies are discussed

below (Cook et al., 1979a; Perry et al., 2000).

4.5.1. Internal Validity

This validity concerns whether there is a clear cause and effect relationship
between the dependent and independent variables (Gauch, 2000). It determines
whether the usability assessment of UML-B could be influenced by any other

factors than the UML-B and its modelling environment.

4.5.1.1. Instrument

One of the major disadvantages of the survey is the inability to correct any
misunderstandings or probe into responses once the completed questionnaire has
been returned. One of the questions seems to mislead two respondents
unintentionally, namely question (4). The question was intended to assess the
tendency of the notation to induce mistakes by asking How easy to make
mistake.... The ordinal scale provided for the answer was from Very difficult to
Very easy. The question in general was straightforward. However, the
combination of positive effect, that is easy, and the negative behaviour, that is
make mistake, seemed to cause the respondents to overlook the question’s actual
intention. The respondents’ selection on the ordinal scale contradicted with the
subjective comments given. As the comments contained more information that
reflected the respondents’ actual perception, the necessary adjustment was made
on the respondents’ selection on the scale based on the information given in the

justification.

Several questions required the respondents to give explanation only if one of the
selections was selected. For example, question (5) required the respondents to
provide further information if they selected No and simply continue to the next

question if otherwise. The intention was to require the respondents to provide
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explanation only on the aspects that the study was interested to investigate further.
It could also reduce the respondents’ time in completing the survey. However, it
has been found that it would be better to allow the respondents to provide
explanation regardless of the selection. It is believed that trivial information may
lead to some other aspects that are still worth considering especially when dealing
with qualitative data. Besides, it could also reduce the possibility of respondents to
select answers that do not require further explanation merely because they are
reluctant to respond more. One respondent was suspected to behave this way in

the survey.

Given the small number of issues raised from the survey questions, it can be
concluded the questions had little impact on the validity of the survey results.
Nevertheless, the questions could still be enhanced in future so that their intention

could be more obvious and allow more flexibility.

4.5.1.2. Selection of Respondents

The respondents were students in the university where the research was
conducted. Therefore, their answers might have been biased either in positive or
negative ways. On the other hand, the respondents were considered as the most
appropriate candidates because they were trained on B and UML-B. The
knowledge is necessary for using UML-B. In fact, they also had some experience
of using UML-B and thus were able to contribute to the survey. Moreover, they
were independent users, who had no personal interest with the technologies
involved or direct contact with the research. To reduce the threat, the subjects

were advised to give opinions and comments as sincerely as possible.

4.5.1.3. Sample Size and Response Rate

The survey questionnaire was distributed to all fourteen Masters students of
Software Engineering course at the University of Southampton, who registered for
the “Critical System” course in Spring 2006. Thirteen students responded to the
survey. Due to some technical problem, only ten responses were considered for

the analysis. Although the number was quite small, the response rate of seventy
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percent was considered as appropriate for an initial attempt. Moreover, as a
qualitative study, the quality of the data is the focus rather than the quantity. Brief
identity screening was done on the four students who were not included. No

particular pattern was identified that could have potentially biased the results.

4.5.1.4. Diffusion or Imitation of Response

The respondents were in contact with each other. Thus, there was a risk that they
shared or influenced each other’s comments about using UML-B. This could not
be controlled. During the analysis however, no cases where two or more

questionnaires had identical answers were found.

4.5.1.5. Non-committal and Inconsistent Responses

Using an odd number of levels for the ordinal scale may have left open the
possibility of non-committal responses, which caused the medians to be “Neither
.nor..” or “Not sure”. Although such incidents could be seen in the data, they did

not happen often.

Some of the qualitative answers were inconsistent where one-half of the
respondents gave positive answers and the other half gave negative answers. This
had caused the distributions to be bimodal. Under these circumstances, the
analysis was mainly based on the qualitative answers from various dimensions for

building the theories.

4.5.2. External Validity

This validity refers to the ability to generalise the results and conclusions of a

study to other populations and conditions than those used in the study (Gauch,

2000; Yin, 2003).
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4.5.2.1. Students as Respondents

The respondents of this survey were students. They may have not represented
software developers as they were less experience and perhaps were likely less
motivated. However, the respondents were in the final semester of their Master
course and had reasonable amount of experience and knowledge of software
development. Half of the students had some working experience. They were seen

as valid respondents for the survey.

4.5.2.2. Toy Problem

Due to time and resource constraints, the modelling task given to the respondents
was not large and may have not been representative of real software systems.
However, the task was believed to be sufficient for the respondents to experience
modelling a system using UML-B. In fact, the task required the respondents to
explore most of the functionality provided by the method.

4.5.3. Construct Validity

This validity concerns the establishment of correct operational measures for the
concepts being studied (Yin, 2003). It is necessary to ensure that the dependent
variables are valid measures and the measurement process is conducted

appropriately.

4.5.3.1. Dependent Variables

The dependent variables of survey were the fourteen dimensions of CD and five
usability criteria of ISO. These variables were seen as appropriate for measuring
the usability of UML-B because they covered both notational and operational
aspects. CD and ISO’s usability criteria are products of research. Thus, their
validity and appropriateness as a measure of usability has been assessed to some

degree.
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4.5.3.2. Analysis Process

One person did the data interpretation and analysis. Although this may pose a
threat however, it can be regarded as negligible as the person was an independent

user of UML-B.

The grounded theory approach encourages the gathering of further data after
analysing the first gathered data. Data collection and analysis should be repeated
several times so that more incidents are captured and validated until the theory
saturates (Strauss et al., 1998). Moreover, the approach normally uses an in-depth
interview as the means of data collection so that the data can be rigorously
captured. Due to time and resources constraints, the data collection and analysis
were conducted only once through a survey. The findings therefore were based on

one set of data. The survey however will be repeated in future.

4.5.3.3. Nature of Study

Surveys and qualitative measures by their nature are retrospective. Therefore,
there was a risk that the respondents responded based on what they thought they
did rather than what they actually did. Advising the respondents to complete the
survey questionnaire as soon as they did the modelling task could have reduced

this threat, as the respondents still remembered of what they found during the task.

4.5.4. Conclusion Validity

This validity concerns the ability to draw the correct conclusion about relations

between the object of study and the outcome of the survey.

4.5.4.1. Heterogeneity of Respondents

The respondents might have different ability and experience. Thus, there was a
risk that the results might have been affected by individual differences. This could
not be avoided. As a qualitative study, the variation however could provide richer

data for the analysis.
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4.5.4.2. Familiarity of Respondents

The respondents were taught formally on B for about nine hours and one hour on
UML-B. They were assigned a modelling task using UML-B within a month
period. The period might have been insufficient for the respondents to fully
experience the method. The results may have been different if the respondents
were given more time and training. The aim of the survey was to capture the
experience of using UML-B from new users’ perspective. Therefore, the allocated

time frame and training were seen as adequate and realistic for the purpose.

The results may also have been influenced by the respondents’ experience of

UML, which varied considerably.

4.6. Conclusions and Future Work

This chapter has presented an empirical assessment in the form of a survey
conducted on a method that integrates the use of semi-formal and formal
notations, namely UML-B. The survey assessed the usability of UML-B and its
tools from the perspective of new users for conceptual modelling. The objective of
the survey was to gain a novel understanding of the method particularly the
psychological and physiological effects that it has on its users. The usability
assessment was conducted using the Cognitive Dimensions of Notations (CD)
framework in concert with the usability criteria suggested in the International
Organization for Standardization (ISO). As the survey attempted to understand the
nature of experience of using the method, it employed the qualitative approach of
the grounded theory. The approach allows the formulation of theoretical

explanation based on the feedback received from the users.

The survey has indicated that the dual characteristics of the method bring several
implications to users in both positive and negative ways. Combining semi-formal
and formal notations allows the potential of individual notation to be strengthened

while each notation’s limitations can be compensated by the other. However, the
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integration in essence brings the loads of two individual notations, which are
actually quite different in some ways. Users are required to grasp the principles of
the individual notations as well as the rules of the integration. Users therefore
need strong support from the environment to lessen the burden that lies beneath
the integration effort. The support involves not only the tools that aid the

modelling process but also resources for learning the method.

Some of the findings of the investigation are now being fed into the next
generation of UML-B development. The findings can be improved further by
extending the survey to a large number of users. This will help in enhancing the
current understanding of the method and discovering any other factors that affect
its use. The tentative theories and the proposed CD profile of integrated methods
(combine semi-formal and formal notations) discussed in this chapter can also be
validated and refined further by applying them to examine other similar methods.
This allows the derivation of more concrete theories and guidelines that can be

used to design and improve the usability of such methods in future.



Chapter 5

Measuring the Comprehensibility of a
UML-B model and an Event-B model

Conceptual models, which are developed in the early phases of software
development, describe aspects of the physical and social world for the purposes of
understanding and communication (Mylopulos, 1992). The models are generally
used for developers to reason about a problem domain, for communication
between stakeholders and for documenting software requirements for future
reference (Kung et al., 1986). These activities are important in any software
development, for which effectiveness can be achieved only if the models are

readily comprehensible.

Model comprehensibility is defined as how easy or difficult to understand the end
product of a modelling process. The comprehensibility of a model can be assessed
through empirical studies by considering not only the internal characteristics of
the notation used in the model but also the cognitive aspects involved in the
comprehension process. Drawing general conclusions from empirical studies is
difficult (Basili et al., 1999). Results obtained from one empirical study are
insufficient to provide conclusive evidence of a particular phenomenon.
Therefore, replications of similar investigation are desired so that the results of

several studies can be validated and refined.

149
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This chapter presents another experiment conducted on UML-B, which assessed
the comprehensibility of its model. This experiment (Experiment 2) replicated the
previous experiment (Experiment 1) described in Chapter 3 on the new version of
UML-B. In comparison with the previous one, the new UML-B contains some
adjustments in the modelling environment and profiling. In Experiment 2, a model
developed using the new version of UML-B was compared with an equivalent
Event-B model. Event-B on the other hand is a formal notation evolved from the
classical B (Abrial et al., 1998; 2007). The nature of the notations used in
Experiment 2 remains the same as in Experiment 1. In particular, the new UML-B
model contains graphical and textual representations whereas the Event-B model

is mainly textual.

In Experiment 2, the notion of comprehensibility was extended to include problem
domain understanding. The experiment aimed to explore the ability of the UML-B
model to sustain and promote model viewers’ understanding of the presented
problem domain. It focused on the ability of model viewers to use the presented
information in novel situations. The distinction between Experiment 1 and
Experiment 2 is that the attention shifts from the model to include the viewers’
developed mental models. In other words, it measures the deep understanding
developed when a person views a model. A UML-B model is comprehensible if it
allows viewers to not only recognise the presented information but also to extend
the understanding of the presented information in novel situations such as problem

solving.

