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Abstract

This study investigates the visualisation methods used to depict Labelled Transition Systems used in
Model-Based Testing. Visualisation is currently done with node-link diagrams. These diagrams are
insufficient for the growing amount of data to be visualised. The depiction of real-world systems with
abundant data is often characterised by a high degree of complexity, which can impede the interpretation
of graphs and the effective presentation of data. Consequently, the exploration of alternative approaches
is imperative. Design criteria were established, and alternative visualisation methods were selected based
on those. Five novel visualisations were made using in-house data from Axini, a Dutch Model-Based
Testing company. A survey was sent out to compare the original situation and the five new visualisations
with the design criteria. Our analysis shows that novel visualisation approaches outperform traditional
methods in terms of clarity and user engagement. Furthermore, visualisation methods with interactive
features have a positive impact on usability and expressiveness.
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Chapter 1

Introduction

Software testing is an important technique to assess the quality of systems. There are many ways to
test a system. Omne of those ways is Model-Based Testing (MBT), which has gained popularity among
academia and in industry [1-4]. MBT generates test cases based on a model of the system under test
(SUT). The behaviour of the SUT is modelled with a variation of a state-transition model, where the
states in the model represent an abstraction of the states of the system, and the transition between the
states represent the actions that the system may perform [3].

To facilitate the development of these models for testing, they can be expressed as a Labelled Tran-
sition System (LTS) or as a Symbolic Transition System (STS). An LTS can depict any conceivable
execution path and an STS combines that with data, variables, and data-dependent logical conditions
[3]. Visualisations of the model, which provide insight into the circumstances generating the (un)desirable
behaviour, give the user a visual representation of the system and aid in rapidly identifying the model’s
flaws [5]. Typically, node-link diagrams (state-transition models) are used to visualise LTS models [1, 3,
5-7]. These diagrams are widely used to model systems in physics, linguistics and computer science and
are a form of Directed Acyclic Graphs (DAG) that model relationships between objects [5].

A problem arises when the model is to represent a complex, real-world system [8]. Encoding all
possible data values in transitions and mapping the data to a DAG, leads to state space explosion and
causes the visualisation to become too complex to create a good overview for the users [3]. To try and
reduce the state space explosion, most studies working with large models in the field of information
visualisation have found that graphs can become difficult to navigate rather quickly.

Additionally, large visualisations are associated with a lot of visual clutter; we aim to identify vi-
sualisation methods that minimise this. We base our research on explored and mature solutions, i.e.
clustering [5, 6] and semantic zooming [4].

1.1 Problem statement

The specific problem at hand is the challenge of how to visualise a large amount of information without
overwhelming the user. As systems grow, exploring information collections becomes increasingly difficult,
and a textual representation becomes increasingly harder to comprehend [9]. Previous studies have looked
at models several times larger than the models used in MBT, averaging around 1000+ visualised nodes,
and the resulting visualisations are only for displaying or presenting. Our research is about graphs and
models, where 100 visualised nodes are a considerable amount. We discuss some studies which utilised
a different visualisation paradigm/technique to display LTS models. We want to create comprehensive
visualisations that can be used effectively during testing, presenting, and debugging. For those purposes,
we need to look beyond node-link diagrams. To achieve this, we turn to established visual notations in
software engineering: Universal Modelling Language (UML) models and tree diagrams.

1.1.1 Research questions

The present study sets out to achieve two objectives: firstly, to investigate an alternative way to visualise
complex LTSs, and secondly, to ascertain the effectiveness of adding such a new feature into the already
existing MBT environment of Axini. This leads to the following research questions:

RQ 1 How can alternative visualisation types enhance the comprehension and analysis of
complex Labelled Transition Systems for users?
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RQ 2 How can interactive features and user-driven exploration be incorporated into Labelled
Transition Systems visualisations to support model checking or analysis more effectively?

And the following sub-research questions:

e RQ 1.1 In what ways does a novel visualisation approach for Labelled Transition Systems outper-
form traditional graph-based visualisations in terms of scalability, clarity, and overall user experi-
ence?

e RQ 2.1 How does the inclusion of interactive features impact the usability, performance, and
expressiveness of the Labelled Transition Systems visualisation tools for expert and new users?

1.1.2 Research method

This study uses the methodology to observe users doing their work with the visualisation while thinking
aloud and sharing their thoughts. This way we could inspect and question how the users go about using
the visualisation and where they get stuck, or what their wishes are for an alternative.

Based on this information, design criteria for the alternative visualisations were set up. Additionally,
the requirements set by users were used to design a prototype of the ideal visualisation situation.

We selected a known LTS model from Axini to use as input data for an open-source tool called
cytoscape-expand-collapse. With the tool, a proof of concept was constructed that showcases the
functionality of the novel visualisation method employing semantic zooming combined with glyphs. At
the same time, alternative visualisations were being realised in D3 and MermaidJS.

To compare and validate the visualisation methods, a survey was sent out to expert users connected
to Axini, developers who designed the current situation and to students of the MSc Software Engineering.
Participants were asked to provide feedback via a variety of questions about the visualisations.

1.2 Contributions

This research aims to expand on previous research about visualising LTS models in the MBT domain.
Our research makes the following contributions:

1. Design criteria for a visualisation of Labelled Transition Systems used for Model-Based Testing.

2. A comparison of alternative visualisation methods for Labelled Transition Systems, selected based
on user criteria.

3. A novel way of visualising labelled transition systems by combining semantic zooming with glyphs.

1.3 Outline

Our work is structured in the following way: in Chapter 2, we describe the background of this thesis
and explain the related domains and the key terms. Chapter 3 contains the previous work done in the
relevant domains related to this thesis. Chapter 4 describes the design criteria we established and the
visualisation methods chosen to implement. Results are shown in Chapter 5 and discussed in Chapter 6.
Finally, in Chapter 7 we present our concluding remarks together with future work.



