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Abstract

Advances in 3D surveying and data processing, are encouraging the hydrographic com-
munity to consider the limitations of existing visualization methods, and the opportunities of
emerging interface technologies to view bathymetric data. This paper aims to identify and
document trends in the technologies and interfaces used for hydrographic visualization. First,
it aims to summarize the platforms and methods currently used to visualize bathymetric data
in the context of nautical cartographic production. Second, based on reported outcomes in
the selected literatures, themes in the potential utility and implications of emerging tools and
interfaces to improve bathymetric data visualization, are discussed.
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Les progres de I'arpentage 3D et du traitement des données encouragent la communauté hydrographique
a considérer les limites des méthodes de visualisation existantes et les opportunités des technologies d'in-
terface émergentes pour visualiser les données bathymétriques. Cet article vise a identifier et documenter
les tendances dans les technologies et les interfaces utilisées pour la visualisation hydrographique. Dans
un premier temps, il vise a synthétiser les plateformes et méthodes actuellement utilisées pour visualiser
les données bathymétriques dans le cadre de la production cartographique nautique. Deuxiemement, sur
la base des résultats rapportés dans les littératures sélectionnées, les themes de ['utilité potentielle et les
implications des outils et interfaces émergents pour améliorer la visualisation des données bathymétriques

sont discutés.

Resumen

Los avances en levantamientos 3D y procesamiento de datos estan alentando a la comunidad hidrografica
a considerar las limitaciones de los métodos de visualizacion existentes y las oportunidades de las tec-
nologias de interfaz emergentes para ver datos batimétricos. Este documento tiene como objetivo identific-
ar y documentar las tendencias en las tecnologias e interfaces utilizadas para la visualizacion hidrografica.
En primer lugar, pretende resumir las plataformas y métodos utilizados actualmente para visualizar datos
batimétricos en el contexto de la produccién cartografica nautica. En segundo lugar, en funcién de los
resultados informados en las publicaciones seleccionadas, se analizan los temas de la utilidad potencial
y las implicaciones de las herramientas e interfaces emergentes para mejorar la visualizacion de datos

batimétricos.
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1 Introduction

Among the vast number of sciences related to the
study of oceans, rivers, and lakes, hydrography is
defined by the International Hydrographic Organi-
zation (IHO) as the branch of applied sciences that
deals with the measurement and description of the
features of the seas and coastal areas for the primary
purpose of navigation and all other marine purposes
and activities. It includes (but is not limited to), off-
shore activities, research, protection of the environ-
ment, and prediction services (IHO, 2005). In other
words, hydrography has been historically responsible
for gathering the data required for reproducing sub-
marine relief, making its visualization possible.

Hydrographic activities, science, and data prod-
ucts revolve around improving the representation of
the underwater landscape in order to allow better
characterization, analysis, and interpretation. Deep-
ly intertwined with this are exploratory, confirmatory
and communicative visualization actions. Elucidating
the nature of bathymetric environments is the prima-
ry reason for these data's existence and drives their
production and quality control phases. Since such
data visualization is intrinsic and fundamental for hy-
drographic practice (analytical visualization, interpre-
tation, collaborative decision-making, communica-
tion, and dissemination), it is essential to review how
the workflows that result in hydrographic data visu-
alizations differ and how these differences may pro-
duce similar or distinct representations or operational
outcomes.

Data visualization is essential to determine veracity
and quality during all phases of bathymetric data gen-
eration - from acquisition to the end of its processing.
The visualization of bathymetric data can occur at any
stage of its lifespan, whether in the raw data acquisi-
tion phase, the data processing phase, or when da-
ta are already validated and archived in a database.
Viewing the bathymetric data allow flexibility in the
forms and interfaces used.

1.1 Review considerations and strategies

This study reflects upon the technologies and inter-
faces used to visualize bathymetric data during hy-
drographic surveys and stored in existing repositories
at national hydrographic offices. It takes into account
the different types of equipment, software, and tech-
nologies used for the acquisition, processing, and
storage of bathymetric data, assuming the period af-
ter the release of the fifth edition of IHO S-44 Stand-
ards for Hydrographic Surveys (HO, 2022), which
took place in 2008.

The search for articles used as a reference for this
review was carried out using a group of keywords,
complemented by articles published by journals fo-
cused on all aspects of hydrography and associated
subjects, such as The International Hydrographic Re-
view (IHR) and Hydro International. Studies written in
English and Portuguese were considered.
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The following terms and keywords were used
separately and in combination to search for articles
relevant to this review: 2D visualization, 3D visualiza-
tion, augmented reality, bathymetric data, bathymetry
measurements, cartography, data acquisition, data
processing, geovisualization, interfaces, hydrography,
marine environment, mixed reality, nautical cartogra-
phy, pseudo 3D, true 3D, virtual reality.