The rationale of this investigation is twofold. First, stakeholders communicate and
reason about a problem domain to improve their understanding. Without deep
understanding of the problem domain, the proposed solutions may not meet the
requirements. Second, stakeholders are skilled human beings who use complex
cognitive processing when perceive and understand things. When interpreting a
model, it is believed that they do not simply “vacuum” the presented information
into their mind. Rather, they actively process the information by selecting only the
relevant information, organise the selected information into meaningful mental

models and integrate them with other knowledge. Interpreting a model can thus be
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seen as knowledge construction where stakeholders actively make sense of a

problem domain rather than passively receive the information.

The following section of the chapter provides brief description of the new version
of UML-B. Section 5.2 discusses the underlying theoretical background that
supports the experiment. Section 5.3 to 5.7 explains the technical aspects of the
experiment’s preparation and execution. Section 5.8 discusses the results and data
analysis. Section 5.9 explains several threats to the validity of the results. Finally,
Section 5.10 concludes the chapter with a summary of the main findings and

future work.

5.1. UML-B (Previous and Current)

The previous version of UML-B is a specialisation of UML using the profiling
extension mechanism included in UML. In particular, it uses a subset of UML
features that are useful for translation into B. A translator U2B (Snook et al,
2004b), translates a UML-B model into a B model for verification. As
demonstrated in the previous survey in Chapter 4, the degree of integration
between the supporting tools is poor and unidirectional. Moreover, experience
with the previous version indicates that the richness and semantics of UML can be
misleading. Users were confused over which features they should use. In fact,
experienced UML users claimed that the semantics of UML-B is not quite the
same as that of UML. The UML profile extension mechanism is appropriate when
a relatively small adaptation is required. When the specialisation is more
extensive, a new metamodel should be defined. Hence, a new version of UML-B
has now been developed. It is a UML-like formal modelling language rather than

a specialisation of the UML.

UML-B? described in this chapter is a graphical formal modelling notation based
on UML and Event-B. Event-B is a formal notation evolved from classical B,

which emphasises the incorporation of an event perspective to support reactive

2 This work is part of the EU funded research project: IST 511599 RODIN (Rigorous Open Development Environment for
Complex Systems).
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system development. UML-B uses the Event-B formal modelling language and its
associated tools for formal verification, model-checking and animation (Abrial et
al., 2006). UML-B’s modelling environment includes a built-in translator U2B,
which generates an Event-B model from a UML-B model. The Event-B model is
analysed and verified by built-in verification tools. Verification errors are fed back
and displayed on the UML-B model. This process happens automatically
whenever the UML-B model is saved.

UML-B provides a top-level Package diagram for showing the structure and
relationships between components in a project. The components include the
Event-B machines and contexts. Contexts are described in a Context diagram,
which is similar to a Class diagram but it has only constant data and the associated
constraints. Machines are specified in a Class diagram. Hierarchical
statemachines, which appear in State diagrams, can be attached to classes to
describe their behaviour. A notation, uB (micro B) that borrows from the Event-B
notation is used for textual constraints and actions. uB has an object-oriented style
dot notation that is used to show ownership of entities such as attributes and

operations by classes.

To give a flavour of UML-B, consider the specification of the telephone book in
the Figure 5.1 below. The classes, NAME and NUMB represent people and telephone
numbers respectively. The association role, pbook, represents the link from each
name to its corresponding telephone number. Multiplicities on this association
ensure that each name has exactly one number and each number is associated with
at most one name. The Properties view shows uB conditions and actions for the
add event. The add event of NAME class adds a new name to the class. It non-
deterministically selects a numb, which must be an instance of the NUMB class but
not already used in a link of the association pbook. These constraints are
illustrated in the Guards field. It then uses this as the link for the new instance, as
demonstrated in the Actions field. The remove event has no uB action, as its only
action is the implicit removal of self from the NAME class. This specification is
equivalent to the Event-B model shown in the Figure 5.2 below, which is

generated by U2B automatically.
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FIGURE 5.2. Event-B specification of a phone book

5.2. Theoretical Background

153

The theoretical background for the experiment is based on the Cognitive Theory

of Multimedia Learning (Mayer, 2001). Multimedia in the theory refers to the
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presentation of material using both words and pictures. The premise of the theory
is that one can better understand an explanation when it is presented in words and
pictures than in words alone. The process of multimedia learning is viewed as
building coherent knowledge structures or mental models in the memory. The goal
is to help one to understand the presented material and to be able to use what has

been learned in other novel situations.

The theory was adopted in the experiment because it aimed to investigate the
impact of the notation used in the UML-B model on the stakeholders’
understanding of a problem domain. In many aspects, understanding a problem
domain and the characteristics of the UML-B model itself coincide with the
concepts demonstrated by the theory. Specifically, understanding a problem
domain can be seen as a learning process where stakeholders gradually gain better
knowledge about the domain by viewing and working on it. A UML-B model,
which incorporates the use of graphical and textual representations of UML and

Event-B respectively, is a multimedia material by definition.

In the theory, words (textual) and pictures (graphical) are qualitatively different by
their natures. Words are useful for presenting representations that are more formal
and require more effort to translate. On the other hand, pictures are more useful
for presenting more intuitive and natural representations. Words and pictures
complement each other but they cannot be substituted for one another. In this
context, the theory seems to suggest that a UML-based formal model such as
UML-B is more usable than its counterpart as its graphical representation could
present its formal textual representation more intuitively and naturally.
Understanding occurs when one is able to build meaningful connections between

both representations and other prior knowledge in the mind.

The Cognitive Theory of Multimedia Learning integrates three other cognitive
theories, which include Dual-coding Theory (Pavio, 1986; Clark et al., 1991),
Cognitive Load Theory (Chandler et al, 1991; Sweller, 1999) and Working
Memory Model (Baddeley, 1986; 1992; 1999). There are three primary
assumptions in the theory. Firstly, words and pictures are processed through

separate and distinct information processing channels. Secondly, each processing
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channel is limited in its ability to process information. Thirdly, processing
information in channels is an active cognitive process designed to construct
coherent mental models or knowledge structures (Wittrock, 1989; Mayer, 1999).
The active cognitive process involves selecting the relevant information,
organising the selected information and integrating the organised information with
prior knowledge in the working memory. According to the theory, the act of
building connections between mental models is an important step in conceptual
understanding. The Figure 5.3 below illustrates the active processing in the

Cognitive Theory of Multimedia Learning.

MULTIMEDIA SENSORY MEMORY WORKING MEMOERY LONG-TERM
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FIGURE 5.3: The Cognitive Theory of Multimedia Learning (Mayer, 2001)

The construction of knowledge structures or mental models in the working
memory involves three elements, namely the content of the presented material, the
way in which the content is presented and the individual characteristics of the
person viewing the material (Mayer, 1989a). The interaction of these three
elements mainly happens in one’s mind. Therefore, it is not directly indicated
unless by observing the performance of the individuals involved in cognitive
activities such as comprehension and problem solving tasks. As a result, such

observations need to be empirical in nature (Gemino et al., 2003).

According to the Cognitive Theory of Multimedia Learning, the major goals of
learning are remembering and understanding (Mayer, 2001). Remembering is
defined as the ability of learners to recognise the presented information. On the
other hand, understanding involves the construction of coherent mental models

from the presented information. Thus, it is reflected in the ability of learners to
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apply the presented information in novel situations. These abilities can be assessed
through Retention and Transfer tests respectively. In a Retention test, learners
dictate the information that is readily available in the presented material. In
contrast, a Transfer test requires learners to provide solutions to problems which
information is not explicitly presented in the material. Based on these two tests,
three outcomes of learning can be determined which are No [learning, Rote
learning and Meaningful learning. No learning occurs when both Retention and
Transfer tests are low. This implies that learners may be unsuccessful in selecting
the relevant information to be processed further by the working memory. Rote
learning occurs when the Retention test is high but the Transfer test is low. This
may indicate that the relevant information has been selected and organised in the
working memory but it has not been well integrated with prior knowledge.
Finally, the Meaningful learning occurs when both Retention and Transfer tests
are high. The learners’ ability to perform well in both tests indicates that the
relevant information has been successfully selected, organised and integrated with

prior knowledge in the working memory.

The Cognitive Theory of Multimedia Learning has been developed through many
years of empirical work using various experimental instruments and data (Mayer,
2001). Several studies have employed the theory to compare textual and graphical
representations in science learning (Mayer, 1989b; Mayer et al., 1990; 1996),
animation and narration (Mayer et al., 1991; 1992), multimedia materials (Lim et

al., 2002) and conceptual models (Gemino, 2004; Gemino et al., 2005).

5.3. Research Question and Hypotheses

The main objective of this experiment was to evaluate the comprehensibility of
the notation contained in a UML-B model compared to an Event-B model. A
UML-B model comprises the UML-like diagrams, namely the Package, Context,
Class and State diagrams, and the formal notation of Event-B. An Event-B model

comprises only the Event-B notation, which is very similar to the classical B.
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The experiment was conducted to confirm or refute a theory that suggests the dual
representation of words (textual) and pictures (graphical) used in the UML-B
model are better than the words (textual) alone used in the Event-B model. It
extended Experiment 1 by investigating both models comprehensibility through
their ability to foster stakeholders’ understanding of the presented problem
domains. Stakeholders in this context include clients and software developers who
view the models for validation and maintenance (enhancement) purposes. Since
the technologies are new, the stakeholders are assumed to be new users with
limited hours of formal training, namely less than ten hours. Clients are assumed
to have a reasonable amount of knowledge of software development and the

technologies involved.

The experiment had the following broad and specific research questions:

Broad Research Question: Does a visual formal model (words and pictures)
foster or promote better understanding of a problem domain than an equivalent

formal model (words)?

Specific Research Question: Does a UML-B model foster or promote better

understanding of a problem domain than an Event-B model?

