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Abstract

Dam safety control consists of monitoring and analyzing observed data and comparing it
with computed results from numerical models. Dam data visualization is typically carried
out on desktop computers using traditional charts. Visual contextualization of the infor-
mation contained in these charts with the area of the dam it pertains to is fundamental to
understanding the overall behavior of dams. While nothing provides a more accurate spatial
perception of the structures’ features than standing in front of the actual dam, such a scenario
is impractical. Dams are often located in remote locations, and data analysis is typically car-
ried out in the office. And while looking at the data without contextualizing it with the
dam is not ideal, looking at the real dam without contextualizing it with the data is equally
problematic. Immersive analytics uses extended reality to generate immersive environments
where data can be visualized. Our research explores how it can be applied to dam safety
control to improve structural data visualization. We address a subarea called situated visu-
alization, aimed at displaying information on-site contextualized with the object of analysis.
However, because dam data analysis activities are typically carried out off-site, we focus on
using virtual 3D models instead of the actual dam (proxsituated visualization). We address
the development of specialized prototypes, which are used to support a user study designed
to determine if and where proxsituated visualization can improve dam safety control. The
study compares performance and user experience across multiple modes/devices (desktop
computer, virtual reality, and augmented reality) with distinct levels of visual detail and
data representation indirection. Our findings suggest that there are indeed some advantages
in both user experience and analysis performance in immersive proxsituated environments,
compared to traditional/non-immersive.
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Resumo

O controlo da segurança de barragens consiste na monitorização e análise dos dados ob-
servados, comparando-os com resultados de modelos numéricos. A visualização de dados
de barragens é normalmente realizada em computadores desktop, utilizando gráficos tradi-
cionais. A contextualização visual da informação contida nesses gráficos com a zona da
barragem a que se refere é fundamental para compreender o comportamento global das bar-
ragens. Embora nada proporcione uma perceção espacial tão precisa das características da
estrutura como estar em frente à barragem real, tal cenário é pouco prático. As barragens
estão frequentemente localizadas em locais remotos e a análise dos dados é geralmente re-
alizada em gabinete. E embora olhar para os dados sem os contextualizar com a barragem
não seja o ideal, olhar para a barragem real sem a contextualizar com os dados é igualmente
problemático. A análise imersiva de dados aproveita a realidade estendida para gerar am-
bientes imersivos nos quais os dados podem ser visualizados. A nossa investigação explora
como aquela pode ser aplicada ao controlo de segurança de barragens para melhorar a vi-
sualização de dados estruturais. Abordamos uma subárea denominada visualização situada,
que tem como objetivo exibir informação in-situ contextualizada com o objeto de análise.
Como a análise de dados de barragens é normalmente realizada fora do local, focamo-nos na
utilização de modelos virtuais 3D em vez da barragem real (visualização proxsituada). Abor-
damos o desenvolvimento de protótipos, utilizados para apoiar um estudo com utilizadores,
concebido para determinar se e onde a visualização proxsituada pode melhorar o controlo de
segurança de barragens. O estudo compara o desempenho e a experiência de utilizador em
vários modos/dispositivos (computador desktop, realidade virtual e realidade aumentada)
com níveis distintos de detalhe visual e indireção na representação de dados. Os resultados
sugerem certas vantagens na experiência de utilizador e desempenho da análise em ambientes
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imersivos proxsituados em comparação com os ambientes tradicionais/não imersivos.
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Chapter 1

Introduction

The analysis of data concerning physical phenomena is a necessity across the distinct domains
of engineering. It’s through the exploration of such data that engineers can understand and
gain insights into the studied phenomena. Only by addressing those insights can data be
made actionable in the real world. The resulting actions can consist e.g., of interventions in
design, optimization, failure prevention, or risk mitigation, among many others.

Data visualization plays a key role in that analysis process. While the area of information
visualization (InfoVis) typically tackles abstract data, like stock market trends, scientific vi-
sualization (SciVis) is directed at tangible, physical data [134] generally found in engineering
processes.

As such, SciVis commonly focuses on spatial data, frequently time-dependent, gener-
ated by scientific processes [56], namely from dynamic physical phenomena. While Three-
dimensional (3D) in nature, this data is frequently represented and analyzed using Two-
dimensional (2D) visual idioms/plots.

The common rationale for opting for 2D data representations is: ‘everyone knows that
3D charts are bad and hard to read’ [2]. Indeed, for certain application contexts (sometimes
even those inherently 3D), that appears to be the case [25], [68]. Nonetheless, often, this
perception arises from using 3D in scenarios where it is ineffective and detrimental in provid-
ing meaningful insights. A typical example is using 3D charts to represent lower-dimensional
data, simply due to their visual appeal [115].

However, there are specific contexts, where 3D SciVis can in fact make sense [36], [141].
Such happens typically when the data is so intimately interconnected with the spatial fea-
tures [64] of physical referents (the real-world tangible objects being analyzed) that it has
to be seen in its spatial context to be properly understood [156]. An example is visualizing
structural data associated with engineering structures, like buildings or dams.

While the spatial context brought by 3D representations can be advantageous, its full
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potential is hardly achieved if the proper devices and visualization environments are not used.
Unlike desktop systems with conventional 2D screens, Extended Reality (XR) technology can
offer a truly immersive experience. This immersive XR experience has been shown to increase
3D spatial perception, which can potentially enhance the analysis of 3D representations [66],
[79], [121]. XR is also typically associated with a higher sense of presence, engagement, and
motivation [81], [92], [97], [174]. As such, there has been an increased research interest in
applying innovative immersive technologies to SciVis [99].

This growing significance of effective visualization and analysis through the use of immer-
sive technologies has resulted in the emergence of new fields. One promising field is ‘immer-
sive analytics’, which aims to enhance analytical interpretation and decision-making [148],
namely through the use of XR technologies. Immersive analytics can be described as the
analysis of data using immersive technologies. These technologies can promote the user’s
immersion in virtual environments or augment their view of the real world by overlaying
relevant graphical elements.

Immersive analytics also aims to enhance user embodiment in the framework of data
analysis. With that objective, user-friendly natural user interfaces are preferred. Natural
interfaces allow interaction through actions grounded in real-world, everyday human be-
havior [126]. In that sense, immersive analytics is an interdisciplinary field that bridges
human-computer interaction with data visualization/analysis [37].

A characteristic of immersive analytics is the possibility of analyzing data contextualized
with the object of analysis. This characteristic has been framed as a subdomain of immersive
analytics, generally designated by ‘situated analytics’. An example of such a concept is
the superimposition of thermal performance data directly on the walls of a building, thus
contextualizing the thermal characteristics with specific facade features.

In that scope, Satriadi et al. [138] proposed an extended model of situated visualization
by considering two scenarios based on the relation between users and the object of anal-
ysis: proxied situated visualization (also designated proxsituated) and immediate situated
visualization. The first can be associated with technologies like Virtual Reality (VR) or
Augmented Reality (AR) and enables data visualization over a proxied representation of the
physical object being analyzed (the ‘physical referent’) and the surrounding environment.
The second typically uses AR to represent data directly over the real/immediate physical
referent.

The two situatedness [57] modalities are often applied to increase analysis contextualiza-
tion, which is especially important in cases where the physicality of the referent is fundamen-
tally relevant. However, they are typically directed at distinct scenarios. immediate situated
visualization is mainly directed at on-site scenarios, where users are in the near proximity
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of the physical referent. proxsituated visualization is generally aimed at off-site scenarios,
where the physical referent is located at a remote distance from users.

1.1 Motivation

Dam safety control is a complex activity that consists of monitoring and analyzing observed
data and comparing it with computed results from numerical models. In the scope of the
safety control analysis tasks, dam data visualization is typically carried out by dam engineers
and technicians on desktop computers, using traditional charts. Visual contextualization of
the information pertained in these charts with the area of the dam being analyzed is not
always straightforward. However, in a domain such as dam safety control, where critical
safety data is so intimately related to its physical referent characteristics, contextualization
is key.

While nothing provides a more accurate spatial awareness of the structures’ features
than standing in front of the actual dam, such a scenario is frequently impractical. Dams
are often located in remote locations, and dam data analysis is typically carried out off-site,
in the office, and not in the field. Regardless, one could argue that, while looking at the
data without contextualizing it with the dam is not ideal, looking at the real dam without
contextualizing it with the data is equally problematic in an analysis scenario.

We believe that the application of immersive proxsituated visualization methods to dam
safety control may offer an ideal opportunity for overcoming the aforementioned contextu-
alization difficulties. These methods have the potential to enable analytics environments
where users can interact in a natural way with realistic models of dam structures. Such
environments may be the answer for an effective contextualization of the data with a reliable
depiction of the object of analysis.

1.2 Thesis Statement

This research explores how immersive analytics concepts can be applied to dam safety control
to improve structural data visualization performance. With that objective, we address the
subarea of immersive analytics called situated visualization, which is aimed at displaying
information contextualized with the object of analysis. However, because dam data analysis
activities are typically carried out off-site, we focus on using virtual 3D models instead of
the actual object of analysis (proxsituated visualization).

We develop a user study to determine if and where proxsituated immersive visualization
can improve dam safety control. With that objective, we address the development of special-
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ized prototypes, aimed at supporting the user study, which apply proxsituated environments
to dam structural data analysis.

We aim to compare the performance and user experience across multiple devices and
modalities (desktop computer, virtual reality, and augmented reality) with distinct referent
visual detail levels and various degrees of data representation spatial indirection [178].

Therefore, the thesis statement of this dissertation can be expressed as follows:

Immersive proxsituated visualization can be used to effectively contex-
tualize structural data with the physical structure of dams, resulting
in increased analytics performance and user experience.

In the scope of the above thesis statement, the research questions for this dissertation
can be defined as follows:

RQ1 Are there any improvements in performance or user-experience in dam struc-
tural data analysis when using immersive proxsituated environments, in
comparison with conventional desktop environments?

RQ2 Are there any substantial differences in performance or user-experience in
dam structural data analysis when using augmented reality proxsituated en-
vironments in comparison with virtual reality proxsituated environments?

RQ3 Is dam structural data analysis performance or user experience in proxsi-
tuated environments influenced by the visual detail of the physical referent
representation?

RQ4 Is dam structural data analysis performance or user-experience in proxsit-
uated environments influenced by the level of spatial indirection of the data
representation?

1.3 General Methodology

To evaluate the thesis, we followed a research methodology that included an exploratory
stage, experimental evaluation, and empirical analysis. The exploratory stage was conducted
to determine the feasibility of using XR technologies in the dam safety control domain. It
served both as a formative research step and a design probe before formal hypothesis testing.
It included the development of a series of relevant prototypes, which helped establish the
foundational insights that shaped the experimental design.

As we will address further ahead, the exploratory stage helped us assess the potential of
proxsituated analytics in the actual engineering domain. In particular, on how immersive
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technologies could be used to represent structural dam data in context. Likewise, it enabled
us to identify key variables related to visualization and interaction. Furthermore, this stage
fostered the engagement with real users and technical constraints early on, through a process
of experimentation with alternative approaches to situated visualization.

A controlled user study was then designed to empirically evaluate the effects of immer-
sive proxsituated visualization on dam structural analysis. This study was grounded on
the research questions proposed in Section 1.2, which collectively operationalize the thesis
statement.

Within the scope of RQ1, we wanted to evaluate the foundational premise of the thesis by
comparing immersive proxsituated environments against conventional desktop-based tools.
If indeed differences existed, namely enhancements in performance and user experience,
measurable improvements would be observed. With that objective, we established a baseline
condition (Personal Computer (PC) desktop application) and compared it against spatially
rich, embodied immersive environments (VR and AR) for the same relevant set of analysis
tasks.

In the context of RQ2, we wanted to measure the role of modality within immersive
environments. In particular, we sought to determine whether AR and VR offer distinct
levels of benefit in data analysis. Within that scope, we aimed to identify which immersive
mode contributes more substantially to the potential improvements. We included both AR
and VR also to examine how the nature of the immersive experience (complete immersion
versus the preservation of the real-world surrounding context) influenced the results. With
that objective, we compared the performance and user experience in both modes using the
same models, interaction schemes, and data configurations, for the same relevant analysis
tasks. This comparison allowed the evaluation of differential effects between approaches.

Within the scope of RQ3, we aimed to probe a critical design variable underpinning
analytics performance within immersive environments, which we identified during the ex-
ploratory stage: the visual detail of the physical referent representation. We wanted to
understand if analyzing data within a visually more faithful referent would influence per-
formance. To test this condition, we addressed two levels of visual detail for the referent
representations: flat shaded surfaces (corresponding to lower detail) and the use of surfaces
with photographic textures (corresponding to higher detail). We tested these two variations
for the same relevant analysis tasks.

Within the context of RQ4, we aimed to investigate how the spatial relationship between
data and referent (a relevant variable identified during the exploratory stage) affects the
performance of structural data analysis. In particular, we wanted to know if a lower level
of spatial indirection, where data is embedded in the referent, corresponds to a better per-
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formance than a higher level of spatial indirection, where data is represented at a certain
distance from the referent representation. To evaluate these two variations, we tested how
users would perform the same relevant analysis tasks when data was represented directly
over the dam structure and in floating panels.

To also measure the combined effect of visual detail and spatial indirection, we devised a
series of variants that translate the multiple combinations between these two variables and
for each of the visualization modalities (PC, VR and AR). These were tested for the same set
of relevant analysis tasks. The aim was to understand e.g., if the combined effect of higher
visual detail and lower indirection resulted in better or worse performance than lower visual
detail and higher indirection.

To evaluate user performance across different visualization conditions, we measured met-
rics such as task completion time and success rate. To assess user experience, we considered
multiple factors, including usability, engagement, and perceived usefulness, which are de-
scribed in detail in Section 6.1.

1.4 Contributions

The research work carried out in this thesis led to the following scientific contributions:

• A set of assessments of the performance and user experience of distinct proxsituated
visualization modes in dam structural data analysis. We compared the efficiency of dam
analysis environments using XR and desktop PCs. We also analyzed the differences
between augmented and virtual reality in that scope. Furthermore, we compared two
configurations with distinct levels of visual detail of the physical referent representation.
We also compared two configurations with distinct levels of spatial indirection of the
data visual representation. Likewise, we assessed the differences between four distinct
variants resulting from the combination of distinct levels of both visual detail and data
spatial indirection.

• A collection of guidelines for developing situated extended reality tools for dam safety
control. These guidelines are individualized in five consecutive stages: conceptualiza-
tion, design, implementation, testing & evaluation, and integration. In addition, a
general costs-benefits discussion is also carried out.

• A framework for XR proxsituated dam safety control application development. This
framework was built for abstracting relevant processes of application implementation
such as interaction in the virtual environment, dam-related physical phenomena rep-
resentation, structural data representation and data management.
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The scientific output produced during the Doctorate of Philosophy (PhD) work includes
eight articles published in scientific journals, conferences, and book chapters. Two of these
articles were published in Scimago ‘Q1-rated’ journals at the time of this writing (in Au-
tomation in Construction and IEEE Transactions in Learning Technologies). It also includes
three posters presented at conferences and other events. One of the posters earned the dis-
tinction ‘Best Poster Award’. While some of the work produced falls outside the scope of
dam safety control, it directly addresses the use of immersive visualization.

1.4.1 Journals

We have published four articles in scientific journals. The articles concern different aspects
of immersive visualization. One of the articles is a systematic literature review on applying
extended reality to the Architecture, Engineering and Construction (AEC) area. Two of the
articles address the use of immersive analytics in dam safety control.

• [161] Nuno Verdelho Trindade, Alfredo Ferreira, João Madeiras Pereira, and Sérgio
Oliveira. Extended reality in AEC. Automation in Construction, Volume 154, October
2023, 105018, DOI: 10.1016/j.autcon.2023.105018

• [159] Nuno Verdelho Trindade, Lídia Custódio, Alfredo Ferreira, and João Madeiras
Pereira. Improving Ray Tracing Understanding With Immersive Environments, in
IEEE Transactions on Learning Technologies, vol. 17, pp. 1975-1988, 2024, DOI:
10.1109/TLT.2024.3436656

• [162] Nuno Verdelho Trindade, Alfredo Ferreira, and Sérgio Oliveira. DamAR: Aug-
mented Reality in Dam Safety Control. International Journal on Hydropower and
Dams, no. 5 vol. 25, p. 56-62, Aqua Media International Ltd., Wallington, England,
2019, https://www.hydropower-dams.com/articles/damar-augmented-reality-in-dam-
safety-control/

• [165] Nuno Verdelho Trindade, Pedro Leitão, Daniel Gonçalves, Sérgio Oliveira, and Al-
fredo Ferreira. The Role of Situatedness in Immersive Dam Visualization: Comparing
Proxied with Immediate Approaches. Computers 2024, 13, 35, DOI: 10.3390/comput-
ers13020035

1.4.2 Conferences

We have published three articles and presented them at international conferences. The three
articles concern different aspects of immersive visualization. Two of the articles address the
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1. Introduction

use of immersive analytics in dam safety control:

• [164] Nuno Verdelho Trindade, Pedro Leitão, Daniel Gonçalves, Sérgio Oliveira, and
Alfredo Ferreira. Immersive Situated Analysis of Dams’ Behavior. 5th International
Conference on Graphics and Interaction - ICGI 2023, p. 105-112, Eurographics, IEEE,
Tomar, Portugal, 2023, DOI: 10.1109/ICGI60907.2023.10452725

• [163] Nuno Verdelho Trindade, Alfredo Ferreira, and Sergio Oliveira. Extended re-
ality in the safety control of dams. 4th International Dam World Conference, vol.
1, p. 71-89, LNEC, Lisbon, Portugal, 2020, https://repositorio.lnec.pt/jspui/handle/
123456789/1012969

• [158] Nuno Verdelho Trindade, Óscar Amaro, David Brás, Daniel Gonçalves, João
Madeiras Pereira, and Alfredo Ferreira. Visualizing Plasma Physics Simulations in
Immersive Environments. In Proceedings of the 19th International Joint Conference
on Computer Vision, Imaging and Computer Graphics Theory and Applications -
IVAPP; ISBN 978-989-758-679-8; ISSN 2184-4321, SciTePress, pages 645-652, Rome,
Italy, DOI: 10.5220/0012357100003660

1.4.3 Book chapter

We produced a book chapter, which addresses the use of immersive analytics in Structural
Health Monitoring (SHM), including SHM in dam safety control:

• [160] Nuno Verdelho Trindade, Alfredo Ferreira, Daniel Gonçalves, and Sérgio Oliveira.
The future of structural health monitoring with extended reality (Chapter 30). In
Woodhead Publishing Series in Civil and Structural Engineering, Digital Transforma-
tion in the Construction Industry, Woodhead Publishing; ISBN 9780443298615; Else-
vier, Woodhead Publishing, pages 593-620. DOI: 10.1016/B978-0-443-29861-5.00030-5

1.4.4 Posters

We produced a total of three posters in international conferences and in one national event
for PhD students:

• Pedro Leitão, Nuno Verdelho Trindade, Sérgio Oliveira, and Alfredo Ferreira. Dam
Health Monitoring with VR. 4th International Conference on Graphics and Interaction
- ICGI 2022, Eurographics, IEEE, Aveiro, Portugal, 2022, https://gpcg.pt/icgi2022/
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• Nuno Verdelho Trindade, Alfredo Ferreira, Sérgio Oliveira, and Daniel Gonçalves. Sit-
uated Immersive Analytics in Dam Safety Control. PhD DEI 2023, Departamento de
Engenharia Informárica, Instituto Superior Técnico, Lisboa, Portugal, 2023, https://
dei.tecnico.ulisboa.pt/en/news/campus-community/the-phd-dei-2023-was-a-success

• (Best Poster Award) Nuno Verdelho Trindade, Óscar Amaro, David Brás, Daniel
Gonçalves, João Madeiras Pereira, and Alfredo Ferreira. Visualizing Plasma Physics
Simulations in Immersive Environments. 19th International Joint Conference on Com-
puter Vision, Imaging and Computer Graphics Theory and Applications - IVAPP,
Rome, Italy, https://visigrapp.scitevents.org/PreviousAwards.aspx#2024

1.5 Context

This dissertation falls within the domains of human-computer interaction and scientific vi-
sualization (of a physical entity - dams - and phenomena - structural behavior/data). It
focuses on using XR to enable immersive analytics and visualization. In particular, it ad-
dresses situated analytics, namely proxsituated visualization1.

It tackles the application of proxsituated visualization to civil engineering. It focuses on
a major discipline of civil engineering, which is dam engineering. In particular, it covers a
domain of dam engineering called dam safety control. In detail, it delves into a transversal
area called SHM in the scope of the analysis of dam structural data.

This work was primarily developed as a PhD student at Instituto Superior Técnico (IST),
University of Lisbon (UL). It was also developed within two host institutions: Instituto de
Engenharia de Sistemas e Computadores - Investigação e Desenvolvimento (INESC-ID) and
Laboratório Nacional de Engenharia Civil (LNEC).

At INESC-ID I was first attributed the role of Trainee and later integrated as an Early
Stage Researcher with the Graphics and Interaction scientific area. At LNEC I was at-
tributed the role of Fellow (‘Bolseiro’) of the Concrete Dams Department (CDD). The
doctoral work was supported by a PhD grant with Fundação para a Ciência e a Tecnologia
(FCT) (2021.07266.BD).

INESC-ID is a Portuguese private, non-profit Research and Development (R&D) insti-
tution in the area of Computer Science and Electrical and Computer Engineering. It was
founded in 1999 and has been an Associate Laboratory of the Portuguese Ministry of Sci-

1A more detailed version of the title of this dissertation, incorporating terminology suggested by members
of the Committee, would be: ‘Immersive ProxSituated Analytics Performance and User Experience in Dam
Safety Control’. The original title remains unchanged due to administrative constraints.
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1. Introduction

ence, Technology and Higher Education since 20042. It includes 10 scientific areas, nearly 200
researchers, 200 students, and more than 50 research, technical and support staff members.

The Graphics and Interaction scientific area at INESC-ID is dedicated, within com-
puter science, to computer graphics, human-computer interaction, and behavioral and social
sciences. Its research scope includes deep graphics, medical interfaces, information visual-
ization, education gamification, accessibility, and social inclusion.

This work was developed in close proximity with domain experts from the CDD at LNEC,
where user studies were also carried out. LNEC is a Portuguese research and development
institution whose mission includes promoting scientific research, technological development,
and the definition of good practices in the Civil Engineering field. LNEC often assists
the Government in the development of public policies regarding different sectors of Public
Administration3. The CDD has existed since 1961 and is one of the eight departments of
LNEC. The CDD is formed by three central units: Applied Geodesy, Monitoring/Observation
and Modeling and Rock Mechanics.

In addition to extensive collaboration with INESC-ID and LNEC, during the completion
of this doctoral work, there was also cooperation with the Group of Lasers and Plasmas
(GOLP) at IST, in particular in exploratory activities related to immersive environments.

A collaboration with the University of California, Los Angeles (UCLA)s Physics and
Astronomy Department is also presently being carried out in the scope of the development
of additional functionalities for the above-mentioned immersive data analysis environment
that we had previously created. This work is peripheral to our thesis theme, as it is not
related to the safety control of dams.

1.6 Document Outline

This document is organized into eight chapters. Apart from the introduction (Chapter 1),
we start by explaining, in Chapter 2, the fundamental concepts needed for supporting the
different aspects addressed in the rest of the document. Computer science concepts pertain-
ing to XR, immersive analytics, and situated analytics are addressed. Fundamental civil
engineering concepts concerning dam safety control are also explained.

Chapter 3 describes and discusses previous research work related to the main objec-
tives of the thesis. Scientific work concerning XR in AEC, immersive visualization in dam
engineering, situated analytics, and proxsituated analytics is addressed.

In Chapter 4, we describe the exploratory process carried out during the development
2About INESC-ID: https://www.inesc-id.pt/about-us/
3LNEC’s mission: https://www.lnec.pt/en/lnec/presentation/mission/
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1.6. Document Outline

of this dissertation work. In that scope, we address a series of aspects related to situated
analytics in dam safety control.

Chapter 5 discusses the characteristics, conceptualization, and challenges of developing
‘DamXR’, a framework for abstracting the implementation of proxsituated dam safety control
applications.

Chapter 6 describes the development of a user study. This study aims to answer the
research questions and is supported by a prototype developed with the framework described
in the previous chapter. We present the methodology, results, discussion, and limitations of
the study.

In Chapter 7, we describe a set of guidelines for supporting the development of immersive
situated applications for dam safety control.

Finally, in Chapter 8, we present the conclusions of the thesis. We discuss the main results
of the research work previously described. We also address possible directions for future work
concerning the use of immersive, proxsituated visualization in dam safety control.
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Chapter 2

Background

This chapter addresses relevant background concepts needed to support the themes explored
in this thesis. The first of this set of concepts is extended reality (XR), a group of technologies
aimed at modifying how users experience reality. The second is immersive analytics, an
emerging visualization field that uses XR in data analysis. The third background concept is a
subarea of immersive analytics designated by situated analytics/visualization, which focuses
on framing data within the physical object or context being analyzed. The chapter also
covers fundamental concepts of dam safety control, which is the domain of civil engineering
that the thesis focuses on.

2.1 Extended Reality

The term XR refers to the use of real and virtual combined environments generated by
computer technology. Common examples of XR are VR and AR, whose popularity has been
growing in the last decades. Milgram and Kishino [110] conceptualized the XR spectrum
using a construct that they named the ‘reality–virtuality continuum’ [160]. This continuum
is limited by real-world environments at one extreme and exclusively virtual environments
at the other (Figure 2.1).

VR is purely digital. It allows users to become fully immersed in digital environments
and be transported to alternative realities. Real environments are at the opposite end, as
they are entirely physical. What lies between the real and the entirely virtual is referred to
as Mixed Reality (MR). In MR, the real and the digital co-exist within a shared space [160].

Moreover, in its typical application context in the real world, MRs closer to the real
environment tends to be used on-site. An example is AR, which allows the augmentation
of the real world through the overlay of virtual elements. Conversely, MRs closer to the
digital, are more likely employed off-site, as illustrated in Figure 2.1. An example is aug-
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Mixed Reality

Real

Environment
Virtual

Reality

Augmented

Reality

Augmented

Virtuality

Figure 2.1: A representation of Milgram and Kishino’s reality–virtuality continuum [110], which scopes the
spectrum of real and virtual combined environments generated by computer technology. The mapping of the
spectrum with physicality (from physical to digital) and the application context (from on-site to off-site) is
also represented [160].

mented virtuality, where virtual environments are supplemented by the projection of real
elements [160].

XR can be enabled in a wide range of visualization devices. General-purpose 2D screen-
based touch devices, like smartphones or tablets, are a widespread option for supporting
on-site-oriented AR (Figure 2.2, left). Users can point the device to the object they want to
augment and visualize the superimposition of relevant virtual elements to that object [160].

For maximizing the immersion of users in purely virtual environments, VR Head-mounted
Displays (HMDs)/headsets are becoming the norm (Figure 2.2, right). These devices are
typically equipped with gyroscopes, accelerometers, and depth cameras, which allow them
to track the position and orientation of the user’s head (and other body parts, like the hands)
within a three-dimensional space [160]. This process, commonly known as ‘tracking’, enables
the real-world position and orientation of the user body to be accurately reproduced within
the virtual environment [160].

AR HMDs like Microsoft’s HoloLens provide a hands-free way of augmenting reality by
overlaying digital holograms onto the physical environment. And more recent XR HMDs,
like Meta’s Meta Quest 3 (Figure 6.1, right) support both AR and VR modes [160].

Note: The topics discussed in this section were addressed by Verdelho Trindade et al. [160].

14

https://learn.microsoft.com/en-us/hololens/
https://www.meta.com/quest/quest-3/


2.2. Immersive Analytics

Figure 2.2: AR-enabled on-site visualization of data overlaid in dams using a tablet (left) and off-site
VR-enabled dam data visualization using an VR HMD (right) [160].

2.2 Immersive Analytics

Immersive analytics was defined by Dwyer et al. [38] as the ‘use of engaging, embodied anal-
ysis tools to support data understanding and decision making ’. And while XR technologies
and immersive environments are not named explicitly as part of this definition, they have
all the characteristics for being used in that scope. Indeed, its use is implicit, given that,
as we will see further ahead, XR’s ability to provide users with engaging and embodied [77]
experiences is a defining characteristic.

However, immersive analytics is a composite concept. By definition, it assumes the use
of immersive technologies, but it also presupposes that their use is carried out with a very
explicit objective - data analysis. In that scope, the more traditional ‘visual analytics’ aims
to use interactive (typically screen-based) visual representations of data to support analytical
reasoning and decision-making. Immersive analytics extends it by implicitly integrating XR
technologies for providing a more spatial, collaborative, embodied, engaging and contextu-
alized, multisensory data analysis [148],

The six cornerstones of immersive analytics [38] coincide precisely with the opportunities
it offers compared to traditional data analytics. The first is the opportunity for in-person
or remote collaboration between different stakeholders [16]. The second is the possibility of
using multisensory stimuli, including haptic feedback [108], in addition to the more standard
visual stimuli, which is the primary focus of traditional data analytics. The third is the
possibility of spatial immersion both in a virtual environment or e.g., by embedding data in
the real surrounding environment, creating a 3D augmented workspace [99].

The fourth cornerstone of immersive analytics is the possibility of increased embodiment
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in data analysis [183]. This characteristic is enabled by the interaction possibilities offered
by XR. Such possibilities go beyond the traditional mouse and keyboard and include natural
interaction through e.g., gestures, gaze [35], or voice [152].

The fifth is the possibility of enabling a more engaging experience, which is a direct result
of the joint effect of the remaining five aspects of immersive analytics. Indeed, engagement
in immersive analytics does not stem from any single characteristic but instead emerges from
the combined effect of its various features [71].

Finally, the sixth cornerstone is the opportunity offered by immersive analytics to con-
textualize data with the real world [154]. This characteristic proved so impactful for data
analysis that it gave rise to its own sub-area1, situated analytics.

2.3 Situated Analytics

Situated analytics aims to frame data within the visual context of the object being exam-
ined [39], [147]. ElSayed et al. [40], [42] defines situated analytics as the organization and
representation of data in relation to objects, places, or contexts in the real world.

The main objectives of situated analytics are [44], [154]: to better present information
by immediately associating it with the object of analysis [47], to allow users to directly
interact with that information through natural interaction, and to improve analysis by better
contextualizing data [111].

The representation of data in the physical world, enabled by situated analytics, entails
two fundamental concepts. The first is the ‘physical data presentation’, which consists of
the visual elements that are superimposed to the object of analysis (e.g., through XR) [178].
The second is the ‘physical referent’, which is the physical object or space to which the data
refers to [130].

Situated analytics encompasses the concept of ‘situatedness’ [57], [178]. Situatedness
is a property with multiple dimensions, including, for example, the spatial and temporal
dimensions. In the spatial dimension, it expresses the extent to which the physical data
presentation is physically (or conceptually) close to the physical referent. In the temporal
dimension, it conveys the extent to which the data’s temporal referent is close to the time
of observation [154].

In that scope, Satriadi et al. [138] classified situated visualization in proxied situated
visualization (also designated proxsituated) and immediate situated visualization depending
on the type of situatedness perceived by the user.

1Some authors frame situated analytics as a complementary technique to immersive analytics, instead of
a sub-area, as the two concepts have emerged at similar times [154].

16



2.4. Dam Safety Control

The first uses technologies like VR or AR to enable data visualization over a proxied
representation of the physical referent and the surrounding environment [44]. The second
uses technologies like AR to represent data directly over the real/immediate physical refer-
ent. Both situatedness modalities offer an increased analysis contextualization, potentially
improving analytical reasoning and decision-making [148].

Two concepts of proxsituated visualization are of special relevance for the present work.
These concepts are ‘level of detail’ and ‘spatial indirection’. The level of detail is the set
of visual characteristics of the physical referent and the surrounding environment, including
its textures, geometrical features, and lighting properties. A higher level of detail can mean,
for example, the use of richer textures (visual detail), and a lower level can mean the use of
flat-shading (no textures) [138].

Spatial indirection can be defined as ‘an offset of space between two entities ’ [138] within
the proxsituated environment (for example between the data and the referent). A higher
level of spatial indirection can mean e.g., a larger distance between data representation and
the referent. An example of a lower level of spatial indirection is the representation of data
directly overlaid on the referent.

In addition to the levels of detail and spatial indirection, proxsituated visualization also
entails other relevant concepts as identified in the model proposed by Satriadi et al. [138].
A concept deeply embedded in the definition of proxsituated visualization is the already
mentioned use of digital referent proxies instead of the physical referent.

In parallel to spatial indirection, proxsituated visualization also addresses temporal indi-
rection, which translates the time offset between the proxied referent state and its immediate
counterpart state [138], [139]. In the case of data representation, temporal indirection entails
the time offset between the data corresponding to the present state of the physical referent
and data corresponding to a time in the future or the past. An example is the visualization of
historical structural data (past) or structural data obtained with prediction models (future)
embedded on a bridge or dam 3D model.

Another proxsituated visualization concept is the representation scale, which translates
the transformation in scale between the proxied and the physical referents [138]. An example
is the AR visualization of a down-scaled digital model of an urban district on top of a table
to better observe the urban fabric’s structure.

2.4 Dam Safety Control

Dam engineering is a domain dedicated to the conceptualization, planning, design, construc-
tion, operation/monitoring, rehabilitation/upgrade, and finally, decommissioning of dams.
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Dam safety control is an area of dam engineering dedicated to ensuring dams’ adequate per-
formance and safe behavior during the operation/monitoring stage [125]. While dam safety
control is commonly associated with the structural health monitoring of dams, its purpose
extends well beyond that scope.

Indeed, structural safety is only one facet of dam safety control (although a very relevant
one), which includes aspects such as hydraulic-operational safety (e.g., of dam floodgates),
environmental safety, geotechnical safety, and the implementation of emergency plans for
downstream population safety (Emergency Action Planning /EAP). It also encompasses
activities, such as outreach initiatives concerning the functional and hydro-environmental
facets of dams [3]. Likewise, it incorporates activities such as social impact assessment,
including the promotion of public awareness of the impacts of dams on water and energy
resource sustainability.

