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\To understand the universe at the deepest level, we need to know not only
how the universe behaves, but why."

- Stephen Hawking, The Grand Design
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Abstract

Context: Model-Based Software Engineering (MBSE) is a software devel-
opment approach in which models play a central role and serve a multitude
of purposes. On the one hand, models can be used as drafts for problem
understanding, ideation, creative thinking, and communication. On the other
hand, models can also be used as guidelines for documentation, implementation,
and code-generation.

Motivation: Several studies claim that modeling in MBSE helps to improve
software quality, productivity, and maintainability. However, modeling is
frequently believed to be a time consuming approach that requires a lot of
effort and often complicates matters. Generally, the entire field of Software
Engineering (SE) perceives a discrepancy between empirical findings and prac-
titioners’ a priori beliefs, which are often based on personal perspectives on
the development process.

Objective: We aim to address the interplay of belief and evidence in MBSE
by contributing to the empirical understanding of software design. Moreover,
we aim to support the design activities in MBSE in order to improve the overall
process and achievement thereof.

Method: To achieve the objective of this research, we first conduct more
in-depth empirical studies that investigate the socio-technical nature of MBSE.
In particular, we observe practices and investigate challenges to MBSE in order
to increase our understanding of this software engineering approach. Based on
the results of our empirical investigations, we propose mechanisms and tools to
support the design activities of MBSE.

Studies: We conduct multiple studies to understand and support software
design in MBSE:

* We analyze the modeling process in order to understand how much effort
is given to designing (i.e. thinking about the design of software systems),
and how much effort is given to drawing the model (i.e. tool interaction).

* We also investigate development efforts and challenges in MBSE practices.

* Moreover, our endeavor to support the design activities of developers
resulted in creating two software design environments: OctoUML and
OctoBubbles. OctoUML is a collaborative software design environment
that supports the mix of informal and formal notations. OctoBubbles
is a multi-view interactive environment for concurrent visualization and
synchronization of software design and code.
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" Finally, we study the e ect of geographic distance and software design

representation on design collaboration and communication.

Results: By conducting the aforementioned studies, we nd the following:

We nd that much of the modeling e ort is devoted to designing (thinking
and pondering of design decisions).

Our inquiry into MBSE e orts shows that the most of MBSE e ort is
spent on collaboration and communication between developers. Moreover,
we nd that tool-related challenges are the most encountered challenges in
MBSE. We uncover that speci ¢ tool-challenges are due to: (i) usability of
the tools, (ii) the learning e ort of the tool-chain, (iii) the interoperability

of various tools, and iv) the installation and con guration of the tools.

Multiple evaluations of OctoUML and OctoBubblesindicate a positive
perception of the users regarding the usability of these environments.

By studying the e ect of distance on design collaboration, we nd that
co-located developers do andctively discuss more design decisions in
the problem space than distributed developers.

We also nd that a graphical software design representation is better
than a textual representation in promoting active discussionbetween
developers and improving therecall ability of design details.

Suggestions:  Our endeavour to understand and support the design activities
in MBSE practices suggests that we can enhance MBSE processes by:

Reducing the complexity of MBSE tool-support and enhancing the us-
ability thereof. This would let developers spend more time on pondering
and thinking of design decisions.

Introducing explicit triggers for e ective communication in co-located
and distributed MBSE collaborations. This in turn would enhance the
e ciency and e ectiveness of the collaborative activities of the developers.

Studying the social challenges in MBSE, and accounting for the e ect of
these challenges on team behavior and development activities.

Keywords:  Software Engineering, Software Design, Software Modeling, MBSE
E orts and Challenges, Software Design Environments, Collaboration, Com-
munication, Human Aspects, Empirical Studies.
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Chapter 1

Introduction

Model-Based Software Engineering (MBSE) is an engineering approach for soft-
ware development in which models play an important role, without necessarily
being the key artifacts of the development [1]. This approach has been devised
to handle complexity (by means of abstraction) and enhance productivity in
software development [2].

One argument in discussions about the adoption of MBSE is its in-e ectiveness,
e.g., the supposedly large e ort it takes to do modeling. In particular, many
practitioners consider MBSE a time consuming approach that requires a lot of
e ort and often complicates matters [3]. However, several studies claim that
MBSE helps to improve software quality, productivity and support maintain-
ability (e.g., [4,5]).

More in general, the whole eld of software engineering perceives the dis-
crepancy between scienti cally validated results (e.g., in the empirical software
engineering) and developers' beliefs, usually based only on personal experience
of the development processes. For this reason, there is a need to address
the interplay of belief and evidence in software engineering practices, because
knowledge should be motivated by experience and observation rather than by
intuition [6, 7]. Therefore, in this thesis we conduct empirical studies in order
to gain knowledge and increase understanding by observing and evaluating
MBSE processes, tools and developers' activities.

Based on the purpose of modeling in MBSE, we highlight in Figure 1.1 that
models can be used as:

(a) drafts for ideation, design exploration, understanding, externalization of
thoughts, creative thinking, sketching, prototyping, or communication
of abstract high-level details of software structure and behavior. We
characterize this way of modeling asnformal modeling [8].

(b) guidelinesfor documentation, veri cation and validation, implementation,
code-generation, or communication of the complete low-level details of

1



Figure 1.1: The purpose of using informal and formal modeling.

software structure and behavior. In this case, models play a central role
and drive the development process. In contrast to informal modeling, we
distinguish this approach asformal modeling [8].

Accordingly, we classify modeling tools into two categories: informal and
formal [8]. On the one hand, we mean by informal tools any tool that supports
informal modeling in the sense that it does not constrain the modeling nota-
tions that can be used by software designers. Examples of informal tools are
whiteboardsand pen & paper. These tools are exible, easy to use and allow
designers to unleash their expressiveness [9]. On the other hand, we mean
by formal tools any Computer Aided Software Engineering (CASE) tool that
supports the creation of models expressed through formal modeling notations.

Whiteboards, as informal modeling tools, do not serve well for persistence
and transfer of designs. What typically happens in practice is that software
designers go to the whiteboard, create a software design, take a picture of the
created design, go back to their desks, run a CASE tool, and try to re-draw or
formalize the design that they have previously created on the whiteboard. In
this process, redrawing is an additional step using a separate tool and requiring
extra e ort. Moreover, the transition between informal (whiteboards) and
formal tools (CASE tools) introduces a discontinuity that can be a source of
errors. Thus, rationale, ideas and the logical basis for design decisions can be
easily lost when moving from the whiteboard to the CASE tool [10].

A common weakness in formal tools is poor support of designing practices
[10]. Indeed, these tools support one or few formal modeling notations, and
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hence restrict designers' expressiveness. To make matters worse, the majority
of CASE tools are not designed for user experience, and their usability leaves
to be desired [11]. In fact, there are reports showing that CASE tools are
perceived complex and di cult to use [12,13]. Moreover, the complexity of
CASE tools is considered to be a reason that adversely a ect the adoption of
model-based approaches [14].

Both informal and formal modeling have their advantages and disadvantages.
Yet, neither serves all purposes in designing software in MBSE. Therefore, in
this thesis we also study new forms of software modeling tools which could
better serve the multitude of purposes.

The remainder of this chapter is structured as follows: Section 1.1 provides
the motivation of this PhD research. Section 1.2 details the research goals and
questions. Section 1.3 provides the background of this research. Section 1.4
discusses the related work. Section 1.5 details the research methodology. Section
1.6 presents a brief summary of the included papers and their contribution
towards achieving the objective of this PhD research. Section 1.7 wraps up
this chapter with recommendations and plan for future work.

1.1 Research Motivation

In this Section, we describe theChallenges(C) that motivate the endeavor
of our research inUnderstanding (U) and Supporting (S) the software design
activities in MBSE. The selection of these challenges is based on reading
scienti c literature in MBSE and personal observations from conferring with
experienced software developers using MBSE or struggling with MBSE adoption.
The challenges that we report in this section are mainly related to:

" lack of understanding of the development e orts in MBSE, such as design,
modeling, collaboration, artifacts navigation, and communication e orts.

MBSE tool-related challenges, such as poor tool-usability and lack of tool-
support for an e ective software design collaboration as well as software
artifacts visualization and navigation.

Next, we describe the challenges that motivate the endeavor of our research
in understanding software design activities.

C.U.1. Design and Modeling E orts. Regardless of the reported bene ts

of model-based approaches in literature, e.g. [5,15], the use of modeling is still
debated in practice [16]. This is because modeling is believed as an unnecessary
and super uous activity that introduces extra e ort in the process of software
development [3]. It also believed that the bene ts of modeling take place after

a long-term [5, 16], in the sense that modeling introduces an initial overhead at
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the beginning, whereas bene ts, such as increased productivity [17] and better
software maintenance [18], start to take place at late stages.

We consider that the bene ts of modeling does not only take place after
a long-term, but also directly at early stages. In particular, we consider that
part of the modeling e ort could be actually devoted to reasoning and thinking
about the design solution, while other parts of the e ort are dedicated to
drawing the design solution (i.e., representing the solution via a modeling
notation). Here the challenges are to:

" dissect the e ort spent on design thinking and the e ort spent on model
drawing in software modeling.

" understand how to reduce the drawing e ort (i.e., the modeling cost).

By confronting these challenges, we aim to increase practitioners' and re-
searchers' understanding of the e orts of software modeling and design pro-
cesses. We also provide evidence regarding the impact of adopting MBSE on
software development process and its achievement. Moreover, by understanding
how to reduce the drawing e ort, we contribute to reducing the overall e ort

of MBSE which, in turn, would increase the productivity of MBSE.

C.U.2. Understanding the Challenges and Development E orts of
MBSE. MBSE aims to increase the abstraction level and promote the au-
tomation of the development process [3]. A recurring theme in discussions
about the adoption of MBSE s its e ectiveness. This is because there is a lack
of empirical assessment of the processes and (tool-)use of MBSE in practice.
Although MBSE claims many potential bene ts, e.g., gains in productivity,
and maintainability [19 { 21], its adoption has been facing a number of challenges,
such as poor tool-support [5] and developers' diverse perception of the bene ts
of MBSE [22]. On the one hand, MBSE is considered as bene cial after it
has been applied e ectively in several application sectors [4,23]. On the other
hand, MBSE is considered as a time-consuming and unproven approach that
merely complicates matters [3]. Devanbu et al. [6] suggest that more in-depth
studies that address the interplay of belief and evidence in software practices
are needed. In MBSE, the main challenges are to:

" increase our understanding of the process and use of MBSE in practice.
" address the interplay of belief and evidence in MBSE practices.

By confronting these challenges, we aim to increase the empirical understanding
of MBSE challenges and development e orts. TFurthermore, exposing MBSE

challenges and development e orts would make them a candidate subject for
research that are concerned with MBSE process improvement.
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C.U.3. Distributed MBSE. Global software engineering (GSE) is the
practice of engineering software systems across geographical, socio-cultural, and
temporal boundaries [24]. Organizations engage in GSE to reduce development
costs and take advantage of proximity to markets and customers [25]. However
when globalized, software engineering becomes less e ective. Indeed, these
organizations often face numerous challenges, including poor quality of globally
developed software [26].

In collaborative MBSE, geographic distance can lead to socio-technical
challenges that potentially a ect the way software is developed. This leads to
the following challenges:

" increase our understanding of software design practice and cognition in
both co-located and distributed MBSE.

" increase our understanding of the impact of distance on collaborative
software design activities.

By understanding software design practice and cognition in collaborative MBSE,
we aim to identifying challenges that needs to be addressed or further studied in
order to support the process of software design, which in turn would contributes
to enhancing the e ectiveness and e ciency of MBSE.

C.U.4. Graphical vs. Textual Design Descriptions. By investigating
MBSE development e orts, Jolak et al. [27] nd that the e ort on communi-
cation is actually more than all of the e orts that developers spent in any of
the other MBSE activities. Accordingly, they decided to study communication
in-depth to determine elements or criteria of its e ciency and e ectiveness. To
communicate software design decisions to other stakeholders, developers create
graphical or textual descriptions of these decisions. Graphical descriptions
encode and present knowledge di erently from textual descriptions. Moreover,
these two categories of knowledge representation are di erently processed by
the human mind, as stated by Moody [28]. Empirical evidence on how graphical
descriptions a ect developer's achievement and development productivity is
still underwhelming, as reported by Hutchinson et al [5] and Mela et al. [29].
Thus, our focus in to understand how di erent software design descriptions (i.e.,
graphical versus textual) in uence software design communication. Such under-
standing might lead to achieving more e ective software design communication,
which in turn would help in reducing the total e ort of software development
activities.

Next, we describe the challenges that motivate the endeavor of our research
in supporting software design activities.

C.S.1. Support of Informal and Formal Modeling. Informal modeling
facilitates thinking and fosters ideation [30]. Moreover, it presents an intuitive
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way to prototype and communicate thoughts [31]. Informal modeling supports
the process of software design and serve developers to inspect and develop one
design idea as well as re ect on some other alternatives [32]. In practice, software
developers often go to the whiteboard to discuss requirements, explore domain
problems and sketch design solutions [33]. The reason is that whiteboards
are exible mediums and at easy disposal. Furthermore, whiteboards allow
informal modeling i.e., there are no restrictions on the type or formality of the
modeling notations that can be used. However, whiteboards do not o er means
for automated data analysis and maintenance. Thus, the sketched diagrams
often need to be formalized and re-modeled again using a CASE tool. This
transition between informal and formal tools introduces a discontinuity that
can be a source of errors and often requires extra e ort. Indeed, rationale,
ideas and the logical basis for design solutions can be easily lost when moving
from the whiteboard to the CASE tool [10]. Moreover, CASE tools provide
environments where only one or few formal modeling notations are supported.
This actually limits the expressiveness of designers, especially in early-phase
software design.

Table 1.1 is based on [34], and describes some advantages of informal and
formal modeling tools. Our focus is to provide a‘one stop' environment
capable of supporting both informal and formal modeling, while preserving
the advantages of both informal and formal tools. Such an environment would
support the designing and modeling processes which in practice often go hand-
in-hand, and reduce the e ort of MBSE.

Table 1.1: Advantages of informal and formal modeling tools

Informal Tools Formal Tools
. High clarity because of strict
Clarity adherence to syntax
Flexibility Caters for improvisation of notation
Ease of continuous| In tools based on digital editing, editing (move, resize, delete, undo, etc.)
design is easier than in sketch-based tools such as whiteboards.
Ease of learning Formal syntax checking helps
Notation in learning the proper syntax
Intuitiveness of Very simple to use; but limited in More di cult to I_earn_, _but
using tool functionality advanced functionalities
supported
Multiple people collaborating on a
Collaboration shared design prefer to use informal
representations [35]
Absence of a formal syntax Formal syntax allows a formal
Integration (and semantics) prohibits representation of the design that
exchange of designs can be exchanged with other tools

C.S.2. Usability. CASE tools are criticized of being complex and di cult
to use [12,14]. This complexity of CASE tools hinders their adoption and often
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costs companies extra e ort and money for training and learning endeavor. In
particular, the interaction with these tools is not always well-designed for a user
experience, easy learning, and e ective use [14]. As a consequence, CASE tools
are often considered as barriers to the adoption of model-based approaches [36].
Our focus is on the challenges of:

" providing rich features in a simple and intuitive User Interface (Ul).

~ making CASE tools t easily into users' activities, rather than forcing
users to t their activities into the dictates of the tools [37].

Providing ways to overcome these challenges could bring a signi cant impact
to the e ectiveness and e ciency of the MBSE approach.

C.S.3. Interaction Modalities. One key aspect of usability is the manner
in which users interact with the system. The interaction with current CASE-
tools takes place essentially by using the mouse and keyboard. However, in
recent times interaction technologies such as touch, voice and gesture [38] have
matured, and become commonly used as interaction modalities with software
systems. Like [39], we believe that supporting multiple interaction modalities
within software design environments would allow the users to switch to a
better-suited modality for the execution of one particular task. Our focus is to:

" provide more intuitive and e ective interaction with CASE tools.

By confronting this challenge, we aim to enhance the usability of MBSE tools
as well as reduce the e ort of interaction with these tools. This in turn would
enhance the overall e ciency of the MBSE approach.

C.S.4. Collaboration. Software engineering is a collaborative activity.
More often than not, multiple developers work together on creating a software
design. Moreover, these developers often collaborate with other stakeholders to
shape the structure and behavior of software systems. In [27], we show that the
majority of MBSE e ort is spent on communication and collaboration between
developers on MBSE activities.

Tools supporting MBSE are often deployed on personal computers, and
only one developer can e ectively interact with the PC at any one time. This
actually limits the collaboration between developers. As globally-distributed
projects become the norm in Software Engineering [40], developers who are
geographically distributed need e ective tool-support to accommodate remote-
collaborative design meetings [24]. Our focus is on the challenges of:

" providing e ective and e cient support for co-located software design in
MBSE.
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" supporting distributed software design in MBSE, while preserving the
natural, e ortless kind of awareness and communication that happens in
collocated settings.

By providing tool-support for both co-located and distributed collaborative
software design, we contribute to improve the collaboration, communication,
and coordination between and among software development teams [41].