1.2 Organization of review

This article divided the bathymetric data’s visualiza-
tion forms into three groups according to the bathy-
metric survey phase. In this way, the first group will
have the methods of visualizing the data during its
acquisition; the next group will show the forms of
visualization during the data processing and analy-
sis phase; finally, the ways of visualizing the already
processed and stored data in databases, usually
applicable on survey design, charting and reporting
data. In the sequence, alternative (immersive) bathy-
metric data visualization methods are presented, ex-
ploring those not yet fully incorporated into the most
popular methods.

2 Trends in the technologies and
interfaces used for bathymetric data
visualization

The protocols and standards established by the
IHO, under the requirement set out in the Interna-
tional Convention for the Safety of Life at Sea (SO-
LAS) and other international regulations, have been
decisive in guiding the directions taken by the inter-
national hydrography community. Created in 1921
and headqguartered in Monaco, the IHO, the former
International Hydrographic Bureau, has reached
its 100 anniversary with nearly 100 member states
represented by their respective hydrographic offic-
es (HO) (HO, 2022). Since its creation, the IHO has
provided a forum for Member States and International
Organizations to connect, address relevant issues,
and develop collaborative programs. Today, the IHO
takes a leadership role in the hydrographic commu-
nity in the Ocean Decade, supporting and facilitating
the improvement of ocean knowledge delivery, both
qualitatively and quantitatively (Jonas, 2021). In this
way, the collaboration of members of the hydrograph-
ic community, facilitated by the action of the IHO, re-
sults in how hydrographic surveys have been carried
out. The IHO, as an intergovernmental organization,
assists in implementing the enhancement and ex-
pansion of hydrography infrastructure through tech-
nical standardization, directly or indirectly influencing
trends in the technologies and interfaces used for
bathymetric data visualization.

2.1 Trends and current practice in data visualization
during acquisition

The visualization of bathymetric data during its acqui-
sition may or may not be performed depending on
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the platform's characteristics and acquisition meth-
od used. In some cases, the availability of physical
space and whether the platform works autonomously
can limit or even prevent data visualization during ac-
quisition.

In contemporary practice, multiple approaches
have been taken to acquiring bathymetric data using
different platforms, equipment, and methods. Acqui-
sition methods have been diversifying since 1970,
but over the last two decades, significant growth in
ocean mapping was noticed, encompassing differ-
ent platforms, equipment, and acquisition principles
(acoustic, optical, and radar) (Smith Menandro & Car-
doso Bastos, 2020; Ferreira et al., 2022). Underwater
acoustic data acquisition, the primary and most used
method to date (Kenny et al., 2003; Smith Menan-
dro & Cardoso Bastos, 2020), has been supple-
mented with other significant sources of bathymetric
data, such as Light Detection and Ranging (LIDAR)
and satellite-derived bathymetry (SDB; Churnside,
2013; Ponce, 2019), Arborne Derived Bathymetry
(ADB) and Synthetic Aperture Radar (SAR; Wiehle et
al.,, 2019). LIDAR and SDB have been mainly used
in shallow clear waters, generally in coastal environ-
ments, where it could be difficult and dangerous to
gather bathymetric data using ship-based systems
(Wolfl et al., 2019). Coverage, spatial and temporal
resolution, and data type vary among a diverse range
of bathymetry acquisition systems (Kearns et al.,
2010). In all cases, the chosen sensor must be as-
sociated with a positioning source to ensure the data
is spatially referenced for integration with other data
sources and prepared for use in a Geographic Infor-
mation System (GIS; Holland et al., 2016).

While dedicated to the safety of navigation, nautical
charts are compiled from data originating from mufti-
ple sources and different systems and sensors using
a range of procedures (Molchan, 2017), especially
in shallow or remote areas (Mavraeidopoulos et al.,
2017). The subitems below present the current prac-
tices for acquiring bathymetric data, divided by the
operating principle of each sensor (acoustic sensors,
air and spaceborne remote sensing), as well as how
these data are visualized while they are acquired.

2.1.1 Trends and current practice in data visuali-
zation during acquisition of bathymetric data using
acoustic sensors

The technological advances in remote sensing us-
ing electromagnetic radiation and artificial satellites
have improved and direct land surface mapping,
providing high-definition surveys on Earth and other
astronomical objects (Smith & Sandwell, 1997; Bol-
ton et al., 2020). However, the incredible power of
water absorption and attenuation of electromagnetic
radiation makes it impossible to use these technol-
ogies to survey the seabed in deep areas and under
turbid water (Allouis et al., 2007; Leder et al., 2020).
In other words, mapping almost three-quarters of the
Earth's surface area, covered by oceans, lakes, and

E P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW

rivers, must rely on equipment and sensors based on
acoustic energy such as sonar.