The monitoring of dams during their operation includes, generally, three types of activ-
ities. The first is instrumentation monitoring/observation. This activity is concerned with
analyzing data acquired through sensor networks. These are installed throughout the dam
structure, its foundation, and the surrounding areas. Sensors installed in dams can typically
measure the following quantities: upstream and downstream water levels, displacements in
the structure, displacements in the foundation, relative movements in cracks and construction
joints, air temperatures and humidity, structural elements temperatures, foundation temper-
atures, structural strains, subpressures in the foundation, drained and infiltrated flows and
dynamic accelerations [120].

Registering the large set of quantities requires multiple types of sensor networks. Water
levels are measured using limnimeters installed upstream and downstream. Temperatures
and humidity are registered using meteorologic stations equipped with thermohygrographs,
thermometric probes, and udometers (precipitation). Horizontal and vertical displacements
in the structure are typically registered using plumblines (Figure 2.5 (b)), Global Naviga-
tion Satellite System (GNSS) equipment (Figure 2.3) but also geodetic methods through
triangulation employing a network of fixed marks [119] (Figure 2.4).

Horizontal and vertical displacements in the foundation are measured using bar exten-
someters. Relative movements in the concrete, cracks, and joints are recorded using Carlson
type elastic wire strain meters embedded in the concrete and joint meters. Temperatures
inside the concrete structural elements are measured using electrical-resistance thermome-
ters. Drained and infiltrated flows are registered using drains and volume totalizer spouts.
Foundation subpressures are measured through piezometers. The dynamic behavior of the
dam is tracked using accelerometers, which register the response under seismic actions and
ambient/operational excitation [20].
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Figure 2.3: Location of the GNSS receivers at the Cabril Dam in Portugal (left) and detail of the GNSS
antenna at the top of the dam (right) (LNEC).

(a) (b)

Figure 2.4: Using a total station theodolite (a) to determine the exact position of the fixed geodetic marks
(b) installed in the downstream face of the Cabril Dam in Portugal [157].

The water’s hydrochemical characteristics in the upstream reservoir and downstream are
also typically monitored. They can be measured automatically using on-site sensors or,
more often, manually during periodical inspection campaigns. These characteristics include
aspects such as electrical conductivity, redox potential, temperature and water aggressiveness
index for cement in concrete or injection grouts [73].

The second activity encompassed in dam monitoring is visual inspection. Visual in-
spection campaigns are carried out periodically on-site by observation technicians with the
support of dam engineers. They mainly aim to detect deterioration signs, including struc-
tural and constructive pathology. They also aim to verify the proper functioning of the
sensor/observation system itself [120]. Visual inspectors pay special attention to the superfi-
cial state of structural and non-structural elements. An example of a notable aspect to take
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into account is the existence, location, extension, and other characteristics of cracks.
Visual inspections are carried outside the structure, namely through the walkways typ-

ically existent in the downstream face of dams, but also inside the structure itself, namely
by taking advantage of the network of inspection galleries that typically traverses these
structures (Figure 2.5). In order to inspect inaccessible areas outside the dam, inspection
technicians have been increasingly resorting to the use of Unmanned Aerial Vehicles (UAVs)
equipped with high-resolution cameras, depth cameras, and laser-scanning technology [120].

(a) (b)

Figure 2.5: Dam safety control experts carrying out an inspection campaign from inside the maintenance
galleries of the Cabril Dam in Portugal (a) and using an optical coordinometer to read the displacement in
a plumbline (c) (LNEC).

A third relevant activity of dam monitoring is analyzing and forecasting the dam’s behav-
ior based on numeric and semi-empiric models. These models can e.g.,be used to simulate
the static and dynamic behavior of the dam structure considering different types of loads.
The predicted behavior is then compared with the measured behavior to assess if the dam
behaves as expected, within the normal parameters [118].
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Chapter 3

Related Work

In this chapter, we present relevant existing research work related to the central themes of
this thesis. We start by addressing related studies concerning using XR in AEC. We then
focus on existing research in immersive visualization in dam engineering. Next, we address
prior studies on situated visualization. Then, we concentrate on scientific work that concerns
using proxsituated visualization and analysis in distinct domains. Furthermore, we explore
how the particular aspects of visual detail and data indirection have been addressed in recent
work. Moreover, we address previous comparative studies of extended reality with desktop
computers/2D screens. Finally, we carry out a general discussion of the themes addressed
in the framework of the main objectives of our thesis work.

3.1 Extended Reality in AEC

The AEC area has been an important motor in the development of XR technologies. XR
has been applied extensively across several domains of the central thematic lines of AEC:
architecture, engineering, and construction. In this section, we present relevant work in
that scope applied to fields such as engineering design, architectural design, construction
inspection, construction assistance, and construction safety.

In the scope of engineering design, Isobe and Yang [72] proposed the use of virtual envi-
ronments for visualizing the behavior of nonstructural components of buildings (e.g., panel
ceiling or furniture) when subject to seismic excitation. They developed a VR application
incorporating finite element behavior models. They demonstrated the system by simulating
the impact of a high-intensity earthquake in a 10-story reinforced concrete building model.
This type of system can help engineers and architects visualize the behavior of nonstructural
components when designing buildings.

The design of road tunnel rescue rooms was addressed by Moscoso et al. [113]. During the
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design process of such rooms, they used virtual environments to understand how different
design options and spatial factors could affect users’ acceptance. With that objective, they
developed a system where users can experience a simulated emergency scenario in VR. A
user study using the system allowed them to conclude that factors such as lighting and using
separate areas positively affect users’ feelings of safety.

Souza and Fabricio [150] addressed the use of virtual environments for pre-design eval-
uation of building performance. They developed an application that allows users to roam
through healthcare facilities containing functional design errors to assess the impact of those
errors on user satisfaction.

In the context of architectural design, Beatini et al. [11] analyzed how virtual environ-
ments could be used to address the emotional impact of adaptive facades [4] in building
occupants. With that objective, they built a VR application that allows users to roam the
indoor environment of buildings with adaptive facades. The application allows the simulation
of the indoor visual impact of facades with different coverage ratios, opacity, and patterns.

Ze and Yu [182] focused on using virtual environments for interior design. In particular,
they addressed the VR simulation of the visual impact of sunlight throughout the day and
the outside natural scenery properties in interior compartments.

In the scope of landscape design, Ha et al. [61] addressed how immersive visualization
could be used to teach design details in landscape architecture. They developed a user study
comparing the user experience of roaming virtual landscape models with VR HMDs and
with desktop computers. Their findings indicate a better spatial perception and a higher
sense of realism with the VR alternative.

In recent years, relevant scientific work on applying XR to construction inspection has
also been carried out. Such an example is the work by Melnyk et al. [109], who focused on
using AR for enhancing the reporting of inspection results carried out in campaigns during
tunnel construction. They developed a prototype that allows inspectors to attach virtual
information panels to relevant locations in space where structural anchors are located inside
the tunnel. The inspector uses these panels to enter relevant information regarding the
results of structural tests carried out for each anchor during the inspection (Figure 3.1).

Tan et al. [153] addressed the inspection and management of building defects using AR.
They propose a framework that integrates AR with Building Information Modeling (BIM)
and computer vision for detecting and tracking defects in real-time. Each defect is then
linked to an entry in the BIM database to obtain detailed information regarding the specific
structural or nonstructural components being inspected. Likewise, Liu et al. [91] associated
AR to BIM for on-site construction inspection. In that scope, they propose a new algorithm
for mapping point cloud data with its BIM database information counterpart.

22



3.1. Extended Reality in AEC

Figure 3.1: Using AR for reporting the results of tests in structural anchors inside tunnels during inspection
campaigns [109].

The effective integration between XR and BIM in the scope of transportation infrastruc-
ture management was also addressed by Alhady et al. [6]. They propose a workflow for
engineers and other stakeholders to visualize and monitor the distinct stages of construction
of road bridges and viaducts, using both AR and VR.

XR has also been studied in the scope of construction task assistance. Fazel and Adel [50]
proposed using AR to reduce human errors in timber connection execution. They developed
a system to track the position and orientation of power tools used for timber construction.
The system can superimpose to the raw timber component virtual markings indicating the
exact points where the worker has to drill or apply joint screws. It also enables the display
of virtual levels to guide the workers on the correct orientation angle for the power tools.
Moreover, because the system tracks both the geometry of the raw timber component (using
fiducial markers) and the power tool, it automatically turns the power tool off when it detects
an orientation or position misalignment (Figure 3.2).
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Figure 3.2: Using AR for assisting workers in timber connection execution tasks by giving visual indications
of the points where the worker has to drill or apply joint screws. The system proposed by Fazel and Adel [109]
can also track power tools to detect positional and orientation errors.

Rogeau and Rad [135] also addressed using XR in timber joint assembly. In particu-
lar, they studied the use of AR for human-robot interaction in timber construction. They
developed a system that can give the worker wearing an AR headset holographic assembly
instructions projected over the timber components. The system also enables collaboration
between the robotic and human workers by automatically allocating the assembly tasks to
one or the other, according to their abilities.

The use of AR for assisting operators in road maintenance tasks was the focus of the
study proposed by Bavelos et al. [10]. They implemented a system for on-site use, which can
guide the road maintenance operator, wearing an AR headset, in complex tasks by enabling
the display of instructions overlaid to the road and used machinery (Figure 3.3).

The area of construction safety training with XR has also been the target of multiple
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Figure 3.3: The AR system proposed by Bavelos et al. [10] can provide road maintenance operators with
instructions on carrying out complex on-site tasks.

scientific studies. An example is the work developed by Hussain et al. [69], who applied
VR for simulating hazard scenarios to prevent struck-by accidents in construction workers.
They conducted a user study on the relation between attentiveness and situation awareness
on construction sites (Figure 3.4).

Moreover, Chen et al. [21] proposed using AR headsets for hazard prevention directed at
heavy construction machinery operators. They developed a system that uses the headsets’
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Figure 3.4: Hussain et al. [69] addressed the use of VR for simulating hazard scenarios in construction
sites.

hand and eye-tracking functionality to detect abnormal operators’ behavior that could lead
to accidents. The system enables visual and auditory alerts when it detects that the operator
cannot safely operate the construction machine.

3.2 Immersive Visualization in Dam Engineering

As we have seen in the previous section, XR has been used in immersive visualization in
many AEC domains. Dam engineering immersive applications, however, have yet to be fully
explored. Some of the reasons for this lack of adoption could be related to difficulties brought
about by dam structures’ intrinsic characteristics. Such characteristics include its larger scale
when compared with other civil structures. They also include the homogeneity of its surface,
namely on gravity concrete dams (the issues associated with this feature will be addressed in
Section 4.2). Furthermore, dams are also typically remote and frequently difficult to access
structures, making e.g.,data acquisition for 3D modeling more cumbersome.

The combination of such factors can hinder on-site applications, and relevant steps en-
tailed in developing off-site XR applications, such as the above-mentioned accurate structure
modeling. Nevertheless, the increasing use of UAV and Light Detection and Ranging (Li-
DAR) technology in dam positional data acquisition has made 3D modeling more manage-
able. This section will address some examples of studies concerning applying XR technologies
to immersive visualization in dam engineering.

It was precisely in the scope of dam modeling for use in XR-powered applications that
some recent studies were focused on. In particular, they addressed the process of transferring
data from engineering project elements to immersive visualization applications. An example
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of such studies is the work developed by Cheng et al. [22]. They focused on establishing a
workflow to facilitate modeling dam reservoirs’ underwater terrain. This process is especially
relevant as the underwater portion of the terrain encompassing the reservoirs is often not
included in topographic survey campaigns that are restricted to using LiDAR and total
stations. To obtain a point cloud, they used multibeam echosounders [95] and side-scan
sonar systems [8]. They then used this data to generate a detailed model of the reservoir
bed, designed to be integrated in VR environments. Such a process applied through the years
will result in the possibility of visualizing the fluctuations of silt accumulation in reservoirs
over time in an immersive environment.

Likewise, Lin and Chen [88] streamlined the migration of digital project blueprints of
gravity dams to 3D models aimed at being integrated into immersive environments. More-
over, with the same objective, Zhao and Zhang’s work [184] focused on enhancing the tran-
sition process from digital engineering drawings to 3D models ready to be integrated into
VR applications. The objective of this process was to facilitate the simulation of the several
stages of the dam’s construction. Wang et al. [170] proposed a similar process but directed at
generating steel slit dam [78] 3D models for VR applications directed at off-site inspections.

The process of converting experimental groundwater flow data to 3D models, ready to
be used in AR environments, was addressed by Marques et al. [98]. They superimposed
these virtual models to physical models of embankment dams with the objective of better
visualizing the seepage phenomena [132].

Using immersive visualization in dam construction supervision and monitoring has also
been the target of previous scientific studies. An example is the work carried out by Lin et
al. [90], which addressed the use of AR in earth and rockfill dam [129] construction moni-
toring. They focused on assessing the quality of earth compaction in real-time. With that
objective, they used compaction roller machines’ positional sensor data to superimpose vir-
tual idioms, representing the current earth compaction level, to the actual dam being built.

In the scope of dam construction supervision, Wang et al. [169] focused on using AR
technology to visualize the operation of cable cranes operation, with the objective of tracking
and improving its productivity. They propose a method for visually tracking and optimizing
the movement of crane buckets to reduce operational costs.

Ren et al. [133] addressed the integration of AR in inspecting and monitoring concrete
arch dam construction. They focused on representing, superimposed to the dam in con-
struction, digital information comparing as-built versus as-designed. They use automatic
structural geometry feature extraction and compare it with the geometrical data in the
project specifications. Construction supervisors and inspectors can use the system to iden-
tify on-site, positional discrepancies during the construction process.
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Zhong et al. [187] addressed the use of AR to overlap a representation of the sequential
construction stages of core rockfill dams to reality. They propose a system that allows
supervisors to see a visual representation of the construction schedule superimposed on the
construction works in progress.

As mentioned in Chapter 2, the dam safety control domain aggregates a set of activities
that are not restricted to data analysis. Indeed, it also encompasses activities such as promot-
ing public awareness of the importance of dams in water and energy resources sustainability.
It also includes outreach initiatives concerning the functional and hydro-environmental facets
of dams.

In that scope, Spero et al. [151] developed a study on realistic modeling and simulation
of dam failures (Figure 3.5) in VR. They focused on conveying dam safety risks to the gen-
eral public and policymakers. With that objective, they build accurate virtual environment
simulations of historical dam disasters. They used precise hydraulic and structural simula-
tion theoretical behavior models. They also employed drone technology to acquire detailed
geometry of dams and the surrounding environment.

Janovsky et al. [74] used VR to relay the landscape impact of dam construction to school
children and the general public (Figure 3.6). They simulated the geomorphic changes of
the Vltava River valley in the Czech Republic over 60 years, using a large terrain virtual
environment partly generated using procedural modeling.

Likewise, Macchione et al. [96] addressed the use of VR in public awareness of the im-
portance of dams in flood prevention. They focused on building a realistic simulation of
the urban impact of water rise in a hydrographic basin (Figure 3.7). The 3D modeling of
the basin was carried out using detailed spatial data obtained using LiDAR. The virtual
environment aims to promote the active participation of the different stakeholders in flood
management planning.

Virtual environments have also been addressed in the scope of dam monitoring. One
example is the work proposed by Wang et al. [171], which focuses on using 3D environments
for visualizing the different components of dams. They developed a system that allows users
to navigate through the structure of dams, observe the location of sensors, and visualize the
values registered in those sensors over time. While not XR per se as it was designed for use
in desktop computers/2D screens, the system has similar objectives to some of the systems
that will be discussed further in Chapter 4. Goff et al. [59] also addressed dam monitoring
in their work, but employing touch devices such as smartphones and tablets. They focused
on using AR for visualizing relevant maintenance information superimposed to hydraulic
components of small dams, like pipework and valves.

28



3.2. Immersive Visualization in Dam Engineering

Figure 3.5: Visualizing the Teton Dam failure simulation time series in an immersive environment [151]
(top, left) and real images of the incident (right).
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Figure 3.6: Demonstrating the mechanisms of dam reservoir filling using VR during a tour of primary
school students [74].
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Figure 3.7: Promoting public awareness of the importance of dams in flood prevention by using a VR
simulation of the urban impact of water rise in a hydrographic basin [96].
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3.3 Situated Analytics

As we have seen in Chapter 2.3, situated analytics is a subarea of immersive analytics
focused on representing data in its spatial and semantic context [176]. With the assistance
of AR technologies, data can be represented as a virtual overlay to the real object being
visualized/analyzed [175], [178]. Data can also be visualized in a situated context with the
help of VR by using a representation/model of the object being analyzed instead of the real
object [138]. Situated visualization, applied to a variety of areas and domains, has been the
focus of previous research [17], [104], [147], [154].

An example of situated visualization is the system proposed by Behzadan and Kamat [12].
They address the application of AR in the superimposition of virtual elements representing
the geometry of municipal underground infrastructure to the pavement of urban streets.
Such a mechanism allows municipal workers to visualize how underground utility lines are
distributed along sidewalks and roads before initiating underground repair works and exca-
vating the pavement. Such a system provides a practical way to situate municipal infrastruc-
ture data. By directly contextualizing data over the object of analysis, the system avoids
manually establishing the correspondence between utility blueprints and the urban setting.

ElSayed et al. [40], [42] focused on interaction and visualization techniques for situated
analysis in contexts where embedding data with the physical environment was relevant. They
developed a context-aware design pattern [41], [43], which promotes a seamless transition
between the physical space and the information being analyzed. ElSayed et al. [41] also
validated these concepts in a shopping experience context. They compared an AR situated
approach, where relevant information would appear superimposed to products with a con-
ventional shopping experience. They determined that the former had more advantages in
terms of speed and accuracy than the latter. Likewise, Abao et al. [1] also addressed situated
analytics in shopping scenarios. They used AR-powered mobile devices, like smartphones
and tablets, to superimpose nutritional characteristics to food products in supermarkets.
Their system targets users with health conditions such as diabetes, allowing them to select
food products compatible with their condition.

An AR mobile application, directed at representing soil conditions data superimposed
on real agricultural terrains, was proposed by Zheng and Campbell [186]. The system is
directed at farmers for on-site situated visualization of relevant agricultural data, including
soil analysis results and subfield soil characteristics.

Alallah et al. [5] focused on visualization and interaction techniques for enhancing the
exploration of video data in situated contexts. They investigated the performance char-
acteristics in visual analytic tasks with video data in situated and non-situated settings.
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Their results show that in that context, users benefit from environmental cues. Moreover,
Berger [14] propose using sonification techniques to better convey continuous spatial data
in situated analytics. They exemplify the application of these techniques in the context of
the visualization of air quality records datasets and emphasize how they can improve data
perception.

Buschel et al. [19] proposed a situated visualization toolkit for the visualization and
analysis of spatiotemporal interaction data. The toolkit uses AR headsets for tracking user
interactions and trajectories. The users’ movement is then represented in space through
trajectories and trails. It also uses 2D idioms, like heatmaps, attached to surfaces to rep-
resent e.g., user touch data with that surface. Fleck et al. [54] also proposes a toolkit for
situated analytics. They apply this toolkit to hot air emissions visualization in an industrial
installations context (Figure 3.9).

Figure 3.8: Situated visualization of spatio-temporal interaction data [19].

Figure 3.9: Using AR for situated visualization of industrial equipment, for augmenting an instrumented
ventilator [54].
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Moreover, Lin et al. [89] applied situated analytics techniques to the real-time visual-
izations of free throws of basketball athletes. They propose the representation of the ball’s
trajectories in space, offering immediate visual feedback on a player’s shot performance. They
experimented with experienced basketball players, wearing Microsoft HoloLens headsets run-
ning the proposed visualization. They concluded that this type of situated visualization can
help athletes improve their accuracy.

In the scope of situated spatial representations, Guarese et al. [60] addressed the visualiza-
tion of electromagnetic radiation data inside anechoic chambers. They developed a prototype
for Microsoft HoloLens headsets that allows in-situ visualization of 3D field topologies of
different radiation frequencies.

Figure 3.10: Situated visualization of electromagnetic radiation data inside an anechoic chamber [60].

The translation of interaction and visualization techniques from desktop to situated vi-
sualization, enabled by AR mobile devices, was the focus of Zhao et al. [185]. They also
compared the different effectiveness aspects of the two visualization modalities in scatterplot
and storyline visualizations.

Ens and Irani [47] studied the effectiveness of data representation in situated visualization
with AR headsets. They addressed aspects such as virtual window layout configurations
and their integration into the augmented user’s surroundings. Furthermore, they analyze
different techniques for representing visual links between data in distinct windows. Also, in
that scope, Wen et al. [173] addressed how different types of windows layout configurations
compared in a situated visualization context.
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Note: The related work described in this section was addressed by Verdelho Trindade et
al. [164], [165].

3.4 ProxSituated Visualization

The concept of situated analysis does not necessarily mandate the use of AR or the real
referent. As we have seen earlier, proxsituated environments use proxy representations of the
physical referent instead of the actual object of analysis. Different extended realities, such as
VR, can be used for such a purpose. Indeed, realistic (or less realistic, more symbolic) virtual
proxies for physical referents can effectively be used in XR environments for mimicking the
real object of analysis, as proposed by Satriadi et al. [138].

Such an example of proxsituated visualization is the immersive analytics VR system
developed by Nouri et al. [117]. The system is directed at the situated analysis of buildings’
facade durability by experts and non-experts. In a proxsituated virtual environment, it
allows users to analyze how biocide availability is affected by rain, the facade’s geometric
structure, or the building’s orientation. The system uses data from on-site sensors and
chemical analysis of the facade materials over time. This data is represented, using symbolic
time series, directly over the facade of the building model (which was obtained using 3D
reconstruction techniques with photographic textures), near the area it respects, as shown
in Figure 3.11.

Figure 3.11: The process proposed by Nouri et al. [117] for obtaining buildings 3D models, associating and
representing time-series sensor data directly over its facades.

Also, Ens et al. [46] built a proxsituated VR prototype directed at establishing a visual
connection between smart devices in built environments. In particular, the ‘Ivy system allows
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the user to visualize the data flow between sensors and actuators in a virtual representation
of the different rooms inside a house. In that scope, Ivy users can manually establish logic
links between virtual devices. These changes will have correspondent repercussions on the
actual smart installation.

Iglesias et al. [70] focused on developing an immersive system for structural analysis of
railway tunnels. The system uses precise and photorealistic models of tunnels to faithfully
reproduce the sensation of being in front of the object of analysis. These characteristics
allow users to visualize the structural defects found on the tunnel’s surface while off-site.

The previously mentioned examples of proxsituated visualization use an egocentric ap-
proach. This approach means that while the referent is proxied, the user viewpoint within
those systems corresponds to the actual viewpoint the user would have if they were in front
of the physical referent. The limitations of such systems were highlighted by Martins [102].
The authors noted that these limitations were relevant not only for VR-powered proxsituated
environments but also for proxsituated systems that use AR. The same limitations apply even
more obviously to situated visualization systems using immediate referents.

To mitigate egocentric viewpoint limitations, Martins et al. [103] address multi-perspective
views, transitional interfaces, and multimodal information. They highlight how the transi-
tion between distinct static and dynamic feeds of several real and virtual viewpoints within
the same display can be relevant in that scope. The proposed techniques include the seamless
transition from an AR egocentric view to other relevant VR views without changing physical
location.

With the same objective of hindering egocentric viewpoint limitations, Martins et al. [24]
further proposes, in the case of immediate situated systems, the transition between distinct
camera feeds to give the user the feeling of being in different places around the physical
referent. They also propose combining an egocentric viewpoint of the physical referent with
a wider, more distanced viewpoint using a virtual rendering of the referent. They exemplify
this concept with a prototype that allows a user inside a compartment to transition its
viewpoint to a bird’s eye view of the building they are in, using a virtual representation of
that building and surrounding landscape.

Martins et al. [101] developed a system for situated air quality visualization (Figure 3.12).
The system represents, over the real world, real-time air quality data using AR and combines
immediate situated with proxsituated features to overcome egocentric viewpoint limitations.
In particular, it can display a VR view from above the area where the user is currently located.
Such combined use of different modalities of situatedness resulted in an improved analytic
performance. They registered a 42% task completion time decrease when comparing the use
of immediate situated features (AR) with the combined use of immediate and proxsituated
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features (AR+VR).

Figure 3.12: A system for situated air quality visualization. Immediate situated approach using AR (top
image) and the combined use of immediate and proxsituated features using AR+VR (bottom images) [101].

Weidinger et al. [172] work focused on how distinct modalities of data representation
within a proxsituated environment influenced data analysis performance. In particular, they
addressed the impact of the distance of the data representation to the object of analysis.
They used an immersive analytics prototype to visualize spatiotemporal racing data. They
asked five expert users to perform cornering performance analysis using three distinct ways
of representing velocity, throttle, and brake data in relation to the racing track. They com-
pared the use of conventional line charts, situated 3D graphs directly represented over the
racing track, and a hybrid way which used situated 3D graphs together with line charts (Fig-
ure 3.13). The results showed that users preferred the hybrid visualization and highlighted
the usefulness of the embed 3D graphs in understanding differences in distances between
events.

The form of representation of digital proxies and data was addressed by Cornel et al. [29],
which developed a real-time technique for visualizing large-scale terrains based on adaptive
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Figure 3.13: Three different ways of visualizing racing data on a proxsituated racetrack: with line charts
(left), with 3D area charts directly over the track and combining the two visualizations [172].

height fields. This technique was designed for interactive applications and was tested with
visualizations of stormwater runoffs on river valleys, failing floodwalls in urban scenarios, and
tsunami impacts on cities. The technique was applied to flood and heavy rain simulation
and data visualization of a 300 km2 portion of the Danube River in the Marchfeld region
in Austria. The technique allows users to navigate through a high-fidelity terrain model
with realistic water behavior and visualize flood data directly superimposed to the proxied
referent. The data representation is carried using, e.g., the coloring of water and buildings
by water depth as represented in Figure 3.14.

Figure 3.14: Large scale proxsituated visualization of flood impact at local and regional scopes [29]. Areas
and buildings with higher flood impact risk are highlighted in red tones.

Ready et al. [131] studied the analysis of river management in a big data framework. They
developed a VR proxsituated visualization that allows users to directly explore data from

38



3.5. Discussion

18,000 weather sensors over a representation of the analyzed river. This data concerns water
quality, water level, snow, and rainfall, among other properties. Each property is represented
along the river surface using 3D bar chart with horizontal coordinates corresponding to the
sensor location and height corresponding to the property value (Figure 3.15). The user can
select a specific bar and visualize the evolution of recorded values over time in a 2D line
chart.

Figure 3.15: A proxsituated visualization of river management data with multiple levels of data spatial
indirection: directly over a virtual representation of the referent and in 2D charts displayed in floating
panels [131].

3.5 Discussion

In the previous sections, we addressed existing research related to our thesis. We first
started by addressing how the AEC area has been the source of many advancements in the
practical use of XR. We described relevant examples in AEC domains, such as engineering
and architectural design, construction inspection, assistance, and safety.

However, in 2023, we carried out a broad systematic literature review in the scope of
XR in AEC [161]. In this work, we analyzed 11242 studies and selected 983 relevant papers
published between 2011 and 2022. This review enabled us to identify significant trends of
XR in AEC that have emerged over the past decade. Figures 3.16, 3.17 and 3.18 illustrate
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those resulting trends.
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Figure 3.16: Tendencies registered in the last decade concerning the scientific production in the scope of
XR in AEC [161].

Between 2011–2022 the number of XR in AEC publications has been increasing steadily.
A dramatic increase in published studies was observed between 2016 and 2019. However,
from 2019 to 2022, the increasing tendency stabilized, maybe due to external factors like the
onset of the COVID-19 pandemic in early 2020 (Figure 3.16 (a)).

During the analyzed period, the number of studies published for each AEC area (archi-
tecture, engineering, and construction) had a very similar evolution (Figure 3.16 (b)). The
three areas also interchangeably had the most and least studies in different years. This prox-
imity between the number of studies shows how the XR research interest has been increasing
at approximately the same rate in the three areas.

Regarding the physical referent addressed, there was a noticeable prevalence in stud-
ies concerning the application of XR in buildings. This prevalence is understandable, as
building design, construction, maintenance, and demolition are carried out at a massive rate
worldwide. Moreover, apart from studies not focusing on a particular type of physical ref-
erent, buildings were followed by urban landscapes as the targeted physical referent in the
addressed XR in AEC studies (Figure 3.17 (a)).

Similarly, most of the studies highlighted in Section 3.1 has buildings as physical ref-
erents ([11], [72], [113], [150], [153], [182]). Indeed, engineering and architectural design
and construction inspection studies focused heavily on the specific design and inspection of
buildings.

Regarding the geographical distribution of studies, the USA and China produced the
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Figure 3.17: Types of physical referents addressed in the analyzed studies and geographical distribution
of primary studies, together with field-normalized productivity [161].

highest absolute number of studies on XR in AEC. They were followed by Italy, which also
had the highest number of studies in relation to its research population (Field-normalized
Productivity1), followed by Australia and Portugal (Figure 3.17 (b)).

Regarding the type of display/device addressed in the studies, there was a noticeable
increase over the last decade of XR HMDs. In the same period, the number of studies
addressing the use of 2D screens decreased significantly (Figure 3.18 (a)). Moreover, in the
analyzed period, we can also observe that the reported limitations and challenges related to
equipment and software had a decreasing tendency (Figure 3.18 (b)). These results may be
a reflection of the substantial leap in XR headsets reliability and performance as well as XR
Software Development Kits (SDKs) simplicity over the last decade.

This increasing preference for HMDs over 2D screens for XR applications to AEC was
also observed in the studies presented in Section 3.1. Indeed, XR headsets were used in
almost all circumstances and types of application, from design to inspection and construction
assistance. They were also preferred across studies addressing different modalities, including

1This metric measures the number of XR in AEC studies produced by a country per researcher in that
country while taking into account the global average of publications per researcher in all fields. It was
calculated using the following expression:

Field-normalized Productivity =
Studiescountry

Researcherscountry
∗ Studiestotal

Researcherstotal
(studies/researcher)

Studiescountry - Number of XR in AEC studies indexed by Scopus (2011-2022) produced by each country
(affiliation of first author); Studiestotal - Number of XR in AEC studies indexed by Scopus (2011-2022) across
all countries; Researcherscountry - Number of researchers (of all scientific fields) in each country [179], [180];
Researcherstotal - Number of researchers (of all scientific fields) across all countries;
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AR and VR (e.g., [10], [11], [21], [50], [69], [72], [91], [109], [113], [135], [143], [150], [153]).
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Figure 3.18: Tendencies registered in the last decade concerning the type of display (a) and type limitations
and challenges cited in the analyzed studies [161].

Moreover, later, in 2024/25, we made an updated bibliometric analysis explicitly focused
on XR in SHM [160]. It entailed 44 relevant primary studies and included, among other
assessments, an author’s keyword density and relationship analysis (Figure 3.19). The results
showed many studies addressing the application of AR in crack detection. Concurrently,
many of these studies also addressed BIM and the use of UAVs.

Information visualization was the most addressed scope in studies focusing on VR. VR-
focused studies also addressed frequently 3D modeling from point clouds. It is also possible
to identify the tendency for VR-focused studies to address SHM in the context of historic
buildings. Furthermore, AR was the most mentioned of the XR modalities, which may be
indicative of a strong on-site component in XR in SHM research. It was followed by the VR
and MR modalities.

This preference for AR can also be observed in the studies categories described in Sec-
tion 3.1. Indeed, almost all studies addressing construction inspection, management, and
assistance ([6], [50], [91], [109], [135], [153]) also used AR as the preferred XR modality.

By contrast, Section 3.1 studies focused on engineering and architectural design([11], [61],
[72], [113], [150], [182]), addressed the use of VR. Conversely, studies addressing construction
safety training ([21], [69]) used alternately AR and VR.

Observing Figure 3.17 (a), we can see that scientific studies addressing immersive vi-
sualization for dams are still significantly smaller in number than those dedicated to other
types of physical referents, like buildings. This smaller number of XR studies addressing
dam engineering, compared to other areas, may be related to the increased challenges dams
pose (like the physical features of dams and other characteristics already mentioned above).
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Figure 3.19: Relations between the top 10 most used author’s keywords in the analyzed XR in SHM
studies. [160].

Section 3.2 addresses some of those studies. Moreover, one of the main examined aspects
was transforming engineering and design documentation, including technical design models
and BIM data, into 3D assets that can be directly used in XR environments [88], [170], [184].
The effectiveness and efficiency of this transformation are fundamental for streamlining the
development of XR applications for dam engineering (and XR engineering applications in
general).

While BIM methods have somehow standardized how the different project elements are
represented, integrated, and stored, their transformation into usable assets is still complex. It
involves heavy preprocessing due to the typically high geometrical detail of engineering BIM
and Computer-aided Design (CAD) models. Such high-poly count models have to be simpli-
fied for smooth real-time rendering in immersive environments. However, this simplification
has to be carried out without losing embed critical information, namely in what concerns
design accuracy. Dam engineering models also typically contain rich metadata (materials,
annotations, and other technical specifications), which must be retained in order for the XR
environment’ elements to be actionable, namely in XR dam data analysis applications.

One other aspect that was addressed in the studies presented in Section 3.2 was the use
of XR for monitoring dams in the construction stage [90], [133], [169], [187]. Researchers
have focused on using AR for that purpose. This XR modality allows the superimposition
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of digital information concerning what was designed with what was actually built in the
real world. In that scope, inspectors wearing AR headsets are offered a relevant resource for
supporting the identification, on-site, of positional and geometrical discrepancies during and
after the construction process.

As we have seen with some of the addressed studies, dam monitoring applications can
superimpose relevant information on construction work other than design data. Examples of
such information are the movement paths of crane buckets to reduce operational costs [169]
or the levels of soil compaction resulting from the operation of roller machines in earth and
rockfill dam construction [90].

Some of the analyzed studies are also concerned with using immersive environments to
promote public awareness of the hydrological importance of dams and outreach initiatives
regarding dam safety control activities. In those scopes, XR technology can be used to
simulate the effects of dam failures [151], flood impact [96] or the construction of dams [74]
by providing immersive and realistic environments capable of effectively engaging both the
general public and policymakers.

Despite being scarce, there are some examples of virtual environments being used in
the context of off-site dam data visualization. However, they have been developed either
primarily for desktop environments [171], not taking advantage of XR headsets’ virtues on
spatial perception (as addressed in Chapter 2) or for small-scale dam installations [59].