Chapter 2

Background

This chapter serves as an overview of relevant topics, offering necessary background information for this
thesis. We will introduce the related topics and domains such as information visualisation, Model-Based
Testing, Labelled Transition Systems, visualisation construction, and aesthetics. Together with Chapter
3 on related work, these sections provide context for the project.

2.1 Model-Based Testing

Model-Based Testing (MBT) is a method that allows for automatic testing of software by creating a
model of the desired behaviour of the system under test (SUT) [2]. From this model, test cases are
automatically created and executed [3]. In [1, 2], Tretmans defines MBT as formal, specification-based,
active, black-box, functionality testing.

It is formal because the model describing the expected behaviour of the SUT is given in a formal
language that upholds the ioco relation [1]. Ioco is short for input-output conformance, and Tretmans
introduced the ioco relation as a way to formalise when an implementation conforms to a specification.

The properties being tested concern functionality, as opposed to, for example, performance or usability
properties. Functionality is defined in this context as testing whether the system correctly does what it
should do in terms of correct responses to given stimuli.

The specification is the basis and starting point for testing. It prescribes what the SUT should and
should not do [1, 2]. The specification is given in the form of a natural language description of the
behaviour of the model, to which the behaviour of the SUT must conform. This specification is assumed
to be correct and valid and will be turned into a Labelled Transition System by human interpretation.

Finally, the SUT is seen as a black box without internal detail, which can only be accessed and
observed through its external interfaces. The externally observed behaviour is then checked against the
specification.

2.1.1 Labelled transition systems

A Labelled transition system (LTS) is a model used in formal testing that consists of a set of states and
a set of transitions between those states. These represent the system’s behaviour and depending on the
current state the system is in, it can perform certain actions that are either inputs or outputs [1]. It is
formally defined as:

Definition 1 a Labelled transition system is a 4-tuple (Q, L, T, qo) where

e (), countable, non-empty set of states;

e L, countable set of labels;

o TCQQx(LU{r}xQ), with T ¢ L, is the transition relation;
e gy € Q initial state.

If the system is in state A, it may perform action B and go to state C. The composition of transitions
expresses that the system can perform a sequence of actions. Because of non-determinism, it may be the
case that the system performs the same sequence of actions, but ends up in a different state.

An LTS with inputs and outputs is called an Input-Output transition system and is similar to a
normal LTS [1]. This variation is always ready to perform any input action. Inputs are usually denoted
with “?” and outputs with “!”.
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In Figure 2.1, an input-output LTS is depicted as a node-link diagram. The nodes are all the machine’s
states and the links represent the transition. In this example, a person should insert a certain amount
of coins to be able to receive a coffee. It showcases state space explosion because of all the different
combinations listed [3].

[?50cents

720cents/720cents /710cents

?20cents ?10cents

710cents

'button_pressed

!dispense_coffee

Figure 2.1: An example of a coffee machine as an LTS with state space explosion.

2.2 Information Visualisation

The field of Information Visualisation (InfoVis) is described as “the use of computer-supported, interac-
tive visual representations of data to amplify cognition” [10, 11]. It refers to the way data is presented,
in a way that users can understand it without needing to look at the statistical details [12]. InfoVis
systems are used for exploratory tasks [11], such as exploring a large information space in an efficient
and effective way, but also for explaining findings to a larger audience [11, 13]. They provide a less
cognitively loaded method of exploration, which is possible because humans have unique visual system
capabilities, which allows them to detect patterns and features in visualised data in a short amount of
time [13].

There are two main uses for visualisations: exploration and presentation, highlighted by Wijk in
[13]. Exploration for when users have a limited understanding of the system and prefer a less cognitively
loaded way of exploring [11]. Presentation is used to communicate results [13]. Though researchers in
the field consider exploration more important than presentation, Wijk states that presentation is just as
valuable. In this thesis, the resulting visualisations are aimed to be used for both purposes.
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2.2.1 Diagrams over words

Paired often with visualisations are the expressions “Seeing is believing” and “A picture is worth a
thousand words” [11]. Research shows that pictures do help create an overview of data that otherwise
is hard to comprehend at a glance. Therefore, a diagram is better than words [11, 14].

To convey information, there are two kinds of representations: sentential and diagrammatic. Sen-
tential representation expressions form a sequence corresponding to a natural language description of
a problem. More simply stated, sentential representations are a textual description of a problem or a
model. Diagrammatic representation expressions map to a diagram depiction of a problem. As a logi-
cal consequence, diagrammatic representations are diagrams. Larkin and Simon explain that graphical
visualisation can facilitate more efficient task performance [14]. This is achieved by replacing complex
logical conclusions with rapid perceptual ones and by reducing the amount of information required to
complete a task.

2.3 Visualisation design

The Visual Information-Seeking Mantra of Shneiderman summarises many visual design guidelines and
provides a framework for designing InfoVis applications. It is a well-known sequence in explorative
visualisation design: overview, zoom and filter, details on demand [9].

Overview

To get an overview of the entire collection of data in the network, a layout algorithm is used, and it plays
an important role in generating the visualisation [12]. There are two types of layout algorithms, iterative
and static. An iterative layout algorithm improves the layout with each iteration until an acceptable
layout is achieved, whereas a static layout generates the layout in a single computation [5].

It has become a well-known problem that when a collection of information becomes significantly large
that creating an overview becomes difficult. The bigger the graph, the harder it is to make it look nicely
structured [9, 15, 16].

