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PREFACE

Visuals are my strength. �is PhD is the culmination of years of studying and
creating visuals. Although pursuing a PhD and getting into research was
never in my plans, it happened along the way. I am happy to have embraced
this shi�t in my career. Researching, I have discovered my passion for innovating and connecting ideas from different ﬁelds, for sharing them with people and opening the way for new concepts, new paths, and new ways of seeing, for leading with a vision of the still unseen.
�is PhD thesis is a lesson of humility. In the beginning, I was enthusiastic
about the possibilities that AR/VR could bring to the table and aimed to target
studies with complex data and novel representations for information visualisation. However, very soon I realised that the real challenge today for AR/VR
to be of use to society, is to introduce it gradually into current work processes. �e challenge is to create a smooth transition towards AR/VR by taking care of small incremental affordances that AR/VR bring to information
visualisation, rather than being spectacular with these new media.
A shi�t in paradigm: from complex to simple. From ﬁreworks to humility.
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ABSTRACT

Information visualisation is no longer limited to the screen. Recent advances
in immersive technologies such as augmented reality (AR) and virtual reality
(VR) have paved the way for displaying information in three dimensions,
making information visualisation jump out of the screen to become immersive, providing a three-dimensional space to interact with data. However,
research challenges in the novel area of immersive information visualisation
are rich and numerous, and applications addressing engineering design are
still scarce. �is PhD thesis illuminates the impact of immersive information
visualisation in engineering design.
�e thesis is structured according to the factors that impact the understanding of visualisations: human behaviour and cognition (study one), and the
design of visualisations (study two). Study one presents an experimental
study of data visualisation stories presented on the computer or in VR and
their respective impact on three parameters of human behaviour and cognition: user engagement, cognitive load, and situation awareness. �e study
focuses on expert VR users to avoid the bias of novice users in favour of VR
conﬁrmed by prior studies. Results indicate a higher engagement and situation awareness in VR. �e study also proves that expert VR users display a
similar cognitive load in VR and on the computer. �is result disconﬁrms
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prior expectations from the literature, which has developed claims for VR
based on novice users.
Study two presents a Research �rough Design study. �e study describes a
design case with industry practitioners conducted over two years discussing
the design process of an immersive data visualisation for a presentation of
ﬁnancial data. During the study, I acted as a designer and researcher through
an iterative design process, including user research, design and development, and user evaluation. �e study’s ﬁndings highlight the importance of
hybridity in design and provide guidelines for design practitioners.
�e thesis expands designers’ palette for information visualisation to immersive information visualisation through three main contributions. First, by
discussing human aspects of immersive information visualisation. Second,
by presenting design aspects involved in the design of immersive information visualisation. �ird, by presenting guidelines for design practice. Finally, this thesis contributes to a nascent corpus of studies within immersive
information visualisation and design.

DANSK RESUMÉ

Informationsvisualisering er ikke længere begrænset til skærmen. De seneste
fremskridt inden for immersive teknologier, såsom augmented reality (AR) og
virtual reality (VR), har banet vejen for visning af information i tre dimensioner,
hvilket gør, at informationsvisualiseringen "springer" ud af skærmen, bliver langt
mere immersiv og giver et tredimensionelt rum til at interagere med data i.
Forskningsudfordringerne

inden

for

det

nye

område

immersiv

informationsvisualisering er imidlertid mange og omfattende, og der er stadig
langt imellem anvendelserne af denne inden for teknisk design. Denne ph.d.afhandling belyser indvirkningen af immersiv informationsvisualisering på
teknisk design.
Afhandlingen er struktureret efter de faktorer, der har indflydelse på forståelsen
af visualiseringer: menneskelig adfærd og kognition (undersøgelse 1) og
visualiseringsdesign (undersøgelse 2). Første undersøgelse viser en eksperimentel
undersøgelse af datavisualiseringshistorier præsenteret på computeren eller i VR
og deres respektive indvirkning på tre parametre inden for menneskelig adfærd
og kognition: user engagement, cognitive load og situationsbevidsthed. For at
undgå den bias, som tidligere undersøgelser har bekræftet hos nybegyndere og
deres positive holdninger til VR, fokuserer undersøgelsen på erfarne VR-brugere.
Resultaterne viser, at der er større engagement og situationsbevidsthed i VR.
Undersøgelsen viser også, at erfarne VR-brugere udviser samme cognitive load i
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VR og på computeren. Dette resultat modbeviser tidligere forventninger fra
litteraturen, som har udviklet krav til VR baseret på undersøgelser af nybegyndere.
Undersøgelse 2 er en undersøgelse af 'forskning gennem design'. Undersøgelsen
beskriver en designcase med branchens aktører, der varede to år, og som
diskuterede en immersiv datavisualiserings designproces til præsentationen af
finansielle data. I løbet af undersøgelsen fungerede jeg som designer og forsker
gennem en iterativ designproces, som inkluderede user research, design,
udvikling og user evaluation. Undersøgelsens resultater fremhæver betydningen
af hybriditet i design og giver retningslinjer for designere.
Afhandlingen

udvider

designernes

muligheder

med

hensyn

til

informationsvisualisering til også at omfatte immersiv informationsvisualisering,
gennem tre hovedbidrag. For det første ved at diskutere de menneskelige aspekter
ved immersiv informationsvisualisering. For det andet ved at præsentere
designaspekter,

der

er

involveret

i

designprocessen

af

immersiv

informationsvisualisering. For det tredje ved at præsentere retningslinjer for
designpraksis. Afslutningsvist bidrager denne afhandling til et spirende korpus af
undersøgelser inden for immersiv informationsvisualisering og -design.
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CHAPTER 1. INTRODUCTION