To answer the above questions, the standard statistical inference and hypothesis
testing was adopted in this experiment. The testing involves the construction of
null (Hp) and alternative (H;) hypotheses. The null hypothesis stated for this

experiment was:

Null Hypothesis (Hp): The UML-B model is no better than the Event-B model in

fostering problem domain understanding

to be rejected in favour of the alternative hypothesis:

Alternative Hypothesis (H;): The UML-B model is better than the Event-B

model in fostering problem domain understanding
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A one-sided alternative hypothesis was employed in this experiment as it aimed to
assess the efficacy of the UML-B model as compared to the Event-B model. The
Cognitive Theory of Multimedia Learning has enabled a presumption that a UML-
model should be more comprehensible than an Event-B model. The basis for this
presumption is that a UML-B model guides its viewers to build a verbal mental
model and a pictorial mental model of the presented information and to build
connections between the two. The UML-B model allows viewers to hold
corresponding verbal and pictorial representations in the working memory at the
same time. This could increase the chances that viewers would be able to build
mental connections between both representations and integrate them with prior

mental models from the long-term memory.

The Figure 5.4 below illustrates why a UML-B model was hypothesised to be
better in terms of fostering problem domain understanding. The information
presented by a UML-B model, which contains words and pictures flows into the
eyes. The words and pictures then become images in the working memory. The
images from pictures are organised into pictorial models, where the pictures
change from the basis of images to the basis of meaning. Meanwhile, the images
from the printed words are transformed as sounds in the working memory through
phonological loop (Baddeley, 1986). The idea of phonological loop is that the
working memory processing for verbal information involves a “mind’s voice” and
a “mind’s ear”. When visually presented verbal information such as printed word
is encoded, the word is “voiced” into a sound-based or auditory-phonological
code. This means the word is voiced and heard internally in the working memory,
which happen continuously as long as it is needed. The sounds are then organised
into verbal models where the words change from the basis of sounds to the basis
of meaning. The verbal and pictorial models are then integrated with prior

knowledge to form a meaningful understanding of the problem domain.
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FIGURE 5.4: The hypothesised cognitive processing of a UML-B model

A similar process was assumed to happen in an Event-B model for the printed
words, as illustrated in the Figure 5.5 below. Unlike UML-B, an Event-B model
does not have pictures. Thus, most of the images resulting from the eyes are
transformed as sounds and later as verbal models in the working memory. There is
possibility where some word images may be transformed as pictorial models. For
example, a relation between two sets is visualised mentally as a physical arrow
between two bubbles containing elements. However, they are not as much as in
the UML-B model, as illustrated by the black dotted lines. Therefore, the
information presented in the Event-B model is heavily processed in one channel.
This leads to unbalanced processing between the two channels where one is
overloaded and the other is underused. As a result, the mental models are not well

developed in the working memory.
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FIGURE 5.5: The hypothesised cognitive processing of an Event-B model
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5.4. Design

The experiment replicated the design employed in Experiment 1. In particular, it
had a related within-subject design where each of the subjects was trained and
assigned a task on both the UML-B and Event-B models. The subjects were
allocated randomly into two groups, namely Group Alpha and Group Beta, by
using blocking and balancing techniques. Each group had a mixture of subjects
from three blocks of ability on the object-oriented technology and formal
methods. The subjects were equally distributed across the two groups, thus the

groups were considered as equivalent.

The design which is called cross-over trial (Senn, 2002) was employed once again
to eliminate any task direction bias and ability effect. Moreover, UML-B and
Event-B are new technologies where the availability of potential subjects is very
limited. The design helps in obtaining a number of observations between the two
treatments. In one session, Group Alpha was assigned a task on the UML-B model
while Group Beta was assigned the same task on an equivalent Event-B model.
The reverse was then carried out later where Group Beta was assigned a task on
the UML-B model while Group Alpha was assigned the same task on an
equivalent Event-B model. The Table 5.1 below shows the group and task

allocation for the two sessions. There was a break between the sessions.

Group Alpha Group Beta
1% session Tasks on UML-B model Equivalent tasks on Event-B
Case 1 (i.e. Auction System) model

=== BREAK ===
2" session Tasks on Event-B model Equivalent tasks on UML-B
Case 2 (i.e. Library System) model

TABLE 5.1: Group and task allocation
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5.5. Subjects

There were thirty-six students that participated in the experiment. This included
eighteen third-year Undergraduate students and eighteen Masters students of
Computer Science and Software Engineering courses at the University of
Southampton, United Kingdom. They were students from Europe and Asia. The
international students, who came from outside the United Kingdom constituted

half of the subjects and the proportion of women to men was 1:4.

The subjects were students who registered for the “Critical System” course in
Spring 2007 (ECS, 2007). They were taught formally on the classical B for about
eight hours, one hour on Event-B and one hour on UML-B. All subjects had gone
through courses on the object-oriented technology and formal methods at some
points of their studies. While the subjects were familiar with UML and had been
taught on B, Event-B and UML-B, they could not be considered as experts.

The experiment adhered to the University’s ethical policies and guidance for
conducting research involving human participants (UoS, 2007). In particular, the
materials and procedure used in the experiment had been reviewed and approved
by the University’s Ethics Committee. A Participant Information Sheet and a
Consent Form were distributed during the experiment. The tasks performed in the
experiment were aligned with the expectation of the course and had pedagogical
values. The level of understanding tested in the experiment was useful for the
coursework and examination. It acted as revision on what had been taught in the

course and a space for reflection on the learning.

The subjects were divided randomly and equally into two groups by using
blocking and counter-balancing techniques. There were eighteen students in both
Group Alpha and Group Beta. Each group consisted of nine Undergraduate
students and nine Masters student. All the subjects were aware that the experiment

was intended for research purposes and had agreed to participate.
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The subjects were in the final semester of their respective courses and had
reasonable amount of experience and knowledge of software development. Some
of the Masters students had some work experience for at least one year. They were
the next generation of professionals. Thus, they represented closely the population

under study; software stakeholders.

5.6. Variables

The independent variable of the experiment was the notations used in the UML-B
and Event-B models. Similar to Experiment 1, the experiment aimed to examine
the effect of the notations on the efficiency in performing the comprehension
tasks. Efficiency by itself cannot be measured directly. It can only be measured
indirectly in terms of the accuracy and duration of the tasks. Therefore, two direct
measures that reflected those aspects were used. As these measures were expected
to change by applying the treatments, they were considered as the dependent

variables of the experiment.

The identified dependent variables were Score and Time Taken. The units for the
Score and Time Taken were marks and minutes respectively. These two variables
were used to measure the Rate of scoring, which unit was marks/minute. The Rate
of Scoring was indeed the measure of comprehension efficiency. The selection of
Score and Time Taken as dependent variables and the Rate of Scoring as a
meaningful measure of comprehension efficiency have been explained in detail in

Chapter 3.

The following sub-sections provide specific explanation of the measures used in

the experiment.
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5.6.1. Direct Measures

The experiment identified two direct measures that acted as its dependent

variables as follows:

e Score

This variable is the mark obtained. There were six questions altogether. Three
questions were given specific allocation of marks as the answers were mainly
based on what were illustrated in the models. The other three questions involved
the application of model understanding to propose novel solutions. The marking
was based on as many reasonable and logical answers given by the subjects. Some
basic answers however were expected from the subjects on these questions. Thus,
a list of acceptable answers was also prepared. In addition, extra marks were also

given to creative answers.

The questions had been carefully constructed so that the marks could be easily
decided. An answer sheet of acceptable answers was prepared beforehand. One
person did the marking so that there was consistency throughout the process. The
marking process was repeated twice to ensure its accuracy. As the marker was an
independent user of both UML-B and Event-B, no bias was introduced on any

model.

Each question was marked individually. Besides giving the Score for each
question, this allowed them to be grouped according to specific measures. For
examples, the marks for all questions were combined together to determine the
overall Score, the marks for Question 1, Question 2 and Question 4 determined
the Score for the Retention test and the marks for Question 3, Question 5 and
Question 6 determined the Score for the Transfer test. The detailed elaboration on

these tests is included later in this section.
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e Time Taken

This variable is the time taken to answer each question in minutes. Subjects were
required to state the Start time and End time for each question. Subtracting the
Start time from the End time produced the Time Taken. Similar to the Score, the
Time Taken was measured individually so that it could be combined as necessary

to suit the measures of interest.

5.6.2. Indirect Measures

The experiment investigated two main aspects of comprehension efficiency,
namely remembering and understanding. One involved the recognition of
information and the other was the construction of meaningful understanding from
the presented information to provide novel solutions. The former was measured
based on the subjects’ ability to elicit the relevant information from the models.
The latter was measured based on the subjects’ ability to solve problems. In the
Cognitive Theory of Multimedia Learning, the mechanisms to determine those

abilities are called the Retention and Transfer tests respectively.

As described in the earlier section, the Retention and Transfer tests can be used to
determine three learning outcomes as illustrated in the Table 5.2 below. Unlike
previous studies that used the Cognitive Theory of Multimedia Learning (Mayer
et al., 1990; 1991; Lim et al., 2002; Gemino, 2004; Gemino et al., 2005) or its
measures (Bodart et al.,, 2001; Burton-Jones et al., 2002), this experiment
considered the Score and Time Taken rather than Score alone in both the Retention
and Transfer tests. This was because the Score and Time Taken, which constituted

the Rate of Scoring, measured the efficiency of the comprehension tasks.

The experiment aimed to compare the relative comprehensibility of two models.
Therefore, the learning outcome was determined based on whether the differences
in the Rate of scoring between the two models were significant. As the experiment
employed a one-sided alternative hypothesis testing in favour of the UML-B
model, any significant differences detected would indicate that the UML-B model
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is better than the Event-B model. This means if the differences were significant in
both the Retention and Transfer tests, the UML-B model could then be regarded
as being better than the Event-B model in promoting Meaningful learning. If the
differences were significant in the Retention test but not in the Transfer test, the
UML-B model could be regarded as being better than the Event-B in promoting
Rote learning. In this sense, the Rote learning would mean that the UML-B model
is better than the Event-B model in allowing subjects to recognise the relevant
information. However, it could not suggest that the UML-B model is better than
the Event-B model in terms of subjects’ ability to provide novel solutions. The
opposite effect where the differences were significant in the Transfer test but not
in the Retention test was not expected. This was because the Transfer test was
dependent on the subjects’ ability to integrate what were in the models with other
elements beyond the models. Therefore, it was impossible to be good in the
Transfer test but not in the Retention test. The insignificant differences in both
tests would suggest that the UML-B model is no better than the Event-B model in
promoting learning. No learning in this context should not be interpreted as no
knowledge at all but rather there is no better effect that one model could bring

than the other in terms of understanding.