The primitive techniques used by mariners to
measure depth were replaced by single-beam echo
sounding in the 1920s, which constituted a nota-
ble improvement in efficiency and accuracy and in-
creased data visualization, processing, and analysis
complexity. The single-beam echosounder, a type
of sonar (short for SOund NAvigation and Ranging)
used as research equipment, employs the physical
properties of the acoustic pulse in the aquatic envi-
ronment to measure depth values. In 1960, the ad-
vent of the narrow beam echosounder and the princi-
ple of multibeam swath bathymetry further expanded
underwater mapping efficiency (Vilming, 1998). Un-
like single-beam sonar, which uses just one trans-
ducer to map the seafloor, a multibeam sonar sends
out multiple sonar beams simultaneously in a fan-
shaped pattern that covers the space directly under
the ship and out to each side. The Multibeam Echo-
sounder (MBES) has become the sonar technology
most used by hydrographic offices to carry out their
surveys (Brown et al., 2019; Smith Menandro and
Cardoso Bastos, 2020), followed by the Single Beam
Echosounder (SBES) and the Sidescan Sonar (SSS;
Ferreira et al., 2022).

Ships, ranging from small boats to great research
vessels, with or without crew, are still the most com-
mon platform for adequately applying acoustic re-
mote sensing systems and performing large-scale
seafloor mapping (Connon, 2021; Ferreira et al.,
2022). Since, In recent years, there has been im-
mense enthusiasm for using autonomy and robotics
in the hydrographic survey industry, organizations'
preferred solution for improving ocean mapping and
increasing survey capacity has been achieving force
multiplication by combining crewed and uncrewed
vessels (Fig. 1; Holland et al.,, 2016; Van Wegen,
2022).

Depending on their size, research vessels usual-
ly have sufficient space to install a data acquisition
system and an office or cabinet to accommodate the
system operator (Fig. 2). From these control rooms,
operators can monitor the data acquisition systems
in real time by previewing the data on the console
screens. Under these conditions, the data is in a
generation phase before the raw data and can be
presented in different graphic forms, depending on
the resources available in the acquisition software. A
common practice is to place the system in acoustic
pulse emission mode but not turn on data recording
when the intention is to only visualize a surface, for
example, during a survey planning phase.

It is also ubiquitous for large ships transporting
smaller research platforms, such as hydrographic
poats, Unmanned Underwater Vehicle (UUV), that
are divided into two kinds; Autonomous Underwater
\ehicles (AUV) and Remotely Operated Underwater
Vehicle (ROUV or just ROV, He et al., 2020), and Au-
tonomous Surface Vehicles (ASV).
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The smaller the vessel, the smaller the space avail-
able for the operator, who usually also serves as the
boat operator during the survey. For example, in the
case of watercraft and inflatable boats, the reduced
space and lack of shelter from the external environ-
ment reduce the number of resources available for
monitoring and controling the acquisition system.
Suppose the system operator also drives the ves-
sel; the operator’s attention is divided into three non-
equal parts (Fig. 3). The first and bigger one is orient-
ed to navigation, which concerns the safe conduction
of the boat through the research lines (Temes et al.,
2008). Secondly, monitoring the system, check-
ing if the system is working correctly and if any alert
message or error generated automatically. Lastly, a
small part of the operator's attention is on the sys-
tem's control. In short, the possible ways of viewing
bathymetric data on small vessels are the same as
those performed on larger vessels. The difference is
the space and operators available to interact with the
acquisition systems.

ROVs, also seen as underwater tethered robots
controlled from the surface, emerged as platforms to
support industrial activities in the underwater environ-
ment (Macreadie et al., 2018). ROVs can serve many
uses (Wu, 2017), whether hull inspection (Waszak et
al., 2022) or sampling from the sea floor (Mazzeo et
al., 2022), usually performing the work of human di-
vers in cases where diver safety is not guaranteed.
As a research platform, it allows the installation of
various sensors and equipment, like echo sounders’
transducers, video cameras, and others, depending
on their size and structure (Huvenne et al., 2018;
Macreadie et al., 2018). However, ROVs rely on one
or more qualified human operators and the support
of a launch and control platform (Fig. 4; Wu, 2017;
Huvenne et al., 2018).

The main difference in an acquisition made using
the ship is that the transducers are installed on the
ROV, not the ship's hull. Moreover, the transceiver
and the acquisition system's monitoring and control
console remain on board the vessel. In this sense,
the visualization of bathymetric data during the acqui-
sition phase using ROV is not far from what is done
using a research ship since both the sensors and the
acquisition systems are the same.

In line with the new development trend of automat-
ing the acquisition, transmission, and processing of
bathymetric data and reducing costs and time spent
to carry out hydrographic surveys, autonomous sys-
tems, mainly the ASV and AUV, currently, stand out
(Wolfl et al., 2019). After being pre-programmed with
mission parameters, both autonomous systems (AUV
and ASV) can collect data without needing a human
controller (Huvenne et al., 2018). With the develop-
ment of increasingly efficient batteries (Reader et al.,
2002) and the availability of a range of sensors, these
vehicles can cover large areas, navigate safely, and
even avoid obstacles (Wynn et al., 2014). Howev-
er, despite all the automaticity of autonomous vehi-
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Fig. 1 Hydroceanographic Research Vessel “Vital de Oliveira” can conduct hydro-
graphic surveys with its two hydrographic research boats and an ROV (Brazilian Navy).