In Section 3.3, we addressed previous scientific work concerning situated visualization
and analysis in many domains. Situated visualization and analysis have been applied to
such varied areas as improving users’ shopping experience [1], [41], agricultural activity [186]
and sports [89], among many others.

Likewise, situated visualization can also be very useful in the AEC area, as exemplified
in the early example provided by the work of Behzadan and Kamat [12]. The operational
advantages they demonstrated by superimposing relevant information to urban pavements,
using AR, can be extrapolated to many other AEC domains and types of physical referents,
such as buildings, bridges, or dams (and, of course, to other domains outside AEC).

They address the application of AR in the superimposition of virtual elements repre-
senting the geometry of municipal underground infrastructure to the pavement of urban
streets. Such a mechanism allows municipal workers to visualize how underground utility
lines are distributed along sidewalks and roads before initiating underground repair works
and excavating the pavement. Such a system provides a practical way to situate municipal
infrastructure data. By directly contextualizing data over the object of analysis, the system
avoids manually establishing the correspondence between utility blueprints and the urban
setting.

44



3.5. Discussion

Some of the works, however, addressed general purpose situated analytics interaction and
visualization techniques for better scoping of data within the object of analysis [40], [41], [42],
[43]. These techniques are crucial for better determining how and where data is embedded
in the physical environment. They also facilitate the connection between the physical space
and the information being conveyed to the user regarding that same space.

In that scope, distinct levels of spatial indirection in data were addressed. For example,
in the work proposed by Buschel et al. [19] or Guarese et al. [60], the data representation
is carried out with direct overlay to the spaces and surfaces it concerns. Such configuration
corresponds to a lower level of data indirection, as defined in Section 2.3. On the contrary,
e.g., Ens and Irani [47] propose using virtual floating windows/panels to represent data. This
representation is carried out on-site but presupposes that data is at a certain (conceptual)
distance from the object of analysis. Therefore, such configuration corresponds to a higher
level of data indirection.

Some of the addressed studies also focus on less conventional techniques for situated
visualization. An example is the work proposed by Berger [14], which uses an audiovisual
approach for conveying spatial data. Instead of limiting the data display to visual represen-
tations, they added an audio layer to improve data spatial perception.

In Section 3.4, we addressed existent scientific work concerning a particular subset of
situated visualization - proxsituated visualization - that uses representations of the referent
instead of the actual physical referent.

There are a couple of considerations we should take into account when looking at these
studies. The first is that while proxsituated representations are typically associated with a
virtual referent, that does not mean that proxsituated applications have to use VR neces-
sarily. Moreover, as we have seen in Section 2.3 and some of the analyzed works [24], [101],
[102], [103] proxsituated analytics allows users to go beyond the egocentric point of view
(typically found in immediate situated analytics).

One other consideration is the data representation level of spatial indirection. Data
spatial indirection is a determining factor in how we convey the data to the user. In some
of the addressed related work [131], [172], different levels of data spatial indirection were
addressed. In that scope, Weidinger et al. [172] found that users considered a low level of
data indirection helpful in understanding differences. However, they preferred simultaneous
viewing of data representations with both lower and higher levels of data indirection.

In that scope, Ready et al. [131] addressed the use of different data indirection levels
depending on the data hierarchy level being visualized. Indeed, the proxsituated environment
that they presented uses primarily 3D bars, representing water different water properties,
overlaid directly on the referent (lower data indirection). However, when the user selects
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a specific bar, a floating panel with a 2D line chart representing the evolution of recorded
values over time is displayed (higher data indirection).
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Chapter 4

Exploring Situated Analytics in Dam
Safety Control

In this chapter, we describe the exploratory process carried out during the development
of this dissertation. We address a series of aspects related to situated analytics that were
covered in the scope of dam safety control. The following sections outline how we explored the
different components of situated analytics, such as the immediate and proxied approaches,
the particularities of distinct XR devices, the levels of data indirection, or the levels of visual
detail. This work was carried out in close collaboration with dam specialists from CDD at
LNEC.

4.1 Immediate Situated Approach

Our work in immersive data analytics in dam safety control began with exploring the use of
XR for on-site structural data visualization. This first project began when the author was
completing his master’s thesis (late 2018) and continued through the early stages of his PhD
(2020).

We focused on exploring how AR-powered touch devices, like tablets or smartphones,
could be used for visualizing the networks of sensors inside and on the dam’s surface. In the
scope of this exploration, we set to develop a prototype whose effectiveness could be tested
in the field.

For this work and most of the subsequent work addressed in this dissertation, we used
the Cabril Dam as a case study. This dam is a structure that has been highly studied
by engineers and civil/dam engineering researchers. As such, it was the structure that the
specialists at CDD at LNEC advised we use for validating our prototypes. The Cabril Dam
is a double curvature concrete arch dam built in 1953. It is located in the Zêzere river, on
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the border between the counties of Pedrógão Grande and Sertã. The structure has a crest
length of 290 m, and the central console thickness varies between 4.5 and 19 m [120]. It is
the highest arch dam in Portugal, with a height of 132 m [119] (Figure 4.1).

Figure 4.1: General view of the Cabril Dam (left) and side view of the downstream face of the struc-
ture(right) [162], [163].

The Cabril Dam includes several sensors inside its structure. It also incorporates other
devices, like geodetic marks on the dam’s downstream face. Dam sensors are used for mon-
itoring many different parameters, including structural displacements [120]. Structural dis-
placements are movements or shifts that occur in the structure over time. They depend,
among other factors, largely on the hydrostatic pressure of the reservoir water. So, through-
out the year, as the reservoir water level changes, so will the displacements.

The monitoring of horizontal displacements in the structure, which was the specific focus
of this work, is carried out in theCabril Dam mainly through three processes [120]:

• Using geodetic methods, through exterior triangulation of a network of fixed marks
installed in the downstream face of the dam (Figure 4.2 (a));

• Through 10 plumb lines installed in vertical holes in the interior of the dam structure
(Figure 4.2 (b));

• Using GNSS equipment installed in the central point of the top of the dam and the
outskirts of the dam.

So, the prototype we wanted to implement would allow the superimposition of the posi-
tioning and geometry of the network of sensors to the user’s view of the real world. It would
also enable the visualization of displacements measured in those sensors. This system would
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(a) Geodetic marks location (left) and triangulation network (right)

(b) Plumblines location

Figure 4.2: Location of different types of sensors in the interior of the Cabril Dam (LNEC [120]).

offer engineers and field technicians a better perception of the distribution of the monitoring
device networks during periodic inspection visits.

With this objective in mind, we selected Android tablets as the target hardware platform.
We chose this platform mainly due to the following reasons: cost-effectiveness, higher battery
life, and better environmental resistance (durability) when compared to dedicated AR head-
sets like Microsoft Hololens . We also chose Unity as a graphical engine due to its simplicity,
performance, and overall hardware compatibility. For the AR SDK, we opted for Vuforia
due to its native integration with Unity, and good performance in exterior environments, as
highlighted by Marto et al. [105].

For superimposing the relevant virtual elements of our application to the actual dam, we
needed accurate AR tracking. Due to our structure’s sheer size, the use of fiducial markers
would not be feasible, let alone practical. Therefore, we had to opt for a marker-less tracking
solution.

Within that scope, we used Vuforias’ Image Targets tracking technique. This technique
uses pre-captured ‘target’ photos of the environment we want to augment. The AR SDK
will then estimate the approximate position and orientation of the camera in relation to the
target by identifying key features of those photos.
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When compared with other AR tracking techniques, the use of Image Targets is less
sensitive to changes in luminosity, according to Marto et al. [105], making it more appropriate
for outside environments.

However, even if these were the most suitable techniques for our case, effectively tracking
such an immense structure like the Cabril Dam was a massive challenge. Concrete arch
dams are monolithic structures with mostly regular monochrome surfaces and few distinctive
features.

The solution to a seemingly insoluble problem was to use the facade features of the
powerplant building located at the base of the dam. However, this solution was not without
problems, mainly due to the buildings’ facade being located at a considerable distance (45 m)
from the dam’s downstream face. This difference between the tracked surface (the buildings’
facade) and the target object (the face of the dam) later resulted in some loss of accuracy
in virtual object representation due to the parallax effect it created.

To increase the probability of image target detection and improve tracking stability,
we used multiple image targets focusing on distinct architectural features of the building’s
facades. For each architectural feature, we also made multiple image targets throughout the
day, during field visits (Figure 2.2, left) so target detection and tracking would be possible
with distinct levels of luminosity and shadows (Figure 4.3).

Figure 4.3: Examples of architectural features that were used as image targets. Multiple versions of these
features were used with different levels of luminosity and shadow coverage [162], [163].

Using the prototype (we named DamAR ) is as simple as pointing the tablet camera to the
dam, and the sensor networks will be overlaid to the video passthrough of the structure and
displayed in the tablets’ screen (Figure 4.4). During technical visits to the site, a relatively
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stable operation of the system was achieved at a distance of up to 110-130 meters from the
facade of the powerplant (155-175 meters from the dam downstream face) (Figure 4.5).

Figure 4.4: Network of sensors overlaid to the Cabril Dam structure using DamAR [162], [163].

Figure 4.5: During technical visits to the site, a fairly stable operation of the system was achieved at a
distance of up to 110-130 meters from the facade of the powerplant (155-175 meters from the dam downstream
face) [162], [163].

DamAR ’s User Interface (UI) allows users, through an AR layers menu, to select which
type of sensor they want to see represented over the dam (plumblines, geodetic marks, and
GNSS). They can select (touch) a specific area of the dam in the tablet to see a zoomed-in
image of the structure, where they can then select a specific sensor that they want to know
more information about (Figure 4.6 (a)). The selection of a specific sensor transitions to a
full-screen representation of line charts with the evolution of displacements over time. These
charts are represented together with the reservoirs’ water level and air temperature for the
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same period (Figure 4.6 (b)). The charts can be panned and zoomed to display specific
periods.

(a) The model moves backward to give the illusion to users
that they are moving forward

(b) The model moves forward to give the illusion to users
that they are moving backward

Figure 4.6: General view of DamAR ’s UI (a) and full-screen line charts representing horizontal displace-
ments, air temperatures and reservoir water level (b) (mockups) [162], [163].

With the DamAR project, we first explored how situated environments could be used
in data visualization in dam safety control. The prototype corresponds to an immediate
situated [138] visualization solution. It is directed at an on-site scenario, where the user can
observe the physical referent (the actual dam) while using the prototype. Even though it
superimposes the sensor’s network representation directly over the dam, the actual data (the
displacements, water levels, and air temperature) are not represented overlaid to the dam.
As such, we can classify data representation as having a high spatial indirection, according
to the model proposed by Satriadi et al. [138].

Note: The work described in this section was addressed by Verdelho Trindade et al. [157],
[160], [162], [163], [165].

4.2 ProxSituated Approach

With DamAR we explored how XR immediate situated visualizations could be used to
support on-site dam safety control tasks. However, now we were curious if we could address
a similar data visualization use case but this time focusing on off-site operation.

With that objective, we set to develop DamVR , a VR application that technicians and
engineers could use for visualizing the sensor networks and corresponding registered values
over time off-site in an immersive environment (Figure 4.7). In that scope, we also wanted
to explore and take advantage of the increased immersiveness offered by VR headsets.
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Figure 4.7: Overview of DamVR ’s virtual environment, including sensor networks and data representation
in floating panels (mockup) [164].

We knew introducing a headset VR application in the dam safety control field would
present significant challenges. Indeed, experts in this field have long relied on traditional
desktop PCs with 2D screens for data visualization. A VR approach would involve mul-
tiple layers of adoption resistance related to technical, psychological, and practical aspects
perceived by the users.

Due to our familiarity with this graphical/game engine, we again opted for Unity for
supporting the development of our prototype. This graphical engine is also compatible
with a wide range of VR headsets, including the hardware platform we selected, the Oculus
Rift/Meta headsets.

In addition to the interaction in the virtual environment, four main visual components
needed to be implemented as part of our prototype development: the dam and surroundings
model, a sensor network model, a UI, and the data representation. Developing the dams’
model was challenging, as it needed to accurately reproduce the geometry and conditions
in-situ.

The model of the Cabril Dam and surrounding environment is generally made up of
three parts: the dam structure, the terrain, and the upstream and downstream water bodies.
The model of the dam was executed from a point cloud resulting from 3D laser scanning
campaigns at the Cabril Dam, commissioned by LNEC.

The acquired point cloud data was processed to remove noise, outliers, and artifacts. The
next step consisted of surface reconstruction. With that objective, a mesh of the structure
was generated using surface-based methods [15]. The resulting mesh was further refined and
optimized using smoothing, decimation, and hole filling. This process allowed us to enhance
the quality of the initial mesh representation.
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For texturing the model, a set of photographs of the dam, captured with a multi-sensor
laser scanner, was used to compile a photo mosaic. The texture coordinates of the mosaic
were then mapped to the 3D object through UV mapping using the modeling software
Blender . The finalized model of the dam structure was exported to the .FBX file type using
Blender and then imported to Unity.

The surrounding terrain was modeled using a similar process. The terrain mesh was
created using elevation data. Aerial photographs were then used to build a photo mosaic.
This mosaic was mapped to the terrain as a base layer, which ensured the terrain hues were
as close to reality as possible (Figure 4.8). On top of this texture, environmental spatial
elements, like trees, bushes, and rocks, were added to increase realism.

While the downstream water body was modeled by a static plane, the upstream reservoir
water plane was modeled using flat meshes for multiple water levels. As the water level
varies up and down, the position of the boundary points between the water mesh and the
dams’ upstream face is then adapted on runtime using interpolation between the consecutive
pre-built meshes. An abstraction mechanism that significantly simplifies this process will be
addressed later in Section 5.9.

Concerning the sensor network, at the CDD at LNEC experts’ advice, we decided to
address five types of sensors. These sensors included geodetic marks, plumblines, GNSS
equipment, and leveling marks, all used for registering structural displacements. They also
included accelerometers for measuring accelerations and water elevation sensors for register-
ing the upstream reservoir water level. Instead of a more symbolic representation of sensors
used in DamAR , for the VR prototype, we opted for depicting sensors in a geometrically
accurate way.

With DamVR ’s virtual environment defined, we needed to implement interaction and
data visualization. The selection of objects within the immersive environment was imple-
mented with raycasting [55]. Visible beams emanate from the VR controllers, which users
can point to select and interact with the environment.

For the locomotion, we opted for controller-based egocentric [34], [51], smooth (con-
tinuous) locomotion. We also implemented teleportation-based locomotion using ‘point to
teleport’.

The users can move freely through the virtual environment and point the controller’s
beams to a specific sensor to select it. Some of the sensors are located outside the dam’s
structure and, as such, are always visible. However, other sensors are occluded because
they are located inside the dam’s structure. These sensors can be visualized by pointing the
selection beam at a portion of the structure, which will become semi-transparent, revealing
the sensors inside. They can then be selected by pressing the controller trigger button.
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(a) The representation of the terrain in the immediate surroundings of the Cabril Dam

(b) An overview of the large-scale terrain (highlighted in orange is the immediate area of the Cabril Dam)

Figure 4.8: Model of the terrain used in DamVR [165]).
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(a) Uniaxial accelerometer (b) Triaxial accelerometer (c) Data acquisition unit

(d) Leveling marks (e) Water elevation sensors (f) GNSS

Figure 4.9: Models of different elements of sensor networks [165].

Data visualization is carried out using floating panels, which are shown in the virtual
environment when users select the sensors (Figure 4.11 (a)). These panels contain interactive
2D line and area charts representing the several parameters registered in the sensors over
time.

For most sensor types (except accelerometers), panels with three distinct yet complemen-
tary idioms are shown: a line chart with the radial and tangential displacements, a single
area chart with the upstream water level, and a line chart with the evolution of average daily
air temperature. For the accelerometers, a single line chart is shown, depicting registered
radial, tangential, and vertical accelerations for localized seismic events (Figure 4.11 (b)).

The three idioms, shown for most sensor types, share the same timeline on the horizontal
axis, which helps users frame a specific measurement in the scope of a certain water level
and air temperature combination. Such correspondence is important for dam engineers to
detect abnormal deviations in the dams’ behavior. The panel idioms can be panned and
zoomed. Moreover, because the timeline of the three idioms is bounded, when users pan or
zoom a specific idiom, the same action is automatically reproduced in the other two.

The floating panels can be dragged and dropped in the virtual environment using the
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Figure 4.10: An ‘X-ray’ overview of the networks of sensors located inside the model of the Cabril Dam
represented in DamVR ’s virtual environment [164].

(a) Selecting an accelerometer located inside the structure (b) Navigating the corresponding idiom

Figure 4.11: The users can move freely through the virtual environment and point the controller’s beams
to a specific sensor to select it (a). Panels containing interactive charts representing the several parameters
registered in the sensors over time are then shown (b) [165].

selection beams, maintaining the original distance from the user position. They can also
be moved closer or further away from the user by pushing the controller’s thumbstick up or
down. Furthermore, panels can be scaled by pushing the thumbstick left or right.

DamVR allowed us to go a step further and explore proxsituated environments for the first
time. While its conception was based on an existing immediate situated visualization use case
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(DamAR ), this proxsituated implementation had its own context, challenges, and benefits.
DamVR is directed at an off-site scenario, where the user can observe a representation of
the physical referent (instead of the actual dam). This setting provides dam engineers and
technicians with a contextualized visualization of dam structural safety data without having
to travel to the actual location. Indeed, dams are frequently located in remote locations,
often in harsh and difficult-to-access valleys or narrow river gorges.

In the DamVR virtual environment, the sensor networks (geodetic marks, plumblines,
GNSS equipment, and leveling marks) are represented directly in the dam structure. How-
ever, the dam safety control data (displacements, accelerations, air temperatures, and water
levels) are not represented overlaid to the dam. Instead, they are shown in traditional 2D
charts, represented in panels floating around the user. As such, similar to what happens
for DamAR , we can classify the representation of data in DamVR as having a high spatial
indirection, according to the model proposed by Satriadi et al. [138].

The proxied referent was modeled with relatively high levels of visual detail using a high
polygon count 3D dam model with photographic textures. However, we did not fully explore
other aspects of visual detail, such as realistic lighting, advanced shading, atmospheric effects,
and other post-processing effects and their impact on user experience.

Note: The work described in this section was addressed by Verdelho Trindade et al. [164],
[165] and Leitão [83].

4.3 Increasing Visual Detail

In the previously mentioned work, we explored how immediate situated and proxsituated
approaches could be used for visualizing sensor networks and the associated time-dependent
structural datasets contextualized with the dam (or the dam representation).

In the DamVR project, we addressed using accurate geometry and photographic textures
for the dam and surrounding terrain. And DamVR ’s virtual environment could indeed
reproduce the geometry and conditions found in-situ. However it became evident that the
experience made it difficult for users to feel as though they were genuinely standing before
the dam.

As such, in our next step, we would focus on addressing other factors of visual detail,
like realistic lighting and advanced post-processing effects. We wanted to understand the
relative impact of these factors on the virtual environment’s realism. With that objective,
we set to develop a simpler, proof-of-concept prototype that would allow users to visit the
Cabril Dam structure and surroundings.
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With this perspective in mind, we set to implement a photorealistic environment of the
Cabril Dam (Figure 4.12). We aimed to explore how the application of different techniques
and methods could improve the dam safety control virtual environment realism and sense
of presence. To achieve the best possible graphic fidelity offered by the graphical engine, we
used Unity’s High Definition Render Pipeline (HDRP).

Figure 4.12: General view of the photorealistic virtual environment [160].

We first focused on complementing the existing 3D models used in DamVR with specific
landscape elements. These landscape elements included service buildings located throughout
the surroundings of the dam and electrical towers in the downstream area of the dam1, large
trees located near the dam’s crest, and a deactivated turbine, also located near the dam’s
crest, which is a well-known landmark/monument of the Cabril Dam. This set of elements
contributed to reproducing the ambiance that characterizes the place with greater fidelity.

We also wanted the lighting model of the virtual environments to reflect the present time
of day and season. We were hoping that this factor would further contribute to improve the
sense of presence. With that objective, we implemented a dynamic day-night and seasonal

1These electrical towers carry transmission-level power lines used to transport electricity from the power
station at the base of the dam to substations.
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cycle simulation.
This simulation was implemented primarily by adjusting the position and orientation of

directional lights representing the sun and moon [23]. For that purpose, the rotational angles
of these two elements vary around the virtual environment’s horizon and zenith, reflecting
changes in altitude and azimuth, which characterize the present date and time of day.

For increased realism, the day-night and seasonal cycle simulation mechanism was inte-
grated with HDRPs’ environmental effects. In particular, we used ‘Sky’, ‘Clouds’, and ‘Fog’
environmental effects. We utilized the volume framework for creating a physically based
sky which allows a fine setting a multitude of parameters that affect the sky tone, such as
the atmospheres’ air density. The light of the sun and moon were configured to affect the
physically based sky, which enabled the joint effect of the temporal cycle. Furthermore, to
simulate street lighting on the dam, we used spotlights that are only turned on at night
(Figure 4.13).

(a) Morning (b) Dusk (c) Nighttime

Figure 4.13: The day-night and seasonal cycle simulation mechanism [160].

We also used HDRPs’ volumetric clouds, which are capable of moving, can render shad-
ows, and receive fog and volumetric light. Likewise, we used the global fog effect, which
enables glow and crepuscular rays through clouds and trees.

To further tweak the virtual environment, we configured HDRPs’post processing effects.
These effects included, among others, color, depth of field, and bloom adjustments.

Implementing this photorealistic proxituated environment allowed us to explore other
facets of visual detail that had not been addressed in the previous works. This environment
corresponds to a higher level of visual detail, which is achieved through a broader set of
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aspects that collectively determine the overall Level of Detail (LOD) and realism. These as-
pects include 3D models with high polygon count and high-resolution photographic textures.
They also include a realistic lighting model with dynamic lighting, provided by the HDRP
pipeline tools. Likewise, they include anti-aliasing rendering and post-processing effects.
Furthermore, several environmental factors are introduced, such as atmospheric effects.

Note: The work described in this section was addressed by Verdelho Trindade et al. [160]
and Chin [23].

4.4 Reducing Data Spatial Indirection

During this exploratory journey through situated visualization in dam safety control, we
started by addressing an immediate situated solution. We then explored how proxsituated
approaches could be applied to off-site dam data visualization using a representation of the
dam instead of the actual structure. Furthermore, we addressed improving several aspects of
visual detail within our virtual environment to provide a more realistic immersive experience,
potentially capable of providing a better sense of presence.

As a further exploratory step, we decided to address the use of a distinct level of spatial
data indirection compared to the one we had used in our previous work. In particular,
we wanted to explore the use of low levels of spatial indirection in a proxsituated analysis
environment.

With that objective in mind, we set to develop a prototype that would allow data repre-
sentation directly over the physical referents’ model. In that scope, we opted, at the advice
of CDD at LNEC experts, to focus on two types of data representations. The first would
be the deformation of dam structures due to the action of hydrostatic pressure. The second
would be the visualization of distinct modes of structural vibration [75].

The resulting VR proxsituated prototype, named ImmersivizDam , was built upon the
lessons learned from the previous projects. It is directed at the off-site visualization of
structural data, with low spatial indirection, directly superimposed to the Cabril Dam rep-
resentation.

The prototype uses runtime-generated meshes built from external .CSV files containing
a simplified version of the dams’ geometry (used by CDD at LNEC in structural behavior
prediction models) and discrete structural displacements data corresponding to distinct up-
stream reservoir water levels. These meshes enable the depiction of 3D idioms representing
the dam’s deformed configuration, together with superimposed spatial heatmaps representing
displacement magnitudes (Figure 4.14).

61



4. Exploring Situated Analytics in Dam Safety Control

Figure 4.14: Spatial representation of the dam deformed configuration with a heat map representing the
distribution of theoretical models’ predicted displacements for a specific upstream reservoir water level [160].

As users change the current water level in the UI menus, the mesh is recalculated to
reflect the dam’s deformed configuration that results from the hydrostatic pressures that
occur for that specific water level. Processing this variation in the meshes’ geometry at
runtime consists of repositioning each key vertex of the undeformed mesh to reflect the new
displacement values resulting from a specific water level. A custom shader is then used to
apply the displacement heatmap over the deformed mesh.

In addition to changing the water level, the UI also includes an option for increasing/de-
creasing the scale factor of the structural displacement representation. This option enables
users to configure the radial magnitude with which the deformed configuration of the dam
will be represented in the virtual environment.

Another type of structural data representation that the prototype supports is the ani-
mated simulation of the modes of vibration of the dam. Users can pause and restart the
animation within the UI. They can also alternate between three modes of vibration, corre-
sponding to distinct frequencies [75] and upstream water levels (Figure 4.15).

The prototype also includes specialized analysis features, made possible by the versatility
offered by the fully programmatic rendering of meshes representing the deformed configu-
rations of the structure at runtime. These analysis features consist of spatial segmentation
of structural data. This segmentation results in idioms being represented solely on specific
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Figure 4.15: Modes of vibration simulation and ImmersivizDam UI [160].

portions of the structure, like the structural joints or central console (Figure 4.16 (a)). The
resulting visualizations are very useful for dam engineers to better understand the individual
behavior of specific structural components.

In addition, the prototype also supports the combined representation of continuous seg-
mented meshes corresponding to calculated/theoretical displacements together with a dis-
crete representation of observed displacements using vectors (Figure 4.16 (b)).

(a) (b)

Figure 4.16: Two examples of segmentation of data idioms for analyzing structural behavior at specific
components of dams. An isolated visualization of the deformed configuration and theoretical displacements
heat map at the dams’ construction joints (a). Combined visualization of a continuous segmented represen-
tation of theoretical displacements together with a discrete representation of observed displacements (using
vectors) at the central console (b) [160].
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The ImmersivizDam proxsituated environment allowed us to explore the representation of
structural data with low spatial indirection. It also introduced specialized analytics features
that consisted of spatial segmentation of structural data idioms. Furthermore, the prototype
used a higher referent visual detail. However, unlike the previously explored proxsituated
solutions, it corresponds to a lower level of visual detail for the environment surrounding the
referent.

Note: The work described in this section was addressed by Verdelho Trindade et al. [160]
and Sequeira [144].
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Chapter 5

DamXR: A Framework for ProxSituated
Dam Visualization

The incremental work discussed in the previous section culminated in the development of a
solution that would bring together the main aspects addressed into a single framework. This
framework, named DamXR, was used for developing a displacements visualization applica-
tion, built to support a user study for answering the research questions of our thesis. The
DamXR XR proxsituated visualization framework can facilitate and be the basis for future
dam safety control analysis applications.

In the context of supporting the user study, the framework was applied in a use case
consisting of dam structural data visualization framed within the dam structure. As we did
for the work addressed in Chapter 4, due to our familiarity with the Cabril Dam, and the
fact that this is a widely studied structure, with full structural sensor instrumentation, our
proof-of-concept case would also be in the context of this dam.

In particular, this first application of the DamXR framework would be carried out in the
scope of structural displacements visualization registered over time. These time-dependent
datasets include displacements measured in geodetic marks along the downstream face of the
Cabril Dam. The application would also include numerical displacements calculated using
finite elements prediction models for those same mark positions (Figure 5.1).

The effective analysis of such data is fundamental for dam specialists to understand how
the dam behavior is evolving over time. Likewise, the comparison of how the numerical finite
elements models predicted the dam was going to behave, with the behavior that the dam
actual had, enables specialists to detect possible structural safety risks.
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Figure 5.1: The DamXR proxsituated environment with the displacements visualization feature/application
built upon the DamXR framework.

5.1 Requirements

Given the complexity of developing such a system, we wanted to carefully consider the main
requirements that would allow it to fulfill the proposed objectives. These requirements were
established based on the lessons learned from our previous work. In that scope, we also
identified the aspects whose abstraction would yield the most significant advantages for the
development of future applications.

One of the most relevant aspects that the framework should offer was the ability to enable
applications to function seamlessly across desktop PCs, AR, and VR while maintaining the
same UI. This aspect is important for two reasons. First, it would allow participants to
carry out tasks across different visualization modalities during the user study. Second, it
would enable applications to offer users the flexibility to choose the most suitable device and
visualization mode for each specific moment of their dam safety control-related activity.

Additionally, by supporting the more traditional desktop mode and visualization tech-
nologies like AR and VR, applications developed with the framework would allow a seamless
transition between these modalities. This possibility promotes a smoother adoption of XR
technologies by users more familiar with conventional computing environments.

Below, we detail the functional and non-functional requirements for the base framework
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and the structural data visualization feature.
The following functional requirements were identified for the framework:

• Environment rendering and navigation: The system should support model and user
interface rendering as well as user interaction, including navigation through the envi-
ronment.

• XR multi-modal support: The system should run and allow seamless switching between
AR (passthrough) and VR modes (full immersion).

• Desktop computer support: The system should run on PCs.

• Visual detail control: The system should be able to switch between rendering objects
with photographic textures (higher visual detail) and without textures (lower visual
detail).

• Provide a reusable UI component library: This library should include forms, labels,
buttons, switches, radio buttons, sliders, picture boxes, and numeric up-down.

• File handling: The system should include file opening, saving, and data parsing mech-
anisms.

• Support the .FBX and .OBJ file formats for importing 3D models on runtime;

• Support the .XML file format for importing settings and object placement coordinates;

• Support the MetaQuest XR headset model family;

The following non-functional requirements were also considered for the framework:

• Single cross-platform codebase: The system code should have a single codebase that
supports the following hardware platforms: XR headsets and desktop computers.

• Platform detection and adaptive interface: The system should include mechanisms to
automatically detect the running environment and adjust its behavior and interface
accordingly.

• Support for adding new dam environments: The system should support integrating
and visualizing diverse dam models and other environment features (e.g., water bodies,
terrain).
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• Unified 3D model usage across modes: The system should employ a single 3D model
base (i.e., dam structure, water bodies, and other surrounding features) that is consis-
tently used across all operational modes (AR, VR and desktop).

• Standalone operation on XR headsets: The system should operate autonomously on
XR hardware without requiring a connection to an external computer.

• Standalone operation on desktop computers: The system should be self-contained with-
out users needing to install additional software or dependencies on Windows-based
operating systems.

The following functional requirements were identified for the structural data visualization
feature:

• Structural displacements representation: The system should be able to represent 3D
and 2D idioms in the environment based on external time-dependent structural dis-
placements datasets files.

• Use .CSV file format for importing displacements datasets: CDD at LNEC uses this file
format for outputting data from Gestbarragens and other in-house developed software;

• Data representation spatial indirection control: The system should allow switching
between representing data overlaid to the referent (lower spatial indirection) and data
in panels (higher spatial indirection).

• Support for adding new dam datasets and models: The system should support integrat-
ing and visualizing diverse dam models and sensor/mark geometry and displacements
datasets.

The following non-functional requirements were also considered for the structural data
visualization feature:

• Easy to use: The system should be easy to learn and use;

• Fluid experience: The system should have a consistent frame rate (≥ 90 fps) for both
Meta Quest 3 headsets and VR-ready desktop computers to ensure a smooth user
experience;
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5.2 Approach Overview

With the main requirements established, we set to implement the DamXR framework, which
would serve as a base for developing XR dam safety control applications. The framework’s
objective was to offer a set of base modules extending across multiple functional layers to sup-
port the implementation of dam safety control features. The architecture of the framework
and the displacements visualization feature is illustrated in Figure 5.2.

Figure 5.2: System architecture for the base framework on the bottom and the displacements visualization
feature on top.

Because we had previous programming experience with Unity (C#), we decided to use
this graphical engine for the implementation of our framework. With regards to the targeted
XR hardware, we opted for the Metas’ Meta Quest headsets family. This option was due
mainly to the fact that this hardware could support the participant tasks we intended to
carry out for the user study. Furthermore, the overwhelming popularity of these headsets, in
comparison to other models1 would facilitate the adoption of the framework, making it more

1Global XR (AR & VR Headsets) Market Forecast: https://www.counterpointresearch.com/report/
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5. DamXR: A Framework for ProxSituated Dam Visualization

accessible to a broader developer base. Meta also offers comprehensible hardware abstraction
with its Meta XR Interaction SDK which can take full advantage of the chosen hardware
model family.

The framework was designed to abstract the following aspects:

• Reservoir water occlusion: As we will see later in this dissertation, representing water
reservoirs can be challenging, especially when a specific application requires a variable
water level. The framework can abstract this process;

• Sensor network representation: Sensors networks can be represented by loading the
geometry of the sensors/marks and defining their relative placement using external
settings files (.XML);

• User interface adaptive menus: The framework provides a UI component library. It
also provides an adaptive mechanism that will render the menus in Unity’s World Space
or Screen Space depending on the device being used (XR or PC);

• Gesture activated wrist UI menu: The framework offers a pre-built mechanism for
activating a wrist menu. To access this menu, users have to rotate their left forearm
and wrist, just as if they were going to check the time on a real watch;

• Floating panels for data representation: These panels can be used to represent e.g., 2D
dam data charts. They can be dragged, scaled, and freely positioned in the virtual
environment;

• Runtime model importing: The framework can be used to load on runtime both .OBJ
and .FBX files (using TribLib 2 ) and render them in the virtual environment;

• Handling user interaction and locomotion across AR, VR and PC: The framework
handles user interaction with gestures, controllers, mouse, and keyboard. It translates
that interaction to consistent actions depending on predefined, configurable locomotion
paradigms for each of the XR modalities;

• Transitioning between AR and VR seamlessly, in the same user session;

• Device detection: The framework allows the detection of which type of device is cur-
rently being used (XR headset or desktop PC), which enables adaptive interfaces;

global-xr-ar-vr-headsets-market-forecast-december-2024-update
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5.2. Approach Overview

As such, the DamXR framework provides a modular set of base functionalities. This
modular facet of the framework enables a free, non-rigid development pipeline for new dam
safety control features.

The functionalities are optional and can be configured using external settings files or
directly within the application. While they are targeted for proxsituated dam safety control
applications, many of the above functionalities could, in fact, be applied to other domains.

5.2.1 Data management

At the framework level, the data management module is used for loading the 3D models
that will integrate the proxsituated environment. These can include the dam structure, the
terrain, and the bodies of water. They can also include feature-specific models, such as
sensors and other components of dams.

