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Abstract
This paper explores hydrographic practitioners’ ability to perceive the spatial structure and 
relationships of 3D bathymetric visualizations in tabletop augmented reality (AR) interfaces ver-
sus similar 3D data visualized using conventional desktop computer monitors. A two-phased 
experiment was carried out to compare the performance of two groups of participants, where 
both used a tabletop AR interface and a desktop monitor to view and perform a set of percep-
tual and interpretation tasks with identical visualizations of bathymetric datasets. The findings 
of this intentionally exploratory study are that the AR interface has the potential to offer advan-
tages regarding spatial perception and depth of understanding.

Resumé
Cet article étudie la capacité des professionnels de l'hydrographie à percevoir la structure spatiale et le 
rapport entre les visualisations bathymétriques en 3D dans les interfaces de réalité virtuelle et augmentée 
(RA) par rapport à des données tridimensionnelles similaires, visualisées sur des écrans d'ordinateurs clas-
siques. Une expérience en deux phases a été menée afin de comparer les performances de deux groupes 
de participants, qui ont tous deux utilisé une interface de réalité virtuelle augmentée et un moniteur fixe, 
pour visualiser et effectuer une série de tâches de perception et d'interprétation avec les même affichages 
de jeux de données bathymétriques. Les résultats de cette étude menée à titre expérimental, montrent que 
l'interface de réalité virtuelle augmentée peut offrir des avantages en termes de perception spatiale et de 
compréhension.
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Resumen
Este artículo explora la capacidad de los profesionales hidrográficos de percibir la estructura espacial y 
relaciones de las visualizaciones batimétricas 3D en interfaces de realidad aumentada (AR) de sobremesa 
frente a datos 3D similares visualizados mediante monitores de ordenador de sobremesa convencionales. 
Se llevó a cabo un experimento en dos fases para comparar el rendimiento de dos grupos de participantes, 
en el que ambos utilizaron una interfaz de AR de sobremesa y un monitor de sobremesa para ver y realizar 
un conjunto de tareas de percepción e interpretación con visualizaciones idénticas de conjuntos de datos 
batimétricos. Las conclusiones de este estudio intencionadamente exploratorio son que la interfaz de AR 
tiene el potencial de ofrecer ventajas en percepción espacial y profundidad de comprensión. 

1 Introduction
Hydrography is experiencing one of the most agitated 
periods in its history, where the demand for more ac-
curate and fast-updated bathymetric data is growing 
(Pe’eri & Dyer, 2018; Kastrisios et al., 2023). Driven by 
ambitious projects such as the “Nippon Foundation – 
GEBCO Seabed 2030 Project” (Mayer et al., 2018), 
which has mapped about 20 % of the world's ocean 
floor and seeks to complete the whole ocean map-
ping by the year 2030, multiple technologies have 
been developed and incorporated into hydrographic 
surveys (Ferreira et al., 2022), increasing the level of 
complexity and workload. At the same time, the hy-
drographic data production systems have faced the 
challenge of migrating to new international standards, 
the IHO S-100 Universal Hydrographic Data Model, 
that will require straightforward access to high-quality 
digital geospatial information to support marine ac-
tivities (Ponce, 2019; Jonas, 2021). As new sensor 
technologies and data outputs have emerged, so 
too have a range of spatial interface technologies 
and research. Technologies, such as any degree of 
mixed reality (Milgram & Kishino, 1994) offer signif-
icant potential to provide users of geospatial data 
with new ways to perceive, explore, communicate, 
and experience underwater environments through 
interface technologies that can both immerse us in 
data and, through them, immerse us in the spaces 
they represent (Hedley, 2017; Speicher et al., 2019; 
Rokhsaritalemi et al., 2020, Hedley & Lochhead, 
2020, Çöltekin et al., 2020, Lochhead & Hedley, 
2021).

1.1 Background
Many national governments are signatories to the 
International Maritime Organization's International 
Convention for the Safety of Life at Sea (SOLAS; IMO, 
1974), reflecting their commitment to ensuring mari-
time safety through the publication of nautical charts, 
navigational publications, and supporting services. 
Therefore, each national Hydrographic Office (HO), or 
national hydrographic service, is responsible for pro-
ducing and updating their countries' official nautical 
documents and establishing policies governing this 
work (Maia et al., 2017). These efforts are supported 
by data from hydrographic surveys conducted by 

government institutions and authorized researchers 
operating within national jurisdictional waters. The 
data collected are typically stored in centralized da-
tabases, serving as the foundation for generating and 
maintaining nautical products (National Centers for 
Environmental Information, 2024).

Each HO has policies and directives on evaluating 
and using bathymetric data (Maia, Florentino and 
Pimentel, 2017). Some choose to use automatic sys-
tems and algorithms (Calder & Mayer, 2003; Pe’eri 
& Dyer, 2018; Wölfl et al., 2019), but it is common 
practice for experienced hydrographic analysts 
to verify it in some offices (Le Deunf et al., 2020). 
Visualizing the data is one of the main ways the an-
alyst verifies, manipulating the data set through pe-
ripherals such as a keyboard and mouse and using 
computer screens to display the images. The verifica-
tion predominately consists of repetitive manual tasks 
seeking to identify failures in acquiring raw data and 
processing errors that alter the acquired bathymetry 
(Masetti et al., 2022). During verification, the analyst 
uses one or more specific software for bathymetric 
data processing, ordinarily available on the market 
(Value Market Research, 2021). These programs, de-
veloped by companies based on the guidelines pub-
lished by the International Hydrographic Organization 
(IHO), offer various data verification tools (Langhorst, 
2022). This way, traditional 2D planar media was 
consolidated, adding pseudo-3D visualization fea-
tures and using computer monitors and presentation 
room projector screens.

If, a few decades ago, the methods of acquiring 
and processing bathymetric data were limited to a 
few options, in recent years, hydrographic practices, 
led by a worldwide effort to develop systems, sen-
sors, and alternative techniques for depth measure-
ment, have increasingly seen the emergence and 
expansion of automated and autonomous technol-
ogies (Smith Menandro & Cardoso Bastos, 2020; 
Masetti et al., 2022). This growth in the production 
of bathymetric data has led hydrographic surveys 
to generate enormous amounts of information from 
multiple sources (Holland et al., 2016; Jonas, 2023), 
which requires adequate processing, analyzing, and 
managing (Wlodarczyk-Sielicka & Blaszczak-Bak, 
2020; Le Deunf et al., 2023). Software for acquiring, 
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processing, and managing bathymetric data has de-
veloped significantly to adapt to the reality of activi-
ties carried out in hydrography, seeking to respond to 
current demands and bringing efficiency (Langhorst, 
2022).

In parallel to this evolving landscape of hydro-
graphic sensors and data production, new spatial in-
terface technologies such as augmented reality (AR) 
and mixed reality (MR) have begun to attract atten-
tion for their potential to allow inherently 3D/4D data 
to be viewed and experienced in 3D and 4D. Thus, 
holding the potential to transform how hydrographic 
data is perceived and interpreted. These immersive 
technologies offer novel ways to visualize complex 
datasets by presenting information in three dimen-
sions and allowing users to interact with data spa-
tially. Their integration into hydrographic workflows 
may offer advantages in terms of spatial awareness, 
depth perception, and task performance, particularly 
in contrast to conventional 2D desktop interfaces.

Interface technologies are essential as they act as 
the conduit through which users interact with and 
interpret complex data visualizations. These tech-
nologies determine how information is displayed and 
influence user engagement, comprehension, and de-
cision-making processes. Empirical studies on their 
potential influence are crucial because they provide 
evidence-based insights into how different interface 
designs affect user perception, cognitive load, and 
overall usability. By understanding these impacts, 
designers can create more effective and intuitive vis-
ualizations that serve diverse user needs, ultimately 
enhancing the ability to derive meaningful insights 
from data (Few, 2024).

Specifically, in bathymetric data analysis, interface 
technologies are fundamental in enabling the effec-
tive visualization and interpretation of complex un-
derwater terrain data. High-resolution bathymetric 
maps, essential for marine navigation, environmental 
monitoring, and resource management applications, 
rely heavily on sophisticated visualization tools. These 
tools must present data in an accessible and intuitive 
manner, allowing users to explore and manipulate the 
data effectively.

Research has shown that advanced data acquisi-
tion methods, such as single-beam and multi-beam 
echo sounders (SBES), significantly enhance the ac-
curacy and efficiency of underwater mapping. These 
technologies produce detailed and reliable bathym-
etric data, but their complexity necessitates robust 
interface technologies to manage and interpret the 
information accurately. For instance, multi-beam echo 
sounders (MBES) are favored for their ability to cover 
large, high-resolution areas. However, they require 
sophisticated interfaces to process and visualize the 
vast data collected (Araujo & Hedley, 2023; Li et al., 
2023).

Empirical studies on these technologies are cru-
cial to understanding their impact on user perception 
and usability. Effective interface design can reduce 

cognitive load and improve the accuracy of data in-
terpretation, which is particularly important in fields 
that rely on precise and timely information. By con-
tinually evaluating and refining these technologies 
based on empirical evidence, we can enhance the 
overall effectiveness of bathymetric data analysis, en-
suring that users can make well-informed decisions.

While different methods and interface options 
exist for viewing bathymetric data, the hydrography 
community continues to follow the 2D paradigm in 
which displayed marine information resembles tra-
ditional paper nautical charts, even in the most re-
cent chart-plotters. However, there has been growing 
discussion around the benefits of presenting hydro-
graphic information in more immersive and familiar 
forms, similar to those found in video games, through 
3D visualization or AR-based environments (Hedley 
and Lochhead, 2020, Lochhead and Hedley, 2021, 
Jonas, 2023). The emergence and development of 
new data products and new spatial interface technol-
ogies may significantly support the ability of a range 
of operational stakeholders to perceive and interpret 
multidimensional bathymetric data. Therefore, there 
is a need to investigate the potential of emerging 
tools and interfaces to improve bathymetric data 
visualization.

1.2 Research objectives and questions
This exploratory research aims to investigate and 
quantify potential changes in perception and task 
performance when transitioning the visualization 
of raw bathymetric data from conventional inter-
faces to tabletop AR interfaces. This study seeks to 
uncover underlying patterns and relationships by em-
ploying exploratory research methods. It specifically 
addresses three overarching questions. First, it in-
vestigates whether perceptual outcomes differ when 
users visualize data in AR versus conventional inter-
faces, particularly regarding users' abilities to identify 
spatial features and interpret spatial relationships 
within hydrographic datasets. Second, it assesses 
task performance by comparing accuracy and speed 
across both platforms. Third, the study explores the 
suitability of AR interfaces for daily hydrographic data 
analysis, identifying affordances users perceive as 
beneficial and pinpointing characteristics that users 
find challenging or detrimental for effective data vis-
ualization and operational integration. Ultimately, this 
research aims to identify critical factors and varia-
bles influencing user experience and performance, 
providing a foundation for subsequent research to 
pursue more targeted studies of contributing factors 
in the geometry and dimensionality of 3D/4D hydro-
graphic and bathymetric data, interface parameters, 
visualization features, individual differences, and 
venue characteristics. Our work aims to be a cata-
lyst for these future studies and contributing to the 
development of improved visualization techniques for 
bathymetric data interpretation.