Performance
Learning Outcome Retention Test Transfer Test
No Learning Low Not significant Low Not significant
Rote Learning High Significant Low Not significant
Meaningful High Significant High Significant
Learning

TABLE 5.2: Relationship between performance of Retention and Transfer tests and learning
outcomes

5.6.3. Other Measures

Besides quantitative measures above, the experiment also employed some
qualitative measures. The measures included the comprehension and problem
solving strategies used by the subjects to answer the questions, the subjective
rating of model comprehensibility, the subjects’ preference between the model
notations and the subjects’ personal comments on the models. All questions

except the problem solving strategies were also used in Experiment 1. The
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detailed elaboration on the instruments used to measure these aspects is included

in the next section.

5.7. Materials and Procedure

5.7.1. Design of the Materials

The materials used in the experiment included models written in each notation and
a questionnaire on each of the models. There were also a Participant Information
Sheet and a Consent Form, an instruction sheet that explained the steps required
when performing the tasks, a set of answer sheets to write down the answers and a

list that contained B symbols and their description.

Four models that represented two separate case studies were developed to avoid
learning effects. The same case studies used in Experiment 1 were employed in
this experiment, namely Auction System and Library System. In the first session,
Group Alpha was given a UML-B model and Group Beta was given an equivalent
Event-B model on the first case study. In the second session, Group Alpha was
given an Event-B model and Group Beta was given an equivalent UML-B model
on the second case study. Both the UML-B and Event-B models for each session
were made informationally equivalent (Larkin et al., 1987). This means the
information contained in one model was also inferable from the other. It was the
models’ computational equivalent (Larkin et al., 1987) that this experiment aimed
to measure. Two informationally equivalent models are computationally
equivalent only if any inference that can be drawn easily and quickly from the
information in one model can also be drawn easily and quickly from the
information in the other model. Even though both the UML-B and Event-B
models were informationally equivalent, one would expect differences in
efficiency of performing the comprehension tasks if they were not

computationally equivalent.
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The models for the second session were made as equivalent as possible to the first
session so that the treatment effect to be tested remained the same. On the other
hand, the models were made different enough in subject matter to avoid
confounding the second session with learning gained from the first session. In
each case study, the UML-B model had one Package diagram that contained one
Context diagram, one Class diagram with two classes and two State diagrams with
two states each. There were about 130 lines of script for each of the Event-B

models. The models can be found in the Appendix C.

5.7.1.1 Questions on Models

Understanding involves the formation of coherent mental models in the working
memory. Mental models are general knowledge structures that encapsulate
numerous elements of information into a single meaningful element (Smith et al.,
2007). In the context of material that contains words and pictures, the mental
models are formed when the verbal and pictorial models developed in the working
memory can be successfully integrated with prior knowledge to form a
meaningful understanding (Mayer, 2001). Only after this formation, the mental
models can be organised and held in the long-term memory into a manner in

which it can be widely used.

In order to empirically evaluate the formation of mental models in the working
memory, it is necessary to explore some of the typical ways that knowledge can
be structured. There are five common types of knowledge structures used in
scientific text (Cook et al., 1988; Chambliss et al., 1998), as summarised in the
Table 5.3 below. The formation of knowledge structures can be demonstrated by
the ability of the subjects to explain cause-and-effect chains, compare and contrast
two elements along several dimensions, describe main ideas with supporting
details, list a set of collection of items and analyse a domain into sets and subsets.
Understanding often requires constructing one of these kinds of knowledge

structures.
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Structure Description Task required
Process Connecting series of events Explain a cause-and-effect chain
Comparison Examining the relationship Compare and contrast two or more
between two or more things elements
Generalisation Extension of main ideas Describe main ideas and supporting
details

Enumeration Listing of facts List or present a number of items
Classification Grouping items Analyse a category into sub-categories

TABLE 5.3: Five types of knowledge structures in scientific text

Stakeholders interpret and conceptualise the information presented in the
specifications to tackle problems that are often too big, too ill defined and too
complex for easy solution (DeGrace et al., 1998). Besides knowledge
construction, understanding a problem domain can thus be viewed as a process of
cognitive learning. According to the Bloom’s Taxonomy (Bloom et al., 1956),
cognitive learning is demonstrated by the knowledge recall and the development
of intellectual skills. These include comprehending information, organising ideas,
analysing and synthesising data, applying knowledge, choosing some alternatives
in problem solving and evaluating ideas or actions. The taxonomy identified six
levels, from the simple recall or recognition of facts through increasingly more
complex and abstract mental levels, as shown in the Table 5.4 below. Research
has confirmed that the first four levels are hierarchical (Hummel et al., 1994). The
ordering of the two highest levels, namely Synthesis and Evaluation however, has
been proposed to be reversed (Anderson et al., 2000) and also to be at the same
level (Huitt, 2004). Nevertheless, research has confirmed that both are necessary
for successful problem solving (Huitt, 1992). When either is omitted during the

problem solving process, effectiveness declines.
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Cognitive Level Description
Less Knowledge: Remembering and recalling of appropriate,
complex | Information Gathering previously learned information
| Comprehension: Understanding the meaning of informational
Il Confirming material
| Application: Using previously learned material in new and
| Making Use of Knowledge concrete situations
| Analysis: Breaking down informational materials into their
| Taking Apart component parts
| Synthesis/Creating: Creatively or divergently applying prior knowledge
I Creatively  Putting  Parts | and skills to produce a new or original whole
\[I/ Together
More Evaluation: Judging the value of material
complex | j,dging the Outcome

TABLE 5.4: Six cognitive levels of the Bloom’s Taxonomy

The experiment combined the ideas of knowledge structures and the Bloom’s
Taxonomy as its measurement instrument. In many ways, both ideas fit together
and focus on similar aspects of intellectual skills. Because of this reason, the
questions used in the experiment were constructed based on these two ideas. The
Table 5.5 below illustrates the mapping between the questions of the first case
study, Case I, and these ideas as an example. There were six questions altogether
for each model. In each case study, the questionnaires on both the UML-B and
Event-B models were similar. Moreover, the same types of questions were asked
in both two case studies. The questions were open-ended in nature. This was to
ensure the subjects could derive the answers freely based on genuine

understanding of the presented models.

Question 1 was intended to assess whether the subjects could be able to capture
the main ideas of the presented problem domain or system. This question also
served to ensure that the subjects scanned the whole model so that they would be
ready for answering more specific questions later. Question 2 provided the
subjects with a possible scenario that might happen in real life when such a system
is used. The model indeed contained the necessary elements that could handle
such scenario. The question therefore assessed whether or not the subjects could
recognise the elements and understand how they work. Question 3 required the
subjects to modify and enhance the model so that it could incorporate a new
feature. Question 4 indicated that the model contained two operations that were

similar in functionality but did not actually react under the same conditions and
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actions. Thus, the subjects were required to compare the operations by dictating
the differences. Question 5 provided the subjects with a scenario that was not
catered by the model. The subjects had to formulate a plan to suit the scenario
while considering the existing elements illustrated in the model. Question 6
required the subjects to propose ways to improve the presented problem domain
so that it could represent a better system. The subjects were instructed to provide
as many as possible solutions that they could think of to the question. The subjects
were not restricted to answer the six questions in any particular order. However,
the questions had been organised in an increasingly complex order based on the
Bloom’s Taxonomy (Bloom et al., 1956), Therefore, it was more logical if they

subjects answered the questions in the given order.

As explained earlier, the mechanism used in the experiment to measure the
efficiency of comprehension tasks was through the Retention and Transfer tests.
Three questions were constructed to assess the ability of the subjects to recognise
some aspects of the problem domain presented by the model. The questions,
namely Question 1, Question 2 and Question 4 acted as the Retention test. The
other three questions, namely Question 3, Question 5 and Question 6 required the
subjects to propose solutions that were not indicated in the model. These questions
formed the Transfer test. The Transfer test was indeed the critical assessment,
which determined whether the subjects could be able to integrate the organised
mental models in the working memory with other knowledge from the long-term

memory.

Each question required the subjects to provide some kind of elaboration. This
ensured that deep understanding was tested rather than just brief understanding. In
addition, most questions required subjects to view several parts of the models so
there was no bias placed on any specific characteristics of the notations used in the
models. The questions were designed to be challenging in a reasonable manner.
Generally, each question was estimated to take between 5 to 6 minutes to

complete.
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Questions Knowledge Structure Cognitive Level

Question 1: Enumeration Knowledge
Describe briefly in natural language the main Generalisation Comprehension
ideas illustrated in the given model (i.e. a high
level description/summary of the key entities
involved and the relationships/interactions
between them).
Question 2: Process Comprehension
Consider the following situation:
<Scenario>
How does the given model handle this sort of
situation? Explain.
Question 3: Process Application
A new requirement is added to the system: Comparison
<Requirement>
How would you enhance the given model to
include this new requirement?
Question 4: Comparison Analysis
There are two different situations/restrictions of Classification
... in the given model. Compare and contrast
them by clearly explaining the differences.
Question 5: Process Synthesis
<Scenario> Comparison

Generalisation
What are the conditions for this scenario to Enumeration
happen? What actions should be taken by the Classification
system? Propose an idea (plan) in natural
language for meeting this requirement.
Question 6: Process Evaluation
Criticise the given model. Suggest ways (as Comparison
much as you could think) that the model should Generalisation
be improved to represent a better system. Enumeration

Classification

TABLE 5.5: The mapping of questions with knowledge structures and the Bloom’s
Taxonomy

5.7.1.2. Debriefing Questions

Question 5 and Question 6 of both models in both sessions contained debriefing
questions. These two questions required the subjects to think beyond the models,
which the answers were not directly indicated in the models. For example,
Question 5 required subjects to propose a plan on how the system should behave
in a specific scenario whereas Question 6 asked them to criticise the current
models. The objective of these debriefing questions was to identify the strategies

used by the subjects when they were confronted by a novel situation and must
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decide on course of action. Strategies that are normally used by humans in solving
problems can be classified into four main types. They are applying weak methods
to search heuristically for a possible solution, using analogical transformation to a
known solution of a similar problem, instantiating specific plans and applying
general plans to reduce the problem (Ryszard et al., 1986; Smith et al., 2007). The
nature of the debriefing questions was multiple selections, as solving problems
could involve using a combination of the above approaches (Ryszard et al., 1986).
The subjects were asked to select one or more of these options. They were
allowed to state other answers if the answers did not belong to any of the given

options.

Besides the debriefing questions on the problem solving strategies, there were four
other types of debriefing questions that asked subjects’ opinions or perception of
the UML-B and Event-B models. One debriefing question investigated the
direction of comprehension employed by the subjects when understanding both
UML-B and Event-B models. Specifically, the question asked whether the
subjects employed the Top-down (Brooks, 1983, Soloway et al., 1982) or Bottom-
up (Schneiderman et al., 1979, Pennington, 1987) strategy when understanding
each model. This question was intended to identify whether the notation had any

particular influence on the way subjects understood the models.

