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ABSTRACT

The incorporation of arising technology in maritime processes and equipment have
been historically very important for the development of commercial navigation. Several
types of equipment have been developed over the years to assist ship operators with
their tasks. Generally, the incorporation of new technologies on maritime equipment are
associated with an increase on the amount of information and alerts displayed to the
corresponding users. Note that information from new equipment needs to be efficiently
presented to avoid the introduction of unnecessary cognitive load. A potentially opti-
mal option for the presentation of combined navigational information is the deployment
of augmented-reality systems (AR). In such a system, virtual elements are rendered on
top of the navigation scene to assist operators in their perception. In this context, the
present work is a preliminary investigation towards the development of an AR system
for navigational assistance. Particularly, foundations regarding AR systems are presented
and a simple conceptual design for navigational assistance is proposed. Additionally, im-
portant components from the proposed conceptual design are exemplified with numerical
implementations. Proposed methodologies are validated with experiments from videos of
a ship navigating through a channel delimited by nautical buoys. Enhanced scenes com-
bining pertinent virtual elements are shown on top of the navigation scene exemplifying
potential assistance applications for this scenario. As there are still many challenges for
the development of operational maritime tools with AR methods, the author also expects
to contribute with the popularization of AR systems in maritime environments.

Keywords — Maritime Navigational Assistance, Augmented Reality Systems, Camera
Models



RESUMO

A incorporagao de tecnologias emergentes em processos e equipamentos maritimos foi
historicamente muito importante para o desenvolvimento da navegacao comercial. Diver-
sos tipos de equipamentos foram desenvolvidos durante os anos para ajudar os operadores
com suas tarefas. De uma maneira geral, a incorporacgao de novas tecnologias em equipa-
mentos maritimos estd associada com um aumento na quantidade de informacao e aler-
tas apresentados aos usuarios. Note que informacoes associadas a equipamentos novos
precisam ser apresentadas eficientemente para evitar a introdugao de cargas cognitivas
desnecessarias. Uma opgao potencialmente 6tima para a apresentacao combinada de in-
formagcao de navegacao ¢é a utilizacao de sistemas de realidade aumentada. Em um sistema
desse tipo, elementos virtuais sao desenhados em cima da cena de navegacao para auxiliar
operadores na percepgao da cena de navegacao. Nesse contexto, o trabalho atual é uma
investigagao preliminar com o intuito de desenvolver um sistema de realidade aumentada
para assisténcia a navegacao. Particularmente, fundamentos relacionados a sistemas de
realidade aumentada sao apresentados e um simples design conceitual para assisténcia a
navegacao ¢ proposto. Adicionalmente, componentes importantes do design conceitual
proposto sao exemplificados com implementagoes numéricas. As metodologias propostas
sao validadas com experimentos de videos onde um navio navega em um canal maritimo
delimitado por bdias nauticas. Possiveis cenas virtuais que combinam elementos virtu-
ais pertinentes sao apresentados para exemplificar possiveis aplicacoes de assisténcia a
esse cenario de navegacao. Como ainda existem diversos desafios para o desenvolvimento
de uma ferramenta maritima operacional com métodos de realidade aumentada, o autor
também espera contribuir com a popularizagao de sistemas de realidade aumentada em
ambientes maritimos.

Palavras-Chave — Assistente de Navegacao Maritima, Sistemas de Realidade Aumen-
tada, Modelos de Camera
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dinate system

Yny = Angle between the compass and the north direction from the navigation frame
(Zn)
1y = Compass random noise

wy, = Covariance of the compass random noise 7y,

qﬂw = Compass measurement of the angle between the compass and the north direc-
tion from the navigation frame (Z,)

pi, = Estimation for the position of the user antenna from a GNSS with respect to
the ship frame

Psy = Estimation for the position of the compass with respect to the ship frame

f%fp = Estimation for the rotation matrix from the compass coordinate system to the
ship coordinate system

Wy, = Estimation for the covariance of the accelerometer random noise 7y,
W,y = Estimation for the covariance of the gyrometer random noise 7,4
Wy, = Estimation for the covariance of the accelerometer bias b, variation
Wy, = Estimation for the covariance of the gyrometer bias b, variation

W,y = Estimation for the covariance of the range random noise 7,

W,, = Estimation for the covariance of the range-rate random noise 1),,

Wy, = Estimation for the covariance of the compass random noise 7y,

pe, = Integrated estimation for the position of the ship with respect to the earth
frame expressed in the earth frame

¢, = Integrated estimation for the velocity of the ship with respect to the earth
frame expressed in the earth frame

Ri = Integrated estimation for the rotation matrix from the ship coordinate system
to the earth coordinate system

S. = Camera coordinate system
O, = Origin of the camera coordinate system

ps. = [p3i psd, pikT = Position of the camera with respect to the ship coordinate
system

[Xe, Ve, Ke] = Axes of the camera coordinate system

(X2, 7%, K5] = Axes of the camera coordinate system described in the ship coordinate
system

e = [x2% x5, x3¥]T = Three-dimensional representation for axis Y with respect to

the ship coordinate system



72 = [y3% 429, v5*]T = Three-dimensional representation for axis 7% with respect to
the ship coordinate system

=S

kS = [k k39 KkSF]T = Three-dimensional representation for axis &% with respect to

the ship coordinate system

R? = Rotation matrix from the camera coordinate system to the ship coordinate
system

T? = Transformation matrix from the camera coordinate system to the ship coordi-
nate system

RS = Rotation matrix from the ship coordinate system to the camera coordinate
system

T¢ = Transformation matrix from the ship coordinate system to the camera coordi-
nate system

Pig = P Peg» pgg]T = Position of an arbitrary point () with respect to the camera
coordinate system

f = Focal distance of ideal pinhole camera

[uP" vP"] = Measurements from ideal pinhole camera model

[Ay, A,] = Size of each pixel unit from the sensor array in the image plane
[ug, vo] = Principal point of the image in pixel units

Kin = [fAY, fALY, ug, vo] = Intrinsic camera parameters

[ug, vg] = Image coordinates of an arbitrary point () described by its position Peg In
the camera frame

Kin = [fu, fos U0, 0g] = Estimation for the intrinsic camera parameters

ps. = [p2i psd, piF|T = Estimation for the position of the camera with respect to the
ship coordinate system

}?i‘z = Estimation for the rotation matrix from the camera coordinate system to the
ship coordinate system

[tig, Vo] = Estimation for the image coordinates of an arbitrary point () described by
its position pf, in the camera frame

pY, = [pur, pu¥, p?]T = Position of the camera with respect to the world coordinate
system
pY, = [pur puy, p?]T = Estimation for the position of the camera with respect to

the world coordinate system

RY = Rotation matrix from the camera coordinate system to the world coordinate
system

R”g’ = Estimation for the rotation matrix from the camera coordinate system to the
world coordinate system

ds = Draft of the ship at the section of the camera



h., = Vertical distance between the camera and the water

IT;ns = Set of parameters representing a INS in simulation
[Ignss = Set of parameters representing a GNSS in simulation
[Meyps = Set of parameters representing a compass in simulation

II,c; = Set of parameters representing a loosely coupled integration tracker in sim-
ulation

Sk = Relative state estimator coordinate system

Ry = Rotation matrix from the relative state estimator coordinate system Sg to the
camera coordinate system

R7: = Vector representing the i—th row of the rotation matrix Ry

7’23 = j—th component from the i—th row of the rotation matrix Rg

cx = [cE K cK]T = Camera center in the relative state estimator coordinate system

HAR I T It
Sk

P = [pk, pff ,pX]T = Point p described with coordinates in the relative state estima-

tor coordinate system
St = Plane coordinate system
Orn = Origin of the plane coordinate system

pn = [Py, ped, pi]T = Position of the plane origin Oy described in the camera
coordinate system

[Z11, Y, Zn1) = Axes of the plane coordinate system

|25, Ui, Z5] = Axes of the plane coordinate system described in the camera coordinate
system

74 = ot 2, 2f"]T = Three-dimensional representation for axis ¢ with respect to
the camera coordinate system

75 = [ya*, v, yg"]t = Three-dimensional representation for axis g with respect to
the camera coordinate system

75 =255 217, 25"]F = Three-dimensional representation for axis 2 with respect to
the camera coordinate system

R{; = Rotation matrix from the plane coordinate system to the camera coordinate
system

T§; = Transformation matrix from the plane coordinate system to the camera coor-
dinate system

pip. = Position of an arbitrary point P from the plane described in the camera
coordinate system

n, = Number of rectangles in the x—direction of a planar rectangular highlight

n, = Number of rectangles in the y—direction of a planar rectangular highlight



[AL, x AL,] = Size of each rectangle of a planar rectangular highlight
r. = List of different circle radius to be highlighted with a planar circular highlight

Ny = Number of sections for each circle from a planar circular highlight
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1 INTRODUCTION

One of the most important challenges associated with enabling world-wide commercial
navigation relates to safety. Institutions, regulations and procedures have been developed
over time to ensure safety at sea. Over the years, equipment have been designed to assist
ship operations as new technologies arises. Particularly, fields such as electronics, radio,
computer science, automatic control engineering, data presentation and space technolo-
gies led to the development of standardized integrated equipment [KOPACZ; MORGAS;
URBANSKI, 2004]. These integrated systems became indispensable to the safety and

economic feasibility of commercial maritime navigation.

A particularly important type of system for maintaining safety at sea is classified
as Integrated Bridge Systems (IBS) [INTERNATIONAL ORGANIZATION FOR STAN-
DARDIZATION, 2007]. These systems integrate and display useful information to sup-
port decisions of an operator. As such navigational equipment became standardized and
popularized [SAROLIC, 2004], companies started to seek for competitive advantages by
investigating innovative trends and its applicability to their equipment. A notable ongoing
trend aims at the digitization and automation of maritime processes [HEILIG; LALLA-
RUIZ; VOSS, 2017], [HEILIG; SCHWARZE; VOSS, 2017]. Nowadays, with remarkable
improvements in general purpose computing resources, most of such navigational equip-
ment uses a computer processing unit (CPU) that periodically collects outputs from
onboard sensors. These outputs are rendered in real-time on a monitor display with data

presentation techniques to facilitate the visualization of an operator.

Alongside this development in computing devices which enabled the popularization
of digital equipment, one can observe similar improvements in camera devices over the
last years. These advancements enabled the development of computer vision systems for
many purposes. An interesting type of computer vision technique that this work focuses
is commonly referred as Augmented-Reality. The technique enhances an original scene
image with synthetic elements [AZUMA, 1997]. In this context, tools with augmented-

reality (AR) methods have been proposed for presenting multiple navigational data during
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maritime operations [LAERA et al., 2021]. Such tools may facilitate the interpretation

of navigational information by operators.

The current work is a preliminary investigation towards the development of an AR sys-
tem for navigational assistance. Simple methodologies for the generation of augmented
virtual elements in videos of maritime navigation are proposed. Augmented elements
proposed in the present work may be used for research and validation of conceptual nav-
igational assistance AR system designs. The methods are validated with videos from the
TPN-USP ship maneuvering simulator and real experiments. The TPN-USP Simulation
Center is the brazilian largest ship maneuvering simulation center, equipped with 3 full-
mission simulators and 3 tug stations, as well as 1 part-task simulator. The mathematical
model adopted in the simulator is described in [TANNURI et al., 2014], and the real-
time visualization framework for the generation of realistic images of maritime scenario

is presented in [MAKIYAMA et al., 2020].

Proposed enhanced scenes exemplifies potential assistance applications for a ship nav-
igating in restricted waters. Note that different operators performing a same task might
find different sets of information better suited than others. Thus, it is not the goal of
this work to find optimal representations for particular ship operations, although it is an

interesting topic to be further investigated.

1.1 Motivation

As the incorporation of arising technology in maritime processes and equipment have
been historically very important for the development of commercial navigation, it is inter-
esting to be watchful for current technologies that might impact the future of commercial
navigation. Two technological trends motivates the present work: the digital transforma-

tion of maritime operations and autonomous maritime navigation.

In [HEILIG; SCHWARZE; VOSS, 2017], a historical review of digital transformation
in seaports is discussed. The authors identify three major stages of transformations in
seaports which are going to be briefly presented. Each one of these stages are further
detailed under the framework presented in [VENKATRAMAN, 1994]. This framework
proposes five possible levels of business transformations with information systems and
technology: (1) Localized Ezploitation; (2) Internal Integration; (3) Business Process
Redesign; (4) Business Network Redesign; and (5) Business Scope Redefinition.

The first trend dates from the beginning of the 1960s until the late 1980s and is pre-
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sented as the Transformation to Paperless Procedures. In the need of improvements in
overall planning, management and coordination of operational activities, electronic de-
vices have been employed to ensure efficient information flows. Such equipment improved
the availability and management of information enabling better planning and execution

of internal processes.

The next transformation trend can be summarized as the Transformation to Auto-
mated Procedures. In the beginning of the 1990s, typical port operations started to be
automated with the assistance of laser technologies. By the end of the 2000s, these au-
tomated procedures became an important competitive advantage as the global economic

crisis of 2008-2009 led to a more strict evaluation and selection of ports.

Finally, the most recent generation of digital transformations is presented in the work
as the Transformation to Smart Procedures. Fueled by recent advancements in promising
fields such as the internet of things, big data, mobile computing and cloud computing; the
application of such technologies within the maritime industry became to be investigated.
The main idea of this transformation phase is to provide relevant information based on
real-time data for actors actively involved in transport activities. Raw data from multiple
sensors is processed and then transferred to a central information system that distributes

it to the many involved actors and decision makers.

Alongside these efforts for automating port operations, there is an ongoing research on
the automation of ship navigation as well. In June 2017, the Maritime Safety Committee
(MSC) of the International Maritime Organization (IMO) carried out a scoping exer-
cise to discuss how the operation of Maritime Autonomous Surface Ships (MASS) may
be introduced in IMO instruments [INTERNATIONAL MARITIME ORGANIZATION,
2017]. In the next year, the MSC endorsed a framework to analyze the most appropriate
way of addressing such operations [INTERNATIONAL MARITIME ORGANIZATION,
2018a], [INTERNATIONAL MARITIME ORGANIZATION, 2018b]. Ships have been
categorized according to four degrees of autonomy: (1) Ship with automated processes
and decision support, (2) Remotely controlled ship with seafarers onboard (3) Remotely
controlled ship without seafarers on board and (4) Fully autonomous ship. Guidelines for
MASS trials were also discussed for ensuring safety in the development of this technol-
ogy. In 2019, the MSC formally approved guidelines for MASS trials [INTERNATIONAL
MARITIME ORGANIZATION, 2019]. The main recommendation is that trials should
be conducted ensuring at least the same degree of safety, security and protection of the
environment as current instruments. Any personnel involved in these trials should be ap-

propriately qualified and experienced regarding the technologies to be validated. Possible



31

risks associated with trials should be identified along with measures to reduce these risks.

In the context of ships with the first degree of autonomy, a decision support equip-
ment that is being investigated proposes the utilization of augmented reality techniques
[AZUMA, 1997] for an optimal presentation of navigational data to ship operators. A sys-
tematic review regarding the use of augmented reality technology for data-visualization
in the field of maritime navigation is presented in [LAERA et al., 2021]. The work ana-
lyze each study in view of its maturation regarding the incorporation of this technology
into maritime operations. An interesting set of definitions for such analysis is referred as
Technology Readiness Levels (TRL), which are shown in Table 1.

Table 1: Definitions of technology readiness levels (TRL)

TRL 1 Basic principles observed
TRL 2 Technology concept formulated
TRL 3 Experimental proof of concept
TRL 4 Technology validated in laboratory
Technology validated in relevant environment (industrially relevant environ-
TRL 5 . . .
ment in the case of key enabling technologies)
Technology demonstrated in relevant environment (industrially relevant envi-
TRL 6 . . i
ronment in the case of key enabling technologies)
TRL 7 System prototype demonstration in operational environment
TRL 8 System complete and qualified
TRL 9 Actual system proven in operational environment

Source: [COMMISSION DECISION C(2014)4995, 2014]

Most solutions reviewed by the work presented in [LAERA et al., 2021] have been
classified into initial technology readiness levels, which indicates that the application of
AR in the nautical field has not been sufficiently investigated yet. In such context, the
current work formulates technology concepts for a preliminary investigation of AR in
the nautical field (TRL 2). As augmented reality systems are generally focused on the
enhancement of video streams from cameras, simple methodologies for generating metric
virtual elements in videos of maritime applications are proposed towards navigational
assistance in a scenario of a ship navigating in restricted waters. These methods are
pursued as a means for popularization of augmented reality systems within maritime

contexts.

Considering computer vision techniques as a new technology to be incorporated in
maritime operations, equipment based on augmented-reality techniques could be useful
to investigate the performance of general computer vision methods in the field. As the

challenging conditions regarding maritime navigation are usually not present in other



32

types of applications, typical computer vision techniques may not perform well enough in
view of all safety requirements. Thus, such equipment may also assist in the adaptation
of general computer vision results into specific solutions for the automation of maritime

operations.

1.2 Objectives

The main objective of the present work is the proposal of preliminary methods towards
the development of an augmented reality system for navigational assistance in restricted
waters. Proposed methodologies have been validated with videos from the TPN-USP ship
maneuvering simulator and from experiments around the Paranagua Port at the state of
Parana. Both videos are recorded from experiments of a ship navigating in restricted

waters with an onboard fixed camera.

As complementary objectives, the author expects to contribute with the overall safety
of maritime operations by assisting in the popularization of Augmented-Reality methods
in Maritime Decision Support Systems. Guidelines for simple features and prototypes
are presented for a particular scenario of a ship traversing a channel delimited by nau-
tical buoys. Potential assistance applications are exemplified for this scenario assuming
knowledge of the navigation scene from additional onboard equipment. Further research
with computer vision technologies are indicated for similar scenarios without external

knowledge from additional equipment.

1.3 Structure of the Text

On chapter 2 is presented an overview of legal instruments developed over time to
ensure safety at sea. Technological trends are discussed with a particular emphasis on
the development of navigation equipment. The end of the chapter overviews augmented

reality applications within the maritime industry.

Chapter 3, 4 presents foundations for the development of Augmented Reality Systems
within the context of maritime navigation. Useful navigational definitions are proposed
on chapter 3 in order to adequately describe the ship navigation and its surroundings.
Camera projection models are subsequently presented on chapter 4 as foundations for
proposed virtual visual elements. Chapter 5 proposes a monitor augmented reality system

architecture and chapter 6 discusses the experimental setup used throughout the current
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work.

Chapter 7 discusses methods for estimating mechanical parameters from the camera
scene. An extended Kalman filter is proposed for estimating the relative state of surround-
ing obstacles from camera measurements. The estimator is validated with measurements
computed from camera models and with measurements determined by image processing
algorithms. The integration of camera measurements in the estimation of the ship state

is also briefly discussed.

Chapter 8 presents methods for the augmentation of maritime scenes. Proposed
methods are developed assuming that aforementioned installation parameters are known.
The content of the section focuses on the synthesis of pertinent enhanced images. The
goal is to assist operators with the scene perception. External information about the

scene is assumed to be available.