: TABLETOP AR INTERFACES FOR HYDROGRAPHIC DATA USE
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2 Related work
In recent decades, the hydrographic community 
has successfully migrated its nautical products from 
analog to electronic models, producing them con-
sistently and standardized based on the standards 
published by the IHO (Ponce, 2019). The databases 
could also add object and attribute data to the tra-
ditional bathymetric data, stimulating the use of 
Geographic Information Systems (GIS) as part of the 
hydrographers' toolset (Lekkerkerk, 2018).

However, these digital variants have mainly followed 
the printed models, maintaining that the presentation 
is two-dimensional (Jonas, 2023). In other words, the 
entire creation and later use of nautical charts con-
tinue to be essentially visualized in 2D displays, oc-
casionally employing aids of perspective renderings 
of data on screens like pseudo-3D representation. 
Over time, the influence and limitations of the IHO 
standards, especially the IHO S-57 Transfer Standard 
for Digital Hydrographic Data, may be one of the rea-
sons why different methods and interface options for 
viewing bathymetric data, such as new 3D interactive 
visualization interfaces, were not being exploited and 
taken advantage of (Alexander et al., 2007; Ward et 
al., 2008; Duan et al., 2021).

Since hydrographic data survey technologies in-
herently generate 3D data (Bleisch, 2012), tools that 
provide 3D data processing and 3D data visualiza-
tion are vital to support interpretation. Modern data 
processing software has offered features that allow 
the visualization of a set of bathymetric data from 
different perspectives, taking advantage of interac-
tive features, where the 3D impression is received 
through rotation of the model on the computer screen 
(Lütjens et al., 2019), contributing to the perception 
and understanding of spatial information.

2.1 Augmented reality
AR is a technology in which information (virtual ob-
jects) is superimposed onto the real world directly in 
front of observers (Milgram & Kishino, 1994; Azuma, 
1997). Essentially, AR ‘augments’ views of reality by 
integrating virtual computer-generated content into 
the user's view of their physical environment. This al-
lows users to interact with digital elements as if they 
were part of the real world, providing an enriched 
and interactive experience (Azuma, 1997; Hedley, 
2017). AR interfaces are made possible by three 
main ingredients: tracking of real-world surroundings; 
registration of virtual objects to the real world - when 
a virtual piece of furniture in an AR application is pre-
cisely positioned and aligned within a user's physical 
room, matching its real-world location, orientation, 
and scale; and rendering virtual content into views of 
the real world - made visible by a range of display 
technologies (Hedley, 2017). Tracking is especially 
crucial for 3-D applications that involve user inter-
action with virtual spaces, as it provides the system 
with real-time spatial information about the user’s 
position and orientation. Accurate and low-latency 

tracking ensures that virtual content remains stably 
aligned with the real world, preserving immersion and 
usability (Billinghurst et al., 2015). In AR, tracking de-
termines the positions of real-world objects, allowing 
digital objects to be registered to them. This can be 
done using fiducial markers and computer vision soft-
ware, where unique patterns are recognized, and 
their orientation and position relative to the camera's 
viewpoint are calculated. This enables the AR soft-
ware to render virtual objects at the correct location 
and alignment, a method commonly used in tangible 
AR (Shelton & Hedley, 2002, 2004).

AR systems could use monocular, binocular, and 
biocular presentations (Kitamura et al., 2014, 2015). 
A binocular system presents the information using 
two optical trains, one for each eye. In contrast, a 
biocular system has only one optical train, and the 
aperture is large enough to simultaneously observe 
both eyes.

AR capability can be achieved through combina-
tions of sensors and cameras integrated with display 
and interaction devices, computer vision software, 
and thoughtful interface design. Different designed 
implementations can offer advantages for spe-
cific applications (Van Krevelen & Poelman, 2010). 
Advances in camera, GPS, accelerometer, and dis-
play technologies in mobile devices have led to using 
tablets and smartphones as AR displays (Hedley, 
2017). Smartphones and tablets are among the most 
accessible devices, using their cameras and screens 
to display AR content (with the metaphor of an AR 
‘lens’), thus bringing AR applications to a broad audi-
ence. Head-mounted displays (HMDs) can arguably 
provide a more immersive experience by filling the us-
er’s entire field-of-view (FOV) with augmented views 
of reality. Optical see-through HMDs allow users to 
see the real world directly with digital content super-
imposed, making them ideal for applications requiring 
high interaction with the physical environment, such 
as medical or industrial uses (Carmigniani et al., 
2011). Video see-through HMDs, which capture the 
real world with cameras and display the combined 
content on screens within the headset, offer better 
integration of digital elements but may encounter 
latency issues. Improvement and evolution of wear-
able virtual reality (VR) devices have increased con-
siderably over the past few years. Devices such as 
the Meta Quest 3 can be loaded with standalone 
VR and AR software to enable unwired VR and AR 
experiences (Speicher et al., 2019). Furthermore, 
progress in camera and computer vision technology 
has resulted in increased performance with inside-out 
tracking by these headsets (for position and context 
as a basis for registration), enabling users to use the 
same headset for immersive VR and ‘pass-though AR 
and ‘pass-through mixed reality (MR), using the out-
ward-facing cameras on these devices.

2.2 Rationale for choice
This research aims to fill a gap in the ocean data 
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research community. While early work has been 
done to integrate AR with seafloor data visualization 
(Palmese & Trucco, 2008), work to study whether 
such interfaces support effective hydrographic prac-
tice is almost nonexistent to date.

Comparing tabletop AR interface visualization 
with conventional desktop 3D monitor visualization 
is essential for understanding the advantages and 
limitations of each approach in bathymetric data in-
terpretation. A tabletop AR interface is an interac-
tive visualization platform where virtual 3D content is 
overlaid onto a real-world surface, such as a physical 
table, through the use of AR technology. Typically, 
users wear AR head-mounted displays (HMDs) 
or utilize handheld devices, enabling them to see 
and manipulate virtual objects appearing as if they 
are physically present on the tabletop. Traditional 
desktop 3D monitors offer high-resolution displays 
and familiar interfaces, while tabletop AR interfaces 
potentially enhance spatial awareness and interac-
tion by integrating digital information with the phys-
ical environment (Jo et al., 2021; Turhan & Gümüş, 
2022). This comparative analysis aims to determine 
whether the immersive and interactive nature of AR 
provides significant improvements in user perception 
and task performance. Identifying these differences is 
crucial for developing practical visualization tools that 
enhance data interpretation accuracy and efficiency, 
ultimately leading to better decision-making in fields 
relying on precise bathymetric data.

This comparison is the first step toward a compre-
hensive and systematic empirical evaluation of mono 
versus stereo AR and stereo AR versus stereo VR. 
By establishing a baseline understanding of how AR 
interfaces compare to traditional 3D monitors, we 
can design more effective experiments to explore the 
nuances of stereoscopic visualization. Subsequent 
studies will delve into the impact of depth percep-
tion, spatial awareness, and user interaction on task 
performance and perception, providing a holistic view 
of these advanced visualization technologies. The in-
sights from this research will inform the development 
of optimized visualization tools tailored to specific ap-
plications and user needs, enhancing the effective-
ness and usability of AR and VR systems in various 
professional and scientific domains.

3 Empirical methods and materials
This study investigates whether tabletop AR inter-
faces may enhance perception and task performance 
in interpreting raw bathymetric data compared to 
conventional desktop 3D visualizations. It uses ex-
ploratory methods to examine how interface type 
influences user experience, accuracy, and efficiency. 
The central hypothesis is that users interacting with 
bathymetric data through a tabletop AR interface 
may demonstrate improved spatial perception and 
task performance – such as accuracy and efficiency 

in interpretation – compared to users using a con-
ventional desktop 3D visualization interface. Findings 
aim to inform future research and support the devel-
opment of more effective bathymetric visualization 
techniques.

3.1 Study procedure
This study employed two 3D visualization interfaces 
with distinct visual cues to investigate their effects 
on subjects' data perception. The motor aspects of 
interaction with 3D visualizations were not consid-
ered in this project, as the processing and analysis 
of bathymetric data – routinely performed by hydro-
graphic analysts – require substantial manipulation of 
the viewpoint. In other words, bathymetric data are 
not processed or analyzed from a static, single per-
spective. Since the participants' motor activity, such 
as actions for navigating the terrain, was not meas-
ured, we utilized typical control devices, such as a 
computer mouse, to interact with the visualizations.

The study involved the following steps: Participants 
navigated to a designated survey website1. They read 
and agreed to a consent form outlining the survey's 
terms, their rights and protections, and contact infor-
mation for inquiries. Participants completed a survey 
comprising 52 questions, which included checking 
boxes, ranking options, and providing short answers, 
using both desktop and mobile device-based data 
visualization tools.

The recorded data included participants' re-
sponses to the online questionnaire. This data was 
securely stored in an SFU-supported facility, pro-
tected by passwords and encryption. The information 
collected during the study was kept confidential and 
used solely for research purposes. No raw survey 
data was shared with commercial partners, though 
graphical summaries of aggregated data might have 
been included in academic publications. No partici-
pant names were collected, ensuring no participants 
were identifiable. The study did not collect any iden-
tifying information about participants, ensuring their 
privacy was maintained. There were no foreseeable 
risks to participating in this survey. Participants per-
formed simple tasks involving viewing and inter-
preting 3D data visualizations while sitting at a desk 
in DHN's regular office, using everyday devices such 
as a typical desktop computer, smartphone, or tablet 
with a camera. Participation in the study was volun-
tary and unpaid.

The experiment was divided into two identical 
phases, Interface DT and Interface AR, with the exe-
cution order alternating between the groups involved. 
The first group performed tasks using the standard 
desktop interface (Interface DT) and the augmented 
reality interface (Interface AR). Conversely, the second 
group performed the same tasks but started with 
Interface AR before using Interface DT. Given the use 
of two datasets in the research, two questionnaire 
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versions were created (A and B), with the order 
of model use reversed. Consequently, the exper-
iment was conducted in four distinct configurations: 
Group A, Group B, Group A (inverted), and Group B 
(inverted).