Data lies at the core of the 21st century. With the increased digitisation [1],
and dataﬁcation of design processes, an increasing amount of data is available for engineering design [2], [3]. Visualising these large amounts of data
with information visualisation is crucial for designers, engineers, and stakeholders as it facilitates the understanding of information [4]–[6].
In parallel, recent advances in immersive technologies provide new opportunities to display information visualisation in a three-dimensional space [4].
Immersive technologies such as augmented reality (AR), and virtual reality (VR),
represent a paradigm shi�t in information visualisation: from seeing information in two dimensions to seeing it in three dimensions. �e display of
information visualisation with immersive technologies is named immersive
information visualisation.
Immersive information visualisation becomes an asset to display the large
amounts of data generated today [4], [7], [8]. However, applications targeting immersive information visualisation in engineering design remain
scarce. Some early examples from 2020 display AR information visualisation
for digital twins in factory settings [9] and integrate AR with IoT devices [10].
�is thesis investigates the impact of immersive information visualisation in
engineering design with two studies. Study one is about the impact of immersive information visualisation on human behaviour and cognition, and
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study two presents the design process of an immersive information visualisation. �e remainder of this chapter introduces the terms used in this thesis
through the theoretical background, the research questions, and the research vision.

1.1 THEORETICAL BACKGROUND
�is section begins by describing the central concept of this thesis: immersive information visualisation. �en, it introduces the advances of immersive
technologies in engineering design. Finally, it explains the nascent research
opportunity for immersive information visualisation in engineering design.
�is chapter is not a comprehensive literature review; instead, it should be
considered as an introduction to the terms and knowledge essential to this
PhD thesis.
1.1.1 IMMERSIVE INFORMATION VISUALISATION

Vision is the dominant sense in human beings. �e amount of information
processed through vision is higher than that of all other senses combined [11].
Initially, the term visualisation was used to refer to an image constructed in
the mind. Today, the term is more used to refer to a visual representation of
data or concepts [11]. �is thesis investigates data visualisations, which are visual representations of data.
Data visualisations function as communication tools: they allow us to share
a common representation among several individuals and support decisionmaking [11]. In addition, data visualisations are “things to think with” [12]:
they facilitate hypothesis-formation and the perception of emergent properties in the data, such as patterns or problems. Critically engaging with data
visualisations in the era of information becomes a pressing need that many
authors and experts advocate for [13]–[17].
Information visualisation is a speciﬁc type of data visualisation that displays
abstract data [11]. Ware describes information visualisation as “the use of interactive visual representations of abstract data to amplify cognition” [11].
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Abstract data is a type of data that does not have an “intrinsic geometry” [18],
i.e. statistics or data from the stock market. �is distinction is made with
scientiﬁc visualisation, which represents scientiﬁc phenomena where data presents a speciﬁc geometry, such as particle �low or topography data.
Geraldi and Arlt [15] describe a set of factors that reveal how visualisations
impact the understanding of data. �is thesis is articulated around these
three factors: the ﬁrst study (in Chapter �ree) addresses human behaviour
and cognition and the second study (in Chapter Four) addresses design aspects. Together, both studies address the factors that impact the understanding of data in immersive information visualisations.
(1) Human behaviour. �e way visuals are used impacts the understanding of the data presented [15]. Properly addressing this factor implies
four skills: choosing the right visuals, understanding why we should
use them, knowing how we should use them, and timing the visuals
at the right moment of use. �ese four skills are crucial in a sensemaking process with stakeholders with different degrees of data
literacy.
(2) Human cognition. Individuals with a tendency for visual information
processing are more sensitive to the visual presentation of data and
may easily tend to experience information overload [15]. In addition,
higher information overload is associated with a lower perception of
the usefulness of the information presented [19].
(3) �e design of visualisations. Good visual design and presentation of
data are especially relevant for general audiences. A data visualisation that is appropriately designed enables the rapid analysis and interpretation of a large quantity of information [11]. However, this
comes with a severe risk of oversimplifying the subject presented,
which can entail a lack of re�lection about the information presented.
Cairo [20] proposes three categories of information visualisation design: exploratory, experiential, and explanatory. Exploratory visualisations explore features in the dataset to discover insights. Experiential visualisations create an
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experience in users by emphasising emotional aspects that may trigger users’
actions. Explanatory visualisations explain the data and its insights. �ese
three categorisations appear usually combined, meaning that information
visualisations rarely represent one pure category; instead, they are a mixture
of the above categories. In this thesis, study one focuses on exploratory-experiential-explanatory, while study two focuses only on experiential-explanatory. �e thesis addresses through both studies the three categories of information visualisation design as proposed by Cairo.
�is thesis uses the term immersive following the deﬁnition given by Slater
[21] as a term indicating the system’s hardware capabilities. It is a term that
describes the technical affordances of a system to create the subjective illusion of ‘being there’. �e term presence describes the users’ experience of the
subjective illusion: “when you feel that you are in the VR environment without being actually there” [22].
Another keystone concept is the virtuality continuum [23]. It is a visual representation that depicts the space between the real environment and the virtual
environment (see Figure 1). �e former corresponds to the reality we are living
in. �e latter corresponds to the environment created in VR. VR is a simulated experience of an environment that can be ﬁctional or realistic. �e term
was popularised in the 1980s, primarily by Jaron Lanier [24]. Between the environment created in the real environment and in the virtual environment,
the spectrum is deﬁned as mixed reality (MR). According to Milgram and Kishino [23], MR is a more general term “to cover the ‘grey area’ in the centre of
the virtuality continuum”. AR is a technology that augments the real environment with computer-generated graphics, provides real-time interaction and
accurate three-dimensional positioning of virtual and real objects [25].
�is thesis addresses the spectrum of technologies in the virtuality continuum through two studies deploying an immersive information visualisation
in VR (study one) and an immersive information visualisation in AR (study
two).
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Figure 1. The virtuality continuum by Milgram and Kishino, 1994 [23].