This module also allows reading and parsing configuration files concerning aspects such as
model positioning and orientation, reservoir attributes, sensor networks geometry, UI menus
structure, floating panels properties, and locomotion characteristics for each mode.

At the feature level, the data management module is responsible for loading and parsing
all the data needed to implement the functionality of that specific feature. For our proposed
displacement visualization feature, this module loads and parses a structural time-dependent
dataset from a .CSV file. This dataset contains the evolution of registered displacements over
time for each sensor (geodetic mark) position. It also includes the theoretical displacements
calculated using prediction models for each of those sensors/marks positions. Furthermore,
it incorporates auxiliary data such as the water levels registered over time (at dates corre-
sponding to when the displacements were registered).

5.2.2 User Interface

The framework includes a UI component library (Figure 5.3) that can be used to build
cohesive user interfaces across new features, thus providing consistent user experiences. The
components were designed to mimic the default system MetaQuest UI look and feel (which,
to the best of our knowledge, is not publicly available for programmers to use), thus further
contributing to the consistency of the user experience.

The interfaces can be pre-built using external .XML configuration files (loaded and parsed
through the data management module) or directly on the Unity editor. The following compo-
nents are included in the UI library: forms, labels, buttons, switches, radio buttons, picture
boxes, sliders, and numeric up-down.
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Depending on the device the framework detects as being currently used (XR headset or
desktop computer), the UI menu components will be rendered in Unity’s World Space or
Screen Space. Such a mechanism provides an adaptive UI that preserves menu systems’ look
and feel across devices.

Figure 5.3: Set of UI library components.

5.2.3 Interaction

The interaction module bridges the hardware interface and the logic module. The XR
hardware interface is abstracted via the Meta XR Interaction SDK. The user input is then
interpreted by the interaction module, which maps it to specific actions in the virtual space.
The characteristics of these actions depend on what was predefined for each of the modes
(VR, AR and PC), namely the locomotion paradigm. This predefinition is carried out using
a settings file loaded and parsed using the data management module and relayed to the
interaction module via the logic module (where the settings files are interpreted).

An example of such mapping of input to specific actions concerns how user input results
in locomotion in the virtual environment. Suppose the settings of the application define
the locomotion in VR as egocentric [34]. In that case, when users press, e.g., the forward
button in the controller joystick, they stay static, and the world model moves closer, giving
them the illusion of moving forward. However, supposing the locomotion in AR was defined
as exocentric [51]. When users press forward, they stay static, and the world model moves
forward, making them aware that they are manipulating the relative position of the model.
DamXR’s framework approach to locomotion in the virtual world will be detailed later in
the document.

The framework also offers a pre-built XR interaction mechanism for activating a wrist
UI main menu. To access this menu, users have to rotate their left forearm and wrist, just
as if they were going to check the time on a real watch. The interaction with menu items is
carried out using a selection ray coming out of the right controller that users can point to a
specific UI element and press the controller index trigger to select it.
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5.2.4 Logic

The framework logic module sits at the functional center of the framework. It plays a core
role in handling the data flow from and to the other modules and carrying out the calculations
needed for the system to work. First, it is in charge of interpreting the settings values parsed
at the data management module and applying them. As we have seen, these settings concern
a multitude of aspects of the system, including the positioning of 3D objects inside the virtual
environment or the characteristics of the locomotion within the virtual environment.

The framework logic module is also responsible for triggering the actions pertaining to
UI events. In that concern, it establishes the connection between user interaction and the
UI interface. To that end, it performs the needed computations, outputting the results to
the visualization module so that the requested actions in the virtual environment (e.g., the
rotation of the dam structure) can be represented.

At the feature level, the logic module establishes the connection with the framework
(via the framework logic module) but also serves as an intermediary between the feature
management module and the feature visualization module. In that scope, it handles the
computations needed to implement the functionality offered by a specific feature.

For our displacements visualization feature, the feature logic module is responsible for
handling the structural data parsed in the feature data management module and computing
the derived measures needed to represent the idioms. The computed measures are then used
in the feature visualization module to render the 2D idioms in the floating panels and the
3D idioms directly over the dam model.

5.2.5 Visualization

The visualization module is responsible for rendering the virtual environment. This environ-
ment includes the dam model, the terrain, and the water bodies, but also all models resulting
from the features that run on top of the framework, like the sensor network (as is the case
with the displacements visualization feature).

The visualization module is also an integral part of specific abstraction functionalities
offered by the framework. Such functionalities include the dynamic water reservoir repre-
sentation and the sensor network rendering. These specific functionalities will be discussed
in detail in the following sections.

At the feature level, the visualization module is responsible for rendering the 2D and
3D elements resulting from the specific outputs the feature implements. In the case of the
displacements visualization, the feature visualization module ensures the representation of
the 2D idioms on panels and the 3D idioms directly over the dam.
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5.3 Locomotion Abstraction

A relevant abstraction offered by the framework is the built-in virtual environment loco-
motion. The developer can set the characteristics of the locomotion for each of the modes
(AR, VR, and PC) by configuring the corresponding settings. The framework will handle
the distinct input devices the developer wishes to use for each mode (e.g., XR controllers,
hands, mouse, and keyboard) and signals (e.g., button press, hand pose) and translate them
to actions in the virtual world according to the chosen locomotion paradigms for each mode.

The following properties can be configured in the scope of virtual environment locomotion:

1. Mode(s) the application will support: AR, VR, PC

2. Input device (for XR):

◦ Controllers

◦ Hands

3. Locomotion paradigm for each mode:

◦ Egocentric (ego-motion)

◦ Exocentric (world-motion)

4. Gaze-mode-navigation use for each mode:

◦ Use headset/head gaze (XR) / mouse pointer as gaze (PC) navigation

◦ Use controller-joystick-based (XR) / keyboard-based translation/rotation (PC)

5. Snap-turning [76], [80] use (for VR):

◦ Snap-turning

◦ Smooth-turning

6. Point to teleport (for VR):

◦ Use teleportation

◦ Don’t use teleportation

The framework is primarily aimed at combined room-scale (physical) and smooth (contin-
uous) locomotion (with optional snap-turning for VR). For applications where vast distances
need to be traveled in the virtual environment, teleportation-based navigation can be used
in combination with the former. This functionality can be activated in the settings, enabling
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the user to point a selection ray at a certain point in the terrain and be teleported there. An
example of how such functionality can be helpful for specific applications will be addressed
in Section 5.11.

For the framework locomotion abstraction we adopted a concept that enables a smooth
transition between ego and exocentric locomotion. This transition is especially relevant when
both AR and VR modes are used interchangeably in the same application, as the former is
commonly associated with exocentric locomotion and the latter with egocentric.

In our frameworks’ virtual environment, if the user does not move physically, the play-
er/camera remains fundamentally stationary. In order to create the illusion of movement,
e.g., forward translation, when the user presses the controller’s joystick forward, it’s instead
the set of all virtual objects inside the environment that, as a whole, moves. If we are in
the VR egocentric mode, when the user presses the joystick forward, the model of the dam
moves backward, creating the illusion that the user is locomoting forward in the virtual en-
vironment. However, if we are in the AR exocentric mode, when the user presses the joystick
forward, the model of the dam moves forward as if the user was manipulating it.

In Figures 5.4 and 5.4, we exemplify how, based on this general concept, the framework
translates user input to specific locomotion actions in the virtual environment, depending
on the chosen paradigm.

For our DamXR proxituated structural displacements visualization, we used the three
modes (AR, VR and PC), and we opted for selecting controllers as input devices. Regarding
locomotion paradigms, we configured the framework for using the egocentric paradigm in
the VR mode and the exocentric in both AR and PC.
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(a) The model moves backward to give the illusion to users
that they are moving forward

(b) The model moves forward to give the illusion to users
that they are moving backward

(c) The model rotates anticlockwise around users to give
them the illusion that they are rotating clockwise around
themselves

(d) The model rotates clockwise around users to give them
the illusion that they are rotating anticlockwise around them-
selves

Figure 5.4: An example of how the framework handles controller-based egocentric locomotion by creating
the illusion of motion by translating/rotating the model in the opposite direction to the controller joystick.
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(a) The model moves backward when users push the con-
troller joystick down

(b) The model moves forward when users pull the controller
joystick up

(c) The model rotates anticlockwise around itself when users
move the controller joystick left

(d) The model rotates clockwise around itself when users
move the controller joystick right

Figure 5.5: An example of how the framework handles controller-based exocentric locomotion by giving
them the awareness that they are manipulating the relative position of the model.
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5.4 UI Interaction and Functionality

The UI is a determining component of the operation of any XR system. This section will cover
the general functioning of the DamXR structural displacements visualization applications’
UI and address its integration with aspects such as data representation and reservoir water
levels representation.

Users are initially placed in front of a dam structure. They can move around the structure
and visualize its downstream and upstream faces. They can also see the downstream water
body representation and the upstream water reservoir. In the VR mode, they can equally
visualize the surrounding terrain and sky.

The application uses the frameworks’ built-in gesture-activated wrist menu as the main
UI (Figure 5.6). To access this menu, users have to rotate their left forearm and wrist,
just as if they were going to check the time on an actual watch (Figure 5.7 (a) (b)). The
interaction with menu items is carried out using the controllers’ selection ray and the index
trigger button for selections (Figure 5.7 (c)).

Figure 5.6: The built-in gesture-activated wrist menu provided by the DamXR framework used in the
displacements visualization application.

The main menu comprises four large buttons representing the distinct data visualization
layers, the geodetic mark network, and the observation date and water level selection. Se-
lecting the geodetic marks button triggers the representation of the geodetic marks network
over the dam structure. This representation can be used to find specific marks by their
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(a) (b) (c)

Figure 5.7: To access the gesture-activated wrist menu, users have to rotate their left forearm and wrist,
just as if they were going to check the time on a real watch (a) (b). The interaction with menu items is
carried out using the controllers’ selection ray and the index trigger button for selections (c).

reference code or relative position along the dams’ structure downstream face.
The bottom buttons ‘Observed’ and ‘Calculated’ toggle the visibility of the structural

displacements idioms. These idioms are conceptually bar charts, representing the magnitude
of displacements. They have a distinct arrangement depending on where they are repre-
sented. Their representation in floating panels is done in 2D. Their representation directly
overlaid to the dam structure, is done in 3D.

As mentioned previously in this chapter, the observed displacements are measured in
geodetic marks located downstream of the dam. The calculated displacements are obtained
via theoretical prediction structural models for those same mark positions.

The fourth button, located in the top right corner of the main menu, gives users access
to two flyout panels, which slide out from the right side of the main menu panel (Figure 5.8).
The top flyout panel lets users enter a specific observation date to view the structure’s dis-
placements. This date corresponds to when the observed displacements were registered/ob-
served.

In the bottom flyout panel, users can visualize the reservoir water level registered for
the above-mentioned selected date. Users can also select a specific water level to visualize a
typical theoretical displacement distribution along the dam structure for that water level.

While selecting the observation date or the water level, the users can observe a repre-
sentation of the reservoir’s water level changing. A simplified representation of the water
bodies is displayed for AR and PC. For VR a more realistic representation of the upstream
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reservoir and other water bodies is displayed.
On the top right corner of the main menu, there is also a cogwheel button that enables

users to access the options sub-menu. In this menu, they can alternate between the dif-
ferent XR modes (AR and VR) seamlessly. They can also toggle the panel’s mode, which
shows/hides the floating data panels while hiding/showing the data represented over the
dam, thus alternating between data representation spatial indirection levels.

The options menu also allows users to alternate between the visual detail levels. They can
toggle the representation of objects with photographic textures or without any textures (flat
shading). Furthermore, this menu also enables the selection of the UI language (Portuguese
or English) and reset the model to its default position.

Figure 5.8: Accessing the ‘observation date’ and ‘water level’ flyout panels (red arrows) and the options
flyout sub-menu (yellow arrow) from the main menu.

5.5 Visual Detail

The possibility of varying the visual detail was one of the core aspects of our DamXR dis-
placements visualization application. This importance came from the fact that one of our
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thesis objectives was to evaluate the influence of visual detail in data analysis performance
and user experience in proxsituated environments.

To support the thesis objectives, we focused on varying a specific aspect of visual detail
- the textures - while keeping other aspects constant, such as geometrical mesh complexity
and lighting. As a simplification, we also chose to test only the two boundary conditions:
photographic textures and flat shading (no textures).

As such, our displacements visualization application allows users to configure the level
of detail they want the virtual environment to have. This configuration can be carried out
using the options menu, as Section 5.4 mentions.

For the user study, the detail level was automatically configured to present the partici-
pants with the relevant visual detail for each test round. Figure 5.9 depicts the two boundary
visual detail conditions for each mode tested.
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(a) VR mode with a higher level of visual detail (textures) (b) VR mode with a lower level of visual detail (no textures)

(c) AR mode with a higher level of visual detail (textures) (d) AR mode with a lower level of visual detail (no textures)

(e) PC mode with higher level of visual detail (textures) (f) PC mode with a lower level of visual detail (no textures)

Figure 5.9: The two different levels of visual detail for each mode.

5.6 Data Representation Spatial Indirection

Another important requirement of our DamXR displacements visualization application was
the possibility of varying how the data was presented to the user. Indeed, one of our thesis
objectives was to evaluate the influence of spatial indirection of the data representation in
data analysis performance and user experience in proxsituated environments.

In particular, we needed a way to represent displacement datasets at distinct spatial
indirection levels. We chose two different conditions corresponding to distinct levels of in-
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direction: the representation of data in 2D traditional charts2, displayed in floating panels
(higher spatial indirection) and the representation of 3D idioms directly superimposed over
the dam structure (lower spatial indirection).

We chose a 2D idiom for the higher indirection variant to have a condition closer to the
more conventional way of representing displacement data. We chose the 3D idiom for the
lower indirection variant because we wanted to consider in our analysis the possible benefits,
on depth and spatial perception, brought by this spatial data representation, in XR-powered
analysis.

The characteristics chosen for the two spatial indirection variants may raise, however,
some questions in terms of their comparability. Indeed, one is a 2D vertical bar chart, and
the other one is a 3D horizontal bar chart that follows the geometry of the dam’s downstream
face.

In this regard, in a study on the impact of bar chart orientation, Fischer et al. [52] observed
longer decision times in comprehension tasks for horizontal bar charts when compared to
vertical. Furthermore, Hughes [68], in a bar chart accuracy assessment study, observed how
participants could perceive smaller differences in the 2D bar charts in comparison to 3D
ones.

However, as we will see further on, in our user study on Chapter 6, our findings contrasted
with those of the referenced studies above, showing an opposite trend. Indeed, the variant
that used horizontal 3D bar charts corresponded to lower completion times and higher task
success than the variant with vertical 2D bar charts.

In Figure 5.10, we can see how the two different levels of (structural displacements) data
representation spatial indirection was materialized in the virtual environment for each of the
addressed modes, with a higher visual detail referent. Moreover, in Figure 5.11, we can see
the same, but for the lower visual detail variant.

2The Graph And Chart Unity asset was used for rendering the 2D bar charts inside the panels.
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(a) VR mode with a higher level of spatial indirection (charts
in panels)

(b) VR mode with a lower level of spatial indirection (overlaid
to the structure)

(c) AR mode with a higher level of spatial indirection (charts
in panels)

(d) AR mode with a lower level of spatial indirection (overlaid
to the structure)

(e) PC mode with a higher level of spatial indirection (charts
in panels)

(f) PC mode with a lower level of spatial indirection (overlaid
to the structure)

Figure 5.10: The two levels of (structural displacements) data representation spatial indirection for each
mode, with a higher visual detail referent. The sensor network geometry is always represented over the
structure.
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(a) VR mode with a higher level of spatial indirection (charts
in panels)

(b) VR mode with a lower level of spatial indirection (overlaid
to the structure)

(c) AR mode with a higher level of spatial indirection (charts
in panels)

(d) AR mode with a lower level of spatial indirection (overlaid
to the structure)

(e) PC mode with a higher level of spatial indirection (charts
in panels)

(f) PC mode with a lower level of spatial indirection (overlaid
to the structure)

Figure 5.11: The two different levels of (structural displacements) data representation spatial indirection
for each mode, with a lower visual detail referent. The sensor network geometry is always represented over
the structure.

85



5. DamXR: A Framework for ProxSituated Dam Visualization

5.7 Manipulating Floating Panels

Floating panels for data representation are an integral part of the DamXR framework. They
are used in the displacement visualization feature/application to display the calculated and
observed displacements’ time-dependent datasets.

The framework abstracts the display but also the interaction/manipulation of these float-
ing panels in the virtual environment for the distinct devices and modes. With that objective,
users can use the XR controllers to point a selection ray at a panel, press the index trigger
button to ‘grab’ it, and drag it to the most convenient location for their task. When in
the PC mode, the panels (rendered in Screen Space) position can be manipulated using a
drag-and-drop mouse action.

A second, less conventional, XR manipulation technique for positioning floating panels
was also implemented in the scope of the interaction abstraction offered by the framework.
This second technique does not require pointing a ray at the panel. In fact, this action is
not always the most precise, especially when the panel is located at a certain distance from
the user.

Instead, the second technique uses head-directed object placement to grab and place the
panels at a specific point in the virtual environment. Users can initiate the action by pressing
the controller hand trigger, which signals the system to ‘grab’ the panel and reposition it in
front of them. In this initial step, the panel remains at a certain distance from the head and
is oriented in the head-gaze direction. With the object now anchored in front of the user’s
head, they can manipulate its position within the virtual environment by moving their head.
They can also change the relative distance from the panel to the user’s head using the left
controller’s joystick to increase or decrease this distance. When the users are satisfied with
the object’s placement, they release the hand trigger, ‘unanchoring’ the panel and placing it
in its final position (Figures 5.12 and 5.13).
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Figure 5.12: Using the head-directed object placement technique to move the panel across the virtual
environment to the opposite side of the dam (screenshot montage).

(a) (b) (c)

Figure 5.13: With head-directed object placement, users start by pressing the controller trigger to move
the panel to a position at the front of their headset (a). Without releasing the trigger and with the panel
now anchored, they can drag it within the virtual environment by moving the head (b). When the users are
satisfied with the object’s placement, they release the hand trigger, ‘unanchoring’ the panel and placing it
in its final position (c).

5.8 Sensor Network Representation

The representation of sensors and other devices in the interior of models of dam structures
(e.g., accelerometers or plumb lines) or marks in the downstream face can be a very relevant
functionality in a dam safety control application. Indeed, most examples addressed in Chap-
ter 4 involved some type of sensor or mark network representation. Given this relevance, it
was only logical for the framework abstraction layers to include this representation.

At the framework level, the sensor network representation pipeline is carried out at run-
time and begins at the data management module. Here, a settings file containing positional
and orientation data and information concerning the types of sensors that integrate the
network is loaded and parsed.

Positional data can be provided in two distinct formats: absolute world coordinates or
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local/relative coordinates to a reference point (provided by the user) in the dam model.
The first format is useful when we know the exact elevation of each individual sensor. The
second format is useful when we want to represent the sensor network in relation to a notable
reference point in the dam structure.

An example would be representing a group of accelerometers located every 20 meters
along a maintenance gallery in the dam’s interior. For the first format, we would use the
individual world coordinates of each accelerometer. For the second format, we would use the
world coordinates of a notable reference point inside the gallery (e.g., the start of the gallery
or the first accelerometer) and local/relative coordinates for each of the accelerometers.

It is also in the data management module that the geometry of each of the distinct types
of network sensors is loaded as 3D model files. At the logic module, each individual sensor
unit (with its own set of positional and orientation data) is then associated with a specific
sensor 3D model. It is also at this stage that the distinct types of sensors are linked in
logic groups for later, making it easier to show/hide a particular type of sensor. Finally, at
the visualization module, the full sensor network model, with the correct positioning and
orientation, is rendered in the virtual environment.

5.9 Reservoir Water Occlusion

Due to the physical settings of dams, the representation of bodies of water in XR dam
safety applications is frequently relevant. The water behavior in these bodies of water can
be accurately simulated using methods such as real-time particle-based fluid simulation,
which can offer high levels of detail and realism. However, such an approach is generally
too computationally expensive and, therefore, not ideal for the limited processing power of
current XR headsets.

An alternative, less computationally expensive method for representing water bodies is
shader-based fluid effects. This method utilizes shaders to create the illusion of fluid behavior.
As such, it focuses primarily on visual representation rather than physical accuracy. This
method can visually simulate ripples, waves, and surface reflections in the water, giving users
the illusion of fluid dynamics.

For decreased computational overhead, the shader-based fluid effects are typically applied
to a horizontal four-sided polygon (a ‘quad’) to simulate the water plane. In the geometrical
settings of the dam’s surrounding terrain, the use of such planes is generally straightforward.
Such straightforwardness comes from the fact that when the water plane interpenetrates the
terrain mesh, the physical overlap of the former is clipped (occluded) by the latter. So, an
illusion is created that the water plane is delimited by the terrain. For this reason, even with
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variable water level representation, the rise and fall of the water level is not problematic.
A problem with this approach may arise in the context of the intersection of the water

plane with certain types of dam structures. For structures like gravity dams with straight
upstream faces, the water plane interpenetration with the structure does not pose a problem
as the clipping of the water plane is carried out by the structure itself, similarly to what
happens with the terrain. However, for arch dams (as is the case of our case study, the
Cabril Dam), the water plane interpenetration will likely spill beyond the downstream face,
breaking the illusion of the water being delimited by the dam, as exemplified in Figure 5.14
(a). This problem is even more glaring when we intend to make the water level vary instead
of using a static water plane representation.

(a) Without object occlusion, the water object spills beyond
the downstream dam face

(b) An occlusion mesh (in red) with the dam upstream arch
profile is used for preventing the spilling

Figure 5.14: The framework enables reservoir water bodies representation, with built-in object dynamic
occlusion (b) to prevent the water plane representation from spilling beyond the upstream dam faces (a).

The DamXR framework tackles this problem by using an occlusion mesh with the ge-
ometry of the dam upstream arch profile as illustrated in Figure 5.14 (b). For that, the
developers must load both the dam arch profile mesh model and the dam structure model
into the framework. The framework will then automatically apply an occlusion shader to
that mesh. This shader is used to control the visibility of certain objects (the water plane
in our case) in relation to the mesh.

Because the occlusion mesh will follow the vertical movement of the water plane as the
water level varies (Figure 5.15), developers will also have to configure the characteristics of
this movement. With that objective, first, the water plane settings have to be configured
in order to provide the framework with its size and location (given that the water plane
is generated at runtime) as well as the upper and lower positional limits of the vertical
movement (in the case of a non-static water level).

The settings for the occlusion mesh also have to be configured. These settings include the
initial position and orientation. Moreover, because in arch dams, the arch typically reduces
in diameter as we go from the top to the bottom of the dam, we would not be able to use
the same occlusion mesh effectively at a level other than the initial position. To deal with
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this characteristic, the water plane settings include a configurable set of increments (step
sizes). These increments allow the framework to deform the occlusion mesh longitudinally
or transversely as the water level falls or rises. There are also configurable increments to
regulate the occlusion mesh’s longitudinal and transverse position variation.

This increment mechanism will naturally not adapt the occlusion mesh perfectly to the
dam profile in positions other than the initial due to the complex geometry or arch dam
faces. However, because some water plane spilling is allowed inside the dam structure as
long as it does not spill beyond the downstream face, the mechanism is good enough to
create an adequate illusion, as illustrated in Figure 5.15.

Figure 5.15: The occlusion mesh will follow the vertical movement of the water plane as the water level
varies. This aspect is particularly important in applications requiring variable water level representation,
such as our displacement visualization application.

5.10 Large Terrain Rendering

One last characteristic of the framework worth mentioning is the ability to use large terrains
in the virtual environment. The framework handles large terrains with a variable LOD
mechanism to complement the graphical engines’ existent culling processes. This mechanism
is integrated with Unity’s LOD Group component and works by adjusting the terrain model
version dynamically, based on the user’s distance from the ground level.

For that purpose, multiple versions of the terrain, with distinct detail levels, have to be
loaded into the framework using the data management module. Developers also have to
configure the distances from the ground level that will determine the display of a certain
version of the terrain.

As the user rises in altitude, the framework hides higher-detailed versions of the terrain
and displays lower-detailed versions to improve performance. This mechanism was applied in
the displacements visualization application, which includes a terrain model comprising of an
area of over 300 square kilometers surrounding the Cabril Dam, as depicted in Figure 5.16.
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(a)

(b)

(c)

Figure 5.16: To reduce processing overhead, the framework offers a variable LOD mechanism. This
mechanism dynamically adjusts the terrain model version based on the user’s distance from the ground
level. Figures (a)-(c) show three increasing levels of model detail used in the displacements visualization
application (VR mode).
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5.11 Other Framework Applications

As addressed in the previous sections, the DamXR framework was initially used in a struc-
tural displacements visualization application. This application was implemented due to the
need for a prototype that would support our user study. Later, the framework was used
to support the development of two other distinct XR proxsituated applications: an ap-
plication for the exploration of dam galleries (GalleriesVR ) and an application for flood
data visualization (FloodVR ). Their purpose and functionality, as well as the role of the
DamXR framework in their implementation and operation, are described in this section.

5.11.1 An application to the exploration of dam galleries

In the previous work, we focused mainly on data analysis conducted from the exterior of the
dam structure. And while, e.g., with DamAR and DamVR , we had an X-ray vision of the
sensors in the interior of the dam, those prototypes were mainly designed for the observer
to remain outside the dam.

However, a very relevant activity in dam safety control is inspecting dams from their
interiors. For that, inspectors use maintenance(inspection) galleries situated in the interior
of dam cores that traverse the structures. From there, they can verify the integrity of the
installed instrumentation, including the structural sensor networks (among other tasks like
detecting signs of pathology at the dam concrete core).

In this context, we set to develop GalleriesVR a proxsituated application for exploring
and analyzing structural data from the interior of dam galleries. We wanted to understand
the challenges and possibilities of analyzing structural information contextualized by the
proximity of the sensors that registered the data. We focused on a particular type of sen-
sor, the accelerometer, used to register accelerations in the structure arising from dynamic
phenomena such as seismic activity.

The GalleriesVR application should allow users to move through the galleries, select
a specific accelerometer, and visualize the accelerogram for that sensor corresponding to
a seismic/dynamic event that occurred at a specific date. We again decided to use the
Cabril Dam as a case study for this application and structural time-dependent datasets of
accelerograms obtained from accelerations registered in this structure.

We first wanted to define the main settings of the application within the DamXR frame-
work. We decided to restrict the operation of the application to two modes: VR and PC. We
left the AR mode out because using AR passthrough in the context of this specific applica-
tion would not bring relevant benefits and would not be practical. Indeed, the objective was
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for users to walk and be immersed inside the galleries, which left no room for the effective
use of passthrough.

In terms of locomotion, we chose the egocentric option for both modes because we wanted
to give the user the illusion that they were moving inside the galleries.

The architecture for the final solution of GalleriesVR and its integration with the DamXR frame-
work is illustrated in Figure 5.17. At the framework level, the models of the dam structure
and the galleries network, as well as the sensors (accelerometers) models, are loaded into
the data management module. At this level, we also configured the general settings of the
experience, like the modes used, the locomotion characteristics, the UI structure, the floating
panels, and the initial positions of the user and models inside the virtual environment.

Figure 5.17: GalleriesVR architecture and its integration with the DamXR framework.

We also configured specific settings, such as the position and orientation of the accelerom-
eter network sensors. Because, in this case, all the sensors were located along the same path
inside the galleries, we opted to use local coordinates referenced by a notable point in the
left margin gallery entrance.

There are three relevant modules at the feature level: data management, logic, and
visualization. The structural accelerations dataset is initially loaded and parsed at the
feature data management module. The feature logic module computes the derived measures
needed to represent the accelerogram idioms. The computed measures are then used in the
feature visualization module to render the 2D idioms in floating panels that can be activated
by the user while inside the galleries by selecting a specific accelerometer.
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In GalleriesVR virtual environment, users are initially placed inside the dam inspection
galleries. These were modeled with a higher level of visual detail to offer users a realistic
experience (Figure 5.18). They can use the controller’s joystick (or the keyboard and mouse
for the PC mode) to move throughout and explore the several branches and bifurcations.
When they are near an accelerometer, they can select it using a selection ray coming out of
the right controller.

(a) The model of the galleries (b) The actual galleries

Figure 5.18: The galleries models built for GalleriesVR used a high level of visual detail, with photographic
textures and high polygon count for smoother shapes, which made it possible to reproduce (a) the real
galleries in the Cabril Dam (b) with high fidelity (Soares [149])

Users are shown a floating panel with a 2D line chart representing the most recent
accelerogram when an accelerometer is selected. The chart can be panned and zoomed
using the controllers (Figure 5.19).

The application also uses the frameworks’ built-in gesture-activated wrist menu for acti-
vating the UI main menu. In this menu, users can select a specific date on which they want
to visualize structural acceleration data.
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Figure 5.19: Selecting a seismic event date using the UI and visualizing the corresponding accelerogram
in a floating panel (Soares [149]).

5.11.2 An application to flood data visualization

Dams are fundamental infrastructures for maintaining the hydrological balance at local and
regional levels. They can efficiently regulate the volume of water that flows between hydro-
logical basins, making them fundamental instruments in the prevention and attenuation of
floods.

In that scope, a relevant task of dam safety control (one that falls outside the structural
domain) is to assess the impact of the dam operation on the downstream populations. Flood
prediction models, simulation, and visualization tools are very important for that.

In this context, we set to implement FloodVR , a proxsituated application for visualizing
the impact of floods resulting from dam peak discharges. We wanted to understand the chal-
lenges and possibilities of using dam safety control proxsituated environments for analyzing
data in a domain other than the structural.

The FloodVR application should allow users to fly above the terrain located downstream
of the Cabril Dam (which was once again used as a case study) and visualize which areas
present the most significant risk of being flooded in the event of dam peak discharges. It
also should allow the visualization of the impact of floods in urban areas for each individual
building.

To that extent, we used the DamXR framework large terrain rendering functionality
for abstracting the representation, in the virtual environment, of the terrain surrounding the
Cabril Dam. FloodVR ’s virtual environment also includes a second, smaller dam (the ‘Bouçã’
Dam) and the representation of the buildings that make up a village located downstream
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(‘Dornes ’).
We first wanted to define the main settings of the application within the DamXR frame-

work. We decided to restrict the operation of the application to two modes: VR and PC. In
the scope of locomotion, we chose the egocentric option for VR and the exocentric one for
PC.

The architecture for the final solution of FloodVR and its integration with the DamXR frame-
work is illustrated in Figure 5.20. At the framework level, the models of both the dam struc-
tures, the corresponding occlusion meshes, the several versions of the terrain (with distinct
levels of detail), and models of ‘Dornes ’ landmarks are loaded to the data management mod-
ule. At this level, we also configured the general settings of the experience, like the modes
used, the locomotion characteristics, the UI structure, and the initial positions of the user
and models inside the virtual environment.

Figure 5.20: FloodVR architecture and its integration with the DamXR framework.

For both dams (Cabril and Bouçã) the reservoirs representations were carried out using
DamXR framework reservoir water occlusion functionality. For that purpose, reservoir-
specific settings like the increments used for water plane level variation occlusion were also
defined.

There are three relevant modules at the feature level: data management, logic, and
visualization. The placement coordinates and orientation of buildings that make up the
‘Dornes ’ downstream village are initially loaded and parsed at the feature data management
module.
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The feature logic module is responsible for three very relevant tasks. The first is the pro-
cedural generation of the various generic building layouts in ‘Dornes.’ The buildings are then
positioned according to the coordinates previously loaded to the feature data management
module.

The second important task the feature logic module addresses is the runtime computation
of terrain height so that the representation of heatmaps over the terrain (Figure 5.21),
representing flood risk, can be carried out at the feature visualization module.

The third important task is the runtime comparison of terrain and building height with
the water level to compute the submersion percentage of each building for the current water
level. The colors of each building are then dynamically changed according to this submersion
percentage in the feature visualization module.

In the FloodVR virtual environment, users are initially placed in front of the Cabril
Dam structure. They can access the main functionalities of the application using the
DamXR frameworks’ gesture-activated wrist UI menu. This UI allows users to regulate
the water levels of three different reservoirs: the upstream reservoir of the Cabril Dam, the
upstream reservoir of the Bouçã Dam, and the reservoir in which the village of Dornes is
located. The UI also allows users to toggle between flood risk heatmaps represented over
the terrain and the urban submersion percentage visualization (Figure 5.22).

In addition to smooth (continuous) locomotion FloodVR also uses teleportation. However,
instead of the ‘point to teleport’ mechanism, the application activates teleportation through
buttons in the UI (e.g., ‘Teleport to Cabril Dam’, ‘Teleport to Dornes Village’).
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(a)

(b)

Figure 5.21: A heatmap (b) superimposed to the large terrain model (a) depicting the relative risk of
flooding in the event of dam peak discharges (Pinto [123]).
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(a) 120 m water level

(b) 125 m water level

(c) 128 m water level

Figure 5.22: Color coded visualization of the impact of floods in urban areas for each individual building
at the Dornes village at different water levels (Pinto [123]).
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Chapter 6

User Study

To address the proposed research questions, we tested the DamXR displacements visualiza-
tion application1 with a group of domain experts, which performed a set of specific analysis
tasks. The broader objective of the experiment was to understand if immersive environments
could offer tangible advantages in dam safety control data analysis tasks (Section 1.2). A
narrower, more specific set of objectives was also defined. In particular, we wanted to under-
stand how XR-enabled methods compared with more conventional methods in dam safety
control analysis tasks (RQ1). Within the XR scope, we also wanted to compare the analysis
performance of the two most widespread technologies: AR and VR (RQ2). A third specific
objective was to understand if and how the visual detail of the physical referent representa-
tion influenced the analysis performance (RQ3). A fourth and final specific objective was to
compare the performance of two different levels of data spatial indirection (RQ4) within the
same environment: directly over the physical referent model using 3D idioms and at a certain
distance from the physical referent model, using 2D idioms (with similar characteristics to
its 3D counterparts) represented within floating panels.

6.1 Methodology

The DamXR application was evaluated through a user study. The study was sanctioned
by the Ethics Committee at IST and the Data Protection Officer at INESC-ID (Annex C).
In that scope, informed consent was obtained from the participants prior to conducting the
experiments.