Chapter 9 discusses potential assistance applications combining aforementioned fea-
tures. The development of a MAR prototype is also briefly discussed. Finally, chapter 10

presents conclusions from the current work indicating further research.
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2 BIBLIOGRAPHIC REVIEW

The division of this chapter is in two sections. The first section overviews the evolution
of safety systems for maritime navigation as presented on review articles from The Journal
of Navigation. Tts main components and elements are presented according to [KOPACZ;
MORGAS; URBANSKI, 2001]. Fundamental changes in maritime navigation driven by
technological trends are presented in view of [KOPACYZ; MORGAS; URBANSKI, 2004].
Additional technological aspects regarding the digitization of maritime operations are
presented based on another review article [SANCHEZ-GONZALEZ et al., 2019]. The
last section from this chapter presents interesting research regarding augmented reality
applications within maritime environments [VASILIJEVIC; BOROVIC; VUKIC, 2011],
[LAERA et al., 2021].

2.1 Safety Systems for Maritime Navigation

In [KOPACYZ; MORGAS; URBANSKI, 2001] there is an overall review of the institu-
tions, regulations and procedures concerned with safety at sea. Safety at sea is defined as
such desirable conditions of human activity at sea that do not endanger human life and
property, and are not harmful to the maritime environment. Such conditions of activity
have been specified in many legal documents. The proposed term is further expressed
by means of four constituent parts: (1) Technological and operational ships’ safety, (2)
safety of navigation, (3) safety of persons in distress and (4) prevention of pollution of
the maritime environment from ships. The set of institutions, standards and procedures

to guarantee safety at sea is defined as the maritime safety system.

The main organization responsible for safety at sea is the International Maritime Or-
ganization (IMO). It is an agency of the United Nation Organization (UN). There are
different organs within the IMO regulating the legal instruments of the maritime safety
system. One of the most important document regarding safety at sea is the International
Convention on ‘Safety Of Life At Sea’ (SOLAS) [INTERNATIONAL MARITIME OR-
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GANIZATION, 1974]. This convention have been adopted at a London Conference in
1914 with posterior amendments over the years. The main objective of the SOLAS con-
vention is to specify minimum standards for the construction, equipment and operation
of ships, compatible with their safety. Another very important convention that directly
specifies safety at sea is the International Convention on ’Present of Pollution from Ships’
(MARPOL) [INTERNATIONAL MARITIME ORGANIZATION, 1973]. The Conven-

tion includes regulations aimed at preventing and minimizing pollution from ships.

Note that foundations for ensuring safety at sea are distributed within different re-
search fields. Among these domains of safety, safety of navigation is a major constituent of
safety at sea. It can be considered as such conditions of conducting the ships at sea which
ensure that ships are not endangered by collisions, stranding or storm damage. There are
resolutions from the IMO regarding navigational performance standards and operational
procedures further specifying safety of navigation. Similarly as with the aforementioned
concept of safety at sea, there are several domains that contributes for ensuring safety of

navigation.

Over the years, new equipment described within International Maritime Conventions
incorporated new technologies that enabled improvements in the overall efficiency of mar-
itime navigation. In [KOPACZ; MORGAS; URBANSKI, 2004], the authors discusses how
emerging technologies shifted main components of the maritime safety system towards a
maritime safety and efficiency system. The most important technological progresses for
maritime navigation are related with fields of science such as electronics, computer science,
automatic control engineering and electronic data processing/transmission/presentation.
The progress in these fields enabled the development of equipment towards the integra-
tion of all ship processes into one centralized control system. Further research for the

development of such integrated systems have been proposed.

As more onboard equipment became available for operators, an increase in the work-
load to analyze the corresponding information have been perceived. The need for inter-
action with such digital equipment became indispensable, thus the scope of desired com-
petences for operators within the maritime industry required further discussion. Proper
training for analyzing information from different equipment became an important topic.
Further developments to electronic data processing, transmission, display and recording
technologies have been suggested as an important factor for further improvements in safety

and efficiency of maritime operations.

Note that there are many challenges for the deployment of new equipment in the



36

maritime industry. The marine environment is characterized by visibility issues such
as atmospheric phenomena. Particularly, in the case of offshore navigation, the lack
of landmarks adds significantly complexity as seafarers have no visual reference for self-
localization and immediate planning. Therefore, onboard ship equipment needs to be very
reliable with regard to its accurateness, robustness and user-friendliness. Such requisites

may considerably increase overall costs of navigational equipment.

In [SANCHEZ-GONZALEZ et al., 2019], a systematic literature review verifies the
application of eight innovative digital domains for maritime operations: autonomous ve-
hicles and robotics; artificial intelligence; big data; virtual, augmented and mixed reality;
internet of things; cloud and edge computing; digital security; and 3D printing and ad-
ditive engineering. The objective of the review is to present the status of digitization
among the maritime transport chain to discover possible opportunities for improving the

performance of current processes.

More than 2900 works related to the digitization of maritime transport were examined
in view of: (1) their contribution in innovation; (2) use of scientific methods; (3) and
relevance of the study. Important works were selected resulting in 99 papers that were
further analyzed. The maritime transport industry have been divided in three sectors
for the purpose of the analysis: ship design and shipbuilding; shipping; and ports. The
authors were able to show that the digitization of maritime transport is advancing at
different speeds for each different sector by analyzing the relative number of published
works over the years. Table 2 presents the number of published manuscripts per domain

of study.

Table 2: References per domain

Domain H Number of Manuscripts

Robotics 36
Artificial Intelligence 19
Big Data 16
Virtual Reality 10
Internet of Things 9
Cloud 5
Security 3
3D Printing 1

TOTAL [ 99 |

Source: [SANCHEZ-GONZALEZ et al., 2019]

As for future research, the authors suggests that developments in all aforementioned
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domains and sectors should be pursued as them could enable promising applications to
the maritime industry. In this context, the current work investigates the application of
a virtual reality technique usually referred as augmented reality. The development of

augmented reality as research field is described in Appendix A.

2.2 Augmented Reality Applications within Maritime
Environments

This section describes representative examples of augmented reality applications within
maritime environments. A review of potential augmented reality applications for the mar-
itime sector is presented in [VASILIJEVIC; BOROVIC:; VUKIC, 201 1]. The authors
proposed a definition for Augmented-Reality (AR) systems with three main components.

Figure 1 shows a diagram for the proposed operation of AR systems.

Figure 1: AR system inputs and outputs
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Source: [VASILIJEVIC; BOROVIC; VUKIC, 2011]

The first component have been defined as the inputs. These inputs have been further
divided in three different classes: sensors, tracking devices and database links. Sensors
are typically digital cameras. Tracking devices provides accurate measurements for the

camera’s position and attitude (orientation) in the real world. External database links
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provide auxiliary relevant information for the augmentation of the AR scene. The second
component have been defined as the AR processing device. These devices are CPUs with
graphical capabilities that processes the inputs. The last component have been defined
as System-to-human interface. This interface handles all communication between human
and the AR. Two categories have been proposed for these interfaces: displays where data
flows from the AR system towards operators; interfaces where operators provide inputs
to the AR system. Challenges and limitations with the application of this technology
in maritime navigation were also discussed by the authors. Accurate tracking methods
have been presented as one of the major technical challenges for implementing these

technologies in operational processes.

Further, a real-life outdoor Maritime Augmented Reality Navigational Assistance Ap-
plication (MARNAA) designed to alleviate cognitive loads issues for vessels and recre-
ational boats have been proposed in [MORGERE; DIGUET; LAURENT, 2014]. The
authors proposes a solution for the generation of an Augmented FElectronic Navigational
Chart. Three types of application data have been presented in such charts. The first one
is the state data, similar to a system status with information such as the course, speed,
position and the current time. The second type of information have been defined as the
alert data. Two types of such alerts have been described within the work. Collision detec-
tion alerts, in case of a collision detection perceived from data of an external Automatic
Identification System (AIS); or speed alerts, in case of navigation within restricted areas
such as channels or harbors. The third type of information is related with navigational
assistance. Useful navigational data from online databases such as seamarks, landmarks

and water depth are presented to assist operators.

The authors also briefly discusses hardware requirements for the implementation. The
system was implemented with a microelectromechanical system for tracking the camera’s
orientation, along with a Global Positioning System (GPS) for determining the geolo-
cation of the system. It has been proposed that the GPS error can vary between 1 and
5 meters while the orientation error should be inferior to a half degree. Requirements
for the computing resources should be defined in view of three main tasks. The first one
relates to the orientation computation implemented by Kalman-based filters. The second
task refers to parsing the signal from the external GPS device. The third task relates
to all graphical computations. The authors suggests an additional Graphical Processing

Unit (GPU) co-processor for efficiently computing these graphical elements.

In [HONG; ANDREW; KENNY, 2015], a set of experiments were conducted to inves-
tigate the applicability of a Maritime Augmented Reality System (MARS). Participants
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of the experiment reviewed a video footage of a prototype boat navigating in the straits of
Singapore with six onboard cameras. Two scenarios were presented to the operators: one
with AIS information displayed as AR annotations on the camera feeds; another with AIS
information displayed in a separate screen. Participants felt that the AR provided them
information which was important to aid them with respect to their situational aware-
ness. Results for the interface with AR were generally more positive compared to the
results without the AR annotations. Figure 2 shows an example of the interface with the

annotations and Figure 3 shows an example of the interface without annotations.

Figure 2: MARS GUI
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Source: [HONG; ANDREW; KENNY, 2015]

Figure 3: Non-AR GUI
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Source: [HONG; ANDREW; KENNY, 2015]
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In [OH; PARK; KWON;, 2016], a new concept have been proposed for a navigational
system based on AR technology. The work discusses that one of the largest problem with
typical bridge equipment is the provision of excessive and unnecessary information. It
has been proposed that future equipment in the bridge needs to be designed taking in
consideration effective information provision methods rather than simply increasing the

amount of information delivered.

A survey was initially carried out to determine user requirements. Three different
categories have been defined for the display information of the navigational assistant
system: (1) data regarding the own-ship operation; (2) data regarding traffic ships; and
(3) data from Electronic Chart Display and Information System (ECDIS). Own-ship
data are displayed on the upper portion of the display. Data of traffic ships are overlaid
on their corresponding positions in the environment. Additional information from AIS
data regarding surrounding traffic ships can be displayed upon selection of the operators.
The ECDIS data is displayed according to the geolocation of the ship. Figure 4 illustrates

the proposed interface of the navigation system.

Figure 4: User Interface of AR Navigation System
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The hardware components of the system are a Pan/Tilt/Zoom (PTZ) digital camera
for measuring the scene; a user console with an additional joystick for the camera con-
trol; an Attitude and Heading Reference System (AHRS) for tracking the orientation of
the camera; and a NMEA combiner for the integration of navigational data such as AIS
and DGPS. These components have been integrated in four software modules: data man-

ager module, user interface module, registration module and augmented image rendering
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module. Figure 5 shows a diagram representing the data flow between each module.

Figure 5: Configuration of Navigation Aids System based on AR
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In [MIHOC; CATER, 2017], an assistive maritime navigation application have been
developed. The work presents the usage of augmented reality as a means to present digital
information from typical bridge equipment. An initial user research was conducted on
board of a variety of different ships. The study concentrated on the interaction between
navigating officers and the current devices which they use for navigation. Main functions
have been identified for the development of a prototype that was built on a Nexus 9 tablet.
The tablet’s sensors include GPS, gyroscope, accelerometers, compass and camera. These
sensors have been integrated in an application that calculates the GPS position of the

ship, the bearing and distance to navigational aids.

It has been reported that the initialization of the application at sea in the AR mode
took over 1 minute on the Nexus 9 tablet. The application was able to correctly display
proposed virtual elements. Two additional considerations about the sensors have been
made. A magnetic interference with the bridge of the ship generated a continuous compass
error that varied between 5 and 12 degrees. Besides, the GPS signal was maintained
accurate only if the Wi-Fi was deactivated on the tablet. Despite such observations,
the officers were very interested and positive about the possibility of such application be
available to support navigation. The authors propose further research for the calibration
of the compass of the device. Moreover, it was proposed future developments to address
the issues related to the presentation of high volume of information on limited sized

screens.

Moreover, a systematic review regarding the use of augmented reality (AR) technology
for data-presentation in the field of maritime navigation is presented in [LAERA et al.,

2021]. Three types of virtual visual elements have been defined in the work: 3D World-



42

relative, 2D World-relative and 2D Screen-relative.

Planar areas, lines or points that are rendered on top of the camera scene as virtual
visual elements were considered as 3D World-relative. Conversely, assets that are inserted
around a region from the navigation scene without being perceived as three-dimensional
element were considered as 2D World-relative. Finally, virtual elements that are not
inserted in any particular part of the scene were classified as 2D Screen-relative. Note
that 2D Screen-relative assets are not considered augmented reality. These different classes

of virtual assets are illustrated by Figure 6.

Figure 6: The spatiality of AR assets: 3D World-relative (WR), 2D World-relative (WR),
2D Screen-relative (SR)
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Source: [LAERA et al., 2021]

Primitive information such as course, compass degree, boat speed and geographic co-
ordinates were highlighted as fundamental information to be represented in AR solutions.
Figure 7 presents the frequency of different types of information elements found in the

studies reviewed.

Figure 7: Frequency of information elements found in the solutions analyzed by the
systematic review
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The authors discusses that there is no representative standard for displaying each
information element. Further research on interface proposals is suggested as it would
potentially benefit the development of AR solutions within the maritime field. Note that
the usefulness of each information element depends on the particular operation of the

user.

The majority of analyzed works by the review uses an architecture referred as monitor
augmented-reality (MAR), which is cheaper and simpler than head-mounted architectures.
Eleven AR maritime solutions are described within the work and further classified accord-
ing to their technology readiness level (Table 1). Figure 8 presents a histogram illustrating

the distribution of solutions according to their TRLs.

Figure 8: Classification of AR solutions regarding their technological readiness level (TRL)
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Source: [LAERA et al., 2021]

Most solutions have been rated as Technology concept formulated - TRL 2 (7), while
few solutions have been rated as Technology validated in laboratory - TRL 4 (2) and
as System prototype demonstration in operational environment - TRL 7 (2). Thus, the
authors indicate that the application of AR in the maritime field is not yet ready for the

market as most solutions have been classified under initial technology readiness levels.

In this context, the current work formulates technology concepts (TRL 2) towards
the development of a monitor augmented reality system for navigational assistance. The

following chapters addresses foundations for proper modeling such scenarios.
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3 NAVIGATION

Consider a reference coordinate system S,, (index w) fixed in the earth described by
axes [Ty, Uw, Zw] With origin at a point O,. Further, consider a coordinate system S
(index s) associated with a ship navigating. This ship coordinate system is described by
axes [Zs,fs, /25] with origin at a point O,. Each axis of the ship coordinate system can be

described in the world coordinate system as a vector with three-dimensional coordinates:

- T

Uy = 1" Ty A+ 05 o 1 20 = [z“”” v zw} (3.1)
“w w,T = w,y = 2 o T

Ji = Ry O R = e e ] (3.2)
. T

KY = k0T, + KUY, 4 kK72, = [kw:t: ey kw] (3.3)

Consider an arbitrary vector v and let v® be its description in the ship coordinate

system with three-dimensional coordinates:

T = 0¥ + 0 s+ 0k = o3 v vs’k] (3.4)

It is possible to compute the corresponding three-dimensional coordinates v in the

world coordinate system:

T = 05T, 4 0], 4 R, =0 (#”fw F oY, i;“’z,?w) (3.5)
0 (G0 E e+ V) (36)

0 (R, R+ RS, )
T = oTE, 4 v, + 0D, :(v@w T vs’kkz””f)fw (3.7)
(0 )G, (38)



Note that Equation 3.9 can be expressed in a matricial form:

QW Us’iiéﬂ’x + Us,jj;u,a: + Us,kk,;u,x Z;u,x j;u,a: k;u,x
T = oy | = | oty oSy sk | = | ey ey ey
PWeZ Us,iz‘g),z + vs,jj;v,z + vs,kk.;u,z i:;”’z ]:)’Z k;u,z

7" = RU
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(3.10)

The matrix RY is usually referred as the rotation matriz (or coordinate transformation

matrix) between both coordinate systems. Note that RY represents the transformation

from the ship coordinate system to the world coordinate system. The inverse transfor-

mation may be computed by the transposition of the rotation matrix R¥:

Ry, = (RY)™ = (R))"

(3.11)

where R; is the rotation matrix from the world coordinate system to the ship coordinate

system. Thus:

R, =
Note that:
w\T w\ __
(Rs ) (Rs ) -
W, T W,y W,z
s s s
W, T W,y W,z
Js Js Js
w,T w,y w,z
ks ks ks
w w\T
(RS)(RY) =
W, T W, T w,x
s Js ks
.w7y .w7y w7y
s Js ks
W,z W,z w,z
s Js ks

Js

w,T
kY

sz
JwY

w,z

W, T
s

W, T

0, T

Js
e

W,z

Js

Yy
[P

jw,y
s

w,y
ks

w,T
kY

w,y
kY

w,z
kY

W, 2
s

W, 2

Js

= | Yw * Tw gw'gw gw'zw

T
U I FA
A AR R
iy = 08V G+ R
B = W T KR

is'is Z's'js is'ks
js'is js'js js‘ks =

1
l
1
4
1
l

ks'is ks'js ks'

w

Ty Ty Tw Yow Tw* Rw

Zw Tw 2w Yw RFw " 2w

(3.12)
(3.13)
(3.14)
(3.15)
0 0
(3.16)
01
(3.17)
100
10
00 1
(3.18)

Similarly, for a time-varying rotation matrix, the following equality must hold for all
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times:
RY(t)TRY(t) = Ry, ()R () = RY () RY ()" = RY ()R, (1) = Lzxs vt

where I35 denotes an identity matrix with size 3 x 3. There are useful forms for RY as
a function of pertinent angles. A common expression defines three independent rotations

around each axis. Let ¢(.) and s(.) denotes the trigonometric functions cos(.) and sin(.):

1 0 0 cos(#) 0 sin(f)| |cos(v) —sin(yp) 0O
RY(¢,0,9)7 = |0 cos(¢) —sin(¢) 0 1 0 sin(y))  cos(y) 0
0 sin(¢)  cos(¢) —sin(d) 0 cos(6) 0 0 1
c(¥)e(0) —c(0)s(¢) s(6)
= | c(¥)s(0)s(¢) +c(d)s(¥)  c(¥)e(9) — s(¥)s(0)s(¢) —c(0)s(9)
| —c(@)e(@)s(0) + 5(¥)s()  c(¥)s(d) + c(@)s(1)s(0)  c(f)c(¢)

(3.19)
Alternatively:
cos(vp) —sin(yp) Of | cos(d) 0 sin(0)| |1 0 0
RY(,0,9)”""* = |sin(y)) cos(y)) 0 0 1 0 0 cos(¢p) —sin(¢p)
0 0 1| [—sin(d) 0 cos(@)| [0 sin(¢p) cos(¢p)

(3.20)

Another form for the rotation matrix is referred as Rodrigues formula. It is related

with the rotation of an angle ¢* around an unitary axis @ = [ug, uy, u.]":
1 00 0 —u, uy
R(¢.0)" =c(0) [0 1 0| +5(6) | . 0 —u, (3.21)
0 0 1 —Uy Uy 0

Uplly  Uglly  Uglls
+(1—C(¢)> Uyly  Uyly Uyl (3.22)

UsUp  Usly Ul

Moreover, it is possible to use unitary quaternions for the representation of rotations.