C.S.5. Artifacts Visualization. During all stages of development, develop-
ers seek to understand both the design and the implementation of the software
system, as well as the relation between these two artifacts. The process of
understanding often requires developers to create a mental view of high-level de-
scriptive domain artifacts (i.e., models) and low-level artifacts (i.e., code) [42,43].
CASE tools do not provide developers with multiple simultaneously-visible
views of both low- and high level software artifacts. Consequently, developers
often lose the big picture and spend unnecessary e ort on navigation and
locating artifacts of interest. Indeed, in scienti c literature it is reported that
around 35% of developers time is spent on software navigation [44], and around
60% of developers time is given to software understanding activities [45]. Thus,
our focus is to:

" provide an interactive approach for bidirectional, smooth navigation
between software models and their corresponding source code.

" support program comprehension and tackle the problem of software
artifacts' navigation.

By assisting software comprehension and navigation, we aim to reducing
the overall e ort of MBSE, which in turn helps in increasing the MBSE
productivity.

1.2 Research Focus

In this Section, we describe the research goals and present the research questions.

1.2.1 Research Goals

The overall objective of this PhD project is to Understand and Support the
Design Activities in Model-Based Software Engineering To achieve the objective
of this research, we de ne the following goals:

" G1: to better understand the activities of software design in relation to
di erent design-purposes, and

G2: to propose and evaluate solutions for supporting the design activities
of software developers.
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Figure 1.2: The approach to achieving the goals of this research.

Figure 1.2 shows the approach that we use to achieve the goals of this PhD
research. In particular, we do the following steps:

1. We develop an understanding of the design activities of software developers
by: (i) reviewing scienti c literature in MBSE and (ii) pondering personal
observations from conferring with experienced software developers using
MBSE or struggling with MBSE adoption.

1.1 Having reviewed the literature and pondered observations from dis-
cussions with experienced developers, we conduct empirical studies
to study software design activities in the context of MBSE.

1.2 Based on the results of the empirical studies, we increase our under-
standing of the design activities in MBSE.

2. Based on the results of the empirical investigations and our understand-
ing of the design activities, we propose novel approaches to support
development and design activities.

3. We empirically assess the proposed approaches.

4. Based on assessment results, we further increase our understanding of
design activities in the MBSE domain.
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1.2.2 Research Questions

To achieve our goals in understanding and supporting the design activities in
MBSE, this PhD thesis addresses the following research questions:

RQ1. How can the design e ort and drawing (i.e., modeling and layouting)
e ort in software modeling be dissected?
{ RQL1.1. How much of the modeling e ort is spent on designing?

{ RQ1.2. How much of the modeling e ort is spent on drawing the
design solution?

In this thesis, we propose that modeling tools in MBSE should support:
(F1) the mix of informal and formal modeling notations.

(F2) a smooth navigation between models and code.

Accordingly, we ask the following research question:

" RQ2. Can supporting (F1) and (F2) make the modeling tools of MBSE
easier to use and more productive?

{ RQ2.1. Do developers nd combining informal and formal modeling
bene cial?

{ RQ2.2. Do developers nd navigating between models and code
bene cial?

RQ3. How is the total e ort spent on MBSE distributed over di erent
development activities?

{ RQ3.1. How is the e ort spent on di erent MBSE development
activities distributed over time?

{ RQ3.2. How large is the portion of collaborative work in MBSE
projects?

{ RQ3.3. What are the challenges that a ect MSBE in practice?

RQ4. How does distance in uence the design activities of software devel-
opers?

{ RQA4.1. How does distance in uence the amount of problem- and
solution design decisions?

{ RQ4.2. How does distance in uence design communication?

{ RQA4.3. What challenges are encountered when collaboratively de-
signing software at a distance?

RQ5. How does the representation of software design (graphical vs. tex-
tual) in uence design communication?
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Table 1.2 reports the research questions and links them to the targeted
research goals. In particular,RQ1, RQ3, RQ4, RQ5 and their sub-questions
aim to achieve Goal 1. RQ2 and its sub-question aim to achieveGoal 2 .

Table 1.2: The research questions and the targeted research goals

PhD Goal Gl G2
To better understand the activities | To propose and evaluate solutions for
Description of software design in relation to supporting the design activities of
di erent design-purposes software developers
Research
Question RQ1, RQ3, RQ4, RQ5 RQ2

1.3 Background

In the rst part of this section, we introduce the concepts of software design
and software modeling. Later on, we provide details on existing modeling tools
and their types.

1.3.1 Software Design

We distinguish between design as a process (i.e., designing) and as an artifact
(i.e., nal product of the design process). We de ne them as follows:

De nition  Designing (process): the process of thinking about, pondering
over, making, shaping, and evaluating design decisions for something that
is to be created.

" Denition Design (artifact): a set of design decisions that describes
how something is to be built.

Ralph [46] describes design as a process that includes three primary activities:
sense-making, co-evolution, and implementation. He de nes these concepts as
follows: Sense-making is the process where a design agent (an entity or group
of entities that is capable of forming intentions and goals and taking actions to
achieve those goals, and that speci es the structural properties of the design
object) perceives its environment and the design object's environment and
organizes these perceptions to create or re ne the mental picture of context.
Co-evolution is the process where the design agent simultaneously re nes its
mental picture of the design object based on its mental picture of context, and
vice versa. Implementation is the process where the design agent generates or
updates a design object using its mental picture of design object.

According to Budgen [47], the purpose of design is to produce a solution to
a problem. The problem is basically described by means of the requirements
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speci cation, and the solution is given via describing how the product should
be constructed.

Dorst and Cross [48] describe the problem-solving aspect of design as a
co-evolution of problem{ and solution spaces. In particular, they describe
design as the process of developing and re ning together both the formulation
of a problem and ideas for a solution, with constant iteration of analysis,
synthesis, and evaluation processes between the problem space and solution
space. Figure 1.3 shows the co-evolution of problem-solution during design
as described by Dorst and Cross. Designers start by exploring the problem
space and nd a partial structure (P(t + 1)). That partial structure is then
used to provide them with a partial structuring of the solution space (S(t +
1)). The designers consider the implications of the partial structure within the
solution space, use it to generate some initial ideas for the form of a design
concept, and so extend and develop the partial structuring (S(t + 2)). Some of
this development of the partial structuring may be derived from references to
earlier design projects. The designers transfer the developed partial solution
structure back into the PS (P(t + 2)), and again consider implications and
extend the structuring of the problem space. The ultimate goal is to create a
matching problem{solution pair.

When designing software, software developers together with other stakehold-
ers explore the interplay of problem and solution space. To handle problems
during design, expert developers intuitively practice design thinking [49]. In
design thinking developers explore the problem and solution spaces separately,
and iteratively align these two. Developers who are in thedesign thinking status
are cognitively aware that there is a relation between the way they understand
the problem space and the solution space, and any choice or decision they take
at a certain time will impact the nal results.

Figure 1.3: Co-evolution of problem-solution during design [48]
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Lindberg et al. [50] highlight that design thinking fosters three main activi-
ties (see Figure 1.4):

(a) Exploration of the problem space by analyzing the problem space and
framing the design problem;

(b) Exploration of the solution space by creatively devising and evaluating
design solutions; and

(c) lterative alignment of both spaces by keeping the problem space in mind
for re ning and revising the chosen solutions.

Furthermore Lindberg et al. indicate that design thinking can broaden the
problem understanding and problem solving capabilities in IT development pro-
cesses. This is in line with Brooks [51], who considemdesign thinking an exciting
new paradigm for dealing with problems in software and IT development.

In software engineering, Petre and Van der Hoek consider thatesigning
is an activity that developers do throughout the entire development process,
despite of their di erent roles in a project [33]. For example, developers do not
only elicit requirements, they actually design the requirements by discussing
and shaping these requirements with the contributing stakeholders. Developers
also design their code by composing, analyzing, and evaluating algorithms to
ensure, e.g., an e cient algorithm run-time. Similarly, developers design use
cases, interactions, user interfaces, and test cases.

In this thesis, we look into design thinking as acognitive style that de-
velopers adopt during problem solving [49]. Moreover, in this thesis we use
the term software developerto indicate any person who takes a role in the
software development process. In other words, we consider architects, designers,
programmers, and testers as software developers. Like [33], we also consider
that all developers (architects, designers, programmers, etc.) make design
decisions.

Figure 1.4: Problem solving with design thinking [50]
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1.3.2 Software Modeling

We distinguish betweenmodeling as a process andnodel as an artifact (i.e.,
nal product of the modeling process):

" De nition  Modeling (process): the process of creating a model by choos-

ing what to represent and how to represent it.

" De nition  Model (artifact): A model is a systematic and abstract

representation of a concept.

In software engineering, models of software designs serve a multitude of
purposes [52]:

Planning: splitting the work in parts and delegate these to di erent teams
or developers.

Progress Monitoring: providing an overview of the progress of individual
components, or by showing which components have been completed.

Cost Estimation: providing a breakdown of the system into components.

Risk Management: making explicit, which components are needed in a
system, this in turn triggers discussion about possible risks that may
arise in the construction and composition of components into the overall
system.

Compliance: verifying that the implementation indeed conforms to the
design.

Coordination: providing a common standard on how to handle the design
and implementation.

Knowledge Sharing: modeling a system is a way of capturing knowledge
about a system. Through its representation this knowledge can be shared
in a development team.

Ideation: helping in inventing ideas and exploring new directions.

Analysis: allowing various types of analysis of the system, ranging from
more qualitative “what if' scenarios (e.g., about maintainability) to quan-
titative analysis of extra-functional properties such as performance, relia-
bility, safety, and others.

Prototyping: models can be used to demonstrate and try out how the
system will work.

Code generation: models of the system are essential for code-generation.
The main objective of this, is to enhance software productivity.
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" Traceability: providing an intermediate abstraction, especially between
requirements and the implementation. So, models can act as a pivot
point and aid in establishing traceability between requirements and the
implementation.

~ Testing: models can be the basis for specifying and prioritizing tests.

A modeling language is a medium that lets developerspecify the models for
their systems. Modeling languages can be General Purpose (GPLs) or Domain
Speci c Languages (DSLs). GPLs can be applied to any domain. Examples of
GPLs are: Petri nets [53] and the Uni ed Modeling Language (UML'). DSLs
are designed speci cally for a certain application domain or context. Examples
of DSLs are: HTML? and SQL [54].

Software developers often use software modeling tools to prototype or
document a software design. These modeling tools can be divided into two
categories: informal tools and formal tools.

Informal tools support the creation of informal designs, such as elements
and symbols {often sketchy{ that do not adhere to a modeling language or
syntax. Such tools are typically used for problem domain analysis, ideation,
and solution exploration. A typical example of an informal tool is the white-
board.Whiteboards are exible tools and do not constraint the notation that
can be used.

Formal modeling tools enforce the use of formally de ned syntax of some
modeling languages. Indeed, they typically provide support for the creation of
one or more representations that adhere to one or more modeling languages,
such as, e.g., the UML. Typical examples are CASE tools, such as Rational
Rose, Enterprise Architect, Visual Paradigm, and StarUML. These tools are
mainly used to describe or communicate the software system. Sometimes,
these tools are used to create a detailed model that serves as a blueprint for
implementing the software.

1.3.3 Relation between Software Design and Modeling

In practice, software design and modeling go hand-in hand. Figure 1.5 illustrates
the relation between the software design and the software modeling process.
We consider software design as a cognitive process [49] that happens inside of
the mind of the developer. This process enables:

" the exploration of the problem space by analyzing and framing design
problems,

" the exploration of the solution space by creatively ideating and evaluating
design solutions, and

Lhttp://ww.omg.org/spec/UML
2https:/iwww.w3.org/html/
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Figure 1.5: Software modeling and design go hand-in hand.

" the iterative alignment of both spaces by keeping the problem space in
mind for re ning and revising the chosen solutions.

As a result, the design process progressively produces a set of design decisions.
Software modeling is often used to externalize or express the design decisions
that happen inside of the developer's mind. In this process, developers create
(i.e., draw) and organize (i.e., layout) models by choosing what to represent
(e.g., the decomposition of a system in subsystems) and how to represent it
(e.g., a component diagram). Software models provide means for representing
software design decisions on di erent levels of abstraction and from multiple
perspectives [55]. In MBSE, developers iteratively engage in the modeling and
design process. This is because models provide visual representations of the
design which foster the design process [56] by triggering analysis, ideation, and
evaluation of design decisions in both the problem{ and solution space.

1.3.4 Model-Based Software Engineering

Model-Based Software Engineering (MBSE) is an engineering approach that
aims to handle complexity and increase the e ciency in the development of
software [2]. This engineering approach addresses complexity by means of
abstraction and modeling. Models in MBSE play an important role although
they are not necessarily the key artifacts of the development (i.e., they do
not drive the process) [1]. MBSE is used in industry [5, 15], and several
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empirical studies show bene ts of MBSE, e.g., increased software productivity
and improved quality [5,57]. From these papers, it seems that most increments
in software productivity are actually obtained from increasing the abstraction
level of the artefacts that represent the software system.

There are versions of model-based approaches adopted in practice such as,
e.g., Model-Driven Software Enginnering (MDSE). Compared to MBSE, MDSE
is a model-centric paradigm where models are the main artifacts of software
development [58]. Documents such as code and test cases can be generated
automatically from the models used to develop the system.

MBSE is a super-set of MDSE (See gure 1.6). In MBSE, developers can
create models of the system during the the analysis and design phase and
subsequently use these models as blueprints to manually write the code. Also,
developers can automatically generate code from formal models. Models in
MBSE still play an important role but are not the central artifacts of the
development process and may be less complete (i.e., they can be used more as
blueprints or sketches of the system) than those in an MDSE approach. Indeed,
MBSE is a softer version of MDSE [1]. In MBSE, the audience of models
are primarily humans and secondarily machines. In contrast, the audience of
models in MDSE are primarily machines and secondarily humans.

In MBSE the details and abstraction-level are scalable, whereas the aim
of MDSE to generate code, requires that models are complete, consistent and
adhere strictly to formal standards for syntax.

The software design in MBSE approaches is represented by means of software
models. In other non model-based software engineering approaches, software
design is often represented by means of natural language or informal sketches.

Figure 1.6: Relationship between MBSE and MDSE [1]



18 1.4. RELATED WORK

1.4 Related Work

In this section we describe some related work that focuses on understanding-
and supporting software design.

1.4.1 Understanding Software Design

Petre and Van Der Hoek [59] organized a workshop to study professional
software designers in action. They provided video-recordings and transcripts of
three two-person teams who were assigned to create a software design for the
same set of requirements on a whiteboard. Over fty researchers were invited
to participate in the workshop. They were asked to explore the videos to
understand design strategies and types of activities that professional designers
engage in during software design sessions. In the following paragraphs, we
report the ndings of some of the researches who took a part in the workshop:

" Tang et al. [60] tried to understand how software designers do design
reasoning and decisions, and how the decision making process in uences
the e ectiveness of the design process. They found that planning design
discussions in an opportune way improves the exploration of design solu-
tions. They also found that the manners by which the decisions are made
have an impact on the use of design time and derived solutions. Further-
more, it seems that the use of design reasoning techniques contributes to
the e ectiveness of software design.

Sharif et al. [61] analyzed the video-recordings and explored the software
design strategies and activities that happened in each design session.
They identi ed some of the time-consuming design activities such as
decisions about the logic, discussion of uses cases, drawing class diagrams,
and drawing the user interface. Furthermore, they found that planning
and a high degree of agreement between designers plays a signi cant role
in delivering a detailed design that covers most of the requirements.

Baker and Van Der Hoek [62] studied the video recordings in order to
understand how software designers address software design problems. In
particular, they evaluated the design sessions in terms of the discussed
subjects, generated ideas and design cycles. They found that the design
sessions were highly incremental and designers repeatedly returned to
high level subjects, as well as to previously discussed ideas.

Budgen [10] tried to observe the design sessions and identify principles
for designing software design environments. He found that: (i) informal
diagrams and notations are often used, (ii) there was a frequent switch-
ing between viewpoints and sections of the whiteboard, and (iii) the
whiteboard annotations were chie y performed by one person.
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Razavian et al. [63] consider software design as a problem solving exercise.
They theorize that software design thinking requires two minds: areasoning
mind that focuses on the process of logical design reasoning andraective
thinking mind that challenges the reasoning mind by asking re ective questions.
Razavian et al. conduct multiple case studies to understand how re ections on
reasoning and judgments in uence software design thinking. They nd that
re ection improves the quality of software design discourse which, in turn, is
considered as a foundation for a good design [64].

Karis et al. [65] performed studies of remote collaboration at Google. They
found that the use of videoconferencing and video portals contributes to the
success of remote collaboration by:

" providing presence and status information,
" helping to establish mutual trust and common ground, and
" preventing misunderstandings.

However, when it comes to remote design collaboration, Karis and his colleagues
highlighted that developers at Google found collaboration over videoconferenc-
ing and video portals a pale imitation of face-to-face interaction. Moreover,
the developers complained that the video portals at Google lacked a shared
drawing tool to facilitate sketching, designing, and brainstorming.

Heijstek et al. measure how well participants extract design decisions from
di erent software architecture representations [66]. The researchers collected
participant-speci ¢ information in two questionnaires, Imed participants dur-
ing tasks, and asked them to think out loud. The experiment comprised of
four architectures, out of which each consisted of a graphical and a textual
description. Participants (students and professional developers) were asked
three questions per architecture. The authors observed that no notation was
clearly superior in communicating architecture design decisions. Nonetheless,
participants tended to rst look at the graphical notation before reading the
text. The authors attribute this to the clarity of the graphic representation,
which enables participants to grasp the structure of the model more quickly.

1.4.2 Supporting Software Design and MBSE

On the one hand, several studies point to the lack of adequate and easy-to-use
tools for supporting the activities of software developers in MBSE.