1For simplification, in this chapter, and from this point forward, this application will be referred to
simply as ‘DamXR application’. Not to be confused with the ‘DamXR framework’, which supported the
development of the ‘DamXR application’ and the other two applications described in Section 5.11.
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6.1.1 Participants

The participants were domain experts consisting of engineers and technicians with prior
experience in the dam safety control domain. Recruitment of participants for the study was
done directly with the CDD at LNEC. The participants in the experiment were selected
based on two criteria:

1. They had to be engineers or technicians with previous experience in the safety control
of dams;

2. They had to be familiar (use in the last year in their professional activity) with con-
ventional computing devices (such as desktop or laptop PCs);

The research team then scheduled a session at a specific date and time for the participants
to enter the experiment.

When selecting the participants, the following representativeness criteria were also taken
into account:

1. Academic level: The participation of professionals involved in dam safety control who
had different academic levels was promoted;

2. Context of activity: The participation of professionals who work in different contexts
of dam safety control (e.g., observation, applied geodesy) was promoted;

3. Gender: A balanced participation of professionals of different genders was promoted.

While a balanced distribution of participants across the academic levels and context of
activity was somehow attained, the study lacked balanced gender participation, as we will
see further. Nevertheless, this unbalance is representative of the inherent gender gap in the
engineering domain ([31], [166], [167]).

6.1.2 Materials

The hardware setup included a desktop PC with a 24-inch 2D monitor, keyboard, and mouse
for running the DamXR application in PC mode (Figure 6.1 left). These PC specifications
mimicked the ones found in the typical workstation at the CDD at LNEC. The specifications
included an Intel Xeon E5-2683 v3 @ 2.00GHz processor, 16 GB DDR4 RAM, and an Nvidia
GeForce GTX 1070 8 GB graphic card.

For running the DamXR application in the AR and VR modes, a Meta Quest 3 XR
headset with 128 GB of internal storage was used (Figure 6.1 right). This headset is com-
patible with both AR and VR modes. It is capable of stereoscopic color passthrough with
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Figure 6.1: The desktop PC, monitor keyboard and mouse used in the experiment for running the
DamXR application in the PC mode (left) and the Meta Quest 3 XR headset used in the experiment
for running both the DamXR application AR and VR modes (right).

full occlusion using depth mapping2. The participants were provided with disposable face
masks to wear beneath the XR headset. These masks aimed to minimize direct contact
between the skin and the headset.

While the DamXR application also supports hand tracking for user interaction, we opted
for using the controllers for this experiment. This option aimed to reduce the learning curve
during the tests, as most users were likely more familiar with some type of controller-based
interaction than with the gesture-based option. Controllers also offered more standardized
inputs, namely in what concerns the buttons pressed, offering more consistent comparisons
across participants and modes.

For assessing user experience across the distinct modes tested, we used a 10-question
standard System Usability Scale (SUS) [18], [100] questionnaire, employed to obtain single
reference scores regarding the usability of the prototype as a whole and also each of its
modes: PC, AR and VR. Participants filled out one of these questionnaires for each of the
modes. While filling out the questionnaires might have been fatiguing for users, it allowed
for a consistent comparison of user experience across modes.

The questions used a five-level Likert scale [87] for agreement (1: strongly disagree and
5: strongly agree). Half of the questions used positive phrasing, and the other half negative
to reduce response bias (Table B.3).

SUS is a widely used and validated instrument for measuring perceived usability, provid-
ing a concise, standardized usability score that enables benchmarking and comparison across
systems [18]. However, SUS focuses primarily on system usability. To further understand the
specifics of the distinct modes tested, we aimed to capture a broader set of user experience

2The Meta Quest 3 headsets’ specs: https://www.meta.com/quest/quest-3/
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dimensions, such as immersiveness, clarity, and perceived effort — aspects that SUS alone
does not capture.

Standard user experience questionnaires (like the User Experience Questionnaire (UEQ)
[82], the NASA Task Load Index (NASA-TLX) [63], or the Post-Study System Usability
Questionnaire (PSSUQ) [136]) are ideal for subsets of user experience aspects. However, none
of them fully captures the set of user experience dimensions that we considered relevant for
our system. Moreover, while it would have been possible to use a combination of standardized
questionnaires, such an approach would have significantly increased the time required for each
participant, making it unfeasible given the time constraints of the testing sessions.

As a result, we used a 10-question non-standard user experience questionnaire, with ques-
tions targeting specific aspects/attributes. These questions used a consistent rating scale
and were derived from existing items of validated questionnaires, namely the previously
mentioned ones. This questionnaire was not intended to produce a single user experience
score for benchmarking against other systems. Instead, we aimed to assess individual user
experience dimensions that were relevant for the system under evaluation. Because partici-
pants filled out one of these questionnaires for each of the three modes (PC, AR and VR),
the individual attributes could then be compared across modes as we will see further ahead.

The following attributes (Table 6.1) were addressed: immersiveness, engagement, sat-
isfaction, perceived effort, data clarity, intuitiveness, user focus, comfort, feedback, and
post-use impact. The mapping of each question with the attribute we intended to target is
presented in Table B.2.

We considered this set of attributes to be relevant for an overall characterization of
the experience differences between modes in the scope of RQ1 and RQ2. Each attribute
highlighted an aspect where AR, VR, and PC modes would likely diverge. The magnitude
of that divergence would assert how the use of each mode affected participants’ interaction,
perception, and overall effectiveness.

In particular, the reasons for choosing questions addressing these particular attributes
were the following:

1. Immersiveness – Measuring immersiveness helps quantify how much XR enhances the
feeling of ‘being there’ compared to traditional screen-based experiences. Based on the
intrinsic characteristics of each mode, it was likely the immersiveness of VR>AR>PC.
In addition to determining the magnitude of differences, the question concerning this
attribute would help us validate this relation in our application area.

2. Engagement – Like immersiveness, a higher engagement is almost a defining feature
of XR. XR modes, due to their differences in interaction, involvement, and depth of
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the experience, are expected to be more engaging than PC. However, this attribute
would help us validate whether that assumption would hold for our analysis-focused
environment.

3. Satisfaction – We wanted to know if the added complexity brought by analytics fea-
tures would introduce usability challenges that would be detrimental to an enjoyable
experience in XR.

4. Perceived Effort – We wanted to gauge if the burden brought by the learning curve
for immersive interactions in XR in users with low prior experience with XR was
substantial, in comparison with a visualization modality they were very familiar with
(PC).

5. Data Clarity – Despite the data representation being the same across the three tested
modes, we wanted to assess the possible differences in readability and the ability to
interpret information brought by the different devices and visualization modalities.

6. Intuitiveness – We wanted to determine how natural the user interactions were with
the XR modes.

7. User Focus – This attribute would allow us to assess how efficient the UI was for each
mode in keeping the users focused on the tasks at hand.

8. Comfort – Measuring comfort would help us understand if XR physical demands would
outweigh its benefits.

9. Feedback – We wanted to know if participants’ perception of the UI responsiveness
and feedback remain unaltered despite the differences in visualization modalities and
input modes (controllers and mouse-and-keyboard).

10. Post-Use Impact – We wanted to assess how memorable and emotionally impactful the
experience was across modes.

The questions used a five-level Likert scale for agreement (1: strongly disagree and 5:
strongly agree). Similarly to the previously mentioned and more general purpose SUS, half
of the questions of this more specific questionnaire used positive phrasing and the other half
negative in order to reduce response bias.

For collecting the social and demographic characteristics of the participants, we used a
sociodemographic data questionnaire which also included their prior experience with tech-
nology (including with XR/immersive environments). The questions concerned participants’
age, profession, gender, education level, professional experience in the field of dams and pre-
vious experience with extended reality technologys. In addition we also used a final feedback
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# Attribute Description

1 Immersiveness The degree to which participants felt immersed in the application
2 Engagement The level of interest, motivation, and active involvement
3 Satisfaction The overall sense of fulfillment, pleasure, or positive feeling de-

rived from the experience
4 Perceived Effort The participant’s feeling of how much effort they had to exert
5 Data clarity The participant’s feeling of how well the data was communicated
6 Intuitiveness The degree to which the interface and interactions felt natural,

self-explanatory, and easy to learn
7 User focus The degree to which the participants’ attention and mental con-

centration remained directed toward the tasks.
8 Comfort The extent to which the experience was free from physical dis-

comfort, strain, or unpleasant after-effects
9 Feedback The quality, clarity, and timeliness of the systems’ reactions to

participants’ inputs
10 Post-use impact The positive lasting effects or impressions the experience left on

the participant

Table 6.1: User experience attributes and descriptions

form with open-ended questions to gather qualitative insights into users’ impressions, chal-
lenges, and suggestions, for complementing the quantitative data recorded.

We also wanted to assess if the participant’s perception of the usefulness and practica-
bility of XR technologies had changed after experimenting with the DamXR application. In
particular, we wanted to address the perception of the usefulness of XR in dam safety control
and the practicability of XR devices in that activity. Additionally, we wanted to understand
the change in perception regarding specific aspects like the visual detail, data representation
type, and the use of adjacent elements to the physical referent (terrain and other landscape
items).

With that objective, we used a seven-question questionnaire (Table B.1) with a five-level
Likert scale for agreement (1: strongly disagree and 5: strongly agree). Some questions used
positive phrasing and others negative to reduce response bias. We asked the participants to
complete the questionnaire at the beginning of the test session before they interacted with
the prototype and again at the end of the test session after they had completed the proposed
tasks with the prototype.

We instrumented the application to log real-time data related to user interaction with
the models and interfaces. We developed a specialized module named DamXR Telemetry
for that purpose. This module allows interaction logs to be stored locally on the device
where the DamXR application is being run. It also enables the secure transmission of the
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logs to a remote server. These remote logs can be visualized in near-real-time by the test
team using a complementary desktop application (Figure 6.2 (c)). This desktop application
communicates with the remote server using a client-server architecture. With the desktop
application, the test team can send commands via the remote server to the devices where
the DamXR application is being run on (a PC or a XR headset). This mechanism was
fundamental for alternating between test modes and variants during the experiments.

To enable easier control of the different stages of the experiment by the test team using
the desktop DamXR Telemetry visualization application, we modified a wireless keyboard
with key tags corresponding to the main stages/modes of the experiment. This set of keys
corresponded to shortcuts for activating the training mode, recording task success or failure,
or activating specific variants of each task, among others (Figure 6.2 (d)).

The experiment setup also included a camera for video recording of the user when wearing
the XR headset (Figure 6.2 (a)). A secondary visualization device was also used to allow
the test team to observe what the participant was seeing while wearing the headset. This
device (a smartphone) used Meta Horizons ’ Android app live casting feature3 for mirroring
the view of the participants inside the immersive environment (Figure 6.2 (b)).

In summary, during the sessions, the following data was collected:

1. Task performance: task completion time, task completion (whether the participant
finished the assigned task at all before the cutoff time), and task success (whether the
participant gave the correct answer);

2. Sociodemographic data and previous experience with technology;

3. Opinion data: participants’ opinions regarding the usability, usefulness, and suitability
of the prototypes.

3Casting to a screen with Meta Quest : https://www.meta.com/help/quest/articles/in-vr-experiences/
oculus-features/cast-with-quest/
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Figure 6.2: The experiment setup included a camera for video recording of the user movements (a), a
screen for showing the test team what the participant is seeing while wearing a headset (b), a desktop
computer running DamXR Telemetry (c) and wireless keyboard, operated by the test team, customized
with shortcut keys for alternating between modes and test stages (d). The visible parts of the subjects’ faces
were blurred/pixelated to further protect their privacy.

6.1.3 Tasks

The tasks were designed in close collaboration with domain experts at LNEC (who were
not part of the group participating in the user tests to ensure an independent assessment).
They resulted from informal interviews and direct observation of the activity at the CDD
at LNEC. This collection of information was carried out throughout the development of the
thesis work and allowed an iterative refinement of the relevance of the tasks. As such, in
this experiment, we adopted user tasks that are both representative of everyday dam safety
control analysis tasks carried out by engineers and technicians and suitable to answer our
research questions.

The three tasks vary in complexity: lower, medium, and higher complexity. Their specific
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scope is described in Table 6.2. The tasks text presented to the participants is shown in
Table A.1.

Task Objective Complexity

TA Identifying the name of a geodetic mark at a specific position in the
dam

Lower

TB Determining the displacement value recorded at a specific geodetic
mark and a certain date

Medium

TC Comparing the recorded and estimated displacement values between
two geodetic marks at a certain date

Higher

Table 6.2: Experiment tasks, their objectives and level of complexity

Tasks TA and TB were carried out for the three distinct modes of the DamXR application,
i.e., AR, VR and PC (Figure 6.3) with fixed visual detail and data indirection characteristics.
Task TC was carried out for the three distinct modes, for distinct visual detail levels (using
higher visual detail - textures and lower visual detail - flat shading) and for different data
indirection characteristics (low spatial data indirection - data overlapped to the referent and
high spatial data indirection - represented in floating panels containing charts). As such,
TC entails four variants: High Visual Detail and Low Spatial Data Indirection (HDLI),
Low Visual Detail and Low Spatial Data Indirection (LDLI), High Visual Detail and High
Spatial Data Indirection (HDHI), and Low Visual Detail and High Spatial Data Indirection
(LDHI). The characteristics of the task variants are detailed in Table A.2. The set of six
task variants (synthesized in Table 6.3) for each of the three modes totals 18 task rounds for
each participant.

Variant Description

TA Task A using 3D idioms directly over the referent and textured model
TB Task B using 3D idioms directly over the referent and textured model
TC-HDLI Task C using 3D idioms directly over the referent and textured model
TC-LDLI Task C using 3D idioms directly over the referent and flat-shaded model
TC-HDHI Task C using 2D idioms in panels and textured model
TC-LDHI Task C using 2D idioms in panels and flat-shaded model

Table 6.3: Experiment task variants and descriptions

This structure was devised to achieve the proposed goals in a feasible, manageable test
session duration (under 60 minutes for each participant). As such, with TA and TB we
intended a higher level comparison between XR modalities and the baseline (desktop PC
with conventional 2D screen). With TC, we intended a lower-level comparison of the char-
acteristics of the analysis environment for each visualization modality.
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Figure 6.3: The three modes of the DamXR application tested in the experiment: PC (top-left and top-
right images), AR (middle-left and middle-right images) and VR (bottom-left and bottom-right). The images
on the left show the physical interaction with the prototype, and the images on the right are screenshots of
what is visualized in each mode. The top-left image is of a test team member demonstrating the use of the
PC mode, while the middle-left and bottom-left images are of actual participants carrying out tasks with the
DamXR application during the experiment. The visible parts of the subjects’ faces were blurred/pixelated
to further protect their privacy.
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Because we wanted to measure each of the subjects under every variant/condition (within-
subjects testing), we adopted a Latin Square Method approach for changing conditions’ order
throughout the experiment [33] to minimize order effects/bias.

6.1.4 Procedures

The study was carried out at the CDD facilities at LNEC. While initially programmed to be
carried out at INESC-ID, because participants were more willing to take the tests at LNEC,
this location was chosen instead. Such preference was because the entirety of participants
were part of LNEC staff. The room used for the experiments at LNEC offered similar spatial
conditions to the initially planned room at INESC-ID. The room at LNEC was also closer to
the environment characteristics that users could find in the real world during their everyday
work.

The room was actively being used by the LNEC staff for everyday work but was freed
up for the exclusive purpose of conducting our tests. Like many of the CDD rooms, it was
equipped with a series of workstations where engineers and technicians did their everyday
work. Apart from not having co-workers in the room, it can be considered an adequate
experimental environment for reproducing real-world conditions (Figure 6.4).

Figure 6.4: The room used for the experiment is part of the actual workplace at LNEC. It has a series of
workstations where engineers and technicians work.
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At the beginning of each test session, after a brief introduction to the experiment’s ob-
jectives, the participants were asked to read and sign an informed consent regarding their
participation in the tests. Next, the participants were asked to complete the sociodemo-
graphic data questionnaire, followed by the XR technologies perception questionnaire. After
completing this initial stage, the participants were invited to try out the prototype. This
experimentation stage allowed the familiarization of the participants with the different XR
technologies used and the prototype’s distinct modes and features.

After the tryout stage, the participants were asked to perform a series of three types
of tasks with each of the three modes (AR, VR and PC) of the DamXR application and
with each of the graphic fidelity (textured and flat shading) and data representation (3D
directly over the referent and 2D in panels) variations. Throughout the experiment, they
were encouraged to verbalize their actions by adopting the Think Aloud Method [48].

We asked the users to perform the tasks in a seating posture because we wanted to
condition the XR interaction aspects to the physical space effectively available in a real
dam engineering office. This posture is also the one they adopt for working in the office
workstations in their everyday work. In that context, and on the one hand, a more physically
active standing posture would devitalize the relevance of the experience by not taking into
account the real operating conditions. On the other hand, adopting different postures for
different modes would hinder the comparability of XR conditions with the more traditional
PC baseline mode (which is necessarily associated with a seated posture).

In the task performance stage, the tasks were initially presented to the user inside the
application. This task presentation was done using a static interface panel, floating in an
empty canvas, that contained the text of the task and a button with the caption ‘Start the
task’ (‘Iniciar tarefa’) (Figure 6.5, left). This mechanism was devised due to the fact that in
the VR mode, the user cannot see the real world, and as such, the use of other mechanisms to
show the task to the participant (e.g., showing a paper with the task text before putting on
the headset) would not be practical. The users pressing the start task button made elements
of the immersive environment (i.e. referent, terrain, and menus) visible to the participant
and determined the beginning of the task itself.

We also devised a mechanism for users to consult the task text during the task perfor-
mance. That mechanism was activated through a selectable option (‘show task’) in the main
menu. The participants were then presented with a sliding panel showing the task text,
which allowed them to remember in case they forgot the goal and details of the task (Figure
6.5, right). This reminder was essential for tasks that involved entering a specific date or
analyzing multiple geodetic marks.

Each task began with the participant located at the same coordinates of the virtual space
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Figure 6.5: In the task performance stage, the tasks were initially presented to the user in a floating
panel inside the application itself (left). The participant could also consult the task text during the task
performance (right). Screenshots (cropped) of a participant’s view while performing a task in the VR, non-
textured mode

and was considered finished as soon as the participant said the answer out loud. To prevent
misunderstandings regarding the actual answer (due to the participants adopting the Think
Aloud Method, as previously mentioned), participants were asked to say the response (a value
or a position) preceded by the prompt ‘The answer to the task is...’ (‘A resposta à tarefa
é...’).

After completing the tasks, the participants were asked to fill out the SUS question-
naire, the non-standard user experience questionnaire, the feedback form, and again the XR
technologies perception questionnaire, in that order.

6.2 Results

The participants were domain experts, consisting of 31 engineers and technicians with prior
experience in the dam safety control domain. They were all part of LNEC staff. The
set of participants included Civil Engineers (65%), Geographic Engineers (3%), Geological
Engineers (3%), and Field and Lab Technicians (32%). Additionally, 55% of the engineers
were also researchers.

The participants had an age range of 32-68 years old and an average age of 50 years
old. Concerning the gender distribution, 77% of participants were male and 23% female. A
very significant portion of the participants were highly educated, with 61% holding a PhD
degree and 19% with a Master of Science (MSc) or equivalent (i.e. pre-Bologna ‘Licenciatura’
degree). The remaining 19% of participants were holders of a high school diploma.
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Figure 6.6: Dam safety control activities the participants were involved in (some were involved in multiple
activities).

The participants had significant experience in dam safety control activities, and most of
them were seasoned professionals with an average of approximately 21 years of experience
in the field. Concerning the physical context where they primarily carried out their activity,
68% did it mostly off-site, in the office, and 10% did it mostly on-site, in the field. Addi-
tionally, 22.6% of participants carried out their activity in the office and the field for equal
periods.

Regarding the type of dam safety control activities the participants were involved in,
mostly (68%) were engaged in dam monitoring4, 26% in dam modeling5 and 23% in applied
geodesy6. Participants were also involved in wider-ranging activities, such as dam safety
assessment (including behavior analysis, behavior interpretation, and safety control) (19.4%),
dam-related testing (13%), and other varied activities such as dam design and dam-related
underground works (6.5%) (Figure 6.6).

We also surveyed the participants’ habits and prior experience with using technology in
the scope of their activity. The vast majority (87%) of participants used dam data visualiza-
tion software tools in their everyday work. These tools were mostly (29%) GestBarragens, an
integrated information management system for concrete dams safety control [20] and the Mi-
crosoft Excel spreadsheet charting features (29%). There was also significant use of in-house

4Activity framed within the Monitoring Unit (‘Núcleo de Observação’) at CDD at LNEC
5Activity framed within the Modeling and Rock Mechanics Unit (‘Núcleo de Modelação e Mecânica das

Rochas’) at CDD at LNEC
6Activity framed within the Applied Geodesy Unit (‘Núcleo de Geodesia Aplicada’) at CDD at LNEC
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developed visualization applications (19%) for that purpose. And because many of the CDD
participants were both engineers and researchers, they used statistical computing and graph-
ics tools, namely R (13%). They also used CAD tools (13%) and the MATLAB development
environment for visualizing dam data (10%). To a lesser extent, the participants reported
to use of Finite Element Method (FEM) tools (7%) and Geographic Information Systems
(GISs) (7%). Furthermore, they used specialized simulation and 2D/3D visualization soft-
ware (26%), namely GiD (7%), FLAC2D (7%), 3DEC (3%), Rhino (3%), Code_Aster (3%)
and ParaView (3%).

The participants were also asked about the visualization features of the software tools
they used. The majority of participants (65%) use applications that allow the visualiza-
tion of dam models. The remaining use applications that do not allow such visualization.
Furthermore, from participants using model-visualization-capable applications, 95% stated
that those applications allow the visualization of 2D models and 75% the visualization of 3D
models. In addition 70% stated that the applications allow the visualization of both 2D and
3D models.

The participants were equally asked how often did they use the 2D/3D dam model
visualization feature of the software tools. From the ones that use model-visualization-
capable applications, 55% used this feature once a month, 25% used it daily, 10% used it
weekly and 10% only used it yearly.

Concerning the devices used in their daily activity, all participants used desktop or laptop
computers. Desktop computers were used by 97% of the participants, and laptop computers
were used by 77% of participants. Likewise, 74% used both desktop and laptop computers
concurrently. Participants also reported using smartphones (29%) and tablets (3%) in their
dam safety control activities. As such, 100% of the users used 2D screen devices, with no
users reporting using VR/AR headsets in their activity.

We also wanted to characterize the users in what regards their familiarity with XR tech-
nology. Many of the participants (58%) had used XR technologies before. In particular, 58%
of the participants reported having used VR and 19% to have used AR before. Additionally,
all the users that had contact with AR had also used VR technologies. Around 42% of the
participants had never tried XR technologies.

Regarding the frequency with which they used XR, 52% of the participants used it occa-
sionally (less than once a year). And a mere 7% reported using XR once a year. Additionally,
participants were also asked about the scope in which they had used XR. Only 33% of the
participants that had previous contact with XR before had used it in the scope of their ac-
tivity (the others used it for different purposes than professional). And from those, 67% had
used XR for 3D model visualization, 50% for data visualization, and 42% for other purposes.
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Additionally, we asked the users what comfort level they experienced when using XR.
We used a five-level scale for comfort, from ‘very uncomfortable’ to ‘very comfortable’. From
those who had tried XR before, 39% found their previous experiences ‘very comfortable’, 28%
‘comfortable’, 28% ‘neutral’ and 6% found them ‘uncomfortable’. None of these participants
found the previous experiences with XR to be ‘very uncomfortable’.

6.2.1 Influence of display and interaction modalities

In the scope of RQ1, we wanted to understand if there were any user-experience advantages
in using XR for dam data visualization compared to conventional means. For that purpose,
we used the results from the SUS questionnaires mentioned in Section 6.1.

In order to have a representative measure for comparing the usability results of the two
XR modes combined with the results obtained for the PC mode, we calculated the mean
SUS score of AR and VR. The combined AR, VR mean SUS scores was 85.9 (M = 87.5,
SD = 10.6). Such a score can be paired with a descriptive rating of ‘Excellent’ [9] or ‘A+’
(84.1 - 100) [84]. The score can also be associated with 100% accuracy based on the sample
size threshold proposed by Tullis and Stetson [155].

For the PC mode, an average SUS score of 81.1 (M = 82.5, SD = 14.4) was obtained. Such
a score can be paired with a descriptive rating of ‘Excellent’ [9] or ‘A’ (80.8 - 84.0) [84]. The
scores difference between the XR modes and the PC indicate a slight usability advantage of
the former (Figure 6.7). To understand the statistical significance of this variation of scores
given by participants, a Wilcoxon Signed-Rank Test [177] was carried out, with a prior
assessment of the distribution nonnormality (using a Shapiro–Wilk Test [145])7. The results
offer evidence rejecting the null hypothesis, indicating a statistically significant difference
between the two sets of scores, with p < 0.031 (W = 297.5, Z = -2.156, r = -0,3872).

To further understand the specific aspects/attributes where XR could have user-experience
advantages over PC, we used the results from the non-standard user experience questionnaire
mentioned in Section 6.1.

Once again, in order to have a representative measure for comparing the usability results
of the two XR modes combined with the results obtained for the PC mode, we calculated
the mean participants’ scores of AR and VR. For the calculations, adjusted scores were used
(from 0 to 4), based on the original scores given by individual participants to each attribute
(from 1 to 5)8. To understand the statistical significance of the variations of scores given

7Effect sizes (r) were calculated for each comparison by dividing the Wilcoxon Z-value by the square root
of the number of valid pairs (N), following Rosenthal’s recommendation [137]. They should be interpreted
using Cohen’s benchmarks [28]: small (≈ 0.1), medium (≈ 0.3), and large (≥ 0.5).

8Because our non-standard user experience questionnaire has similarities with a standard SUS ques-
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Figure 6.7: Participants’ SUS scores for the PC mode and scores’ mean for the XR modes (AR and VR)
(vertical scale restricted for increased visibility of the differences).

by participants, Wilcoxon Signed-Rank Tests were carried out, with prior assessments of the
distribution nonnormality (using Shapiro–Wilk Tests).

Regarding immersiveness, participants found the XR modes more immersive than the PC
(Figure 6.8 (a)). This result was unsurprising (due to the more immersive characteristics that
typically characterize XR technologies), with an average score of 3.2 (M = 3.5, SD = 0.8)
for XR against 2.5 (M = 3.0, SD = 1.4) for PC. The individual VR score, 3.4 (M = 4.0,
SD = 0.9), was the one that contributed more to the positive combined score of XR. The
AR score was lower than for VR 3.1 (M = 3.0, SD = 0.9), but still significantly higher than
the PC one. The results offer evidence rejecting the null hypothesis, indicating a statistically
significant difference between the sets of scores, with p < 0.010 (W = 189.0, Z = -2.568,
r = -0.4612) for XR-PC, p < 0.004 (W = 150.5, Z = -2.667, r = -0.4790) for VR-PC and
p < 0.044 (W = 106.50, Z = -2.013, r = -0.3615) for AR-PC.

Participants also considered the XR modes more engaging, with scores of 3.7 (M = 4.0,
SD = 0.6) for the XR modes and 3.2 (M = 3.0, SD = 0.9) for the PC mode (Figure 6.8
(b)). The VR mode was once again the highest scored of the three modes, with a result
of 3,8 (M = 4.0, SD = 0.7) for engagement, followed by AR, with a score of 3.6 (M = 4.0,
SD = 0.7). The results offer evidence rejecting the null hypothesis, indicating a statistically
significant difference between the sets of scores, with p < 0.002 (W = 171.5, Z = -3.143,
r = -0.5645) for XR-PC, p < 0.001 (W = 173.0, Z = -3.381, r = -0.6072) for VR-PC and
p < 0.016 (W = 99.0, Z = -2.398, r = -0.4307) for AR-PC.

tionnaire (namely in what regards the alternation between positively and negatively phrased questions) we
adopted a procedure that is in line with what is used when calculating SUS [18] scores. This procedure aims
to re-code scores to ensure consistency across all questions before the summation and final scoring.
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Figure 6.8: Adjusted scores for the PC and XR modes for the multiple user experience attributes considered
(vertical scale restricted for increased visibility of the differences). (*) For the perceived effort attribute (d),
a higher value represents a lower perceived effort. (**) The post-use impact attribute (j) refers to a positive
impact on participants.
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The XR modes were considered the most satisfactory, with a satisfaction score of 3.4
(M = 3.5, SD = 0.7) (Figure 6.8 (c)). The PC mode received a significantly lower score of
2.9 (M = 3.0, SD = 0.9). Moreover, from the XR modes, VR was once again the preferred,
achieving a score of 3.4 (M = 4.0, SD = 0.8). AR was not very much behind, with a score of
3.3 (M = 3.0, SD = 0.8). The results offer evidence rejecting the null hypothesis, indicating
a statistically significant difference between the sets of scores, with p < 0.020 (W = 247.0,
Z = -2.325, r = -0.4176) for XR-PC, p < 0.040 (W = 185.5, Z = -2.051, r = -0.3684) for
VR-PC and p < 0.041 (W = 128.5, Z = -2.045, r = -0.3673) for AR-PC.

Concerning perceived effort, the PC mode was the one with a higher score (corresponding
to a lower perceived effort), achieving a result of 3.6 (M = 4.0, SD = 0.8) (Figure 6.8 (d)).
The XR modes were perceived by the participants to have corresponded to a higher effort,
having achieved a score of 3.2 (M = 4.0, SD = 1.0). Moreover, the XR modes individually
still corresponded to higher perceived efforts than PC, with AR achieving a score of 3.3
(M = 4.0, SD = 1.0) and VR a score of 3.1 (M = 4.0, SD = 1.1). The results offer evidence
rejecting the null hypothesis, indicating a statistically significant difference between PC-XR,
with p < 0.022 (W = 68.0, Z = -2.297, r = -0.4126) and PC-VR, with p < 0.016 (W = 69.0,
Z = -2.405, r = -0.4320). However, for PC-AR, the results do not provide sufficient evidence
to reject the null hypothesis, indicating no statistically significant difference between the two
sets of scores.

XR were considered by the participants the most favorable modes for data clarity with
a score of 3.7 (M = 4.0, SD = 0.5), one of the highest scores achieved across all addressed
aspects (Figure 6.8 (e)). The PC mode was rated with a slighter lower score of 3.6 (M = 4.0,
SD = 0.6). Regarding the individual XR modes, the AR mode achieved a score of 3.8
(M = 4.0, SD = 0.5), its highest across all addressed aspects and higher than the PC mode
score. The VR achieved a very similar score to the PC mode, of 3.6 (M = 4.0, SD = 0.7).
The results offer evidence rejecting the null hypothesis, indicating a statistically significant
difference between AR-PC, with p < 0.021 (W = 40.5, Z = -2.309, r = -0.4147). However,
for XR-PC and PC-VR, the results do not provide sufficient evidence to reject the null
hypothesis, indicating no statistically significant difference between the sets of scores.

The XR modes were also rated as more intuitive than the PC by participants (Figure 6.8
(f)). The average score of XR modes was 3.7 (M = 4.0, SD = 0.5), while the PC mode received
a score of 3.6 (M = 4.0, SD = 0.9). The VR mode was the one that most contributed to
the XR intuitiveness score, with a rate of 3.7 (M = 4.0, SD = 0.5). However, it was closely
followed by AR, which received a score of 3.6 (M = 4.0, SD = 0.6). Nevertheless, the results
do not provide sufficient evidence to reject the null hypothesis, indicating no statistically
significant difference between the sets of scores.
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Concerning the capability of the user to stay focused within the tasks objectives, PC
received the highest score, 3.6 (M = 4.0, SD = 0.8), ahead of the XR modes, which were
scored 3.5 (M = 4.0, SD = 0.8) (Figure 6.8 (g)). The AR and VR contributed in equal parts
for this result, with a score of 3.5 (M = 4.0, SD = 0.8) for the former and 3.5 (M = 4.0,
SD = 0.9) for the latter. However, the results do not provide sufficient evidence to reject the
null hypothesis, indicating no statistically significant difference between the sets of scores.

In what regards the feeling of comfort and physical well-being, participants reported being
more comfortable using the PC mode, with a score of 3.7 (M = 4.0, SD = 0.9) (Figure 6.8
(h)). The XR modes received a lower score of 3.4 (M = 4.0, SD = 0.9). From the XR
modes, AR was the highest positive contributor for the XR modes result, with a score of 3.6
(M = 4.0, SD = 0.8). The VR mode achieved a comfort score of 3.2 (M = 4.0, SD = 1.1).
The results offer evidence rejecting the null hypothesis, indicating a statistically significant
difference between PC-XR, with p < 0.014 (W = 70.0, Z = -2.470, r = -0.4436) and PC-VR
p < 0.010 (W = 52.5, Z = -2.584, r = -0.4641). However, for PC-AR, the results do not
provide sufficient evidence to reject the null hypothesis, indicating no statistically significant
difference between the sets of scores.

The PC mode also achieved the highest result for the feedback attribute, with a score
of 3.8 (M = 4.0, SD = 0.5) (Figure 6.8 (i)). The XR modes received a lower score of 3.7
(M = 4.0, SD = 0.5). The AR mode, with a score of 3.7 (M = 4.0, SD = 0.5), was the mode
with the highest contribution for the XR mode score, in contrast with VR which achieved a
score of 3.6 (M = 4.0, SD = 0.6). However, the results do not provide sufficient evidence to
reject the null hypothesis, indicating no statistically significant difference between the sets
of scores.

Finally, in what concerns post-use impact, the XR modes achieved a higher score - 3.7
(M = 4.0, SD = 0.5) - than the PC mode, which scored 3.5 (M = 4.0, SD = 0.7) (Figure 6.8
(j)). Moreover, AR was once again the mode with the highest contribution for the XR modes
result, with a score of 3.8 (M = 4.0, SD = 0.5). The VR mode was scored 3.6 (M = 4.0,
SD = 0.7) by participants concerning the post-use impact attribute. The results, however,
do not provide sufficient evidence to reject the null hypothesis, indicating no statistically
significant difference between the sets of scores.