As Heer et al. states in [16]:

“As networks get large and highly connected, node-link diagrams often devolve into giant
hairballs of line crossings.” (p. 67)

An example of an iterative layout algorithm is a force-directed algorithm, modelling the graph as a
force. Each node gets a weight, and each transition is modelled as a spring, attracting connected nodes
and repelling other nodes. The simulation is run iteratively until a stable equilibrium is found [16].
The resulting graph has achieved the optimal layout with the minimal amount of line crossings. It is a
popular algorithm for LTS visualisations [5].

Zoom and filter

The amount of data can be overwhelming, so a user must be allowed to zoom in and filter out items of
interest[6]. Users typically have an interest in a subset of a collection, and they require tools to control
the zoom focus and factor. Smooth zooming enables users to maintain their sense of position and context
[9]. As described by Ham et al. in [6], the user can simplify the visualisation by selecting a cluster of
nodes, and only that cluster and its descendants are then shown.

Filtering can be achieved by control widgets for dynamic queries. This affords users agency over the
displayed content; in this way, they are enabled to focus on content that aligns with their interests by
removing superfluous objects [9].

Details on demand

In selecting an item or group, the user may request further information as required. Once a collection
has been reduced to a few dozen elements, it should be simple to navigate the specifics of the group
or individual objects. The conventional approach entails the selection of an item, which initiates the
opening of a pop-up window containing the values of each attribute [9]. Related to this is the concept
of semantic zooming, further explained in section 3.2.
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2.4 Aesthetics

What defines a good visualisation? In the field of graphs, it means that the visualisation is readable and
comprehensible [15]. This will not only make the resulting graph look nice but also make the structure
and meaning visible. To do so, there are two areas to look at: graph structure and semantics.

The structure of a graph is about the layout of nodes, edges and graphs. Sometimes nodes overlap
or edges become long and complex [15]. This is not only bad for the overall aesthetics, but also for the
comprehensibility of the graph. So, selecting a layout that works for a particular graph is important for
the user experience.

Semantic is about the labelling, colour, and shapes of nodes and edges, the elements that might draw
the eye of the user at first glance [15].

How a graph is perceived is influenced by its presentation [17]. The look also determines whether
people will dive deeper to fully understand the visualisation. We are first drawn to certain elements of
the visualisation that stand out due to colour, size or shape, then to the functionality, performance and
interaction.

The amount of knowledge acquired by using visualisation depends on the data, the specification, the
perceptual skills, and the prior knowledge of the observer [13, 17]. Generally, for experts, visualisations
will be more useful than for novices [12, 17]. In an ideal scenario, the knowledge extracted from data
in general is an objective process, and the same results are produced by all who repeat the analysis.
However, the interpretation of visualisations is a subjective process.

2.4.1 Visual encodings

Visual encodings, also known as visual variables or visual channels, are an important part of designing
a visualisation (illustrated in Figure 2.2). They define the dimensions of the graphic design space [18].
The node shape, colour, and size all influence how a visualisation is perceived. Those encodings map the
data to the visualisation and define a set of primitives for constructing visual notations. From that set,
graphical symbols can be constructed by specifying particular values for visual variables (e.g., shape =
circle, colour = blue) [18]. Common consensus about the effectiveness of the encodings is colour < size
< shape < orientation (the symbol < reads as precedes) [19]. These encodings facilitate a one-to-one

V:II;IA:‘B?.:S RETINAL VARIABLES

Horizontal Shape Size Colour
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Vertical Brightness Orientation Texture

Pt O @@ (=) Hf O0@
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Figure 2.2: The visual variables that combine to make visual notations [18]

mapping of data into graphical features. Moody explains this as the principle of semiotic clarity [18].
This is one of the principles used for designing effective visual notations. Designers can make unlimited
combinations with the visual variables; however, simple encodings are often better than complicated ones
[16].

2.4.2 Glyphs

A glyph is a small visual marker, often used in multivariate visualisations, that grants the user access to
multiple levels of the visualisation [19]. It differs from icons, symbols, and pictograms because a glyph
is constructed from single or multiple data attributes, and thus it also adapts to said data.

A glyph is made by a set of visual encodings, and each visual encoding represents a different variable
from the multivariate data. The visual encodings, colour and size, are more dominant and help focus the
user’s attention. Therefore, effective glyph visualisation should carefully choose and combine different
visual encodings [19].

10



Chapter 3

Related work

While researching the domain related to this thesis, we came across related work that assisted us in
gaining insights into the current state-of-the-art and served as inspiration for features of this project.
We divide the related work into the following categories: Graph visualisation, Semantic zooming, and
Clustering and grouping.

3.1 Graph visualisation

Various sources have researched how the layout of a graph affects the overall visualisation [6, 15, 20, 21].
Although their research was done on much larger graphs than the use case for this study, we present the
found heuristics and divide them into node placement and edge placement.

Nodes

For the positioning of the nodes, Ham et al. recommend three practices. Firstly, they advise keeping edges
between nodes short, so that nodes are close to their neighbours. Secondly, the distance between nodes of
the same cluster should be maximised. In this way, the clusters of nodes do not get too crowded. Lastly,
if it is possible, highlight the symmetry of the graph. This could be either local or global symmetry. An
example of a symmetric graph is a tree diagram because of the hierarchical layout, which also provides
local symmetry in the subsections of the graph [6].

Supporting this view, Bennett, Chris et al. write that an even distribution of nodes over the whole
graph gives a regular impression and makes the visualisation more attractive [15]. Nodes should not be
layered or stacked, except for nesting or clustering. Clustering, however, clashes with the recommendation
of an even distribution of nodes.

Edges

Minimising the number of edge crossings is the most logical and most agreed-upon heuristic for edge
placements, as having a significant number of edge crossings could lead to occlusion and hiding of
potential patterns [6, 7, 15].