A quaternion may be interpreted as an extension of the imaginary numbers. In addition to



47

the traditional imaginary axis, there are two more axes. Thus, a quaternion is represented

with 4 parameters:

—,

7= qul®+ g% + q,)9 + 4.k (3.23)

where 19, ;QJ'Q, k@ represents the corresponding axes of the quaternion representation.

The rotation matrix associated with an unitary quaternion ¢ = [qw, ¢, 4y, q-]7 can be

computed as:

quu + quc - q; - qz Z(quy - Qsz) 2((]sz + quy>

w T
Rs (@Q = 2(Q:L‘Qy + QwQZ) QIQU - Qg + qz - (]3, Q(QyQZ - QwQ:v) (324)
2(¢et: — Quty) 2@+ Gwts) G -G -4+ @
A rotation of an angle ¢ around an unitary axis @ = [ug, u,,u,]’ can be expressed

with an unitary quaternion as:

[ cos (%) |
¢ = cos (%) 19 + u, sin (%)ZQ + u, sin <§)5Q + u, sin (%)/;Q = Zz :iz ; (3.25)
_uz sin % |
Note that such quaternion is indeed unitary:
H q g cos? (g) + u2 sin® (g) + uz sin? (g) + u? sin® (%5)
= cos? (%) + (ui +ul + uz) sin? (g) = cos’ (g) + sin? (%) =1 (3.26)

Consider an arbitrary point @) and let pg be its corresponding position. It is possible
to define a three-dimensional vectorial representation for the point with a vector @ — O,
from the origin O,, of the world coordinate system to the respective point Q. Let p;q be

the position of () in the world coordinate system:
w wW,T = w,Y — W,z - T
P = (Q = Ou) = Pl + Db + V7o = |0l vi8 i) (3:27)

Similarly, let pi. be the position of origin O, from the ship coordinate system described

in the world coordinate system:

T
Pros = (Os — Ou) = Do Ty + Do Yoo + D 20 = Pus Pus pgéz] (3.28)
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Note that the position pg can be represented with coordinates in the ship coordinate

system:
pr pws (Q Ow) ( s ) (Q - O ) =
= (Pwi — P )fw + (p’;”% - p%ﬁ’) Yo + (pwé - piﬁf)zw =
= <pr pws ) (Z 7xis + j;ﬂ7x]8 kw IE >
(pr Pus ) ( UV U+ kw’yks>

+

(pwb - pw;; ) <le7 iS + js ’ jS + k;l)’zk8>

Let piq be the position of point () in the ship coordinate system:

7' _‘) 9. j k
Piq =Pibis +Pibis + Pighs (3.29)
Pog = ((p% = Ps )i+ (Pt — P )i + (Puy — p?ﬁf)il”"z)ifr
(05 = ) + (P = P2 + (Pl — P )2 ) ot
+ <(pr pws )kw * (pr pws )kﬁwﬂ + (pr pws )kw Z) kS (330)
Note that it is possible to describe Equation 3.30 in a matricial form as:
Pso Py = P V18" 4 (pay — P )i + Doy — Dl )i
P | = | Pui — Pu)is™ + Pun — Pud )i + (Pl — Py )38
k
_sz_ (pr pws )kw o (pr pws )kw,y + (pr pws )kw a
Pso O A W e
Py | = [T 38V 387 | Pwl — D
P I L ) W PO
Alternatively:
o
P U i e il i U pw,?/
il — . . . Q
Py | = [JET PRt =gt = Jevpy — jerpes pZ,Z =
& Q
Pag Ry kY kYR =kt — kPVpnd — ks ?
pr
w
pio= Ry —Rupk X (3.31)

The inverse transformation from the ship coordinate system to the world coordinate



49

system may be also described in a matricial form:

pio = |RY o] [pif] (3.32)

Note that it is possible to express relations from Equation 3.31 and 3.32 in a 4 x 4

matricial form:

Pug| _ |1 Pus| |Pie|  |Pho| _ | T —Tubis| |Puq

1 0 1][1] |1 0 1 1
Poo| _ qu \Pso| o P s |Pue (3.33)
1 1] | 1] 1

Matrices T;; and Ty from Equation 3.33 are commonly referred as transformation
matrices between coordinate systems. Similarly to the notation used for describing ro-
tation matrix, 7)) is the transformation from the world coordinate system to the ship
coordinate system and 7 is the transformation from the ship coordinate system to the

world coordinate system.

w w RS —RSp®
T;U _ s DPws Ti; _ w wPws (334)
0 1 0 1
Note that:
RER 40 Ripv, — Ripe]  [Isws 0]
T;)Tsw _ wt s wPws wPws _ 3x3 _ [4><4 (335)
040 0+1 | o 1
RURS, +0 —RURspY, +po] [z 0]
T;UTi) _ s Tl s AlyPuws T Puws _ 3x3 _ [4><4 (336)
040 0o+1 | |o 1

The following sections from this chapter presents foundations for a systematic research
on navigation as presented in [TITTERTON; WESTON, 2004] and [GROVES, 2008].

3.1 Earth Modeling

There are three customary reference frames in the context of navigation in the vicinity
of the earth [TITTERTON; WESTON, 2004]. The inertial (index i) and earth (index e)
frames have the same origin O; = O, at the center of the earth. Axes Z. and g, from the

earth frame are fixed with respect to the earth. These axes rotates with respect to the
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inertial frame at a rate w;. about the axis z; and 2.. Axes Z; and Zz, from ¢nertial and

earth frames are both parallel to the earth’s polar axis (which is assumed to be constant).

Let ty be the time instant when both frames are aligned. The rotation matrix relating

the earth and the inertial frame may be expressed as a function of time and w;,:

cos(wie(t —tg))  sin(wie(t —tg)) 0

Ri(t) = | —sin(wie(t —to)) cos(wi(t —1tg)) 0 (3.37)
i 0 0 1]
[cos(wie(t — o)) —sin(wie(t — to)) 0]

R.(t) = |sin(wie(t —tg))  cos(wie(t —tg)) 0 (3.38)
i 0 0 1]

Wie & 7.292115 - 107° rad/s (3.39)

The navigation (index n) frame has its origin in an arbitrary point Q. Axis &, of the
navigation frame is parallel to the north, axis g, is parallel to the east, and axis Zz), is
parallel to the down direction. At a first approximation, the gravitational acceleration is

aligned with the down direction of the navigation frame.

The surface of the earth is customary described with a global ellipsoid model. A
widely adopted standard for navigation systems is referred as the World Geodetic System
1984 (WGS 84). This standard defines a global ellipsoid in terms of the equatorial radius
RYVES and the flattening fV&9 of the earth [GROVES, 2008]:

RY©S = 6378137.0m (3.40)

1
WGS
= 3.41
/ 298.257223563 ( )

GS

The polar radius and the eccentricity e"

RZV a9 may be computed as a function of

RYES and fYES [TITTERTON; WESTON, 2004]:

RS = Ry95(1 — fV9%) = 6356752.3142m (3.42)
VOS5 = | [fWGS(2 — fWGS) = ().0818191908426 (3.43)

The position pg of a point () is defined with respect to the reference ellipsoid in terms
of its latitude L,, longitude A, and height h,. This representation is usually referred as
the Curvilinear position of point p. Let [pg5, pey, pig) be the Cartesian position of point

() with respect to the earth frame. An expression relating the curvilinear position with
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the cartesian position may be expressed as [GROVES, 2008]:

Ri(Ly) = —— D0 (340
V1 — (eWe5)2sin?(L,)
Pig (Re(Lq) + hy) cos(Lg) cos(Ng)
pié’ = (Re(Ly) + hy) cos(Lg) sin(\,) (3.45)
P [(1 = (eV*)?)Ri(Lqg) + hy] sin(L,)

Alternatively, the curvilinear coordinates [Lg, A;, hy] may be computed from cartesian

coordinates [pg;, Pesys Pe:

L, = arctan [ ng(RE<Lq) ) ] (3.46)
VWES)? + P — (WS Ri(Ly) + hy)
= arctan ng .
A, = arct [ng] (3.47)
- VR + 0y (L o1

cos(Ly)

Note that Equations 3.46 and 3.48 must be solved iteratively in order to determine
the latitude L, and the height h,. The latitude L, may be initialized with the following
simplification:

Pey
V) + W)

L, ~ arctan [ (3.49)

The rotation matrix relating the earth and the navigation frame may be expressed as

a function of the curvilinear coordinates:

[ sin(L,) cos(A,) —sin(L,)sin(A,)  cos(Ly,)

R} (Lg, Ay hy) = —sin(\,) cos(A,) 0 (3.50)
| —cos(Lg) cos(Ag) —cos(Ly)sin(Ag) —sin(Ly)

= sin(L,) cos(A,) —sin(A,) —cos(L,) cos(A,)

Ry (Lg, Ag, hg) = | —sin(L,) sin(),)  cos(r,) —cos(L,)sin(},) (3.51)
cos(Ly) 0 —sin(L,)

The WGS-84 datum provides a simple model of gravity as function of the curvilinear
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position. The acceleration due to gravity is expressed as a function of latitude:

1+ 0.001931853 sin?(L,)

L,) ~ 9.7803253359
(L) V1= (€VGS)2sin?(L,)

m/s* (3.52)

The gravity direction is defined with the down unit vector of the local navigation
frame (index n). Let g@ be the gravity vector at point @) expressed in the navigation

frame and let g, be the same gravity expressed in the earth frame:

0
Jgo(Lg) =1 0 | = (3.53)
9o(Lq) |
—cos(Ly,) cos()\q)gO(Lq)-
Jo(Lg; Mg hq) = Ry (Lg, Mg, hg) G5y (Lg) = | — cos(Ly,) sin(\)go(Ly) (3.54)
—sin(Lq)go(Lq) |

Consider a world reference coordinate system S,. Assume that the origin O, is
described by its curvilinear position [Ly,, Ay, hy] with respect to the earth frame. The
cartesian position p¢,, of the origin O,, with respect to the earth frame is possible to be

computed from Equation 3.45.

Pes (Rp(Lw) + o) cos(Lyw) cos(Aw)
Pow = |PSY| = (Rg(Ly) + hy) cos(Ly,) sin(Ay,) (3.55)
P [(1 = (V®)*)Rp(Lu) + ho] sin(Ly)

Further, assume that axes [Z,, Y, Zw] from S, are described by a rotation matrix R!

between world and navigation frame:

n,x n,x n,x

Loy Y “n

n _ | 7n = n n| — n, n, n,
Rw - |:xw w Zw] - xwy ywy Zwy (356)

7 yn,z P
w w w
Note that it is possible to compute the rotation matrix R;, between the world reference

frame and the earth frame with Equation 3.51:

R, = R (Luy, Aw, h) R}y, (3.57)
—sin(Ly) cos(Ay) —sin(Ay,) —cos(Ly) cos(Ay) | (2™ yb®  20®

Ry, = | —sin(Ly)sin(A,)  cos(Ay,)  —cos(Ly)sin(A,) | |zY y™y 2y (3.58)
cos(Ly) 0 —sin(L,,) T VA

w w
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Therefore, let p;, be the position of an arbitrary point () in the world reference frame.

The corresponding position pf, of point () in the earth frame may be expressed by:

e

Peg = Pew T RiuPug (3.59)

Conversely, the position py, of point () in the world reference frame may be expressed

as a function of its corresponding position p¢, in the earth frame:

R (v = RE |t + Rovito] =
Ripeg = RYpey + Pug =
Ripeg — RIDew = P =
Pug = Re (Do — pew) = (Ry,)" (Dg — Pew) (3.60)

3.2 Kinematics

In navigation, it is customary to express linear and angular motion of one coordinate
frame with respect to another. Generally, most kinematic quantities involve three coor-
dinate frames: the object-frame («); the reference-frame (5) and the resolving-frame (7).
Henceforth, a kinematic property K from frame « with respect to a frame f is expressed
in frame v as Kga. For example, the cartesian position of frame a with respect to /3
expressed in frame 7 is given by pga. The kinematic velocity of a frame o with respect
to a frame [ is defined as the time derivative of its position resolved about the same

resolving frame [:

Voo = Do (3.61)
Similarly, the kinematic acceleration from frame o with respect to frame [ is defined

as the time derivative of its velocity resolved about the same resolving frame (:

B _ B _ B

g = Vga = Ppa (3.62)
The rotation matrix from frame « to frame 3 is expressed by R? (or C?). The inverse

rotation matrix from frame 3 to frame « is expressed by R§ (or C§). The angular rate

vector is the rate of rotation of the frame o with respect to the frame [, resolved about

a third frame . It is commonly represented as a three-dimensional vector wga or by a
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skew-symmetric matrix representation Q7 :

wgcf 0 —wg; wgi”
_ v ol _ _
o= |w3?| & [ha%] == wir 0 —ulp (3.63)
wﬁa —w/ja wgof 0

The skew-symmetric matrix representation of angular rate an may be transformed

to another frame § with the following expression:

0%, = ROQ} RY (3.64)

The time derivatives of a rotation matrix R may be expressed as a function of the

angular rate between both frames:

So anfb __ o o
R% = R30S, = —Q2 RS = R30S, = Q% RS (3.65)

The kinematic velocity of a frame a with respect to a frame [ may be expressed in

another frame 7 as vg,,.

Note that vga is not equal to the time derivative of pga unless there is no angular

motion between v and [.
o= LRl = Rl + Ry, = Rl + ) 3.67)
Poa = 5 3P0 3P0+ BP0 = B350 + V)0 (3.

The kinematic acceleration may be expressed in another frame v as aga with the

appropriate coordinate transformation matrix:

Ao = RWaﬂa = Rﬂvﬁa = Rﬁpﬁa (3.68)

Note that the acceleration aga is not the same as the time derivative of vga or the

second time derivative of pga unless there is no rotation between § and ~.

d d Sy B
dt (%) dt <Rgpﬁa> = Vo = R + Rﬁpﬁa = Vg = Rgvﬂa +ag, (3.69)
d /. d .

= pﬂa = Rﬁpﬁa + Rgvga + (Rgvga + aga) Rﬁpﬂa + QRBpﬁa + aga (3.70)
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Note that:

pﬂa - Rgpﬂa + R pﬁcx = Rgpﬁa pga - Rgpga (371)

From Equation 3.65:

Rﬁpﬁa =—Q Rﬁpﬁa =-Q (pﬁa - Rﬁpﬁa> =—Q (p}a + Q3 Rﬁpﬁa> (3.72)

Riph, = =0 Riph, — Q4 Ripl, = =0 Ropl, + Q0 Q% Ripl, (3.73)

Therefore:

Ba :( — Pl + 9 Qﬁvpﬁa) + 2( — g, <P6a + Qﬁvpﬂa)) +ag,

Pl = — (ng% + ng) Pl — 200 0 + (3.74)

The set of kinematic acceleration af,, velocity v¢, and position pt, determines the ship
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position in the earth frame throughout its navigation. Note that as the center of the
earth frame is coincident with the center of the inertial frame, the position of a point with

respect to the earth frame is the same as the position with respect to the inertial frame:
Pia = Do Dio = Pl (3.75)
As the inertial frame does not rotate, the velocity of a point with respect to the earth

frame is different from the velocity of a point with respect to the inertial frame:

Via = Rle( :a + Qzepea) = Rjv o = RzeRZe( o T Qzepea) = Ui = U + 95

ZZOt

(3.76)

zepeoc

Considering Equation 3.74 assuming that the rotation of the earth wy, is constant:

p'fs - (Qzelee>pzs - QQzepzs + azs (377)
Expanding the term p5, from Equation 3.77 in terms of the ship state [p¢,, v, af,]:
-e d e, 1 e e z e pe, i e
Pis = dt |:R pzsi| R pzs + Rz is — _QieRipis + Vig = (378)
pis - Qzepzs + Uzs - Qzepzs + ves + Qzepes - es (379)

Therefore, the ship position in the earth frame may be determined with the integration
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of the following expressions:

Pes = Ve (3.80)

i):s - _Qz?eQz?esz - QQgev:s + az?s (381)

Equations 3.80 and 3.81 are commonly referred as navigation equations. Furthermore,
consider R{ as the ship orientation with respect to the earth frame and let w;, be the

angular rate between the ship frame and the earth frame:

R° = ReQ, (3.82)

Note that the angular rate between ship and inertial frame is composed by the angular
rate between the ship and the earth with the angular rate between the earth and the

inertial frame:

s __ .8 s s __ .8 s
Wis = Wie + Wes = Weg = Wiy — Wie (383)

Therefore:

fe = R, = REQS, — RO, = ReQy, — RE(RIOLRS) =
RS = R, — Q5 R (3.84)
where the angular rate {2, may be measured by inertial sensors and €2f, is assumed to be

known and constant.

3.3 Maritime Navigational Assistance

The marine environment is known to be unpredictably harsh and characterized by
visibility issues related with different atmospheric phenomena. Further, in some cases
of maritime navigation such as in offshore scenarios, the lack of landmarks contributes
to increase complexity. Due to such complex factors, marine navigation remained an
enormous challenge for many centuries. Nowadays, there are typical digital tools for
assisting maritime navigation. An example of such equipment is a compass, which outputs
the angle between the instrument case and the direction of the true north with respect to
the earth. These measurements are extremely important for the maintenance of a desired

ship route towards a destination.

A very important type of equipment for navigational assistance is usually referred as
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Inertial Navigation Systems (INS). These systems are constituted by a navigation proces-
sor that integrates inertial measurements of acceleration and angular velocity providing
the instantaneous state of the instrument. The integration is typically assisted by filtering
algorithms such as the Kalman filter, which is presented in Appendix B. There are differ-
ent INS manufacturers with corresponding different implementation technologies. Note
that the precision of the instantaneous state provided by the INS will ultimately depend

on the precision of its inertial measurements.

Another important equipment that assists ship operators during navigation is known
as Global Navigation Satellite Systems (GNSS). GNSS are systems that provides esti-
mates for the user position and velocity with respect to the earth. There are three main
components in a GNSS architecture: the space segment, the control segment and the user
segment. The space segment is constituted by satellites, which are collectively known as
constellation. The control segment monitor the space segment to track each satellite and
ensure their orbits. These satellites broadcasts signals to the user segment that incor-
porates ranging codes and navigation data messages. The ranging codes enable the user
equipment to determine the time of broadcast by each satellite, while the navigation data
messages includes timing parameters and information about the satellite orbits. Typi-
cally, GNSS user equipment are implemented with a navigator processor that calculates

the instrument position and velocity providing such solutions as outputs.

When multiple equipment are available in a ship, it is possible to integrate all mea-
surements into a integrated solution. An Integrated Navigation System consists of an
equipment that integrates multiple real-time sensors in order to determine an estimation
for the ship state described in a reference coordinate system. There are multiple algo-
rithms for such estimation. Typically, a reference solution is computed from an INS. As
there are multiple sources of errors that affects the accuracy of the inertial solution, the
predicted reference state is combined with measurements from other auxiliary sources in
order to determine an improved estimation for the ship state. Simple models for naviga-
tional assistance equipment that are used throughout the current work are presented in

Appendix C.
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Consider a camera coordinate system S, (index ¢) described by axes [\, Ye, Kc] With

origin at a point O.. Assume that three-dimensional coordinates for the position of O,

are known in the ship coordinate system Sg.