In addition to the participants’ opinions, we also registered objective metrics while they
were carrying out the tasks. These metrics aimed at supporting the analysis of performance
for the distinct modes of the prototype with multiple task variants. A relevant set of these
metrics included the task completion time, task completion (whether the participant finished
the assigned task at all before the cutoff time), and task success (whether the participant
gave the correct answer).
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In order to have a representative measure for comparing the completion time results of the
two XR modes combined with the results obtained for the PC mode, we calculated the mean
participants’ completion time of AR and VR. To understand the statistical significance of
the variations of times between participants, Wilcoxon Signed-Rank Tests were carried out,
with prior assessments of the distribution nonnormality (using Shapiro–Wilk Tests).

For the PC mode, an average completion time of 217.2 seconds across the sums of all
task times (TA, TB, and TC variants) for each participant was obtained. A slightly higher
result was obtained for XR, with an average of sums of times (average of AR and VR
total completion times) of 219.5 seconds. To understand the statistical significance of this
completion time variation of scores, a Wilcoxon Signed-Rank Test was carried out, with a
prior assessment of the distribution nonnormality (using a Shapiro–Wilk Test). The results
do not provide sufficient evidence to reject the null hypothesis, indicating no statistically
significant difference between the sets of completion times across participants.

We also wanted to address the differences in completion times across specific tasks. The
average completion times, medians, and standard deviations were calculated for each task
for both PC and XR modes. For TA, an average completion time of 12.7 seconds (M = 12.0,
SD = 8.2) was registered for the PC mode, while a lower averaged time of 12.3 seconds
(M = 10.2, SD = 8.4) was measured for XR. Regarding TB, the PC mode had an average
completion time of 26.6 seconds (M = 24.0, SD = 11.5), again substantially higher than the
value registered for the XR mode, of 23.6 seconds (M = 19.3 SD = 12.4). The same tendency
was registered for TC-HDLI, with an average completion time of 44.1 seconds (M = 41.6,
SD = 15.9) for PC and 26.4 seconds (M = 17.8, SD = 21.3) for XR. Likewise, TC-LDLI
scored an average completion time of 41.0 seconds (M = 39.8, SD = 15.2) for PC and 35.1
seconds (M = 31.9, SD = 14.9) for XR.

With a tendency in the opposite direction, the task TC-HDHI, recorded an average
completion time of 50.7 seconds (M = 48.8, SD = 20.9) for the PC mode, a value lower than
the registered for the XR mode, of 59.9 seconds (M = 46.0, SD = 27.9). The TC-LDHI task
had the same tendency direction but with an even larger gap between PC, with an average
completion time of 42.0 seconds (M = 41.2, SD = 8.9) and the 62.2 seconds (M = 53.7,
SD = 22.5) registered for XR. These differences between the average completion times for
PC and XR are illustrated in Figure 6.9.

The results offer evidence rejecting the null hypothesis, indicating a statistically signif-
icant difference between PC and XR modes for tasks TC-HDLI, TC-LDLI, TC-HDHI and
TC-LDHI (higher complexity). However, for task TA (lower complexity) and TB (medium
complexity), the results do not provide sufficient evidence to reject the null hypothesis,
indicating no statistically significant difference between the sets of scores. The results of

121



6. User Study

PC XR
0

10

20

30

40

50

60

70
C

om
pl

et
io

n 
Ti

m
e 

(s
)

(a) TA

PC XR
0

10

20

30

40

50

60

70

C
om

pl
et

io
n 

Ti
m

e 
(s

)

(b) TB

PC XR
0

10

20

30

40

50

60

70

C
om

pl
et

io
n 

Ti
m

e 
(s

)

(c) TC-HDLI

PC XR
0

10

20

30

40

50

60

70

C
om

pl
et

io
n 

Ti
m

e 
(s

)

(d) TC-LDLI

PC XR
0

10

20

30

40

50

60

70

C
om

pl
et

io
n 

Ti
m

e 
(s

)

(e) TC-HDHI

PC XR
0

10

20

30

40

50

60

70

C
om

pl
et

io
n 

Ti
m

e 
(s

)

(f) TC-LDHI

Figure 6.9: Completion times for the PC and XR modes, for each of the tasks performed by participants.

Wilcoxon Signed-Rank Tests for differences between the completion times of modes PC and
XR for each task are presented in Table 6.4.

Task W Z r p Sig.

TA 225.0 (+) -0.451 -0.0810 0.652 -
TB 188.0 (+) -1.176 -0.2112 0.240 -
TC-HDLI 43.0 (+) -4.017 -0.7215 < 0.001 !

TC-LDLI 140.0 (+) -2.116 -0.3800 0.034 !

TC-HDHI 138.0 (–) -2.156 -0.3872 0.031 !

TC-LDHI 8.0 (–) -4.703 -0.8447 < 0.001 !

Table 6.4: Wilcoxon Signed-Rank Tests for differences between the completion times of modes PC and
XR for each task. W represents the raw test statistic based on positive (+) or negative ranks (-), Z the
standardized test statistic and r the effect size.

Regarding task completion, the experiment accounted for a 100% completion rate, with
all the participants finishing the task before the time limit. However, task success varied sub-
stantially across the PC and XR modes. For analyzing task success results, and because we
were working with binary repeated measures, we applied McNemar’s Tests for comparisons.

Table 6.5 presents the success rates for each task and mode. For the PC mode, an average
success rate of 82.8% ± 5.4% across all tasks (TA, TB, and TC variants) was obtained. In
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comparison, XR modes obtained a higher average success rate, of 84.4% ± 3.7%, with AR
and VR registering, respectively, 85.5% ± 5.1% and 83.3% ± 5.4% average success rates.

Mode Task Success Rate 95% CI (approx)

PC TA 30/31 97% (91%, 100%)
TB 22/31 71% (55%, 87%)
TC-HDLI 23/31 74% (59%, 90%)
TC-LDLI 22/31 71% (55%, 87%)
TC-HDHI 28/31 90% (80%, 100%)
TC-LDHI 29/31 94% (85%, 100%)

AR TA 31/31 100% (90%, 100%)
TB 30/31 97% (91%, 100%)
TC-HDLI 30/31 97% (91%, 100%)
TC-LDLI 29/31 94% (85%, 100%)
TC-HDHI 20/31 65% (48%, 81%)
TC-LDHI 19/31 61% (44%, 78%)

VR TA 30/31 97% (91%, 100%)
TB 30/31 97% (91%, 100%)
TC-HDLI 29/31 94% (85%, 100%)
TC-LDLI 28/31 90% (80%, 100%)
TC-HDHI 19/31 61% (44%, 78%)
TC-LDHI 19/31 61% (44%, 78%)

XR TA 61/62 98% (95%, 100%)
TB 60/62 97% (92%, 100%)
TC-HDLI 59/62 95% (90%, 100%)
TC-LDLI 57/62 92% (85%, 99%)
TC-HDHI 39/62 63% (51%, 75%)
TC-LDHI 38/62 61% (49%, 73%)

Table 6.5: Success rates for each task.

The comparison between success rates of PC vs. AR and PC vs. VR for the different
tasks is represented in Figure 6.10. To assess the statistical significance of the differences
between success results, separate McNemar’s Tests were carried out to compare the two
above-mentioned pairs. Odds Ratios (OR) were also calculated for each pair to estimate the
direction and strength of performance shifts between conditions [116]. For pairs with zero
discordant cases, the Haldane–Anscombe Correction [7], [62] was applied to obtain stable
OR estimates. The results of these tests are presented in Table 6.6.
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Figure 6.10: Comparison between success rates of PC vs. AR and PC vs. VR for the different tasks
(horizontal scale restricted for increased visibility of the differences).

Comparison Task N OR p Sig.

PC-AR TA 31 0.333 1.000 -
TB 31 0.158 0.021 !

TC-HDLI 31 0.067 0.016 !

TC-LDLI 31 0.176 0.039 !

TC-HDHI 31 4.200 0.039 !

TC-LDHI 31 21.000 0.002 !

PC-VR TA 31 1.000 1.000 -
TB 31 0.059 0.008 !

TC-HDLI 31 0.077 0.031 !
TC-LDLI 31 0.200 0.070 -
TC-HDHI 31 4.600 0.022 !

TC-LDHI 31 7.667 0.006 !

Table 6.6: McNemar’s Tests results for differences between the task success for modes PC-AR and PC-VR.

6.2.2 Influence of reality modality

In the scope of RQ2, we wanted to understand the differences between AR and VR in the
scope of user-experience advantages. For that purpose, we used the results provided by the
10-question standard SUS questionnaire mentioned in Section 6.1.

For the AR mode, an average SUS score of 85.1 (M = 87.5, SD = 12.1) was obtained.
Such a score can be paired with a descriptive rating of ‘Excellent’ [9] or ‘A+’ (84.1 - 100) [84].
Regarding the VR mode, an average SUS score of 86,7 (M = 87.5, SD = 10.3) was obtained.
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Such a score can be paired with a descriptive rating of ‘Excellent’ [9] or ‘A+’ (84.1 - 100) [84]
The scores difference between the AR modes and the VR indicate a usability advantage of

the latter (Figure 6.11). To understand the statistical significance of this variation of scores
given by participants, a Wilcoxon Signed-Rank Test was carried out, with a prior assessment
of the distribution nonnormality (using a Shapiro–Wilk Test). The results, however, do not
provide sufficient evidence to reject the null hypothesis, indicating no statistically significant
difference between the sets of scores.

AR VR
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Figure 6.11: Participants’ SUS scores for the AR and VR modes (vertical scale restricted for increased
visibility of the differences).

While the difference in AR and VR SUS scores was not conclusive, we wanted to find out
if there were specific usability aspects/attributes where significant differences existed. With
that objective, the results of the 10-question non-standard user experience questionnaire,
targeting the ten specific usability attributes mentioned in Section 6.1, were used. To under-
stand the statistical significance of the variations of scores given by participants, Wilcoxon
Signed-Rank Tests were carried out, with prior assessments of the distribution nonnormality
(using Shapiro–Wilk Tests).

Regarding immersiveness, participants found, as expected, the VR mode to be more im-
mersive than AR (Figure 6.12 (a)). For the immersiveness attribute, the VR mode achieved
a score of 3.4 (M = 4.0, SD = 0.9), while AR scored a substantially lower 3.1 (M = 3.0,
SD = 0.9). The results offer evidence rejecting the null hypothesis, indicating a statistically
significant difference between the two sets of individual scores, with p < 0.047 (W = 72.5,
Z = -1.990, r = -0.3574).

In what concerns engagement, once again, participants considered VR to be a more
engaging mode than the AR mode (Figure 6.12 (b)). While VR was rated with a score of
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Figure 6.12: Adjusted scores for the AR and VR modes for the multiple user experience attributes consid-
ered (vertical scale restricted for increased visibility of the differences). (*) For the perceived effort attribute
(d), a higher value represents a lower perceived effort. (**) The post-use impact attribute (j) refers to a
positive impact on participants.
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3.8 (M = 4.0, SD = 0.7), AR received a score of 3.6 (M = 4.0, SD = 0.7). The results offer
evidence rejecting the null hypothesis, indicating a statistically significant difference between
the two sets of individual scores, with p < 0.035 (W = 32.0, Z = -2.111, r = -0.3791).

For the satisfaction attribute, participants scored the VR mode with 3.4 (M = 4.0,
SD = 0.8) and the AR mode 3.3 (M = 3.0, SD = 0.8) (Figure 6.12 (c)). These scores
indicate a more satisfactory experience in the VR mode than in the AR mode. However,
the results do not provide sufficient evidence to reject the null hypothesis, indicating no
statistically significant difference between the sets of scores.

Concerning the perceived effort, participants associated the AR experience with a lower
perceived effort than the VR mode (Figure 6.12 (d)), scoring the AR mode with 3.3 (M = 4.0,
SD = 1.0) and the VR mode with 3.13 (M = 4.0, SD = 1.1) (a higher score corresponding to
a lower perceived effort). The results offer evidence rejecting the null hypothesis, indicating
a statistically significant difference between the two sets of individual scores, with p < 0.034
(W = 15.0, Z = -2.121, r = -0.3809).

Participants also reported a preference for AR over VR in what concerns data clarity
(Figure 6.12 (e)). Indeed, the AR mode scored 3.8 (M = 4.0, SD = 0.5) for the data clarity
attribute, while VR scored 3.6 (M = 4.0, SD = 0.7). The results offer evidence rejecting
the null hypothesis, indicating a statistically significant difference between the two sets of
individual scores, with p < 0.034 (W = 31.5, Z = -2.121, r = -0.3809).

In what regards the intuitiveness attribute, the participants scored the VR with 3.7
(M = 4.0, SD = 0.5) and the AR mode with 3.6 (M = 4.0, SD = 0.6) (Figure 6.12 (f)).
However, the results do not provide sufficient evidence to reject the null hypothesis, indicating
no statistically significant difference between the sets of scores.

The attribute reflecting the capability of the user to stay focused within the task objec-
tives had a very similar preference for both VR, with a score of 3.5 (M = 4.0, SD = 0.9) and
AR, with a score of 3.5 (M = 4.0, SD = 0.8) (Figure 6.12 (g)). However, the results do not
provide sufficient evidence to reject the null hypothesis, indicating no statistically significant
difference between the sets of scores.

A feeling of higher comfort and physical well-being was paired more often with AR.
Indeed, for the comfort attribute, the participants scored 3.6 (M = 4.0, SD = 0.8) for the
AR mode and 3.2 (M = 4.0, SD = 1.1) for the VR mode (Figure 6.12 (h)). The results offer
evidence rejecting the null hypothesis, indicating a statistically significant difference between
the two sets of individual scores, with p < 0.017 (W = 59.0, Z = -2.377, r = -0.4269).

The feedback and responsiveness attribute had very similar scores in both modes (Fig-
ure 6.12 (i)). Participants scored VR with 3.7 (M = 4.0, SD = 0.6) and AR with 3.7
(M = 4.0, SD = 0.5). However, the results do not provide sufficient evidence to reject the
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null hypothesis, indicating no statistically significant difference between the sets of scores.
Finally, post-use impact had a more favorable score for the AR mode than VR (Fig-

ure 6.12 (j)). Participants scored the former with 3.8 (M = 4.0, SD = 0.5) and the latter
with 3.7 (M = 4.0, SD = 0.7). However, the results do not provide sufficient evidence to
reject the null hypothesis, indicating no statistically significant difference between the sets
of scores.

In addition to the opinion of participants, objective metrics for the AR and VR modes
were also registered. These metrics are aimed at supporting the analysis of performance
for these two modes of the prototype with multiple task variants. A relevant set of these
metrics included the task completion time, as well as task completion and task success. To
understand the statistical significance of the variations of times between participants, once
again Wilcoxon Signed-Rank Tests were carried out, with prior assessments of the distribution
nonnormality (using Shapiro–Wilk Tests).

For the AR mode, an average completion total time of 215.0 seconds across the sum of
all task times (TA, TB, and TC variants) for each participant was obtained. A substantially
higher average completion total time of 223.9 seconds was obtained for VR. The results of a
Wilcoxon Signed-Rank Test do not provide sufficient evidence to reject the null hypothesis,
indicating no statistically significant difference between the sets of completion times across
participants.

We also wanted to address the differences in completion times across specific tasks for the
AR and VR modes. The average completion times, medians, and standard deviations were
calculated for each task. For TA, an average completion time of 12.4 seconds (M = 10.8,
SD = 8.4) was registered for the AR mode, while a lower averaged time of 12,2 seconds
(M = 9.6, SD = 8.4) was measured for VR. Regarding TB, the AR mode had an average
completion time of 25.2 seconds (M = 19.2, SD = 13.3), again substantially higher than the
value registered for the VR mode, of 22,0 seconds (M = 19.3, SD = 11.5). The same tendency
was registered for TC-HDLI, with an average completion time of 28.4 seconds (M = 14.4,
SD = 28.5) for AR and 24.4 seconds (M = 21.2, SD = 14.2) VR for VR. Likewise, TC-LDLI
scored an average completion time of 39.2 seconds (M = 35.2, SD = 17.6) for AR and 31.0
seconds (M = 28.7, SD = 12.3) for VR.

With the opposite tendency, the task TC-HDHI recorded an average completion time of
53.9 seconds (M = 43.5, SD = 23.9) for the AR mode, a value lower than the registered for
the VR mode, of 65.9 seconds (M = 48.4, SD = 35.6). The TC-LDHI task had the same
tendency direction, with an average completion time of 56.0 seconds (M = 51.9, SD = 12.2)
registered for AR and 68.4 seconds (M = 55.5, SD = 32.8) for VR. These differences between
the average completion times for AR and VR are illustrated in Figure 6.13.
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Figure 6.13: Completion times for the AR and VR modes, for each of the tasks performed by participants.

With the exception of TC-LDLI, the results of Wilcoxon Signed-Rank Tests for differences
between the completion times of modes AR and VR for each task do not provide sufficient
evidence to reject the null hypothesis, indicating no statistically significant difference between
the sets of scores. These results are presented in Table 6.7.

Task W Z r p Sig.

TA 222.0 (+) -0.510 -0.0916 0.610 -
TB 192.0 (+) -1.097 -0.1970 0.272 -
TC-HDLI 214.0 (–) -0.666 -0.1196 0.505 -
TC-LDLI 80.0 (+) -3.292 -0.5913 < 0.001 !
TC-HDHI 180.0 (–) -1.333 -0.2394 0.183 -
TC-LDHI 164.0 (–) -1.646 -0.2956 0.100 -

Table 6.7: Wilcoxon Signed-Rank Tests for differences between the completion times of modes AR and VR
for each task. W represents the raw test statistic, Z the standardized test statistic and r the effect size.

The success rates for each task for the AR and VR modes were presented earlier in
Table 6.5. For the AR mode, an average success rate of 85.5% ± 5.1% across all tasks (TA,
TB, and TC variants) was obtained. In comparison, the VR mode obtained a lower average
success rate of 83.3% ± 5.4%. The comparison between success rates of AR and VR for the
different tasks is represented in Figure 6.14.

To assess the statistical significance of the differences between each task success results

129



6. User Study

in the AR and VR modes, McNemar’s Tests were carried out. However, the results do not
provide sufficient evidence to reject the null hypothesis, indicating no statistically significant
difference between the task success results for the two modes.
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Figure 6.14: Comparison between success rates of AR and VR for the different tasks (horizontal scale
restricted for increased visibility of the differences).

6.2.3 Influence of visual detail

In the scope of RQ3, we wanted to understand the impact of visual detail on data analysis
performance. In particular, we wanted to know if using photographic textures in models
influenced data analysis. For that purpose, we asked the participants to perform a set of
tasks with the DamXR application where the 3D objects would alternately be presented
with and without textures (flat-shaded). This variation in models’ texture was tested across
the distinct modes (PC, AR and VR) but also across the distinct levels of data indirection
(data overlaid to the referent or in floating panels with charts).

To support the performance comparison between the two visual detail conditions across
the distinct variations, a set of objective metrics were registered. In particular, we measured
the time needed to complete each task and the task success (whether the participant gave
the correct answer). Because for tasks TA and TB, visual detail did not change across
different rounds of testing (and as such, we did not have e.g., a non-textured counterpart),
we restricted the analysis to the variants of task TC.

Concerning the completion times, we needed representative measures to compare the
results of the two distinct visual detail cases (textured and non-textured). With that ob-
jective, we calculated, for each mode, two derived measures: the average completion times
of tasks TC-HDLI and TC-HDHI and the average completion times of tasks TC-LDLI and
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TC-LDHI. We named these derived measures, respectively, AvgHD (textured) and AvgLD
(non-textured/flat-shaded).

For the PC mode, an AvgHD of 47.4 seconds (M = 44.2, SD = 18.7) was obtained, against
a lower AvgLD of 41.5 seconds (M = 40.9, SD = 12.3). For the AR mode, the differences
were in the opposite direction, with an AvgHD of 41.1 seconds (M = 34.6, SD = 29.1) and an
AvgLD of 47.6 seconds (M = 47. SD = 17.2). The same tendency of lower completion times
for variants using textures was registered for VR, with an AvgHD of 45.1 seconds (M = 38.9,
SD = 34.0) against the 49.7 seconds (M = 45.6, SD = 31.0) of AvgLD. These differences are
illustrated in Figure 6.15
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Figure 6.15: Average completion times for textured (AvgHD) and non-textured (AvgLD) variants for each
of the modes (vertical scale restricted for increased visibility of the differences).

To understand the statistical significance of the variations of times between AvgHD and
AvgLD, Wilcoxon Signed-Rank Tests were carried out, with prior assessments of the distri-
bution nonnormality (using Shapiro–Wilk Tests).

The results offer evidence rejecting the null hypothesis, indicating a statistically signif-
icant difference between the completion times of variations of task TC that used textures
(TC-HDLI and TC-HDHI) and the variations that did not use textures (TC-LDLI and TC-
LDHI), for the AR, VR and PC modes. The results for each mode are presented in Table 6.8.

Task W Z r p Sig.

PC 98.0 (+) -2.939 -0.5279 0.003 !

AR 147.0 (–) -1.979 -0.3554 0.048 !

VR 144.0 (–) -2.038 -0.3660 0.042 !

Table 6.8: Wilcoxon Signed-Rank Tests for differences between the average completion times for textured
variants (AvgHD) and the average completion times of non-textured variants (AvgLD).

Concerning task success, we needed representative measures to compare the results of
the two distinct visual detail cases (textured and non-textured). With that objective, we
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calculated, for each mode, two derived measures: the success percentage for the total number
of tasks of the TC-HDLI and TC-HDHI variants and the success percentage for the total
number of tasks of the TC-LDLI and TC-LDHI variants. We named these derived measures,
respectively, SPerHD (textured) and SPerLD (non-textured/flat-shaded).

For the PC mode, equal results of SPerHD and SPerLD were obtained (82.3% ± 9.5%).
For the AR mode the SPerHD result was 80.6% ± 9.8% and SPerLD was 77.4% ± 10.4%.
The tendency of higher task success rates for variants using textures was also registered
for VR, with 77.4% ± 10.4% against the 75.8% ± 10.7% of SPerLD. These differences are
illustrated in Figure 6.16.
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Figure 6.16: Comparison between task success rates for textured and non-textured variants, for each of
the modes (PC, AR, VR), for the combination of XR modes, and for all the modes combined (horizontal
scale restricted for increased visibility of the differences).

To assess the statistical significance of the differences between each task success results
for the two distinct visual detail cases (textured and non-textured), McNemar’s Tests were
carried out. However, the results do not provide sufficient evidence to reject the null hy-
pothesis, indicating no statistically significant difference between the task success results for
the two visual detail cases.

6.2.4 Influence of data indirection

In the scope of RQ4, we wanted to understand the impact of data indirection on analysis
performance. In particular, we wanted to know if the use of distinct levels of data indirection
had any influence on data analysis performance. For that purpose, we asked the participants
to perform a set of tasks with the DamXR application where data would alternately be
presented directly overlaid over the dam model or in charts located in floating panels. This
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variation in data indirection was tested across the distinct modes (PC, AR and VR) but also
across the distinct levels of visual detail (textured and non-textured).

To support the performance comparison between the two visual detail conditions across
the distinct variations, a set of objective metrics were registered. In particular, we measured
the time needed to complete each task and the task success (whether the participant gave
the correct answer). Because for tasks TA and TB, data indirection did not change across
different rounds of testing (and as such, we did not have e.g., representation of data in
panels), again, we restricted the analysis to the variants of task TC.

Concerning the completion times, we needed representative measures to compare the re-
sults of the two distinct data indirection cases (data over the referent and data in panels).
With that objective, we calculated, for each mode, two derived measures: the average com-
pletion times of tasks TC-HDLI and TC-LDLI and the average completion times of tasks
TC-HDHI and TC-LDHI. We named these derived measures, respectively, AvgLI (data over
referent) and AvgHI (data in panels).

For the PC mode, an AvgLI of 42,6 seconds (M = 40.3, SD = 15.5) was obtained, against
a higher AvgHI of 46.4 seconds (M = 41.9, SD = 16.5). For the AR mode, the differences
were in the same direction, with an AvgLI of 33.8 seconds (M = 27.9, SD = 24.1) and a
higher AvgHI of 54.9 seconds (M = 50.1, SD = 18.9). The same tendency of lower completion
times for variants using data represented over the referent was registered for VR, with an
AvgLI of 27.7 seconds (M = 25.3, SD = 13.6) against the 67.2 seconds (M = 55.5, SD = 33.9)
of AvgHI. These differences are illustrated in Figure 6.17.
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Figure 6.17: Average completion times for data represented over the referent (AvgLI ) and data represented
in panels (AvgHI ) variants for each of the modes (vertical scale restricted for increased visibility of the
differences).

To understand the statistical significance of the variations of times between AvgLI and
AvgHI, Wilcoxon Signed-Rank Tests were carried out, with prior assessments of the distri-
bution nonnormality (using Shapiro–Wilk Tests).

The results offer evidence rejecting the null hypothesis, indicating a statistically sig-

133



6. User Study

nificant difference between the completion times of variations of task TC that used data
represented over the referent (TC-HDLI and TC-LDLI) and the variations where data was
represented in panels (TC-HDHI and TC-LDHI), for all the modes. The results for each
mode are presented in Table 6.9.

Task W Z r p Sig.

PC 144.0 (–) -2.038 -0.3660 0.042 !

AR 22.0 (–) -4.429 -0.7955 < 0.001 !

VR 0.0 (–) -4.860 -0.8729 < 0.001 !

Table 6.9: Wilcoxon Signed-Rank Tests for differences between the average completion times for textured
variants (AvgHD) and the average completion times of non-textured variants (AvgLD).

Concerning the task success, we needed representative measures to compare the results of
the two distinct data indirection cases (data over the referent and data in panels). With that
objective, we calculated, for each mode, two derived measures: the success percentage for the
total number of tasks of the TC-HDLI and TC-LDLI variants and the success percentage for
the total number of tasks of the TC-HDHI and TC-LDHI variants. We named these derived
measures, respectively, SPerLI (data over the referent) and SPerHI (data in panels).

For the PC mode, a SPerLI of 72.6% ± 11.1% was obtained, against a higher SPerHI
of 91.9% ± 6.8%. For the AR mode, the differences followed the opposite direction, with
a SPerLI of 95.2% ± 5.3% and a SPerHI of 62.9% ± 12.0%. The tendency of higher task
success rates for variants using data directly represented over the referent was also registered
for VR, with 91.9% ± 6.8% against the 61.3% ± 12.1% of SPerHI. These differences are
illustrated in Figure 6.18.

To assess the statistical significance of the differences between each task success results for
the two distinct data indirection cases (data over the referent and data in panels), McNemar’s
Tests were carried out. The results of these tests are presented in Table 6.10.

Mode N OR p Sig.

PC 62 0.172 0.004 !

AR 62 9.000 < 0.001 !

VR 62 13.667 < 0.001 !

XR 124 12.143 < 0.001 !

Total 186 2.543 < 0.001 !

Table 6.10: McNemar’s Tests results for differences between each task success results for the two distinct
data indirection cases (data over the referent and data in panels). The results encompass different modes
(PC, AR, VR), the combination of XR modes, and all the modes combined.
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Figure 6.18: Comparison between task success rates for data indirection variants consisting of data over
the referent and in panels, for each of the modes (PC, AR, VR), for the combination of XR modes, and for
all the modes combined (horizontal scale restricted for increased visibility of the differences).

6.2.5 Combined effect of visual detail and data indirection

In the scope of RQ1-RQ4, we also carried out a wider-scope analysis with the objective of
assessing how the interaction of the visual detail and data indirection factors would influence
data analysis performance across modes and variants. Within that context, we compared
the completion times and task success for tasks with and without textures, using data rep-
resentation over the referent and on panels, using the different application modes.

We carried out Friedman Tests for each mode to assess the existence of significant dif-
ferences in completion times across the four instances of visual detail and data indirection
interaction (HDLI, LDLI, HDHI and LDHI). In addition, we computed Kendall’s Concor-
dance Coefficient (WK) as a non-parametric effect size measure to quantify the strength of
the observed differences [26]. We also performed post-hoc pairwise comparisons to identify
how instances differed, using Wilcoxon Signed-Rank Tests, with Bonferroni Correction. Be-
cause for tasks TA and TB, visual detail and data indirection did not change across different
rounds of testing, again, we restricted the analysis to the variants of task TC.

For AR and VR, the variants that achieved lower task completion times were the ones
corresponding to lower spatial indirection and higher visual detail. In that scope, the variant
with the lowest task completion time was HDLI, and the one with the highest task completion
time was LDHI for both the XR modes. For the PC mode, the lower task completion times
corresponded to the variants with lower visual detail. The lowest time was obtained with
the LDLI variant, followed by LDHI (Figure 6.19).

Completion times for the PC mode exhibited statistically significant differences, with a
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Figure 6.19: Completion times of the three modes (PC, AR, VR) across the four instances of visual detail
and data indirection interaction (HDLI, LDLI, HDHI and LDHI).

chi-squared statistics of χ2(3) = 12,871, p < 0.005 (N = 31), WK = 0.138 (small effect size).
Statistically significant differences were also found for AR, with χ2(3) = 47,245, p < 0.001
(N = 31), WK = 0.508 (large effect size) and VR, with χ2(3) = 77,671, p < 0.001 (N =
31), WK = 0.835 (very large effect size). The results of the pairwise analysis carried out
to identify which tasks contributed to the difference are presented in Table 6.11. For this
pairwise analysis, a Bonferroni-corrected value of α = 0.05/4 = 0,0125 was used.

In addition to the individual interaction of visual detail and data indirection for each
mode, we wanted to assess the global effect of this interaction across modes. With that ob-
jective, we carried out a Friedman Test for the average completion times for each of the four
variants. This procedure aimed to determine the existence of significant differences in global
completion times across the four instances of visual detail and data indirection interaction
(HDLI, LDLI, HDHI and LDHI). In addition, we once again computed Kendall’s Concor-
dance Coefficient (WK) as a non-parametric effect size measure to quantify the strength of
the observed differences. We also performed post-hoc pairwise comparisons to identify how
variants differed, using Wilcoxon Signed-Rank Tests, with Bonferroni Correction. For similar
reasons to those discussed in the previous analysis, we restricted this analysis to the variants
of task TC.

From a global point of view, considering the average results, the variant corresponding
to the lowest completion time was HDLI. The highest completion time was obtained with
the LDHI variant (Figure 6.20).

The average completion times (PC, AR, VR) exhibited statistically significant differ-
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Mode Pair W Z r p Sig.

PC HDLI-LDLI 124.0 (+) -2.430 -0.436 0.015 -
HDLI-HDHI 135.0 (–) -2.214 -0.398 0.027 -
HDLI-LDHI 244.0 (+) -0.078 -0.014 0.938 -
LDLI-HDHI 88.0 (–) -3.135 -0.563 0.002 !
LDLI-LDHI 164.0 (–) -1.646 -0.296 0.100 -
HDHI-LDHI 109.0 (+) -2.724 -0.489 0.006 !

AR HDLI-LDLI 115.0 (–) -2.606 -0.468 0.009 !

HDLI-HDHI 50.0 (–) -3.880 -0.697 < 0.001 !

HDLI-LDHI 59.0 (–) -3.704 -0.665 < 0.001 !

LDLI-HDHI 44.0 (–) -3.998 -0.718 < 0.001 !

LDLI-LDHI 35.0 (–) -4.174 -0.75 < 0.001 !
HDHI-LDHI 217.0 (–) -0.607 -0.109 0.544 -

VR HDLI-LDLI 63.0 (–) -3.625 -0.651 < 0.001 !

HDLI-HDHI 0.0 (–) -4.860 -0.873 < 0.001 !

HDLI-LDHI 0.0 (–) -4.860 -0.873 < 0.001 !

LDLI-HDHI 1.0 (–) -4.840 -0.869 < 0.001 !

LDLI-LDHI 0.0 (–) -4.860 -0.873 < 0.001 !
HDHI-LDHI 183.0 (–) -1.274 -0.229 0.203 -

Table 6.11: Post-hoc pairwise analysis of completion times across the four instances of visual detail and
data indirection interaction, using Wilcoxon Signed-Rank Tests, with Bonferroni Correction.
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Figure 6.20: Completion times for the three modes (PC, AR, VR) across the four variants of visual detail
and data indirection interaction (HDLI, LDLI, HDHI and LDHI).
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ences among the four variants (HDLI, LDLI, HDHI and LDHI). A chi-squared statistics of
χ2(3) = 60.019, p < 0.001 (N = 31), WK = 0.645 (large effect size) was obtained. The re-
sults of the pairwise analysis carried out to identify which tasks contributed to the difference
are presented in Table 6.12. For this pairwise analysis, a Bonferroni-corrected value of α ≈
0,0125 was used.

Pair W Z r p Sig.

HDLI-LDLI 129.0 -2.508 -0.45 0.012 !

HDLI-HDHI 55.0 -4.840 -0.869 < 0.001 !

HDLI-LDHI 21.0 -4.840 -0.869 < 0.001 !

LDLI-HDHI 82.0 -4.801 -0.862 < 0.001 !

LDLI-LDHI 41.0 -4.664 -0.838 < 0.001 !
HDHI-LDHI 104.0 -0.157 -0.028 0.875 -

Table 6.12: Post-hoc pairwise analysis of the completion times across the four instances of visual detail
and data indirection interaction, using Wilcoxon Signed-Rank Tests, with Bonferroni Correction.

We also carried out Cochran’s Q Tests to assess the existence of significant differences in
task success across the four instances of visual detail and data indirection interaction (HDLI,
LDLI, HDHI and LDHI). In addition, Generalized Eta-squared (η2) was computed to quantify
the magnitude of the observed differences, providing a non-parametric effect size estimate
for each test [27]. Furthermore, we performed post-hoc pairwise comparisons to identify how
instances differed, using McNemar’s Tests, with Bonferroni Correction. Odds Ratios (OR)
were also calculated for each pair to estimate the direction and strength of performance
shifts between conditions [116]. For pairs with zero discordant cases, the Haldane–Anscombe
Correction [7], [62] was applied to obtain stable OR estimates. Because for tasks TA and
TB, visual detail and data indirection did not change across different rounds of testing, we
once more restricted the analysis to the variants of task TC.

For AR and VR, the variants that achieved higher task success were the ones correspond-
ing to lower spatial indirection. In that scope, the variant with the highest task success was
HDLI, and the one with the lowest task success was LDHI for both the XR modes. In Fig-
ure 6.21, we can see that for these modes, data indirection had a much higher impact than
visual detail in task success. For the PC mode, the highest task success corresponded to the
variants with lower visual detail and higher spatial indirection.