In [6], Ham et al. explain their layout for the edges. Making all the arrows point one way, signalling
the flow, causes large back pointers, which span several ranks when nodes of a lower rank are connected
to those of a higher rank. Alternatively, making arrows point both ways is useful to highlight connections
between clusters, but this arrangement obscures the flow. To make a difference between flow arrows and
backpointers, Ham et al. decide on the option to curve the backpointers, which also highlights the cyclic
properties of the backpointers.

3.2 Semantic zooming
Semantic zooming, also called level-of-detail rendering, is a way to hide/show the complexity of a visual-
isation. World maps are a well-known implementation of this visualisation: the user can view both the

world as a whole, but also zoom in to street level. This interpretation of semantic zooming supports the
details on demand from the mantra for visualisation design.

11
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Detail panel

Source

Label

main Target

ss_off
as_idie
as_open
as_closed

as_ending

Figure 3.1: Image taken from [4], showing the overview of a model with semantic zooming.

Earlier work on visualising LTS models done at Axini uses semantic zooming. In [4], Werf defines
semantic zooming as a form of details-on-demand that lets the user adjust the graph complexity by
zooming in and out. This paper aimed to reduce the complexity of the visualisation by hiding irrelevant
information. Zooming out on the generated graph will show a less detailed view of the LTS (illustrated
in Figure 3.1), by blurring the nodes and edges and overwriting them with text on what that part does,
but without changing the dimensions of the graph. So, if a user zoomed out, the graph complexity would
be low; however, zooming back in would bring back the complexity.

Similarly, Luca et al. describe semantic zooming as a multi-level visualisation for exploring large
graphs. In [22], they present a zoomable Multi-Level Tree algorithm for a map-like visualisation of large
graphs. The multi-level visualisation utilises multi-level trees, and increasing the level of zoom shows
the next tree.

3.3 Clustering and grouping

A common technique to reduce complexity in large graphs is to group nodes together based on structural
or behavioural similarities [5, 6, 20, 21].

In [5], Ieperen describes clustering on actions and clustering on confluence. Clustering on actions
means that paths from node to node that are identical are clustered together. This creates a smaller
graph, although not entirely the same as the original in terms of the transitions. Clustering on confluence
is clustering of nodes that represent internal behaviour of the system. These nodes get clustered together
if their branching behaviour is identical. While both types of clustering aid in reducing the complexity
of the graph, results show that attribute clustering may be preferred in some use cases, as it improves
the readability of the graph and is easier to compute for large graphs [5].

Likewise, in a study investigating large state spaces, Groote and Ham [20] present a method to
visualise very large state spaces with millions of nodes. To do so, they reduce the state space by clustering
on an equivalence relation. This clustering method is taken from [6] and is similar to clustering on
confluence because only when the paths down from separate nodes are identical, they may be clustered
together [6, 20]. In a continuation of this study, Ploeger and Tankink argue that other methods of
clustering should be explored [21]. With equivalence clustering, phases and branches of the graph are
visible, but only after the LTS is generated. The LTS is generated breadth-first, and the clustering of
the lower levels depends on the clustering of the higher levels [21].

12



Chapter 4
Design

This chapter describes the current visualisation of our use case and its limitations as specified by end-users
and developers. We discuss the research process undertaken to inform the design decisions, followed by
the final design choices made prior to implementing our solution. The primary objective of these designs
is to at least contain the same amount of information as the original visualisation while presenting it in
a less cluttered view.

4.1 Use case: Axini’s models

Axini is a Dutch company that specialises in MBT to test software for other companies. For this, they
developed the Axini Modelling Platform (AMP). Models are created in the Axini modelling language
(AML) and they reflect the expected behaviours of the system under test (SUT). From those LTS/STS
models, a visual abstract, read-only representation is generated.

The current design situation consists of a DAG with a force-directed layout. In Figure 4.1, a simple
visualisation of an LTS depicting a coffee machine can be seen. This LTS portrays pressing the button
for coffee on a coffee machine. This visualisation consists of one behaviour main with three states and a
clear starting state. The starting state is a black dot, while the other states are rounded squares. The
arrows connecting the states depict the transition it takes going from one state to another.

4.1.1 Limitations

The limitations are coming to light when visualising medium to large system models. Figure 4.2 is a
medium-sized model, and because it is so big, it develops some uncertainty. This visualisation consists
of two behaviours session and subscription, depicted as rectangles. Both behaviours have two nested
behaviours, again shown as rectangles. This stacking of behaviours is visualised by the blue rectangles
getting more saturated. As a consequence of the overlay, the light-grey dotted lines, which signal the
connection between the last state in the nested behaviour to the first state of the other nested behaviour,
are blending into the blue background.

In Figure 4.2, it can be seen that the directions of the arrows/edges are all morphed together, because
of the horizontal layout of the states/labels. The first reaction of the user is drawn to those dark patches
of crossed lines instead of the layout of the whole system. As this is the only view available, it is not
very presentation-friendly. Furthermore, the amount of knowledge acquired by looking at and using this
visualisation is limited to the user’s prior knowledge of the system.

This suggests that the problem in using this visualisation lies in its inability to scale with the data
and create a proper overview of the whole SUT.

4.2 Design criteria

In order to identify the alternative visualisations we want to research, we held interviews with clients
and end-users who work regularly with AMP visualisations (the questionnaire can be found in appendix
A.1). According to the interviewees, the visualisation tool was mainly used to present their models in
such a way that they can be easily explained. Another use case resulting from the interview was to check
if the visualised model turns out as expected. However, this only works if the model is small. When

13
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main
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Figure 4.1: The AMP visualisation of the Coffee Machine LTS.

session

=
) 0

no_session unsubscribed

Figure 4.2: The AMP visualisation of the Newsfeed LTS.

the model scales up, it gets more difficult to check. Users with large models reported that they run into
performance issues with the visualisation. For some models, it can take up to 30 seconds to load the
visualisation, which has a negative impact on user experience. This also results in the visualisation being
slower to respond to interactive elements. The full requirements can be found in Appendix A.2. The
following criteria are the most important ones for our design:

1. Flow
The flow of the visualisation should be clear. The structure of the visualisation should support
nested nodes. Edges connecting nodes should be directed, and there should be a clear starting
point. This allows the user to easily gather information about the flow of the visualisation.