Research on data visualisation with immersive technologies is recent [4],
[26], [27]. In 2015, a position paper by Chandler et al. [4] proposed the term
immersive analytics to refer to the research area that builds upon data visualisation, visual analytics, virtual reality, computer graphics, and human-computer interaction. It is described as “the use of engaging, embodied analysis
tools to support data understanding and decision making” [28]. Potentially,
immersive data visualisations are a better medium to display three-dimensional data (through stereoscopic vision, immersive navigation, and natural
interaction [8], [29]) and two-dimensional data (through the possibility to
use large two-dimensional surfaces in a virtual environment to display data).
Plus, they provide new affordances for interaction with the body with natural
gestures [30].
In addition, immersive data visualisations may generate the feeling of ‘being
in the data’ in users [31]. �is feeling is vital to the concept of immersive data
visualisation story: a story about data using immersive technologies addressed
in study one. Data visualisation stories are a powerful vehicle of communication and visual rhetoric to large and non-specialised audiences [31]. When
using immersive technologies, especially VR, data visualisation stories have
traits of storyliving [32] as users are living the story with the affordances provided by immersive technologies.
However, the trade-offs of displaying data in immersive environments are
not fully understood to date [28]. Recent studies are proposing early design
guidelines for immersive data visualisation [33]. �is PhD thesis is part of
this early corpus of work with the two proposed studies. We are yet to see robust design guidelines and visual principles for immersive data visualisation
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as evolved as those applied to non-immersive data visualisations, such as the
Cleveland and McGill study [34] on graphical perception.
�e novel research area of immersive information visualisation presents several challenges to address in the upcoming decades. �e challenges are,
among others, technical limitations of current technologies, multi-sensory
opportunities for interaction, a lack of integration with current processes of
work, a lack of controlled studies to determine immersive data visualisation
guidelines, an urge to deﬁne application scenarios, a need for further understanding of the impact of immersive data visualisations on human behaviour
and cognition, an urge to address the complexity presented by immersive
data visualisations, a lack of evaluation frameworks, and the relevance of
ethics of immersive data visualisation scenarios [8]. �rough two studies,
this PhD thesis addresses the impact of immersive information visualisation
on human behaviour and cognition (study one), and deﬁnes an application
scenario with industry practitioners (study two).
1.1.2 IMMERSIVE TECHNOLOGIES IN ENGINEERING DESIGN

�is thesis adopts Simon’s [35] deﬁnition of design: “to design is to devise
courses of action aimed at changing existing situations into preferred ones.”
What is relevant is the emphasis on cra�ting alternatives to improve a situation, as this thesis demonstrates with two studies that provide alternatives
with immersive information visualisation as a resource in engineering
design.
�e engineering design process is the series of actions that lead to a product
(such as a computer, a car, or a plane), to a system (such as a power plant), to
infrastructure (such as a bridge or tunnel), or to the construction of a building [36], services or experiences. �e design process encompasses the people
in the project and the design activities, making it a socio-technical process
that is iterative and collaborative by nature [37].
�e use of immersive technologies (AR/VR) within the design process has
elicited the attention of the engineering research community for several
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years now [38]. Early work in this area has been hampered by several factors,
including the high cost of the equipment, the poor rendering quality, and the
uncomfortable feeling of wearing headsets for extended periods [38].
In the last decades, the number of studies has increased in parallel to the development stages of VR technologies, as outlined by Berni and Borgianni
[39]. �e researchers deﬁne four stages in the development of VR technologies
(see Figure 2). �e ﬁrst stage corresponds to the 1960s-1980s, when early technology prototypes were invented (e.g., Damocles’ Sword [40]). �e second
stage corresponds to the 1990s, with the introduction of CAVE systems (immersive rooms). One of the applications was engineering design for the military, aerospace, and automotive industries. In addition, the ﬁrst Computer
Aided Design (CAD) models were implemented in VR [41]. �e third stage corresponds to the 2000s, with further development of VR applications in engineering design. �e fourth stage corresponds to the 2010s, with signiﬁcant improvements in headsets (making them lighter, more ergonomic, and with
better graphics) and reduced costs. �is stage democratised VR applications
for industry and encouraged VR adoption into the design process.