By surveying 155 Italian software professionals, Torchiano et al. [18] consid-
ered the lack of competencies and supporting tools as the main show stoppers
preventing the adoption of modeling and model-driven techniques.

Mussbacher et al. [22] re ected on the opinions of 15 MDE experts on the
biggest problems with MDE technologies over the last 20 years. The authors
highlighted that tools usability and adoption, people's diverse perception of
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MDE, inconsistencies between software artifacts, and lack of fundamentals in
MDE are considered as hindrances to MBE adoption.

In the embedded systems domain, Liebel et al. [17] analyzed survey-responses
from 122 professionals working with MBE, and considered that interoperability
between (MBE/MDE) tools as a main challenge to MBE adoption. Moreover,
other factors such as, high e ort to train developers and tools (poor) usability,
were also identi ed as secondary MBE challenges.

Whittle et al. [14] explored tool-related issues in a ecting the adoption
of MDE in industry. Based on interviews conducted with twenty companies,
they observed that the interviewees emphasized tool immaturity, complexity,
and lack of usability as major barriers against the adoption of MDE. Usability
issues were reported to be related to the complexity of user interfaces. There is
a lack of consideration of how people work and think. The authors suggested to
match modeling tools to people, not the other way around, by producing more
useful and usable tools, as well as supporting early-phase design and creativity
in modeling.

In his paper \The cobblers' children”, Budgen [10] provided some recom-
mendations for future design support tools. In particular, informal diagrams
and lists need to be integrated with other more formal notations. Ideally, a
tool should be simple and support the transition from informal notations to
formal notations. Budgen also stated that much of reasoning and rationale,
during early-phase design, would quickly be lost unless it transformed into
more formal description.

On the other hand, several studies propose and investigate approaches to
support the activities of software developers in MBSE.

Dekel and Herbsleb [67] observed collocated object-oriented design collabo-
rations and focused on representation use. They found that teams intentionally
improvise representations and sketch informal diagrams in varied represen-
tations that often diverge from formal notations or languages. To support
collaborative software design, they suggest that collaborative software design
environments should focus on preserving contextual information, while allowing
unconstrained mixing and improvising of notations.

Damm et al. [68] conducted user studies in order to understand the prac-
tice of software modelling. They observed that designers alternate between
whiteboards and CASE tools, extend the semantics of the notations to support
the design activities and allow expressiveness, sketch new ideas informally, and
actively collaborate when they work in teams. Damm et al. developed a tool
called Knight. Knight supports informal and formal modelling using gestures
on an electronic whiteboard. In order to achieve intuitive interaction, Knight
uses composite gestures and eager recognition of hand-drawn elements.

Chen et al. [69] developedSUMLOW, a sketching-based UML design tool
for electronic whiteboard technology. SUMLOW allows the preservation of
hand-drawn diagrams and supports the manipulation of them using pen-based
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actions. It also allows the transformation of UML sketches into computer-drawn
UML notations.

Grundy and Hosking [70] stated that software engineers often use hand-
drawn diagrams as preliminary design artifacts and as annotations during
design reviews. They createdVlaramaSketchto support exible sketch-based
input of diagrams. MaramaSketch enables the formalization of sketches into
computer-drawn content.

Mangano et al. [71] identi ed some behaviors that occur during informal
early-phase design. In particular, designers sketch di erent kinds of diagrams
(e.g. box and arrow diagrams, Ul mockups, owcharts, etc.) and use impromptu
notations in their designs. The authors implemented an interactive whiteboard
system (called Calico) to support these behaviors, and identi ed some ways
where interactive whiteboards can enable designers to work more e ectively.

Wusest et al. [72] stated that software engineers often use paper and pencil to
sketch ideas when gathering requirements from stakeholders, but such sketches
on paper often need to be modeled again for further processing. A tool,
FlexiSketch was prototyped by them to support informal modeling of software
requirements. FlexiSketch combines free-form sketching with the ability to
annotate the sketches interactively for an incremental transformation into
semi-formal models.

Al Abed et al. [73] stated that MDE faces several challenges which prevent
its adoption. Examples of these challenges are the scalability and re-usability
of models. The authors presentTouchRAM, a multitouch-enabled tool for
agile software design modeling which aims at developing scalable and reusable
software design models. The tool exploits model interfaces and aspect-oriented
model weaving to enable the designer to rapidly apply reusable design concerns
within the design model of the software under development. The user interface of
TouchRAM interface exploits mouse and touch-based input to enable intuitive
and fast model editing. TouchRAM uses \eager" recognition of hand-drawn
elements into formal modeling notations.

Brieler and Minas [74] stated that software developers tend to sketch during
early phase software design, as sketching is more natural than using traditional
software. They present an approach, calledDiaGen to generate diagram
editors based on language speci cation. Their approach relies on syntactical
and semantical analysis of the sketches to resolve any ambiguities arising from
the impreciseness of the hand-drawn diagrams. A recognition mechanism then
transforms these sketched diagrams into formal diagrams which can be easily
edited and further processed.

Baltes et al. [75] stated that informal sketches and diagrams are often
detached from the source code they document. The authors conducted a study
to understand the use of sketches in software engineering. They found that
sketches are considered helpful to understand the related source code artifacts.
For this, the authors proposed SketchLink to let software developers easily
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capture, annotate, and link their diagrams and sketches to the correspondent

source code artifacts.
In this thesis we present two tools, calledOctoUML and OctoBubbles that

support the design and modeling processes in MBSE. These tools aim to:
" increase the productivity of MBSE, and
" enhance the usability of MBSE tools.

OctoUML bridges the gap between early-phase software design process (when
developers often reason about the design and sketch their ideas) and the
formalization and documentation process (when CASE tools are usually used
to document the designs). OctoBubblesbuilds on OctoUML. It supports the
navigation between software models and their corresponding (generated) source
code. Table 1.3 shows the di erences between our tools and the related work.

Table 1.3: Comparison between our tools and related work

Modeling Purpose in MBSE

c
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2 % 3 3
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Knight 3 3 DS 3
SUMLOW 3 3 DS 3
MaramaSketch 3 3 DS 3
Calico 3 3 RI& DS IF
S FlexiSketch 3 3 RI & DS IF
2 TouchRam 3 3 MI&DS 3
DiaGen 3 3 DS 3
Our tools 3 3 3 3 3
RI: Remote Interaction DS: Design Sharing
MI: Multi-user Interaction IF: Informal Notations

CC: Collaboration & Communication

In contrast to the related work, our tools aim to support the design, modeling,
and models-code navigation processes in MBSE. Therefore, our tools support
the following modeling purposes in MBSE:

" Exploration and Ideation, by supporting informal modeling notations.

" Collaboration and Communication, by supporting multi-user as well as
remote interaction, version management, and design sharing.
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~ Documentation, by supporting transition from informal to formal model-
ing notations and saving design as XMlI.

Code Generation by supporting the synchronization and navigation
between software models and code.

More details on OctoUML and OctoBubblesare provided in Chapter 3 and
Chapter 5.

1.5 Research Methodology

We employ design science and empirical research methods to achieve the
goals of this research. With Goal 1, we aim to gain knowledge and increase
understanding of software design activities. Hence, this is best addressed by
conducting empirical software engineering research. With Goal 2, we aim to
support the design activities of software developers. This can be addressed by
design science research where new artifacts are created and evaluated in an
iterative manner.

1.5.1 Empirical Research

The aim of empirical research is to gain knowledge and increase understand-
ing by observing and evaluating processes, software tools and human-based
activities [76]. To achieve Goal 1, we usedControlled Experiments and Case
Studies

1.5.1.1 Controlled Experiments

Controlled experiments help to investigate a testable hypotheses where one or
more independent variables are manipulated to measure their e ect on one or
more dependent variables [77]. Thus, they are used to determine in precise
terms whether a cause-e ect relationship exists between the variables.

In the context of this research, we conduct a controlled experiment in
Chapter 2 to dissect the design e ort and drawing e ort in UML modeling. In
Chapter 7 we also conduct a controlled experiment to understand the e ect
of software design representation on design communication. The experiments
are controlled in order to limit variables other than the chosen independent
variables form a ecting the results.

1.5.1.2 Case Studies

Yin de nes case studies as empirical inquiries to perform a deep investigation
of a particular phenomenon, where the boundary between the phenomenon
and its real-life context cannot be clearly speci ed [78].
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We conduct multiple-case studies in Chapters 4 and 6. In Chapter 4
we investigate MBSE challenges and development e ort. In Chapter 6 we
investigate the e ect of distance on collaborative software design.

These studies areexploratory- inductive empirical research [79] to identify
patterns in observations, seek new insights, and generate ideas and hypotheses
for new research.

1.5.2 Design Science

Design science methodology is de ned as the design and empirical investigation
of artifacts in a given context [80]. In particular, it is an iterative process in
which researchers engage in several cycles of two main activities: development of
solutions (e.g., software prototyping), and evaluation of the proposed solutions
in a given context to gure out whether the solutions e ectively accommodate
the problem.

To achieve Goal 2, we used a development approach which follows the
paradigm of design science. In particular, we followed four main activities (See
Figure 1.7):

identifying needs and establishing requirements,

developing alternative designs,

~ building a prototype of the system, and

evaluating the developed prototype.

We used the design science in Chapters 3 and 5. In Chapter 3 we develop
and evaluate a software design environment, calle@®@ctoUML . OctoUML aims to
support exploratory and collaborative software design. In Chapter 5 we develop
and evaluate a second version o©ctoUML, called OctoBubbles OctoBubbles
aims to facilitate software comprehension and navigation.

To evaluate the developed prototypes, we conductJser Studies User stud-
ies o er a scienti cally sound method to evaluate the strengths and weaknesses
of di erent visualization and interaction techniques, as well as to investigate
social and cognitive processes surrounding them [81]. In brief, these studies
are based on collecting both quantitative and qualitative data based on stan-
dardized questionnaires that collect perceptions on the usability, e ciency and
e ectiveness of the developed prototypes.

1.6 Contributions

In this section, we summarize the main contributions of the six papers on
which this PhD thesis builds. Figure 1.8 provides an overview of these papers
and how they contribute to the main goals and research questions of the PhD
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Figure 1.7: A simple model of the design science life-cycle

thesis. The included papers are presented in a rectangle shape and given an
identi cation letter as follows:

Paper A: Dissecting Design E ort and Drawing E ort in UML Modeling.

Paper B: OctoUML: An Environment for Exploratory and Collaborative
Software Design.

Paper C: Model-Based Software Engineering: A Multiple-Case Study
on Challenges and Development E orts.

Paper D: OctoBubbles: A Multi-view Interactive Environment for Con-
current Visualization and Synchronization of UML Models and Code.

Paper E: Does Distance Still Matter? Revisiting Collaborative Dis-
tributed Software Design.

Paper F: Software Engineering Whispers: The E ect of Textual Vs.
Graphical Software Design Descriptions on Software Design Communica-
tion.

In Figure 1.8, the research questions (RQ) are represented by a round shape.
The papers and research questions are placed on one or two horizontal layers
corresponding to the PhD goals (Goal 1 and Goal 2) that they contribute to.
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Figure 1.8: The research goals and questions of this PhD research.

The yellow layer represents Goal 1understanding software design The blue
layer represents Goal 2supporting software design Papers that span over the
yellow and blue arrows contribute to the two goals, e.g., Paper B contributes to
both of these two goals of this PhD thesis. The solid and dashed black arrows
between the rectangles (i.e., papers) indicate the direction in which the papers
are built and extended. In particular, the paper at the head-end of thesolid
black arrow extendsthe paper at the tail-end. Also, the paper at the head-end
of the dashedblack arrow usesthe paper at the tail-end.

Figure 1.9 provides an overview of the research context and contribution
of this thesis. The research context is MBSE, a software development ap-
proach in which models play a central role. To achieve the objective of this
research, we contribute to the empirical understanding of software design and
modeling in MBSE. We investigate the e ect of distance, social, and cognitive
aspects on software design and modeling. We also investigate the e ect of
design representation on communication. Moreover, we create two software
design environments: (i) OctoUML which enables distributed collaboration and
supports the integration of informal and formal modeling notations, and (ii)
OctoBubbleswhich supports the navigation between software models and code.
In the next sections, we provide more details by describing the contribution of
each paper included in this thesis.
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Figure 1.9: Overview of the research context and contributions.

1.6.1 Paper A: Dissecting Design E ort and Drawing Ef-
fort in UML Modeling

Model-based approaches are considered to be bene cial for improving software

development productivity and product quality (e.g., [5]). However, these

approaches are criticized because of the supposedly large e ort they require

to create and maintain models. Regardless of its reported bene ts, software

modeling is still believed as an unnecessary approach by some developers [82].
In this paper, we analyze the process of software modeling in order to nd:

" how much e ort is spent on the design of a solution (i.e., thinking and
making design decisions), and

" how much e ort is spent on drawing of the design solution with a modeling
tool (i.e., tool interaction).

In particular, we consider that the modeling process consists of three main
cognitive sub-activities:

" Design: ideation and thinking about the design.
" Notation Expression: representation of a design via the modeling notation.

" Layout: spatial organization of the elements of a model.
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The drawing e ort is the part of the modeling e ort that is spent on notation
expressionand layout. The design e ort is the part that is spent on ideation
and thinking.

In paper A, we address the following research question:

RQ1. How can the design e ort and drawing e ort in software modeling
be dissected?

{ RQ1.1. How much of the modeling e ort is spent on design?

{ RQ1.2. How much of the modeling e ort is spent on drawing the
design solution?

To compute the e ort spent in each sub-activity, we conduct two-phase
experiments. In the rst phase, we measure the e ort required to make the
initial model of a system. This e ort is the sum of the design, notation
expression, and layout e orts. In the second phase, we measure the e ort
required to recreate the same model again, simply by redrawing the already
de ned solution (i.e., copying e ort). At the end, we calculate the e orts for
design, notation expression, and layout by assessing the time di erence between
the two phases.

The initial ndings suggest that the majority of the modeling e ort is
devoted to design (i.e., design e ort). This means that projects that create
models incur at least signi cant thinking about the design. Moreover, we argue
that the e ort spent on using modeling tools (i.e., drawing e ort) could be
reduced by investigating better modeling-tool support. This is what we actually
investigate in Paper B [83].

Chapter 2 provides more details on the design of the controlled experiments
for this study, including the approach that is used to calculate the e ort of
each modeling sub-activity.

1.6.2 Paper B: OctoUML: An Environment for Exploratory
and Collaborative Software Design

We brie y report the challenges that motivates the creation of OctoUML:

" Integrating informal and formal notations: The main challenge is to
provide a “one stop' environment capable of supporting both informal
and formal modeling, while preserving the advantages of both informal
and formal tools [84]. Such an environment would support the designing
and modeling processes which in practice often go hand-in-hand, and
reduce the e ort of MBSE.

Supporting multiple modes of interaction The main challenge is to
provide more intuitive and e ective interaction with CASE tools [38]. By
confronting this challenge, we contribute to enhancing the usability of
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MBSE tools as well as reducing the e ort of interaction with these tools.
This in turn would enhance the overall e ciency of the MBSE approach.

Supporting collaborative software design The challenge is to provide

e ective and e cient support for co-located software design sessions,
and support distributed software design, while preserving the natural,
e ortless kind of awareness and communication that happens in collo-
cated settings [24]. By providing tool-support for both co-located and

distributed collaborative software design, we contribute to improve the

collaboration, communication, and coordination between and among
software development teams.

Usability: The challenge is to provide rich features in a simple and
intuitive User Interface (Ul), and make CASE tools t easily into users'
activities, rather than forcing users to t their activities into the dictates

of the tools [37]. Providing ways to overcome these challenges could
bring a signi cant impact to the e ectiveness and e ciency of the MBSE
approach.

Based on these motivations, we designed and created a new generation
software design environment, calledOctoUML. The design and implementation
of OctoUML was challenging as we wanted to provide an environment that
preserves the advantages of both informal and formal tools. One of the
implementation challenges was enablingOctoUML to support multi-touch.
According to the literature, it is reported that quiet often two or more people
are involved in sketching when the whiteboard is used as a medium [35].
Multi-touch is an interaction technique that permits the manipulation of
graphical entities with several ngers at the same time. This option allows
concurrent collaborative modelling. In particular, it enables two or more
developers to simultaneously work on the same canvas of the same device,
especially when the device is an interactive whiteboard or a large touch screen.
Another OctoUML implementation challenge emerged from deciding to equip
OctoUML with a layering mechanism. In particular, the software design
solution is part of one layer which we call the formal layer. While another layer,
the informal layer, contains the informal sketchy elements e.g., hand-written
comments, illustrative drawings, highlighting arrows or circles, etc. The user
can then select to see combined layers or layers in isolation. A key advantage of
such layers is that they allow the isolation of informal and formal elements. As
a consequence, designers will be able to move and edit the content of each layer
independently without disturbing the rest of the design. For instance, users
might want to archive, print, or share the formal designs without including the
sketchy elements. In that case, the formal layer can be a solution for them.
On the other hand, having the two layers combined could help reveal some
existing ambiguities in diagrams as well as give more insights to increase one's
understanding of concepts, mainly, during diagram reviewing cycles.
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Figure 1.10: The main goal of OctoUML

Figure 1.10 shows the main goal oDctoUML. In particular, the goal is to
bridge the gap between early-phase software design process (when developers
often reason about the design and sketch their ideas) and the formalization
and documentation process (when CASE tools are usually used to document
the designs).