2. User interaction
The user should be able to interact with the visualisation to get an overview of all the depicted
data. Such interactions are zooming in or out, clicking on nodes to display details, clicking on
behaviours to expand or collapse them, and dragging nodes around for better presentation. To
emphasise the flow of the visualisation, the path to a node should be highlighted when clicking on
that node.

3. Scalability
The visualisation method should allow users to navigate through both small and large datasets
with equal ease.

4. Aesthetics
The visualisation should look nice, such that all the criteria mentioned before are intuitive and

14
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that the visualisation is readable and comprehensible. This will clarify the structure and meaning
of the visualisation.

5. Clarity
The focus of the design is clarity. This is achieved by a one-to-one mapping correspondence between
symbols and the concepts they refer to, following the principle of semiotic clarity [18].

6. Modularisation
Another focus is modularisation, defined by Moody as the reduction of the complexity of large
systems into smaller parts or subsystems [18]. We will use this for expanding or collapsing nested
behaviours and thus reducing the visual clutter of the visualisation.

4.3 Visualisation methods

For the visualisation methods, some fields of the Axini data were selected for use. According to Definition
1 of an LTS, we have visualised at least the following: node source representing @), node target, 7' and
a set of labels L. The following visualisation methods reflect the design criteria to a greater or lesser
extent; simple versions are depicted in Figure 4.3. We will now explain the selected visualisation types
based on the selected design criteria.
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Figure 4.3: An overview of the types of visualisation methods selected for this study. a)
tree diagram, b) data flow diagram, c) activity diagram, and d) sequence diagram.

4.3.1 Tree diagram

The first diagram type examines the impact of hierarchy in the visualisation. A tree diagram was used to
analyse the relationship between the nodes. Tree diagrams have been widely used as a graphical model
for probabilistic reasoning [23]. A tree diagram is a variation of a DAG with a hierarchical ordering.
This type of visualisation should help to present an abstract overview of the data because hierarchy is
one of the most effective ways of organising complexity [18].

The aesthetics of this visualisation method meet the bare minimum of this design criterion. As it
is constructed of simple lines and shapes, it is readable and comprehensible, but not very pleasant to
look at. Every node is connected to exactly one parent node, except the root node, which has no parent
node. However, there are no ways to indicate connections between different parts of the system, and
(self-)loops and multiple parents per node are not allowed in this layout structure. There is a way around
those shortcomings, and that is considered in section 6.4.1.

The tree diagram supports user-driven exploration because the child nodes of every parent node can
be expanded by clicking on the parent node. This way, a user can explore the diagram at their own pace
and understanding.

For scalability, this diagram is generated via a JSON file, so the construction of the diagram will
not increase the complexity. However, we hypothesise that navigating the diagram will become more
complex when the dataset expands.

4.3.2 Data flow diagram

A data flow diagram (DFD) is an example of a diagram that shows the flow of data through a program
by modelling the system as a network of transformations linked by paths of data [24]. It is one of the
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two most commonly used modelling techniques in computer science to visualise programs, the other one
being ER (entity-relationship) modelling [18]. There are two variations with different shapes and arrow
styles: the DeMarco dialect with rounded shapes and curved lines, and the Gane and Sarson dialect with
rectangles with rounded corners and right-angled lines.

For this study, this visualisation method was chosen because of its strengths in showing the flow of a
system. Furthermore, it is a useful diagram for deconstructing data into smaller parts, so for modulari-
sation, we will be looking at this diagram. This type of diagram also promotes intuitive visualisation of
the model. It provides a clear, organised overview at a glance.

4.3.3 UML activity diagram

A UML activity diagram models the dynamic aspects of a system or the flow of an object as it moves
from state to state [25]. An activity diagram is similar to a state machine and may thus contain similar
characteristics of state machines, like simple and composite states, branches, forks, and joins. The flow
is emphasised by the directed edges and a clear starting point.

This visualisation method creates an abstraction of a model and has the ability to create multiple
swim lanes to split a larger model into smaller subsystems, which promotes clarity and modularisation
[26]. The core of a system remains relatively unchanged if it is rendered abstract, a process which is
facilitated by this visualisation method. We hypothesise that even with large amounts of data, the
system remains relatively uncluttered and thus scales well.

4.3.4 UML sequence diagram

A UML sequence diagram shows the interaction logic between the objects in the system in the order in
which the interactions take place. Whereas activity diagrams emphasise the flow of control from activity
to activity, interaction diagrams emphasise the flow of control from object to object [25]. This is useful
for creating a clear flow in the visualisation and guides a beginner trying to understand the system. A
sequence diagram is mostly used to visualise networking and message sending within computer science.
This is visible in the aesthetics of the diagram: there is little variation in colour or shape, but the line
types used are of significance. Solid lines represent requests and dotted lines represent responses. This
helps the user differentiate the direction of the flow of the requests and responses. The elements used to
construct our sequence diagram are taken from and explained in [27].

4.3.5 Semantic zooming method

For our novel visualisation method, called the semantic zooming method, we have combined all of our
design criteria. This method creates a one-to-one mapping from the data of the Axini Newsfeed LTS.
The concept is taken from an already established Cytoscape library called “expand-collapse”. This
code library uses semantic zooming, and by offering user-driven exploration, the view is interactive
and adaptable for multiple use cases. For example: a developer looking for bugs, an experienced user
presenting the model to others, or a beginner exploring the model.