Figure 2. Number of VR applications in design according to the four stages of VR
development [39].
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In the early 2000s, Kan et al. [42] indicated that the main applications for VR
in engineering design were virtual prototyping and simulation-based design. Ottosson [43, p. 167] included the areas of training and communication:
“VR is a tool that enables Classical and Dynamic Product Development by providing
the means for sharing a vision of the product across a wide range of disciplines. By observing simulation training and by communicating with the users, engineers can ﬁnd
out where and how to improve products, processes and layouts. �us, aesthetic and ergonomic design has a good companion in VR. VR as a communication tool can also be
valuable in the selling of turn-key products. Especially for new products that are not
already produced, VR offers an accurate and detailed method of communicating concepts to the ﬁrst customers/users”. �is thesis highlights immersive information
visualisation as a communication tool, in line with Ottosson. While study one
investigates the impact of immersive information visualisation on human
aspects, study two focuses on designing immersive information visualisation in a presentation of ﬁnancial data.
Looking at the impact of VR in design, some authors argue that VR is more
impactful in the early design phases [44], [45], while others advocate for
product evaluation with VR [46]. In general, the functions supported by VR
in engineering design are six: (1) early design phases that include the creative
conception of products through virtual sketching, individual brainstorming,
and concept development. (2) Co-design activities that include group brainstorming, collaboration and iterations of the product. (3) �ree-dimensional
modelling, including virtual sketching, geometric manipulation, and visualisation. (4) Virtual assembly and prototyping, which include simulations and ergonomic evaluations of the product. (5) Product evaluation (virtual prototypes),
including the gathering of users’ feedback. (6) Training and education supporting the learning process of design students [39].
Looking at the impact of AR in design, Giunta et al. [47] undertook a comprehensive review of AR use in the different design phases. �e study shows that
AR was most valuable in the following design phases: the concept phase (eight
studies), the preliminary layout phase (ten studies), and the deﬁnitive layout
phase (nine studies). In contrast, the design speciﬁcation phase (two studies) and
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the product documentation phase (one study) were perceived as less relevant. To
conclude, the study highlights that AR needs to evolve further to aid in engineering.
�ese studies demonstrate that AR and VR can positively impact the design
process [21] and that further work is needed alongside AR/VR hardware capabilities evolve in the years to come. �us, the two studies presented in this
thesis address immersive information visualisation as a resource in engineering design.
1.1.3 IMMERSIVE INFORMATION VISUALISATION IN ENGINEERING DESIGN

Engineering design spans a large spectrum of activities common to other
ﬁelds, such as ﬁnance, marketing, design, engineering analysis, manufacturing, process planning, service, and recycling [5]. �erefore, the studies in
this PhD thesis account for this diversity in design activities and data, shown
through social data (study one) and ﬁnancial data (study two).
Study one displays a data visualisation story about social data on the computer and in VR, and inquires about human behaviour and cognition. �e
visualisations presented are explanatory-exploratory-experiential [20] because they explain a dataset that has already been analysed (explanatory
quality), they allow users to explore the data (exploratory quality), and they
are immersive (in the case of the VR visualisation), which fosters having an
experience with data (experiential quality). �ese visualisations are intended
for general audiences, including expert VR users, given the ability of data visualisation stories to communicate a message [31].
Study two presents an immersive information visualisation for a presentation of ﬁnancial data for general audiences, including stakeholders and industry professionals. �e visualisation is explanatory-experiential [20] because it describes a dataset that has already been analysed (explanatory quality), and it is an immersive visualisation that fosters enjoying an experience
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with data (experiential quality). �e visualisation depicts the data that industry professionals have prepared for stakeholders. �e study captures a design
process conducted over two years with industry practitioners.
Both studies account for the collaborative nature and richness of design [48].
As design activities are embodied, situated and multi-modal [49], immersive
information visualisation presents an advantage for embodied interaction,
including face-to-face collaboration and communication [50].

1.2 RESEARCH QUESTIONS
�is thesis aims to investigate the impact of immersive information visualisation in engineering design. �e thesis unfolds according to the factors that
impact the understanding of visualisations [15], [19]: human behaviour and
cognition (study one), and the design of visual information (study two).
Study one compares an immersive information visualisation displayed on a
computer and in VR. Given that the term immersive opens the door for choosing the technology to use, one may ask why choose VR over AR in this case.
�e choice for VR stems from methodological rigour: to maintain the same
background where the data is presented in the VR and computer condition,
in line with guidelines on immersive graphical perception proposed by Whitlock [33]. Using AR may have added a confounding variable to the experiment, given that in AR, there is no background—the background corresponds to the space where the user is. �erefore, RQ1 is:
RQ1: How do different display technologies (VR and computer) affect user behaviour
and cognition in immersive data visualisation stories?
Study two presents the design process of an immersive information visualisation that will be included in a presentation. Contrary to the prior study,
this one is made with AR (HoloLens). �e choice of AR stems from the importance of seeing and interacting with the audience in a presentation. It is
crucial to assess how the audience reacts to the content to see whether they
understand what is being presented. AR introduces computational graphics
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in the environment, thus allowing the presenter to see the audience and follow their reactions. In addition, AR enables interaction and collaboration
with the audience. �erefore, RQ2 is:
RQ2: How to design an AR data visualisation in presentations?
�e thesis contributes to the spectrum of technologies in the virtuality continuum [23] through these two studies as study one addresses information
visualisation with the computer and VR, and study two uses AR. In this way,
the contributions of this thesis address the richness of immersive information visualisation.
1.3 RESEARCH VISION AND THESIS STRUCTURE

�e virtuality continuum [23] presents the base for this thesis as it describes
a spectrum of technologies that encompass both immersive (AR and VR) and
non-immersive technologies (the computer) for information visualisation.
�e continuum sets the research vision, as illustrated by Figure 3.
At the one end of the continuum, there is the computer, where information is
constrained to a ‘box’ containing all media. At the other end, there is VR,
where information is entirely computer-generated, resulting in a purely virtual environment. In the middle, there is AR, where information gets overlayed and ‘coupled’ to the environment.
�e continuum depicts the different degrees of immersiveness and links
them to information visualisation. �e thesis starts with study one, an experimental study comparing information visualisation between an immersive
(VR) and non-immersive technology (the computer). Study two addresses information visualisation in AR with a Research �rough Design study. Overall, this thesis addresses the spectrum of technologies within the virtuality
continuum through the investigation of information visualisation.
�e thesis structure follows the research vision and is articulated across ﬁve
chapters. �e remainder of this thesis is organised as follows.
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Figure 3. Thesis research vision.