In this paper, we provide a link to a demonstration video which was
specially recorded to disseminate the concept obctoUML. A demonstration
is an e ective way to show the idea and functionalities of a system in action
in order to enable people to fully grasp its value and potential. Moreover,
we present the architecture and functionalities ofOctoUML, and describe the
design process by means of a design scenario. We further present the results of
the evaluations performed in other papers (see th@®ther Publications in the
list of publications of this thesis). The demonstration video of OctoUML can
be consulted via the following link: https://youtu.be/fsN3rfEAYHw

OctoUML combines the advantages of both whiteboards and CASE tools,
and supports the achievement of informal and formal modeling purposes (see
Table 1.4). The key innovations of OctoUML are:

" enabling users to create and mix both informal hand-drawn sketches and
formal computer-drawn notations at the same time on the same canvas.

" providing a selective recognition mechanism that is used to transform
hand-drawn sketches into formalized contents.

enabling of multi-user support on a single input device.

Paper B extends Paper A [85], where we argue that the e ort of using
modeling tools could be reduced by investigating better tool-support. The
contributions of this paper are two-fold: design and creation of a new generation
software design environment, OctoUML, and a qualitative evaluation and
accompanying usability and e ciency discussion of the environment.
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Table 1.4: Informal and formal modeling purposes as supported by the
functionalities of OctoUML

Modeling Purpose
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Saving Design as XMl 3 3
Sharing Design 3 3

In this paper, we address the following research question:

" RQ2. Can supporting the mix of informal and formal modeling notations
make the modeling tools of MBSE easier to use and more productive?

{ RQ2.1. Do developers nd combining informal and formal modeling
bene cial?

{ RQ2.2. How do developers perceive the usability of the proposed
solution, OctoUML ?

We conduct User Studies [81] to evaluateDctoUML . OctoUML is perceived
to have the potential to e ectively support the activities of software devel-
opers by supporting the creation and mixing of both informal and formal
modeling notations. Moreover, the perceptions onOctoUML ' multiple modes
of interaction are positive. We assess the usability ofOctoUML using the
System Usability Scale (SUS) [86]. The results show thaDctoUML provides a
usable and user-friendly environment. Chapter 3 provides more details on the
characteristics and functionalities of OctoUML, as well as on the evaluation
process and the obtained results.
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1.6.3 Paper C: Model-Based Software Engineering: A
Multiple-Case Study on Challenges and Develop-
ment E orts

On the one hand, MBSE has been applied e ectively in several application
sectors, e.g., embedded systems [4] and telecommunication [23]. Furthermore,
by focusing on practitioners' experiences and perceptions, several studies
claimed that the adoption of MBSE helps to (i) improve the productivity of the
developing teams by increasing the abstraction level, (ii) enhance the quality of
the software, and (iii) support software maintainability [4,21,87]. On the other
hand, some practitioners consider MBSE as a time-consuming and unproven
approach that merely complicates matters [3].

Devanbu et al. [6] suggested that more in-depth studies that address the
interplay of belief and evidence in software practices are needed. In this paper,
we extend the goals of Paper A [85] in contributing to the body of knowledge
on understanding the process and use of MBSE in practice. In particular,
we conduct a multiple-case study [78] by collecting, analyzing, and discussing
empirical data about MBSE e orts and challenges collected from 2 two-month
MBSE projects. The main contributions of this paper are two-fold:

" Firstly, we shed light on the distribution of development e orts in MBSE.
The resulting observations on e ort distribution could lead to improved
MBSE project planning and organization (e.g., resource allocation and
risk management), which in turn could lead to cost reduction.

Secondly, we report and further analyze di erent challenges to the process
and use of MSBE in practice. Exposing such challenges would make them
a candidate subject for research that is concerned with MSBE process
improvement. Moreover, understanding and providing ways to overcome

these challenges could bring a signi cant impact to the e ectiveness and

e ciency of MBSE.

In particular, we address the following research questions:

RQ3. How is the total e ort spent on MBSE distributed over di erent
development activities?

{ RQ3.1. How is the e ort spent on di erent MBSE development
activities distributed over time?

{ RQ3.2. How large is the portion of collaborative work in MBSE
projects?

{ RQ3.3. What are the challenges that a ect MSBE in practice?

We show that there is no e ort penalty in building models as part of the
construction phase. We also show that the majority of MBSE e ort is spent



1.6. CONTRIBUTIONS 33

on communication between developers on MBSE activities, such as project
management, design, coding, testing, and con guration and integration. The
resulting observations on e ort distribution of this study could lead to improved
MBSE project planning and organization, which in turn could lead to cost
reduction. Our inquiry into challenges showed that tool-related challenges are
the most encountered. We uncover that speci c tool-challenges are due to:

usability of the tools,

" the learning of the tool-chain,

the interoperability of various tools, and

the installation and con guration of the tools.

Based on these ndings, we study { in Paper D [88] { how to improve the
usability of MBSE tools, as well as investigate new approaches to reduce the
e ort of MBSE activities.

1.6.4 Paper D: OctoBubbles: A Multi-view Interactive
Environment for Concurrent Visualization and Syn-
chronization of UML Models and Code

Developers navigate both code and design. Most of the software modeling tools
like ArgoUML 3, Visual Paradigm* and ObjectAid® support forward, reverse
and round-trip engineering [89]. However, these tools do not provide developers
with multiple simultaneously-visible views of both low- and high-level software
artifacts (i.e., source code and design models). The developers who use these
tools are constrained to use di erent applications in di erent windows making
the workspace overcrowded with many opened interfaces and tabs. In such a
situation, developers often lose the big picture and spend unnecessary e ort on
navigation and locating the artifact of interest.

In this study, we build on the tool that we developed in Paper B [83] to
create OctoBubbles OctoBubblesis an interactive environment for concurrent
visualization and synchronization of both high- and low-level software artifacts.
It aims to assist program comprehension and tackle the problem of software
navigation.

The main contributions of this paper are two-fold:

" First, a design of a novelscaling approach which is used to provide an
interactive, bidirectional, and smooth navigation between software models
and code.

3http:/fargouml.tigris.org/
4https://www.visual-paradigm.com/
Shttp://www.objectaid.com/
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" Second, the results of a qualitative user evaluation ofOctoBubblesindi-
cating a high level of interest, and pointing out to potential bene ts and
future improvements.

In particular, we address the following research questions:

RQ2. Can supporting a smooth navigation between models and code
make the modeling tools of MBSE easier to use and more productive?

{ RQ2.1. Do developers nd navigating between models and code
bene cial?

{ RQ2.2. How do developers perceive the usability of the proposed
solution, OctoBubble<

Figure 1.11 shows the main interface oDctoBubbles It provides an overview
on how the UML model and the corresponding source code are concurrently
visualized on the same canvas. Chapter 5 provides more details on the design
and functionalities of OctoBubbles

The participants who evaluated OctoBubblesstated that it helps to better
establish traceability between a model and its associated source code, especially

Figure 1.11: A part of the main canvas of OctoBubbles. The buttons at
the top are (from left to right ): create class, create enumeration class, create
package, create association, select, pan, delete, undo, redo and visualize code.
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in software testing and maintenance tasks. For such tasks, developers might
jump back and forth between low- and high-level artifacts to have a better
understanding of the system. Moreover, the visualization approach oDcto-
Bubbleswas considered extremely useful to have an abstract view of a software
system, concurrently with a more detailed view of its aspects.OctoBubbleswas
perceived more e cient than other CASE tools that support forward, reverse
and round-trip engineering. Also, the visualization mechanism ofOctoBubbles
was considered very helpful in saving the e ort of artifacts navigation.

1.6.5 Paper E: Does Distance Still Matter? Revisiting
Collaborative Distributed Software Design

Companies engage in global software engineering (GSE) to reduce development
time and costs. Companies also head toward cross-site distribution of their
development work to take advantage of proximity to markets and customers [25].
However, working at a distance might compromise the e ectiveness of GSE [24].

Many researchers have explored the impact of distance on collaborative
work. Herbsleb [24] argued that colocation fosters communication because
developers are aware of who is around and who is doing what. In contrast,
being unable to share resources and see what is happening at the other sites
hinders communication across di erent locations.

As globally-distributed projects are becoming the norm in SE [40] and lead
to social, technical, and organizational challenges [90], the software design
activities are a ected as well. Moreover, we are witnessing signi cant advances
in communication and collaboration technologies. So, in this study we explore
the design activities of both co-located and distributed professional software
developers to understand:

" to what extent the design activities are hampered by the distribution of
collaborating teams, and

" whether advances in collaboration and communication technology enable
e ective and e cient remote collaboration.

This study extends the goals of Paper C [27] in contributing to the body
of knowledge on understanding software design in MBSE by analyzing col-
laborative, distributed software design. Moreover, we use the tool that we
developed in Paper B [83] and extended in Paper D [88] in the investigation of
the activities of collaborative, distributed design.

In this study, we address the following research questions:

RQ4. How does distance in uence the design activities of software
developers?

{ RQ4.1. How does distance in uence the amount of problem- and
solution design decisions?
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{ RQ4.2. How does distance in uence design communication?

{ RQ4.3. What challenges are encountered when collaboratively de-
signing software at a distance?

To answer these questions, we conducted a multiple-case study exploring in
depth the design process of co-located and distributed software developers in a
collaborative design setting. For the rst case, we used the data set provided by
[59], who performed the study with three (co-located) teams of two professional
software developers each. For the second case, we recruited three teams of
two professional software developers to work on the same design challenge, but
from two di erent geographic locations: Aachen, Germany and Gothenburg,
Sweden. Instead of a regular whiteboard, we used interactive whiteboards with
a simpli ed version of OctoUML. While OctoUML has some UML capabilities,
like creating class shapes, we removed those in the study to makéctoUML
resemble a regular whiteboard as closely as possible. Immediately after each
distributed design session, we asked the developers to evaluate the usability of
OctoUML. The reason for this is to understand to what extent the usability of
OctoUML a ected the work of the distributed developers. In particular, we
asked the developers to answer the System Usability Scale (SUS) questionnaire.
Overall, we observe that the perceptions regarding the usability of OctoUML
were positive. Regarding the SUS score, OctoUML received an average SUS
score of 7417 5:63, which can be interpreted as a grade oB (i.e., a good
usability score) according to [86].

Our ndings indicate that co-located developers discuss more design deci-
sions in the problem domain than distributed developers. Moreover, co-located
teams have manycreative con ict discussions which promote software design
reasoning and enhance the e ectiveness of group tasks. Accordingly, we sug-
gest that geographic distribution of collaborating partners in practice still
raises social and technological challenges. We argue that the social challenges
in distributed design might be related to lack of trust and lack of common
understanding. Moreover, we observed that lack of awareness was the main
technological challenge in the distributed setting. Thus, we suggest that modern
collaborative design environments should focus on supporting awareness, such
as the ability for developers to relate to each other through pointing, gaze, and
gestures. In this direction, Trainer and Redmiles [91] propose a tool prototype,
that is focused on two kinds of information: availability and responsiveness of
collaborators. The goal of the tool is to bridge the gap between awareness and
trust in globally distributed software teams.

Moreover, by observing the distributed design sessions we noticed that the
distributed developers use informal notations for problem domain exploration
and formal notations (i.e., geometric UML shapes) for design solution repre-
sentation. Thus we underline that software design and modeling tools should
enable the creation of both informal and formal notations to support problem{
and solution space exploration.
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Chapter 6 provides more details on our study of the collaborative design
activities of co-located and distributed software developers.

1.6.6 Paper F: Software Engineering Whispers: The Ef-
fect of Textual Vs. Graphical Software Design De-
scriptions on Software Design Communication

Software engineering is a social activity and requires intensive communication
and collaboration between developers. In large companies, developers work
in di erent development teams and collaboratively communicate with many
stakeholders. In such a setting, the quality of communication between the
stakeholders plays an important role in reducing the overall e ort of teams
and development projects. Furthermore, poorly de ned software applications
(due to miscommunication between stakeholders) can a ect the nal structure
and/or behavior of these applications. This is in line with Jarboe et al. [92] and
Kortum et al. [93] who consider that the quality of communication does in uence
developers' activity and achievement, and therefore customer's satisfaction.
The e ort spent on discussions and communication, as we found in Paper C [27],
is actually more than all of the e orts that developers spent in any of the other
observed development activities. The aforementioned studies underline the
importance of communication in Software Engineering. They also highlight the
need to study communication in-depth to determine elements or criteria of its
e ciency and e ectiveness.

In MBSE, the software design knowledge is often communicated by means of
graphical software design descriptions (i.e., software models). In other software
engineering approaches which are not model-based, the software design knowl-
edge is often communicated by textual software design descriptions. Graphical
descriptions encode and present knowledge di erently from textual descriptions.
Moreover, these two types of knowledge representation are di erently processed
by the human mind, as stated by Moody [28]. Empirical evidence on how
graphical descriptions a ect developer's achievement and development produc-
tivity is still underwhelming, as reported by Hutchinson et al. [5]. Moreover,
Mela et al. [29] report that the software engineering eld lacks a body of em-
pirical knowledge on how di erent representations (graphical vs. textual) could
provide support for improving software quality and development productivity.

In this paper, we extend the goals of Paper C [27] in contributing to the body
of knowledge on understanding the design activities of MBSE in practice. In
particular, we investigate how di erent software architecture design descriptions
(graphical vs. textual) in uence the communication of design knowledge.

With respect to knowledge communication, we look into the following
communication aspects:

(a) Explaining: or knowledge donating, communicating the personal intellec-
tual capital from one person to others [94].
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(b) Understanding: or knowledge collecting, receiving others' intellectual
capital [94].

(c) Recall: or memory recall, recognizing or recalling knowledge from memory
to produce or retrieve previously learned information [95].

(d) Collaborative Interpersonal Communication [96], which includes:

~ Active Discussion: questioning, informing, and motivating others.
~ Creative Conict : arguing and reasoning about others' discussions.

Conversation Management coordinating and acknowledging com-
municated information.

In this study, we address the following research question:

RQ5. How does the representation of software design (graphical vs.
textual) in uence design communication?

Based on empirical ndings, we suggest that using a graphical software
design description is better for:

" promoting Active Discussion between developers,
” reducing Conversation Managemente ort, and
" improving the Recall-ability of design details.

Furthermore, we found that motivating textual design descriptions (by
adding design rationale) and making themcohesive(by organizing the design
knowledge in the document) helps to enhance the explaining and recall of their
details.

Finally, we observe a di erence in the explaining approach of software
design knowledge represented by a graphical vs. textual description. Figure
1.12 provides an illustration of the observed explaining approaches of a textual
(TSD) vs. graphical (GSD) Model-View Controller (MVC) design. In one
approach, the Explainers of a TSD tended to explain the three modules of the
MVC sequentially: Firstly the Model entities, then the Controllers, and lastly
the Views, as these modules are orderly presented in the textual document.
We think that this trend is intrinsically imposed by the nature of textual
descriptions where the knowledge is presented sequentially on a number of
consecutive ordered pages. In the other approach, thé&xplainers of the
GSD had more freedom in explaining the design. Indeed according to their
explaining preferences, theExplainers of the GSD tended to jump back and
forth between the three MVC modules when explaining the design. Based on
this, we suggest that a GSD has an advantage over the TSD in unleashing
Explainers' expressiveness when explaining the design, as well as in helping
navigation and getting a better overview of the design.
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Figure 1.12: Observed explaining approaches of TSD vs. GSD

1.7 Conclusion and Future Work

The goals of this PhD research are taunderstand and support software design
in model-based software engineering practices. Based on the results of this PhD
research, we present a number of ndings and suggestions to MBSE researchers
and practitioners. These ndings and suggestions are related taMBSE process
MBSE artifacts, and MBSE tools.

(A) MBSE process:

" We nd that a signi cant part of creating models is devoted to
design thinking about the problem domain and solution domain.
Accordingly, modeling should not be considered as a costly process,
because it triggers design thinking. It is an open question how much
design thinking happens when modeling is not used. But, when
modeling is not used then the code is only produced by the coding
process. Thus, we suggest comparing or studying the design thinking
when modeling vs. coding.

We nd that the MBSE approach does not require a lot of e ort on
design and modeling. Moreover, this approach requires only little
e ort on manual coding, as most of the code is obtained from models
via code-generation.

We nd that model-based software development is an endeavor that
requires intensive communication and collaboration between devel-
opers. Therefore, we suggest studying mechanisms for improving the
e ciency and e ectiveness of communication which in turn would
improve the quality and increase the productivity of the overall
software engineering process.

We suggest practitioners engaging in collaborative design to be aware
that geographic distance can hamper the design process. To prevent
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this, organizations might decide to take important architectural
decisions in co-located settings only.

In addition to the geographic distance, cultural and social barri-
ers can hamper design collaboration. Therefore, we recommend
organizations to:

{ Consider cultural training for their developers.

{ Establish trust via arranging personal, virtual meetings, or
social events before the remote design sessions.

{ Establish common ground via exchanging interests, experiences,
expertise, and beliefs between distributed designers.

We also suggest researchers to study, in depth, the social challenges
in MBSE, and investigate approaches to account for the e ect of
these challenges on team behavior and development activities.

(B) MBSE artifacts:

We nd that using graphical software design descriptions (e.g.,
software models) to communicate software designs produces more
active discussion, less conversation management, and better recall.

We suggest the use of graphical software design descriptions in
software design meetings in order to enhance communication and,
therefore, increase the productivity of software development teams.