After consenting to the form, the volunteer is in-
vited to complete a background/operational survey. 
Following a familiarization period, the experiment 
begins using one of the interfaces. The volunteer 
identifies and compares pre-selected points from 
visualized bathymetric data. A researcher monitors 

each task, measuring the time it takes to complete it 
and recording the volunteers' answers during the AR 
interface phase. During the DT interface phase, the 
volunteers answer the questions independently.

Upon completing all tasks, the volunteer is in-
vited to answer a post-experiment questionnaire 
regarding their experience. Then, the volunteer visu-
alizes another 3D model using the other interface and 
performs identification and comparison tasks with dif-
ferent pre-selected bathymetric data points, manipu-
lating the device to obtain the answers.

Fig. 1 Experimental layout.

TABLETOP AR INTERFACES FOR HYDROGRAPHIC DATA USE
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Fig. 2  2 DT Interface GB Church model (a), DT Interface HMCS Mackenzie (b), AR Interface GB Church model (c), AR Interface 

HMCS Mackenzie (d).
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After completing all tasks with the second inter-
face, the volunteer is invited to answer a second 
post-experiment questionnaire about their experi-
ence. Upon completing both stages of the exper-
iment (desktop and AR interfaces), the volunteer 
responds to a final reflective questionnaire com-
paring the two stages (Fig. 1).

3.2 Display interface technologies used
Two interfaces were used to view and manipulate 
the 3D models: the desktop interface (Interface 
DT) and the augmented reality interface (Interface 
AR; Fig. 2).

The desktop interface consisted of a flat-screen 
monitor and a standard mouse placed on a table. 
Participants were seated during interaction. Using the 
mouse’s three buttons, users could rotate, translate, 
and zoom in and out on the model.

The AR interface, by contrast, used a handheld 
mobile device (smartphone) to project the 3D model 
onto the same table in augmented reality. Participants 

remained standing and were free to move around 
the table to explore the model from different per-
spectives. The device’s touchscreen allowed for the 
model's rotation, translation, and scaling (Fig. 3). 
However, because the 3D content was anchored to 
the tabletop, rotation along axes parallel to the table’s 
surface was limited.

3.3 Bathymetric data used
The experiment used bathymetric data collected 
from two sunken ships, MV GB Church and HMCS 
Mackenzie, near Sidney, in October 2019. Using a 
Kongsberg EM2040P MkII multibeam echosounder 
aboard the CSL Heron survey boat, owned by the 
Canadian Hydrographic Service, several survey lines 
were acquired in each ship’s area. The settings in-
cluded high-density beam spacing, dynamic dual 
swath, 300 kHz frequency mode, high-resolution 
water phase data, and a survey speed of around 6 
knots (Gomes de Araujo, 2024). These datasets 
provided the foundational background for the experi-
mental tasks. Both datasets were employed for both 
interfaces but were only used once per subgroup. 
Consequently, each subgroup observed a change in 
the dataset when transitioning from one interface to 
another.

In point cloud format (.txt), the raw data were im-
ported into CloudCompare software — an open-
source software designed to visualize, process, and 
analyze 3D point cloud data - for preparation (Figs. 4a 
and 5a). The preparation process involved selecting 
and coloring specific point groups to capture the at-
tention of the experiment participants (Figs. 4b and 
5b). Excess data surrounding the ships' hulls, such 
as seabed data, was excluded to reduce the total 
number of points and lighten the files (Figs. 4c and 
5c). Additionally, it was necessary to reduce the res-
olution of both models to accommodate Sketchfab.
com's AR visualization limitations. The Sketchfab.
com platform – an online platform that enables users 
to publish, explore, share, and embed interactive 3D 
models and visualizations, supports VR and AR, al-
lowing users to experience 3D content in immersive 
environments without the need for specialized soft-
ware – was also utilized to convert the point cloud 
models (in LAS file format) to AR file format (GLTF), 
which was subsequently used in the experiment.

In both models, six groups of points were selected, 
with each group assigned one of the following colors: 
blue, red, yellow, green, orange, and magenta. These 
colors were chosen for their optimal contrast against 
a black background. The criteria for selecting the 
points were as follows:

a)	One group of points represented spurious data in-
correctly acquired by the acquisition system or data 
typically filtered or excluded during processing. This 
group was used to test the participant’s ability to 
identify whether the data was accurate.

b)	In both models, two vertically adjacent groups of 
points, not necessarily part of the ship’s structure, 

Fig. 3 The 3D AR bathymetric data visualization, seen registered to a desk covered in a blackout 

sheet, viewed through a handheld mobile device in the hydrographic office configured to conduct 

this study (a, b, c).
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were colored red and yellow. These groups were 
chosen to compel participants to observe the 
model from a side view.

c)	Lastly, three groups of points represented fea-
tures of the ship's structure. These groups were 
selected to assess the participants' ability to per-
ceive small features of the model.

3.3.1 GB Church
The G.B. Church was the Artificial Reef Society of 
British Columbia's (ARSBC) first project, initiated in 
1989 and completed over two years. The ship was 
sunk in August 1991 in Princess Margaret Marine 
Park near Sidney on Vancouver Island. Preparation 
involved stripping the vessel down to the steel, cre-
ating diver access points, and removing hazardous 

materials to ensure diver safety. The sinking site, 
chosen for its flat sandy bottom and proximity to 
dive shops, met all coast guard and navigation re-
quirements. The G.B. Church quickly became a 
habitat for marine life like octopus and wolf eels, 
demonstrating the positive impact of artificial reefs 
on ecosystems and reducing diver traffic on natural 
and historical sites (Artificial Reef Society of British 
Columbia, 2024).

In this model (Fig. 4), the red and yellow groups 
of points represented data that were not considered 
spurious but were not part of the ship’s structure. The 
magenta group of points represented spurious data. 
The blue, green, and orange groups represented fea-
tures of the ship’s structure.

3.3.2 HMCS Mackenzie
The lead ship of her class, HMCS Mackenzie, was 
built by Canadian Vickers Limited in Montreal and 
commissioned on 6 October 1962. Over 23 years, 
Mackenzie operated in the Pacific with the Second 
Canadian Destroyer Squadron and Training Group 
Pacific, participating in various exercises. After 30 
years of service, she was decommissioned on 3 
August 1993 and sold to the Artificial Reef Society 
of BC. She was scuttled near Rum Island on 16 
September 1995 (Artificial Reef Society of British 
Columbia, 2024).

In this model (Fig. 5), the orange group of points 
represented spurious data. All the other groups rep-
resented features of the ship’s structure.

3.4 Participants
Participation in this study was entirely voluntary. 
Participants could choose not to participate without 
any impact on their employment, partnerships, or 
services they currently receive.

The participants were 42 volunteer hydrogra-
pher analysts and Cartographic Engineers from the 
Brazilian Navy Hydrographic Office in Rio de Janeiro, 
Brazil. Their education background ranged from 
technical to advanced degrees, with professional 
experience spanning from newly arrived analysts 
to those who have served for several years at the 
Hydrographic Office. Their expertise varies from junior 
to senior levels, and their analytical specialization 
differs based on the equipment used, such as sin-
gle-beam or multi-beam sonar systems. Data collec-
tion took place in May and June 2024. Participants 
were recruited via personal contact and were ques-
tioned about their experience with 3D visualization 
and bathymetric data before testing. While all partici-
pants had some prior experience with 3D visualization 
applications, not all had experience with the specific 
3D geographical data used in this study. None were 
familiar with the presented bathymetry models.

The sample was deliberately chosen to explore the 
performance of experienced users with hydrographic 
expertise, focusing on perception, identification, and 
classification tasks. The participants represented 

Fig. 4 (a) GB Church Point Cloud Raw; (b) GB Church Point 

Cloud Color; and (c) GB Church Point Cloud Sample.
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nearly all analysts from the BN Hydrographic Office. 
To balance the order of interface use, participants 
were divided into two groups (A and B), ensuring an 
equal number of participants for each interface. All 
subjects had normal or corrected vision and no motor 
or movement restrictions.

Both groups had identical experimental condi-
tions, including lighting, temperature, and other en-
vironmental factors. Participants consented to the 
experimental procedure and participated voluntarily, 
with the option to withdraw at any time. They were 
instructed to perform tasks with maximum attention 
and told that precision in answering was more im-
portant than speed, though their completion time to 
answer each question in each task phase would still 
be recorded.

Due to the anonymous nature of the survey, par-
ticipants could not withdraw their responses once 
submitted.

3.5 Background and operational survey
Before the experiment, participants were asked to 
complete a self-assessment questionnaire to eval-
uate their prior experience with 3D interfaces and 
bathymetric data manipulation. Responses were 
rated across five levels: expert, advanced, mid-level, 
beginner, and no experience. The questionnaire in-
cluded the following 11 items:

	• How do you evaluate your experience with Sin-
gle beam Echosounder (SBES) bathymetric data 
acquisition?

	• How do you evaluate your experience with SBES 
bathymetric data processing?

	• How do you evaluate your experience with Multi-
beam Echosounder (MBES) bathymetric data 
acquisition?

	• How do you evaluate your experience with MBES 
bathymetric data processing?

	• How do you evaluate your experience with ba-
thymetric data feature classification?

	• How do you evaluate your experience with desk-
top 3D data visualization?

	• How do you evaluate your experience with Aug-
mented Reality (AR) 3D data visualization?

	• How do you evaluate your experience with Virtual 
Reality (VR) data visualization?

	• How do you evaluate your experience with 2D 
computer or console games?

	• How do you evaluate your experience with 3D 
computer or console games?

	• How do you evaluate your experience with AR 
games?

3.6 Normalization phase
Each task battery began with a normalization 
phase to minimize disparities in interface handling 
skills. This familiarization stage allowed partici-
pants to practice using the control devices for both 
the desktop and AR interfaces. Participants were 
instructed on how to interact with a generic bathy-
metric dataset containing randomly placed markers. 
They then practiced manipulating this dataset for 
three minutes using a mouse and keyboard (for the 
desktop interface) or the touchscreen of a mobile 
device (for the AR interface).

https://doi.org/10.58440/ihr-31-1-a05
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Mackenzie Point Cloud Color; and (c) HMCS Mackenzie Point 

Cloud Sample.
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3.7 Tasks, scoring and response confidence
The following section outlines the tasks assigned 
to participants, along with their corresponding item 
numbers in each questionnaire:

a)	 Q13 (DT Interface) and Q29 (AR Interface) – Of 
the groups of colored points indicated, which 
do you consider spurious (select all that apply)?

b)	 Q15 (DT Interface) and Q31 (AR Interface) – Of 
the groups of colored points indicated, which 
do you consider part of the sunken ship (select 
all that apply)?

c)	 Q17 (DT Interface) and Q33 (AR Interface) – 
Which of the groups of colored points indicated 
is closest to the sea surface (shallowest depth), 
regardless of whether the data is spurious?

d)	 Q19 (DT Interface) and Q35 (AR Interface) – 
How many crane booms can you identify on the 
ship?

e)	 Q21 (DT Interface) and Q37 (AR Interface) – 
How many masts can you identify on the ship?

f)	 Q23 (DT Interface) and Q39 (AR Interface) – 
How would you classify the type of shipwreck?