T
%=Q—@=ﬁ%+@%+@%=&%mgmﬂ

(4.1)

Further, consider that each axis of this additional coordinate system is known with

respect to the ship coordinate system:
=TT R = e ]

Rk = [ ap

=5 .84 5,57 s,k ; i |
Re= ks + K g + kVkg = [5?2 kST RS

(4.2)
(4.3)

(4.4)

Parameters from Equations 4.1, 4.2, 4.3 and 4.4 yields the following transformations

T¢ and T? between the camera frame S, and the ship frame Sg:

8,1 8,1 s,i-
Xe Ve Ke 'RS ps
s s, ; s, ; s, ; s (& Sc
Rc_ XcJ ’}/cj ’ic] :>TC -
s,k s,k s,k 0 1
Xc’ fyc7 I{C’ |
S, S,J s,k-
Xc Xc J Xc B
Re _chs
c R s, s,k c __ s st’sc
RS = e Ve J Ye = TS _
8,0 $,J s,k 0 1
A Ry R |

(4.5)

(4.6)

Therefore, for an arbitrary point () with position pf, in the camera frame, the corre-



59

sponding position pg, in the ship frame can be computed as:

1005 B D P A I S I
Pao = [P = [ X7 A7 w3 \peg | + | p3 (4.7)
7k $]
Pl o re el I oAl B el
1 0 1]|1]
Conversely:
%) Xt X xSt i — i
Peg = |Peg | = [&" 7 M| |0 — v (4.9)
pig RS RS "‘ii’k pig_pz,ck_
1 0 1 1

In addition to the projection of an arbitrary point (), it is interesting to investigate
expressions for the projection of points belonging to particular planes in space. As a plane
can be defined by a point and a unitary normal direction vector, it is possible to describe

an arbitrary plane Il with a coordinate system transformation.

Consider a plane coordinate system Sy expressed by a set of axes |2y, ¥, 21| and an
origin Or;. Assume that the origin Oy; belongs to the plane IT and that axes [Z, ¥j1] from
Sn are aligned with the plane II. The position pg; of Op is assumed to be known with

respect to the camera frame:
c c,X .= C,Y = C,K — T
Pin = On — O = DX + DT + DR = [0 05 o5 (4.11)

Similarly, axes [¥11, U1, Z11] are assumed to be known with respect to the camera coor-

dinate system:

Th = 2 Ne + 2577 + o Re (4.12)
Jit = Y Xe + Y Ve + Yri Re (4.13)
24 = 21 Xe + 20 Ve + 21 Re (4.14)

Thus, the position pSp of an arbitrary point P, from the plane may be expressed in



60

the camera frame from a linear combination of Zf and yf:

Pep, = Pen + mTn + p2dy (4.15)

where p11 and uo are arbitrary real numbers. Note that it is possible to define a transfor-

mation matrix 7}; that transform points from the plane frame to the camera frame:

C X C,X ¢, X
I Yoo <o

c c c c c RCH ng
Ry= | wi 2| =Tn= = (4.16)
C,K C,K C,K 0 1
In Yo Ao
N I E i
78 B N PR I P )
A T
1 0 0 0 1 1

Assuming that other equipment of the ship are able to provide estimates for the state
of the ship and surrounding points, it is possible to transform these points to the camera
coordinate system with Equations 4.10 and 4.17. Once a point has its position described
with respect to the camera frame, it is possible to compute its corresponding projection

in the image scene with proper modeling.

The following sections presents camera models for the projection of arbitrary points
with known position in a camera coordinate system. The following content is based on
the book [SZELISKI, 2010] about computer vision methods and applications; a classical
book of geometrical projection [HARTLEY; ZISSERMAN, 2003]; and the documentation
of the open-source library OpenCV [BRADSKI; KAEHLER, 2008].

4.1 Pinhole Model

One of the simplest camera models considered by researchers is usually referred as the
pinhole camera [HARTLEY; ZISSERMAN;, 2003]. In this model, the projection of points
in the scene are modeled assuming a process of central projection. A ray from the point is
projected through the lens of a camera in a single point C' defined as the centre of the lens.
This ray intersects a particular plane in space defined as the image plane. Note that such
modeling does not specifically model geometry and composition of the lens. Let f be the
distance between C' and the image plane. In the ideal pinhole model, an arbitrary point

@ described by a three dimensional vector pf, projects to image coordinates [uPh vPh]T
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accordingly to the following expression:

X
p c, C,KY\ —
c Z?Y uph f (pcéc)(ch) !
ch = pc7Q = ph - C,Y C,K\—1 (418)
¢,k v f (ch)(ch)
Peg
The process is illustrated in Figure 9.
Figure 9: Central projection of a point P3p into image coordinates poans
Pip
£ PCAM
> Y ZC.'

C #

/yc

Image Plane

Source: Author (adapted from [HARTLEY; ZISSERMAN, 2003])

Note that image coordinates [uP", vP"]T from Equation 4.18 are given in the same unit
as the focal distance f and are defined with respect to a coordinate system with origin at
the camera center. Let A, and A, be the size of each pixel unit in the image plane, and

let [ug, vo]” be the coordinates of the center of the camera C' in the scene image in pixels.

ced ]

A model for measurements [u¢?, v°dT of a digital camera may be expressed as:

AL uPh + g

o (4.19)
AL P 4y

Uccd

[] A (e ) +
()W) ) + v

The set of parameters K;, = [fA;L, fFASY ug, vg] are referred as the intrinsic param-
eters of the camera. These intrinsic parameters defines the projection of points from
the camera coordinate system to their corresponding image coordinates. If a point is
described with respect to another coordinate system, it is necessary to transform it to the

camera frame before its projection into the camera scene.
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Consider the ship frame Sg and let pi. be the position and RS be the orientation of
the camera with respect to the ship frame. An arbitrary point () described with position

Pig In the ship frame projects into the camera scene as:

C; X R EN s,k St s
ch Xc Xc] XC psQ psc
C  _ DRC(S S cy | R 2J k $J 8,7
Peg = Bi(iq —1%) = |peg | = [0 287 k| |0 - | = (4.20)
C,K S, EN s,k s,k sk
ch Ke Ke Ke psQ Dse
[ C, X 8,0 (St 8,0 8,5 (mSd 28, s,k(8k sk T
ch Xe (psQ psc) + Xe (psQ Dié ) + Xe (psQ Dse )
oYl — Syi (St s 8,J (mSd 18,5 s,k(nSk sk
ch Ve (psQ psc) +’yc (psQ psc) +Pyc (psQ Pse ) (421)
C,K 8,0 ( St 28,0 8,5 (mSJ 08, s,k (0,Sk sk
_ch Ke (psQ psc) +"€c (psQ psc)+’ic (psQ Pse )_
- (XX (25— ) X (0 —pE)
A Q Q Q
UICCd f u Ks,i(ps,ii 5,i)+ﬂs,j( EN s,j)+ s,k( s,k s,k) + UO
C SQ pSC c pSQ pSC NC psQ pSC
- (4.22)
vecd FA (Wﬁ’l(pié—pi‘cl)Jrv?] (pi’é—pi’c])+73’k(p§$—p§’ck)) e
L v\ RS (i —pi )R (05 —pid ) TR T (0 —pi) 0]

The parameters [pS,, RS] that specifies the camera coordinate system are usually re-
ferred as the extrinsic parameters of the camera. It is possible to estimate the camera
parameters of a given camera device with calibration procedures. Consider a set of N,
points correspondences composed of detections [uy, vx]? and respective three-dimensional
is

coordinates. For each three-dimensional coordinate, an estimated detection [dy, 0]
computed as a function of estimated camera parameters and each point position. The
& |7 can be defined with a single

error between observations [uy, v]" and estimations [ty Ok

vector concatenating the error between each correspondence:

—

Ecc: ul—fbl 1)1—{)1 uk—ﬂk Uk:_@k; uNC—ﬁNC UNC—@NC (423)

Neglecting errors in the three-dimensional position of each calibration point, the error
vector B, from Equation 4.23 tends to zero when estimated camera parameters are equal
to real camera parameters. There are different optimization methods that can be used

for the determination of calibration parameters from the minimization of ECC.

On a computational perspective, it is possible to use a general purpose optimizer
for this calibration with open source numerical libraries. Typically, these optimization
libraries expects expressions for the error as function of the parameters to be optimized.
Considering the previous models which express each projection as a function of camera
parameters and points coordinates, it is possible to solve for the calibration parameters

by feeding these numerical libraries with the aforementioned functions. One example of
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such optimizer is available in the SciPy library for optimization [VIRTANEN et al., 2020].

The implementation that is used throughout this work is available in the function
least_squares of the library. The implementation search for an optimal Xoptm that mini-
mizes a scalar cost function Eoptm(xoptm). The scalar cost is computed from a loss function

—

p(.) and a set of M residual measurements €;(Aoptm) accordingly to the following form:

NE

Eaptm Gopim) = 5 2 (£U1E Gopu) 1)) (4.24)

1
23
where é(xoptm) is the i—th residual as a function of the optimization parameters Xoptm.
The default implementation of the least_squares function uses a trust region reflective
algorithm [BYRD; SCHNABEL; SHULTZ, 1988], [BRANCH; COLEMAN; LI, 1999] that
allow bounds for the optimization parameters Xoptm. Another implementation of the
least_squares function available in the SciPy library is commonly referred as the Levenberg-
Marquardt algorithm [LEVENBERG, 1944],  MARQUARDT, 1963], [MORE, 1978]. Fur-
thermore, there are alternative optimization implementations in the SciPy library that

may be further investigated.

4.2 Distortion Models

The projection of points into the image scene of real cameras deviates from the previ-
ous ideal pinhole camera model due to many factors. Different models have been proposed
to characterize such distortion. Generally, the most important type of distortion is re-
ferred as radial distortion [HARTLEY; ZISSERMAN, 2003]. Radial distortion can be
attributed to an imperfect radial curvature of the camera lens. Such distortions are more
significant as the focal length of the lens decreases. Let [@, )T be image coordinates from

an ideal pinhole projection model with unitary focal length:
~ 1 Au ced 1 ph C X C,k\—1
[1}] - (u uo)] 1 [u ] _ [(ch)(ch) (4.25)
v

Ayt —vg) | [oPh i) (i)~
Let [us v5d)T be distorted coordinates after radial distortion. Such distortion can

be modeled as a function of an ideal radius 7 computed from the above ideal pinhole
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projections alongside a set of radial distortion parameters:

= <a>2 + (6)2 (4.26)

L(7) = 1+ kT + ko™ + oo 4 Ko™ (4.27)
[lfd = L(7) u] = (4.28)
Vd v
ced ] Afl ~
Ug | _ JA g + ug (4.20)
vg? FAT0q + vg

Physically, the distortion function L(7) needs to be monotonic. In order words, L(7)

needs to continuously increase as 7 increases, or continuously decrease as 7 increases.

Another component of lens distortion is classically referred as decentering distortion.
Such distortion is mathematically complex to be expressed analytically. In [BROWN,
1966], decentering distortion is physically discussed and a distortion model is proposed
based on the earlier work of [CONRADY, 1919]. Nowadays, this model is usually referred
as the Brown-Conrady distortion model. There are implementations based on this model
in the open-source library OpenCV [BRADSKI; KAEHLER, 2008]. Let [@, 0] be the
coordinates from the ideal pinhole projection without distortion similarly as before, and

ced ,,ced ] T

let [ug®, v5]" be the distorted coordinates after distortion.

2 2
=) () )
1+ k7?4 kot + kgt
L(7) — 4.31
Dl S S b

gl [L(F)a + 2p1ad + pa(72 + 20i2) + 5172 + 977
d _ ( ) P1 pz( ) 1 2 N (4'32)
Ua| [ L(F)0 4 2pou0 + p1 (72 + 20%) + 5372 + s47*
uCCd- [ Ay +u
N T (4.33)
vffd_ _fA;lf)d + vy

The function calibrateCamera of the OpenC'V library implements an optimization for
estimating the intrinsic and extrinsic parameters of the camera from points correspon-

dences. The implementation is based on the Levenberg-Marquardt algorithm.

In [WANG et al., 2008] an interesting model for camera lens distortion is presented.
The distortion is modeled with radial distortion coefficients and a transformation from

the ideal image plane to the real sensor array. This yields a model with fewer parameters
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to be calibrated and more explicit physical meaning. Four stages constitute the proposed

image projection process. Let [, 0]7 be the coordinates from the ideal pinhole projection

-

Coordinates [@, ] from Equation 4.34 radially shifts to distorted coordinates [tu,q, Urq):
F= Va1 o (4.35)
L(7) = 1+ k7 + kyoi? (4.36)

c,X c, K\ —1

Urd (Peg)(Pe) ™"

without distortion:

(4.34)

Ay (e _u0>] _ [<ng><ng>—1]

Ay (v — ) (o) (Pesy) ™!

The radially distorted coordinates [u,q, v,4] are further transformed to the real sensor
array plane yielding sensor coordinates [Zsq, Ysra, Zsra)- This transformation between the

ideal plane and the real sensor array is computed with a rotation matrix Rp;g:

Lsrd Upq
Ysra | = Bpr1s | vrg (4.38)
Zsrd 0

The rotation matrix Rp;s is defined as a composition of two rotations around axes
x and y. Suppose that the rotation around axis z is given by € and the rotation around

axis y is given by .

c(v) 0 s(¥)| (1 0 0
Rpis=RyRe=1| 0 1 0 0 c(0) —s(0) (4.39)
—s(1) 0 ()] [0 s(0) c(0)

The following simplifications can be used for  and v small:

1 0 ¢ 10 0 1 0 %
Ry~ |0 1 0| , Rem|0 1 —0| =Rprs=RyRe~ |0 1 —6| (4.40)
— 0 1 06 1 —p 0 1

Let [ugq, vsd]T denotes the image coordinates in the real sensor array plane. With the

simplification from Equation 4.40 the corresponding coordinates in the real sensor array
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plane can be computed as:

Upg f (evrd — Yupg + f) -

-
_ 3 (4.41)
Vsd Uraf (9%0{ — Yurg + f )

The corresponding final pixel coordinates [uS?, v5]T in the measured digital image

can be computed considering the sensor unit cell sizes [A,, A,] and principal points co-

ced
ced
Uq

Note that more sophisticated models beyond the scope of the present work can be

ordinates [ug, vo]”:

FA g + ug

(4.42)
FA v + v

developed by taking in consideration mechanical properties of lens such as geometry and
composition. For most applications it is possible to simply choose a camera device that
does not present relevant distortion and use a camera model without distortion as from

the previous section.

4.3 Hardware

A typical image sensing pipeline is shown in Figure 10.

Figure 10: Typical digital camera imaging pipeline
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Source: [SZELISKI, 2010]
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Light from the scene is measured by an active sensing area during a time interval
referred as the exposure time. The measurement is further amplified and feed to analog to
digital converters (ADC). Additional digital signal processing operations are performed
before compressing and storing the final pixel intensity values. In colored cameras, these
intensity values are expressed as three separate intensity values with regard to three basic

colors: blue, red, and green.

Consider the representation for a digital colored image by concatenating three matrices

Ip, Ir, and I. Each matrix represents the intensity values for each color.

Iu,v] = [Ig[u, v], Ig[u, v], Ig[u, v]] (4.43)

For a sensor chip with n, pixels in the u direction and n, pixels in the v direction,
the corresponding matrices Ip, Ir, and I have dimensions n, X n,. Let L, ,(\) be the
spectrum of light reaching pixel [u, v]T of the sensor plane. L, ,()\) describes the incoming
light as a function of the wavelength A. Assume that each sensor of the sensor plane has
a spectral sensitivity function describing the response of the sensor for different incident
light Ly, (). Let S5°(A), S&*(A), Sp*(N) be the spectral sensitivity of the corresponding
blue, green and red sensors of the pixel area. The pixel intensity for each color channel
may be modeled as being proportional to each corresponding spectral response function,

which is defined as:

Ig[u,v] ~ By, = /LM()\)Sg’U()\)d)\ (4.44)
Tou,0] ~ G = [ Luu)SE" ()i (4.45)
Iifu,o] ~ Ru = [ LuoNSE ()N (4.46)

Pixels are usually sampled at a 8-bit resolution, which yields values ranging from 0
to 255. Note that if the spectrum of incident light L, ,(\) in a pixel area is null VA, all
pixel measurements are zero. Thus, the corresponding color for a pixel I[u,v] = [0,0,0]
is black. On the other hand, the pixel measurement relative to the white color is given
by I[u,v] = [255,255,255]. Figure 11 shows a digital image generated with the OpenC'V
library with three circles for each color channel illustrating the composition of different

colors.
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Figure 11: Composition of each color channel

Source: Author (adapted from [SZELISKI, 2010])

4.4 Image Processing

This work uses the open-source library OpenCV [BRADSKI; KAEHLER, 2008],
[KAEHLER; BRADSKI, 2016] for most of the digital processing implementations. Ta-
bles 3,4, 5 presents methods that are used in the following chapters. Table 3 summarizes
methods related with the generation of the graphical elements. Methods for the imple-
mentation of calibration and projection procedures are summarized in Table 4. General

computer vision algorithms are summarized in Table 5.

Template matching is a technique that is based on the comparison of an template
image in every location of a scene tmage. An error is computed between the template
image pixels and the scene pixels, yielding a map of errors. The pixel position with the

minimum error value is the resulting detection of the algorithm. The following error
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Table 3: OpenCV Methods for Image Synthesis

| Method Name | Description |
| circle \ Draws a circle in an image object |
line Draws a line between two points p; and p, described in pixel coor-
dinates

Draws an arrowed line between two points p; and py described in

arrowedLine pixel coordinates. The arrow points from p; towards ps
H rectangle \ Draws a rectangle in an image object H
H putText \ Draws a string in an image object H
H resize ‘ Resize an image object for a different image size H
H addWeighted \ Performs a weighted sum of two image objects H

Source: Author (adapted from OpenCV documentation)

Table 4: OpenCV Methods for Calibration and Projection
| Method Name | Description |

. Finds the camera intrinsic and extrinsic parameters from
calibrateCamera . . .
several views of a calibration pattern
solvePnP Finds an object pose from 3D-2D points correspon-
dences
H projectPoints \ Projects 3D points to an image plane H

Source: Author (adapted from OpenCV documentation)

Table 5: OpenCV Methods for Computer Vision

| Method Name | Description |
matchTemplate | Implementation for template matching between an im-
minMaxLoc age patch (template) and an input image

Implementation for image segmentation of an input im-

grabCut age from an initial mask

Source: Author (adapted from OpenCV documentation)

expressions are available in the OpenCV library:

Ntu Ntv

RS9P (4, v) Z Z ( (ug, ve) — ](u+ut,v+vt))2 (4.47)

U= O'Ut 0

2
ZHN:‘;O gtjo <T(ut, ve) — T(u + ug, v + ’Ut)>

Ntu Nt'U Ntu Nt’v
\/(Zut’:o V= 0T<ut7vt)2> (Zut’zo v= 0[(U+ U, U+ Ut)2>

RPN (3 v) = (4.48)

Alternatively, it is possible to define a similarity expression instead of the errors from
Equations 4.47 and 4.48. The similarity measurement computed in each pixel of the

image yields a similarity map, and the pixel position with the maximum similarity value



70

is the resulting detection. The following similarity expressions are available in the OpenC'V

library:
Ntw Nt
Ut=0 ’UtIO
Zi\it:u Zt; <T<Ut, ’Ut)I(U, + ug, v+ vt))
RCCORRN(U7 U) _ 0 0 (450)

\/ (o0 3oy Ty 00)? ) (20 SN T+ ey v+ 00)?)