Task success for the PC mode exhibited statistically significant differences, with a Q(3) =
9.250, p = 0.026 (N = 31), η2 = 0.090 (small effect size). Statistically significant differences
were also found for AR, with Q(3) = 19.548, p < 0.001 (N = 31), η2 = 0.174 (large effect size)
and VR, with Q(3) = 19.105, p < 0.001 (N = 31), η2 = 0.170 (large effect size). The results
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Figure 6.21: Comparison between task success rates across for the four instances of visual detail and data
indirection interaction for each of the modes (PC, AR, VR), for the combination of XR modes, and for all
the modes combined (horizontal scale restricted for increased visibility of the differences).

of the pairwise analysis carried out to identify which tasks contributed to the difference are
presented in Table 6.13. For this pairwise analysis, a Bonferroni-corrected value of α =
0.05/4 ≈ 0,0125 was used.

In addition to the individual interaction of visual detail and data indirection for each
mode, we wanted to assess the global effect of this interaction across modes. With that
objective, we carried out a Cochran’s Q Test for the accumulated task success for each
of the four instances (considering the aggregation of the three modes for each instance).
This procedure aimed to determine the existence of significant differences in task success
across the four instances of visual detail and data indirection interaction (HDLI, LDLI,
HDHI and LDHI). Generalized Eta-squared (η2) was once again computed to quantify the
magnitude of the observed differences, providing. We also performed post-hoc pairwise
comparisons to identify how instances differed, using McNemar’s Tests, with Bonferroni
Correction. Odds Ratios (OR) with Haldane–Anscombe Correction were also calculated for
each pair to estimate the direction and strength of performance shifts between conditions.
For similar reasons to those discussed in the previous analysis, we restricted this analysis to
the variants of task TC.

The aggregation of task success results (PC + AR + VR) exhibited statistically significant
differences among the four variants (HDLI, LDLI, HDHI and LDHI). A Q(3) = 13.419,
p = 0.004 (N = 93), η2 = 0.046 (small effect size) was obtained. The results of the pairwise
analysis carried out to identify which tasks contributed to the difference are presented in
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Mode Pair N OR p Sig.

PC HDLI-LDLI 31 1.154 1.000 -
HDLI-HDHI 31 0.231 0.125 -
HDLI-LDHI 31 0.077 0.031 -
LDLI-HDHI 31 0.294 0.109 -
LDLI-LDHI 31 0.176 0.039 -
HDHI-LDHI 31 0.600 1.000 -

AR HDLI-LDLI 31 1.667 1.000 -
HDLI-HDHI 31 7.667 0.006 !

HDLI-LDHI 31 23.000 < 0.001 !

LDLI-HDHI 31 19.000 0.004 !

LDLI-LDHI 31 7.667 0.006 !
HDHI-LDHI 31 1.133 1.000 -

VR HDLI-LDLI 31 3.000 1.000 -
HDLI-HDHI 31 21.000 0.002 !

HDLI-LDHI 31 7.667 0.006 !

LDLI-HDHI 31 7.000 0.012 !

LDLI-LDHI 31 7.000 0.012 !
HDHI-LDHI 31 1.000 1.000 -

Table 6.13: Post-hoc pairwise analysis of task success across the four instances of visual detail and data
indirection interaction, using McNemar’s Tests, with Bonferroni Correction.

Table 6.14. For this pairwise analysis, a Bonferroni-corrected value of α ≈ 0,0125 was used.

Pair N OR p Sig.

HDLI-LDLI 93 1.400 0.629 -
HDLI-HDHI 93 3.000 0.009 !

HDLI-LDHI 93 3.000 0.009 !
LDLI-HDHI 93 2.263 0.045 -
LDLI-LDHI 93 2.143 0.052 -
HDHI-LDHI 93 1.000 1.000 -

Table 6.14: Post-hoc pairwise analysis of the accumulated task success (PC & AR & VR) across the
four instances of visual detail and data indirection interaction, using McNemar’s Tests, with Bonferroni
Correction.
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6.2.6 Multivariate effects of reality modality, visual detail, and data

indirection

Within the scope of RQ2–RQ4, we wanted to complement the previous analyses by further
examining how visual detail and data indirection affected user performance specifically within
the immersive modes. To address task completion times, we conducted a multi-factorial
repeated measures ANOVA [106], focusing exclusively on immersive modes. The goal was to
identify the joint and interaction effects of the three within-subjects factors: reality modality
(AR, VR), visual detail (HD, LD), and data indirection (LI, HI) (Figure 6.22).

The analysis was conducted using the General Linear Model [114], [128] procedure with
the previously mentioned within-subjects factors. The model was specified using a full
factorial design (modality × detail × indirection), and Type III sum of squares was used.
Bonferroni -corrected pairwise comparisons were employed, and effect sizes were estimated
using Partial Eta-Squared (η2p). Mauchly’s Test of Sphericity [107] confirmed that sphericity
was not violated (W = 1.000), so no correction was needed for degrees of freedom.

The multivariate test results show that the main effect of reality modality was not sta-
tistically significant (Wilks’ Λ = 0.979, F (1, 30) = 0.655, p = .425, η2p = .021). In con-
trast, visual detail showed a strong, statistically significant main effect (Wilks’ Λ = 0.164,
F (1, 30) = 152.71, p < .001, η2p = .836). Similarly, indirection also had a significant main
effect (Wilks’ Λ = 0.747, F (1, 30) = 10.18, p = .003, η2p = .253).

In what concerns interaction effects, the results suggest that the effect of visual detail
differs across the two distinct reality modalities. Specifically, the penalty of using low visual
detail was greater in VR. In this context, the interaction effect of immersive mode × detail is
statistically significant (F (1, 30) = 13.06, p = 0.001, η2 = 0.303). However, the interaction
effects of mode × indirection and detail × indirection, as well as the three-way interaction
of mode × detail × indirection, were not significant.

Regarding pairwise comparisons, the results show a strong and statistically significant
effect of visual detail on task completion time, across conditions, with a mean difference
MD = −30.31 s, p = .001, η2p = .836 (very large effect). This finding indicates that higher-
detail representations consistently led to faster task performance in both modes.

Concerning data indirection, tasks involving low indirection were also completed signifi-
cantly faster than those with high indirection, with MD = −5.52 s, p = .003, and η2p = .253

(moderate effect). In contrast, the difference between immersive modes was not statistically
significant, indicating minimal influence of AR versus VR on performance when other factors
are controlled.

To examine the effects of reality modality, visual detail, and data indirection on task
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Figure 6.22: Task completion time for AR vs VR across visual-detail (LD/HD) and data representation
indirection levels (LI/HI) (vertical scale restricted for increased visibility of the differences).

success (Figure 6.23), a Generalized Estimating Equations [86] approach was employed (31
participants, eight trials each, with 248 observations in total). The model assumed a bi-
nomial distribution with a logit link function [30]. An exchangeable working correlation
structure was specified to account for within-subject correlations across eight observations
per participant. The model included all main effects, as well as their two-way and three-way
interactions. Parameter estimation was conducted using the Fisher Scoring method [53], and
hypothesis testing for each effect was performed using Type III Wald Chi-square tests [168].
To evaluate model fit, the Quasi-likelihood under the Independence Model Criterion (QIC)
was used [122].

Model fit was acceptable, with a QIC of 238.68. The results indicate that the level of
indirection exerted a notable influence on performance (χ2(1) = 16.09, p < .001), whereas
neither the immersive mode nor the level of visual detail reached statistical significance.
All two and three-way interactions were likewise non-significant. In that scope, parameter
estimation showed that moving from low to high indirection increased the log-odds of failure
by 1.7749 (SE = 0.649), which corresponds to an odds ratio of 5.89 with a 95% confidence
interval from 1.65 to 21.0.

To that extent, a participant carrying out a task with low indirection conditions had an
estimated 93% chance of success. However, this likelihood fell to 63% when the same task
was performed under high indirection. By contrast, neither AR relative to VR nor high
relative to low visual detail, alone or in combination, altered the outcome.

9Failure was the reference, so this coefficient is positive
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Thus, we can infer that success depends heavily on data representation indirection. High
indirection consistently hurts performance, no matter whether the mode is AR or VR or
whether high or low visual detail is used.
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Figure 6.23: Success rate for AR vs VR across data representation indirection (LI/HI) and visual-detail
(LD/HD) levels (vertical scale restricted for increased visibility of the differences).

6.2.7 Influence of participant demographics and background

We also wanted to explore how the sociodemographic characteristics of participants related
to the study outcomes. Specifically, we aimed to investigate whether and how factors such
as age, gender, educational level, or prior experience with XR technologies affected the user
experience and analysis performance measured metrics.

To identify potential relationships between participants’ background characteristics and
their performance in each experimental condition, we conducted an exploratory10 correlation
analysis. Because preliminary inspection (Shapiro–Wilk Tests and Q-Q plots) showed that
most distributions were markedly non-normal and some variables were binary, Spearman [58]
rank–order correlation coefficients (ρ) were computed for all variable pairs.

Sociodemographic predictors, including age, gender, education level, years of professional
experience, familiarity with XR, were entered alongside performance (completion time and

10The presented results are nominal (unadjusted) as this exploratory screen was solely intended to high-
light potential patterns. Adjusted p-values (using e.g., the Benjamini–Hochberg [13] procedure) were not
calculated due to the localized nature of the effects, but would be necessary to contextualize the robustness
against multiple testing.
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success) and user experience (SUS and user experience attributes scores) outcome measures
for the multiple reality modalities, level of detail and data indirection.

Regarding objective metrics, task-completion time was mostly insensitive to demograph-
ics, with some localized exceptions. A specific example of those exceptions was the impact
of age on task time for the AR and PC modes for certain variants. Indeed, older partici-
pants were slower in Task B using the PC mode (ρ = .42, p = .020) and in Task A (ρ = .38,
p = .0036) and the LDLI variant of Task C (ρ = .55, p = .0001) using the AR mode. Another
example was the positive influence of a higher education level on task speed. That influence
was only observed with the LDLI variant of Task C when using the AR mode (ρ = −.38,
p = .037). Nevertheless, the same tendencies were not verified, with nominal significance,
for other task complexity levels, variants, and reality modality.

Likewise, success rate was generally not significantly influenced by demographics, apart
from localized exceptions. Such exceptions include the positive influence on success of a
higher education for the LDLI variant of Task C, using the VR mode (ρ = .39, p = .048).
Familiarity with XR also influenced success rate positively, but only for the HDHI variant
of Task C, using the VR mode (ρ = .40, p = .026)

Concerning the subjective metrics measured, we found no significant association between
age and experience in dam-safety control activities and user experience scores. Prior famil-
iarity with XR technology also did not translate into higher user experience scores.

We did, however, find localized effects concerning gender and education level. Female
participants, e.g., found the AR mode to be more immersive than males (ρ = −.37, p = .043).
In contrast, males found the experience provided by the PC mode to be more memorable
(higher post-use impact) than females (ρ = .36, p = .046). Likewise, less academically
qualified participants found the PC mode to correspond to a higher post-use impact than
more educated participants (ρ = −.46, p = .009).

Overall, and except for the localized pockets previously mentioned, we found that per-
formance and user experience were largely agnostic to demographics and that, as such,
modality-specific design variants had a much more substantial impact than the participants’
profiles. Hence, the demographic composition is unlikely to have biased significantly the
main results.

6.2.8 Perception of usefulness and practicability

Regarding the assessment of the participant’s changes in perception of the usefulness and
practicability of XR technologies, before and after experimenting with the DamXR applica-
tion, we obtained the results illustrated in Figure 6.24. To understand the statistical sig-
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nificance of the variations of scores given by participants, Wilcoxon Signed-Rank Tests were
carried out, with prior assessments of the distribution nonnormality (using Shapiro–Wilk
Tests).

Regarding the usefulness of XR in the dam safety control activity, participants’ perception
increased for both VR and AR. Indeed, in what concerns VR usefulness perception, the
average scores given by participants (Table B.1, question #1) increased from 3.6 (M = 4.0,
SD = 1.1) to 4.0 (M = 4.0, SD = 0.9), indicating that the user’s opinion on the usefulness
was more favorable after using the prototype. The results offer evidence rejecting the null
hypothesis, indicating a statistically significant difference between the two sets of scores,
with p < 0.008 (W = 4.0, Z = -2.667, r = -0.4790).

Concerning AR usefulness perception, the average scores given by participants (Table B.1,
question #2) increased from 3.6 (M = 3.0, SD = 0.9) to 3.9 (M = 4.0, SD = 1.1), indicating
that the user’s opinion on the usefulness was more favorable after using the prototype. The
results offer evidence against the supposition of no statistically significant difference between
the two sets of scores, with p < 0.045 (W = 26.0, Z = -2.000, r = -0.3592).

The perception of the practicability of XR headsets in the context of dam safety control
(Table B.1, question #3) was also measured. The average scores given by participants
increased from 2.9 (M = 3.0, SD = 1.1) to 3.3 (M = 3.0, SD = 1.3), indicating that the
participants perceived XR headsets as more practical after using the prototype. However,
the results do not provide sufficient evidence to reject the null hypothesis, indicating no
statistically significant difference between the two sets of scores.

The participants were also questioned about their opinion regarding the spatial perception
of 3D in XR environments when compared with a desktop computer screen. The average
scores given by participants (Table B.1, question #4) increased from 3.5 (M = 4.0, SD = 1.3)
to 4.0 (M = 4.0, SD = 1.1), indicating that the user’s opinion on the advantages of 3D data
spatial perception was more positive after using the prototype. The results offer evidence
rejecting the null hypothesis, indicating a statistically significant difference between the two
sets of scores, with p < 0.037 (W = 45.0, Z = -2.086, r = -0.3747).

We also inquired the participants about their opinion regarding the visualization of data
directly overlaid over the representation of the physical referent compared to the visualization
of data in traditional charts. The average scores given by participants (Table B.1, question
#5) went from 3.8 (M = 4.0, SD = 1.0) to 4.3 (M = 5.0, SD = 0.9), indicating that they
increased their positive opinion on the advantages of overlaying data directly over the dam
model. The results offer evidence rejecting the null hypothesis, indicating a statistically
significant difference between the two sets of scores, with p < 0.025 (W = 36.5, Z = -2.235,
r = -0.4014).
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The perceived advantages for data analysis in the use of referent models with realistic
textures (Table B.1, question #6) were also assessed among the participants. The average
scores given by participants increased from 3.5 (M = 4.0, SD = 0.9) to 3.9 (M = 4.0,
SD = 0.8), indicating that they had a more positive opinion on the use of models with
realistic textures after using the prototype. The results offer evidence rejecting the null
hypothesis, indicating a statistically significant difference between the two sets of scores,
with p < 0.040 (W = 54.0, Z = -2.057, r = -0.3694).

Finally, the opinion variation of participants regarding the advantages of including ter-
rain and other surrounding elements in the physical referent representation was addressed
(Table B.1, question #7). The average scores given by participants went from 3.2 (M = 4.0,
SD = 1.3) to 3.7 (M = 4.0, SD = 1.2), indicating that they increased their positive opinion
on the use of additional elements to the referent model. The results offer evidence rejecting
the null hypothesis, indicating a statistically significant difference between the two sets of
scores, with p < 0.047 (W = 31.0, Z = -1.989, r = -0.3572).
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Figure 6.24: Participants’ change in perception regarding the usefulness and practicability of distinct
aspects of XR technology, models’ visual fidelity, and data representation type. For each aspect, the scores
obtained before the participants interacted with the prototype and after they finished the proposed tasks at
the end of the test session are depicted.
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6.3 Discussion

As we mentioned at the beginning of the chapter, this user study aimed to understand if
immersive environments could offer tangible advantages in dam safety control data analysis
tasks. Within this wider objective, we wanted to address the specific aspects corresponding
to the research questions RQ1-RQ4. These aspects will be covered in the following sections.

6.3.1 RQ1: XR vs. PC

The first of the objectives was determining if there existed performance and/or user-experience
advantages in using off-site XR in dam data visualization (immersive proxsituated environ-
ments) over conventional 2D desktop visualization (RQ1). We wanted to know if aspects like
the added immersion or increased engagement brought by XR, addressed in Sections 2.1 and
2.2 and exemplified in Sections 3.1 and 3.2 would have a positive outcome in the physical
referent contextualization processes discussed in Section 2.3 and exemplified in Sections 3.3
and 3.4.

In Section 6.2.1, we first started by presenting the results of a SUS questionnaire filled out
by participants. These results indicate a significant preference for the XR modes as a whole
compared to the PC mode. The general preference for XR was circumscribed to particular
aspects using the subsequent user experience questionnaire. Three of these aspects can be
pinpointed as the ones most significantly contributing to the XR advantage: immersiveness,
engagement, and satisfaction.

However, there are also aspects where the PC seemed to offer advantages over some
of the XR modes. These aspects include the perceived effort and comfort, where PC had
a significant advantage over VR. Such an advantage in terms of comfort might be directly
related to the type of device used for the XR modes. Indeed, while XR headsets have evolved
with regard to some of their characteristics, like field of view and refresh rate [140], over the
years, discomfort will still exist in specific settings or with specific individuals (e.g., motion
sickness or disorientation resulting from full immersion in virtual worlds). Moreover, the
disadvantage in perceived effort might related to the participants’ lack of experience with
XR technologies. Nonetheless, further research would be needed to determine the exact
reason for the disadvantages shown by XR in these two aspects.

AR and VR also seem to have, individually, significant advantages over PC. An example
is data clarity where XR as a whole did not have substantial advantages, but AR individually
showed significantly better results than PC.

The existence of analysis performance differences between XR and PC was also examined
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through the registration of objective metrics during the execution of tasks by participants.
Concerning the time to complete each task, XR achieved lower completion times in four

of the tasks (TA, TB, TC-HDLI and TC-LDLI) and significantly lower completion times
for the two of those tasks with higher complexity (TC-HDLI and TC-LDLI). However, PC
had significantly lower completion times for the other two remaining higher complexity tasks
(TC-HDHI and TC-LDHI). The lowest overall task completion time was achieved by XR.
So, indeed, in certain conditions, XR seems to have a significant advantage over PC in what
concerns task completion speed.

With regards to task success, AR had a significantly higher success than PC for three
of the tasks (TB, TC-HDLI, TC-LDLI). At the same time, the inverse happened for two of
the tasks (TC-HDHI, TC-LDHI), as depicted in Figure 6.10 (a) and Table 6.6. VR had a
significantly higher task success than PC for two tasks (TB, TC-HDLI), and the opposite
was registered for the other two higher complexity tasks (TC-HDHI, TC-LDHI), as depicted
in Figure 6.10 (b) and Table 6.6. The highest success rates were achieved by both AR and
VR when compared to PC. As such, in certain conditions, XR seems to have a significant
advantage over PC regarding task success.

Therefore, from our findings, we can infer that concerning RQ1, XR has significant
advantages in some aspects of user experience over PC (immersiveness, engagement,
and satisfaction). However, the PC was more comfortable and corresponded to a lower
perceived effort.

Still concerning RQ1, XR had significant advantages for some aspects of ana-
lytics performance and certain variants over PC. Indeed, XR had significantly better
completion times than PC for variants TC-HDLI and TC-LDLI, but was worse in other vari-
ants (TC-HDHI and TC-LDHI). Likewise XR had significantly higher task success than PC
for certain variants (TB, TC-HDLI, TC-LDLI in AR and TB, TC-HDLI in VR), but lower
for other variants (TC-HDHI, TC-LDHI when compared with AR and TC-HDHI, TC-LDHI
when compared with VR).

6.3.2 RQ2: AR vs. VR

The second relevant objective of the user study was to assess whether there were relevant
performance or user-experience differences in using off-site AR in proxsituated dam data vi-
sualization over VR (RQ2). As discussed in Sections 2.1, 2.2, and 2.3, the higher immersion
brought by VR has the potential of improving aspects like presence and promoting engage-
ment, but also sensorially encapsulates users, isolating them from the real world. AR offers a
trade-off by allowing users to keep peripheral awareness of their surroundings, as exemplified
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in Sections 3.3 and 3.4. We aimed to compare how the virtues of each modality translate
into structural data analysis performance and user experience.

In Section 6.2.2, we first started by presenting the results of a SUS questionnaire filled
out by participants. While the results of this broader scope questionnaire are not conclusive,
with the SUS scores on both realities being very near, some relevant differences in specific
aspects between AR and VR were found when we carried out the more specific user experience
questionnaire.

In the participant’s opinion, VR had significant advantages over AR concerning immer-
siveness and engagement. However, AR was considered to correspond to a lower perceived
effort than VR. AR was also significantly better regarding data clarity and more comfortable
to use than VR.

These results seem to indicate that higher immersiveness modes, while more engaging,
correspond to higher perceived effort and lower comfort. This tendency is on par with what
was registered in the PC (lower immersiveness) - XR (higher immersiveness) comparison
addressed in the previous section.

No significant differences were found between AR and VR in what concerns the other
subjective metrics aspects addressed in the study (satisfaction, intuitiveness, user focus,
feedback, and post-use-impact).

Concerning task completion times, AR corresponded to a slightly non-significant, over-
all shorter average completion time across all tasks. Moreover, regarding individual tasks,
significant differences were only achieved for tasks in TC-LDLI, with an advantage for AR,
which was faster than VR.

With regards to task success, AR, while having slightly more success in most tasks, did
not significantly differ from the task success registered for VR.

Therefore, from our findings, we can deduce that concerning RQ2, AR had signifi-
cant differences in some aspects of user experience when compared with VR (VR
was better in immersiveness, engagement, and satisfaction and AR was better in perceived
effort (lower), data clarity, and comfort).

Still concerning RQ2, AR had no significant differences in analytics perfor-
mance when compared with VR, with the exception of task completion times
for one of the variants (TC-LDLI where AR was better than VR).

6.3.3 RQ3: Textured vs. non-textured

The third specific objective of this study was to determine if visual fidelity within the XR
proxsituated experience would impact the analysis performance (RQ3). We addressed a
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particular aspect of visual fidelity - the existence (higher fidelity) or absence (lower fidelity)
of photographic textures in virtual environmental objects. We aimed to determine whether
using higher visual detail would enhance contextualization by reinforcing the realism of the
data referent, as discussed in Sections 2.3 and 3.4. Alternatively, the deliberate reduction
in visual clutter, brought by flat shaded surfaces, could possibly facilitate data visualization
and analysis.

Concerning the task completion times, there were significant differences between the
textured and non-textured variants for all three modes (PC, AR and, VR). There was also a
noticeable difference between how the textured and non-textured compared between PC and
the XR modes. While on PC, participants had lower completion times using non-textured
variants, for both AR and VR, the opposite was registered, with the textured variants
achieving lower completion times than the non-textured.

Regarding task success, the results for both PC and the XR modes were very similar,
with no significant differences registered for any of the modes.

Based on our findings, we can ascertain that the answer to RQ3 is positive. Visual
detail has indeed a significant impact on analysis performance. For both AR and VR,
the use of textures offers noticeable advantages, resulting in shorter completion times than
the use of flat-shaded objects within the XR environment. Additionally, we found that the
opposite happens when using PC, with non-textured/flat-shaded objects having performance
advantages over the use of textures. However, our findings also indicate that visual detail
(in particular, the use of textures) has no significant impact on task success rate.

6.3.4 RQ4: Lower vs. higher spatial indirection in data represen-

tation

Our fourth objective in conducting this study was to assess the impact of data spatial
representation indirection (RQ4) on analysis performance. As we have seen in Section 2.3
and exemplified in Section 3.4, spatial indirection is one of the cornerstones of proxsituated
visualization theory and an aspect that we believe could greatly influence how well data
could be analyzed in the scope of dam structures representations. We addressed two specific
configurations with distinct levels of spatial indirection: data represented directly over the
referent (lower spatial indirection) and data represented in floating panels around the user
(higher spatial indirection).

In regards to task completion times, the variants with lower spatial indirection data
representation achieved significantly lower completion times across all modes (PC, AR and
VR). We also observed that the differences between the two levels of spatial indirection were
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higher in modes corresponding to higher immersiveness. Indeed, the differences between the
two sets of variants (lower and higher indirection) increase from PC to AR and from AR to
VR, as seen in Figure 6.17.

Significant differences could also be found in task success between the two distinct data
indirection levels. A higher task success was observed for lower data indirection (data over
referent) for both AR and VR (and consequently also XR). The opposite result was recorded
for PC, where the highest success rate corresponded to the higher data indirection variants
(data in panels).

A substantially wider difference could also be found between the two data indirection
levels on XR modes than on the PC mode. From this divergence in the magnitude of
differences, we can infer that the impact (positive or negative) of the data indirection level
on task success rates is higher on AR and VR than on PC.

Thus, our results indicate that the answer to RQ4 is positive. Spatial data repre-
sentation indirection has a significant impact on the data analysis performance. However,
the way it impacts the addressed modes differs. For AR and VR, a lower data indirection
positively impacts performance, resulting in lower completion times and higher task success
rates. For the PC/baseline mode, lower data indirection can positively or negatively impact
analysis performance, depending on the metric considered. Lower data indirection results in
faster completion times. However, it also results in lower task success rates.

6.3.5 RQ3 & RQ4: Additional assessments of visual detail and data

indirection

We initially carried out analyses in a partitioned manner, considering one effect at a time.
However, we also wanted to assess (in the scope of RQ3 and RQ4) the combined effect of the
distinct variations of visual detail and data spatial representation indirection. As such, we
analyzed the four proposed variants (HDLI, LDLI, HDHI and LDHI) for each mode (AR,
VR and PC) and globally across all modes.

For the PC mode, the lowest task completion times were obtained for the LDLI variant
(no textures and data over referent). However, LDLI was followed very closely by the variant
at the opposite end of the data indirection spectrum, LDHI (no textures and data in panels).

For both AR and VR, the most performant variant in regards to task completion times
was HDLI (textures and data over referent) at a significant distance from all the other
variants. It was followed by LDLI, HDHI, and LDHI, in a downward order in terms of
performance. Such a result seems to indicate that within the addressed variants, XR has
better performance when using lower data indirection and higher visual detail.
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For the XR modes, significant differences could also be found in task success between
the several variations resulting from the combined effect of the distinct variations of visual
detail and data spatial representation indirection. For both AR and VR, the variant HDLI
achieved the highest task success rate at significant distances from the higher indirection
variants (HDHI, LDHI). It was followed by the LDLI variant, which also had significant
differences when compared to HDHI and LDHI.

In a more global analysis, considering each of the four variants for the set of all modes,
HDLI (textures and data over referent) was again the variant with the highest performance
in terms of task completion time. It was followed closely by LDLI (no textures and data
over referent). The lowest performant variants for this metric were HDHI and LDHI, at a
significant distance from the variants using lower data indirection. These results confirm
a more significant contribution of data representation indirection over visual detail in the
increase of data analysis performance.

Therefore, these results appear to further support a positive answer to both RQ3 and
RQ4. The combined influence of visual detail and spatial data representation indirection
significantly impacts the data analysis performance. This impact occurs for both addressed
metrics (task completion time and success). However, the impact is noticeable in different
ways depending on the use of XR or PC.

6.3.6 RQ2-RQ4: Multivariate assessment

We also carried out a multivariate analysis targeting the immersive modes with the objective
of clarifying how our three design levers (reality modality (AR vs VR), visual detail, and
spatial indirection) combined to shape performance.

The use of high levels of visual detail resulted in significant improvements in task speed,
especially when higher immersion was used (VR mode), further supporting the importance
of realistic texturing of the referent as a primary anchor for analysis performance. This
result is in line with the insights detailed in Section 6.2.5, with higher visual detail variants
corresponding to lower task completion times. Task success, however, was not significantly
influenced by visual detail.

A higher data spatial indirection penalized both speed and success when using XR. Unlike
visual detail, this penalty was mostly modality-agnostic as users performed worse regardless
of being in AR or VR. This tendency supports the results discussed Section 6.2.5, with lower
spatial indirection variants corresponding to both lower task completion times and higher
task success. Such a tendency seems to support that multiplying referential hops (shifting
between model and panel) indeed taxes analysis performance.
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The analysis also confirmed that reality modality is secondary in terms of performance,
when compared to the importance of other variables. However, it relevantly modulates the
cost of low visual detail. Indeed, while AR and VR did not differ overall in speed or success,
VR was disproportionately harmed by low visual detail.

As such, these results further support a positive answer to both RQ3 and RQ4.
They also further substantiate that concerning RQ2, AR has no significant differences
in analytics performance when compared with VR.

6.3.7 User sociodemographics

The exploratory correlation analysis described in Section 6.2.7 indicates that, once interface
parameters are defined, sociodemographic participant characteristics exert markedly less in-
fluence on outcomes than modality, visual detail, or data indirection. Indeed, task completion
time, task success, and user experience scores were mostly insensitive to demographics, with
some localized exceptions.

Nevertheless, local pockets of sensitivity emerged that are worth mentioning: older par-
ticipants were slower on some AR and PC variants, higher education and XR familiarity
favored task success in specific cases, and gender tilted perception (of immersiveness and
post-use impact), but not performance, in particular variants.

6.3.8 User perception on AR and VR

We also found it relevant to assess the impact that our user study could have had on the
participant’s perception of the usefulness and practicability of XR situated analysis envi-
ronments in dam safety control. With that objective, the participants were asked a set of
questions regarding such perception before and after having carried out the tasks.

The perceived usefulness of both AR and VR in dam safety control had a significant
increase between the beginning and the end of the tests. Likewise, participants’ opinions on
the advantages of XR for improving the spatial perception of 3D data, in comparison with
a PC, increased significantly. Such perception changes might be paired with the increased
performance that participants experienced when carrying out tasks using some of the variants
of the XR modes.

The participants’ positive perception of the advantage of visualizing data overlaid on
digital 3D models of dams, over representing that data in conventional charts also increased
significantly. They also had a more favorable opinion on the upsides of using digital models of
dams with realistic textures for dam data analysis. Such variation in perception may possibly
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be coupled with the better results in task completion time and task success for variants with
lower data indirection and higher visual detail when compared with other variants.

Furthermore, the participants had an improved opinion on the benefits of representing
the terrain and other elements surrounding dams in models used for data analysis. Such
improvement in participants’ opinion might be associated with the increased immersiveness
and engagement registered in the VR mode when compared to AR and PC. Indeed, in the
VR mode, both the dam structure, terrain, water bodies, and sky were represented for a
better sense of presence.

In summary, the participants increased perception of the relevance of XR technologies
for the dam safety control activity appears to indicate a positive impact of the DamXR ap-
plication on the participants’ opinion.

6.4 Limitations

When interpreting the results and outcomes of this user study, one should be aware of some
of its limitations. The first limitation is the relatively small sample size. This limitation
resulted from the need to use participants with very specific characteristics. Indeed, we
wanted to understand the impact of XR situated methods in a real physical setting with
actual domain experts. Using generic participants in generic physical settings would not
have provided the same level of insight or validity for our use case. Due to the specificity
of such activity, recruiting participants who were available to spare time from their already
busy schedules to participate in user studies was not straightforward.

While the lower-difficulty tasks could have been carried out by non-expert users without
a very thorough framing of the domain, other tasks implied a certain level of technical and
analytical dexterity in the field (an assumption that can be inferred from the lower success
rates on tasks with a higher level of difficulty). Such dexterity would unlikely be found among
non-expert users. While we could have lowered the difficulty of the more complex tasks to
accommodate non-expert participants, they would unlikely be representative of real-world
tasks, possibly compromising the extrapolability and applicability of the results.

The need to use experts is even more glaring when it comes to collecting subjective
metrics, as non-expert participants would be unable to provide relevant insights on the
impacts of the tested methods and technologies on dam safety control’s daily activities.

Another relevant methodological limitation relates to how the user study tasks were
structured. In particular, while the task with higher complexity (TC) was tested across
a multitude of conditions, including multiple levels of graphic detail and data indirection,
tasks with lower and medium levels of complexity (TA and TB) only varied with respect to
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devices and modes. This limitation implies that assumptions concerning graphic detail and
data indirection variations made from this study are limited to higher complexity analysis
tasks.

Such limitation derives from time constraints regarding the entire duration of each test
session, which we wanted to restrain to a feasible duration of no more than 60 minutes. So
we opted for using tasks TA and TB for a higher-level analysis and task TC for a lower-level
analysis by introducing its four extra variations (C-HDLI, C-LDLI, C-HDHI, C-LDHI).

Another methodological limitation concerns the comparability of the variations in en-
vironmental visual elements presented to participants. Indeed, as we mentioned and can
be seen in Table A.3, there were some differences between the type of elements shown for
the three modes. While in the PC mode, the dam structure was represented alone, over a
solid colored background, for the AR, the dam structure was represented superimposed to
reality using video passthrough of the surroundings. Whereas these two modes only differed
in what concerns the background, the VR mode had other extra visual elements, like the
terrain surrounding the dam and the sky.

The rationale behind allowing these differences, instead of having exactly the same visual
elements across modes, was related to the intention of providing the user with the most
common experience each specific mode would typically offer. As such, we opted for not
’handicapping’ the VR experience by removing the elements required for an experience that
would transmit an adequate sense of presence.

Moreover, while these elements helped the VR experience immersiveness, they would
likely be detrimental in providing a representative AR experience to the participant. These
additional elements would occlude the real world, hindering one of the strengths of AR
(the ability to see the object of analysis without losing perception of the surroundings).
And for the baseline PC mode, we wanted to keep the experience as close to the desktop
software typically used at the CDD, at LNEC, like GestBarragens (which was discussed in
Section 6.2).

While possibly having a detrimental effect on the uniformity of the experience, we believe
that the advantages of our choice in terms of offering a more realistic, representative experi-
ence for each mode in the scope of the objectives of our study, outweigh the disadvantages.
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Guidelines

In this chapter, we present a set of general guidelines for supporting the development of im-
mersive situated applications for dam safety control. These guidelines cover the sequential
stages that typically make up the development of an application. The addressed stages are
the following: conceptualization, design, implementation, testing & evaluation, and integra-
tion. In addition, we carry out a general discussion on costs and benefits.

Note: This set of guidelines was established based heavily on the work carried out by
Verdelho Trindade et al. [160], the systematic bibliographic review conducted by Verdelho
Trindade et al. [161] and the results pertained in Chapter 6.

7.1 Conceptualization

It is at the conceptualization stage that the developing team has the opportunity to clearly
define the specificity of the dam safety control problem that the application aims to address.
In that scope, they should identify, even at this early stage, which aspects of XR technologies,
modalities, and concepts better fit the specific needs.