Initially, the user is presented with a detailed, zoomed-out view of the system as an overview. The
user can then zoom in and filter out areas of interest. Further details can be accessed by expanding or
collapsing sections as required. This presentation, with an overview at first glance, followed by details
on demand, is the basis of semantic zooming.

[ J
J J *

/?}? / LT ‘\W\JV—\

o D O 2

- I &)
%}SL@ \ P A

Y / T

hd o ° %

s o , &

(?\\ SIS

) (-]

0O

Figure 4.4: Draft of visualisation with expanding and collapsing behaviours.
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We included glyphs in the visualisation: within a collapsed node, a bar chart and a pie chart are
visible, describing the collapsed behaviour. This way, the user has access to information about nodes
that are hidden from view.

We matched the aesthetics of the original situation by keeping the colour, shape and size of the nodes
the same. Figure 4.4 presents a prototype of the collapsible nodes.

We expect that in this way, the visual clutter of a big, complex program can be reduced.
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Chapter 5

Results

In this chapter, we present the results of our visualisation methods and the user survey we sent out.
Together, they provide important insights into the use cases of the visualisation.

5.1 Visualisation methods

Depicted below are the resulting diagrams of the selected visualisation methods. They were constructed
with the D3, MermaidJS, and Cytoscape libraries available for JavaScript.

Tree diagram

Figure 5.1 shows the breakdown of the Newsfeed LTS according to the rules of a tree diagram. The
diagram is expandable and starts small and collapsed. In Figure 5.2, a part of the tree is still collapsed.
As explained before, this diagram type examines the effect that hierarchy has on the model, which is
reflected in the figure by the single starting point that splits into two child nodes of a lower rank. One
of the shortcomings of the diagram, i.e. no ways to indicate connections between different parts of the
system, is illustrated in Figure 5.1 and 5.2. To demonstrate the consequence, we have added dashed red
lines to connect nodes across the system, spanning multiple ranks.
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Figure 5.1: Tree diagram of the Newsfeed LTS.
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Figure 5.2: The tree diagram, partially extended, so that only one of the flows is visible.

Data flow diagram

The second diagram type examined the modularisation of the system. The data flow diagram shows how
data flows through the Newsfeed LTS, see Figure 5.3. To show the modularisation, the system is divided
into different processes, depicted by circles in the DeMarco dialect. The databases in the diagram are
not the shape of the DeMarco dialect, but rather the database shape of UML.
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User Newsfeed Service
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unsubscribe from topics
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Subscribed topi
update subscribed topics ubscribec fopics

Figure 5.3: Data flow diagram of the Newsfeed LTS.

UML activity diagram

The third diagram type examined an abstracted version of the system. The activity diagram in Figure
5.4 gives a high-level overview of the actions of the Newsfeed LTS. The diamond shapes represent a
decision-making point for the system.
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Figure 5.4: The activity diagram of the Newsfeed LTS.

UML sequence diagram

The last diagram type examines the logic and the flow of a system. The sequence diagram in Figure
5.5 shows the Newsfeed LTS. The user is shown as an external factor to the system, and the behaviours
are turned into processes. The dotted boxes labelled alt depict the choice for the session and the
subscription process. The user is included in the subscription process.

Semantic zooming method

Figure 5.6 shows the implementation of semantic zooming on the Newsfeed LTS and shows the system
on start-up. The default is the detailed view, with every behaviour expanded. There are a few buttons
on the sidebar. The explore button collapses all the nodes and shows an abstract overview of the system,
as can be seen in Figure 5.7. The user is able to dive into detail by expanding all the behaviours as
they work their way through the visualisation. Figure 5.8 shows a partly expanded view. The highlight
trace button enables a mode where clicking on a node in the graph, the path to that node is accentuated
(Figure 5.9). Lastly, the sequence diagram button and the activity diagram button show the same picture
as in Figure 5.5 and 5.4, respectively.

5.2 Survey

5.2.1 Set up of the survey

A survey questioning the design criteria of all the visualisation methods was sent out to expert users
connected to Axini, developers who designed the current situation, and to students of the MSc Software
Engineering, who in their studies have come across an assignment working with the visualisation of
Axini. The participants were asked to give feedback on the visualisation methods and how they reflect
the design criteria described in section 4.2. Additionally, participants were asked which visualisation
method they would employ for different use-cases. The questions can be found in Appendix A.3.

5.2.2 Results of the survey

Thirteen individuals returned the questionnaire. The following results were obtained for each of the
specified use cases: 76.9% of the respondents voted for the semantic zooming method to use for debugging,
while 15.4% opted for the original and 7.7% chose the tree diagram.

With regard to the exploration of the models, the semantic zooming method was selected by 38.5%
of respondents, the data flow diagram and the activity diagram were each selected by 23.1%, and both
the original situation and the sequence diagram were selected by 7.7%.

Concerning the presentation of models, the sequence diagram and the activity diagram got equal
votes with 30.8%, the semantic zooming method and the data flow diagram followed with both 15.4%,
and 7.7% voted for the original situation.

In Figure 5.10, the results from the survey are presented per design criterion. Table 5.1 summarises
the results in a heatmap. In the following section, we will highlight the most notable results for each
design criterion.

Flow

Respondents agree that there is a clear flow in every visualisation method. What stands out is that the
activity diagram and the semantic zooming methods both have no negative responses.
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Figure 5.5: The sequence diagram of the Newsfeed LTS.

User interaction

Respondents are overall indifferent about the user interactivity of the visualisation methods. Only a
minority of respondents are negative about the user interaction. Interestingly, the survey reported an

overwhelmingly positive response to the interactivity of the semantic zooming visualisation method.