Fig. 2 Data acquisition control room (Brazilian Navy).

Fig. 3 Interior of the hydrographic small boat carrying out multibeam surveying (Insti-

tudo Hidrografico).
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Fig. 4 ROV control room (Brazilian Navy).
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cles, they still depend on support platforms for their
launch and recovery, especially in places far from the
coast (Wynn et al., 2014, Ferreira et al., 2022). Au-
tonomous systems are generally similar to ROVs in
terms of visualization of bathymetric data acquisition.
Although the echo sounder is installed in vehicles, a
human controller can monitor the system if there is
communication with the vehicle (Giodini et al., 2016).
However, due to limited communications capabilities,
some autonomous operations require their vehicle to
be recovered before accessing data stored internally
(Fig. 5; Holland et al., 2016).

Usually, manufacturers offer packages that include
software for data acquisition and processing in addi-
tion to equipment and sensors. However, it is possi-
ble to use software developed by other manufactur-
ers. Some companies like HYPACK have developed
software for the hydrographic and dredging industries
for decades. Their software is one of the world's most
widely used hydrographic software. Along HYPACK
(acquired by Xylem Inc. in 2015), major hydrograph-
ic acquisition software market players include Stema
Systems, Teledyne Marine, Chesapeake Technology,
QPS, Ifremer, Eyed4Software, and EIVA (Value Market
Research, 2021).

In the context of work conducted in the hydro-
graphic offices, where the surveys carried out in their
areas of jurisdiction are processed, a considerable
volume of projects need to be verified and potentially
used for the preparation or updating of nautical doc-
uments, the use of software reliable and established
in the market becomes essential. Thus, hydrographic
offices use the software developed by leading com-
panies to respond to the great demand for work.

2.1.2 Trends and current practice in data visualiza-
tion during acquisition of bathymetric data using air
and spaceborne remote sensing

Despite the high attenuation of electromagnetic
waves in water, the remote sensing method of apply-
ing multispectral bands can be employed in bathym-
etric mapping, depending on the water's clarity (Rob-
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Fig. 5 ROV Launch and Recovery System with winch and A-Frame. (Brazilian Navy).

erts, 1999). Air and space-borne remote sensing are
especially effective in coastal environments where
collecting bathymetric data with ship-based systems
in shallow water is substantially more time-consum-
ing and hazardous than collecting deep-water data.
Moreover, exploiting satellite imagery has proven
to be an alternative technique for quickly collecting
bathymetric data, offering significant advantages
to planning and executing hydrographic activities
(Panayotov, 2018).

In this context, depths can be measured using two
system types: passive type, which measures only the
natural energy naturally available on the submerged
pottom (spectral response bathymetry), and active
type, which uses lasers to measure the distance
to the seabed. Remote sensing of bathymetry also
falls into non-imaging and imaging methods, where
imaging methods base the water depth estimation
on an image's pixel values. In contrast, non-imaging
detects the distance between the sensor and the
water surface/sea floor using single or double waves
(Gao, 2009). For example, light detection and rang-
ing (LIDAR) and Radar Altimetry sensors are classified
as active type and non-imaging methods of remote
sensing of bathymetry. While synthetic aperture radar
(SAR) uses an imaging method despite being an ac-
tive type that transmits microwave signals and then
receives the signals that are returmed, or backscat-
tered, from the Earth’'s surface. Lastly, Satellite De-
rived Bathymetry (SDB) is a technique based on the
empirical, semi-analytical, or analytical modeling of
light transmission through the atmosphere and the
water column. The imagery data processing consists
of atmospheric correction, air-water interface cor-
rections, and the implementation of inverse optical
models (Mavraeidopoulos, Pallikaris and Oikonomou,
2017). SDB sensor is of passive type and uses an
imaging method (Hartman et al., 2017).

There is great flexibility in platforms on which re-
mote sensing equipment can be installed, including
planes, helicopters, drones, satellites, and even small
poats or ships. For example, Unpiloted Aerial Vehi-
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cles (UAV) have provided a cost-effective alternative
for remote, small, and localized Airbome Lidar Ba-
thymetry (ALB) surveys, leading lidar manufacturers
to develop lighter, more compact sensors suitable for
this market (Quadros & Keysers, 2018). Depending
on the platform used for a hydrographic survey, there
may be an operator controlling the acquisition system
from within the platform itself, such as an airplane,
there may be an operator controlling the survey plat-
form from a remote location, such as a drone, or
even the absence of a controller, as is the case with
satellites and autonomous platforms (Fig. 6).

The acquisition of bathymetric data, using equip-
ment on board crewed aircraft or unmanned plat-
forms, in general, has the same concems: to per-
form the flight safely and travel the planned route to
cover the entire desired area. In this way, similar to
acquiring bathymetric data on offshore platforms, the
visualization of the data being acquired is not intend-
ed to analyze the features presented but its integrity.
Bearing in mind that reliable analyses are always per-
formed on processed data, not raw data, the acqui-
sition phase mainly seeks to ensure that the data is
complete and readable.