Tasks a) and b) were scored individually for each 
group of colored points, resulting in scores ranging 
from 0 (all incorrect) to 6 (all correct). The remaining four 
tasks were scored based solely on correct responses.

After completing each task, participants rated their 
confidence in their responses on a seven-point scale 
(1 = "Not confident at all" to 7 = "Extremely confi-
dent"). This additional measure aimed to provide 
deeper insights into user certainty, helping to identify 
potential biases and improve the predictive value and 
validity of the findings.

3.8 Post survey
Following the completion of all tasks, participants an-
swered a post-experiment questionnaire to evaluate 
their experience using both interfaces. Questions fo-
cused on ease of use for each interface and included:

a)	Rate your ease of perceiving the horizontal po-
sition of the selected points in raw MBES data 
using AR / DT data visualization interfaces. 

b)	Rate your ease of perceiving the vertical position 
(depth) of the selected points in raw MBES data 
using AR / DT data visualization interfaces. 

c)	Rate your ease of identifying whether the se-
lected points are considered spurious data in 
raw MBES data using AR / DT data visualization 
interfaces. 

d)	Rate your ease of identifying whether the se-
lected points belong to the structure of the 
sunken ship in raw MBES data using AR / DT 
data visualization interfaces.

3.9 Exit survey
After completing both stages of the experiment 
(desktop and AR environment), volunteers responded 
to a final reflective questionnaire with comparison 
questions between the stages performed. For the 
first four questions, participants indicated whether 

one of the two interfaces was better or whether there 
was no difference. The questions included:

a)	 Did either of the two interfaces (desktop or AR) 
provide a clearer understanding of the spatial 
horizontal positioning of the groups of colored 
points in each task?

b)	Did either of the two interfaces (desktop or AR) 
provide a clearer understanding of the spa-
tial vertical positioning (depth) of the groups of 
colored points in each task?

c)	 Did either of the two interfaces (desktop or AR) 
make identifying parts of ships, such as masts 
and crane booms, easier?

d)	Did either of the two interfaces (desktop or AR) 
support a more straightforward inspection (ex-
ploration) of the dataset?

e)	 Do you think the AR bathymetric data visualiza-
tion prototype you just used would be useful in 
the everyday hydrographic office workflow?

f)	 In your opinion, which affordances of the AR 
interfaces do you perceive to support hydro-
graphic office data operations best?

g)	 In your opinion, which characteristics of AR-
based data visualization do you perceive to 
undermine hydrographic data visualization or 
present challenges that need to be overcome?

h)	 Is there any other feedback you would like to 
share about these DT/AR interfaces in your 
workflow?

4 Results
4.1 DT interface vs. AR interface: Background and 

operational survey
4.1.1 Hydrographic experience
The pie chart titled "Hydrography Experience" repre-
sents the distribution of responses to five questions 
about different aspects of hydrography experience:

a)	How do you evaluate your experience with 
Single Beam Echosounder (SBES) bathymetric 
data acquisition?

b)	How do you evaluate your experience with 
SBES bathymetric data processing?

c)	How do you evaluate your experience with 
Multibeam Echosounder (MBES) bathymetric 
data acquisition?

d)	How do you evaluate your experience with 
MBES bathymetric data processing?

e)	How do you evaluate your experience with ba-
thymetric data feature classification?

From this data, the most common experience 
levels are "Advanced" and "Beginner," which account 
for 25 % of the respondents. "No Experience" is also 
significant, accounting for 19 % of the respondents. 
Mid-Level experience is held by 18 % of the respond-
ents. The "Expert" level is the least common, with 13 % 
of respondents rating themselves as such.

This distribution indicates a diverse range of exper-
tise among the respondents, with a notable portion 
having significant experience (Expert and Advanced 
combined account for 38 %) and another considerable 
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portion with minimal to no experience (No Experience 
and Beginner combined account for 44 %).

4.1.2 Desktop interface experience
The pie chart titled "Desktop Interface Experience" 
represents the distribution of responses to three 
questions about experience with desktop interfaces:

a)	How do you evaluate your experience with 
desktop 3D data visualization?

b)	How do you evaluate your experience with 2D 
computer or console games?

c)	How do you evaluate your experience with 3D 
computer or console games?

This data shows that the most common ex-
perience level is "Advanced," making up 47 % 
of the respondents. Mid-Level experience is also 
significant, accounting for 25 % of the respond-
ents. The "Expert" level is held by 15 % of the re-
spondents. The "Beginner" level is relatively low, 
with 9 % of respondents rating themselves as 
such. "No Experience" is the least common, with 
only 4 % of respondents. This distribution indi-
cates that most respondents have significant ex-
perience with desktop interfaces (Advanced and 
Expert combined account for 62 %). A smaller 
portion has minimal to no experience (Beginner 
and No Experience combined account for 13 %).

4.1.3 AR interface experience
The pie chart titled "AR Interface Experience" repre-
sents the distribution of responses to three questions 
about experience with augmented and virtual reality 
interfaces:

a)	 How do you evaluate your experience with 
Augmented Reality (AR) 3D data visualization?

b)	How do you evaluate your experience with 
Virtual Reality (VR) data visualization?

c)	 How do you evaluate your experience with AR 
games?

From this data, it can be observed that most re-
spondents have no experience, accounting for 60 %. 
A significant portion of respondents are beginners, 
accounting for 27 %. Only 9 % of respondents have a 
mid-level experience. There are no respondents with 
advanced or expert-level experience. This distribution 
indicates that most respondents have little to no ex-
perience with AR and VR interfaces (No Experience 
and Beginner combined account for 87 %). Only a 
tiny fraction have mid-level experience, and no re-
spondents have advanced or expert experience.

4.2 DT interface vs. AR interface: Task score
4.2.1 Description of the graphs
The box and whisker plots presented utilize a specific 
color code to represent different elements of the data:

a)	 Orange Boxes: Represent the interquartile range 
(IQR) of the data, which is the range between 
the first and third quartiles. The box itself shows 
where the central 50 % of the data points lie.

b)	Red Horizontal Lines Inside the Box: Represents 
the median value of the data set. This line di-
vides the box into two parts, indicating that half 
of the data points are above this value and half 
are below.

c)	 Black Whiskers: These lines extend from the 
edges of the box to the minimum and max-
imum values within 1.5 times the IQR from the 
quartiles. They indicate the spread of the data 
outside the interquartile range.

Fig. 7 Desktop interface experience results graph.

Fig. 8 Augmented reality experience results graph.

Fig. 6 Hydrographic experience results graph.
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d)	Blue Horizontal Lines: Represent the average 
(mean) values of the data sets. These lines pro-
vide an additional measure of central tendency, 
helping to compare the mean values across dif-
ferent questions.

e)	 Grid Lines: The grid lines in the background 
help to visually align the data points for easier 
comparison across different questions.

This color code allows for clear and detailed visual-
ization of the statistical properties of the data, making 
it easier to identify central tendencies, variability, and 
the overall distribution of response times for both DT 
and AR interface questions.

The box and whisker in the graph of Fig.9 are or-
ganized according to the corresponding task or 
question they represent, as indicated by their labels 
(e.g., Q13, Q29, Q15). Questions that refer to the 
same task are grouped accordingly – such as Q13 
and Q29, which represent the same question pre-
sented in different interface conditions (e.g., desktop 
vs. AR). This arrangement allows for a direct visual 
comparison of participant performance or response 
values across equivalent tasks under different visuali-
zation modes. Consistent ordering makes interpreting 
variations in scores, medians, and confidence levels 
between interfaces easier.

4.2.2 Comparing questions 13 (Q13 – DT Interface) 
and 29 (Q29 – AR Interface) – Of the groups of 
colored points indicated, which do you consider 
spurious (select all that apply)?

The data for Q13 is centered around a high score, 
with most values ranging between 0.67 and 1.00. 
Similarly, the distribution of Q29 data closely mirrors 
that of Q13, with most values falling within the 0.67 
to 1.00 range. Both Q13 and Q29 have an identical 
median value of 0.83, indicating the same central 
tendency for both datasets. The first and third quar-
tiles for Q13 and Q29 are identical, demonstrating 
similar dispersion and range within the middle 50 % 
of the data. The average score for Q13 is 0.80, while 

Q29 has a slightly lower average of 0.79, suggesting 
a similar overall performance across both datasets. 
Both datasets exhibit a consistent range from 0.67 to 
1.00 and lack any outliers, indicating stable scoring 
patterns without extreme variations.

The data for Q13 and Q29 are remarkably similar 
regarding central tendency, dispersion, and overall 
distribution. Both questions yield high scores con-
centrated around the same values, suggesting that 
respondents perceive the aspects consistently 
measured by Q13 and Q29. This similarity under-
scores the reliability and uniformity in responses to 
these questions.

The Neyman Confidence Intervals for Q13 and 
Q29 are similar, with Q29 having a slightly higher and 
more precise mean estimate. Both intervals overlap 
significantly, suggesting that the central tendencies of 
these datasets are very close to each other.

4.2.3 Comparing questions 15 (Q15 – DT Interface) 
and 31 (Q31 – AR Interface) – Of the groups of 
colored points indicated, which do you consider 
part of the sunken ship (select all that apply)?

The data for Q15 is concentrated around a high score, 
with most values ranging between 0.67 and 1.00, in-
dicating a central tendency towards the upper end of 
the scoring scale. Similarly, the data for Q31 displays 
a comparable distribution, with scores predominantly 
falling within the same range and showing a central 
tendency towards higher values. Q15 and Q31 share 
an identical median value of 0.83, highlighting their 
similar central tendencies. The first and third quartiles 
for both questions are also the same, demonstrating 
comparable dispersion and range within the middle 
50 % of the data. The average score for Q15 is 0.82, 
while for Q31, it is slightly lower at 0.81, indicating 
a similar overall performance in both datasets. Both 
datasets exhibit the same range from 0.50 to 1.00 
and lack any outliers, reflecting consistent scoring 
patterns without extreme variations.