Secondly, there were also debriefing questions on model comprehensibility. The
subjects were asked to rate each model’s comprehensibility by using a symmetric

E 19

ordinal scale or Likert scale. The questions focused on the models’ “ease of
understanding” rather than “ease of use”. Besides the selection on the Likert scale,
the subjects were also required to state which parts of the models that they thought
would ease and hinder the understanding. The aim of these questions was to
identify the impacts of the models, particularly the characteristics of the notations

used, on the process of understanding.

The third debriefing question was about the subjects’ preference of model
notation. The subjects were required to state which model between UML-B,
Event-B or classical B that they were more comfortable to work with. They had to

select one option and justify their preference. This question aimed to identify
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which model was more attractive to the subjects and what aspects that made it
more attractive than the others. This would also give some preliminary indication

of the methods’ adoption in future and ideas for further improvement.

The last debriefing question gathered the subjects’ personal comments on any
aspects of the models and the experiment. This included both positive and
negative comments. The question was intended to identify any issues and to

collect suggestions for improvement.

The debriefing questions on the direction of comprehension were given at the end
of the task in each session. In contrast, other debriefing questions were given to
the subjects at the end of the second session when they had dealt with both
models. The details of the questions used in the experiment can be found in the

Appendix C.

As mentioned in the Theoretical Background section, three elements involved in
understanding a material, namely the content, the presentation method and the
individual characteristics of the person viewing the material (Mayer, 1989a). The
experiment aimed to investigate the effect of the presentation method on the
understanding. Therefore, the other elements were controlled accordingly so that
they would not confound the results. The Figure 5.6 below illustrates the

interaction between these elements and the experiment’s context.
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CONTENT
(1) Informationally equivalent
(2) Computationally equivalent

Note: The experiment assessed (2).
Both UML-B and Event-B models
were made to be (1)

UNDERSTANDING CRITERIA
Knowledge Construction (Cook et al., 1988;
Chambliss et al., 1998)

Process
Comparison

PRESENTATION
e UML-B (Graphical & textual)
¢ Event-B (Textual)

SUBJECTS’ CHARACTERISTICS

(1) Domain experience

(2) Modelling experience

(3) Cognitive styles, personal
knowledge etc.

Note:

e (1) was controlled by having ‘not so
common’ and ‘not so alien’ domain.

® (2) & (3) was randomised by using
balancing and blocking techniques

v

Generalisation
Enumeration
Classification

Taxonomy of educational objectives:
Cognitive Domain (Bloom et al., 1956)

Knowledge
Comprehension
Application
Analysis
Synthesis
Evaluation

Note: Understanding a model involves any of
the above

v

\ 4

TASK
Model interpretation

MEASURES
Learning Outcomes and Performance

Retention Test  Transfer Test

No learning Poor  Poor
Rote learning Good  Poor
Meaningful learning Good  Good

Measure of interest: Rate of Scoring
(i.e Score/Time Taken) ~ Efficiency

FIGURE 5.6: Overview of the experiment’s context
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5.7.2. Pilot study

A pilot study had been conducted to validate and verify the accuracy of the
materials prepared for the experiment. These included the clarity of the
instruction, the validity and complexity of the questions and the practicality of the
tasks required relative to the allocated time. Besides, the pilot study was also
intended to identify any unforeseen circumstances and operational issues that

might have not been realised during the preparation of the materials.

Seven postgraduate students were involved in the study. Most of them were active
users of the classical B and had learned the UML at some points of their studies.
Three of the postgraduates had some exposure to UML-B whereas the rest knew
the basic concepts of UML-B but no practical experience of using it. Similarly,
three of them had some brief experience of Event-B. They were selected as
participants because they reflected the characteristics of the actual subjects while
possessed the necessary expertise to validate the accuracy of the materials. Some
issues had been discovered during the study. These included the complexity of the
tasks and the clarity of the questions and instruction. Minor changes were made to

the materials and procedures based on the comments obtained from the study.

To ensure the models were accurate technically, an academic expert and two
independent users reviewed the final models. Moreover, the models were also run

through the verification tools. Some changes were made to the models based on

the feedback.

5.7.3. Procedure

The experiment was an online exercise where the subjects viewed models on the
computer screen and answered the questionnaires on the given sheets. Each
subject was given a computer and an envelope in each session. The envelope for
the first session contained a two-page sheet of instruction, a Participant
Information Sheet, a Consent Form, a set of questionnaires and answer sheets, and
a summary of B symbols. In the second session, the envelope contained only a set

of questionnaires and answer sheets.
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The computers used in the experiment were installed with the necessary software
for running the UML-B and Event models. The operability of the computer and
software systems had been tested to ensure there would be no technical faults
during execution. The subjects had been briefed on how to navigate through the
models using the computer during the lecture. In fact, they were also provided
with a step-by-step instruction. There was a gap of one week between the lecture
and the experiment. This gave the subjects some time to familiarise themselves
with the environment. This was to ensure that the understanding of the models
would not be confounded by the subjects’ ignorance of using the software and

navigating through models.

The experiment was conducted in a two-hour slot. The slot was divided into two
sessions with forty-five minutes each. After the second session had ended, the
subjects were given another five minutes to complete the debriefing questions that
wrapped up the experiment. The remaining minutes were allocated for the subjects
to settle down, read the instructions and the break between tasks, as illustrated in
the Figure 5.7 below. The experiment was executed in two separate rooms. One
group was located in one room and the other group in another room. There were

two invigilators monitored the sessions in each room.

In the beginning of the first session, the subjects were instructed to read the
Participant Information Sheet before signing the Consent Form. This was to
ensure that they understood why and how the experiment would be executed and
its implication. Only after they had read, understood and signed the Consent
Form, they were allowed to participate. The subjects were not allowed to talk to
each other and leave the room when the two sessions were run. However, they
could do so during the break between sessions. This was to ensure that the ethics

policy was adhered while minimising any threats to the validity of the results.

The environment was like an online examination where the subjects were
separated from each other. They were allowed to refer to textbooks or notes. The
subjects had the opportunity to inform the invigilators at all time if they had any
problems on the materials and procedure. The invigilators would only assist

subjects on the “external” aspect of the materials such as the meaning of a
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particular question or how to get to certain parts of the model. They could not give
any advice on the “internal” aspect such as the meaning of the symbols or specific

information illustrated in the models. This was to avoid any bias to the results.

Settling down &
Briefing
(10 minutes)

Session 2
Case 2: Library System
(45 minutes)

Session 1
Case 1: Auction System
(45 minutes)

Group Alpha | Group Alpha
UML-B i Event-B Debriefing
: Br.eak Questionnaires
Group Beta i (15 minutes) Group Beta (5 minutes)
Event-B : UML-B

FIGURE 5.7: Overview of the experiment’s procedure

There are two main approaches adopted by studies that assess understanding. One
approach involves allowing subjects to understand a material in a given time and
later the material is taken away from the subjects (Mayer, 2001; Gemino, 1998;
Gemino et al., 2005; Bodart et al., 2001). The subjects have no access to the
material and thus answer the questions based on what they can remember. The
other approach allows the subjects to refer to the material throughout the sessions
(Kim et al., 2000; Burton-Jones et al., 2002). This experiment adopted the second
approach where the subjects had the access to the material when answering the
questions. This was because in reality, most documentation would be available to
stakeholders throughout the process. It would be unnecessary for stakeholders to
memorise any aspects of a system unless for educational purposes. Moreover, the
tasks in the experiment required the subjects to find information from various
parts of the models. In fact, it involved mathematical notation. Taking away the
models would complicate the tasks superfluously. It would be unlikely the

subjects could remember enough within a short period of time.



Chapter 5 Measuring the Comprehensibility of a UML-B model and an Event-B model 178

5.8. Results and Analysis

The experiment employed two types of measures, namely the quantitative and
qualitative measures. The quantitative measures involve the comparison of
numeric data between models while the qualitative measures mainly involve the
subjects’ perspectives on the given tasks and models. The measures are treated

and elaborated separately as follows.

5.8.1. Quantitative Measures and Analysis

As described in the previous section, the dependent variables of this experiment
were Score and Time Taken. These direct measures were taken to determine an
indirect derived measure namely the Rate of Scoring, which was obtained by
dividing the Score by the Time Taken. The Rate of Scoring was the measure of
interest in this experiment as it took into account the accuracy and the duration of
the comprehension tasks. The scale used for the Rate of Scoring was marks per
minute (marks/min). This means a model with a higher Rate of Scoring is better
than otherwise as it is able to promote more accurate understanding of the

presented information with least time taken.

The Score and Time Taken for each question were measured individually. This
allowed the individual Rate of Scoring distribution for Question 1 to Question 6 to
be determined and observed. The raw data of these measures can be found in the
Appendix C. Subsequently, the differences in the Rate of Scoring between the
two treatment distributions, UML-B and Event-B, with respect to each of the
questions were tested. This was to determine whether or not the observed
differences were significant. The calculation of confidence intervals at 95% was

then pursued for the significant distributions.

The experiment had two main types of measurement and analysis, which were
based on the Retention and Transfer tests. As mentioned earlier, the Refention test
encompassed Question 1, Question 2 and Question 4. These questions assessed

the ability of the subjects to recognise some aspects of the problem domain
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presented by the models. On the other hand, the Transfer test included Question 3,
Question 5 and Question 6. These questions required the subjects to propose
solutions that were not indicated in the models. The measurement for the
Retention test was obtained by consolidating the total Score and the total Time
Taken for Question 1, Question 2 and Question 4. Similarly, the measurement for
the Transfer test was obtained by consolidating the total Score and the total Time
Taken for Question 3, Question 5 and Question 6. The respective statistical

inference and the hypothesis analysis were then applied on these measurements.

The following paragraphs explain the descriptive statistics and analysis made on

the data. Later, the statistical inference and hypothesis analysis are discussed.

5.8.1.1. Descriptive Statistics and Analysis

The simplest useful numerical description of a distribution consists of both a
measure of centre and a measure of spread (Moore et al., 2006). These measures
depict how the data are distributed across the population or sample. The Figure
5.8 to 5.13 below illustrate these measures for each of the questions respectively.
For all the tables, column Min shows the minimum values, column /* Quarter
shows the first quartile values, column Mean shows the average values, column
Median shows the middle values, column 3" Quarter shows the third quartile
values, column Max shows the maximum values, column Std Dev shows the
degree of variation, and column N gives the number of collected data. Rows Case
1:UML-B and Case I:Event-B present the Rate of Scoring of the respective
models for the Auction System. Rows Case 2:UML-B and Case 2:Event-B present
the Rate of Scoring of the respective models for the Library System. The last two
rows present the grouped Rate of Scoring based on the models used, regardless of
the system. In addition to the tables, the respective boxplots are also included to

illustrate the distributions graphically for easy viewing and comparison.