2.2 Trends and current practice in bathymetric data
visualization during processing

Regardless of the equipment or platform used
to acquire bathymetric data, these raw data need
to go through some general processing stages
(Wlodarczyk-Sielicka and Blaszczak-Bak, 2020),
which usually include corrections, such as noise re-
moval, filtration process (Zhang et al., 2016), appli-
cations of other complementary data for calibration,
data reduction (Wlodarczyk-Sielicka et al., 2019),
generation of digital terrain model (DTM), so that
analysis and reliable information could be extracted.
MBES, for example, despite being a highly devel-
oped sensor, even with careful and engaged data
acquisition that follows all rules and recommended
guidelines, its collected data may contain undesired
errors due to various external factors (Le Deunf et al.,
2020; Wlodarczyk-Sielicka & Blaszczak-Bak, 2020;
Silieg et al., 2022). The same also applies to airborne
bathymetric LIDAR (ABL). The objective of airborne
laser echo signal processing is to estimate the dis-
tance between the receiving system and the target
once the received echo waveform usually contains
multiple noises or “false signals” caused by environ-
mental interference and the system’s circuit (Guo et
al., 2022).

If the forms and equipment used to acquire bathy-
metric data are very diverse, the same cannot be said
about the range of methods and techniques used to
process them. Usually, each equipment manufactur-
er implements and offers patented software for pro-
cessing data acquired by their equipment (Pamum &
Gavrilov, 2011; Guo et al., 2022)., but multiple com-
panies develop software aimed at processing various
formats of bathymetric data, such as HIPS and SIPS
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Fig. 6 Aircraft performing LIDAR survey (de Jongh et al., 2023).

from Teledyne Geospatial (Teledyne, 2023), HYPACK
MAX from HYPACK Xylem (Xylem, 2023), LIDAR Sur-
vey Studio from Leica (Leica, 2023), NaviSuite from
EVA (EIVA, 2023), among others. It is observed that
any hydrographic processing software shares simi-
lar core processing operations (Boers, 2016), which
some software offers some complementary resourc-
es, such as geodetic support functionalities, types of
data visualization (fly-throughs support, area-based
3D view and editing, 4D support), but also some po-
tential limitations, such as types of data format the
software can import and export, minimum software’s
system requirements (Langhorst, 2022). Besides,
some bathymetric data processing software offers
automated processing features (Wolfl et al., 2019),
which are even recommended by the IHO S-44
standard (HO, 2022), such as the CUBE (Calder &
Mayer, 2003; Makar, 2017), the algorithm that most
of the commercially available automatic cleaning
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Fig. 7 Paper Nautical Chart,
produced on demand (de

Almeida, 2023).

methods rely on (Ferreira et al., 2019; Le Deunf et
al., 2020). Smaller firms and research groups have
explored low-cost solutions outside the proprietary
commercial software processing programs, such as
open-source software (Zhang et al., 2016; Bobich,
2020). These trends in bathymetric data process-
ing are likely driven by the fact that the hydrographic
community meets the international norms established
by the IHO, which dictates the standards of how
a hydrographic survey should be done as a whole
(Wlodarczyk-Sielicka & Blaszczak-Bak, 2020), lead-
ing the market to develop products that adhere to
these requirements.

To illustrate how bathymetric data processing from
hydrographic surveys has been done using data
processing software available on the market, raw
bathymetric data acquired by an MBES system can
pe taken as an example. In general, data about the
platform and the equipment used in data acquisition
are entered into the software, informing its character-
istics, such as dimensions, positioning, and manu-
facturer data. The raw data are also inserted into the
software; it is necessary to convert the file format de-
pending on the software. Other complementary and
essential data for correcting the raw data are loaded
into the software, such as sound speed profiles, nav-
igation data, and attitude of the acquisition platform
and tide heights. The software combines all entered
data, and the degree of uncertainty of these values
is calculated. The spurious data is cleaned, which
can be done manually or using an algorithm, such as
CUBE. Finally, quality control is performed. The whole
process can be performed using a laptop computer
or even a desktop and its peripherals.