Chapter Two introduces the research philosophy and discusses the methodological choices in each of the studies.
Chapter �ree is about behaviour and cognition with immersive information
visualisation. �is chapter introduces the ﬁrst study of this thesis: “Data visualisation stories: a comparative study with expert VR users”. �e study is
experimental and assesses the impact of VR versus computer on human behaviour and cognition of expert VR users. �e study combines data from
questionnaires and open-ended questions.
Chapter Four introduces the second study in this thesis: “Watch that seam!
Hybrid presentations with data in augmented reality”. �e study describes
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the design process of an immersive information visualisation in AR with a
contribution to research and design practice.
Chapter Five answers the research questions presented in this thesis. �e
chapter discusses the contributions to research and design practice, describes the limitations, and highlights directions for future research.

CHAPTER 2. RESEARCH APPROACH

�is thesis is positioned at the intersection of engineering design and immersive information visualisation. �e thesis presents an experimental
study [51] on human behaviour and cognition, and a Research �rough Design study [2], [52], [53] on the design process of an immersive information
visualisation. �is section presents the research philosophy, methodology,
and methods used throughout this PhD thesis.

2.1 RESEARCH PHILOSOPHY
�e research philosophy serves as the foundation of our perception of the
world, determining the series of decisions that lead a research project, including this thesis. It is crucial because it determines the research questions,
methods, data collection, and data analysis for research [54].
In the spectrum of research philosophies, at one end, there are positivist or
post-positivist approaches and, at the other end, we see constructivist approaches. Positivism sees the world in a deterministic manner: a cause yields
an effect [55]; quantitative research methods are typically associated with
positivism. By using a deductive approach the researcher presents a hypothesis to falsify. Post-positivism adds that researchers perceive ‘one reality’
through their own perspective [51]. �is one reality can only be known partially given human limitations [51].
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Constructivism presents a vision of the world where knowledge is a ‘construction’ to make sense of the world, to describe or to explain it. Constructivists claim that the world is independent of humans’ ideas about it:
knowledge results from human and social construction [55]. From a constructivist perspective, there is no single methodology superior to others.
Knowledge is constructed thanks to multiple viewpoints and methods. �is
research philosophy uses an inductive approach: it starts from small bits of
information to ‘construct’ a theory. Social and historical contexts are crucial
to theory building, and constructivism is o�ten associated with qualitative research methods.
�e research philosophy in this thesis is pragmatism. Pragmatism supports
“what works in practice” [56] and is not committed to a single research philosophy [55]. It is similar to Schön’s design philosophy [57], where design is
considered “a re�lective conversation with the materials of the situation”. �e
design problem is not given initially; rather, the inquiry is solved through
practical experimentation with design materials. In this thesis, the pragmatist research philosophy enables research through inductive and deductive
methods, creating a systemic understanding of the design situation [58].

2.2 RESEARCH METHODOLOGY
�e scientiﬁc process from Wallace [59] inspires the research methodology in
this PhD thesis. Figure 4 depicts process-oriented theory building that includes induction (le�t half) and deduction (right half), as it is the case in this
PhD thesis. Study one takes a deductive approach, and study two an inductive one.
Besides induction and deduction, abduction as a method of reasoning is also
used during the design process. According to March [60], the rationale for
design starts with abduction, as the reasoning that produces a novel artefact.
Koskela et al. [61] comment: “abduction is about introducing new ideas into
the situation”. Another way of naming it would be inspiration based on creativity and insight. �e design process follows with deduction, as the reasoning
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that seeks to predict the performance features of the artefact, based on a theory-driven hypothesis testing. Finally, induction accumulates established notions and values that can be used to back up design or evaluate the design
process’s outcome.

Figure 4. The scientific process, according to Wallace, 1971 [59].

Study one is an experimental study that compares information visualisation
on the computer and in VR. Experimental studies have typically been used to
evaluate the impact of display technologies such as VR. According to Robson
[51, p. 110], an experimental study is deﬁned by: “the assignment of participants
to different conditions; manipulation of one or more variables (called independent variables) by the experimenter; the measurement of the effects of this manipulation on one
or more other variables (called dependent variables); and the control of all other variables.” Numerous studies have compared the use of the computer versus VR to
evaluate parameters of human behaviour and cognition [33], [62]–[65].
Experiments are suitable for internal validity, given that they foster a study
design and analysis without bias [56]. In addition, study one fosters external
validity, or the capacity to generalise its ﬁndings [56], as it compares its contributions to those of the literature.
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�e study participants were expert VR users, as prior research has shown that
novice VR users have a bias in favour of VR [8], [63]. �is bias means that
novice VR users prefer VR. �erefore, it was crucial to have a sample of participants that were unbiased towards VR as the study evaluated the impact of
immersive information visualisation on human behaviour and cognition.
�e study presents three hypotheses linked to user engagement, cognitive
load, and situation awareness. �e hypotheses were tested with 24 participants in a within-subjects design. As the study is hypothesis-based, it takes
a predominantly deductive approach. It also includes an inductive approach
with open-ended questions that complement the approach.
Study two is a Research �rough Design (RTD) study. RTD is considered
practice-based design research [66]. It is a type of research that is based upon
‘design experiments’. �e difference with other scientiﬁc experiments is that
the aim is not to conﬁrm or reject a hypothesis; instead, there is a ‘pragmatic
experimentation’ with the materials of a design situation [66], [67]. RTD
builds on a grounded approach where research problems are framed through
design artefacts that embody the research [52], [68]. �is method constructs
knowledge through ‘making design’ in the �luidity that characterises the design space [53].
�e study presents a case study with industry practitioners consisting in designing an immersive information visualisation from zero. In the study, I
acted as a designer and researcher for two years. �e study involved four developers from an AR/VR company and ﬁve professionals from a consultancy
company that aimed to incorporate information visualisation in AR to their
results presentations. �erefore, this study fosters ecological validity, as it applies the study’s results in real-life settings [56].
�e study begins with observations from the conference paper: Immersive Visualisations in Design: Using Augmented Reality (AR) for Information Presentation (in
the Appendix) and continues with the design process of an immersive information visualisation in AR. �e design process is based on design thinking to
iterate on the prototypes [69]. �e study starts with user research, followed
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by a design and development process, and concludes with user evaluation.
�ere are two iterations of this process corresponding to the two prototypes
resulting from the study.