Scalability

The survey results for this design criterion report a mix of results. Responses for the original situation,
tree diagram, and sequence diagram are quite negative-leaning. The other visualisation methods have

more positive responses.

Aesthetics

Respondents are mostly indifferent and slightly positive about the aesthetics of the various diagrams. The
activity diagram visualisation method has the most positive votes, with only a minority being indifferent.

The original situation has received the most negative and indifferent votes.
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Clarity

Clarity in this survey is defined as a one-to-one mapping correspondence between symbols and the
concepts they refer to. Respondents show a mix of results and are mostly negative about the activity
diagram and the dataflow diagram.

Modularisation

Opinions differ as to whether the visualisation methods were capable of modularisation. Taking a closer
look at Figure 5.10f, it can be seen that respondents were positive about the data flow diagram, activity
diagram and the semantic zooming, but less so about the original situation. The tree and sequence
diagrams received both positive and negative feedback.
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Chapter 6

Discussion

In this chapter, we discuss the results of our experiment(s) concerning our research questions. The results
of the previous chapter indicate that not one of the alternatives has a clear preference on all the design
criteria among the respondents of the survey. This chapter, therefore, moves on to discuss the reasons
why this could be.

6.1 Scalability, clarity and user experience

The first sub-question in this study sought to determine in what ways a novel visualisation approach for
LTSs outperforms traditional graph-based visualisation in terms of scalability, clarity and overall user
experience.

Looking at scalability, the results from the survey and Table 5.1 show that the data flow diagram,
activity diagram, and the semantic zooming method are the preferred visualisation methods for an LTS
visualisation, which does not get harder to navigate when depicting a larger data set. One potential
explanation for this result is that these methods present an abstraction of the system, as is also the case
with data flow and activity diagrams. Alternatively, they may possess the capability to simplify the
model, as is achieved through the utilisation of the semantic zooming method. This results in reduced
visual clutter on the screen, a goal previously identified by studies as being essential for an effective
visualisation.

For clarity, the results showed a mix of opinions, with the activity diagram, sequence diagram and
the data flow diagram ending up at the bottom. This outcome may be attributed to the fact that,
when assessing clarity, it is essential to ensure a one-to-one mapping between all elements of the system
and the visualisation of the model. In the lowest-scoring visualisation methods, this mapping might
be incomplete. We reason that this is because the rules of the visualisation method do not allow for a
perfect mapping, and that during the construction of the visualisations, some elements of the model got
lost in translation. In contrast, the reason why the other diagrams, including the original situation, are
well-received on this criterion might be because they are generated directly from the data provided by
Axini. Thus, they do not lose any information while mapping from the model to the visualisation.

The user engagement results state that respondents of the survey were indifferent about the user
interaction of the different visualisation methods. It seems possible that these results are due to the fact
that only half of the visualisation methods supported user interaction. The very positive result for the
semantic zooming method is expected because this visualisation method has more interactive elements
than any of the other visualisation methods.

Finding 1: Novel visualisation approaches outperform traditional methods in terms of clarity
and user engagement. However, in terms of scalability, they score low, as information is lost
during the process of creating a mapping from the model to the visualisation.
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6.2 Usability, performance and expressiveness

The second sub-question in this study sought to determine how the inclusion of interactive features
impacts the usability, performance, and expressiveness of the LTS visualisation tools for expert and new
users.

The results indicate that visualisation methods with interactive features were more likely to be chosen
for tasks such as debugging and exploring models. It can therefore be assumed that interactive features
do impact the usability and expressiveness of the LTS visualisation tools in a positive way. However,
with a small sample size, caution must be applied, as the findings might not be accurate for new users.
A possible explanation for this might be that the survey was mainly filled out by experts and less so by
new users, which introduces a bias into the results.

Performance was not tested extensively; however, we hypothesise that some interactive features, such
as animations, clickable pop-up elements, could affect the performance.

Finding 2: Visualisation methods with interactive features impact the usability and expres-
siveness of the visualisation in a positive way.

6.3 Answer to main questions

This thesis set out to find whether alternative visualisation types enhance the comprehension and analysis
of complex LTSs for users. We found that alternative visualisation types can help the users comprehend
and analyse complex LTS models because they provide an abstraction that reduces the visual clutter
that complex systems often produce. This is supported by finding 1.

By developing the semantic zooming visualisation method, our work has also shown that interactive
features and user-driven exploration can be incorporated into LTSs visualisations to support model
checking and analysis more effectively. This is further supported by finding 2.

Although this study is based on a small sample of respondents in the survey, the findings suggest that
using alternative visualisation methods together with interactive features is a feasible option to reduce
visual clutter in complex visualisations and improve user engagement.

6.4 Threats to validity

To conclude this chapter, we will now examine potential threats to the validity of this thesis. We have
identified two points of concern: the limited exploration of ways to adapt the D3 tree diagram, and the
possible bias in the survey responses.

6.4.1 Tree diagram

In our tree diagram, we limited the number of parents per node to one, as is the standard for the D3
tree diagram. Multiple parents per node are possible when adapting the D3 source code or changing
to another tree diagram generator altogether. This would change the layout of Figure 5.1, making the
dashed red lines redundant and improving the readability, aesthetics, and comprehensibility.

6.4.2 Survey responses

The survey went out to a mixed population. On the one hand, there were expert users connected to
Axini and developers who designed the current situation. On the other hand, there were MSc Software
Engineering students who had some experience with the visualisation of Axini, but were by no means
expert users. We got a total of 13 responses, of which we do not know how many were experts or
novices. Without the respondents’ background, these results need to be interpreted with caution, and it
is important to bear in mind the possible bias in these responses.