The image segmentation algorithm is initialized with a mask M of the same size as the
input image. Each coordinate [u,v]? of the mask is related to the corresponding region of
the input image. The values of the mask are constrained to four possible values accordingly
to the corresponding types of segmentation areas: (0) background; (1) foreground; (2)
probable background; and (3) probable foreground. The algorithm refines the initial input

mask with nonlinear optimizations yielding an optimized mask.
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5 MONITOR AUGMENTED REALITY

Consider the navigation of a ship equipped with an onboard camera. The video

stream of the camera measures the scene as the ship moves in the sea. The video can be

enhanced with visual elements to assist operators with the perception of navigation scene.

In order to display such visual elements, it is interesting to define three different coordinate

systems: the world coordinate system (WCS or Sy ), the ship coordinate system (SCS

or Sg) and the camera coordinate system (CCS or S¢). The transformation between Sg

and S¢ is fixed assuming that the camera is rigidly installed in the ship. On the other

hand, the transformation between Sy, and Sg changes as the ship moves in the sea. An

overview of the defined coordinate systems is illustrated by Figure 12.

Figure 12: Overview of pertinent coordinates systems: Sy, Ss and S¢
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zZ P 'y
p i
y P |
i
S |
- - - - = - - - -] i J

0 > T

Source: Author

This chapter discusses a potential monitor augmented reality architecture for assisting

in maritime navigation. Figure 13 presents a diagram of the proposed monitor augmented

reality architecture. The system may be defined as a composition of four main blocks:

(1) display; (2) tracker; (3) navigational information; (4) render.

The display block comprises all equipment that are related with recording and pre-
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Figure 13: Overview of the proposed architecture
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senting the navigation scene for operators: a calibrated camera and a display monitor.
The camera is rigidly fixed to the ship and the monitor is installed in the ship control
room (bridge). The video stream from the camera is available in the monitor. The camera

state with respect to the SCS is assumed to be known.

The tracker block is related to the estimation of the ship state with respect to the
WCS. There are different technologies for this implementation. A typical method for
tracking defines a preliminary reference solution by the integration of inertial sensors.
The reference solution is improved with information from other sensors. Note that as the
camera is rigidly attached to the ship, it is possible to determine the camera state with

respect to the WCS from the tracker solution for the ship state.

The navigational information block of the system comprises navigational assistance
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equipment which are able to provide information regarding the ship navigation in a dig-
ital form. Examples of such maritime navigational assistance equipment are radars and
electronic charts. The information provided by such equipment may be automatically
projected into the camera scene to assist in its spatial perception. As it will become
clearer in the following sections, it is interesting to differentiate between two types of

navigational information: (1) ship-related; and (2) scene-related information.

Finally, the render block generates synthetic views to represent the information from
other blocks of the system. Further, the render block overlay these synthetic views on top
of the real camera scene. This block of the system is further detailed with experiments

from recorded videos in the following chapters.

The present work is a preliminary investigation towards the development of such a
monitor augmented reality system. The following sections further detail each block of
the system defining sets of corresponding installation parameters, which are highlighted
throughout the text. Note that the full development of an operational monitor augmented
reality prototype for navigational assistance is beyond the scope of the current work.
Instead, foundations for developing this equipment are presented and exemplified with
recorded videos from navigation experiments. These videos are post-processed in order to
generate potential synthetic views for navigational assistance. Proposed methods may be

incorporated into the render block of an operational monitor augmented reality prototype.

5.1 Display

There are two basic instruments regarding the display block of the system: the camera
and the monitor. Generally, the initial step for developing a monitor augmented reality
system should be the determination of the camera device for the system. A preliminary
recommendation is to choose a camera device that does not present significant distortion.
Neglecting distortion effects, let K, be the set of intrinsic parameters that describes the

projection of points with respect to the CCS (S¢):

Ko = [fAY, ALY w0, v0] = [fus fos w0, 0] (5.1)

Let [ug, vg]” be the projection of an arbitrary point Q described by its position Peg
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with respect to the camera frame as in Equation 4.19:

(5.2)

uQ] _ [fung@zg;)-l + g

vQ fopeg Pey) ! +wo

Furthermore, let pj, and R be the camera position and orientation with respect to

the SCS (Ss).

S, EX) EX) EX)
Pse Xe Ye Ke
s 5. s 5. 5. 5.
Dse = sc] ) RC - Xc] Ye / ’%cj (53)
s,k s,k s,k s,k
Psc Xe Ve Ke

For an arbitrary point @ described by its position p;, with respect to the ship frame,
its projection [ug,vg]” may be computed with Equation 4.22:

f <xi’i(p§$p§’ci)+xi’j P332 )X F (035 —pid) ) T
uQ U\ w0 P e (035 —psd ) TR (05 i) 0
- (5.4)
S,i/ 8,1 S,1 S$,J(..8,] S,7 s,k s,k s,k
v Ve (pSQ*psc )+ve (pSQ*psc )+ve (psQ —Ppse )
Q f’U S0/, 8,1 S,1 EN AN s,J s,k s,k s,k + UO
Ke (psprsc )+Rc (pSprsc )+Hc (PSQ —Psc )
Consider a set of estimated camera parameters K;,, p;. and R}:
N 8,1 2,8,1 [.8,1
pSC XC ’YC H;C
A . A ~ R N s “ . fal s N . N . ~ .
Kin - [f’UJ f’U? UO, UO] Y psc - ?cj I Rc - X?J 757‘7 K/?J (55)
~s.k ~sk 28k sk
DPse X Ve ke

Similarly, the corresponding estimation [tg, 0g| may be expressed with Equation 4.22:

S0, S  ~s.d 8.7, 8.7 8.7 sk, sk ~s.k
f <XZ”(p25fp§’J)+xZ’J (05— )+xe " (ply —Pse )) Ta
% 2850 Vi 58,0\ | 28,0 8, J a8\ nS ke sk _ s,k 0
UQ v KZ l(Ple*P‘ch)Jrﬁz J (p:QJ*pgcJ)JFNi (pZQ 7p‘s§c )
- (5.6)
N A8,/ S,1 8,1 ~8,J (.8,]  ~S,] ~s,k/ s,k s,k
D Ve (pSQ_psc )+ie (ps —Psé ) e (psQ —Pse ) ~
Q f’U 8,1/ S, 8,1 8,7 (. 8,0 28,7 ~s,k/ s,k s,k + UO
Ke (pSprsc )+ (psprsc )+Re (psQ —Pse)

5.2 Tracker

One of the most important blocks of the system is the tracker block. This block

is responsible for determining the ship position and orientation with respect to a world
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coordinate system Sy. Let p¢, be the ship cartesian position with respect to the earth

frame and let RS be the rotation matrix relating the ship frame with the earth frame:

€,L r€,T r€,T e,r
pes 7/8 ']S kS
e _ e, € — 7€, 1€ €,
Des = esy ) RS - Zsy Js Y ks v (57)
€,2 e,z €,2 e,z
pe; DS

Similarly, let ¢, and R¢ be the tracker outputs for position and orientation of the

ship with respect to the earth, respectively.

pes D

e e, Se _ ‘e e e

pes - peigj ’ RS - Zs7y ]s7y ks7y (58)
zek e,z fe,z f.e,z
Pes i$rget kS

Considering that the camera position p?. and orientation R? with respect to the SCS
are time-invariant, the camera position p¢, and orientation R¢ with respect to the earth

may be computed as:

Pee = Pos + REDE, (5.9)
R® = R°R* (5.10)

Thus, estimations ¢, and R¢ for the camera position and orientation with respect to

the earth frame may be computed from the tracker outputs ¢, and R¢:

|| [ e ket 0]
oo =P+ Repe = | pev | = |ped | + [iev jew feew| | ps (5.11)
e I B L Al e
e ger ket] [ e R
RE= RERS = |iew jow few| |0 43 fod (5.12)
S B R

Let O, be the origin of Sy described by its curvilinear position [Li, Ay, hy] with

respect to the earth. The corresponding cartesian position p¢,, of Sy with respect to the
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earth frame may be computed with Equations 3.40, 3.43, 3.44 and 3.45:

(Rp(Ly) + huw) cos(Ly,) cos(Ay)
[Lus Aws h] = P,y = (RE(Lw) + i) cos(Ly) sin(Ay

) (5.13)
(1= (")) R (L) + h] sin(Ly,)

Furthermore, let %, ¥, Zw| be the axes of S,,. It is possible to describe the axes of

Sy with a rotation matrix R between S, and the earth frame:

e,x e,x e,x
€ _ | e —e e | — e, e, e,
R = [azw v zw} = |a&Y Yoy 20Y (5.14)

e,z e,z e,z
Loy Yw Zw

Note that it is typically simpler to the define the axes of S, in terms of the local
navigation frame. Alternatively, assume that the axes of S, are described by the rotation

matrix R; between S, and the navigation frame:

n,x n,x n,x

Ly Yw 2n

n _ \xn on | — n, 0, n,
Rw - |:xw w Zw:| o xwy ywy Zwy (515)

n,z n,z n,z

Loy Yuw “w

The corresponding rotation matrix R{ between the world reference frame and the

earth frame may be computed from R}, with Equation 3.51:

RS = RE(Lu, My h) R (5.16)
—sin(Ly) cos(Ay) —sin(A,) —cos(Ly) cos(Ay) | (2™ ym® 0

Ry, = | —sin(Ly,)sin(\,) cos(Ay) —cos(Ly)sin(A,) | |20y ybY 2 (5.17)
cos(Ly,) 0 —sin(Ly,) S T U

w w

Therefore, estimations pj,. and R} for the camera position and orientation with respect

to the world frame S,, may be computed from Equation 3.60:

ﬁlwuc - Rqev(ﬁZc - p2w> - (RZJ) (ﬁgc p:w) (518)
RY = RYR; = (R;)" R (5.19)
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5.3 Navigational Information

Another important block of the system is the navigational information block. Note
that most of the information related with navigation are provided by onboard naviga-
tional assistance equipment. If such information is digitally available, it is possible to
automatically display navigational information on top of the camera scene. Examples of
such maritime navigational assistance equipment are radars and electronic charts, which

provides extremely important information regarding the navigation scene.

Consider a set of Ng points Q corresponding to different features of the navigation

scene:

Q = Ql?"'?Qk?"‘)QNQ (5:20)

Assuming that the position of each feature ) is known with respect to the earth
frame from onboard navigational assistance equipment, it is possible to determine image

coordinates [ug,,vg,]" for each point with outputs p¢, and Ri from Equations 5.11 and

5.12:

e,r ACX
Peq, . . Peqy

Veg, = |pih, | = Pig, = (RO (g, — Pee) = Ri(ig, —De) = |05 | = (5:21)
pebk ﬁcbk

N £ AC, ACK O\ —1 -
[qu] _ [fupcgk(pCQk) + Uo (5.22)

fobeg, (B,) " + o

VQy

Alternatively, if the position of each feature @y is known with respect to the world

. . . . T
frame, estimations for image coordinates [ug, , vg,]

and R from Equations 5.18 and 5.19:

may be computed with outputs p,..

w,T ~CyX
prk pCQk
~ ST ~ ~ ~ R
Puge = |Puty | = Peq. = (BE)" (Peq, — Pue) = 1o(Dug, — Pue) = | D, | = (5:23)
w,z ~C,K
prk chk

~ £ ac, ~CK O\ —1 >
[qu] _ [fupcgk (pCQk) + Uo (5.24)

Qy Jobeg, (B, )™ + o

Similar expressions may be defined for points )y described with respect to the ship
frame or another arbitrary frame. Note that there are multiple navigational assistance

equipment from different manufacturers. Thus, different implementations may need to
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be developed for each set of navigational assistance equipment. An interesting strat-
egy for developing the navigational information block of the system is the investigation
of standardized communication protocols between marine equipment. Once general im-
plementations regarding standardized protocols is achieved, the integration with typical

navigational assistance equipment is facilitated.

5.4 Render

The render block of the system effectively displays navigational information on top of
the camera scene. It generates virtual visual elements accordingly to the operator task and
the pertinent navigational information. Methods for the generation of such virtual visual
elements are proposed in Chapter 8. For any particular ship operation, there are multiple
potential combinations of virtual elements that may be helpful. Moreover, different oper-
ators performing a same task might find a different set of virtual elements better suited
for their task than others. Therefore, it is interesting to analyze and compare potential
virtual elements accordingly to standardized navigation operations. It is interesting to
note that such usability research may be carried out without the actual development of a

fully operational monitor augmented reality prototype.



79

6 EXPERIMENTAL SETUP

This chapter presents the experimental setup used throughout the work. A particular
objective of the present work is the development of methods for generating virtual visual
elements on navigation scenes. The combination of such virtual assets may assist operators
in the perception of the navigation scenario. Note that the usefulness of each augmented
visualization depends on the organization of the different virtual assets given a particular
navigation context. Thus, it is interesting to further investigate potential arrangements

that may be optimal with respect to particular ship operations.

It is possible to perform preliminary investigations about optimal arrangements for
virtual elements with videos from navigation experiments. Particularly, the navigation
experiments considered in the current work are presented in the following sections. For a
given video of a navigation experiment, different augmented visualizations may be gener-
ated for further comparison and validation without the necessity of implementing an op-
erational prototype. Methods for generating virtual visual elements in navigation videos
are proposed in the following chapters considering a monitor augmented reality setup,
which are pursued as a means for enabling preliminary research of augmented reality in

maritime environments.

6.1 Experiment Description

Experiments from the current work consists of a ship navigating through a channel
delimited by nautical buoys. In order to keep the ship inside the channel during its travel,
it is extremely important that ship operators acknowledge the channel region during the
entire path. Moreover, the ship trajectory needs to be executed exactly as planned.
Note that both tasks are facilitated when the nautical buoys from the channel are easily
perceived by the ship crew. Therefore, an onboard equipment that assist operators in
their identification might be helpful for such scenarios. Generally, whenever a ship is

navigating through restricted waters, it is interesting that the ship crew acknowledge
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surrounding obstacles at the sea.

In this context, a camera is rigidly attached to the ship measuring the whole ex-
periment. Nautical buoys are used as examples of obstacles to be highlighted in the
navigation scene considering a monitor augmented reality setup. In order to investigate
the development of a monitor augmented reality system to assist in the perception of the
navigation scene, methods for rendering virtual visual elements in videos from navigation
experiments are proposed. The methodology assumes that the ship geometry and tra-
jectory is known alongside the camera position and orientation with respect to the ship
frame. These methods may be incorporated into the render block of the aforementioned
monitor augmented reality architecture. Alternatively, it is possible to simply investi-
gate potential augmented visualizations for different scenarios without a fully operational

augmented reality equipment.

6.2 Simulated Experiment

Consider a simulation from the TPN-USP ship maneuvering simulator. Figure 14

shows main dimensions of the simulated ship used for the experiments.

Figure 14: Main dimensions of the simulated ship
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Source: Author

A camera is installed in the ship at a location pj, and orientation R’. The camera
is able to see points from the ship with known three dimensional coordinates. Figure 15

shows an example of the image from the simulated experiment.
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Figure 15: Example of image from the simulation

Source: Author

Numerical values for R? and p;, are given by:

0 —1 0 42.0
RE=10 0 —1| pl.=]-255 (6.1)
1 0 0 57.51

Let d, be the draft of the ship in the simulation. In the following experiments, the draft
is constant and known from the simulation output. An interesting installation parameter
that may be computed from the simulation output is the distance h,, between the camera
and the water. Considering the z—coordinate of the camera position, it is possible to

compute the distance h,, between the camera and the water as:

hy = p5F —d, = 57.51 — 13.3 = 44.2 (6.2)

The ship trajectory is simulated with respect to a world reference coordinate system

Sw as shown in Figure 16:
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Figure 16: Ship position in the world frame as a function of time
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6.2.1 Display

Parameters associated with the display block of the system are the camera intrinsic
and extrinsic parameters. The extrinsic parameters pj, and R are assumed to be known
with considerably precision from the simulation outputs (Equation 6.1). In order to
estimate the camera intrinsic parameters, consider points belonging to the containers
that are visible to the camera as in the example of Figure 15. Let [ug,vg]” be the image
projection of a vertex from a container. Further, let Lo, Ho and Be be, respectively, the

length, height and the basis size of each container:

LC:12H1, HC:3HI, BC:227H1 (63)

It is possible to determine three-dimensional coordinates with respect to the ship frame
for each vertex of the containers from dimensions shown in Equation 6.3. As the extrinsic
parameters of the camera are known, it is possible to transform these containers points to
the camera frame and computing corresponding projections [ig, tg]|” with Equation 4.19.
Then, it is possible to estimate the camera intrinsic parameters with the minimization of
the error between observations [ug, vg]” and estimations [ig, 9g]”. The camera intrinsic

parameters obtained from the optimization are:

fOPTM — 79632 fOPTM — 748 41  u§TT™ =961.72 o™ =438.60  (6.4)

Figure 17 compares the projection of points after optimization (in blue) with image

detections (in yellow).
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Figure 17: Image detections for initial calibration

Source: Author

Note that there is no onboard monitor for displaying the augmented view during
experiments. Instead, the output of each experiment is simply an augmented video from
the navigation, which may be used in further investigations of potential designs for such

a navigational assistance equipment.

6.2.2 Tracker

Let O, be the origin of the world coordinate system in which the ship trajectory is
simulated. Assume that the origin O,, of the reference coordinate system is expressed by
its curvilinear position in the earth frame; given by the following latitude L,,, longitude
Ay and height h,,:

L, = —25.4927988057000° = —0.444933274708117 rad (6.5)
A = —48.4887732250436° = —0.8462887430298802 rad (6.6)
hy =0m (6.7)
Pow = [3818020.96154852 —4313784.14713004 —2728450.48825468 ! (6.8)

Regarding each axis of the reference coordinate system, assume that axes ¥, and

Y are parallel to the surface of the Earth, with xr—axis pointing to the east and the
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y—axis pointing to the north; while the z—axis is in the opposite direction as the gravity
vector. Considering the local navigation frame described by axes [Z,,, U, Zn], let RI: be the
rotation matrix relating the reference coordinate frame with the local navigation frame.
The rotation matrix describing the relation between the reference coordinate system and

the earth frame can be computed with Equation 3.58:

01 0
E"=110 0|=R,=RR" (6.9)
0 0 -1

0.748825870  0.285253270  0.598239407
Ry, = 10.662766789 —0.322292896 —0.675919723 (6.10)
0.0 0.902639386  —0.430397652

Let pi. be the ship position simulated with respect to the world coordinate system.