In the hydrographic offices' context, verifying the
detection and cleaning of erroneous soundings while
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processing bathymetric data is crucial since the fi-
nal objective is to update bathymetric information
on nautical charts, guaranteeing the safety of nav-
igation (Le Deunf et al., 2020). In addition, another
critical factor is the speed with which new nautical
document updates are made available (Pe’eri & Dy-
er, 2018). This situation becomes more explicit when
one observes that the number of sensors available
to conduct surveys, the increased use of autono-
mous platforms, and the volume of data generated
are all factors that have pushed ocean mapping into
the Big Data age (Holland et al., 2016). Faced with
an increasing volume of bathymetric data coming
from different sources of data acquisition, including
non-traditional sources (Pavic et al., 2020), the na-
tional hydrographic offices have encountered a sit-
uation in which they need to optimize the verification
and compilation of the data received, either by re-
search carried out by the institution itself or by that
pelong, or by third parties, in order to quickly feed the
databases with new entries, which may help update
nautical documents (Ponce, 2019). Multiple efforts
are underway to accelerate the processing, analyz-
ing, and leveraging available raw data to generate
data product updates (Wolfl et al., 2019). The search
for a procedure that achieves maximum productivity
with minimum wasted effort invariably involves using
data processing software available on the market,
developed precisely for this purpose. That said, in
a production line context, viewing bathymetric data
during its processing often takes advantage of what-
ever visualization capabilities are available in the data
processing software, leaving little room for alternative
methods not integrated with the software adopted by
established standard production procedures.
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2.3 Trends and current practice for viewing
post-processed data in National Hydrographic Of-
fices’ databases

Hydrographic surveys can be carried out both by
private companies and by government agencies in
order to obtain valuable bathymetric data for applica-
tion in several areas of knowledge, such as geology,
oceanography, archaeology (Janowski et al., 2021),
environment and a growing variety of uses fundamen-
tal to understanding the planet's phenomena, as well
as for the development and structuring of coastal and
port areas. Lastly bathymetric data are also critical
for establishing the limits of the extended continental
shelf under the United Nations Convention on Law
of the Sea (Alberoni et al., 2020; Suéarez-de Vivero,
2018). Although using bathymetric data for naviga-
tion purposes is exclusive to national hydrographic
offices, their use for other activities, such as scien-
tific research, is usually authorized. Several national
offices, such as the Brazilian Directorate of Hydrogra-
phy and Navigation (DHN) and the Canadian Hydro-
graphic Service (CHS), provide some of their stored
pathymetric data. In a global context, some organ-
izations, such as The Nippon Foundation, promote
the international sharing of bathymetric data, such as
the GEBCO Seabed 2030 Project, in the sense of
the general development of the ability to explore and
critically understand ocean and seafloor processes
(Mayer et al., 2018).

For the specific case of using bathymetric data for
the construction or updating of nautical documents,
such as nautical charts, hydrographic surveys are
generally submitted to the appreciation of the national
hydrographic offices, which have their policies for the
verification and use of the data received (Fig. 2). In any
case, all data received, regardless of being effectively
used for editing a nautical document, are archived as
long as they are valid. In this way, it is common for na-
tional hydrographic offices to become large reposito-
ries of bathymetric data, compiling datasets in a variety
of formats and from multiple new and historical sourc-
es from surveys carried out in their jurisdictional waters
in robust databases (Maia et al., 2017).

It has been a common practice among hydrograph-
ic offices to store processed bathymetric data in da-
tabases, usually managed by software developed
for this purpose (Schwarzberg, 2019). The format of
the files stored in the databases may vary from office
to office, depending on the local data management
policy and the system used. However, converting the
files to the default XYZ file format is usually possible,
ensuring smooth integration with all domain-specific
software. In this condition, the data integrate a library,
which gathers all valid and available data to be used
for the production of marine products, such as nauti-
cal charts for example, as well as to be used as refer-
ence sources for hydrographic research or even from
other areas of study.

The data visualization in the database can vary
considerably, depending on the reasons for using it.

https://doi.org/10.58440/ihr-29-2-a29

BATHYMETRIC DATA VISUALIZATION

Large geographic areas containing data from several
hydrographic surveys can be visualized for research
or work planning requiring these dimensions. On the
other hand, small areas within a single survey can al-
S0 be visualized in the case of a specific study or ver-
ffication. For example, as part of assessing a possible
anchoring area, someone could verify the presence
of any unnatural feature, like parts of sunk ships,
planes, or helicopters, that would make the area un-
suitable for anchoring.

During the nautical cartographic production pro-
cess, after a new bathymetric surface is added to the
database, a check is made if it fills a previously emp-
ty area, overlaps with old surfaces, originated from
old surveys already stored, or both situations at the
same time (Le Deunf et al., 2023). This verification
is essentially done visually by displaying the surfaces
of a given location on a display device, usually a flat
computer screen. In cases where new and old ba-
thymetric surfaces overlap, a comparison is made in
order to verify whether the new data present better
resolution and a significant amount of alterations that
justify an update of the nautical document associated
with the geographic area (Kastrisios et al., 2023; Le
Deunf et al., 2023).

Finally, hydrographic offices have adapted to the
actual wave of digitization of hydrographic informa-
tion, also known as “hydrospatial” (Ponce, 2019),
using the IHO S-100 data model (Alexander et al.,
2007; Ward et al., 2008; Schwarzberg, 2019), which
will result in a considerable expansion of digital data
services. The model explores the technique of visual
two-dimensional overlaying of constantly new layers
of information (Jonas, 2023).