The data for Q15 and Q31 are strikingly similar 

Fig. 9 DT and AR interfaces score.
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in central tendency, dispersion, and overall distri-
bution. Both questions have high scores concen-
trated around similar values, reflecting consistent 
responses. This consistency suggests that the re-
spondents perceive the aspects measured by Q15 
and Q31 similarly, underscoring the reliability and uni-
formity of their answers.

The Neyman Confidence Intervals for Q15 and 
Q31 have a similar central tendency, but Q15 sug-
gests a slightly higher mean than Q31. The CI for 
Q31 is narrower, suggesting a more precise estimate 
of the mean for Q31 compared to Q15.

4.2.4 Comparing questions 17 (Q17 – DT Interface) 
and 33 (Q33 – AR Interface) – Which of the 
groups of colored points indicated is closest to 
the sea surface (shallowest depth), regardless of 
whether the data is spurious?

The data for Q17 exhibits a bimodal distribution, with 
scores concentrated at the lowest (0.00) and highest 
(1.00) values, suggesting a polarized perception 
among respondents. In contrast, the data for Q33 
is highly skewed towards the highest score, with the 
majority of values being 1.00 and a few low scores, 
indicating a strong tendency towards the upper end 
of the scale. The first quartile for Q17 is at 0.00, and 
the third quartile is at 1.00, indicating wider disper-
sion and a bimodal nature. Conversely, Q33 has both 
quartiles at 1.00, showing no dispersion and a strong 
skew towards the highest score. The average score 
for Q17 is 0.66, whereas for Q33, it is higher at 0.82, 
indicating a more positive overall performance.

Both datasets share the same range from 0.00 to 
1.00 and lack outliers. However, their distribution pat-
terns differ, with Q17 being bimodal and Q33 strongly 
skewed towards the top. This comparison highlights 
the varying perceptions of the aspects measured by 
Q17 and Q33. Q17's bimodal distribution suggests a 
divided perception among respondents, while Q33's 
skew towards the highest score indicates more uni-
formly positive responses.

The Neyman Confidence Interval for Q33 suggests 
a higher and more precise mean than Q17. The inter-
vals indicate a significant difference in the central ten-
dencies of these datasets, with Q33 having a higher 
mean and a narrower confidence interval.

4.2.5 Comparing questions 19 (Q19 – DT Interface) 
and 35 (Q35 – AR Interface) – How many crane 
booms can you identify on the ship?

The data for Q19 exhibits a bimodal distribution, with 
scores concentrated at the lowest (0.00) and highest 
(1.00) values, indicating polarized responses among 
respondents. Conversely, the data for Q35 is highly 
skewed towards the lowest score, with the majority 
of values being 0.00 and a few high scores, sug-
gesting a strong tendency towards the lower end of 
the scale.

Q19 has a median of 1.00, while Q35 has a me-
dian of 0.00, reflecting a central tendency towards 

the highest score for Q19 and the lowest score for 
Q35. The first quartile for Q19 is at 0.00, and the third 
quartile is at 1.00, indicating wide dispersion and a 
bimodal nature. In contrast, Q35 has both quartiles 
at 0.00, showing no dispersion and a strong skew 
toward the lowest score. The average score for Q19 
is 0.59, whereas for Q35, it is significantly lower at 
0.12, indicating a more positive overall performance 
for Q19.

Both datasets share the same range from 0.00 
to 1.00 and lack any outliers, but their distribution 
patterns differ significantly. Q19 displays a bimodal 
distribution with significant scores at both extremes, 
suggesting polarized responses among respondents. 
In contrast, Q35 shows a strong skew towards the 
lowest score, indicating predominantly negative re-
sponses. This comparison highlights the differing per-
ceptions of the aspects measured by Q19 and Q35, 
with Q19 receiving more balanced responses and 
Q35 indicating a tendency towards dissatisfaction.

The Neyman Confidence Interval for Q19 suggests 
a higher mean compared to Q35. There is no overlap 
between the intervals, indicating that the central ten-
dencies of these datasets are significantly different, 
with Q19 having a higher mean and a slightly wider 
confidence interval.

4.2.6 Comparing questions 21 (Q21 – DT Interface) 
and 37 (Q37 – AR Interface) – How many masts 
can you identify on the ship?

The data for Q21 exhibits a bimodal distribution, with 
scores concentrated at the lowest (0.00) and highest 
(1.00) values, indicating polarized responses among 
respondents. Similarly, the data for Q37 shows a bi-
modal distribution with scores concentrated at both 
extremes, suggesting a divided perception among 
respondents. Q21 and Q37 have a median value 
of 1.00, reflecting a central tendency towards the 
highest score. Both questions' first and third quar-
tiles are 0.00 and 1.00, respectively, indicating wide 
dispersion and a bimodal nature. The average score 
for Q21 is 0.61, while for Q37, it is slightly higher at 
0.66, suggesting a marginally more positive overall 
performance. Both datasets share the same range 
from 0.00 to 1.00 and lack any outliers, with similar 
distribution patterns. This comparison highlights the 
consistent nature of respondent perceptions for the 
aspects measured by Q21 and Q37.

The Neyman Confidence Interval for Q37 sug-
gests a higher mean compared to Q21. There is 
some overlap between the intervals, indicating that 
the central tendencies of these datasets are similar. 
However, Q37 has a higher mean and a slightly nar-
rower confidence interval than Q21.

4.2.7 Comparing questions 23 (Q23 – DT Interface) 
and 39 (Q39 – AR Interface) – How would you 
classify the type of shipwreck?

The data for Q23 is highly skewed towards the 
highest score, with the majority of values being 1.00, 
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indicating a strong tendency towards the upper 
end of the scale. Similarly, the data for Q39 shows 
a strong skew towards the highest score, with most 
values at 1.00, reflecting a preference for the upper 
end of the scale. Q23 and Q39 have a median value 
of 1.00, indicating a central tendency towards the 
highest score. The first and third quartiles for both 
questions are 1.00, showing no dispersion and a 
strong skew toward the highest score. The average 
score for Q23 is 0.86, while for Q39, it is higher at 
0.93, suggesting a slightly more positive overall per-
formance. Both datasets share the same range from 
0.00 to 1.00 and lack any outliers, but their distribu-
tion patterns are highly skewed towards the top. This 
comparison highlights the uniformity in respondent 
perceptions for the aspects measured by Q23 and 
Q39.

The Neyman Confidence Interval for Q39 suggests 
a higher and more precise mean than Q23. There is 
significant overlap between the intervals, indicating 
that the central tendencies of these datasets are 
pretty similar. Nonetheless, Q39 has a slightly higher 
mean and a narrower confidence interval than Q23.

4.3 DT interface vs. AR interface: Time-elapsed
This section presents a comparative analysis of time-
elapsed statistics for two groups of questions: the DT 
Group (Q13, Q15, Q17, Q19, Q21, Q23) and the AR 
Group (Q29, Q31, Q33, Q35, Q37, Q39).

The DT Group's time-elapsed statistics reveal con-
siderable variability across different questions. For 
instance, Q13 exhibits a median time of 81.0 sec-
onds, with an interquartile range (IQR) spanning 29.5 
to 134.0 seconds and an average of 90.05 seconds. 
In contrast, Q23, after removing outliers, shows a 
median of 27.5 seconds, an IQR from 8.25 to 39.25 
seconds, and an average of 46.12 seconds. Other 
questions in this group, such as Q15 and Q17, dis-
play medians ranging from 29.0 to 43.0 seconds, 
with averages between 39.69 and 57.31 seconds.

The AR Group exhibits a more consistent pattern 
in response times. For example, Q29 shows a me-
dian time of 70.0 seconds, with an IQR from 41.0 to 
109.0 seconds and an average of 92.67 seconds. 
Similarly, Q31 and Q35 have medians of 47.0 and 
49.0 seconds, respectively, with averages around 
57.62 and 59.93 seconds. The ranges in this group, 
such as 8 to 317 seconds for Q29 and 1 to 259 sec-
onds for Q39, indicate substantial variability but are 
generally more controlled than the DT Group.

The median time-elapsed for the DT Group tends 
to be higher in Q13 (81.0 seconds) and lower in other 
questions (27.5 to 43.0 seconds). In contrast, the AR 
Group exhibits a more consistent range of medians 
(31.0 to 70.0 seconds).

The DT Group shows broader IQRs for ques-
tions like Q13 (104.5 seconds) and Q15 (64.0 
seconds), indicating greater variability. The AR 
Group has narrower IQRs, suggesting more 
consistent responses within each question.

The average time-elapsed is relatively similar be-
tween the groups. The DT Group's Q13 (90.05 
seconds) and the AR Group's Q29 (92.67 sec-
onds) have the highest averages. Other questions 
in both groups exhibit average times between 
37.81 and 59.93 seconds.

The ranges in the DT Group are more extreme, 
particularly in Q13 (1 to 243 seconds) and Q23 (1 
to 95 seconds without outliers). Although the AR 
Group also has wide ranges, such as 8 to 317 
seconds for Q29 and 1 to 259 seconds for Q39, 
the variability is generally more controlled.

4.3.1 Time-elapsed – Neyman Confidence Intervals
Based on the provided statements and the analysis 
of the Neyman confidence intervals, here is a sum-
mary and critique for each comparison pair within the 
DT Group and AR Group:

The Neyman confidence intervals for Q13 and Q29 
are similar, with both intervals overlapping substan-
tially. This indicates that the time-elapsed data for 
both questions have similar central tendencies and 
variability, making them comparable.

Both Q15 and Q31 datasets exhibit similar means 
and variability, but Q15 (173) and Q31 (20) are signifi-
cant outliers. Despite the similarities in distributions, the 
presence of these outliers highlights deviations from the 
central tendencies in both datasets.

The Neyman confidence intervals for Q17 and Q33 
overlap, suggesting some similarity in their distributions. 
However, Q17 shows more variability compared to 
Q33. The individual times Q17 (42) and Q33 (22) are 
consistent with their respective datasets, as they fall 
within the confidence intervals.

The overlapping confidence intervals for Q19 and 
Q35 indicate some similarity in their distributions. 
However, Q35 shows slightly more variability compared 
to Q19. The individual times Q19 (10) and Q35 (115) 
are outliers, indicating significant deviations from the 
central tendencies.

The confidence intervals for Q21 and Q37 also 

Fig. 10 DT and AR interfaces time.
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overlap, suggesting similar distributions. However, Q37 
shows more variability compared to Q21. The individual 
times Q21 (14) and Q37 (8) are outliers, indicating sig-
nificant deviations from the central tendencies.