The ship position p¢, and orientation R{ with respect to the earth may be computed as:

Des = Doy + Riypaos (6.11)
R® = R°R" (6.12)

Let v, be the ship velocity with respect to the world coordinate system. Assuming
that the world coordinate system is fixed with respect to the earth frame, the ship velocity
ve, with respect to the earth may be computed as:

ve, = R vl (6.13)

A potential implementation for the tracker block of the system consists of an INS
integrated with a GNSS and a compass in a loosely coupled architecture. For example,
consider an INS with axes aligned with the ship frame and sampling interval ATjyg.
Further, assume the following measurement model for the accelerometer defined from a

simplification of Equation C.5:
Az'ss = zss + ba + Nfa (614)

where £ is the measured specific force from the instrument, f2, is the real specific force,
b, is the accelerometer bias and 7y, is an additive Gaussian random noise with zero
mean and covariance wy,. The bias of the accelerometer is assumed to be affected by an
additive Gaussian random noise with zero mean and covariance wy,. Similarly, let w;; be

the measured angular velocity and let w;, be the truth angular velocity. From Equation
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C.6:
Wiy = wig + by + Mg (6.15)

where b, is the gyrometer bias and 7,4 is an additive Gaussian random noise with zero
mean and covariance w,,. The bias of the gyrometer is also assumed to be affected by an
additive Gaussian random noise with zero mean and covariance wy,. Consider a vector

II;ys concatenating all error terms from the INS:

1_[INS' = wfaabmwbaawwgabgawbg (616)

Further, consider a circular orbit with Ny, regularly distributed satellites simulating
a GNSS constellation and a GNSS user antenna with a sampling interval ATgyss. The
position of the antenna with respect to the ship is pj,. Each measurement is modeled
with Equations C.36 and C.45:

Pj = Pj + 0pre + Mpp (6.17)
pj = BJ' + 0ppe + Tpv (6.18)

where p; is given by Equation C.33, p; is given by Equation C.46, 1), is an additive
Gaussian random noise with zero mean and covariance w,, and 7, is an additive Gaussian
random noise with zero mean and covariance w,,. Parameters dp,. and dp,. are related
with offsets and drifts from the receiver clock. At each iteration, estimations p¢, and 0¢, for
the position and velocity of the user antenna with respect to the earth are computed with
Equations C.41 and C.47. Similarly as before, consider the vector Ilgygs concatenating

these parameters from the GNSS equipment:

Heonss = [piaa 5prc> Wpp), 5,07"07 wpv] (619)

For the compass, consider the simulation of an instrument coincident with the INS
position and aligned with the ship axes. Assume that measurements are provided at a

sampling rate AToyps accordingly to Equation C.55:

Vg = Yy + My (6.20)

where 1y, is computed from Equation C.54 and 7, is an additive Gaussian noise with

zero mean and nonzero covariance W The vector Ilgyps concatenates the parameters
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from the compass model:
Honps = [p;/,, pr?ww} (6.21)

The accuracy of the tracker depends on the errors from each sensor used in the
implementation. Recall that in the propagation step from the proposed loosely-coupled
integration filter depends on system matrices Fyg, G's and Q3. The system deterministic
matrix Fg is defined with Equation C.59. The system noise matrix ()g is defined with
Equation C.64 as a function of estimates for INS error parameters [w,g, Wq, Wha, Why-
The update step depends on the measurement matrices H; and Rz. The measurement
deterministic matrix HZ"V5% for the GNSS is given by Equation C.68 and the measurement
deterministic matrix HS™?9 for the compass is given by Equation C.90. In the case of the
GNSS, RGV59 is defined with Equation C.69 as a function of estimates [, 1,,] for GNSS
error parameters. For the compass, RZMF is defined with Equation C.91 as a function
of estimates for compass error parameter [wy]. Let Il c; be a vector concatenating all

parameters from the loosely coupled integrator:

_ A~ ~ ~ A ~S ~ A~ AS AS A~
1_ILCI = |Wwg, Wfay Wha, Whg, Pegy Wops Wpw, pswa R¢a Wy (622)

Note that simulations with different sensor models may assist in the definition of
precision requisites for each equipment from the tracker. Consider a simulation comparing

the tracker performance from two different setups represented by sets of parameters IT!

and TT? .

For the inertial navigation system, which computes the reference solution for the

loosely coupled integration, consider the following sets of parameters IT} ¢ and 117 5 4:

4.1074
ing = |wra =4-107° | by = |4-107* , wpe=1-107° (6.23)
4.1074
3-107°
Way =107 by = 31077 |, wyy =1077] (6.24)
3107
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4-1072
Mg = |wpe=4-107% | b, = [4-1072| , wy=1-10"" (6.25)
4-1072
31073
Wy =107 | by = |3-1073] | wy = 10—5] (6.26)
31073

The integrator of both inertial navigation systems are initialized from simulation

outputs without initial errors.

For the GNSS equipment, consider the following sets of parameters [T}y g5 and I1Z y g

0
Hé’NSS = |:pza =10 ) 5/)7"0 =0 y Wpp = 1 ) 6167"0 =0 , Wpy = 01i| (627)
0
0
HéNSS = [pia =10 ) 5prc =0 ) wﬂp = 10.0 ) 5p7"c =0 ) wﬂv = 10} (628)
0

At each measurement from the GNSS user antenna, the antenna position and veloc-
ity with respect to the earth are computed from Equations C.41 and C.47 with initial
estimates from the INS reference solution. Note that it is assumed that the user antenna
position is coincident with the inertial navigation system, which considerably simplifies

aforementioned GNSS models.

For the compass, consider the following sets of parameters 11}, ygs and 112y ¢g:

L, pg = [pgw = R =Ises , wy= 0.017453292519943295} (6.29)

o O O

0
12, pg = [p;p = 0| . Ry=1lus , wy= 0.08726646259971647} (6.30)
0

Similarly, note that it is assumed that the compass position and orientation are equal

to the ship position and orientation.
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Finally, consider the following sets of parameters I1} ; and I12 ; for the loosely coupled

integrator:
Mo = [wwg =107° | Wpe =4 107° | by, =107° Wyg = 1077 (6.31)
0 0
Pea = |0  Wpp =10, =01, pj = (0 (6.32)
0 0
1%;2 = I3x3 , Wy = 0.017453292519943295 (6.33)
H%Cl - [wwg - 10_4 ) ’UAJfa =4. ]-0_3 ) wba - 10_4 s wbg = 10_5 (634)
0 0
Pea= |0 , Wy =100 , 1w, =10 , pi, = [0 (6.35)
0 0
pr = I3x3 , Wy = 0.08726646259971647 (6.36)

Both filters are initialized with zero mean and the same covariance matrix Pg, ac-

cordingly to Equation C.58:

(0Wlsxs  Osxs Osxs Ogez Osys |
O3x3  00I3x3  O3xz  Osxs O3x3
Psy = | 0O3x3  Osx3  0plsxs  Osxs O3x3 (6.37)
O3 Osxs Osxs  Obalses  Oaxs
| O3x3 O3x3  Os3xs 033 6gg[3><3_
0% = 0.017453 , 66 =1, 6p =10, db, = 0.00098 , o, = 0.0004848 (6.38)

Note that parameters from the sets IT' represents an equipment setup with higher
performance than parameters from the sets I1? . Figures 18, 20 and 22 presents tracker
outputs computed from parameters IT' (orange) and II?> (green) with blue lines repre-
senting the simulation outputs. Figures 19, 21 and 23 shows the errors between tracker
outputs and simulation outputs. Blue lines represents errors from parameters II! while

orange lines represents parameters from I12 .
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Figure 18: Cartesian Position Computed from Tracker with Different Parameters
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Figure 19: Cartesian Position Error Computed from Tracker with Different Parameters

Cartesian Position Error with respect to the Reference Frame
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Figure 20: Cartesian Velocity Computed from Tracker with Different Parameters
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Figure 21: Cartesian Velocity Error Computed from Tracker with Different Parameters
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Figure 22: Attitude Computed from Tracker with Different Parameters
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Figure 23: Attitude Error Computed from Tracker with Different Parameters
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The performance of the tracker with the first set of parameters is considerably better
than the performance of the tracker with the second set of parameters. Accordingly,
sensors represented by the first set of parameters are more accurate than sensors from the
second set of parameters. In order to define minimum requisites for sensors to be used
in the tracker implementation, it is possible to repeat the simulations from this section
comparing the filter performance with different sensor models. Note that a theoretical
analysis describing how errors in each sensor affects the tracker performance is beyond

the scope of the current work.

Further investigations regarding alternative tracker solutions are suggested as it is
an extremely important part of the proposed monitor augmented reality system. Note
that a simple tracker implementation in simulation experiments may be obtained by
parsing the ship position and orientation from the simulation output at all times. In
such implementation, there is no error between the truth and the estimated state of the
ship. Thus, all virtual elements rendered on top of the navigation scene are possible
to be adequately rendered. This scenario is particularly useful for designing optimal

representations with respect to standardized ship operations.

6.2.3 Navigational Information

The ship navigates through a channel delimited by buoys. Figure 24 illustrates the

navigation experiment with a superior view of the ship and its surroundings.

Figure 24: Superior view for the ship navigation experiment
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The buoys are assumed to be fixed in the ground with known coordinates in the world

frame. Thus, it is possible to compute the instantaneous relative position of each buoy

with respect to the SCS. For each sample from the simulation output, the corresponding

coordinates in the WCS was computed from the instantenous state of the ship and saved

separately. Figure 25 presents the relative position of the right (red) buoy in the ship

coordinate system as a function of time.

Figure 25: Right buoy position in the ship frame as a function of time
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As the camera installation parameters are known from the simulation output, the

correspondent coordinates of each buoy can be projected to the camera frame for all

samples. Consider the observation by the right camera of the red buoy which is located

at the right of the ship. Figure 26 presents the correspondent coordinates.

Figure 26: Right buoy position in the right camera frame as a function of time
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6.3 Real Experiment

Similarly as in the simulated experiment, real experiments from the current work
consists of a ship navigating through a channel delimited by nautical buoys. Particularly,
these experiments were recorded on a nautical channel around the Paranagua port. Figure

27 represents a part of the channel in which the ship navigates.

Figure 27: Overview of navigation scenario for the real experiment
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A commercial camera (GoPro Black Hero 6) is rigidly attached to the ship recording

the entire experiment.
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6.3.1 Display

Initially, the intrinsic parameters of the camera can be independently optimized with
calibration patterns. Chessboard patterns with different sizes were measured by the cam-
era in a digital video. Frames from the video were selected to be used as input images in

the following intrinsic calibration. Figure 28 presents examples of such frames.

Figure 28: Examples of Intrinsic Calibration Images

Source: Author

The size of each square from the chessboard is known, thus it is possible to define
three-dimensional coordinates for each square intersection assuming an arbitrary point as
the origin for the coordinate system. The implementation calibrateCamera available in

the OpenCV library yields the following values for the intrinsic parameters:

f,=1044.4 |, f,=10362 , wug=961.9 , wv,=7184

The intrinsic parameters may be validated by comparing image detections with cor-
respondent projections of each annotated image. Figure 29 illustrates such comparison

for the validation of the intrinsic calibration.

Figure 29: Validation of Intrinsic Calibration

Source: Author

After the intrinsic calibration the camera can be installed onboard of a ship. The
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camera position and orientation with respect to the ship frame must be known. Thus, it
is interesting to install the camera in a known location from the ship such as in its cabin

as illustrated by Figure 30:

Figure 30: Installation of the camera at the ship cabin

Source: Author

Note that the axes of the camera are approximately aligned with the ship frame.
Thus, neglecting installation errors, the camera orientation R may be assumed to be
aligned with the ship frame. The camera position with respect to the ship frame may

be estimated with geometrical information from the ship. Figure 31 presents ship main

dimensions.

Figure 31: Vertical approximate dimensions of the ship

Source: Author
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Thus, the z—coordinate of the camera position can be initially estimated as p3F ~
43.15. Further, considering the camera installation position on the window of the ship
cabin, the camera position may be estimated as p$* a~ 43.15 — 0.35. Considering that the
cabin is positioned at the center of the ship, the y—coordinate of the camera position may
be estimated as zero. Finally, the z— coordinate of the camera position may be estimated

from the pilot card of the ship as shown in Figure 32.

Figure 32: Pilot card with geometrical information from the ship

Source: Author

Therefore, the camera position and orientation with respect to the ship may be ap-

proximated by:

52.6 0 -1 0
Pee™ 00| , Ri= |0 0 -1 (6.39)
42.8 1 0 0

Recall that the distance between the camera and the water may be estimated from
the ship draft and the camera z—coordinate position. Let ds be the draft at the camera
section of the ship. Assuming that the draft at the camera position is a linear combination

between the aft draft d* and the forward draft d”', d, may be computed as a function of
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the length Lg of the ship and the camera position p%’.

ar — a4 . 8.95 —11.0

dy =d* + . (pih)y =11.0 + 5310 (52.6) = 10.53 (6.40)

Thus, the distance h,, between the camera and the water can be estimated:

he = (43.15 — 0.35) — (10.53) = 32.26 (6.41)

Generally, it is possible to estimate the camera extrinsic parameters ship with points
correspondences between observations and three-dimensional positions. In the experi-
ment, note that there are visible containers in the image scene. As the dimensions of each
visible container are known and standardized, it is possible to determine points correspon-
dences between camera observations and three-dimensional positions in order to estimate
extrinsic parameters for the camera after installation. Consider different container frames
associated with each block of containers from the camera scene. Further, assume that the
axes from the container frame are aligned with the ship frame. Each point correspondence

may be defined manually or with the assistance of an auxiliary application as shown in
Figure 33.

Figure 33: Annotation of Points Correspondences

Source: Author

Four blocks of containers were defined, each one with a different container frame.
For each block of containers with at least four points correspondences, it is possible to
independently determine estimations for the camera position and orientation with respect
to each container frame. An implementation for optimizing extrinsic parameters from
points correspondences is available in the function solvePnP from the OpenCV library.

Similarly as in the previous implementations, it is possible to validate the calibration
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results by the comparison of image detections with the correspondent projection of each

point as illustrated by Figure 34:

Figure 34: Validation of Extrinsic Calibration with Four Blocks of Containers

R: 5.65d, —1.38d,

Source: Author

The camera orientation with respect to the SCS may be approximated by the mean

orientation between all blocks of containers.

6.3.2 Tracker

No tracker solution were considered for the real experiment. Instead, it is assumed
that the ship is navigating in a straight route without environment perturbations. Note
that in order to implement a tracker solution based on the aforementioned loosely-coupled
integration with an inertial navigation system aided by additional sensors, the required
accurateness and robustness for all equipment may considerably increase the costs of the
implementation. Although such tracker implementation needs to be addressed for general

navigation and real-time assistance, it is possible to further research potential monitor
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augmented reality designs with controlled experiments in which the ship state can be

assumed to be known.

6.3.3 Navigational Information

The geometry of the ship is assumed to be known from information such as the pilot
card and wheelhouse poster. This geometrical information may be used for displaying the
expected area that will be occupied by the ship during its course. Furthermore, the route
of the ship is assumed to be known from onboard equipment such as Portable Pilot Unit

(PPUs). Examples of outputs from a PPU are shown in Figure 35.

Figure 35: Outputs from onboard equipment providing navigational information
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Considering a navigation scenario in which the ship travels with approximately con-
stant velocity, most of the navigational data does not change throughout the trajectory.
This situation is particularly explored as it considerably simplifies the system implemen-
tation. Note that an automatic integration of such equipment with the proposed monitor

augmented reality system is beyond the scope of the present work.
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7 VISUAL ESTIMATION

This chapter presents methods related with the estimation of navigational information
from videos recorded by a fixed onboard camera. These methods are potentially helpful
for scenarios in which there are no additional information from other onboard equipment.
As the proposed MAR architecture uses a fixed camera for recording the navigation scene,
the proposed equipment enables the research of computer vision in scenarios of maritime

navigation.

The first section discusses a potential application to assist in the perception of ob-
stacles at sea. Next, a Kalman filter implementation for estimating the relative position
from camera measurements is presented. Finally, the last section discusses the incorpo-
ration of camera measurements in the aforementioned tracker setup in a loosely coupled
integration. Note that there are several factors that affects visibility conditions regarding
the navigation scene. Thus, further research is needed before an incorporation of such

methods into operational equipment.

7.1 Object Detector

Consider the scenario of an operator identifying an obstacle in the scene from an
onboard camera. The obstacle region can be highlighted in the original image of the
scene to assist the rest of the ship crew in the corresponding identification. Moreover,
object detection algorithms can be used for further automatic tracking of the obstacle.
Such feature can be embedded in an operational tool for the enhancement of perception

or used for further researching computer vision in maritime environments.

A potential implementation based on template matching and image segmentation may
be summarized as follows. The user initially identifies the region of the obstacle in the
image scene defining an initial template and a region of interest (ROI) around it. For each
following iteration, a template matching algorithm is computed in the ROI. The output of

the matching is further processed with an image segmentation algorithm. If both outputs
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from consecutive iterations are valid and do not vary significantly, the input template is
updated with the outputs from the most recent ROI. The rest of this section exemplifies
this potential implementation with videos from the experimental setup described in the
previous chapter. Note that there are different computer vision algorithms that could be

further investigated for the same purpose.

7.1.1 Implementation with Data from Ship Maneuvering Simu-
lator

Consider the navigation experiment from the ship maneuvering simulator. Figure 36

illustrates initial and final images for the implementation.

Figure 36: Inputs for the object detector feature

Source: Author



103

Initially, a manual initialization is required for the definition of an initial template.
For each following iterations, the template is searched with the matchTemplate function
of the OpenCV library in an amplified region around the detection position from the

previous iteration. This step is illustrated by Figure 37.

Figure 37: Template detection step in the object detector feature
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The template detection region is further processed with the grabCut function of the
OpenC'V library. The initialization of the algorithm uses an input mask where the tem-
plate detection region is marked as a region of possible foreground. The rest of the input

mask is marked as background. This step is illustrated by Figure 38.

Figure 38: Image segmentation step in the object detector feature
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Two main conditions are checked regarding the update of the current template. The

outputs from both algorithms are stored on an array with a fixed size. At each iteration,
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oldest outputs are discarded to insert the most recent outputs. If the standard deviation
of this array is smaller than a fixed threshold, then the first condition is verified. The

objective of this condition is to update the template only if a stable output is available.

Additionally, the size of the mask output from the image segmentation must not be
too small. If the number of pixels considered as object foreground is greater than a fixed
threshold, the second condition for updating the current template is verified. This step is

illustrated by Figure 39. If both conditions are verified, then the template is updated.

Figure 39: Template update step in the object detector feature
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Finally, two-dimensional detections are determined by the mean of the upper-left and
bottom-right points from the rectangle associated with each template detection. Figure

40 presents the corresponding detections as a function of time.
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Figure 40: Two dimensional detections for the obstacle
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7.1.2 Implementation with Data from Real Experiments

As in the previous implementation, consider the situation of tracking visible buoys.

Figure 41 illustrates initial and final images of the video from real experiments.

Figure 41: Inputs for the object detector feature

Source: Author
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The algorithm is initialized with a template that is further searched in the scene

image. Figure 42 illustrates the implementation of the template detection step.

Figure 42: Template detection step in the object detector feature
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Next, the detected region is further processed with the grabCut function of the
OpenC'V library to decide if the template should be updated. Figure 43 illustrates the

implementation of this step in the experiment.

Figure 43: Image segmentation step in the object detector feature
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Similarly as before, the template is updated if recent outputs are stable and the size
of the mask output is not too small. Figure 44 illustrates the implementation of the two
situations in the template update step. In one of them the template is updated and in

the other the template is not updated.