2.4 The increasing significance of 3D data and its
visualization, and the emergence of interface tech-
nologies that may support transformative informa-
tion experiences

3D visualization technologies have increased in use
and significance and have been considered a prom-
ising tool for various applications in many applied
fields (Jurik et al., 2020), including geovisualization
(Bleisch, 2012), geomorphology (Wang et al., 2020),
crisis management (Lonergan et al., 2015; Rydvans-
kiy & Hedley, 2021), indoor navigation (Lochhead &
Hedley, 2019), underwater mining operations (Bleier
et al.,, 2019), visibility analysis (Lonergan & Hedley,
2016), and others.

As mentioned before, in hydrography, modern data
processing software has offered features that allow
the geovisualization of a set of bathymetric data from
different perspectives, contributing to the perception
and understanding of spatial information. Among the
perspectives offered, the option of creating, visual-
izing, and manipulating digital images of 3D objects
and scenes is considered of great potential for ex-
ploratory and data analysis 3D geovisualizations pur-
poses (MacEachren & Kraak, 2001, Bleisch, 2012),
where expert users (hydrographers) focus on rec-

®

~

IHO

IHR VOL. 29 - N° 2 — NOVEMBER 2023

157



BATHYMETRIC DATA VISUALIZATION

Fig. 8 (a) 2D map display in zero-parallax plane; (b) 3D tilted map using pseudo 3D perspective; (c) 3D tilted map using strong perspective

and stereoscopic viewing (Seipel, 2013).

ognizing important features or patterns in a data set,
taking advantage of highly interactive features. Inter-
action and navigation in 2D and 3D displays have be-
come essential to 3D geovisualization as they aim to
gain insight, allowing the user to overcome occlusion
or examine the dataset from different angles, where
the 3D impression is received through rotation of the
model on a computer screen (LUtiens et al., 2019).

In the context of spatial knowledge acquisition
and cognitive perspective, previous studies (Hedley
et al., 2002; Shelton & Hedley, 2004) discussed the
benefits of using specific mechanisms offered by
immersive environments, such as Virtual Reality and
Augmented Reality, since these environments exploit
3D visualization technology. Moreover, in the field of
cognitive psychology, there are many studies on the
perceptual and cognitive processes in augmented
reality, exploring the differences between the binoc-
ular and monocular presentation of stimuli (Dempo et
al., 2022). Besides, different forms of 3D visualization
may stimulate distinct types of human behavior and
cognitive responses; for example, they can affect
human sensorimotor and interaction approaches,
cognitive processing, and, eventually, human perfor-
mance (Jurik et al., 2020).

2.4.1 Pseudo-3D (monoscopic) versus true-3D
(stereoscopic) visualization

The abbreviation ‘3D’ is usually used generical-
ly and can refer to different meanings. The types of
3D visualizations depend on the principles on which
they are built and the technologies used to display
them, the two main types being 3D visualizations
are pseudo-3D (also known as 2.5D or weak 3D)
and the less common real 3D (also known as strong
3D) visualizations (Kjellin et al., 2010; Buchroithner,
2012). Real 3D visualizations employ monocular
and binocular depth cues (especially binocular dis-
parity cues) to achieve a stereoscopic vision (Jurik
et al.,, 2020). Pseudo-3D depictions are visualized
perspective-monoscopically on a two-dimensional
display surface or planar media, such as on a moni-
tor screen, and are not autostereoscopic. It requires
projection of the 3D geometry, which usually means
perspective distortion (Seipel, 2013). Fig. 8 illustrates
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the conceptual design of 2D, pseudo-3D and true-
3D visualization conditions.

2.4.2 Evolving display types offer the opportunity to
shift away from traditional 2D displays and explore
alternative ways to interact with bathymetric data
As technology and equipment that provide immersion
pbecome more accessible, more study projects are
beginning to explore applications of some degree of
extended reality in bathymetric data acquisition and
processing and nautical product upgrades (Jonas,
2023). The term ‘extended reality’ (or XR) has been
adopted as an umbrella term for virtual, augmented,
and mixed reality (VR, AR, MR) immersive technol-
ogies, which refers to technologies and conceptual
propositions of spatial interfaces studied by engineer-
ing, computer science, and human-computer-inter-
action (HCI) researchers. The delineation between
these terms remains fuzzy as XR expresses a spec-
trum of VR, AR, and MR (Coltekin et al., 2020). One
example is the evaluation of editing 3D point clouds
using Immersive VR to speed up multibeam sonar
data cleaning of spurious values during bathymetric
data processing (Stevens & Butkiewicz, 2019). VR
has also been used to display 3D nautical charts for
navigation track control during hydrographic data ac-
quisition, aiming to increase the spatial and situational
awareness of the helmsman and allow intuitive and
quicker decision-making in running desired tracks for
hydrographic surveys (Ternes et al., 2008). One of
the first examples of Augmented reality (AR) applied
to hydrographic data use involved a first-generation
Hololens mixed reality device on the bridge of a ves-
sel — with basic observations of whether it simplified
or expedited the regular updating process of nautical
paper charts with new information, and to view chart
update locations and their respective locations on the
paper chart (Kokoszka et al., 2018). While this initial
work is helpful, considerable additional work — using
formal assessment of spatial perception and task
analysis — is needed to empirically determine emerg-
ing interface technologies' capabilities to support and
enrich hydrographic data use.