Figure 5. Hourglass: visual metaphor of the thesis research methodology.

�e study takes an abductive and inductive approach, abductive because the
design process triggered surprising observations that motivated inquiry,
and inductive because the study contributes to building knowledge through
observations, interviews, documentation, and workshops.
�e research methodology used in this thesis is summarised with the visual
metaphor of an hourglass (see Figure 5). �e thesis starts with an experimental study (study one) [56] that tests three parameters related to human
behaviour and cognition (engagement, situation awareness, and cognitive
load) to narrow down the focus of the thesis (in the ﬁgure, it corresponds to
the bottleneck of the hourglass).
From the bottleneck downwards, study two proposes an application of immersive information visualisation for presenting results through a Research
�rough Design study [53]. �is second study proposes a real-life case study
with a company that applies the knowledge of the thesis through guidelines
for design practitioners.
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2.3 DATA COLLECTION METHODS
�is thesis deploys a mixed-methods approach (see Table 1) that combines an
experimental study with a Research �rough Design study.
Study one is predominantly quantitative. �e study is based on quantitative
data from questionnaires as the primary source of input. As the secondary
source, qualitative data from open-ended questions enriches the quantitative results. Both questionnaires were administered on an online form.
Study two is qualitative. �e data was collected via observations, interviews,
and workshops. In addition, the study presents two design experiments that
are the result of the pragmatic experimentation in the study. �e study implied going back and forth between the proposed designs and the literature
in a movement of ‘framing’ and ‘reframing’ [57], placing design inquiry as an
‘experimental process’ [58].
To conclude, this thesis addresses through mixed-methods the factors that
impact the understanding of immersive information visualisation in engineering design: human behaviour and cognition (study one), and the design
of visualisations (study two).

Table 1. Overview of research methodology used in this thesis.
Study one
Research philosophy

Study two
Pragmatism

Research approach

Experimental

Research Through Design

Reasoning method

Deductive & inductive

Abductive & inductive

Data collection
method

Questionnaires and
open-ended questions

Observations, interviews,
documentation,
workshops, and design
experiments

CHAPTER 3. THE EFFECT ON BEHAVIOUR AND COGNITION

�is chapter introduces the ﬁrst study of the thesis. It is an experimental
study that investigates the effect of immersive information visualisation on
expert VR users. Concretely, the study presents immersive data visualisation
stories.
Data visualisation stories are a powerful medium of communication. Stories
introduce the dataset with a visual narrative. Previous research states that
data visualisation stories help to focus on key insights in the dataset [70] and
that introducing a story in the presentation of data is much more effective
than merely presenting results [71].
Advances in emerging technologies have paved the way to display data in VR,
including data visualisation stories. Data visualisation stories are also known
as immersive data visualisation stories. �ey allow users to experience the story
by immersing them in the dataset. Immersive data visualisation stories are
successful when conveying the three following parameters: a feeling of connection to the data visualisation story, an emotional reaction to the message,
and a feeling of exploration [31]. Previous studies on immersive data visualisation have focused on comparing the capabilities between data visualisations displayed in AR/VR and on the computer. �ese studies have addressed
interaction capabilities [63], [65], data exploration [64], graphical perception
[33] and novel display types [72]. However, research about immersive data
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visualisations stories is scarce, and addressing the effects of immersive data
visualisations stories on users remains a critical question [31].
�e study investigates three parameters: user engagement, cognitive load,
and situation awareness of VR experts. According to recent studies, this
sample of participants is unbiased towards VR [8], [63]. �e study compares
data visualisation stories in VR and on the computer.
�e study’s Research Question (RQ) is: How do different display technologies (VR
and computer) affect user behaviour and cognition in immersive data visualisation stories? �e results show that VR is more engaging and provides higher situation
awareness; however, expert VR users’ cognitive load is non-signiﬁcant. �is
last result is vital as it highlights the need to revisit the ﬁndings of prior studies in this context [73]–[76]. Qualitative insights show that immersive data
visualisation stories allow users to create their own experience of the dataset
in a non-linear way, fostering data exploration and embodied narratives. Together, these results support contributions to research and design practice
of immersive information visualisation.
�e following is an inclusion of the study with the manuscript to be
submitted:
Bravo, A., Cash, P. J., Minakata, K. & Maier, A. Working title: Data visualisation
stories: A comparative study with expert VR users. To be submitted to Virtual Reality, Springer.