107

Figure 44: Template update step in the object detector feature

Current New
Template Template

"

Current
Template

Source: Author

Finally, two-dimensional detections are computed for each iteration as the center of
the rectangle associated with the template detection. Figure 45 presents the corresponding

detections as a function of time.
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Figure 45: Two dimensional detections for the obstacle
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7.2 Relative Position Estimation

7.2.1 Formulation

As the camera image is a projection of relative measurements from the surrounding
scene, it is possible to estimate relative geometrical information from image detections.
Assume that a detector is able to provide image detections of a given obstacle. It is
possible to estimate the relative position and velocity from such detections. These es-
timations can be particularly useful for the identification of obstacles without further

external information from other systems.

Consider the following nonlinear dynamic system to represent the obstacle relative

state.

dz(t) = f(x(t), u(t), t)dt + G(t)dS(t) (7.1)

The state is further defined with the position and velocity of the obstacle with respect

to the camera:
o(t) = [0 p5(0) pE() ) ws(n) wE) (7.2)

Let uy (t), uy(t), us(t) be acceleration inputs for the state of the obstacle with respect
to the CCS. Assume that such inputs are composed of two components: one related to

its controls ©u“Y and another related to perturbations u*.

Uy (t) Ux(t)CN + ux(t)PR

w= i) = |0 +u0)®
u(t) U ()N + u, (1) PR
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Thus, the derivatives for the state can be represented in a vector form as:

T

Fla®)ult) ) = [o5(t) w5() vEt) ut) wylt) uald) (73)

Consider the situation of an obstacle moving with constant velocity with respect to

N

the CCS. In such scenario, the acceleration inputs u“" are zero. Further, assume that

R may be represented as a random variable in a form of a Brownian

the perturbations u”
motion g(t) The perturbations between each measurement from the camera may be
represented as a Gaussian random vector with zero mean and covariance matrix Qg(t).
The corresponding Jacobian matrices F' and G that approximates the obstacle dynamics

can be computed as:

(7.4)

T
I
I
o ©o © ©o o o

o O o o o o
o O o o o o

Q
~
o O = O O O

o = O O O O
_ o O O O O

o o o o o =
o o O o = O
o ©O O B O O

)

g

v

=y

Let AT, be the sampling period for the camera detector. The Kalman filter updates
its estimates from each available detection at times t + nAT}.; for integers n. Between

each sampling period ATy, the Kalman filter propagates its estimates with the respective
model described by Jacobians F' and G.

The measurement process is assumed to be described by a function h(z(t),t) with an

additive Gaussian noise Vzy. The noise Vgzy have zero mean and covariance Py .

"UM(t)

]:mﬂmw+ﬁw (7.5)

If distortion effects can be neglected, the projection of the relative state in the CCS

can be computed with the following function:

FAT (S (1) (P ()" + uo

(7.6)
AT () (s (t) ™ 4 o
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Equation 7.6 yields the following measurement Jacobian H:

H =

FAT(pe(1) ! 0 A L) PE() ™2 0 0 o]
0 FATY L) ™ —FAT S (L() ™ 0 0 0

Consider a point px described with coordinates in another coordinate system Sk.

The state of the filter must be defined in the coordinate system Sk.
w(t) = [pE(0) pE() PR o) W) oS (0)] (7.7)

The corresponding measurement in the camera is computed from coordinates in the
CCS. Thus, it is necessary to transform the coordinates from the coordinate system Sk

to the camera frame with the corresponding rotation matrix Rx and camera center ¢ =

[exs ey e
" b5 (1)
w0 = [re —mci] |72
pE(t)
pr(t) )

Consider the representation of Ry by its rows Rj:

R L R Ry
Rg = |r2 r3 ri2| = |RZ| = |Rxk —Rkck| = |RE —Rick| =
wod o) LR R Ry,
Pi(t) Ry —Rytci pg(t) R (Pk(t) — Ck
win)| = me —rzei| M| = |R(pi) -
i) |me ma] [P0 (o - o

n(a®.0] | rag (g () — e ) ) (RE (Pt — ) )+
(7.8)

The corresponding Jacobian H can be computed from symbolic methods. Note that

if the distortion of the installed camera can not be neglected, the corresponding distor-
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tion terms needs to be considered in the projection equation. The initialization of the
filter is made from an initial set of Ny detections. Consider initially the implementation
with points described with respect to the CCS. Let [uf,,v¥,]T be the coordinate of each
detection from the initial set with 1 < k < Ny. If one of the position coordinate is known,
it is possible to compute estimates for the rest of the position state from the mean of all

N, detections.

[ﬁx(tO)] _ l
1’3’7 (tO) f
Further, the covariance for the noise of the sensor can be estimated from the initial

set of Ny detections.

Py, O 1 2 1 2
Py, = = Py, <Uk —'&M> , Py, =— (Uk _@M>
0 Pyy Na ; " Na i3 "
(7.11)
Assume that the position p,(ty) is known as vy with an uncertainty d,:
p4(to) =70 + N(0,05) (7.12)

where N(0,9,) denotes a Gaussian random variable with zero mean and covariance d.,.

The other coordinates can be computed as a function of measurements [t,7, U] and 7o

Pr(to) = [Ai <@M - Uo> 1}70 (7.13)
A Rt
px(to) = 7 (UM - UO) |:A_1) (UM — Uo) }’yo (7.14)

Consider the implementation of N filters for a parallel estimation of the state. Let
m’y, denotes the initial state of the i—th filter. Assume that there is a three-dimensional

estimation ¥, ,, for the velocity with corresponding uncertainty gvxm,,u. Each initial



112

estimate m/y, is randomized considering the uncertainties 6, and vy .:

i, = b, mh b i ]S mh =0+ N(0,8,) (7.15)
m, = [Ai <17M - vo) }m;w (7.16)
i u fv -1 ]
m, = N Uy — u0> [A—U <77M - vo> }m;W (7.17)
mix = Uyo + N<O, 51))() ) mf}'y = Uyo + N(O7 511’7) ) mj},.; = Uxo + N(O? 51”‘») (718)

The corresponding covariance matrix Py, is initialized accordingly to the expressions:

i i f o/ —17\ 2
B,=0 ., B = ([E(UM—U0> }) Oy (7.19)
] u f —19\ 2
Py = (7(171\4 - u@) [A_U (TJM - Uo) D Oy (7.20)
PZX - 5UX ) P’t’ﬁw = 671"/ ’ PZK = 5’1}/@ (721)
Matricially:
i 0 0 0 0 0]
X
0 P 0 0 0 0
: 0 o P 0 0 0
Px, = - (7.22)
0 0 0 P 0 0
0 0 0 0 PO
0 0 0 0 0 P |

If points coordinates are expressed with respect to the coordinate system Sy, the
initialization can be similarly computed from the knowledge of one of the coordinates.

Recall the inverse transformations between coordinate systems:

P (t) T P (t)
K X T r T X
Dy (t) pc t) Tk% rk% Tké Ci‘( pc t)
py ()] = [R}Q 5K] =g o | | = (7.23)
K Pi(t) r3  r3 .13 K Pi(t)
P (t) TEl Tr2 k3 ¢ ]
1 1
T T T T pc t)
Py (t) ThOThE TR pf )
P = |t e | (724
0] IR I B




113

Consider that the coordinate pff is known:

Py —Cy = rispy, +1iapS + rispl (7.25)

For points in front of the camera, p¢ > 0:

K _ K K _ K
py—cy = Zép’é + Z;%pé + iy = Dy e Py = = (7.26)
P Px P Tilépé +ri5e + T

Upr — Up vo (UM — Vg r3)
P = (p;( - Cf)(rkz( FAT ) + Tk%( FAT ) + Tk:;) (7.27)

Upr — Ug r Upr — Ug r Uy — Vo r -t
Pl = W(pf - Cf)(ﬁé <W> +7’/§< FAT > +7“kg> (7.28)

Uy — Vg (UM — U Un — g r3) !
P = F(pff — Cf)(ﬁé <W> +7“k2< FAT ) +rk§> (7.29)

v u v

Thus, it is possible to compute the rest of the coordinates p& and pX from the pa-

rameters p}* and [ty Ty according to:

Py — e = i+ A + iy = (7.30)
r Upr — U c r Uy — o r3, ¢
pf - Cf = Tk%( fA_l >p/~c + Tk?( fA_l )p/{ + Tk?pli (731)
r U — Ug — Vo r c
pglc( - Cglc( = (Tk1< fA 1 ) + k1< fA 1 ) +Tk:i)pn = (732)
rl [ @pm—uo VM — vo K
(it () 8 (20 +o28) (ol — <)
pK — cf = /4 SV A (7.33)
() - () + i)
rl [ Upm—uo VM —V0 K
) i) ),
(rid (B ) + i3 (e ) +133)
pE = = riipl + ridpS 4 riapt = (7.35)
rl [ @y —uo Vpr—vo _ K
O ) o))
(rid (T ) + rig () +733)
rl [ upr—ug Vpr—v0 K
(i () + 8 (i) +33) (ol — <)
K = fou Fa. v ) ok (7.37)
(i) + () +id)

Note that the position coordinates p and pX are related with p/* by a multiplicative

factor. Similarly as before, it is possible to initialize the mean m'y and covariance Py of
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N filters for a parallel estimation of the state.

7.2.2 Implementations with Synthetic Data

In order to investigate the ideal performance of the filter, consider a situation with

ideal measurements computed from the following camera intrinsic parameters:

f

Ay

. 796.32

fv:

Ai = 74841 ,  wp=96172 , v, = 4386

Figure 46 presents the resulting projection of the red buoy in the right camera as a

function of time.

Figure 46: Ideal measurements of the red buoy in the right camera
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The ideal measurements shown in Figure 46 are combined with an additive Gaussian

noise Vzy with zero mean and covariance Py,. Figure 47 presents the respective simulated

camera measurements with unitary covariance for the additive noise.

Figure 47: Simulated camera measurements with Py ~ {
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The filter is initialized with the distance between the camera and the surface of the
sea and an initial set of detections. The distance between the camera and the surface of
the sea was defined as 43.8 m. Figure 48 shows the initial set of measurements with 10

seconds of duration.

Figure 48: Initial set of ideal measurements
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The initial covariance Py for the error of the sensor is estimated from the initial set

of measurements. Summarizing the initial parameters:

Qs=0 , 7% =438 , 6, =05 , v,0=00 , &y =00 (7.38)
Uyo = 0.0 s 6UX =1.0 N Vo = —4.0 s 67)5 =1.0 (739)

For each following iteration, the estimated state is projected into image coordinates
and compared with each incoming detection. Figure 49 presents the projection of one

filter alongside each measurement as a function of time.

Figure 49: Estimated projections and measurements

1020 U-Coordinate 500 V-Coordinate
1010 490
21000 480
C
S 990 470
[9)
9
S 980 460
o

970 450

%0555 100 150 200 250 300 **0 9o 50 100 150 2060 250 300

Time [s] Time [s]

Source: Author

Figures 50 and 51 presents the filter estimations for the buoy position and velocity

alongside the truth relative state as a function of time, respectively.



Figure 50: Estimated position as a function of time
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Figure 51: Estimated velocity as a function of time
X-Coordinate Velocity 575 Z-Coordinate Velocity
0.2 mmm Truth ' s Truth
m Estimate | —3.00 e Estimate
0 v _3.25
£ 0.0 £
> >-3.50
8702 S -375
Q (]
> >
04 ~4.00
-4.25
6 50 100 150 200 250 300 0 50 100 150 2060 250 300
Time [s] Time [s]

Source: Author

116

As one can see, the filter is able to estimate the relative state of the buoy from

ideal measurements. Consider now the same implementation with measurements from

image detection methods as the one described in the last chapter. Figure 52 presents

corresponding measurements for the same period as in previous results.

Figure 52: Measurements from image detection algorithms
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Similarly as before, the filter is initialized with an initial set of detections.

Figure
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53 presents an initial set of measurements corresponding to the initial 50 seconds of the

experiment.
Figure 53: Initial set of measurements from image detections
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Let Ny = 10, consisting in an implementation with 10 filters for the estimation of

the state from simulated measurements. The initialization of each one of the filters used

parameters from Equation 7.39. For the following iterations, the image projection of each

filter estimate is compared with incoming detections, yielding N} estimates per iteration.

Figure 54 presents filter estimates alongside the measurements of the experiment. Figures

55 and 56 presents the comparison between the estimated state and the relative state of

the buoy computed from the simulation output.

Note that the mean, maximum and

minimum estimate between all filters are indicated in Figures 55 and 56.

Figure 54: Estimated projections and measurements
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Figure 55: Estimated position as a function of time
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Figure 56: Estimated velocity as a function of time
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Note that the error between the filter estimate state and the truth relative state
is higher than from previous experiments with ideal measurements. Thus, one source of
potential improvements refers to improvements in the image detection algorithms used for
the definition of input measurements. Moreover, recall that in the filter formulation the
camera was assumed to be with constant orientation throughout the filter computation.
The proposed filter may be implemented in more general scenarios with improvements in
the dynamic model for the obstacle dynamics. Such considerations are beyond the scope

of the present work.

7.2.3 Implementations with Real Data

Consider now the implementation of the filter in the aforementioned real experiments
of navigation. The ship is navigating through a channel delimited by buoys similarly as in
the video from the ship maneuvering simulator. The velocity of the ship is approximately

constant with value vsgrp = 14.7 knot. The theoretical size of the channel is 280m.



119

Figure 57 shows a superior view for the surrounding region of the experiment.

Figure 57: Superior view for the ship navigation experiment
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Consider the estimation of the relative state for the right buoy. Assume an additional
coordinate system Sk with ¢x = 0 and a rotation matrix Ry defined from the installation

procedure of the previous chapter.

0 0.99955 —0.01871 —0.02311
cx = 0| , Rk = [0.01636 0.99505 —0.09800 (7.40)
0 0.02483  0.09758  0.99492

Similarly as before, the filter is initialized from an initial set of detections. Figure 58
presents the initial set of detections used for the initialization of the filter consisting of 3

seconds of measurements.

Figure 58: Initial set of measurements from image detections
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The initial covariance Py is similarly estimated from the initial set of measurements.
Ten different filters were initialized. Summarizing the initial parameters for this experi-

ment:

Yo = 32.26

1.0

Q,BZO )

Uy0 = 0.0 y

6"/
Sy =0.25

Uyo = 0.0 s (51,7 = 0.0

Oy = 0.25

(7.41)

Vo = —T7.0 (7.42)

Figure 59 shows input detections alongside the corresponding mean projection of the

filters for each time.

Figure 59: Input detections and corresponding image projections
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Figures 60 and 61 presents the estimated relative position and velocity of the obstacle

respectively.
Figure 60: Estimation of relative position for the right buoy
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Figure 61: Estimation of relative velocity for the right buoy
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Consider now the estimator implementation for the left buoy. Similarly, the filter is

initialized with a set of initial detections as indicated by Figure 62.

Figure 62: Initial set of measurements from image detections
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Figure 63 shows the corresponding detections and projections of the filters for each

time.

Figure 63: Input detections and corresponding image projections
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Figures 64 and 65 presents the estimated relative position and velocity for the left

buoy, respectively.

Figure 64: Estimation of relative position for the left buoy
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Figure 65: Estimation of relative velocity for the left buoy
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As the truth relative state of the buoy is unknown, it is difficult to validate the esti-

mation results independently. However, as the size of the channel is theoretically known,

a simple validation for both estimates consists in the verification of the distance between

estimates. In the previous case, for example, the difference between the z-coordinate of

both estimates resulted in approximately 300m, which is close to the theoretical channel

size of 280m.

7.3 Loosely Coupled Tracker Integration

The tracker setup from the previous chapter assumes the integration of an inertial

measurement unit, a compass and a GNSS receiver.

Generally, for a loosely-coupled

integration, it is necessary to provide an estimation in terms of error components from the
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filter state. Note that it is possible to estimate the camera position and orientation from
the projection of points with known three-dimensional coordinates. Thus, assuming that
the camera position and orientation with respect to the ship frame is known, it is possible
to compute the ship position and orientation from the camera estimation alongside the
corresponding error components. Then, these error components computed from camera

measurements may be integrated into the tracker with a loosely-coupled integration.

7.3.1 Formulation

Consider a world coordinate system S, fixed with respect to the earth frame. Let
pS,, be the origin of the reference coordinate system with respect to the earth frame, and
let R, be the rotation matrix relating the reference frame and the earth frame. Further,
consider a set of N visible points P” with known coordinates in this reference frame. Each

element of P" is a point expressed in the reference frame as a three-dimensional vector.

P =

pgplapgp% ---,Psz] (743)

Let Z be the corresponding set of camera observations from P"™. Each element of Z
represents an image coordinate as a two-dimensional vector. Consider a pinhole model

described by intrinsic parameters [f,, fy, uo, Vo).
7= [[upl, v ]T [upes U] Ty oo [t va]T] (7.44)

Similarly as in the previous chapter, consider a vector Ilc4)s concatenating the real

parameters from the camera:

HCAM = [fuafv7u07U0]7p§c7Ri (745)

Let p¢, and Ri be the inertial navigation system outputs for position and orientation
of the ship with respect to the earth system. An estimation for the position pY, and
orientation R;" with respect to the reference coordinate system may be computed from

P, and R :

o= (B) (5 —vt) = (B2 (o~ 1t (7.46)
R = (R;”) Re = (R;;)Tﬁzg (7.47)
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Let 2, and R® be estimates for the camera position and orientation with respect to
the ship frame. Corresponding estimates for the camera position pi. and orientation E;"
with respect to the reference frame may be computed from p;), and ]%;”:

Puc = Pus T BID3 (7.48)
RY = R} R; (7.49)
The set P of points with known coordinates in the reference frame may be trans-

formed to the camera frame:

~c -
...,pcpi,...] =

Assume a pinhole model described by intrinsic parameters | fu, fv, g, Vo). Estimations

P =

oy (BT (p;;;m _ p@, ] (7.50)

(Ui, Dpi] may be computed from each point pg,; of Pe:

ﬁg}a)g JE ~C, X ~C,K -1 44

Ry T ) e

Pepi = pcgi = [A ] =1 ./, e\ (7.51)
Upi fo (m;l-) (pc;n-> + 7o

AC,K

p cpi

Let Z be the set of camera projection estimations computed from P¢ and [ fu, fv, g, Vol

7 = [[am, 1] T, Tt Op2) T .oy [Ty, @pN]T] (7.52)

Further, let E be the error between observations Z and the estimated set VA

E =

Up1 — Up1, Upl — Uply -+ UpN — UpN, UpN — UpN] = [eula €uls -y CuN, evN] (753)

The observation set Z is assumed to be known alongside the camera intrinsic pa-
rameters | fu, fv, g, Ug]. The camera extrinsic parameters are initially set to p. and Rﬁ”
accordingly to Equations 7.48 and 7.49. Then, the camera position and orientation is op-
timized with the minimization of E. Typical procedures for optimizing camera extrinsic
parameters from the minimization of E requires at least 4 points correspondences. Note

that there are different methods for optimizing the error E.

Let %, and R be the optimized position and orientation of the camera after mini-

mizing E. It is possible to compute the corresponding ship position py, and orientation
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RY from the optimized parameters p¥, and R.
s . s aN\T
RY = R"Re = Rv (Rg) (7.54)

Py = P — (2Pl (7.55)

Hence, it is possible to define error components in the reference coordinate system
by the comparison of the INS outputs [p%,, R*] with [p2,, R*]. However, as the loosely
coupled integration equations from previous chapters are developed in the earth coordinate
system, it is necessary to express the errors with respect to the earth coordinate system.
Let p¢, be the INS position described with respect to the earth frame without corrections.