The numbers of subjects that participated in the experiment were eighteen for
Case 1:UML-B and Case 2:Event-B and eighteen for Case 1:Event-B and Case
2:UML-B. This resulted in thirty-six data had been collected altogether for each

model. The data considered for the analysis in each question however were
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slightly less than the total collected data. This was due to data cleaning, which was
conducted to ensure the validity of the analysis. In particular, the analysis
excluded the subjects who did not attempt the question at all, which was identified
based on the zero values (0) in both Score and Time Taken. The numbers are
stated in the brackets under the N column in the respective tables. However, the
subjects who had attempted the question for some time (non-zero Time Taken) but
failed to get any score (zero Score) were included in the analysis. These data
essentially resulted in zero values for the Rate of Scoring (0.00). These data imply
that the subjects had struggled to understand the presented information or perhaps
had misunderstood it. These possibilities indicate that there were some aspects of
the models that hindered the subjects to capture the correct understanding of the
presented information. Therefore, they were included in the analysis. The numbers

of these data are illustrated in the brackets under the Min column in the tables.

Min | 1* Quarter Mean Median 3" Quarter | Max | StdDev | N

Case 1: 0.00 0.51 0.78 0.77 1.12 1.50 0.41 18
UML-B | (1)

Case 1: 0.00 0.45 0.59 0.50 0.75 1.22 0.29 17

Event-B (1) (1)

Case 2: 0.60 1.00 1.56 1.71 2.00 2.92 0.63 17

UML-B (1)

Case 2: 0.00 0.47 0.87 0.86 1.27 1.80 0.49 18
Event-B (1)

UML-B 0.00 0.65 1.16 1.10 1.67 2.92 0.65 35
1)

Event-B 0.00 0.43 0.73 0.73 1.00 1.80 0.42 35
(2)

L R

Note: C1_U=>Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U =>UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.8: The Rate of Scoring distribution for Question 1 (Unit: marks/min)
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Min | 1° Quarter Mean Median 3 Quarter | Max | StdDev | N

Case 1: 0.00 0.23 0.42 0.42 0.58 1.00 0.27 18
UML-B | (2

Case 1: 0.0 0.13 0.51 0.50 0.67 2.00 0.48 17

Event-B 3) (1)

Case 2: 0.00 0.25 0.47 0.40 0.60 1.00 0.30 17

UML-B | (1) (1)

Case 2: 0.00 0.14 0.30 0.25 0.48 0.75 0.25 18
Event-B (3)

UML-B 0.00 0.25 0.44 0.40 0.60 1.00 0.28 35
3)

Event-B 0.00 0.13 0.40 0.33 0.64 2.00 0.39 35
(6)

Note: C1_U=>Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U => UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.9: The Rate of Scoring distribution for Question 2 (Unit: marks/min)

Min | 1% Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.00 0.25 1.29 0.91 1.58 5.75 1.40 18
UML-B | (2)
Case 1: 0.14 0.62 1.13 1.12 1.63 2.25 0.60 14
Event-B 4)
Case 2: 0.50 0.83 1.47 1.50 2.00 2.80 0.68 15
UML-B 3)
Case 2: 0.17 0.72 0.88 0.88 1.13 1.57 0.40 16
Event-B (2)
UML-B 0.00 0.67 1.37 1.30 2.00 5.75 1.12 33
(2)
Event-B 0.14 0.68 0.99 0.93 1.36 2.25 0.51 30
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czE u E

Note: C1_U=> Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U =>UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.10: The Rate of Scoring distribution for Question 3 (Unit: marks/min)

Min | 1° Quarter Mean Median 3 Quarter | Max | StdDev | N
Case 1: 0.00 0.50 0.82 0.79 1.00 2.00 0.51 16
UML-B | (1) )
Case 1: 0.00 0.47 0.79 0.80 1.00 2.00 0.55 17
Event-B 3) (1)
Case 2: 0.30 0.86 1.80 1.50 2.00 6.00 1.35 17
UML-B (1)
Case 2: 0.00 0.86 1.77 1.25 1.75 5.00 1.45 17
Event-B (1) (1)
UML-B 0.00 0.78 1.32 1.00 1.67 6.00 1.13 33
1)
Event-B 0.00 0.67 1.28 1.00 1.58 5.00 1.19 34
“)

Note: C1_U=>Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;

C2_E => Case 2: Event-B; U => UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.11: The Rate of Scoring distribution for Question 4 (Unit: marks/min)
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Min | 1° Quarter Mean Median 3 Quarter | Max | StdDev | N
Case 1: 0.00 0.27 0.49 0.45 0.65 1.25 0.34 14
UML-B | (1) (4)
Case 1: 0.00 0.23 0.51 0.40 0.88 1.00 0.37 15
Event-B (2) (3)
Case 2: 0.25 0.59 0.92 1.00 1.13 2.00 0.46 15
UML-B 3)
Case 2: 0.00 0.40 0.77 0.67 1.00 1.50 0.42 17
Event-B (1) (1)
UML-B 0.00 0.33 0.71 0.60 1.00 2.00 0.45 29
1)
Event-B 0.00 0.33 0.65 0.67 1.00 1.50 0.41 32
3)

ap

Note: C1_U=> Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U => UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.12: The Rate of Scoring distribution for Question 5 (Unit: marks/min)

Min | 1* Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.00 0.20 0.50 0.40 1.00 1.00 0.42 9
UML-B | (2 9)
Case 1: 0.00 0.00 0.13 0.00 0.20 0.67 0.23 9
Event-B (6) 9)
Case 2: 0.00 0.25 0.60 0.50 1.00 1.50 0.45 12
UML-B | (1) (6)
Case 2: 0.00 0.00 0.22 0.04 0.36 1.00 0.31 14
Event-B (7 4)
UML-B 0.00 0.23 0.56 0.50 1.00 1.50 0.43 21
3)
Event-B 0.00 0.00 0.18 0.00 0.29 1.00 0.28 23
(13)
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Note:

C1_U => Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U =>UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.13: The Rate of Scoring distribution for Question 6 (Unit: marks/min)

Besides the descriptive statistics for individual questions, the distribution of

overall understanding was also identified. The Figure 5.14 below illustrates the

Rate of Scoring distribution for overall understanding. The data were obtained by

combining the total Score and Time Taken for all six questions. The description

for the columns and rows are similar to the ones explained above.

Min | 1% Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.28 0.49 0.72 0.67 0.98 1.42 0.33 18
UML-B
Case 1: 0.26 0.39 0.59 0.54 0.78 1.08 0.24 18
Event-B
Case 2: 0.44 0.73 1.06 1.08 1.26 1.75 0.40 18
UML-B
Case 2: 0.30 0.53 0.74 0.76 0.92 1.15 0.25 18
Event-B
UML-B 0.28 0.55 0.89 0.86 1.16 1.75 0.40 36
Event-B 0.26 0.43 0.66 0.70 0.84 1.15 0.25 36
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Note: C1_U=>Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U => UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.14: The Rate of Scoring distribution of overall understanding (Unit: marks/min)

The individual distributions shown above were also combined to determine
specific measures of interest, namely the Retention and Transfer tests. The Figure
5.15 below shows the Rate of Scoring distribution for the Retention Test. The data
were obtained by combining the total Score and the total Time Taken for Question
1, Question 2 and Question 4. Similarly, the Figure 5.16 shows the distribution for
the Transfer test, which was obtained by combining the total Score and the total

Time Taken for Question 3, Question 5 and Question 6.

Min | 1% Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.30 0.45 0.65 0.63 0.76 1.27 0.26 18
UML-B
Case 1: 0.27 0.38 0.57 0.53 0.73 0.93 0.22 17
Event-B (1)
Case 2: 0.58 0.82 1.14 1.11 1.32 1.81 0.40 17
UML-B (1)
Case 2: 0.32 0.50 0.75 0.77 0.93 1.33 0.29 18
Event-B
UML-B 0.30 0.61 0.89 0.77 1.18 1.81 0.41 35
Event-B 0.27 0.42 0.66 0.68 0.84 1.33 0.27 35
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Note:

C1_U => Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;
C2_E => Case 2: Event-B; U =>UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.15: The Rate of Scoring distribution of Retention test (Unit: marks/min)

Min | 1* Quarter Mean Median 3" Quarter | Max | StdDev | N
Case 1: 0.00 0.28 0.85 0.85 1.32 1.75 0.59 18
UML-B | (1)
Case 1: 0.00 0.43 0.71 0.70 0.97 1.63 0.42 17
Event-B (1) (1)
Case 2: 0.33 0.68 1.07 1.12 1.44 2.00 0.49 17
UML-B (1)
Case 2: 0.18 0.41 0.71 0.74 0.95 1.56 0.36 18
Event-B
UML-B 0.00 0.51 0.96 1.04 1.33 2.00 0.55 35
(€]
Event-B | 0.00 0.41 0.71 0.73 0.97 1.63 0.38 35
(@)
Note: C1_U=>Case 1:UML-B; C1_E => Case 1:Event-B; C2_U => Case 2:UML-B;

C2_E => Case 2: Event-B; U =>UML-B (Case 1 & 2); E => Event-B (Case 1 & 2)

FIGURE 5.16: The Rate of Scoring distribution of Transfer test (Unit: marks/min)

From the descriptive statistics shown above, it can be seen that the means and

medians of the Rate of Scoring on the UML-B models are higher than the Event-B
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models in most of the cases. The differences are more apparent in Question 1,
Question 3 and Question 6. To recap, Question I involved the description of main
ideas and supporting details, Question 3 involved the modification task and
Question 6 involved the criticism about the information presented by the models.
Similar patterns can also be seen in the distributions for overall understanding,

Retention and Transfer tests.

Another observation about the distributions is that the total numbers of subjects
who had attempted the questions but failed to get any score are higher in the
Event-B models than the UML-B models. This pattern can be seen in five out of
six questions. This has caused the Event-B models’ means and medians in most
questions are lower than the UML-B models although their Ns are slightly higher.
This may suggest that the subjects faced some difficulty in dealing with the
information presented by the Event-B models. As the UML-B and Event-B
models were informational equivalent in each case, each subject attempted both
models and subjects’ variability had been randomised between the two groups, the
pattern may indicate that the way information was presented by the models had an

impact on the subjects’ understanding.