CHAPTER 4. THE DESIGN PROCESS

�is chapter introduces the second study of this thesis, a Research �rough
Design study of an immersive information visualisation in AR. �e case, conducted with industry practitioners over two years, explains the design process of an AR data visualisation for a presentation of ﬁnancial data. �erefore, the study investigates the iterative process of designing an immersive
information visualisation for presentations.
Previous work with information visualisation in AR has looked at interactivity [63], the combination of displays for presenting data [77], [78], and graphical perception [33]; however, there is a lack of understanding on how to design an immersive information visualisation for presentations, including
how to integrate it in the presentation content. �is case study was conducted with a consultancy company that seeked to improve its presentations
of ﬁnancial data by introducing immersive information visualisation.
Presentations are usually deployed with paper-based documentation and/or
electronic slides presentations, e.g. with PowerPoint. However, attention is
split between the screen or the documentation and the presenter. �e information visualisation presented in this study was developed by an AR/VR
company. I acted as a designer and researcher working together with a team
of so�tware engineers.
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�e study gives a summarised view on the design process using Research
�rough Design. �e ﬁndings include coining the term hybrid presentations
and a related discussion around seams [79], as technical and narrative discontinuities in the space of interaction. �e study concludes with guidelines for
seams in hybrid presentations and guidelines for immersive information visualisation in presentations.
�e following is an inclusion of the study, published as follows:
Bravo, A., Maier, A., & Cash, P. J. (2021). Watch that seam! Designing hybrid
presentations with data visualisation in augmented reality. International Journal
of Design, 15(2), 1-15.

CHAPTER 5. DISCUSSION AND CONCLUSIONS

�is chapter discusses the results and ﬁndings of this thesis. First, by answering the research questions; second, by elaborating on the human and
design aspects of immersive information visualisation; and third, by presenting contributions to design practice.

5.1 RESEARCH QUESTIONS
�is thesis investigates the impact of immersive information visualisations
on three parameters of behaviour and cognition (RQ1 – study one), and design with immersive information visualisations (RQ2 – study two). �e studies answer the following research questions:
RQ1: How do different display technologies (VR and computer) affect user behaviour
and cognition in immersive data visualisation stories? �e study evaluated three
parameters: user engagement, cognitive load, and situation awareness. Results showed that immersive information visualisations are more engaging
and provide higher situation awareness; however, there was no signiﬁcant
difference in cognitive load between the immersive (VR) and non-immersive
(computer) conditions in expert VR users.
RQ2: How to design an AR data visualisation in presentations? Our ﬁndings
showed that technological and narrative seams are vital elements for hybrid
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presentations. When designing immersive information visualisations, designers should consider simplicity in the design to favour understanding and
attention, familiarity to favour conﬁdence, and �lexibility in the interaction
design to favour dynamic thinking.
Taken together, these two RQs illuminate the impact of immersive information visualisation in engineering design. �e ﬁrst study addresses human
behaviour and cognition, corresponding to two of the three factors that impact the understanding of data according to Geralidi and Arlt [15], and the
second study sheds light on the third factor: the design of immersive information visualisation.

5.2 IMPLICATIONS FOR RESEARCH
�is PhD thesis contributes to the early corpus of immersive information visualisation, researched for less than a decade [4]. �e thesis investigates information visualisation with different technologies (computer, AR, and VR),
resulting in human and design aspects for engineering design described in
the following paragraphs.
5.2.1 HUMAN ASPECTS OF IMMERSIVE INFORMATION VISUALISATION

�e human aspect is fundamental to understanding how we process and behave with immersive information visualisation. Knowing this bit of information is an essential step prior to designing immersive information visualisation.
Study one expands the understanding of how immersive information visualisation impacts human behaviour and cognition. �e results in this study
show that user engagement and situation awareness are higher in immersive
information visualisation. �ese two parameters are intrinsic to immersive
environments, in line with prior research [80]. �e study also demonstrates
that expert VR users do not show a signiﬁcant difference in cognitive load or
perceived usability between the computer and VR, highlighting the need for
further studies with expert VR users. �is ﬁnding is exciting, as it does not
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follow expectations drawn from previous literature developing claims based
on studies with novice VR users [73]–[76]. In addition, the study shows that
immersive data visualisation stories create a non-linear experience, as they
allow the user to explore the dataset and become active in the construction of
their own narrative.
Study two distinguishes between channel seams and narrative seams. Narrative
seams are aligned with the narrative and overall communication strategy depicted in immersive information visualisations. To this end, the thesis contributes to prioritising the message of immersive information visualisations
over the technology implied in building them so that “the full effect of the
relational message can be experienced” [81]. In addition, the thesis describes
the dynamic properties of immersive information visualisation as enablers
for dynamic thinking in design. Immersive information visualisations can
assist in restructuring a problem according to the perception of the situation
[82].
Both studies present immersive information visualisations, one describing
stories (study one), and the other describing presentations (study two). Similarly, the two studies depict narratives that can be labelled as serious storytelling given that they account for contexts that are beyond entertainment [83].
Importantly, immersive information visualisation presents a storyliving trait
[32] that makes users perceive the narrative from their perspective and helps
structure their way of seeing the data. �is contribution aligns with Menary’s
vision [84]: “It is not narratives that shape experiences, but, rather experiences that structure narratives.” In this way, immersive information visualisation helps to structure a narrative out of the data presented.
5.2.2 DESIGN ASPECTS OF IMMERSIVE INFORMATION VISUALISATION