We encourage developers to include design rationale in design docu-
mentations to improve design communication, which in turn should
improve the overall communication and collaboration, and thus the
productivity, in SE projects.

We nd that a graphical software design description has an advan-
tage over the textual software design description in unleashing the
expressiveness of design explainers when explaining the design, as
well as in helping navigation and getting a better overview of the
design.

(C) MBSE tools:

We suggest to reduce the complexity of software design tool-support
and enhance the usability thereof. This would let developers spend
more time on pondering and thinking of design decisions.

The integration of informal and formal modeling in OctoUML is
perceived bene cial by developers for supporting the design process
and its ow. Thus, we suggest enabling modeling tools to support
both informal and formal modeling.
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We nd that tool-related challenges are the most encountered chal-
lenges in MBSE. These tool-challenges are due to: tools usability,
tool-chain learning, interoperability of tools, and tools installation
and con guration. Providing approaches to overcome these chal-
lenges could bring a signi cant impact to the e ectiveness and
e ciency of the MBSE approach.

The navigation mechanism between software models and code of
OctoBubbles is perceived bene cial by developers for supporting
software understanding and facilitating traceability. Thus, we sug-
gest enabling MBSE tools to support navigation between di erent
software engineering artifacts.

To enhance the e ectiveness of distributed software design, we

recommend the developers of collaborative MBSE tools to support

awareness by adapting technology to provide immersive telepresence
experiences.

We suggest the introduction of explicit triggers for e ective commu-
nication in co-located and distributed software design to enhance
the process of making design decisions.

1.7.1 Future Work

In this section, we describe a number of future research directions that can
extend the work of this thesis. Figure 1.13 is an extension of Figure 1.8 that we
illustrated previously in Section 1.6 (Contributions). It shows three future work
(FW) directions to understand and support the design activities of software
developers in MBSE. These directions mainly extend Paper E [97] and Paper

F [98].

FW 1 : Based on the ndings of Paper E (\Does Distance Still Matter?
Revisiting Collaborative Distributed Software Desigri), we started investi-
gating the use of Virtual Reality (VR) technology to assist collaborative,
distributed software design. In particular, we are collaborating with
researchers from the Slovak University of Technology on evaluating a
VR-prototype of OctoUML. The main goal of this research direction is

to provide an immersive telepresence experience and support awareness
in remote design collaboration.

FW 2 : Based on the ndings of Paper E, we argue that, despite the

technological advances in collaborative MBSE, e ective collaboration can

only be achieved if we understand how to account for social barriers.
Thus, we propose to study, in depth, how these barriers a ect the design

activities, and how their e ects can be reduced.
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Figure 1.13: Future research directions.

FW 3 : Based on the ndings of Paper F (\Software Engineering Whis-
pers: The E ect of Textual Vs. Graphical Software Design Descriptions
on Software Design CommunicatiorY), we suggest investigating new tech-
niques or approaches for supporting software design communication. One
example of these approaches is proposed in a study by Tang et al. [99]
where a reminder card approach was employed to improve software design
reasoning discussions. Another example is proposed by Robillard et
al. [100] who argue that automatic on-demand documentation generators
would e ectively support the information needs of developers.
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Abstract

One argument in the discussion about the adoption of UML in industry is the
supposedly large e ort it takes to do modeling. Our study explores how the
creation of UML models can be understood to consist of di erent cognitive
activities: (i) designing thinking about the design (ideation, key-design decision
making), (i) notation expression expressing a design in a modeling notation
and (iii) layouting: the spatial organization of model elements in a diagram.
We explain that these di erent subactivities relate to di erent short-term
and long-term bene ts of modeling. In this study we present two controlled
experiments with a total of 100 subjects creating models for a small system. In
these experiments we focus on software models as represented through UML
class diagram. Our results show thatat least 56% of the e ort spent on creating
a class model is actually due todesigning Notation expressionis around 41%
of the model creation e ort and layouting is in the order of 3%. This nding
suggests that a signi cant part of creating models is devoted to design thinking
about the problem.

Keywords:  Software Engineering; Software Modeling; Software Design; Mod-
eling E ort; Designing E ort; Design Thinking; UML
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2.1 Introduction

Models have emerged in software engineering as a powerful tool to tackle
complexity of system speci cations. Indeed, modeling allows to address the
description of software based on di erent levels of abstraction and from multi-
ple perspectives, in order to accommodate the needs of communication and
description of a variety of stakeholders. In fact, models help to describe, reason,
predict and evaluate both software problems and solutions. Furthermore, they
provide e ective means for supporting the communication between stakeholders,
and serve as speci cations for implementation [3]. However, software practi-
tioners consider such approachetime-consuming, hence prefer to avoid using
models which are believed as complex, inconsistent, excessive and unnecessary
artifacts [101].

In this study we want to nd out how much of the modeling e ort is spent
on the design of the solution (i.e. pondering and making the design decisions).
If a signi cant part of the creation of the models is devoted to design thinking
about the problem, it could mean that the fault of supposedly unproductive
processes should not be blamed on modeling, but to the (anyhow necessary)
e ort devoted to thinking about the problem and identifying the solution (i.e.
design e ort).

In order to assess this, we run a set of experiments about the creation of
models in response to a set of requirements: we measure the e ort required
to make the initial model of a system (modeling e ort), and then we measure
the e ort required to recreate the same model again, simply by redrawing the
already de ned solution (copying e ort). For the copying of the solution, we
assume a subject does not have to (re)do any design thinking, but only spend
e ort on entering a solution into a modeling tool. At the end we calculate
design e ort by assessing the time di erence between the two activities (see
the details in Section 2.3).

Some empirical studies provided evidence on the bene ts of UML modeling
in enhancing the productivity, quality and maintenance of software products
[5,10Z 104]. These studies sustain that bene ts of UML modeling take place
after along-term, in the sense that UML modeling introduces an initial overhead
at the beginning, whereas the bene ts start to take place at late stages { like the
two marshmallows reward of the'one marshmallow now or two marshmallows
later' experiment [105]. The minority of the kids who participated in that
experiment preferred to have one marshmallow now rather than two later. Such
behaviour may be similar to that of software developers' who do not prefer to
spend time on modeling at early stages, and eat the marshmallow immediately.

Our hypothesis is that the bene ts of UML modeling does not only take
place after a long-term, but also immediately at early stages. To assess this hy-
pothesis, we try to dissectdesign notation expressionand layout e orts in UML
modeling. If designe ort dominates the modeling process, then UML modeling
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consists mostly of thinking of the domain problem and identifying/designing
the solution. In other words UML modeling would reward three marshmallows;
one immediately (foster design thinking and promote ideation) and two later
(enhance productivity, quality and maintenance).

This paper is organized as follows: in Section 2.2 we discuss the related
work. We describe our approach in Section 2.3. Section 2.4 illustrates the
design of our experiments and details their operational phases. Section 2.5
reports the results of the experiments, which are then discussed in Section 2.6.
We consider the threats to validity in Section 2.7. Finally, we conclude and
discuss the future work in Section 2.8.

2.2 Related Work

More often than not, evaluation of software modeling practices and associated
e ort have been left in the realm of myth. As a result, software developers and
also modeling experts have di erent opinions on the pros and cons of modeling
that rely on beliefs (i.e. factoids) more than facts. This leads to a variety
of situations where no proper guidance can be provided in the selection of
the appropriate design tools for software. More in general, the whole eld of
software engineering perceives the discrepancy between scienti cally validated
results (e.g., in the empirical software engineering) and developers beliefs,
usually based only on personal perspectives on the development processes.
Various recent studies demonstrate that more in-depth studies that address
the interplay of belief and evidence in software practices are needed [6].

A few studies addressed the monitoring and analysis of modeling practices.
Sharif et al. [61] explored design strategies and types of activities that designers
engage in during software design sessions. They used video-recordings and
transcripts of three two-person teams who were assigned to create a software
design for the same set of requirements on a whiteboard. In addition to the
identi ed design activities, they also found the sequence of activities for each
session as well as the activity that took the longest by analyzing the duration
of actions and speeches mapped to various design activities. They identi ed
some of time-consuming activities such as decisions about the logic, discussion
of uses cases, drawing class diagrams, and drawing the user interface.

Some experiments have been conducted to identify strategies during the
modeling task. The works [106,107] recorded the activities of a pool of students
when creating UML class diagrams and analysed the logs using LogViz. Four
di erent strategies were found, namely Depth First, Breath First, Depthless
and Adhoc. The study also found that students spent most of their time in
understanding assignment tasks and in de ning the layout of the model. One
thing that the log failed to say was what students do in the time gaps where
they appeared to do \no activity".

Despite the resistance of software companies in adopting the model-driven
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development, few industrial success stories can be found. Brambilla and Frater-
nali [108] presented the industrial success stories (spanning from nancial and
banking to utility) and the advantages of adopting Model-Driven Engineering
(MDE) perceived by the customers of WebRatio, a company which focuses on
MDE tools and services since 2001. The study also included a report of amount
of the e ort dedicated by the designers to the di erent modeling activities.
Furthermore, few researches evaluated some of the claimed advantages
brought by MDE. Diaz et al. [109] measured the reuse gains brought by MDE
in comparison with manual coding of blogs. Brambilla et al. [110] analyzed
the productivity gain brought by MDE in comparison of manual coding of
cross-platform mobile applications. They observed that for mobile applications,
model-driven development allows to save more than 20% of the cost.

2.3 Approach

In this section, we provide an overview of the approach used to estimate the

e ort devoted to di erent activities in the process of software modeling. Our
approach considers software modeling as a process that encompasses three
di erent activities:

(A) Designing of the solution: It represents the activity of reasoning and
thinking about a design solution of a domain problem. We call the time
devoted to this activity: Design E ort (DE) .

(B) Notation expression: The expression of the identi ed solution through a
modeling notation. We call the time devoted to this activity: Notation
Expression E ort (NEE) .

(C) Layouting: It represents the activity of organization of the model elements
in a diagram (e.g. to enhance the readability of the model). We call the
time devoted to this activity: Layout E ort (LE) .

Based on that, the total e ort dedicated to the software modeling process is
simply obtained as a sum of the single e orts spent in each modeling activity.
The total Modeling E ort (ME) in given by Equation Eq.A.

ME = DE + NEE + LE (Eq.A)

To compute the e ort spent in each activity, we ran two-phase experiments.
In the rst phase, we measure the e ort required to make the initial model
of a system (modeling e ort). While in the second phase, we measure the
e ort required to recreate the same model again, simply by redrawing the
already de ned solution (copying e ort). At the end, we calculate the design
notation expression layout e orts by assessing the time di erence between the
two phases.
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2.3.1 Phase 1: Modeling

During this phase the participants are asked to create a UML class diagram
that addresses a simple assignment using a modeling tool. The participants
think about the solution, express their solution through a modeling notation,
and may organize the elements of the model on the canvas.

Let us denominate the set of all persistent elements that are part of the
nal model with (), and the set of all deleted elements that are not in the
nal model with (). Let us also denominate the set of all elements (persistent
and deleted) with (). We have that:

= 1 (Ea.B)

Based on Equation Eq.A and Equation Eq.B, the e ort dedicated to the
modeling phase, callednodeling e ort (ME) , is given by the following equation
(unknowns are in bold, whereas the known e orts are obtained via analyzing
the log of the modeling tool)

ME( )=DE( )+ NEE n()+ NEE ()+ LEL()+ LEn() (Eq.1)

Where:

"~ ME( ): (known) the total modeling e ort,
DE( ): (unknown) design e ort, the time spent on thinking about the
solution (including both persisted and deleted elements),

" NEEm(): (unknown) notation expression e ort of persistent elements
during modeling phase; the time spent on creating elements that are part
of the nal model,

" NEEn(): (unknown) notation expression of deleted elements during
modeling phase; the time spent on creating elements that are not in the
nal model (deleted because of exploring design alternatives),

" LEm(): (known) layout e ort of persistent elements during modeling
phase; the time spent on organizing elements of the nal model,

" LEn(): (known) layout e ort of deleted elements during modeling
phase; the time spent on organizing elements that are not in the nal
model.

2.3.2 Phase 2: Copying

During the copying phase, the participants are asked to simply re-draw (copy)
the same modeling solution produced in phase 1. In this phase the participants
are asked to do a strict copy without thinking or enhancing the identi ed
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solution in phase 1. Thus, the e ort dedicated to this phase, calledcopying
e ort (CE) , is obtained via the following equation:

CE()= NEE )+ LE¢() (Eq.2)
Where:

" CEc(): (known) the total copying e ort,

" NEE((): (unknown) notation expression e ort of persistent elements
during copying phase,

" LEc(): (known) layout e ort of persistent elements during copying
phase.

2.3.3 Analyze E ort Di erence

By isolating designand layout e orts, the notation expressione ort of persistent
elements is the same in both phase 1 and 2. We have that NER() = NEE ().
We compute the designe ort by subtracting Equation Eq.2 from Equation Eq.1.
The nal result is reported as follows:

DE( )=ME( ) CE() LEm() LEm() NEEm()+ LEc() (Eq.3)

First of all, LE n() + LE m() =LE( ) is the total layout e ort (LE) in
the modeling phase. Now let us consider the number of persistent and deleted
elements in the modeling phase ag j and|j |, respectively. Based on Equation
Eq.2, we identify NEE, () via the following equation:

[u—

j

NEE m() =
mO= 5

NEE:() (Eg.4)

The (DE) is given by inserting the value of NEE, () in Equation Eq.3.
Furthermore, considering Equation Eq.A, the notation expression e ort is given
by the following equation:

NEE = ME DE LE (Eq.5)

We are interested in identifying how much of the total modeling e ort is
spent ondesigning notation expression and layouting. Thus, we can de ne the
Design E ort Percentage (DEP) as the ratio of the Design E ort (DE) over
the total Modeling E ort (ME):

DEP = DE=ME (Eq.6)

Similarly for NEE and LE, the percentages are given by:
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NEEP = NEE=ME (Eq.7)
LEP = LE=ME (Eq.8)

At this point, we want to underline that the DE may also occur during the
process of UML notation expression and/or layouting (as we are capable of
thinking while drawing). Our calculations indeed estimates the lower bound on
DEP (the minimum DEP), in the sense that we do not assume any occurrence
of DE during the process of notation expression and/or layouting. So the real
value of DEP may be more than the minimum found. At maximum, DE could
occur continuously from the beginning to the end of the modeling process (i.e.
Max(DEP) is 100%).

Our experiments were conducted at Polytechnic University of Milan in
Italy and Gadjah Mada University in Indonesia. We formulated three di erent
modeling scenarios. Every scenario describes a system to be designed (see
Section 2.4.1.1). A mix of 100 B.Sc. and M.Sc. software engineering students
were randomly given the modeling scenarios. To create their models, students
were asked to use WebUML [106] and Papyrus (https://eclipse.org/papyrus)
modeling tools. Both tools allow the logging of the modeling activities. We col-
lected the recorded log les for each participant and assignment. We also setup
an online questionnaire through which participants answered questions about
their background, expertise in UML modeling, tool usability, and assignments
understandability.

Based on the collected results, our research objective has been addressed
by de ning and responding to the following research questions:

1. How much of the modeling e ort is design DEP?

2. How much of the modeling e ort is notation expression NEEP?,

3. How much of the modeling e ort is layout, LEP?

4. Does thesize of the modeling scenario a ect DEP, NEEP and LEP?
5

. Does thetopic of the modeling scenario a ect DEP, NEEP and LEP?

2.4 Experiment

This section describes the modeling experiments conducted to answer the
research questions presented in Section 2.3. For this study, we conducted the
experiments in two di erent settings: (i) participants create models Individually
and (ii) in teams Collaboratively. We refer to the former setting asEXP1 while
the latter as EXP2.

EXP1 was conducted at Polytechnic University of Milan involving 48
students. During this experiment, the participants were asked to design a
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solution for given modeling scenarios using thaVebUML editor. EXP2 was
conducted in Gadjah Mada university in Indonesia involving 13 groups of 4
students each. Each group was asked to design a solution for a given modeling
scenario using Papyrus.

2.4.1 Experiment Preparation
2.4.1.1 Scenarios De nition

To make our analysis of the speci ¢ case independent, we evaluated thaesign
e ort with three scenarios (scenario 1, scenario 2 and scenario 3) from di erent
topics and with slightly di erent size (the number of classes in their solution
is di erent by one or two). Every scenario describes a simple system to be
designed. In addition, we have de ned atest scenariq used at the beginning
of the modeling sessions to explain to the participants how the tool works
and to let them get familiar with it. The description of the scenarios and the
experimental material can be found here: fittps://goo.gl/mvz2bm ).

2.4.1.2 Assigning scenarios to participants

EXP1 The ideal strategy to get the most generalizable results is to assign
all the three scenarios to each participant. However considering the average
time required to complete one scenario (around 25 minutes), assigning three
scenarios to each participant was not feasible due to the limited time the
students had available for the experiment. Thus, we decided to assign two
scenarios to each participant. In order to limit unintended e ects and to
have balanced experiments, we used the Graeco-Latin square theory [111] by
assigning di erent orders of scenario's to di erent groups of students. The
scenarios that are used in this experiment are: scenario 1, scenario 2 and
scenario 3.

EXP2 The purpose of this setting is to study possible e ects of group work
and modeling tools on the software modeling e ort. The used scenario in
this experiment is: scenario 2. The obtained data from this experiment are
compared to the data that are related to scenario 2 of EXPL1.