For Q23 and Q39, the overlapping confidence in-
tervals indicate similarity in their central tendencies. 
However, the Q23 dataset shows much higher vari-
ability than the Q39 dataset. The individual time Q23 
(29) is consistent with its dataset, while Q39 (67) is an 
outlier, highlighting the difference in the presence and 
impact of outliers.

The comparisons consistently show that datasets 
within both groups (DT and AR) have overlapping con-
fidence intervals, indicating similar central tendencies. 
Variability differences are noted within each compar-
ison, highlighting how some datasets exhibit a greater 
spread in the data.

4.4 DT interface vs. AR interface: Response 
confidence

In both groups, the majority of participants reported 
high confidence levels. Group DT (Desktop Interface) 
showed higher confidence levels than Group AR (AR 
Interface). Conversely, Group AR reported higher 
medium confidence levels than Group DT. Both 
groups exhibited similar low confidence levels, with 
a slight increase in Group AR. This suggests that the 
Desktop interface may foster greater extreme confi-
dence, while the AR interface tends to produce more 
medium confidence responses (Fig.11).

4.5 DT interface vs. AR interface: Post-survey
4.5.1 Rate your ease of perceiving the horizontal 

position of the selected points in raw MBES data 
using DT / AR data visualization interfaces

The DT interface received higher “Very Easy” ratings 
than the AR interface, indicating that more par-
ticipants found the DT interface very easy to use. 
However, the “Easy” ratings favored the AR interface. 
Both interfaces were very close when combining 
“Easy” and “Very Easy” ratings, with a slight prefer-
ence for AR.

The standard deviation for “Easy” and “Very 
Easy” ratings was higher, indicating more response 

variability. The average rating for “Easy” and “Very 
Easy” was almost identical between the DT and AR 
interfaces.

The “Normal” ratings were fairly close between 
the two interfaces, with a slight preference for DT. 
The “Difficult” ratings were slightly higher for the AR 
interface, and the “Very Difficult” ratings were very 
close, with a slight preference for DT. The combined 
“Difficult” and “Very Difficult” ratings were also close, 
with a slight preference for the AR interface.

Overall, participants rated the AR interface slightly 
higher for ease of use in the “Easy” and “Very Easy” and 
“Difficult” and “Very Difficult” categories. In contrast, the DT 
interface was preferred slightly more for “Normal” ratings.

4.5.2 Rate your ease of perceiving the vertical po-
sition (depth) of the selected points in raw MBES 
data using DT / AR data visualization interfaces.

The AR interface's “Easy” and “Very Easy” ratings are 
slightly higher than the DT interface's. The DT inter-
face's “Normal” ratings are close but slightly favor the 
AR interface. The DT interface's “Difficult” and “Very 
Difficult” ratings are identical.

The average rating for “Easy” and “Very Easy” 
is nearly identical, with a slight preference for AR, 
while “Normal” ratings show a slight preference for 
DT. The “Difficult” and “Very Difficult” ratings are the 
same for both interfaces. The standard deviation for 
"Easy” and “Very Easy" is low, indicating consistent 
responses. “Normal” ratings also show low variability, 
and “Difficult” and “Very Difficult” ratings have no vari-
ability since they are identical for both interfaces.

Overall, participants rated the AR interface slightly 
higher for ease of use in the “Easy” and “Very Easy” 
category. In contrast, the DT interface was somewhat 
preferred for “Normal” ratings, with no difference in 
the “Difficult” and “Very Difficult” category.

TABLETOP AR INTERFACES FOR HYDROGRAPHIC DATA USE

Fig. 11 DT and AR interfaces time.

DT Interface  
(Q25)

AR Interface 
(Q41)

Very Easy 4 1

Easy 14 18

Normal 14 12

Difficult 8 10

Very Difficult 2 1

Table 1 DT (Question 25) vs. AR (Question 41) post-survey results.

DT Interface  
(Q26)

AR Interface 
(Q42)

Very Easy 5 11

Easy 26 22

Normal 8 6

Difficult 3 3

Very Difficult 0 0

Table 2 DT (Question 26) vs. AR (Question 42) post-survey results.
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4.5.3 Rate your ease of identifying whether the se-
lected points are considered spurious data in 
raw MBES data using AR / DT data visualization 
interfaces.

The AR interface's “Easy” and “Very Easy” ratings are 
slightly higher than those of the DT interface, while 
the DT interface's “Normal” ratings are higher than 
those of the AR interface. Similarly, the AR interface's 
"Difficult” and “Very Difficult" ratings are slightly higher 
than the DT interface's.

The average rating for “Easy” and “Very Easy” is 
higher for the AR interface, the “Normal” rating is 
higher for the DT interface, and the “Difficult” and “Very 
Difficult” ratings are higher for the AR interface. The 
standard deviation for “Easy” and “Very Easy” is rela-
tively low, indicating consistent responses, while the 
“Normal” rating shows more variability. The “Difficult” 
and “Very Difficult” ratings have low variability.

Overall, participants rated the AR interface slightly 
higher for ease of use in the “Easy” and “Very Easy” and 
“Difficult” and “Very Difficult” categories. In contrast, the 
DT interface was preferred for “Normal” ratings.

4.5.4 Rate your ease of identifying whether the 
selected points belong to the structure of the 
sunken ship in raw MBES data using AR / DT 
data visualization interfaces.

The AR interface has higher “Easy” and “Very Easy” 
ratings than the DT interface, while the DT interface 
has higher “Normal” ratings. The AR interface has 
higher "Difficult” and “Very Difficult” ratings.

The average rating for “Easy” and “Very Easy” is 
higher for the AR interface, the “Normal” rating is 
higher for the DT interface, and the “Difficult” and 
“Very Difficult” ratings are higher for the AR interface. 
The standard deviation for “Easy” and “Very Easy” 
is relatively low, indicating consistent responses, 
while the “Normal” rating shows more variability. The 
“Difficult” and “Very Difficult” ratings also have more 
variability, indicating a more comprehensive range of 
responses.

Overall, participants rated the AR interface higher 
for ease of use in the “Easy” and “Very Easy” and 
“Difficult” and “Very Difficult” categories. In contrast, 
the DT interface was preferred for “Normal” ratings.
Based on post-survey results, most participants 
rated tasks in the AR interface as either “Easy” and 

“Very Easy” or “Difficult” and “Very Difficult”. In con-
trast, tasks in the DT interface were predominantly 
rated as “Normal”.

4.6 Exit survey
Based on exit-survey results, most participants pre-
ferred the desktop interface for spatial horizontal 
positioning, identifying parts of ships, and inspecting 
(exploring) the dataset, with fewer finding no dif-
ference and the least preferring the AR interface. 
However, for spatial vertical positioning (depth), pref-
erences were similar between the desktop and AR 
interfaces, with a slight majority favoring the desktop 
(Fig.12).

4.6.1 AR bathymetric data visualization prototype 
usefulness

The results of the question asking the participants’ 
opinion about the usefulness of the AR bathymetric 
data visualization prototype used in the experiment 
in everyday hydrographic office workflow show that 
a significant majority (90 %) believe the prototype 
would be useful. However, 82.5 % think it requires 
refinements. Only a few (7.5 %) are unsure about the 
prototype's usefulness. Another small portion (7.5 %) 
believes the prototype is useless (Fig.13).

4.6.2 Open-ended question: In your opinion, which 
affordances of the AR interfaces do you perceive 
to best support the hydrographic office’s data 
operations?

By the answers to the question, the volunteers in-
dicate that, in their opinion, the affordances of AR 
interfaces that best support the hydrographic office's 
data operations include the practicality of viewing 
data anywhere without needing to be at the collection 
site and the ease of sharing data instantly by up-
loading it to the cloud. AR provides a better definition 
of data discrimination, especially in vertical viewing, 
and offers freedom of action with familiar image ma-
nipulation for mobile users. It enhances simulation 
and training, improves visualization, and provides 
contextual information, making distinguishing and un-
derstanding features easier. The ability to manipulate 
the 3D model and the improved top view of the model 
are also notable benefits. AR supports spatial inter-
action and user mobility, allowing for better viewing 
angles and different locations outside the office. It 

DT Interface  
(Q27)

AR Interface 
(Q43)

Very Easy 0 2

Easy 12 13

Normal 20 16

Difficult 6 9

Very Difficult 4 2

Table 3 DT (Question 27) vs. AR (Question 43) post-survey results.

DT Interface  
(Q28)

AR Interface 
(Q44)

Very Easy 1 4

Easy 14 15

Normal 23 14

Difficult 2 6

Very Difficult 2 3

Table 4 DT (Question 28) vs. AR (Question 44) post-survey results.
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facilitates group visualization and interaction, serves 
as an alternative tool for visualization and display of 
results, and enhances collaborative experiences—
the anchoring on the surface aids in understanding 
vertical points and terrain behavior. AR interfaces offer 
greater mobility, making them useful anywhere, and 
can motivate data analysis by transforming tasks into 
interactive experiences and overlaying contextual in-
formation onto the user's environment.

4.6.3 Open-ended question: In your opinion, which 
characteristics of AR-based data visualization do 
you perceive to undermine hydrographic data 
visualization or to be challenges that need to be 
overcome?

By the answers to the question, the volunteers in-
dicate that, in their opinion, the challenges and 
characteristics of AR-based data visualization that 

may undermine hydrographic data visualization in-
clude the need for a specific environment with proper 
lighting to ensure clear viewing and the impact of 
ambient brightness and reflections. Users highlighted 
issues with the size and resolution of the points in 
point clouds and the limited ability to zoom in on parts 
of the object. Screen size is challenging, especially 
when mobile devices have low color contrast and 
reduced zoom capacity. Accessibility and maneu-
verability of devices and the longer time required to 
analyze data were also noted as concerns. The need 
for user training, familiarization with AR devices, and 
the infrastructure costs for acquiring and maintaining 
the technology were identified as significant barriers. 
Additionally, the dependency on a reference surface, 
the necessity to maintain environmental control, and 
the higher reliability and ease of data manipulation in 
desktop interfaces compared to AR were mentioned. 
Overall, the need for a specific physical space and 
environment, high costs, and adequate contrast 
and lighting are significant challenges that must 
be addressed to improve AR-based hydrographic 
data visualization.

4.6.4 Open-ended question: Is any other feedback 
would you like to share about these DT / AR inter-
faces in your workflow?

By the answers to the question, the volunteers in-
dicate that, in their opinion, feedback on the DT/AR 
interfaces includes the need for options to change 
vertical exaggeration and axis presentation to iden-
tify the grid. While AR might not be practical for large 
volumes of work, it could benefit specific visualiza-
tions at data collection sites, mainly where desktop 

TABLETOP AR INTERFACES FOR HYDROGRAPHIC DATA USE

Fig. 12 Exit survey results graph.