�e previous contributions in Section 5.2.1 are vital to understanding how
humans make sense of immersive information visualisation. From there, we
can think about the next phase: designing immersive information visualisation.
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Study one considers human aspects prior to designing as they are fundamental to understanding data and information [15]. �erefore, human aspects are
the ﬁrst parameter to consider for design. Study one shows that immersive
information visualisation presents higher information quantity (e.g., added
information ‘cues’) and information quality (e.g., better estimation of distances). �erefore, designing for immersive information visualisation requires balancing the quantity and quality of information to avoid information overload on the user.
Study two presents a design process that considers hybridity in immersive
information visualisation. An exciting ﬁnding is to introduce immersive information visualisation in presentations as a booster to traditional presentation practices (e.g., the use of documentation and PowerPoint). For example,
the presentation can start with PowerPoint; later, when the presentation
reaches a speciﬁc point in the narrative, is the moment to introduce immersive information visualisation. In this way, hybridity in design can be applied
to cases such as collaborative design reviews [38], [85], and situated product
data [86]. Deploying hybridity in design means to continue using familiar
tools that designers use and boosting them with immersive moments to either
convey a strong message, change the interaction modality, create more attention and engagement, or bring the magic into the room.
Both studies have contributed to expanding information visualisation towards immersive information visualisation. In both studies, I have taken a
conservative approach in the design of immersive information visualisation.
�is approach was motivated by interviews with data analysts and managers
(in the conference paper in the Appendix) and the second workshop in study
two. Overall, industry practitioners working with data found novel types of
visualisations confusing. �erefore, as of the writing of this thesis (2021), I
emphasise prioritising familiar immersive information visualisations to the
target audience to foster data understanding.
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5.3 IMPLICATIONS FOR DESIGN PRACTICE
�is thesis proposes a new perspective for information visualisation. �e experience gathered in both studies by interviewing and speaking to data analysts, expert VR users, consultants, policymakers and decision-makers reveals that a visual is as useful as the audience ﬁnds it. �is statement applies to
immersive information visualisation and demystiﬁes the idea learned
throughout my design studies that high creativity in visualisations combined
with attractiveness is the ﬁrst parameter to address. �e value of creating the
wow effect may still hold true for advertising and marketing; however, this
thesis describes how to design information and data to foster human understanding, which differs from fostering attractiveness to capture attention.
�e guidelines for immersive information visualisation consist of three main
points. First, simplicity in immersive information visualisation design favours understanding and guides users’ focus of attention. Second, familiarity with the type of immersive information visualisation used inspires users’
conﬁdence. �ird, �lexibility in the interaction design favours dynamic
thinking, e.g., in design reviews. �ese guidelines apply to immersive information visualisation in AR and VR. �ere are two main differences when designing immersive information visualisation for VR versus AR. First, in VR,
the designer determines the background. Second, the ﬁeld-of-view (FOV) in
VR is nowadays wider than the FOV in AR. �erefore, VR has more space to
deploy immersive information visualisation.
Overall, these design guidelines apply as of the writing of this thesis (2021).
It is vital to remember that visual representations (including visualisations)
remain contextual [15],[87]. �erefore, guidelines are to be applied with the
criteria that designers’ estimate better for a speciﬁc solution in a given context. Finally, immersive information visualisations are a powerful medium
of communication and visual rhetoric to convey information in engineering
design.
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5.4 LIMITATIONS AND FURTHER RESEARCH
�e thesis touches on two concrete cases from the large array of activities
presented in engineering design [5]. Study one presents immersive information visualisation stories to explain data to general audiences, including
expert VR users; study two investigates hybrid presentations with immersive
information visualisations to explain data to general audiences, including
stakeholders and industry professionals. As described in the Research Philosophy (Section 2.1), the pragmatist philosophy enables research with the
methods and reasoning that are more appropriate for each case.
Study one, an experimental study with expert VR users, fosters internal validity. �e study frames the theoretical scope to immersive data visualisation
stories to test three hypotheses with rigorous participant selection criteria
limited to expert VR users to avoid bias in favour of VR [8], [63]. In addition,
the study achieves external validity by comparing the results to the extant literature. Additional studies could include a larger sample of participants, or
present more complex immersive information visualisations that take full
advantage of the affordances provided by immersive technologies.
Study two, a Research �rough Design study with industry practitioners,
fosters ecological validity. �e insights derived from the case are propositional, and further study and testing are required for theory building. Further research could lead to additional study cases on hybrid presentations
within different settings and include several display technologies from the
virtuality continuum [23].
Numerous directions exist for further research building on this PhD thesis.
�e main emphasis now is on hybridity in design. As society gets used to immersive information visualisation and design starts to migrate towards immersive displays, immersive information visualisation will become more
transparent [81], [88]. Combining immersive and non-immersive technologies will become a ‘new normal’, similar to what is happening with the current pandemic in which we combine in-person meetings with remote meet-
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ings. Probably, an initial hype will make people use more AR/VR; a�ter relieving the thirst for novelty, immersive information visualisations will be used
for what they are: tools to help humans achieve their goals.
We can look forward to the time when most users will become familiar with
AR/VR. �is time will foster creativity in the visualisation and break a few of
the guidelines presented in this thesis to innovate and set new trends and
standards for immersive information visualisation.

5.5 CONCLUSIONS
We live in an era of measuremania. �e increased dataﬁcation of processes
enlarges the amount of data available to engineering design. Visualising
these large amounts of data and information becomes crucial for designers,
engineers, and stakeholders. In parallel, recent advances in immersive technologies enable us to display data and information in a three-dimensional
environment, akin to our reality and modes of interaction, making information visualisation immersive.
�is thesis investigates the impact of immersive information visualisation in
engineering design according to the following factors: human behaviour and
cognition (study one), and design (study two). �e thesis innovates by bringing the virtuality continuum to information visualisation as a new palette to
enrich design, considering human and design aspects of immersive information visualisation. In addition, the thesis discusses hybridity as a booster
in design and provides guidelines for design practice.
To conclude, the thesis presents immersive information visualisations as a
valuable resource in engineering design. Immersive information visualisations are a powerful medium of communication and visual rhetoric. �e experiences afforded by immersive information visualisations increase engagement and situation awareness, help structure narratives with data, and
favour dynamic thinking in design.
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