2.4.2 Experiment Execution

In this phase, the participants model the assigned scenarios using the WebUML
tool for EXP1 and Papyrus for EXP2. Both tools have a logging feature that
logs the participants' actions (such as the creation, modi cation, and deletion of
an element). The logs are useful to derive quantitative data which enable us to
compare and evaluate the produced designs and the time spent on interacting
with the tool. The experiments were conducted following these ve steps:
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(A) Introduction. We introduced the modeling tool to the participants through
a training session.

(B) Instruction. During this phase we explained the procedure of the experi-
ment to the participants, as well as showed them how to save and submit
their designs. Then, a short training exercize of 15 minutes took place
under our supervision in order to get the participants accustomed with
the basic functionality of the tool. This was done using a test scenario,
equal for all the participants.

(C) Modeling assigned scenariogSee Section 2.3 Modeling phasg. The
participants have to model the assigned scenario/s.

(D) Copying assigned scenariogSee Section 2.3Copying phasg. The patrtici-
pants simply copy (re-draw) the proposed model solution that is produced
in the Modeling Phase

At the end of step 4, the participants of EXP1 were asked to proceed
with the modeling and copying of the other scenarios following the same
way as described in steps 3 and 4, respectively.

(E) Closure. after submitting their models, the participants were asked to
answer a questionnaire about their personal information, knowledge about
UML modeling and perception regarding the usability of the modeling
tools (WebUML for EXP1 and Papyrus for EXP2).

The experiments were performed in a controlled environment. The participants
worked on computers in a lab at both Universities. There were supervisors
that walked around to monitor that the participants worked on the assignment
and not on other tasks or distractions.

2.5 Results

In this section we report the results of the two conducted experiments (EXP1
and EXP2). For EXP1, we present the results of 37 subjects since the ex-
periments of 11 subjects were not valid (8 worked concurrently on the rst
and second task while 3 had technical network problems which prevented us
from receiving their data) and then removed from the data set. We used the
statistical package R [112] to perform all tests. We chose a signi cance level at
0.05, which corresponds to a 95% con dence level.
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Figure 2.1: E orts distribution related to the scenarios of EXP1

Table 2.1: Statistical results for all scenarios of EXP1 and EXP2

EXP1
Scenario | # Subjects DEP NEEP LP
Mean | Std. Dev. | Mean | Std. Dev. | Mean | Std. Dev.
Scenario 1 21 57.93 18.66 37.93 18.65 4.15 2.69
Scenario 2 25 53.87 18.72 43.10 18.39 3.03 1.75
Scenario 3 22 56.21 16.03 41.26 15.67 2.52 1.20
All 55.88 17.69 40.91 17.51 3.21 2.04
EXP2
Scenario | # Subjects DEP NEEP LP
Mean | Std. Dev. | Mean | Std. Dev. | Mean | Std. Dev.
Scenario 2 52 73.60 8.40 22.14 8.34 4.25 2.88

2.5.1 Design, Notation Expression and Layout E orts
2511 EXP1

For each modeling scenario used during EXP1, we calculated the mean and
the standard deviation of DEP, NEEP and LEP. The results are presented in
Table 2.1.

2512 EXP2

We calculated the mean and the standard deviation of DEP, NEEP and LP that
are related to scenario 2 used in experiment EXP2. The results are presented
in Table 2.1. Figure 2.1 and 2.2 provide a better view of the distributions of the
various e orts (DEP, NEEP and LEP) related to the scenarios used in EXP1
and EXP2, respectively. (Note that the red diamond represents the Max(DEP),
as the DE may occur concurrently with notation expression and/or layouting
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activities.)

Figure 2.2: E orts distribution related to scenario 2 of EXP2

Results for Q1, Q2 and Q3 (EXP1): For all scenarios, we found
that the average Design E ort is 55.88%. While the rest is:
40.91% Notation Expression E ort and 3.21% Layout E ort

Results for Q1, Q2 and Q3 (EXP2): the average Design Eort  for
scenario 2 is 73.60%. While the rest is: 22.14% Notation Expres-
sion Eort and 4.25% Layout E ort.

2.5.1.3 Quality of the models

We consider the quality of the produced models as a further crucial factor.
We wanted to know how well the models re ect the domain problem, because
extremely bad (or rough) models could a ect the e ort statistics. To grade the
quality of the models, we de ned a rubric before running the experiment. The
rubric consists of a 5-point scale grading guidelineshttps://goo.gl/mvz2bm ).

In advance of the actual grading a set of possible ideal solutions was discussed.
The grading was done in two steps: (i) the assessors graded all models separately
(independently), (ii) the assessors discussed the di erences in grading and gave
the model the nal mark. Cohen's [113] was run to determine if there was
agreement between the assessors. See Table 2.2 (the range of ratings is [1 to 5]
where 1 is the most negative score and 5 is the most positive score, ratings are
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Table 2.2: Quality of the models

I-R. R.
EXP | Scenario M Ql | @3 | I-Q. R. Kappa p-value
1 Scenario 1| 4.00 | 3.00 | 4.00 1.00 0.57 0.000
1 Scenario 2| 3.00 | 3.00 | 4.00 1.00 0.39 0.000
1 Scenario 3| 4.00 | 3.00 | 4.00 1.00 0.61 0.000
2 Scenario 2| 4.00 | 3.00 | 4.00 1.00 0.53 0.002

reported in terms of: (EXP: Experiment, M: Median Score, Q1: 1st quartile,
Q3: 3rd quartile, 1-Q. R.: Inter-Quartile Range (Q3-Q1), I-R. R.: Inter-Rater
Reliability).

2.5.2 Comparison between the results of EXP1 and EXP2

The same modeling scenariogcenario 2) was used in both experiments EXP1
and EXP2. However, there are two factors that could a ect the DEP, NEEP
and LEP: () the modeling tool and ( ) number of involved subjects per
modeling task. For EXP1, WebUML was used by individuals. Whereas for
EXP2, Papyrus was used by thirteen groups (of 4 people each). In order to
assess the e ect of both factors ( and ) on the DEP, NEEP and LEP, we
performed Mann-Whitney's non-parametric test as the data are not normally
distributed (Shapiro-Wilk test' p-values are less than 0.05). The following
hypotheses were formed:

Null Hypothesis Hg;: There is no statistically signi cant di erence in
the DEP of the two cases.

Alternative Hypothesis Ha1: There is a statistically signi cant di erence
in the DEP of the two cases.

” Null Hypothesis Hp,: There is no statistically signi cant di erence in
the NEEP of the two cases.

"~ Alternative Hypothesis Ha2: There is a statistically signi cant di erence
in the NEEP of the two cases.

" Null Hypothesis Hgs: There is no statistically signi cant di erence in
the LEP of the two cases.

" Alternative Hypothesis Ha3: There is a statistically signi cant di erence
in the LEP of the two cases.

Table 2.3 shows the results of the test. Since the p-values of DEP and NEEP
are less than 0.05, we reject the null hypothesesHy; and Hg;) and accept
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Table 2.3: Impact of modelling tool and collaboration on DEP, NEEP and
LEP (Mann-Whitney tset)

Data Mann-Whitney U sig. 2-tailed
DEP 52.000 0.001
NEEP 42.000 0.000
LEP 125.000 0.249

Table 2.4: Impact of the size of models (Kruskal-Wallis test)

Data Chi-square | df | p-value
N of Classes 4.151 2 0.126
N of Associations 4.151 2 0.126

the alternative hypotheses Ha1 and Ha2). In other words, the di erences
between the mean rankings of DEP and NEEP of the two cases are statistically
signi cant. The p-value of LEP is 0.249 > 0.05. We cannot reject the null
hypothesis (Ho3), and the di erence between the mean rankings of LEP of the
two cases is not signi cant.

We have a statistical evidence to conclude that the DEP and NEEP are
a ected by the change of both the modeling tool and the number of involved
subjects per task. While LEP is not a ected by such change.

2.5.3 Impacts of The Topic/Size of The Modeling Sce-
narios on DEP, NEEP and LEP

We used three di erent scenarios for the three modeling tasks that were used
in EXP1. The scenarios are di erent in topic, but slightly di erent in size.

In order to statistically assess the di erence in the size, we calculated the
number of classesand associationsin each solution created by the students
per scenario. After that, we ran Kruskal-Wallis test [114]. The following two
hypotheses were formed:

“ Null Hypothesis Ho: There is no statistically signi cant di erence between
the median number of classes/associations in each solution created for
scenario 1, 2 & 3.

" Alternative Hypothesis Ha: There is statistically signi cant di erence
between the median number of classes/associations in each solution
created for scenario 1, 2 & 3.

The distributions of the number of classes and associations in the solutions
of each modeling scenario are reported in Table 2.5. The result of Kruskal-
Wallis test is presented in Table 2.4. We cannot reject the null hypothesis (the
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Table 2.5: Number of classes and associations in the solutions of each modeling
scenario

Scenario N of classes N of associations
Med. | Q1 | Q3 | I-Q.R. [ Med. | Q1 | Q3 | I-Q. R.
1 8.00 | 7.00| 8.00| 1.00 7.00 | 6.00| 7.00| 1.00
2 6.00 | 4.00 | 9.00 5.00 5.00 | 3.00 | 8.00 5.00
3 6.50 | 6.00| 7.75 1.75 5.50 | 5.00 | 6.75 1.75

signi cance value p = 0.126 > 0.05). In other words, the di erence between
the number of classes/associations in each solution created for scenario 1, 2
and 3 is not signi cant.

Results for Q4: We cannot assess the impact of the size of the mod-
eling task (scenario) on DEP, NEP and LEP, as we have evidence
that the modeling tasks are not statistically di erent in size.

At this point we only study the impact of the topic of the modeling scenarios
on DEP, NEEP and LEP. In particular, we want to asses if there is any
statistically signi cant di erence in the mean of DEP, NEEP and LEP between
the three modeling scenarios. To this end, the following set of hypotheses were
formed:

" Null Hypothesis Hg;: There is no statistically signi cant di erence in
DEP of the three scenarios.

Alternative Hypothesis Ha1: There is statistically signi cant di erence
in DEP of the three scenarios.

Null Hypothesis Hg,: There is no statistically signi cant di erence in
NEEP of the three scenarios.

Alternative Hypothesis Ha»: There is statistically signi cant di erence
in NEEP of the three scenarios.

Null Hypothesis Hoz: There is no statistically signi cant di erence in
LEP of the three scenarios.

Alternative Hypothesis Has: There is statistically signi cant di erence
in LEP of the three scenarios.

The normalities of DEP, NEEP and LEP were checked using Shapiro-Wilk
test [115]. Table 2.6 shows the p-values of the test. The p-values are less than
0.05, and the data are not normally distributed.
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Table 2.6: Normality Test results

Data Shapiro-Wilk (p-value)
DEP 0.046
NEEP | 0.027
LEP 0.000

Table 2.7: Impact of the topic of the scenario on DEP, NEEP and LEP
(Kruskal-Wallis test)

Data Chi-square | df | p-value
DEP 1.040 2 0.595
NEEP 1.630 2 0.443
LEP 4.325 2 0.115

Having non-normally distributed data, we applied the non-parametric
Kruskal-Wallis test [114]. Table 2.7 shows the results of the test in detail.
Since the signi cance values of DEP, NEEP and LEP are> 0.05, we cannot
reject the null hypotheses. In other words, the di erences between the mean
rankings of DEP, NEEP and LEP of the given three modeling scenarios are
not signi cant.

Furthermore, we compared the di erences in the mean value of DEP, NEEP
and LEP between every pair of scenarios using Mann-Whitney test [116]. The
results reported in Table 2.8 prove that the di erence in the mean rankings
of DEP, NEEP and LEP is not signi cant between every pair of the three
scenarios (the critical level of signi cance is 0.05/3 = 0.0167).

Results for Q5: We have statistical evidence to conclude that the
DEP, NEEP and LEP stay the same through di erent-in-topic
modeling tasks.

2.5.4 Subjects Questionnaire

This subsection resumes the feedback gathered from the participants involved
in the two experiments. These feedback (presented in Table 2.9) complement
the results, and are discussed in Sections 2.6 and 2.7.3.

2.6 Discussion

With the increasing popularity of agile-approaches in software development
there has been a reduced commitment from software development projects to
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Table 2.8: Impact of topic between every pair of scenarios (Mann-Whitney
test)

DEP (sig. 2-tailed) | NEEP (sig. 2-tailed) | LEP (sig. 2-tailed)
S1-S2| 0.408 0.316 0.168
S1-S3| 0.343 0.244 0.046
S2 - S3| 0.949 0.733 0.394

Table 2.9: Obtained feedback via the questionnaire

Feedback Results
Experiment | Med. | Q1 | Q3 | I-Q. R.
EXP1 2 1 3 2
Expertise in software modeling EXP2 3 2 3 1
EXP1 2 1 2 1
Experience in using UML EXP2 2 2 3 1
EXP1 4 4 4 0
Clarity of the scenarios EXP2 4 3 4 1
EXP1 4 3 4 1
Usability of the modeling tool EXP2 3 2 3 1

modeling. Partially this view seems motivated by the seeing of modeling as
an activity that produces 'documentation’ (rather than 'working code'). Our
study shows that a signi cant part of the e ort dedicated to modeling is spent
on thinking about the design. Even though the actual impact of this needs to
be further assessed, we believe that this thinking about the design is valuable.

For EXP1, our results show that at least 56% of the modeling e ort is spent
on design Whereas for EXP2, at least 74% of the modeling e ort is design
Our assumption is that the participants did not make any design e ort while
expressing the model in UML notation as well as doing layout.

One threat to the interpretation of our experiment is whether or not
design-thinking actually happens concurrently with notation expression or
layouting. Given the small size of the layout e ort, this would only have a
small impact on our interpretation. If one believes these cognitive tasks overlap,
then the interpretation of our experiment should be that there is indeed more
design thinking - i.e. we have found a lower bound on it through our study.
Consequently, the percentages that we found are minimum, and may increase
as the e ort on designing overlaps with the e ort on the other two activities
(notation expression and layouting).

The notation expressione ort is on average 41% andlayouting is on average
3%. These e orts may actually represent a cost of UML modeling. This cost
may be seen as an investment in the communication-value of documentation
within a team. In order to understand whether the cost of notation expression
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and layouting is inevitable or not, we may investigate the impact of the usability
of modeling tools on the modeling process. Although the participants of EXP1
used a modeling tool (WebUML) di erent from the one used in EXP2 (Papyrus),
we could not reveal the impact of the modeling tool on the modeling e ort.
This is because the modeling solution of scenario 2 of EXP1 was created
by participants individually, while the same scenario was modeled in by 4
participants collaborating in a team in EXP2. So, the di erence in the DE,
NEE and LE between the two settings could be due to the type of the modeling
tool or the number of assigned participants per modeling task. Observing
the perceived usability of the modeling tools by the participants of the two
experiments (see Table 2.9), it might be that the di erence in DE and NEE
between EXP1 and EXP2 is due to the factor of collaboration, i.e. design
discussions. As a future work, we aim to isolate the impact of these two factors
(modeling tool and collaboration) on the modeling e ort, as well as investigate
better modeling-tool support [117].

2.7 Threats to Validity

2.7.1 Construct Validity

We bene ted from the fact that we performed the experiment in a controlled
environment (instead of as a homework assignment): 8 students created the
model and its copy in parallel. We eliminated these cases from our data set
because we could not explicitly calculate the modeling and copying e orts. For
replication of this research, a lesson learned is to instruct students not to do
model and copy simultaneously.

We did not aim at maximizing realism and focused on class diagrams for
various reason. We wanted to: (i) ask simple tasks based on a well-known
notation; (ii) reduce confounding factors and thus keep more control over the
experiment compared to drawing multiple types of diagrams; and (iii) have a
preliminary result that can validate our vision.

2.7.2 Internal Validity

It could be possible that thoughts wander o into unrelated territories. The
following reasons limit the impact of this phenomenon: Firstly, the experiment
was performed in a controlled environment. Supervisors walked around the
room. They monitorred that there were no distractions like co ee drinking
or going to the bathroom. Also, they observed that the participants were
indeed working on the task behind their computers. Suppose that indeed some
wandering of thoughts happens, then our expectation is that this happens more
or less equally in the rst phase (modeling) and the second phase dopying). In
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this case at least the relative ratio between these tasks should not be a ected
much.

In the redrawing of a copy of the previously created solution, participants
in the study may have bene ted from a learning e ect. This could have led
to the notation expression e ort being a less than thenotation expression
e ort in the initial creation of the UML models. We think this a ect is small,
and that a more detailed analysis of notation creation activities can lead to a
quanti cation of this learning e ect. However in EXP2, we tried to mitigate
this factor by asking each group to copy the created solution of another group.

Moreover when performing the second modeling task (second scenario) in
EXP1, participants may have bene ted from a learning e ect as well as su ered
from the fatigue of performing two modeling tasks consecutively. We do not
think there is a large learning e ect in the use of the tool, because participants
have been trained in using the tool both before starting and as part of this
assignment. Hence they already have a reasonable uency in the tool at the
start of the rst scenario. We do think the a ect of fatigue is small because the
modeling scenarios are simple, and the required time to complete one scenario
is not too much (around 25 minutes).