In that framework, the XR targeted hardware range should be chosen carefully so that
it will serve the central purpose of the application (training, analysis, or collaboration) ad-
equately, ensuring that the devices chosen will not be a hindrance. To that extent, factors
such as comfort, functionality, and appropriate ruggedness for the characteristics of the en-
vironment (or environments) where the application will be used must be considered. Besides
being adequate for the environment, the hardware should also be appropriate for the specific
activity in which it will be used. For example, an AR-powered tablet like the one used in
Section 4.1 will likely not be the wisest choice in an on-site dam safety control task that
requires free hands like structural sensor deployment and calibration.
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As we saw in Section 6.2, choosing XR hardware and modalities in line with the work
setting can deliver clear experiential advantages. Dam-safety experts consistently felt more
immersed and engaged with the AR and VR versions of the prototype than with the more
familiar desktop tool, yet a prolonged headset use could become uncomfortable. As such
its fundamental to attend to the balance between the richer experience achieved with head-
mounted XR display against ergonomic and context-of-use constraints when defining an
application’s scope and target devices.

As we have seen in Chapters 4 and 5, the requirements for an off-site application are
reasonably different from those of an application that will target on-site environments. Even
inside each of these environmental use contexts, there are significant differences in the speci-
ficity of each visualization modality. Indeed, as we have seen in Chapter 6, e.g., AR and
VR for off-site data analysis have substantial differences in their strengths and weaknesses
in regards to analytics performance and user experience.

The characteristics of the applications’ target users should be kept in mind throughout
the conceptualization process (and far beyond). While the specifics of e.g., the UI tailoring
to serve the target audience better will be detailed later in the development process, it is
fundamental to have user demographics present during conceptualization. The dam safety
control stakeholders (and potential target users) list is vast: dam operators, maintenance
technicians, safety inspectors, control room technicians, dam safety regulators, environmental
compliance officers, water resource managers, downstream residents, and, of course, engineers
(civil, structural, geotechnical, hydraulic), to name a few.

The possible synergies between XR and existing computational procedures and technolo-
gies within the dam safety control scope should also be considered. An XR application can
excel in every aspect, but its adoption will be unlikely if it ignores existing hardware realities
(that users have relied on) and established practices.

7.2 Design

In the design stage, developers will define how the XR application will look, feel, and work
to support the specific functionality previously conceptualized that will address a particular
dam safety control problem. In that scope, the details of the XR application’s appearance,
user experience, and features must be designed.

A core design aspect is the definition of the immersive environment where the user in-
teraction will take place. It consists of e.g., the 3D assets that will be overlaid to the real
world in AR applications or full virtual 3D worlds where users will be immersed, in the case
of VR applications. As we have discussed in Sections 6.2.2 and 6.3.3, the visual detail of

158



7.2. Design

3D assets, namely of the representation of the physical referent, has a significant impact on
the application’s performance and user experience. In that scope, 3D elements with rich
textures are preferable to flat-shaded elements.

For dam safety control targeted situated environments, there are four environmental com-
ponents, each with its particular challenges, that are frequently addressed: the dam model,
the surrounding landscape, including the terrain, the water bodies, and the sky. While VR
proxsituated applications typically include all of these components (as exemplified in Sec-
tions 4.2, 4.3 and 4.4), AR proxsituated ones, usually only include some of these components,
in order to take advantage of the real world passthrough (as exemplified in Chapter 5 for the
AR mode in the DamXR displacements visualization application). Furthermore, for imme-
diate situated AR applications, these components may not even be necessary, as exemplified
in Section 4.1, where the only 3D elements represented over the real dam were the sensor
networks.

Data representation is another important visual component for dam safety control sit-
uated applications, especially those focused on dam data analysis. As we have seen in
Sections 6.2.4 and 6.3.4, the way the developer designs data representation will likely have
a significant impact on the application’s performance and user experience. Moreover, as
previously discussed, data representations with lower spatial indirection (overlaid directly
on the referent) are preferable.

Richly textured models and data overlaid directly on the dam instead of in detached
panels, should be favored. As we have seen in Section 6.2, participants navigated and
interpreted scenes with realistic surfaces more confidently, and they found over-referent data
representation more intuitive than comparable information shown in floating charts. As
such, high visual fidelity coupled with low spatial indirection can help users grasp complex
structural conditions quickly and with fewer misunderstandings.

Another core aspect at this stage is UI design. The UI should be carefully structured in
order to provide the user with an accessible and efficient way to access the main features
of the application. In that scope, aspects such as defining user interface diegetic elements
(elements integrated into the virtual world) and non-diegetic elements (elements overlaid on
the user’s view) must be considered. An adequate UI design will contribute to a better user
experience, leading to accessible, comfortable, and engaging applications [160].

Interaction design [67] is the third core aspect at this stage. It defines the main interac-
tion methods and techniques that will be used in the scope of the application. These will
determine how users interact e.g., with the UI and how they select and manipulate data
representations. They also establish how users locomote from one place to another inside
the virtual environment, as exemplified in Section 5.3.
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In the scope of user interaction, XR technologies are frequently paired with non-traditional
interaction devices and means, like XR controllers (Figure 6.1, right) or hand gestures track-
ing. These typically provide a more natural interaction than the traditional keyboard and
mouse. Other frequent means of interaction in XR include voice commands and gaze-based
interactions.

The design of XR dam safety control situated applications should be an iterative process,
enabling the gradual refinement (and testing using low and high-fidelity prototypes) of the
core elements’ characteristics. The main goal of this process is to successively improve and
scrutinize critical aspects of the design before the implementation starts, saving valuable
time and resources.

7.3 Implementation

In the implementation stage, the conceptual and design plans are executed to create the
actual application. It is at this stage that the correct choice of graphical engines, program-
ming languages, SDKs, and specialized frameworks like the DamXR framework, described
in Chapter 5 can be decisive in successfully implementing the intended features.

The development languages and tools will translate ideas and designs into a functional
XR dam safety control situated application. The first of these aspects is the selection of
the programming language. The C# and C++ languages are examples of some of the
most currently used for developing XR applications. Their popularity for such purposes
is largely due to them being the primary languages supported by Unity and Unreal, two
leading graphical/game engines. Opting for one or the other of these graphical engines and
languages should ideally be based on the application requirements in terms of compatibility
and performance but also on the development team’s familiarity with those tools [160].
Examples of applying this criterion can be found in Chapters 4 and 5.

Much of the implementation process focuses on developing the immersive environment.
This process involves modeling or sourcing the 3D elements that will be part of the environ-
ment (e.g., the dam or the terrain). While, as we have seen in Section 4.3, higher levels of
visual detail result in performance and user experience gains, the quality of such elements
should be balanced with the performance and accuracy requirements not to compromise a
fluid experience.

Computer graphics optimization strategies are paramount for obtaining a higher visual
detail without compromising graphical performance. A good example of such strategies is
the DamXR framework abstraction described in Section 5.10, which is focused on real-time
dynamic level of detail rendering [127] for large terrain representation in XR environments.
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The implementation of XR interaction is another fundamental factor. It includes the
development of aspects such as locomotion and direct interaction with virtual objects. Such
interaction includes the selection of dam components. An example is the raycasting selection
mechanism of specific dam sensors installed in the dam structure, described in Section 4.2.

Implementing interaction mechanisms should consider the specificities of XR modalities.
In VR, for example, selection and locomotion should be configured with motion sickness
prevention in mind. Moreover, in immediate situated AR applications, adequate tracking
precision strategies, like the ones exemplified in Section 4.1, should be adopted in order to
provide model stability and thus adequate selection precision within the AR environment.

Dam data sources, like SHM databases, should be efficiently integrated into applications
to provide fast and precise data representation within the XR environment. With that
purpose, real-time data processing and visualization algorithms can be considered in some
situations. In others, some level of data pre-processing is required where complex calculations
are needed to obtain the relevant derived measures that will be represented.

As we saw in Section 6.2, performance-minded implementation choices, using detailed
meshes and textures, binding live data to geometry, and offering direct controller-based
manipulation made a practical difference for a specific structural data analysis use case.
Variants built on these techniques ran fluidly in headsets and let experts carry out analyses
with distinct levels of complexity. Nevertheless, the implementation of simpler assets or the
combination of panel data display with embedded data may be the most adequate for other
specific dam safety control use-cases.

7.4 Testing & Evaluation

Extensive testing is needed before the application can be put into production and integrated
into dam safety control processes. Testing procedures allow developers to identify usability
and performance flaws, validate interaction mechanics, and assess the comfort and ruggedness
of the chosen XR hardware in representative real-world dam safety control tasks.

An important part of those testing procedures is functional testing [45], where the appli-
cation’s features are evaluated to ensure they work as intended. Functional testing includes
aspects such as interaction, locomotion, and UI stability [160]. It also includes validating
other aspects, such as accurately representing relevant virtual objects, namely the dam struc-
ture in the immersive environment. Furthermore, it is used to evaluate the realism of the
simulation of dam-related physical phenomena and other dynamic environmental processes.
An example of the former is the dynamic representation of the water level variations in up-
stream reservoirs addressed in Section 5.9. An example of the latter is the day-night and
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seasonal cycle simulation addressed in Section 4.3.
Another relevant step in this stage is usability testing [65] with end-users [160]. This type

of testing enables the assessment of the user experience. It serves to determine how easily
and effectively users can interact with the XR applications. It is critical for identifying UI
issues, detecting accessibility barriers, and validating the overall design decisions.

Performance testing [49] is another important process at this stage [160]. It is directed
at evaluating the application’s performance within the targeted hardware range. It is used
for detecting e.g., frailties in graphical performance, which may lead to a low frame rate and
result in accessibility and usability problems like motion sickness.

In addition to being carried out with end users, the testing procedures should also take
place in real-world environments in the context to which the application is directed (e.g., on-
site or off-site). This procedure aims to ensure that the application will perform as designed
in the environment, conditions, and activities it was designed for. A relevant example of this
procedure is the testing environment where our user study, described in Chapter 6, was car-
ried out (an actual office where engineers and technicians perform their daily tasks). Another
example is the field testing described in Section 4.1, where the application’s performance was
evaluated and calibrated according to the different luminosity and shadow coverage found
on-site throughout the day.

Chapter 6 shows an example of a multilayered evaluation strategy with standard usability
scales, custom-designed user experience questionnaires, and objective metrics acquisition.
Within such a strategy, telemetry captured through DamXR Telemetry was fundamental
to reveal where the application excelled, where effort or comfort still lagged, and which
variants actually improved task execution. The lack of context-realistic testing, or using
questionnaires alone, would have led to many of those insights remaining hidden.

7.5 Post-implementation Integration

Integrating the new application with the existing dam safety control workflows should be
executed as a phased roll-out [160]. Such an approach enables performance monitoring and
user feedback for each phase. In that scope, user training should be carried out as early
as possible in the integration process. Feedback mechanisms should also be implemented in
these training stages so that their effectiveness can be assessed [146]. By helping identify
issues like technical problems, this feedback can be used as a base for updates to the XR
application.

Training protocols should be developed to make it easier for users to transition from
traditional dam safety control methods, such as desktop PCs to XR-based methods. The
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use of device-agnostic applications plays a significant role in that transition. They enable
users to adopt the most adequate device for a specific context, maintaining the same UI.
Device-agnostic applications can potentially counter adoption resistance by providing an
easy transition between devices and visualization modalities. The set of UI and interaction
abstractions offered by the DamXR framework, described in Chapter 5 can facilitate the
implementation of such applications.

Training sessions should focus initially on general XR usage aspects [181] and later on
the XR-powered dam safety control skills that the trainee is expected to acquire [93]. In
that scope, training sessions should be role-oriented, in the sense that the features in which
engineers are trained (e.g., more complex data analysis) will differ from the ones observation
technicians are trained in (e.g., sensor localization). Hands-on training [85] is also paramount
for the smooth adoption of the application [160]. In that context, training in real-world
scenarios, such as on-site monitoring, should occur.

Section 6.1.4 includes an example of an initial and brief hands-on session for seasoned
dam engineers to learn the basics of the application. Moreover, as described in Section 6.2.8,
users’ perception of the usefulness and practicability of XR increased substantially after the
session. This shift in perception supports the importance of a phased roll-out strategy with
targeted training and early feedback loops to help users experience tangible benefits quickly,
smoothing the path from traditional desktop workflows to XR-enabled practice.

Safety and ergonomics training should also be carried out to prevent accidents resulting
from the incorrect use of XR technology. In that scope, training sessions should address
existing safety features integrated into the hardware itself, such as anti-collision virtual
boundaries like Oculus’ Guardian System [160].

The effective impact of the application on dam safety control processes’ performance
should also be measured. The resulting data can be used to tweak the application’s features
further and establish an update roadmap, which will structure future expansions of the
application [160].

7.6 Balancing Costs and Benefits

Institutions and companies typically take into account the costs of investing in new means
for improving existing processes and the effective return generated by those improvements.
In that sense, carrying out cost-benefit analyses before proceeding with those investments is
common practice.

For the development of in-house XR dam safety control situated visualization systems,
costs are generally associated with the hardware, software [112], data and man hours needed
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for the different stages, including conceptualization, design, implementation, testing, train-
ing, and integration. The returns generally result from increased operational efficiency [142]
(which ultimately can be related to the increase in lifespan of dams) and safety [124].

The acquisition of XR devices (e.g., headsets and mobile touch devices), represents a
substantial portion of the initial setup costs. Hardware costs associated with application
development often include specialized equipment for collecting spatial data for building 3D
models. Examples of this hardware include UAVs for photogrammetry and LiDAR scan-
ners [94]. However, due to the higher costs of such specialized equipment, 3D data acquisition
and modeling are often outsourced to third-party companies.

Besides equipment, development costs can also include software licenses for XR develop-
ment tools, plugins, SDKs, frameworks, and 3D assets. An example of the need for advanced
computer vision SDKs for accurate AR tracking is exemplified in Section 4.1, where the Vu-
foria tracking engine was used.

The base software development environments are typically integrated with graphical/game
engines, as is the case with Unity and Unreal. The costs for licensing these engines should
also be taken into account.

Another set of costs that should be considered when carrying out a cost-benefit study
are costs associated with the post-implementation integration stage. These include training
users and creating documentation and training materials.

Concerning the possible benefits of XR-enhanced processes in dam safety control, these
include the already mentioned increase in operational efficiency. They also include possible
improvements in safety resulting e.g., from the possibility of using XR systems for enabling
remote visual inspections. Such mechanisms reduce the need for engineers and technicians
to be physically present at the dam site, reducing their exposure to possible on-site haz-
ards. Remote visual inspections can also reduce the costs related to traveling to the dam
locations [32].
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Chapter 8

Conclusions and Future Work

In this chapter, we conclude this dissertation. We start by providing a brief overview of the
work developed. We then present the main conclusions that can be drawn from the work
developed. Furthermore, we address possible future research paths that could be pursued
based on the outcomes of this dissertation.

8.1 Thesis Overview

The motivation for conducting our research came primarily from the existence of a gap in
how current structural data visualization is carried out in the context of dam safety control.
Dam engineers and technicians currently rely on specialized desktop software running on
PCs equipped with 2D screens. For analyzing the effect of e.g., structural strains, stresses,
and displacements in dams’ structures, they mainly use conventional charts. While these
offer abstractions for the early detection of structural problems, they are not ideal for con-
textualizing the abstracted data with the physical features of the dam. Such a gap may
hinder the identification of the physical causes behind those structural problems.

While nothing provides a more accurate spatial awareness of the structures’ features
than standing in front of the actual dam, such a scenario is impractical, as dams are often
located in remote locations, and dam data analysis is typically carried out off-site. And while
observing the data without contextualizing it with the dam is not ideal, looking at the real
dam without contextualizing it with the data is equally problematic in an analysis setting.

Based on these considerations, we wanted to know if immersive analytics could help fill
this gap. In our research, we explored how situated analytics concepts could be used to
contextualize data better and improve structural data visualization performance and user
experience. And because dam data analysis activities are typically carried out off-site, we
focused on using proxsituated analysis and visualization.
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We set as the main objective of our work to study the application of immersive proxsi-
tuated methods to dam safety control for contextualizing structural data with the physical
structure of the dam. We had the end goal of understanding if these methods would indeed
improve user experience and analytics performance. We also wanted to know what particular
properties of proxsituatedness would be more relevant for achieving this goal. We focused
on two properties we identified as being especially relevant: the visual detail of the physical
referent representation and the data representation indirection. We aimed to experiment
with different variants of these two properties to determine which combination would result
in greater benefits. Furthermore, we wanted to analyze how these variants would perform
using two types of XR modality: AR and VR. We also studied the variants in conventional
desktop PC, which served as a baseline for our studies.

The identification of the specific objectives and goals mentioned previously resulted from
a long exploratory process with different XR modalities and methods. This exploratory
work prompted the development of a set of application prototypes for dam safety control
visualization and analysis, which used distinct XR modalities and dam datasets.

In that scope, we first started by exploring immediate situated methods. In particular, we
studied the use of XR to enhance on-site visualization. This process led to the development
of DamAR , an AR application that could superimpose the location of sensors directly over
the real dam. It could also display the structural data registered by those sensors. This
prototype ran on a tablet and could be used to assist technicians and engineers in the
inspection of dams.

The following step consisted of building on the lessons learned from experimenting with
AR on-site and trying to understand how we could adapt the principles to off-site proxsitu-
ated visualization. With that objective, we explored the process of effectively modeling the
dam and surroundings to develop a realistic experience. Such experience should mimic the
on-site experience as closely as possible. This exploratory process resulted in the develop-
ment of DamVR , a VR prototype which would offer a simulation of the actual dam and
could superimpose to the model of the dam, the location of sensors, and the structural data
registered by those sensors.

This prototype ran on a VR headset and could be used by engineers and technicians for
exploring time-dependent structural data off-site, contextualized with a representation of the
dam. At this phase, we used higher data indirection (floating panels with charts) and higher
levels of visual detail. While we improved visual detail by using photographic textures, we
did not fully explore other aspects of visual detail, such as realistic lighting, atmospheric
effects, and other post-processing effects.

Based on the observations made in the previous work, we pondered whether increasing
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the level of visual detail would result in an improved user experience, including a better
sense of presence. Considering that, we next decided to explore the use of increased levels of
visual detail. In particular, we wanted to understand if it was practical or even feasible to
use photorealistic graphics in proxsituated VR environments. With that objective in mind,
we used high-resolution textures, coupled with realistic lighting and shadows, as well as
highly detailed models of the dam and surrounding terrain to build a proof-of-concept VR
environment. This prototype allowed users to carry out a realistic, immersive tour around
the dam structure and surrounding environment.

Next, we also wanted to address the use of lower levels of data representation indirection.
With that objective in mind, we explored data representation directly superimposed on
the dam structure model. We focused on the use of animated 3D meshes, textured with
heatmaps. This study included the development of an immersive proxsituated prototype for
analyzing observed and computed structural displacements as well as modes of vibration
directly overlaid to a photorealistic representation of a dam. This application used a mixed
level of visual detail and lower data representation indirection.

This situated analytics exploration process of various levels of situatedness, using different
modalities of XR, distinct levels of visual detail, and data representation indirection, culmi-
nated with the development of a user study that could effectively meet our proposed research
objectives. With that purpose, we developed the DamXR framework and the DamXR dis-
placements visualization application. The former is a framework directed at supporting the
development of dam safety control proxsituated applications. The latter is an XR proto-
type, built on top of the DamXR framework, for proxsituated analysis of structural dam
safety control data. The prototype had the capability to run in multiple modes (AR, VR
and desktop/PC mode) and alternate the analytics environment between higher and lower
levels of visual detail and data representation indirection. The DamXR application was used
to support an extended user study where the above-mentioned properties were tested and
compared.

Based on the general methodologies introduced by the DamXR framework, we decided
to further explore the application of proxsituated methods to areas other than structural
analysis/visualization. In that sense, we applied those methodologies to the development of
GalleriesVR a proxsituated application for the immersive exploration of dam galleries. We
also explored the application of the DamXR framework to flood data analysis, with FloodVR
a proxsituated prototype application for the immersive simulation of flooding during dam
peak discharges. These two applications use a higher level of visual detail and lower data
representation indirection.

We also wanted to make the results from our user study and the hands-on know-how
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resulting from the development of a rather long series of prototypes actionable. With that
objective, we compiled a set of guidelines that systematizes what we considered are the most
adequate methods and practices for the different stages of development of dam safety control
immersive, proxsituated applications.

8.2 Conclusions

The results obtained from the studies carried out in the scope of this thesis provide valuable
and actionable insights for supporting future research and the development of dam safety
control immersive, proxsituated applications.

We first started by presenting the background concepts necessary for understanding the
domains where this dissertation focuses. Those domains included extended reality, immersive
analytics, situated analytics, and its proxsituated modality but also the area where these were
applied, namely dam safety control.

The next step consisted of presenting and discussing previous scientific work related to
our thesis theme. We then described the phased exploratory process that was carried out to
understand the virtues of immersive situated analytics in the scope of dam safety control.
That process included the development of a series of studies and prototypes for experiment-
ing with distinct modalities of situated visualization. This process culminated with the
development of a user study, supported by the implementation of the DamXR framework
and the DamXR displacements visualization application.

The DamXR framework (and application) implementation and detailed characteristics
were addressed before presenting a set of guidelines aimed at the development of situated
visualization applications for dam safety control. These guidelines addressed the several
stages of development and also included a brief consideration regarding the relation between
the costs and benefits of implementing situated applications in that domain.

The user study enabled us to answer the research questions proposed in this dissertation
and achieve its main goals. The results from this study allowed us to understand more about
the weak and strong points of each of the tested modalities and variants.

Our findings show that using proxsituated environments for dam data analysis has non-
negligible advantages in the studied conditions over its PC baseline counterpart. Indeed,
the XR modes corresponded to a substantial decrease in task completion times but also an
increase in the task success rate for some of the tested variants. Regarding user experience,
participants found the XR modes more engaging and satisfactory, even though they use PCs
in their everyday professional activity.

The differences between the two addressed XR modalities, AR and VR, despite being

168



8.2. Conclusions

less substantial than the ones found between XR and PC, still allowed us to acquire valu-
able insights. While performance metrics differences were only significant for completion
times, their user experience characteristics were more disparate. Participants found VR nat-
urally more immersive but also more engaging. However, they considered AR to be more
comfortable, requiring a lower perceived effort and better for clearly presenting data.

Concerning the variations in the level of visual detail of the objects integrated into the
applications’ environment, significant differences were also found between the use or absence
of photographic textures. Both AR and VR reported lower completion times for the textured
variant. However, in the PC mode, task completion times were lower for the non-textured
version. This opposite tendency between the XR modes and PC means that for the latter, the
use of textures actually got in the way of completing the tasks. Such a result might be related
to the differences in perception offered by 2D screens and the stereoscopic visualization
offered by headsets. Nevertheless, further research would be needed to determine the exact
reason behind this disparity. It should be noted that the tendency observed in the XR
modes is in line with the increase in the participant’s perception (before and after the tests)
regarding the advantages of using realistic textures in digital models of dams (Table B.1,
question #6).

In regard to the comparison between distinct levels of data representation indirection,
substantial performance differences were found between the representation of data over the
referent (lower indirection) and using floating panels with conventional charts (higher in-
direction). All the modes registered lower average task completion times for lower data
representation indirection. The smallest differences were registered in the PC mode, and the
biggest differences were recorded for VR. The task success rate also registered significant
differences across modes. However, while for the XR modes, lower data indirection corre-
sponded to higher success rates, for the PC mode, success rates were higher for higher data
indirection.

Overall, data representation indirection seems to have a much more significant impact
on analysis performance (time and success) than visual detail. When analyzing the variants
resulting from the combined influence of data indirection and visual detail, the mode with the
lowest average completion times and the highest success rate is the HDLI variant (lower data
indirection and higher visual detail). Furthermore, from the tested modes, VR registered
the lowest overall completion times, with the HDLI variant and AR registered the highest
overall success rates for the HDLI variant.
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8.3 Future Work

In this work, we explored just a narrow portion of the possibilities opened by immersive
technologies and situated visualization in the domain of dam safety control. Even at a lower
level, we only effectively explored a subset of the proxsituated concepts and relationships in
that domain: the variation in spatial indirection together with the type of digital data rep-
resentation, the use of distinct levels of detail, and the use of digital proxies [138]. However,
while our study also implied concepts like temporal indirection (e.g., the tasks included the
visualization of structural conditions in the past) or representation scales (e.g., through the
non-egocentric visualization of the dam structure), these aspects were not explicitly targeted
in our user study. The study of the isolated or combined impact of such aspects provides
ample opportunities for future research.

At a higher level, while we studied the impact of XR proxsituated methods in dam
structural data analysis, these methods may have great potential in other facets of dam
safety control. Indeed, as we have seen in Chapter 2.4, its purpose extends well beyond
that scope. Indeed, structural safety is only one facet of dam safety control, which includes
aspects such as hydraulic-operational safety, environmental safety, geotechnical safety and
the implementation of emergency plans for downstream population safety.

Dam safety control also encompasses other activities that can be explored with proxsit-
uated methods, such as hydro-environmental outreach initiatives concerning the functional
and hydro-environmental facets of dams. While we have addressed the hydro-environmental
theme with our flood visualization prototype (FloodVR ), this system’s main purpose is flood
data analysis, not outreach initiatives.

The exploration of the usefulness of these methods for awareness of the environmental
importance of dams and their role in the conservation of water resources also creates pathways
for future research. Indeed, as we have seen in our study, proxsituated environments can offer
increased engagement.

In addition to proxsituated visualization, immediate situated methods also afford oppor-
tunities for dam safety control. As we have seen with our DamAR prototype, they can be
used for visualizing structural data directly superimposed on the actual dam. However, the
possibilities for future research on immediate situated methods extend much beyond on-site
data visualization. They can be directed e.g., to such purposes as training field technicians.

Regarding future paths for the improvement of the DamXR framework, we plan to con-
tinue working on increasing its functionality and usefulness. One of the aspects that we are
going to address in the very near future is the support for collaborative visualization. Collab-
oration is one of the cornerstones of immersive analytics and thus situated and proxsituated
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visualization. We believe that such a possibility would be of great usefulness for e.g., project
discussion meetings around a single 3D visualization, as mocked up in Figure 8.1.

Figure 8.1: Collaborative visualization is planned to be supported by the DamXR framework in the near
future. Such possibility can be useful for e.g., project discussion meetings around a single 3D visualization
(mockup)

8.4 Final Remarks

As a final remark to this document, we can say that we have achieved the objectives that
we initially proposed for this dissertation. We have validated our thesis that immersive
proxsituated visualization can, in fact, be used for improving user experience and analytics
performance by contextualizing structural data with the physical structure of the dam.

We hope that the outcomes of this work can serve as base for future research endeavors
in the field of situated visualization. We also aspire that our findings will help researchers
and dam engineering professionals carry out a more informed development of studies and
applications.
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User Study Tasks

Task Task text

A Determine the designation of the [first|second|third] geodetic mark from
the top on the center section of the dam. (‘Determine a designação da
[primeira|segunda |terceira] marca geodésica a contar do topo na secção central
da barragem.’)

B Determine the value of the [observed|calculated] displacement at the
[first|second|third] geodetic mark from the top in the central section of the
dam, on the date YYYY-MM-DD. (‘Determine o valor do deslocamento [ob-
servado|calculado] na [primeira|segunda|terceira] marca geodésica a contar do
topo na secção central da barragem, na data AAAA-MM-DD.’)

C For the date YYYY-MM-DD determine for which of the following geodetic
marks of the central section the observed displacement is [greater|smaller]
than the calculated displacement: [first|second|third] mark from the top,
[first|second|third] marks from the top. (‘Para a data AAAA-MM-DD
determine para qual das seguintes marcas geodésicas da secção central
o deslocamento observado é [superior|inferior] ao deslocamento calculado:
[primeira|segunda|terceira] marca a contar do topo, [primeira|segunda|terceira]
marca a contar do topo.’)

Table A.1: Tasks presented to the participants (the English translation followed by the original, in Por-
tuguese language) when testing the DamXR application.
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Visual Detail Data Indirection

Task Textured Flat shaded Data over referent Data in panels

A ! !

B ! !

C-HDLI ! !

C-LDLI ! !

C-HDHI ! !

C-LDHI ! !

Table A.2: Visual detail and data indirection characteristics for tasks A and B and for each variation of
task C, when testing the DamXR application.

Mode Dam structure Terrain Water Sky Passthrough Solid color background

PC ! ! !

AR ! ! !

VR ! ! ! !

Note: The representation of bodies of water is made to a lesser extent in AR and PC than VR

Table A.3: Visual elements included for each mode of the DamXR application in addition to the data
representation and interface menus.
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B. User Study Questionnaires

# Question

1 I have the impression that virtual reality can be useful for my activity. (‘Tenho a
ideia de que a realidade virtual pode ser útil para minha atividade.’)

2 I have the impression that augmented reality can be useful for my activity. (‘Tenho
a ideia de que a realidade aumentada pode ser útil para minha atividade.’)

3 I think it is impractical to use virtual reality glasses in my professional context.
(‘Penso que é pouco prático usar óculos de realidade virtual no meu contexto profis-
sional.’)

4 Virtual and augmented reality allows you to have a better spatial perception of 3D
representations of data, compared to using a computer screen. (‘A realidade virtual e
aumentada permite ter uma melhor perceção espacial de representações 3D de dados,
em comparação com o uso de um ecrã de computador.’)

5 Visualizing data overlaid on a digital 3D model of a dam has no advantages over
representing that data in graphics. (‘A visualização de dados sobrepostos a um modelo
3D digital de uma barragem não tem quaisquer vantagens sobre a representação desses
dados em gráficos.)’

6 In the context of data analysis, the use of digital models of dams with realistic textures
(photographic textures) has advantages over the use of the same models without
photographic textures. (‘No âmbito da análise de dados, a utilização de modelos
digitais de barragens com texturas realistas (texturas fotográficas) tem vantagens sobre
o uso dos mesmos modelos, sem texturas fotográficas.’)

7 When analyzing data related only to the structure of a dam, the use of digital mod-
els that include the terrain and other elements surrounding the dam do not offer
advantages over models that include only the dam structure. (‘Na análise de dados
relacionados apenas com a estrutura de uma barragem, o uso de modelos digitais que
incluam o terreno e outros elementos circundantes à barragem não oferecem vanta-
gens sobre modelos que incluam apenas a estrutura da barragem.’)

Table B.1: Questionnaire questions (the English translation followed by the original, in Portuguese
language) used to assess the perception of users regarding XR technologies, before and after using the
DamXR application. The questionnaire used a a five-level Likert scale for agreement (1: strongly disagree
and 5: strongly agree). Some of the questions used positive phrasing and others negative in order to reduce
response bias.
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# Question Aspect

1 I felt immersed in the application. (‘Senti-me imerso(a) na
aplicação.’)

Immersiveness

2 The experience was boring and not very captivating. (‘A
experiência foi aborrecida e pouco cativante.’)

Engagement

3 I felt satisfied using the application. (‘Senti-me satisfeito(a)
a usar a aplicação.’)

Satisfaction

4 Using the application involved a high mental effort. (‘O uso
da aplicação implicou um esforço mental elevado.’)

Perceived Effort

5 The data was presented clearly. (‘Os dados foram apresen-
tados de forma clara.’)

Data Clarity

6 The application is unintuitive. (‘A aplicação é pouco intu-
itiva.’)

Intuitiveness

7 I was able to concentrate on tasks without being dis-
tracted by unnecessary interface elements. (‘Consegui
concentrar-me nas tarefas sem ser distraído(a) por elemen-
tos desnecessários da interface.’)

User Focus

8 I felt physically uncomfortable using the app. (‘Senti-me
fisicamente desconfortável a usar a aplicação.’)

Comfort and Physical
Well-Being

9 The application responded quickly to my actions. (‘A apli-
cação respondeu de forma rápida às minhas ações.’)

Feedback and Respon-
siveness

10 I would not use the application again. (‘Não voltaria a usar
a aplicação novamente.’)

Post-Use Impact

Table B.2: Questionnaire questions (the English translation followed by the original, in Portuguese lan-
guage) used to assess the usability of the three modes of the prototype: PC, AR and VR. One of these
questionnaires was filled out by participants for each of the modes to be able to compare usability in each
of these modes. The 10 questions used a five-level Likert scale for agreement (1: strongly disagree and 5:
strongly agree). Half of the questions used positive phrasing and the other half negative in order to reduce
response bias. The mapping of each question with the usability aspect targeted is also included.
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B. User Study Questionnaires

# Question

1 I think that I would like to use this system frequently. (‘Acho que gostaria de
utilizar este sistema com frequência.’)

2 I found the system unnecessarily complex. (‘Considerei o sistema mais complexo
do que necessário.’)

3 I thought the system was easy to use. (‘Achei o sistema fácil de utilizar.’)
4 I think that I would need the support of a technical person to be able to use this

system. (‘Acho que necessitaria de ajuda de um técnico para conseguir utilizar
este sistema.’)

5 I found the various functions in this system were well integrated. (‘Considerei
que as várias funcionalidades deste sistema estavam bem integradas.’)

6 I thought there was too much inconsistency in this system. (‘Achei que este
sistema tinha muitas inconsistências.’)

7 I would imagine that most people would learn to use this system very quickly.
(‘Suponho que a maioria das pessoas aprenderia a utilizar rapidamente este sis-
tema.’)

8 I found the system very cumbersome to use. (‘Considerei o sistema muito com-
plicado de utilizar.’)

9 I felt very confident using the system. (‘Senti-me muito confiante a utilizar este
sistema.’)

10 I needed to learn a lot of things before I could get going with this system. (‘Tive
que aprender muito antes de conseguir lidar com este sistema.’)

Table B.3: Questions (the English translation followed by the original, in Portuguese language) of the
SUS [100] standard questionnaire, used to obtain single reference scores regarding the usability of the proto-
type as a whole and also each of its modes: PC, AR and VR. One of these questionnaires was filled out by
participants for each of the modes and also for the prototype as a whole (considering the combined use of
the three modes). The 10 questions used a five-level Likert scale for agreement (1: strongly disagree and 5:
strongly agree). Half of the questions used positive phrasing and the other half negative in order to reduce
response bias.
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