At the time of sending out the survey, the semantic zooming method was in an early state of devel-
opment. This may have influenced the appreciation of the method. Especially, the aesthetics were not
refined yet. Should the respondents have been able to rate the final version, the score in Table 5.1 for
aesthetics would likely have been higher, resulting in an even higher total score.
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Chapter 7

Conclusion

In conclusion, this project successfully achieved the creation of multiple alternative visualisations for
Labelled Transition Systems (LTS) and the creation of an interactive semantic zooming component to
run on an already established dataset.

We have shown that LTSs suffer from state space explosion and have established six design criteria
that should be used to select the alternative visualisation methods to help clean up the visual clutter.

With our use case from Axini, we developed the semantic zooming method, which combines a directed
acyclic graph with a force-directed layout algorithm and interactive functionalities, such as glyphs, that
make the graph more scalable, modular, clear and aesthetically pleasing.

Several key findings have been obtained. We found that novel visualisation approaches outperform
traditional methods in terms of clarity and user engagement. Furthermore, visualisation methods with
interactive features positively affect the usability and expressiveness of the visualisation. Taken together,
these findings suggest that adding interactive features to visualisations of LTSs helps to reduce visual
clutter.

7.1 Future work

As the size of network data sources is expected to gradually increase over time, visualisations of LTSs
will supposedly continue to exhibit signs of visual clutter. Further research is needed to find a way to
minimise this. We propose an experimental investigation into the impact of incorporating glyphs into
LTS visualisations. For example, researching how glyphs together with the visualisation of LTSs may
further reduce visual clutter. To develop a full picture of this, additional studies will be needed to assess
how much additional information may be added to the visualisation using glyphs.

Before the semantic zoom visualisation method can be implemented in the Axini model, a better
understanding of the user value needs to be collected. We suggest repeating the survey with the latest
version of the model, after adding a question about the background of the respondent. Also, to increase
the response to the questionnaire, we suggest arranging funding for an incentive. In this way, with
maximal response from respondents with different backgrounds, the collection of a dataset of a higher
quality will allow the drawing of a more widely supported conclusion regarding the esteem for and
usability of the semantic zoom model.

An alternative way to validate the semantic zoom visualisation method before implementation is to
encourage various users and developers to utilise the model for their respective datasets, in combination
with schematic observation of their utilisation. Such an observational study is expected to provide
significant insights into the practical challenges associated with implementation.
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Appendix A

Supplementary data

A.1 Questionnaire

1. What do you use the visualisation function of AMP for?

2. Should the visualisation be interactive? If yes, what kind of interactions would you like to have in
the visualisations? (currently: zooming in/out, and clicking on nodes)

3. Are there any problems you run into when using the visualisation? If so, what kind of problems?

4. If you have used the visualisation but don’t use it any more, why did you stop using it?

A.2 Requirements

Data requirements:

1. The visualisation should support a hierarchical structure (i.e. files in folders/ sub processes)
2. The visualisation should depict relationships in the data.
3. The visualisation should follow basic principles:

(a) The edge crossings should be minimised.
(b) The nodes should be close to neighbours.
(¢) Clusters of nodes should be far enough apart.
(d) Symmetry should be highlighted.
User requirements:

1. The user should get an overview of the whole visualisation.
2. The user should be able to interact with the visualisation:

(a) The user should be able to zoom in/out.
(b) The user should be able to click on nodes to display the details of that node.
(¢) The user should be able to drag nodes around for better presentation

3. The user should be able to gather information about the flow of the visualisation.
4. The visualisation parts should scale accordingly.
5. The functions / behaviour related nodes should be collapsible.

Design requirements:

1. The visualisation should have a clear start and end point(s).
2. The edges should have labels.

(a) The flow of the visualisation should be clear.

(b) When clicking on a node, the flow to and from should be highlighted.
(c¢) The edges connecting the nodes should be directed.

(d) After running tests, the completed trace should be highlighted.
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A.3 Survey

Which of the above visualisations has your preference for debugging models?
original situation

tree diagram

data flow diagram

activity diagram

sequence diagram

semantic zooming method
Which of the above visualisations has your preference for exploring/getting to know models?

original situation

tree diagram

data flow diagram
activity diagram

sequence diagram
semantic zooming method

Which of the above visualisations has your preference for presenting models?

original situation
tree diagram

data flow diagram
activity diagram
sequence diagram

semantic zooming method

Consider the original situation R e e
This diagram has a clear flow

This diagram has user interactions

This diagram is scalable without becoming more complex

This diagram looks nice

This diagram includes all elements of the system

This diagram reduces the complexity of the system

Consider the tree diagram R E I I
This diagram has a clear flow

This diagram has user interactions

This diagram is scalable without becoming more complex

This diagram looks nice

This diagram includes all elements of the system

This diagram reduces the complexity of the system

Consider the data flow diagram T I B e e

This diagram has a clear flow

This diagram has user interactions

This diagram is scalable without becoming more complex

This diagram looks nice

This diagram includes all elements of the system

This diagram reduces the complexity of the system
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Consider the activity diagram

This diagram has a clear flow

This diagram has user interactions

This diagram is scalable without becoming more complex

This diagram looks nice

This diagram includes all elements of the system

This diagram reduces the complexity of the system

Consider the sequence diagram

+/-

This diagram has a clear flow

This diagram has user interactions

This diagram is scalable without becoming more complex

This diagram looks nice

This diagram includes all elements of the system

This diagram reduces the complexity of the system

Consider the semantic zooming method

+/-

+ +

This diagram has a clear flow

This diagram has user interactions

This diagram is scalable without becoming more complex

This diagram looks nice

This diagram includes all elements of the system

This diagram reduces the complexity of the system
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