2.7.3 External Validity

Complexity of the scenarios. The scenarios were kept simple and clear
so that the students can easily understand and complete the tasks in the time
of the experiment. In industry settings, modeling tasks can be much more
complicated in term of size, terminology, languages, level of details, etc. which
we could not cover in our study. This is a limitation on the generalizability
of the ndings of this paper when it comes to real-world cases. However, we
consider this threat as acceptable for this preliminary investigation. We are
working on studying larger scenarios to increase the generalizability.

Participants and their modeling expertise. The patrticipants involved
in our experiment may not represent the general population of modeling
practitioners. Moreover, the modeling expertise of our participants is relatively
homogeneous. This limits us from generalizing our ndings to other subjects
(i.e. experts, professional software architects, industrial practitioners in the
eld). Indeed, familiarity with the modeling tool and experience of designing
may result in di erent DE, NEE and LE percentages. We consider our ndings
as a basis to extend our study to larger community of modeling practitioners.

2.8 Conclusion and Future Work

In order to better understand the e ort involved in using software models in
software development, we introduced in this paper the distinction between
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design notation expression and layout e orts. Subsequently, we de ned and
ran two experiments in which we measure how much e ort each of these
activities takes { both in absolute e ort and as a percentage of the total e ort
spent on creating class diagrams in a simple student assignment. From these
experiments we conclude that UML modeling should not be considered so very
costly, because it triggers design thinking. According to our results, the e ort
spent on thinking about synthesizing the design takesat least 56% of the total
modeling e ort.

One implication of this research is that projects that create models concur
at least with signi cant thinking about the design. This aligns with an earlier
nding that developers report that creating design models in the early stage of
a software development projects, leads to better modularity of the design [104].

Future work: This line of research can be extended in many directions. In
order to increase the external validity, we would like to obtain data from larger
and/or industrial projects about their modeling e ort. We have started looking
into two projects where teams of 8 students work for 3 months full time on a
software project. Another extension that is of interest is to study the e ect of
usability of modeling tools on the time spent on subtasks of modeling. This
would highlight if tool complexity is a major factor in adoption of modeling.
Complementary questions would be to: (i) explore how much e ort is involved
in maintaining models up-to-date in documentation throughout a project, and
(i) study the impact of the designing and modeling on the speed and quality
of software development.
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Abstract

Software architects seek e cient support for planning and designing models
at multiple levels of abstraction and from di erent perspectives. For this
it is desirable that software design tools support both informal and formal
representation of design, and also support their combination and the transition
between them. Furthermore, software design tools should be able to provide
features for collaborative work on the design. OctoUML supports the creation
of software models at various levels of formality, collaborative software design,
and multi-modal interaction methods. By combining these features, OctoUML
is a prototype of a new generation software design environment that aims to
better supports software architects in their actual software design and modelling
processes.

Demo video: https: // youtu. be/ fsSN3rfEAYHw

OctoUML Project: https: // github. com/Imarcus/ OctoUML

Keywords:  software design; modelling notations; multi-modal interaction;
collaborative design; user experience; UML
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3.1 Introduction

Designing software consists of exploring design problems, discussing solutions
and creating software models as design artifacts. Such artifacts provide a bridge
between problem and software implementation by describing user's needs as
well as the product to be developed. As software systems are gaining increased
complexity, the importance of e cient software design tools is also increasing.
Software models change frequently and are quite often updated by many
designers simultaneously [118]. These models should present a description
of complex systems at multiple levels of abstraction and from a di erent
perspectives. Therefore, it is crucial to provide software design tools that give
possibilities for e cient and collaborative development as well as options for
multi-modal interaction.

Modelling tools can be classi ed into two groups: informal and formal [84].
We mean by informal any tool that supports informal design in the sense
that it does not constrain the notation used. Indeed, informal tools are
preferred for their exibility as well as the role that they play in unleashing
designers' expressiveness. Examples of such tools are whiteboards, paper
and pencil. While we mean by formal any tool that support one or few
formalized notations. Typical examples are UML CASE-tools (e.g. Rational
Rose, Enterprise Architect, Papyrus, StarUML, etc.). Formal tools are usually
used for code-generation and/or documenting purposes.

During early design phases, software designers often use informal tools (e.g.
whiteboards) to sketch their thoughts and compare design ideas. Once the
designers settle on one possible solution, they proceed to create a formal version
of the sketchy design. In particular, they move from the whiteboard, start-up
the computers, run a formal tool (a CASE-tool), and re-enter the solution
that has been created previously during the early design phase. So there is
a gap between informal designing in early software design phases and formal
design and documentation practices in subsequent development. To bridge
this gap, we presentOctoUML, a software design environment that supports
exploratory and collaborative design meetings. OctoUML provides means to
allow the creation of both sketchy hand-drawn elements and formal notations
simultaneously. Moreover, it allows the transformation of sketchy designs into
formal notations.

Oviatt and Cohen [119] illustrated the importance of multi-modal systems
in reshaping daily computing tasks and predicted their future role in shifting
the balance of human-computer interaction much closer to the human. We
enabled OctoUML to support multiple modes of interaction including mouse,
keyboard, touch/multi-touch using ngers and styluses, sketching, and voice
modality.

More often than not, the process of software design involves several designers
working on the same project simultaneously. This could also occur in user-
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centered design situations where users are involved in the design process. We
implemented OctoUML to support design collaborative sessions, bothn-situ
(via the adoption of multi-touch technique) and at a distance \remotely" (by
using a client-server paradigm). OctoUML can be run using a number of
input devices ranging from desktop computers over large touch screens to large
interactive whiteboards.

The paper is organised as follows: the related work is presented in section
two. Further information on OctoUML, its architecture and features, and the
performed evaluation are reported in section three. The future objectives and
concluding remarks are presented in the last section (section four).

3.2 Related Work

Several studies proposed di erent approaches to enhance the software design
process. Mangano et al. [71] identied some behaviors that occur during
informal design. In particular, designers sketch di erent kind of diagrams (e.g.
box and arrow diagrams, Ul mock-ups, generic plots, owcharts, etc.) and use
impromptu notations. The authors implemented an interactive whiteboard
system (called Calico) to support these behaviors and identi ed some ways
where interactive whiteboards can enable designers to work more e ectively.

Wdest et al. [72] stated that software engineers often use paper and pencil to
sketch ideas when gathering requirements from stakeholders, but such sketches
on paper often need to be modelled again for further processing. A tool,
FlexiSketch was prototyped by them to combine free-form sketching with the
ability to annotate the sketches interactively for an incremental transformation
into semi-formal models. The users oflexiSketchwere able to draw UML-like
diagrams and introduced their own notation. They were also able to assign
types to drawn symbols. Users liked the informality provided by the tool, and
had the will to adopt it in practice.

Magin and Kopf [120] created a multi-touch based system allowing users to
collaboratively design UML class diagrams on touch-screens. They have also
implemented a new algorithm to recognize the gestures drawn by the users and
to improve the layout of the diagrams. However, their tool does not allow for
informal freehand sketching of arbitrary notations.

Lahtinen and Peltonen [121] presented an approach to build speech interfaces
to UML tools. The authors set up a spoken language to manipulate the UML
models, and built a speech control systemV{oCoTo) integrated with a CASE-
tool (Rational Rose). They stated that speech recognition is applicable to be
used to enhance the interaction with UML tools.

Table 3.1 summarizes the main supported functionalities by OctoUML and
illustrates the di erences to the related work.
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Table 3.1: Comparison between OctoUML and the related work.

Related Work Informal & formal Interaction Modal- (Multi-Touch,
notations ities Remote Control)
Calico informal hand-drawn | mouse, keyboard and| (no, no)
notations touch
Flexisketch informal hand-drawn | mouse, keyboard and| (no, no)
notations touch
Magin&Kopf formal notations cre-| touch-based (yes, no)
ation via gestures
VoCoTo formal notations mouse, keyboard and| (no, no)
voice
OctoUML creation and mix of in- | mouse, keyboard,| (yes, yes)
formal and formal nota- | single touch, multi-
tions simultaneously touch, and voice

3.3 OctoUML

In a previous work [84], we presented our vision for a new generation software
design environment. To realize our vision, we developed a prototype called
OctoUML [117]. OctoUML is a software design environment that supports
exploratory and collaborative software design. It is used to create and organize
diagrams as well as supports their modi cation and evolution. Firstly, we
illustrate the architecture of OctoUML. Secondly, we describe the main func-
tionalities that are supported by OctoUML (sections B and C). Later on, we
provide a scenario showing how such functionalities could support the design
process. Lastly, we provide some details on OctoUML evaluation.

3.3.1 OctoUML's Architecture

The key architectural components of OctoUML are presented in Figure 3.1.
The environment contains three major components: Ul component, Data
component and Services The current version of the system o ers only the
Ul and Data components. Additional services will be added during future
development. The Ul component consists of: Presentation manager and Input
unit. The Presentation manager provides means for performing stylus or
touch-based input commands on devices being useddrawing layers include
support for both informal and formal modelling layers. The Command tools
are responsible for transferring the inputs from users to di erent controllers.
The Graph controller allows switching between di erent input techniques with
combining of multiple layers. The Input unit is responsible for processing
di erent inputs. In particular, a Sketch recognizeris provided to recognize
and transform informal models into formal concepts, and hence allows to
maintain and transfer the designs for further processing tasks. AMulti-touch
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Figure 3.1: Architectural Components of OctoUML

controller captures and coordinates the inputs from di erent touch-points. All
the program data are saved and stored in theData component Our tool uses
a set of data structures to manage and maintain the sketched elements and
formalized designs.

3.3.2 Informal and Formal Notation

Whiteboards (or any informal tools e.g. paper and pen) are used during early
software design phases because of their exibility and immediacy, but also
becuase they do not constrain the notation being used. Informal notations
(e.g. sketche$ can be used to express abstract ideas representationally, to
allow checking the entirety and the internal consistency of an idea as well as
to facilitate development of new ideas [31]. Furthermore, informal notations
can have a very close mapping to the problem domain. However, the informal
notations often need to be formalized in order to allow their manipulation and
process e.g. sharing, code generation or documentation.

Modelling tools should not constrain designers to create only some specic
notations. Furthermore, they should maintain the characteristics of formal
tools in their support of design transfer and persistence [84].

OctoUML allows the creation of both hand-drawn informal sketches and
computer-drawn formal elements (currently UML class and sequence models)
on the same canvas simultaneously (Figure 3.2). OctoUML bridges the gap
between early software design process, whanformal tools are typically used,
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Figure 3.2: Combination of di erent notations on the same canvas

and later documentation and formalization process, whenformal tools are
used. Beside supporting the creation of software models at di erent levels of
formality, OctoUML is equipped with a Sketch recognition unit which enables
sketch formalization. In particular, OctoUML allows the transformation of
models from informal to formal and vice versa at any time during the modelling
session. Furthermore, we adopted a layering technique by which the informal
notations belong to one layer that we call theinformal layer, and the formal
notations belong to another layer that we call the formal layer. The user can
then select to see the layers in combination or isolation.

3.3.3 Interaction Modes and Collaboration

The usability of current CASE tools is a common source of criticism [13]. The
interaction with such tools is often based on using the mouse and keyboard.
Other modes of interaction (e.g. touch, gesture and voice) could be more
natural and intuitive. In order to improve the user experience of OctoUML and
increase its accessibility, the interaction modalities of OctoUML are enriched
by providing a voice-commandsrecognition component capable of transforming
designers' voice-commands into control actions.

The process of software design often involves more than one designer working
on the same project simultaneously. OctoUML promotes collaborative design
by adopting a multi-touch technique and supportingremote collaboration Next,
we provide more details on the supported functionalities:

~ Multi-touch is an interaction technique that permits the manipulation
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of graphical entities by more users at the same time. Our tool allows
multiple users to design diagrams simultaneously by performing simple
touch gestures.

In order to improve the user experience, we integrated avoice-commands
control component within the Input unit. The component is capable of
handling the most commonly used functions during the design process.
Thus, users can use voice commands in order to create and edit elements
of software diagrams.

To open up new opportunities for interactive collaborative design, our tool
supports remote collaborative sessions between geographically distributed
teams. One team of designers can run a server instance of OctoUML,
whereas another team can join the session as client connecting to the
server. Video calls and chatting tools will be integrated in order to
support the joint design sessions.

3.3.4 Design process in UctoUML: A Scenario

Figure 3.3 illustrate the design process in OctoUML. Activities that are currently
supported by OctoUML are distinct in green. Let us think about the following
scenario: a group of software designers meet to explore and discuss design ideas
of a speci ¢ software product. The designers start with the creation of some
informal sketchy designs using OctoUML being deployed on a large interactive
whiteboard. After that, the designers proceed with a selective transformation
of some informal sketches into a formal model. Later on, the created model
is analyzed to check possible aws and performance bottlenecks. Finally, the
model is saved and uploaded to a version control repository. The designers
meet again (on-site or from di erent locations) when new requirements come
out or having earlier requirements exposed to changes. They fetch the design
that was previously shared on the version repository, update the design, and
commit a new version that is now compliant to the new requirements.

3.3.5 Evaluation

Two user studieswere performed to evaluate OctoUML. In both studies, the
participants had to do a modelling task using OctoUML, answer a System
Usability Scale (SUS) questionnaire [122], and participate into semi-structured
interviews. The rst study involved fourteen software engineering students
(ten PhD and four M.Sc. students) and two post-doc researchers. The main
purpose of the rst study was to evaluate the usability of OctoUML as well

as to investigate whether supporting the mix of informal and formal notation
could support the design process. OctoUML got an average SUS-score of 78.75
which is a high usability score according to [86]. The participants stated that
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Figure 3.3: Design process in OctoUML

informal notations could be valuable artifacts beyond being just explorative
means. They also stated that such notations support designers' activities
in understanding the problems and communicating ideas. Figure 3.4 shows
the feedback from the participants regarding the use of informal and formal
notations within OctoUML.

Figure 3.4: User study I: informal vs. formal notations

The second study involved fourteen participants (three PhD and eleven
M.Sc. software engineering students). The main purpose was to evaluate the
learnability and usability of OctoUML as well as the role of the voice interaction
modality in enhancing the user experience and supporting the software design
process. OctoUML got a SUS-score of 74.6 which can be considered a quite
good usability score [86]. The majority of the participants stated that it was
easy to learn and use the di erent functionalities of OctoUML (including the
voice interaction modality), see Figure 3.5. Furthermore, the voice interaction
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Figure 3.5: User study II: usability and learnability of OctoUML

modality was perceived helpful in overcoming non-ergonomic tasks e.g. typing
via a keyboard.

3.4 Conclusion and Future Development

In this paper we presented OctoUML, a prototype of a new generation software
design environment for collaborative software design. It provides support for
mixing informal hand-drawn elements with formal notations. Moreover, it
supports di erent input methods and interaction modalities.

OctoUML combines the advantages of both informal tools e.g. interactive
whiteboards and formal tools e.g. CASE tools, and therefore is able to bridge
the gap between early software design process (when designers often sketch
their ideas) and formalisation/documentation process. OctoUML was evaluated
by conducting two user studies and involving thirty participants in total. The
main goal was to get feedback on the viability and usability of OctoUML. The
results show that the participants enjoyed their experience with OctoUML and
had a positive perception regarding its usability.

The current architecture of OctoUML allows future expansions of the system
with additional functionalities. The goal is to implement and incorporate
additional features in the subsequent versions of the system:

{ Analysis component It will perform software model analysis. This tool
will be used to automatically evaluate the created software models to
detect general design aws, security aws and performance bottlenecks.
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{ Versioning component The purpose is to provide a repository for keeping

track of the version history of stored models, and the ability to observe
changes that are made to specic artifacts in the environment. The
system should also be able to resolve con icts when two users change
the same model data. Such component would increase the potential for
parallel and distributed work, improve the ability to track and merge
changes over time, and automate management of revision history. It
would also allow multiple designers to work concurrently, supporting tight
collaboration and a fast feedback loop.

Code management Models and code must be combined throughout the
development process. Users will be able to generate code from formalized
UML class diagrams as well as view models and codes side by side and
jump between editing one and keeping the other synchronized.
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Abstract

A recurring theme in discussions about the adoption of Model-Based Engi-
neering (MBE) is its e ectiveness. This is because there is a lack of empirical
assessment of the processes and (tool-)use of MBE in practice. We conducted
a multiple-case study by observing 2 two-month MBE projects from which
software for a Mars rover were developed. We focused on assessing the dis-
tribution of the total software development e ort over di erent development
activities. Moreover, we observed and collected challenges reported by the
developers during the execution of projects. We found that the majority of the

e ort is spent on the collaboration and communication activities. Furthermore,
our inquiry into challenges showed that tool-related challenges are the most
encountered.

Keywords:  Software Engineering; Model-Based Engineering; E ort Distri-
bution; Modeling Tools; MBE Challenges; Case Study Design.



74 4.1. INTRODUCTION

4.1 Introduction

Models provide e ective means for supporting the communication between
stakeholders, and serve as speci cation for the implementation of software
systems. Model-Based Engineering (MBE) is a software development approach
in which models play an important- central role [123]. MBE aims to increase
the abstraction level and aims to promote the automation of the development
process [3].

Empirical assessment of the use and process of MBE is scarce. The adop-
tion of MBE is still debated in practice. On the one hand, MBE has been
applied e ectively in several application sectors, e.g., embedded systems [4] and
telecommunication [23]. Furthermore, by focusing on practitioners' experiences
and perceptions, several studies claimed that the adoption of MBE helps to (i)
improve the productivity of the developing teams by increasing the abstraction
level, (i) enhance the quality of the software and (iii) support its maintain-
ability [4,21,87]. On the other hand, some practitioners consider MBE as a
time-consuming and unproven approach that merely complicates matters [3].