Fig. 13 AR usefulness results graph.
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as the novelty of the interface, the need for more 
familiarization time, and occasional discomfort or in-
stability when handling the device. This feedback 
offered a nuanced understanding of how users ex-
perienced each interface, revealing factors that may 
affect usability and adoption in operational settings. 
By capturing user attitudes and contextual obser-
vations that quantitative measures alone cannot 
fully explain, the qualitative data enriched the overall 
analysis and pointed to important considerations for 
future interface development and research.

5.1 Background experience
Based on the distribution of experience levels in 
desktop interfaces, most volunteers participating 
in the experiment will likely possess significant pro-
ficiency and familiarity with desktop interfaces. 
Specifically, with 62 % of respondents identifying 
as either “Advanced” or “Expert”, it was reasonable 
to expect a high baseline level of performance and 
understanding of complex data visualization tasks 
among the volunteers. Likewise, low performance 
was expected when using the AR interface since 
most volunteers had little or no experience.

5.2 Tasks score
Due to the results of the scores, both the Desktop 
and Augmented Reality interfaces are perceived pos-
itively for visualizing and analyzing 3D Bathymetric 
data models, with high central tendencies towards 
the upper end of the scoring scale. The data col-
lected in the background survey initially suggested 
that volunteers would have a high baseline level of 
performance and understanding of complex data 
visualization tasks. It was also expected that their 
performance would be lower when using the AR inter-
face, given that most volunteers had little or no prior 
experience with it. However, the results partially con-
tradicted these expectations, as the performances 
turned out to be similar across both conditions.

The AR interface, in particular, shows slightly higher 
average scores and less dispersion in several ques-
tions (Q29, Q31, Q33, Q37 and Q39), suggesting 
a marginally better overall performance when they 
need to perceive the horizontal or vertical position of 
the points, whether they are spurious data or not, in-
cluding whether they are part of the ship's structure. 
Together, these findings suggest that while both DT 
and AR interfaces are effective, the AR interface may 
offer a more consistent and enhanced user experi-
ence for specific tasks such as perceiving the spatial 
positioning of points, identifying spurious data, and 
distinguishing elements of the ship's structure.

5.3 Tasks time-elapsed
In the analyses of time elapsed during tasks, the 
DT Group demonstrated higher variability and more 
extreme values in response times, particularly for 
questions like Q13 and Q15, questions that ask the 
volunteer to consider whether the colored points are 

infrastructure is unavailable. Using a headset with AR 
devices was suggested for enhanced interaction. 
However, AR requires specific physical space, which 
may not align with the typical hydrographic office 
setup, making it more suitable for visualizing particular 
cases rather than everyday data analysis. There were 
calls for functionality to vary the size of cloud points, 
change scale, adjust color bands, and use larger 
screens or headsets for better visualization. AR's 
3D viewing capability made data interpretation more 
straightforward, and its potential for training and edu-
cation was highlighted. It was also suggested that the 
tool be expanded to VR. Although the DT interface 
was favored for broad model viewing due to its higher 
resolution and dark background, AR was preferred for 
detailed viewing of small features. While adjustments 
are needed to make AR viable for hydrographic en-
vironments, it could significantly impact bathymetric 
data analysis and other hydrographic services.

4.7 Study’s limitations
This research presents several limitations that should 
be considered when interpreting the findings. First, 
as an intentionally exploratory study, the primary ob-
jective was to identify patterns and generate insights 
rather than to produce statistically generalizable re-
sults. The sample size was limited to the number 
of qualified personnel available at the Brazilian Navy 
Hydrographic Office. The study was conducted using 
only the materials and mobile devices available at 
the hydrographic office, reflecting a low-cost, prac-
tical approach but restricting the range of interface 
technologies and display configurations that could 
be tested. The AR prototype used was also an ear-
ly-stage model, which may not reflect the usability or 
responsiveness of more mature commercial systems. 
Furthermore, time constraints required that each 
participant complete the tasks within a limited time 
window, potentially impacting the depth of exploration 
and the accuracy of responses. Lastly, the absence 
of standardized usability questionnaires, such as SUS 
(System Usability Scale), and the exclusive use of de-
scriptive statistics limit the study’s capacity to offer 
stronger inferential conclusions. These aspects are 
important considerations for future research aiming to 
build upon this initial investigation.

5 Discussion
Beyond the quantitative findings, the qualitative 
feedback collected in this study provided valuable 
context for interpreting the observed differences be-
tween the AR and desktop interfaces. Participants’ 
reflections offered insights into how the tabletop AR 
interface influenced their spatial perception and task 
performance—core aspects of the study’s central hy-
pothesis. Comments frequently highlighted the clarity 
of spatial relationships and the sense of immersion 
when using AR, suggesting potential advantages in 
perceiving depth and navigating complex structures. 
At the same time, participants noted challenges such 
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spurious or part of the sunken ship. By contrast, the 
AR Group exhibits more consistent and narrower dis-
tributions, suggesting a more uniform user experience 
with AR interfaces. Again, contrary to what one might 
expect from performance, in terms of speed, both in-
terfaces presented comparable duration times. The 
greater experience with the DT interface on the part 
of the volunteers did not translate into a shorter anal-
ysis time, just as the lesser experience with the AR 
interface did not translate into a more extended anal-
ysis time either.

The analysis uses Neyman confidence intervals to 
compare datasets within and between the DT and AR 
groups, highlighting distribution similarities and identi-
fying significant outliers.

5.4 Post-survey and exit-survey
The desktop (DT) interface was generally preferred 
for spatial tasks, particularly horizontal positioning, 
identifying parts of ships, and dataset exploration. 
This preference indicates that participants found the 
desktop interface more reliable and manageable for 
these specific tasks, probably due to familiarity, or 
convention. However, the preference was well-bal-
anced when considering vertical positioning.

The AR interface received polarized responses 
about the overall task difficulty ratings, with partici-
pants rating tasks as either “Easy” and “Very Easy” 
or “Difficult” and “Very Difficult”. This polarization may 
suggest that while some participants found the AR in-
terface highly intuitive and efficient for specific tasks, 
others struggled significantly. On the other hand, the 
DT interface received predominantly "Normal" rat-
ings, indicating a more consistent and moderate user 
experience.

Some possible explanations for why participants 
might rate AR and DT interfaces differently regarding 
ease of use, might include immersion, familiarity, 
learning curve, cognitive load, and user preferences.

5.4.1 Unpacking the potential benefits of AR and 
being mindful of subtleties

AR provides a more immersive and interactive ex-
perience, which could make perceiving points more 
straightforward and intuitive. One of the most pow-
erful characteristics of AR is its ability to bring digital 
3D objects, such as bathymetric data visualizations, 
into everyday spaces and robustly anchor them to 
physical surfaces using tracking, registration, and 
rendering. This spatial integration means that 3D 
data is no longer confined to a 2D display interface 
but can be seamlessly combined with the real-world 
workspace, particularly the hydrographic desk work-
space. This integration leverages the importance of 
proprioceptive cues, which have been demonstrated 
to enhance geographic learning in the earliest exam-
ples of AR (Singh & Ahmad, 2024).

The significance of AR lies in its ability to combine 
virtual and real 3D spaces, providing perceptual ben-
efits for users. By experiencing digital content within 

a real-world proprioceptive context, users of robust 
AR visualization systems can achieve higher “Easy” 
and “Very Easy” ratings, reflecting their opinions and 
reinforcing the intuitive nature of AR. This integration 
not only enhances productivity and data interpretation 
but also creates more interactive and immersive work 
experiences (Shelton & Hedley, 2002, 2004).

It is also worth commenting on the fact that AR vis-
ualization experiences can take several forms, and 
be achieved using a variety of spatial computing-en-
abled display devices. In this particular case, we 
used simple natural feature tracking via the Sketchfab 
application, which is made accessible by the use of 
a hand-held Android mobile device (smartphone). 
Using such a configuration allows the user to use a 
phone (or, for that matter, a tablet) function as a ‘lens’ 
through which the user may view the real world, ‘aug-
mented’ with virtual content (in this case, the point 
clouds of the GB Church and HMCS MacKenzie). 
An alternative to this approach would be to use an 
AR-enabled head-mounted display. Such as a Meta 
Quest 3 with pass-through MR or pass-through AR. 
While the 3D virtual content (point cloud visualiza-
tion) would stay the same, the user’s experience of it 
would be through the headset attached to their head. 
And, because the headset optically fills the user's 
field of view (typically using a gasket around the ‘gog-
gles’), the user’s only field of view is augmented. This 
contrasts an ‘AR lens’ metaphor using smartphones 
and tablets - where the user can see both AR views 
through the device, at the same time as the unmod-
ified view of the real world all around. The head-
mounted pass-through AR or MR approach may feel 
more elegant and integrated (and hands-free). At 
the same time, the AR lens approach may be more 
cost-effective and deployable by using everyday 
phones and tablets owned by users. The hand-held 
nature of the AR lens mode may also reinforce the 
proprioceptive function of the user experience by 
providing additional skeleto-muscular force-feedback 
that further calibrates the user’s spatial perception of 
visualizations based on vision and vestibular feed-
back. Quantifying the potential impact of different AR 
interface configurations on spatial perception and in-
terpretation of the bathymetric datasets would be an 
interesting project to build upon the current work.

5.4.2 Familiarity with DT Interfaces
Background results showed that participants are 
more accustomed to DT interfaces for standard or 
routine tasks, which could explain their preference 
to rate the tasks as “Normal”. In other words, the 
familiarity and traditional use of DT interfaces might 
make them more comfortable with regular or less 
challenging tasks. On the other hand, background 
results showed that participants are less accustomed 
to AR, which could result in difficulties while handling 
the mobile device, resulting in higher ratings in the 
“Difficult” and “Very Difficult” category. This raises 
an interesting question for future work: Would the 
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performance differ if participants had equal previous 
experience?

5.4.3 Learning curve and adaptability
The AR interface might have a steeper initial learning 
curve but offers superior ease of use once partici-
pants become accustomed to it, leading to higher 
ratings in the “Easy” and “Very Easy” categories. 
Participants also highlighted this issue that needs to 
be overcome to properly implement the interface in 
the routine activities of a hydrographic office.

The more familiar DT interface might have a lower 
learning curve but lacks AR's advanced visualization 
capabilities, making it preferred for everyday tasks 
but less effective for both “Difficult” and “Very Difficult” 
tasks.