The differences discussed above may be a reflection of true differences in the
population from which the samples were taken. On the other hand, it is possible
that the differences may be obtained only by chance. In order to assume that the
differences obtained from the samples are true differences in the population, the
standard statistical inference needs to be applied. The following paragraphs

discuss the statistical inference and the hypothesis testing made on the data.

5.8.1.2. Statistical Inference and Hypothesis Testing

Prior to statistical inference and hypothesis testing, it is necessary to observe the
distribution of the data to determine its normality. This is because most of the
statistical testing such as t procedures or Student’s t-test (Gossett, 1942) relies on
the use of normal distributions. The normality was determined through the

boxplots.
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Most of the boxplots presented in the previous section indicate that the
distributions are skewed. Therefore, this experiment employed the permutation
tests for the statistical inference (Efron et al., 1993). The analysis was done using

the S-PLUS® 7.0 for Windows-Enterprise Developer (Insightful, 2006) software.

The experiment employed a cross-over design. Thus, the data analysis considered
the period effect (Senn, 2002). The detailed elaboration and justification about this
type of analysis has been discussed in Chapter 3. In this chapter, the explanation
is summarised where more attention is given on the interpretation of the data.
There were two types of period effect analysis performed on the data, with and

without outliers, which are explained separately below.

1. Period Effect Consideration (With Outliers)

The analysis began by obtaining the differences in the Rate of Scoring between
the first period and the second period of both Group Alpha and Group Beta. The
two-sample procedure using the permutation tests was then performed on the
differences according to treatments, namely UML-B versus Event-B. The Table
5.6 below depicts the generated means and standard errors for each of the
questions. It also states the t-statistics and the one-sided p-values for those
questions. The t-statistics were calculated by dividing the means by the standard
errors. The magnitudes of the t-statistics determined the p-values. To test the
significance of the results, the p-values were assessed against the significance
criterion (). Generally, the p-values must be less than o = 0.05 for the results to
be significant. As indicated in the table, the p-values (P) of Question 1, Question 3
and Question 6 are statistically significant (P<0.05). These results support the

descriptive statistics discussed in the previous section.
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Item Mean of Standard Error t-statistics p-value
Difference x 2 (SE) x 2 (one-sided)

Question 1 0.8877 0.2587 3.4314 0.001*
Question 2 0.0835 0.1548 0.5394 0.335
Question 3 0.9137 0.4095 2.2313 0.005%*
Question 4 0.0487 0.5681 0.0857 0.483
Question 5 0.0706 0.1850 0.3816 0.339
Question 6 0.6589 0.3430 1.9210 0.020*

Note: * significant at a = 0.05

TABLE 5.6: The mean, standard error, t-statistics and p-value for each question

It is worth calculating confidence intervals only for distributions that are
statistically significant. The confidence intervals determine the range of intervals
about the treatment effect that can be expected in the population at a certain
confidence level. To calculate the confidence intervals, the generated means and
standard errors of Question 1, Question 3 and Question 6 were adjusted by
dividing them by two. This was due to the doubled estimation caused by the cross-
over design, which has been discussed in Experiment 1. The adjusted values are
shown in the Adjusted Mean and Adjusted SE columns respectively in the Table
5.7 below. The adjusted standard errors were then multiplied with the critical
values at 95% confidence level from the ¢ distribution tables (Geigy 1982; Lindley
et al., 1984). The critical values were determined by the software-generated
degrees of freedom, as shown in the Degree of Freedom column. The degrees of
freedom were generated based on the No. of Trials (N). Later, the values obtained
from the multiplication were subtracted from the means to obtain the lowest
estimated values for the treatment effect. Similarly, the values were added to the
means to obtain the highest estimated values for the treatment effect. The column
95% Confidence Interval illustrates the true treatment effect (t) that considers the
period effect at 95% confidence interval for the respective question. In essence,
they are the estimated differences between the expected Rate of Scoring under the

UML-B model and that under the Event-B model at 95% confidence interval.
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Item Adjusted | Adjusted No. of Degree of 95% Confidence
Mean SE Trials Freedom Interval
™) (df)
Question 1 0.4439 0.1294 35 32 (~30) 0.22 <=1<=0.66
Question 3 0.4569 0.2048 30 22 0.11 <=1<=0.81
Question 6 0.3295 0.1715 15 12 0.02 <=1<=0.64

Note: ~ estimated df in ¢ distribution table

TABLE 5.7: The adjusted means, standard errors and 95% confidence intervals of Question
1,3 and 6

As mentioned earlier, the experiment used the Retention and Transfer tests as the
mechanism to assess subjects’ understanding. These two tests determined the
outcome of the learning or understanding process. In particular, they assessed
whether the UML-B model could be better than the Event-B model in allowing
subjects to recognise the relevant information and extend the understanding in
novel situations (Meaningful learning) or allowing subjects to only recognise the

information (Rote learning) or in fact, no better at all (No learning).

The differences in the Rate of Scoring for Question 1, Question 2 and Question 4
acted as the values for the Refention test while Question 3, Question 5 and
Question 6 as the Transfer test. The Table 5.8 below depicts the values of these
two tests. The results show that the differences in the Rate of Scoring for the
Retention and Transfer tests between the UML-B and Event-B models are
statistically significant (P<0.05) in favour of the alternative hypothesis. The
similar result was also obtained for the Overall understanding (P<0.05), which

considered all the six questions.

Test Mean of Standard t- statistics p-value
Difference | Error (SE) (one sided: alternative >
X2 x2 null)

Retention 0.4796 0.1490 3.2188 0.001**
(Q1+Q2+Q4)

Transfer 0.5017 0.1831 2.7400 0.002**
(Q3 +Q5+Q6)

Overall 0.4583 0.1261 3.6344 0.001*

Note: ** significant at o = 0.05 and a = 0.025

* significant at a = 0.05

TABLE 5.8: The means, standard errors, t-statistics and p-values for Retention and Transfer

tests and Overall understanding
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In statistics, the Bonferroni Correction states that if n independent hypotheses are
tested on a set of data, then the statistical significance level that should be used for
each hypothesis is 1/n times what it would be if only one hypothesis is tested
(Abdi, 2007). This is to account for the fact that Type I error in a set of results
increases rapidly as the number of tests increases. A Type [ error designates the
mistake of rejecting the null hypothesis (Hy) when the null hypothesis is actually
true. The significance criterion (a) establishes the probability of a Type I error. If
the main hypothesis of the experiment such as stated in the Research Question
and Hypotheses section is to be divided into two independent sub-hypotheses
based on the Retention and Transfer tests, the significance criterion (o) has to be
adjusted. In particular, the significance criterion o = 0.05 has to be divided by two
because of the two tests. This causes the adjusted significance criterion to be a =

0.05/2 = 0.025.

As indicated in the Table 5.8 above, the p-value of Retention test and Transfer test
is less than 0.025 (P<0.025). This suggests that the null hypothesis can be rejected
and thus the alternative sub-hypotheses can be accepted. As these two sub-
hypotheses constitute the main hypothesis, it can be concluded that the UML-B
model is better than the Event-B model in fostering problem domain
understanding. This claim is also supported if only the main hypothesis is tested,
which in this case the overall understanding is considered. Based on the p-value of
Overall understanding shown in the Table 5.8 above, the difference is also
statistically significant (P<0.05). In fact, the differences are still statistically
significant if a more strict significance criterion (o) is used such as o = 0.01
(P<0.01). Therefore, the null hypothesis of the experiment is rejected and the

following alternative hypothesis and sub-hypotheses are accepted.

Alternative Hypothesis (H;): The UML-B model is better than the Event-B

model in fostering problem domain understanding

Retention test:
H;; The UML-B model is better than the Event-B model in enabling the

recognition of the presented information
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Transfer test:
H;, The UML-B model is better than the Event-B model in enabling the

construction of coherent mental models from the presented information

The significant differences in the Rate of Scoring in the Retention and Transfer
tests shown above also implies that the UML-B model is able to promote
Meaningful learning. Compared to the Event-B model, the UML-B model enables
better understanding of problem domain where the subjects could successfully
select the relevant information, organise and integrate it with prior knowledge in
the working memory. Because of the differences are statistically significant, the
confidence intervals calculation was pursued for the Retention and Transfer tests.
The Table 5.9 below depicts the confidence intervals of Retention and Transfer
tests as well as Overall understanding at 95%. The column 95% Confidence
Interval illustrates the estimated differences between the expected Rate of Scoring
under the UML-B model and that under the Event-B model at 95% confidence

interval.

Test Adjusted | Adjusted | No. of | Degree of | 95% Confidence Effect Size
Mean SE Trials | Freedom Interval (Cohen’s d)
™) (df)
Retention | 0.2398 0.0745 35 33 (~30) 0.11 <=1<=0.37 1.12
Transfer 0.2509 0.0916 35 32 (~30) 0.10<=1<=041 0.97
Overall 0.2292 0.0631 36 33 (~30) 0.12<=1<=0.34 1.26

Note: ~ estimated df in ¢ distribution table

TABLE 5.9: The adjusted means, standard errors and 95% confidence intervals of Retention
and Transfer tests and Overall understanding

The results discussed so far concern statistical significance. Statistical significant
results only indicate that the null hypothesis can be rejected at some level of
certainty when certain statistical conditions have been satisfied. Rejecting the null
hypothesis means the alternative hypothesis is accepted where the observed
differences between treatments can be said to be real differences rather than due to
sampling errors. Statistical significance on the other hand does not mean that the
observed differences are large and thus important in practical sense. The
importance or the practical significance of the results is determined through effect

size measures.
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The effect size measures can be measured as standardised difference between two
means using Cohen’s d index (Cohen, 1988). There are several ways to calculate
Cohen’s d index (Cohen, 1988; Rosenthal et al., 1991; Rosnow et al., 1996). One
approach that is based on t-statistics (f) and degree of freedom (df) was used in
this experiment (d = 2#/\Ndf where t = Mean/SE) (Rosenthal et al., 1991). The
Effect Size column in the Table 5.9 above lists the effect size measures for the
Retention and Transfer tests as well as the Overall understanding. The Cohen’s d
indices seem to suggest that the size of the effects is large (d >= 0.8) and thus
important (Cohen, 1988). This means the observed treatment effects are not only

statistically significant but also practically significant.