4.1.1 Rationale

Generally, the eld of software engineering perceives a discrepancy between
empirical software engineering ndings and developers'4 priori ) beliefs and
opinions, which are often based only on personal perspectives on the devel-
opment processes. Devanbu et al. [6] suggested that more in-depth studies
that address the interplay of belief and evidence in software practices are
needed. The same issue is pointed out by Ralph [124] who di erentiated be-
tween two paradigms of software development researchEmpirical and Rational.
Empiricists believe that knowledge can only be justi ed by sense experience
and observation. In contrast, rationalists accept that some knowledge can be
justi ed by observation, but claim that other knowledge is justi ed by reason

or intuition. Ralph claims that the rational paradigm continues to dominate
the software engineering standards and approaches: many developers and
researchers hold beliefs that are incongruous with empirical evidence. This,
according to Ralph, would undermine the software engineering community's
scienti ¢ credibility.

4.1.2 Objective and Contribution

This study contributes to the body of knowledge on the process and use of
MBE in practice. In particular, we conducted a multiple-case study [78] by
analyzing and discussing empirical data collected from 2 two-month MBE
projects carried out at the Technical University of Eindhoven, the Netherlands.
The main contributions of this paper are two-fold:
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" Firstly, we shed light on the distribution of development e orts in MBE.
The resulting observations on e ort distribution could lead to improved
MBE project planning and organization (e.g., resource allocation and
risk management), which in turn could lead to cost reduction.

Secondly, we report and further analyze di erent challenges to the process
and use of MBE in practice. Exposing such challenges would make them
a candidate subject for research that are concerned with MBE process
improvement. Moreover, understanding and providing ways to overcome

these challenges could bring a signi cant impact to the e ectiveness and

e ciency of the MBE approach.

In this paper, we address the following research questions:

R.Q.1 How is the total e ort spent on MBE distributed over di erent
development activities?

R.Q.2 How is the e ort spent on di erent MBE development activities
distributed over time?

R.Q.3 How large is the portion of collaborative work in MBE projects?

R.Q.4 What are the challenges that a ect MBE in practice?

R.Q.5 How are the challenges that a ect MBE distributed over project
time?

The remainder of this paper is organized as follows: in Section 4.2, we consider
and discuss the related work. We describe the case study design in Section 4.3.
We present and discuss the results in Section 4.4. We discuss the threats to
the validity of this study in Section 4.5. Finally, we conclude and discuss the
future work in Section 4.6.

4.2 Related Work

In this section, we review the published work on: (i) measuring e ort distribu-
tion between MBE development phases, and (ii) challenges encountered when
adopting MBE.

421 E ort distribution in MBE

Distribution of e ort in software engineering processes is largely researched in
the context of estimation and planning of software projects [125]. Several prac-
titioners studied the e ort required for di erent software development activities,

and provided rules of thumb such as the \40-20-40" rule of Pressman [126],
that is 40% on analysis and design, 20% on coding and 40% on integration and
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testing. Other rules of thumb were provided by: Ambler [127], Boehm [128],
Boehm et al. [129], Brooks [130] and Zelkowitz [131].

In his text book, Sommerville [132] estimates e ort distribution by measur-
ing cost units in di erent development activities, i.e., 15 units on speci cation,
25 units on design, 20 units on development/implementation and 40 units on
testing.

Yang et al. [133] empirically studied development e ort distribution of 75
projects from 46 software organizations from the China Software Benchmarking
Standard Group (CSBSG) database. The development approaches de ned
in CSBSG database roughly follow the waterfall model, including planing,
requirements, design, coding, testing and transition. The following mean
e orts over each development phases are reported: 16.14% for planning and
requirements, 14.88% for design, 40.36% for coding (including unit test and
integration), 21.57% for testing (system testing), 7.06% for transition (including
installation, acceptance test and user training).

Recent works including the one by Papatheocharous et al. [134] studied
e ort distribution based on projects obtained from the International Software
Benchmarking Standards Group (ISBSG) R10 dataset [135]. The six develop-
ment phases declared by ISBSG are: planning, speci cation, design, build, test
and implementation. The mean e orts spent on each development phase are
reported as follows: 8.2% for planning, 7.9% for speci cation, 11.9% for design,
36.8% for developing and building, 15.5% for testing, 5.6% for implementation
and 14.0% for unphased activities.

On the basis of data collected from 20 industrial software development
projects, Heijstek and Chaudron [136] reported e ort distribution over various
disciplines, de ned by the Rational Uni ed Process (RUP), in MBE. The
following e ort distribution was reported: 11% for analysis & design, 8% for
requirements analysis, 12% for testing, 38% for implementation, 13% for project
management, 4% for change & con guration management, 3% environment,
2% for deployment, 9% for others choices. This is, according to the authors,
surprisingly similar to the RUP Hump chart, and thus underlines the similarity
between MBE and traditional development approaches. To the best of our
knowledge, this study is so far the only one that investigates e ort distribution
in MBE projects.

4.2.2 Challenges in MBE

Although MBE claims many potential bene ts, e.g., gains in productivity,
portability, maintainability and interoperability [19 {21], its adoption has been
facing a number of challenges. These challenges are discussed in academic
forums and empirically investigated in a number of industrial cases.

Van Der Straeten et al. [137] summarize outcomes of a plenary session at the
MODELS'08 workshop on \Challenges in Model-Driven Software Engineering"
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where participants discussed challenges in the eld of MDE. Discussed challenges
included: management of models quality, lack of focus on modeling process
and models at run-time, and insu cient MDE tool-support.

Lately, Mussbacher et al. [22] re ected opinions of 15 MDE experts on the
biggest problems with MDE technologies over the last 20 years. The authors
highlighted that tools usability and adoption, people's diverse perception of
MDE, inconsistencies between software artifacts, and lack of fundamentals in
MDE are considered as hindrances to MBE adoption.

Baker et al. [23] discussed experiences with MBE/MDE at Motorola over a
time span of almost 20 years. A number of challenges were reported, such as
poor tools and generated code performance, lack of integrated tools, and lack
of scalability.

Hutchison et al. [5] analyzed 250 survey-responses and 22 interviews, as well
as did on-site observations of MDE. They found that the main challenges to
MDE adoption are signi cantly related to Domain-Speci ¢ Languages (DSLS)
and MDE tools, as well as to organizational factors and human training
issues. Based on a survey involving 113 software practitioners, Forward and
Lethbridge [138] reported common problems with model-centric development
approaches. These problems are related to inconsistency of models over time,
model interchange between tools, and heavyweight modeling tools.

Similarly, by surveying 155 Italian software professional, Torchiano et al. [18]
considered lack of competencies and supporting tools as the main show stoppers
preventing altogether the adoption of modeling and model-driven techniques.

In the embedded systems domain, Liebel et al. [17] analyzed survey-responses
from 122 professionals working with MBE, and considered that interoperability
between (MBE/MDE) tools as a main challenge to MBE adoption. Moreover,
other factors such as, high e ort to train developers and tools (poor) usability,
were also identi ed as secondary MBE challenges.

While the above-mentioned studies help in exploring challenges, there are
a number of other studies which focus on speci c challenges, especially tool-
related ones. By performing a series of interviews with 20 engineers and
managers at General Motors, Kuhn et al. [139] identi ed ve points of friction
in MDE. All of them are related to MDE tools. Similarly, by analyzing a total
of 39 interviews with industrial practitioners, Whittle et al. [14] identi ed a
taxonomy of technical, social and organizational issues related to MDE tool
use in practice. Addressing such issues together with modeling tools-related
issues identi ed by this study, would probably ameliorate the e ectiveness and
e ciency of MBE.

4.3 Case Study Design

Yin de ned case studies as empirical inquiries to perform a deep investigation
of a particular phenomenon, where the boundary between the phenomenon and
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Figure 4.1: Case Study Design.

its real-life context cannot be clearly speci ed [78]. Our multiple-case study is
an exploratory- inductive empirical research [79] conducted to identify patterns

in observations, seek new insights, and generate ideas and hypotheses for new
research. Figure 4.1 shows the design of our multiple-case study. Further details
regarding the case study design will be presented in the following subsections.

4.3.1 Purpose and Cases

Multiple-case studies are regarded as being more robust than single-case studies,
and the evidence from multiple cases is often considered more compelling [140].
The intention of the study is to explore the e ort distribution over di erent
MBE development activities. Moreover, the study seeks to identify challenges
and impediments that could hinder the use of MBE in practice. In particular,
two cases were examined:

(A) MathWorks: MBE of the software of a Mars rover using MBE tools as
provided by MathWorks technologies, e.g., Matlab and Simulink.

(B) PolarSys: MBE of the software of the same rover using MBE tools as
provided by PolarSys open source technologies, e.g., Papyrus and Capella.
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4.3.2 Units of Analysis
The multiple-case study is embedded [78], with two Units of Analysis (UoA):

(A) E ort Distribution : Analysis of the distribution of the total MBE e ort
over di erent development activities over time.

(B) MBE Challenges Analysis of the challenges that could hinder the adop-
tion of MBE in practice.

4.3.3 Propositions

The two cases are selected to predict possible contrasting resultshigoretical
replication) on MBE challenges and development e orts by altering one condi-
tion: the used MBE tools (MathWorks vs. PolarSys). Furthermore, the ndings
of the this study will be compared to those of other related work in order to
nd out any eventual supportive similarities or contradicting di erences.

In particular, based on the related work we state the following two proposi-
tions:

~ Proposition A: We propose that the distribution of development e ort
over di erent MBE activities follows the rules-of-thumb e.g., the \40-20-
40" rule. If our ndings are not compliant, then a deeper investigation
of the MBE approach is needed in order to understand why the e ort
distribution deviates from the standard rules.

Proposition B : We propose that poor tool-support is the most frequently
reported challenge that a ect the adoption of MBE in practice. If the
perceived challenges in our study do not matchthen a deeper investigation
of the severity of the perceived challenges (both of our study and related
work) is needed.

Moreover, for the scope of this multiple-case study, and based on the planned
cross-case analysis, we state the following two additional propositions:

" Proposition C : We propose that the distribution of the development e ort
in case 1 matches that of case 2If the distributions do not resemble, then
the choice of tools and technologies in MBE could a ect the development
e ort. Hence, a deeper investigation of the impact of MBE tools on the
development e ort is needed.

Proposition D : We propose that similar challenges would be perceived
in the two cases. If dierent challenges with di erent severities are
perceived, and if the di erences are mainly related to the used MBE
tools, then we suggest that there is a di erence in the maturity between
the two technologies (i.e., MathWorks vs. PolarSys).
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Figure 4.2: Maze-discovering rovers assignment.

4.3.4 Context

The Professional Doctorate in Engineering (PDEng) program of the TU/e aims
to train graduates that have (a non-CS) MSc diploma to become professional
software engineers. A group of 17 trainees of this program were involved in two
projects to develop software for a couple of collaborating concurrently-maze-
discovering rovers. The rover system was chosen because of its similarity to
the type of software that is developed at the ASML company in Eindhoven.

For both projects, it was mandatory to use MBE as the development
approach (e.g.,almost all software were developed and generated based on, and
from, models). The objective of the projects was to develop control software
for two rovers that would concurrently discover a single maze of roads as fast
as possible. See Figure 4.2. Here, a road consists of a small line of tape with a
re ection that di ers su ciently from the underground it is mounted on. The
rovers were equipped with IR sensors and a (low-resolution) PID-controller
that enabled the rovers to autonomously follow the roads. The rovers had to
communicate with each other in order to complete their task in discovering
di erent parts of the same maze. The discovered map of the maze had to be
visualized to the end-user during the discovery, and had to be persisted as an
end-result.

The trainees were bootstrapped with the hardware and a software API to
control the hardware (e.g., motion of the rover), as well as to get the sensors'
readings (for e.g., line tracking). The software AP| was provided at the start
of the projects, the hardware itself was provided late in the projects as usually
is the case in real-life situations. The main deliverable of the two projects
was to produce the rovers' software application. However, in order to test
the maze-discovering software application, the trainees needed to develop a
software simulator of the hardware. Once the rovers' software application was

Lhttps://www.asml.com
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veri ed and validated, the simulator was replaced by the actual hardware.
The supervisors of the projects could accept deviations from the initial

requirements w.r.t. the development process. That would be possible if and

only if such deviations were very well motivated and supported by the trainees.
The group of trainees was organized as follows:

" Team MathWorks: Consisted of seven trainees: One team leader respon-
sible of general team tasks as well as team process, risks and design. One
design manager appointed to collaborate with the PM on the architec-
ture. One test manager responsible for managing Ul tests, unit tests
and acceptance tests. One quality manager responsible for code-review
for quality assurance and managing documentation (coding and docu-
mentation standards). Three developers responsible for modeling, code
generation, and manual coding as well as testing. ThéMathWorks team
had to develop both software systems (the rover software application and
the simulator) using MBE/MDE tools as provided by the MathWorks ?
technologies, e.g., Matla and Simulink®.

Team PolarSys. Consisted of six trainees. One team leader, one design
manager, one test manager, one quality manager and two developers.
These roles had the same responsibilities as described in teadathWorks.
The PolarSys team had to develop the same software applications using
MBE/MDE tools as provided by the PolarSys® open source technologies,
speci cally, Papyrus® and Capella’. Other tools used by the two teams
are reported later in Section 4.4.4.

Con guration & Integration Support : Three trainees given the task to
setup, con gure and support a continuous development and integration
environment for both MathWorks and PolarSys teams.

Project Management (PM): Both teams were managed by one trainee, who
was responsible of the plan, process, risks, architecture and integration
management of the two teams.

The two teams organized themselves in an agile way and had to complete
their projects in two months working full-time (i.e., each trainee worked ap-
proximately 8 hours per day). The trainees of each team had to meet with
the PM and discuss the progress on a weekly basis. Figure 4.3 summarizes
the organization of the development teams augmented with size and role
information.

2https://se.mathworks.com
Shttps://se.mathworks.com/products/matlab.html
4https://se.mathworks.com/products/simulink.html
Shttps://www.polarsys.org
Bhttps://iwww.eclipse.org/papyrus
https://www.polarsys.org/capella
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Figure 4.3: Organization of the development teams.

4.3.5 Data collection and Analysis

The data collection consisted of weekly questionnaires as well as developers'
time and actions tracking tools. Each week, the developers had to answer
a questionnairé® in which we collected, amongst others, evidence on: (i) the
perceived e ort spent on di erent MBE activities, and (ii) challenges and
impediments that a ected the development process. TheProcrastiTracker °
software was used to automatically track for each developer which applications
and documents were used on their computer and for how long. We also collected
the recorded log les produced by this software for each developer on a weekly
basis.

We intend to analyze the results by means ofpattern matching and cross-
case synthesig78]. Pattern matching helps to compare an empirically observed
pattern with another pattern. When they agree then the pattern is true.
Whereas, cross-case synthesis can be used in multiple-case studies to investigate
and compare the di erent cases. Moreover, we intend to use NViv¥ for
qualitatively analyzing the data related to the experienced challenges to MBE
approaches.

4.4 Results

In this section, we present the ndings of this study together with their interpre-
tation, as well as in relation to the published work and stated propositions. We
recall that the ndings are based on the considered multiple-case study and its
context. Also, as mentioned previously in Section 4.3.5, we recall that we used
pattern matching and cross-case synthesigor data analysis and interpretation.

8 http://www.rodijolak.com/pdf/WeeklyQuestionnaire.pdf
9http://strlen.com/procrastitracker
10 https://www.gsrinternational.com/nvivo
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Figure 4.4: Total E ort Distribution Case 1

Figure 4.5: Total E ort Distribution Case 2

4.4.1 Development E orts (R.Q.1)

Figures 4.4 and 4.5 orderly arrange the percentage values of the e orts spent
on di erent MBE activities in case 1 ( MathWorks) and case 2 PolarSys),
respectively. As can be noted, the majority of the e ort is spent on Discussion
(14.32% in case 1 athWorks) and 15.32% in case 2RolarSys)). More details
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Figure 4.6: Discussion E ort Distribution Case 1

regarding the topics/arguments of the discussions related to case 1 and 2 are
provided by Figures 4.6 and 4.7, respectively. In particular, these gures report
an estimation of the percentages of the topics that were discussed each week.
We got these estimations by matching the reported percentages on development
discussions with the role responsibility of the reporting developer. Based on
this, four main discussion topics were identi ed: Design and Development,
Testing, Con guration and Integration, and Project Management. It can be
observed that the majority of the discussions were aboufroject Management
and Design and Development

Table 4.1 shows a comparison of the e ort phase distribution between
the related work and our multiple-case study. This table is inspired by Pap-
atheocharous [134]. First of all, it seems that the e ort phase distributions
in our two cases are compliant with the RUP's e ort distribution reported
by [127]. Moreover, it seems that the development e ort distribution in the
two cases is compliant with the \40-20-40" rule-of-thumb. This suggests that
the e ort distribution in MBE projects does not deviate from the distribution
de ned by the standard rules (Proposition A).

Giving a look on the separate development phases, we note the e ort spent
on planning (i.e., project management activities such as: de ne project scope,
allocation, estimate cost, risks and schedule, etc.)RE, speci cations and testing
in our two cases seem to be in-line with the e orts reported by the related
work, especially the recent works of Heijstek [136], Papatheocharous [134] and
Yang [133]. Surprisingly, the e ort spent on software design and modeling in
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