5.4.4 Visual and cognitive load
AR interfaces can reduce cognitive load by providing 
a more natural and intuitive visualization, making it 
easier to grasp simple and complex spatial relation-
ships (Keller et al., 2021; Teng et al., 2023). This 
could explain higher ratings for both “Very Easy” and 
“Very Difficult” tasks. For tasks that are not too simple 
or too complex (i.e., everyday tasks), the DT interface 
might be seen as more efficient and straightforward, 
resulting in higher “Normal” ratings.

5.4.5 User preferences and biases
The novelty and innovative appeal of AR might bias 
participants to rate it higher for ease of use in both 
simple and complex scenarios. Conversely, some 
participants might be biased towards traditional DT 
task interfaces due to long-term usage and comfort.

5.4.6 Open-ended questions
The volunteers provided largely coherent answers 
to the open questions. Both responses highlighted 
the practicality and mobility of AR in hydrographic 
data operations and agreed on AR's potential to 
enhance collaborative experiences. However, there 
were conflicting opinions. Some of the reasons for 
these differing views could be varying levels of prior 
experience with AR technology, differences in per-
sonal preferences for visualization methods, and 
the specific contexts in which individuals have used 
hydrographic data. Additionally, discrepancies in the 
perceived ease of use and the effectiveness of AR 
tools for particular tasks might have contributed to 
these differing opinions.

5.4.7 Different experiences and backgrounds and 
exposure to technology

According to the background survey results, although 
the volunteers are part of a selected group that in-
cludes hydrographers and Cartographic Engineers, 
they have, at some level, diverse professional ex-
periences, educational backgrounds, and familiarity 
with 3D visualization technologies (Desktop and AR). 
These factors all influence their perceptions and 

opinions. For example, those with more AR experi-
ence were more aware of its benefits and limitations, 
such as the need for specific environmental condi-
tions or high costs. For instance, in the first answer, 
some volunteers emphasize the ability to view and 
interact with data using AR interfaces in various envi-
ronments. In contrast, some highlighted in the second 
answer the necessity for specific environments, such 
as the need for proper lighting and controlled environ-
ments for effective AR visualization, noting that AR's 
mobility and flexibility come with certain environmental 
constraints.

Likewise, those who have used DT interfaces ex-
tensively may have different insights than those new 
to it. Experienced users might appreciate the prac-
tical benefits more, while novices might focus on the 
challenges and learning curve (Unwin, 2020).

5.4.8 Specific roles and responsibilities and per-
ceived value and impact

As the recruitment process did not restrict the or-
ganization’s rank or function for survey participants, 
volunteers probably included personnel from dif-
ferent ranks (it is impossible to be sure due to the 
anonymized aspect of the survey). Their specific or-
ganizational roles can shape an individual’s opinions 
(Hewes, 2019). For instance, a data analyst might 
focus on AR's technical challenges, while a manager 
might emphasize its strategic benefits for operations.

Likewise, individuals might perceive the value and 
impact of AR differently based on how directly it af-
fects their work. Those who see immediate benefits in 
efficiency and visualization might be more favorable, 
whereas those who encounter obstacles might be 
more critical.

5.4.9 Personal preferences, comfort levels, bias, 
and subjectivity

Individual comfort levels with new technology can 
vary. Some might find AR interfaces intuitive and easy 
to use, while others might struggle with transitioning 
from traditional methods. For example, the second 
text suggests that desktop interfaces offer higher re-
liability and ease of data manipulation than AR. Also, 
personal biases and subjective preferences can 
shape how individuals perceive the advantages and 
disadvantages of AR technology. These biases can 
be based on previous experiences with similar tech-
nologies or general attitudes toward technological 
innovation. For example, the first answer highlighted 
familiar image manipulation and ease of use for 
mobile users. In contrast, the second answer empha-
sized the need for user training and familiarization with 
AR devices.

5.4.10 Users value AR differentially
People may value or prioritize aspects of AR 
technology differently. Some might focus on its 
potential for improving data visualization and collab-
oration, while others might concentrate on technical 
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challenges and usability issues. For example, both 
answers discuss the impact of AR on data visual-
ization and interaction. The first answer mentions 
AR facilitating group visualization and interaction, 
emphasizing AR's advantages in providing spatial 
interaction and contextual information. The second 
answer points out challenges related to screen size, 
resolution, and zoom capacity, which are critical to 
effective visualization.

In summary, while the desktop interface was pre-
ferred for specific spatial tasks due to its perceived 
reliability and ease of use, the AR interface elicited 
mixed reactions, suggesting it might offer significant 
benefits for some users while posing challenges for 
others. This could point to the AR interface's potential 
for high usability in optimal conditions and highlight 
areas where user experience can be inconsistent 
and needs improvement. 

5.4.11 Using experience empirical study of hy-
drographic AR, to inform the design of future 
AR-enabled hydrographic workspaces

Finally, and with an eye to future work also, some 
comments on the nature of the AR workspace. The 
AR ‘workspace’ background for our empirical work 
was a conventional tabletop desk space with a black 
cloth draped over it. This homogenous dark back-
ground was used to make the fine points of the point 
cloud perceivable (Figs. 4 and 5) and so that users 
were focused on the characteristics of the 3D point 
cloud in AR (and to avoid the potential for visual dis-
sonance between real-world background and virtual 
AR overlays). We intentionally started with this basic 
configuration (plain background) since the present 
study was focused on basic task performance and 
specialized user audience reception and feedback 
rather than an investigation of visual dissonance 
(which will be engaged in future work).

Indirectly, the current study helps to raise a number 
of questions and opportunities for the future design 
of AR workspaces. Evolving from the homogenous 
dark workspace backgrounds to intentionally gridded 
workspace backdrops may offer to strengthen the 
proprioceptive function and depth cues and the po-
tential to improve judgments of orientation, position, 
and dimensions of structures in 3D hydrographic 
point clouds. To this end, we have already begun de-
veloping prototypes of these workspaces (Fig. 14).

We believe a map table or workspace designed 
specifically for AR use, equipped with a gridded 
surface, could provide strong perceptual, spatial, 
and proprioceptive cues to support hydrographic 
interpretation. Future work to enhancing these as-
pects of the AR-enhanced hydrographic work-
spaces may aid users in accurately interpreting 
complex data, thereby improving overall perfor-
mance and user satisfaction. This could lead to AR-
enhanced hydrographic map tables in land-based 
facilities and in the command spaces of vessels. 
Future research will pursue this.In summary, the 

desktop (DT) interface was generally preferred for 
its familiarity, ease of use, and reliability in routine 
spatial tasks – particularly those involving horizontal 
positioning, ship feature identification, and dataset 
exploration. Its lower learning curve and consistent 
performance made it effective for everyday hydro-
graphic analysis. However, it lacked the immersive 
and spatially intuitive (proprioceptive) qualities of 
the AR interface. While less familiar to most partic-
ipants, the tabletop AR interface showed potential 
advantages in spatial perception and depth un-
derstanding, especially in tasks requiring complex 
3D interpretation. Participants using AR tended to 
show more consistent performance and slightly 
improved accuracy despite mixed perceptions of 
ease of use. Challenges associated with the AR in-
terface included its novelty, device handling, and a 
steeper learning curve. Still, for tasks involving spa-
tial complexity and immersion, AR appears to offer 
perceptual and proprioceptive benefits that desktop 
displays cannot easily replicate. These findings sug-
gest that each interface brings distinct strengths 
and limitations, and their use may be best optimized 
according to task type, user experience level, and 
operational context.

TABLETOP AR INTERFACES FOR HYDROGRAPHIC DATA USE

Fig. 14 AR workspace prototypes.
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desktop-based methods. By enabling a more nat-
ural and effective interaction with 3D visualizations, 
AR may enhance the analytical capabilities of hydro-
graphic practitioners, leading to more precise and 
informed decision-making in maritime navigation, re-
source management, and environmental monitoring.

Future research should explore the integration of 
AR interfaces with other advanced visualization and 
interaction technologies and the long-term impacts of 
AR adoption on hydrographic practices. Further ex-
ploration of how to prepare everyday spaces to max-
imize the proprioceptive strengths of experiencing 
hydrographic data visualizations via AR, should be 
explored. This might lead to an ability to create stand-
ardized AR hydrographic data viewing bays like "hy-
drographic AR holodecks". Finally, investigating user 
training and the development of standardized guide-
lines for AR interface design could further optimize 
the benefits observed in this study, ensuring broader 
and more effective application across the hydro-
graphic community.

These findings align with emerging research in 
spatial interface technologies, which has shown that 
immersive environments such as AR and VR can 
enhance users’ spatial awareness and interpretation 
of complex 3D data. Studies in geospatial and envi-
ronmental visualization (Çöltekin et al., 2020; Hedley, 
2017) have similarly reported that AR-based systems 
can support a more intuitive understanding of spatial 
structures when compared to flat-screen displays. In 
hydrography and marine science, preliminary work 
has begun to explore mixed reality to improve data 
communication and situational awareness (Jonas, 
2023; Araujo & Hedley, 2023). This study contrib-
utes to that growing body of research by offering 
empirical evidence from a professional context, re-
inforcing the value of AR as a practical and effective 
tool for hydrographic analysis.

6 Conclusion
In conclusion, this study has provided new, valu-
able insights into the comparative effectiveness of 
tabletop AR interfaces and conventional desktop 
computer monitors for hydrographic practitioners' 
perception and interpretation of 3D bathymetric vis-
ualizations. Through a comprehensive two-phased 
experiment, we assessed participants' performance 
across both interface types as they engaged in a 
series of perceptual and interpretive tasks using iden-
tical bathymetric datasets.

The findings indicate that while both interfaces 
support the visualization of 3D bathymetric data, the 
AR interface may offer advantages in terms of spa-
tial perception and depth understanding. Participants 
using the AR interface demonstrated slightly im-
proved accuracy and more uniform completion times, 
particularly in tasks requiring detailed spatial structure 
analysis and depth perception. This suggests that 
the ability of AR to combine 3D digital data visuali-
zations with everyday spaces offers proprioceptively 
powerful user experiences that may enhance hy-
drographic data use and interpretation nature of AR, 
coupled with its ability of AR to provide an intuitive 
and engaging visualization environment, this may en-
hance the user's ability to comprehend complex 3D 
spatial relationships.

Despite its widespread use and familiarity among 
practitioners, the desktop monitor was not more ef-
fective in facilitating an in-depth understanding of 3D 
bathymetric structures than an AR interface. Despite 
the limitations of the restricted field of view inherent to 
small mobile devices, the AR displays allowed par-
ticipants to perform satisfactorily, highlighting the in-
terface's ability to overcome the challenges faced in 
accurately interpreting 3D data.

These results underscore the potential of tab-
letop AR interfaces as a tool for hydrographic anal-
ysis, offering a promising alternative to traditional 
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