Il.  Period Effect Consideration (Without Outliers)

The boxplots presented in the previous section indicate that there are outliers in
the data. The outliers in the data had been scrutinised to identify the possible
reasons of their occurrence. One possibility was perhaps the subjects had
incorrectly state the time taken as the proportion of the scores and the time taken
seemed to be unbalanced. The subjects had scored twice or more as much as the
time taken. For example, one subject had scored 8 marks within 4 minutes and the
other 11.5 marks within 2 minutes. The scripts had been revisited to confirm the
marks were correct. On the other hand, this may also reflect personal ability where

the subjects were able to respond and write the answers quickly.

The analysis that excluded the outliers was performed. This enabled the results of
analysis for data with and without outliers to be compared. In particular, it
determined whether the conclusion of the findings would be altered if the outliers
were not included. The Table 5.10 below illustrates the means, standard errors, t-
statistics and one-sided p-values for the data after excluding the outliers.
Similarly, the Table 5.11 depicts the values and the effect size measure for the

Retention test.
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Item Mean of Standard Error t-statistics p-value
Difference x 2 (SE) x 2 (one-sided)

Question 1 0.8263 0.2648 3.1205 0.002*
Question 2 0.1905 0.1195 1.5941 0.058
Question 3 0.6473 0.2751 2.3530 0.009*
Question 4 -0.0698 0.4696 -0.1486 0.565
Question 5 No outliers — Same as stated in Table 5.6
Question 6 0.6882 | 0.3762 | 1.8293 | 0.034*

Note: * significant at a = 0.05

TABLE 5.10: The mean, standard error, t-statistics and p-value for each question (without
outliers)

Test Mean of | Standard t- p-value Effect Size
Difference Error statistics | (one sided: alternative > | (Cohen’s d)
x 2 (SE) x 2 null)
Retention 0.4459 0.1539 2.8973 0.002%** 1.01
(Q1+Q2
+Q4)
Transfer No outliers — Same as stated in Table 5.8 Same as
(Q3+Q5 stated in
+ Q6) Table 5.9
Overall No outliers — Same as stated in Table 5.8 Same as
stated in
Table 5.9

Note: ** significant at o = 0.05 and a = 0.025

TABLE 5.11: The means, standard errors, t-statistics and p-values for Retention test
(without outliers)

By comparing the values indicated in the Table 5.10 and Table 5.11 with the
Table 5.6 and Table 5.8 respectively, it can be seen that they are pointing to the
same direction. Specifically, the results of analysis for data with and without
outliers suggest that the differences between the UML-B and Event-B models are
statistically significant for Question 1, Question 3 and Question 6 (P<0.05).
Moreover, the difference in the Retention test is also statistically and practically
significant (P<0.025; d>=0.8). Therefore, the conclusion of findings described

previously is still valid with or without outliers.

IIl.  Randomised Blocking and Cross-over Design

Similar to Experiment 1, the allocation of subjects into the two groups was based
on three blocks of ability: High, Moderate and Low. High ability refers to subjects
who performed very well in both OO and FM courses (Grade B and above),
Moderate ability includes subjects who performed fairly well either in OO or FM
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or both (Grade C and above) and Low ability comprises students who performed
poorly in both courses (Grade D and below). The Figure 5.17 below shows the
numbers of subjects in each block for both groups. The last two columns present
the means and medians of grouped overall Rate of Scoring for UML-B and Event-
B regardless of the treatment sequence. Boxplots are also included to illustrate the
distributions graphically for easy viewing and comparison. Since there were only
two subjects for the Low ability block, no boxplot is displayed. The figure seems
to indicate that the direction of treatment effect is consistent for all three ability
blocks, that is, UML-B is better than Event-B. This supports the findings of the
experiment although the cross-over analysis used in the experiment does not

require a randomised blocking design.

Ability Number of Number of Total UML-B B
Subjects Subjects Grouped Grouped
(Group X) (Group Y) Mean/Median | Mean/Median
High 3 (16%) 4 (22%) 7 1.00/1.00 0.69/0.71
Moderate 14 (78%) 13 (72%) 27 0.87/0.80 0.65/0.69
Low 1 (6%) 1 (6%) 2 0.76/0.76 0.73/0.73
Total 18 18 36

Note: H_U => High Ability:UML-B; H_B => High Ability:B; M_U => Moderate
Ability:UML-B; M_B => Moderate Ability:B

FIGURE 5.17: The Rate of Scoring distribution for different ability blocks (Unit:marks/min)

5.8.2. Qualitative Measures and Analysis

In addition to the quantitative measures, there were also qualitative measures
employed in the experiment. Five main aspects were measured for this purpose.

The measures included the comprehension and problem solving strategies used by
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the subjects to answer the questions, the subjective rating of model
comprehensibility, the subjects’ preference between the model notations and the
subjects’ personal comments on the models. The details of the questions can be

found in the Appendix C.

5.8.2.1. Comprehension Strategies

The first qualitative measure was the direction of comprehension employed by the
subjects when understanding both the UML-B and Event-B models. It aimed to
discover whether the subjects employed the Top-down or Bottom-up strategy
when understanding each model and whether one strategy was employed more
than the other in any of the models. Similar to Experiment 1, the subjects were
given specific scenarios that described the strategies, from which they had to
choose one. The Figure 5.18 below shows the proportion of strategies employed in
both models. The figures were based on twenty-six and twenty-eight subjects

responded to the question for the UML-B and Event-B models respectively.

80 - 73

70
60
60 -

50

. (19/26) (17/28) 40 H Topdown

30 | 27

[l Bottom-up

Percentage (%)

20
10 ~

UML-B Event-B
Model

FIGURE 5.18: Direction of comprehension when understanding models (in %)

Based on the feedback shown above, most subjects employed the Top-down
strategy when reading and understanding models. Similar trends can be seen in
both models where no significant difference was found (Chi-Square test: x’=0.45;

P>0.05). This finding is similar to Experiment 1.
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5.8.2.2. Problem Strategies

The second qualitative measure was the strategies employed by the subjects when
they were confronted by a novel situation and must decide on course of action.
According to cognitive psychology, there are four types of problem solving
strategies that are normally used by humans, namely applying weak methods to
search heuristically for a possible solution, using analogical transformation to a
known solution of a similar problem, instantiating specific plans and applying
general plans to reduce the problem (Ryszard et al., 1986; Smith et al., 2007).
Weak methods or heuristics approach is employed when humans have little or
poor knowledge about the problem domain. When a problem may be relatively
familiar but there is a lack of specific plans to solve it, general plans may be
applied where the problem is broken down into sub-problems. With more familiar
problems, various specific plans about how to solve them have already existed in
humans’ minds. Thus, a specific plan can be initiated to solve the problem at
hand. Finally, if humans do not have specific or general plans, they may choose a
specific past experience and apply it by analogy to solve the problem. There are
also instances where more than one of these approaches are applied together to

solve a problem.

The Figure 5.19 below illustrates the distribution of strategies that the subjects
used to solve Question 5 and Question 6 for Case 1. Similarly, the Figure 5.20
shows the distribution of strategies that the subjects used to solve Question 5 and
Question 6 for Case 2. The figures were based on the subjects who responded to
the questions. One observation is that the proportion of Heuristics is slightly
higher in the Event-B models than the UML-B models. This may be only because
the subjects performed on the Event-B models had poor knowledge about the
problem domains by chance. In another sense however, this may also indicate that
UML-B model is more able to reduce the act of “guessing” than the Event-B

model.

Even if the subjects had no knowledge about the problem domains, they could
possibly still solve the problems by choosing a specific past experience and

applying it by analogy. This could happen if the model was able to trigger the
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subjects’ long-term memory to find that experience. Based on the distributions, it
can be seen that the proportion of subjects who used the Past Knowledge is a bit
higher in the UML-B models than the Event-B models in most of the cases. This
may indicate that although perhaps some of these subjects had little knowledge
about the problems, certain aspects of the UML-B model assisted them to

integrate the problems at hand with their past experience from the long-term

memory.
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FIGURE 5.19: Problem solving strategies for Question 5 and 6 for Case 1: Auction System
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FIGURE 5.20: Problem solving strategies for Question 5 and 6 for Case 2: Library System
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The lower number of subjects who employed the Specific Plan as compared to the
General Plan may suggest that the subjects were quite familiar with the problem
domains. They may have used the systems before but they were not domain
experts. This had caused them to tackle the problems more cautiously. In addition,
it seems that the General Plan was more adopted in the UML-B models than the
Event-B models. Perhaps the way information is presented influences the way a

problem is tackled.

5.8.2.3. Model Comprehensibility

The third qualitative measure was the subjective rating of model
comprehensibility. The subjective rating was a symmetric five ordinal scales from
=2 for Very difficult to comprehend to 2 for Very easy to comprehend. The Table
5.12 below illustrates the distribution of the rating for each of the models. The
figures were based on the thirty subjects who responded to the questions. As
indicated in the table, most subjects rated the UML-B model as Very easy to
comprehend while the Event-B model as Neither difficult nor easy.

-2 -1 0 1 2 Total | Median
Very difficult | Difficult Neither Easy | Very easy to
to difficult comprehend
comprehend nor easy
UML- 2 1 4 6 17 30 2
B 7% 3% 13% 20% 57% 100%
Event- 3 6 7 5 9 30 0
B 11% 21% 25% 18% 25% 100%

TABLE 5.12: Distribution of rating on model notation comprehensibility

In comparison with Experiment 1, it seems that the rating gap between the new
version of UML-B and Event-B models is more apparent than between the
previous version of UML-B and B models. In fact, the rating is in the opposite
direction where in this experiment the subjects seemed to rate the UML-B model
as more comprehensible than the Event-B model. In Experiment 1, the B model

was rated as more comprehensible than the UML-B model.
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There are several possibilities for the above phenomenon. The subjective
comments received in Experiment 1 indicated that the subjects were not so
convinced of the efficacy of UML-B. It may be that the enhancements made in the
new version of UML-B that improved the subjects’ perception in this experiment.
Another possibility is perhaps due to the support given prior to the experiment
execution. Compared to Experiment 1, the subjects in this experiment were given
a bit more supporting documentation and time to explore UML-B. This may have
given the subjects more opportunity to appreciate the method. In addition, the
environment may also have affected the subjects’ perception of model
comprehensibility. Experiment 1 was a paper-based exercise while this
experiment was conducted online. It may be that the subjects could make more
senses of UML-B’s operability when using it online. On the other hand, it may
also be possible that the gap is due to the nature of Event-B and B. Perhaps there
are some internal characteristics of these two methodologies that make one model
seems to be more comprehensible than the other when comparing with UML-B.
This claim was supported by several subjective comments received from th