However, in research carried out in national hydro-
graphic offices, the usual software for processing and
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manipulating bathymetric data uses traditional 2D
planar media, including computer monitors and pres-
entation room projector screens. In fact, despite the
hydrographic community having successfully migrat-
ed from an analog to an electronic model, the infor-
mation continues to be presented in two-dimensional
(Jonas, 2023). That said, this scenario tends to re-
main unchanged since the hydrographic community
is currently interested in technological development
revolve around robotics, autonomous and uncrewed
systems, machine learning, and artificial intelligence,
all topics that will not render hydrographic surveyors
obsolete but considerably reduce their direct activi-
ties (Van Wegen, 2022).

Despite the observation that immersive visualization
is currently not present at all or used only to a mini-
mal degree in bathymetric data research and analysis
indicate that the application of AR and VR in hydro-
graphic offices workflow may offer significant benefits,
including a faster and more accurate understanding
of the portrayed situations when compared to their
2D counterparts. After all, immersive environments
like VR and AR offer some fundamental parameters
for true 3D visualization (Hedley & Lochhead, 2020;
Lochhead & Hedley, 2021). For example, the degree
of freedom, degree of perception, and degree of im-
mersion are highly correlated with the spontaneity of
perception regarding the third dimension. (Knust &
Buchroithner, 2014). And since the visual perception
of normal-sighted persons is stereoscopic, it makes
sense to use modem technologies to render geovis-
ualisations for truly three-dimensional viewing (Knust
& Buchroithner, 2014). Furthermore, geospatial prob-
lems and questions are often 3D, yet data is tradition-
ally illustrated on 2D surfaces, like maps or computer
monitors, posing cognitive challenges for users (LUt-
jens et al.,, 2019). Since hydrographic data survey
technologies inherently generate 3D data (Bleisch,
2012), tools that provide 3D data processing and de-
liver truly 3D-dimensional data visualization experienc-
es to support interpretation should be considered.

The relative value of true 3D visualizations com-
pared to 2D visualizations has been investigated
independently by several authors studying spatial
interpretation tasks. However, more and sustained
empirical evaluation of the potential of these interface
systems to support bathymetric data perception and
task performance is needed.

3 Conclusion

Throughout this article, we observed that, despite
their specificities, the world's hydrographic services
and offices have many characteristics in common.
National hydrographic institutions generally establish
their bases on land and equip their data acquisition
platforms, usually ships, with the acquisition systems
available on the market. They plan and execute their
hydrographic surveys based on IHO standards. They
process their data again according to IHO standards
and using the processing systems available on the
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market. The processed data are stored in databas-
es, used for the publication of nautical documents,
and, finally, distributed or commercialized. As can be
seen, uniformity is a strong characteristic of the hy-
drographic community, perhaps driven by a mutual
commitment to comply with the norms and stand-
ards established by IHO. Most likely because it has
representatives of different nationalities in its working
groups, the IHO publishes, updates, and openly dis-
cusses the paths to be followed in hydrography with
its members. At the same time that uniformity brings
benefits to a production line, such as the elaboration
and updating of nautical charts, this characteristic can
also lead to the suppression of the initiative to try to
use alternative technologies and innovate the process
that has been done. Mainly when the existing stand-
ards are particular and detailed, and the current meth-
od is well-evaluated and considered satisfactory.

Although current data analysis interfaces are rela-
tively successful, thanks to their development over
time, there is still a need for innovation in minimizing
human error and reducing time-consuming process-
ing. With advances in cognitive science and psychol-
ogy comes a better recognition of the strengths and
limitations of human perception and the natural abili-
ties of our brains. The use of new immersive interfac-
es should use this knowledge and be designed to
support the strengths and minimize the limitations to
reduce errors made by analysts.

The traditional representation method may not
provide the best understanding of bathymetric da-
ta. Alternatively, methods and interfaces, such as
Extended Reality, could be more efficient. Extended
Reality can provide new ways to connect data-driven
representations directly to real-world aspects. There-
fore, virtual, mixed, or augmented reality technologies
could offer unparalleled experiences with significant
potential to transform how people understand and
utilize geospatial data, providing new visualization and
interaction methods (Coltekin et al., 2020). Since pre-
vious studies (Torres et al., 2013; Jurik et al., 2017;
Jurik et al., 2020) indicate that the advantages and
disadvantages of applying true-3D visualizations are
still open to discussion in various fields, especially re-
garding the interactivity factor, further research should
explore interactive and advanced geospatial tasks
that may strongly affect the cognitive processing of
the stimuli.
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