The position error dp® in the earth frame may be computed as:
0wt = b, — (Pl + RLDEL) (7.56)

Further, let Ri be the orientation of the ship with respect to the earth frame computed

from the optimized orientation RY:

R¢ = R¢ R (7.57)

Let RE be the tracker orientation described with respect to the earth frame without

corrections. Consider the following matricial error §R¢ between between RS and RS:

ORS¢ = R® — R° (7.58)

Similarly as with the compass measurements, an angular displacement W¢ that trans-
forms the estimated rotation matrix R§ to the optimized rotation matrix Rﬁ may be
determined by the minimization of d RS with Equation C.78. Then, an angular error ¢,
may be determined comparing U¢ with the angular displacement from consecutive gy-
rometer measurements. The position error and angular error are combined into a single

observation vector z¢AM:

LCAM _ [_fwe] = HOAM — [_I3><3 O3x3  0O3x3z  O3x3 Osxs (7.59)

—0p° O3x3  O3x3 —I3x3 Osx3 O3x3

The measurement noise covariance matrix R$4M should correspond with the uncer-
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tainty of the error components. A simple form for RS4M is given by:
Wep 1. 0
RgAM _ pL3x3 ) 3x3 (760)
O3x3  Weplsxs

where ., and w., are associated with the uncertainty for estimates d¢° and 0p°, re-
spectively. Consider a vector II;c; concatenating parameters from the loosely coupled

integrator similarly as in Equation 6.22:

I P ~ ~ ~ ~s oA ~ ~5 DS o~ I P NN A5 S A ~
HLCI - wwgawfa;wbavwbg7psa7wpp7wp’uvpsw7Rw7w1/H [fuafl)?u()?UO]?psc?RcudeMpr

(7.61)

7.3.2 Implementations with Synthetic Data

In this section, the nautical buoys from the channel are used as reference points for the
loosely coupled integration. Consider the same world coordinate system from the previous
chapter given by Equations 6.8 and 6.10. Let P* be the set of known points described
with respect to the reference coordinate system. Four nautical buoys from the channel

are used as reference points with the following coordinates:

3472.1 3470.2 1544.7 1542.3
phy = | 6851 | , Pl = |4995 | , pls= | 6715 | , pu=|4855| (7.62)
17.6 17.6 17.6 17.6

The camera instantaneous position and orientation with respect to the reference sys-
tem is computed from the simulation outputs to determine the set of observations Z. A
pinhole model described by intrinsic parameters [f,, fu, uo, Vo] is assumed. The set of esti-
mations Z are computed from estimated intrinsic parameters | fu, fv, g, Ug| and estimated
extrinsic parameters from the INS outputs. The projection error E is defined from the
difference between observations Z and estimations Z with Equation 7.53. An improved
estimation for the camera position and orientation with respect to the world reference
frame is computed by the minimization of the projection error E. Finally, the tracker

incorporates such improved estimations in a [oosely coupled integration.

Similarly as in the loosely coupled integration from the previous chapter, consider a
simulation comparing tracker performance from two different setups represented by sets
of parameters IT' and I1> . The only difference between both tracker setups is that IT!

consider camera measurements while IT*> does not. Parameters from the INS, GNSS and
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compass are equal in both simulations:

My =Miyg = |wpa =4-107 | by = [4-1072| , wpe=1-107" (7.63)

3
Wy =107 by = (3107 |, wy, =107 (7.64)
3

0
I} = 12 = |p2 = |0 0pre=0 . w, =100 . 8p.=0 . w,,=1.0
GNSS GNSS Psa y  0Prc ) op Uy 0P ) v .
0

0
Ui ps = Uanps = [p§¢ = (0| . R =1I5s , wy=0.08726646259971647| (7.66)
0

Consider the following set of camera parameters 15 4,

L, = [[ fu=T90.0, f, = 750.0, ug = 960.0, vy = 440.0], (7.67)
42.0 0O -1 0

po=|-255 . Ri=|0 0 1] (7.68)
57.51 1 0 0

Finally, consider the following sets of parameters I1} ~; and IT3 ., for the loosely coupled

integrator:
H%Cl - [wwg - 10_4 ) ’UAJfa =4. ]-0_3 3 wba - 10_4 s wbg = 10_5 (769)
0 0
pia =10 ) wpp =10.0 ) ’lZ)pv =1.0 5 ]5;/} = |0 (770)
0 0

RS = I3y , by =0.0873 (7.71)
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Mo = [Hic,, [fu = 790.0, f, = 750.0, g = 960.0, 0y = 440.0], (7.72)
42.0 0 -1 0

plo=|-255| , Ri=]0 0 -1 (7.73)
57.51 1 0 0

ey = 0.00174533 , 1, = 0.01] (7.74)

Figures 66, 68 and 70 presents tracker outputs computed from parameters IT' and

I1? . In this set of Figures, blue lines represents the simulation outputs, orange lines

represents the outputs computed from the integrator with parameters IT' and green lines

represents the outputs computed from the integrator with parameters I1° . Figures 67,

69 and 71 shows the errors between tracker outputs and simulation outputs. Blue lines

represents errors from the integrator with parameters IT' while orange lines represents

errors from the integrator with parameters from IT? .

Figure 66: Cartesian Position Computed from Tracker with Different Parameters
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Figure 67: Cartesian Position Error Computed from Tracker with Different Parameters
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Figure 68: Cartesian Velocity Computed from Tracker with Different Parameters

Cartesian Velocity with respect to the Reference Frame
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Figure 69: Cartesian Velocity Error Computed from Tracker with Different Parameters

Cartesian Velocity Error with respect to the Reference Frame
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Figure 70: Attitude Computed from Tracker with Different Parameters

Ciz

1.0 1.0 4 1.0
0.5+ 0.5 0.5
0.0 4 0.0 0.0
—0.5 1 —0.5 1 —-0.5 1
_1-0 1 T T T T T T T _10_ T T T T T T T _10_ T T T T T T T
4] 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
1.0 1.0 1.0
0.5 1 0.5 4 0.5 4
0.0 1 0.0 0.0 { Prtsrm oy e e
—0.5 1 —0.5 4 —0.5 4
_1-0 1 T T T T T T _107 T T T T T T T _107 T T T T T T T
10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
1.0 4 1.0 1.0 4
0.5+ 0.5 0.5
0.0 - 0.0 { Prsrmempetlag e, | 0.0 -
—=0.5 1 -0.5 4 -0.5 4
_1.0 1 T T T T T T T _1.0_ T T T T T T T _1.0_ T T T T T T T
10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s] Time [s]

Source: Author



Figure

71: Attitude Error Computed from Tracker with Different Parameters
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Errors from the tracker represented by the first set of parameters II' are smaller

than T2 . This observation indicates that the incorporation of camera measurements into

the loosely coupled integration is interesting to be pursued. Note that in this simula-

tion camera measurements are simulated assuming that camera parameters and reference

points are perfectly known. Although this setup is interesting for a preliminary evaluation

of the loosely coupled integration algorithm, a more realistic setup is needed before the

incorporation of such algorithm into operational equipment.
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8 VISUAL AUGMENTATION

This chapter discusses applications for displaying virtual elements in maritime scenes.
These features are concerned with the visual presentation of navigational information.
Most of the proposed features assumes that external information about the scene is avail-
able from other systems of the ship. It is assumed that the installation parameters from
the previous chapter are available. The methods are pursued for assisting ship operators

in an efficient perception of their surroundings and immediate tasks.

8.1 Simple Highlight

8.1.1 Feature Description

A simple form of highlight is the synthesis of a rectangle around a given point from the
navigation scene. In order to facilitate the understanding of what is being highlighted,
it is interesting to render an information summary next to the point projection in the

navigation scene, as exemplified by Figure 72.

Figure 72: Four simple highlights

-

INFO #2

Source: Author
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8.1.2 Implementation with Data from Ship Maneuvering Simu-
lator

In the simulation experiment, as the position of each buoy in the camera coordinate
system is known at all times, it is possible to determine each buoy corresponding pro-
jection in the camera scene. These coordinates may be used for an automatic highlight
of such obstacles. Figure 73 illustrates a simple highlight with obstacles coordinates as

information elements.

Figure 73: Simple highlight with a summary of coordinates expressed in different frames

Source: Author

8.1.3 Implementation with Data from Real Experiments

Similarly as before, buoys are used for the implementation of the proposed feature
in videos from real experiments. If the buoy position is not known as in the case of
the experiment, the corresponding region can be automatically obtained from obstacle
detection algorithms such as the one described in the previous chapter. A simple highlight

with just two attributes is shown in Figure 74.
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Figure 74: Highlight of information from buoy

FIXED LIGHT

i

Source: Author

8.2 Zoom View

8.2.1 Feature Description

For very far obstacles, the corresponding projection in the image scene may be very
difficult to visualize. Thus, another useful feature that can be implemented consists in
the presentation of a zoom region alongside the image scene. If relative coordinates of an
obstacle are available from an external system of the ship, the corresponding projection
region can be automatically amplified and presented next to the obstacle projection.

Alternatively, such zoom views may be defined from operators inputs.



135

8.2.2 Implementation with Data from Ship Maneuvering Simu-
lator

Figure 75 illustrates the proposed feature with buoys from the simulation. As the
position of the buoys are known alongside the ship position and orientation, the corre-
sponding projection region in the image can be determined and amplified automatically.
The amplified region of the image can assist operators in the visual identification of far

obstacles.

Figure 75: Example of zoom view for far obstacles

Source: Author

8.2.3 Implementation with Data from Real Experiments

If the relative position of the obstacle is unknown, the region to be amplified can
be defined from an obstacle tracker feature such as from the previous section. After
an initial identification by the user, the corresponding region of the obstacle may be
determined automatically. Figure 76 illustrates the proposed feature with buoys from the

real experiments.
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Figure 76: Example of zoom view for far obstacles

Source: Author

8.3 Planar Rectangular Highlight

8.3.1 Feature Description

Consider a plane I described with a plane coordinate system St as in Equation 4.17.
Let |2, ¥, 2] be the axes of the plane frame Sp and let pS; be a point belonging to

plane II expressed with coordinates in the camera coordinate system.

1
Pep, = Pen + i + ho¥nn = Pan + [fﬁ Ui 51%] o (8.1)
0

Note that puq; and ps from Equation 8.1 represents points coordinates in the plane
frame. The origin of this plane coordinate system is the point p¢, while the orientation is

given by vectors [75, 9§, 2] It is possible to define a rectangular grid in the plane frame
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by iterating different [p, 2] according to vertexes of different rectangles.

)

where L, and L, are the size of each rectangle. Note that 7, and 7, are iterated according

NAL,

, Ny S 77:6 S Ny _ny S 771/ S ny ) 7735777’56777117”1/ € Z (82)
nyAL,

to n, and n,, which are the number of rectangles in each direction. The connection of
adjacent points computed from different 7, and 7, yields a rectangular grid. Figure
77 illustrates a rectangular highlight in a standalone simulation for intrinsic parameters

[fus fos 10, vo] = [1000, 1000, 960, 720] and following plane parameters:

70.0 0 -1 0
pen= (250 ,2Z5=10| ,ya=|0]| , Zg=|—1
400.0 1 0 0

Figure 77: Planar Rectangular Highlight

Source: Author
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8.3.2 Implementation with Data from Ship Maneuvering Simu-
lator

Consider a rectangular grid with points belonging to a plane at the surface of the
sea. Assume that the distance h,, between the camera and the water is known from
the installation procedure described in the previous chapter. By overlaying such lines of
the plane in the image of the scene, the corresponding region is highlighted and better

perceived spatially. Figure 78 illustrates a planar rectangular grid with the following

parameters:
0 0 0 -1 0
Par= | he | =442 | , 2= (0| ,yg=|0| , Zz=|—-1
500.0 500.0 1 0 0

AL, =1000 , n,=3
AL, =250 , n,=10

Figure 78: Planar Rectangular Highlight

Source: Author

The center of the rectangular grid is the point pg;. For each direction of the plane given
by vectors Zf; and yf, n, and n, determines the number of divisions of the rectangular

grid. The size of each division is given by AL, and AL,
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Note that is possible to estimate the relative position of visible obstacles according to

the intersection of its projection with each auxiliary line from the grid.

8.3.3 Implementation with Data from Real Experiments

Similarly as before, consider a rectangular grid with points belonging to a plane at
the surface of the sea. The distance h,, between the camera and the surface of the sea is
assumed to be known from the installation of the previous chapter. Figure 79 illustrates

a planar rectangular grid with the following parameters:

0 0 0 -1 0
pn= |ho| =132 ,24=1|0| ,m=1[0] , 2= |-1
500 500 1 0 0

AL, =1000 , n,=3

AL, =250 , n,=10

Figure 79: Planar Rectangular Highlight

i e

Source: Author

Note that considering the world frame defined by Equation 6.10, the plane shown in
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Figure 79 would match the sea plane only if the camera is installed without considerable
errors and if the ship is aligned with the WCS. More generally, the synthetic plane will
match the sea plane if z}; is aligned with the direction of the gravity, which may be
approximated by axis 2. from the local navigation frame. Figure 80 shows a planar

rectangular grid with the following parameters:

0.9996 —0.0187 —0.0231 0 —12.152
pon = [0.0164 0.9950 —0.0980| | 32 | = |—17.157
0.0248 0.0976  0.9949 500 500.582
—0.0231064 —0.9995578 0.0187141
Ty = |—0.0979969 | , ¥y = [—0.0163644| , 2;; = [—0.9950522
0.9949184 —0.0248260 —0.0975755

AL, =100.0 , n,=3
AL, =250 , n,=10

Figure 80: Planar Rectangular Highlight

e ¥

Source: Author
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8.4 Planar Circular Highlight

8.4.1 Feature Description

Consider the previous plane definition described by a plane frame Sp. Instead of
computing coordinates [u1, o] as vertices from rectangles yielding a rectangular grid, the

definition of coordinates [p1, 2] according to circles yields a planar circular highlight:
il r; cos(f) Ca<f<n
fo r; sin(6)
Let r. = [r1,..., 74, ..., 5] denotes the radius of different circles to be highlighted in
the region of interest and df denotes each incremental step for the angle 6. Additionally,

each circle from the highlight is divided in Ny sections. Figure 81 illustrates a planar

circular highlight in a standalone simulation with the following plane parameters:

70.0 0 -1 0
Pip=1250|,2d5=10| , =10, 25=|-1| , r.=1[150.0,300.0] , Ny =8
400.0 1 0 0

Figure 81: Planar Circular Highlight

-----

Source: Author
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8.4.2 Implementation with Data from Ship Maneuvering Simu-
lator

Figure 82 illustrates a planar circular grid with the following parameters:

0 0 0 —1 0
Pin=1| he | =442 ,Z4=10| ,oh=101| ,2n=1|—-1
500.0 500.0 1 0 0
T
. = (150.0, 300.0 , do =1° = — 7 N, — 8
re=l | 180 o

Source: Author

8.4.3 Implementation with Data from Real Experiments

Figure 83 illustrates a planar circular grid with the following parameters:

0 0 0 -1 0
Pon= |hy| =132 ,24=1(0| ,9q=|01|,25=|-1
200 500 1 0 0



143

ro =[150.0,300.0] , do=1°=— Ny =8

Figure 83: Planar Circular Highlight

Source: Author

Similarly as before, the highlighted plane shown in Figure 83 matches the surface
of the sea if the camera is installed without considerable errors and if the ship axes are
aligned with the WCS. Figure 84 presents a planar circular highlight computed with the

following plane parameters:

0.9996 —0.0187 —0.0231 0 —12.152
per = |0.0164  0.9950 —0.0980| | 32 | = [—17.157
0.0248 0.0976  0.9949 500 500.582

—0.0231064 —0.9995578 0.0187141

T = [—0.0979969 | , yg = |—0.0163644| , zp = | —0.9950522

0.9949184 —0.0248260 —0.0975755
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ro=[150.0,300.0] , do=1°=— | Ny=38

Figure 84: Planar Rectangular Highlight

Source: Author

8.5 Expected Trajectory Visualizer

8.5.1 Feature Description

Consider an arbitrary point () in the navigation scene described by its position pf,
with respect to the camera frame. Further, let v, be its velocity with respect to the
camera frame. It is possible to compute a simple estimation for the future trajectory
of point @) by the extrapolation of its velocity v, around its position pg,. Let poy =
ped peg - pepl" and vip = [V, veg veh ]t

of the obstacle with respect to the camera frame. A simple expected trajectory pg,.,;(t)

denotes the instantaneous position and velocity

for the obstacle can be computed with the assumption that the obstacle velocity vgg, is
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approximately constant for an interval ¢ € [0, AT},4;]:

Pa| |

Poai(t) = |Dig | +1 | v 0 <t < ATy,
C,K C,K
ch UCQ

A set of points belonging to the trajectory may be defined with respect to the camera
frame. Then, the corresponding image projections for such points can be shown on top of
the image of the scene. Note that if an obstacle is represented in another known coordinate
system, it is possible to transform the obstacle position and velocity to the camera frame

before computing the expected trajectory with the same expressions.

8.5.2 Implementation with Data from Ship Maneuvering Simu-
lator

Considering that the ship velocity is known and assuming that the buoy does not
move, the relative velocity of the buoy can be computed from the simulation outputs.
Figure 85 presents the corresponding image projections for the expected trajectory of the

buoy in the scene of the onboard camera.

Figure 85: Expected trajectory from instantaneous velocity

Source: Author

Note that such estimations are particularly useful if the ship and the obstacle are
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moving with constant velocity. If there are significant rotations in the relative trajectory of
the obstacle, the computed expected trajectory will not coincide with the actual trajectory

of the obstacle in the image scene.

8.5.3 Implementation with Data from Real Experiments

Similarly as before, Figure 86 illustrates this feature assuming that the ship velocity

is known and that the buoy does not move.

-
s

Figure 86: Expected trajectory from instantaneous velocity

Source: Author
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9 DISCUSSION

This chapter discusses the utilization of aforementioned methods for navigational as-
sistance. Initially, augmented visualizations that may assist ship operators are presented.
The integration of the proposed MAR system with typical onboard navigational equip-
ment is briefly discussed in the subsequent section. Finally, further research is suggested
to formally define accuracy requirements and operational capabilities for the proposed
MAR system.

9.1 Assistance by Visual Augmentation

Visualizations from this section assumes a scenario of navigation in restricted waters
with fixed obstacles as presented in [LEITE et al., 2022]. In such scenarios, in order
to prevent collisions, it is important that operators acknowledge the relative position of
surrounding obstacles along the expected trajectory of the ship. Geometrical information
regarding the ship and the navigation scene is assumed to be known. Three types of
navigational assistance situations are discussed throughout this section: route highlight,

obstacle highlight and spatial perception.

9.1.1 Route Highlight

In the previous simulation, the ship is navigating in a straight line with known velocity.
The camera position and orientation with respect to the ship coordinate system is known
alongside the ship state with respect to the world coordinate system. Thus, it is possible
to define coordinates for points at the surface of the sea in the camera coordinate system.
In such situations, a rectangular highlight in front of the ship could be defined to highlight
the expected trajectory for the ship. The rectangle width is defined accordingly to the
ship course and dimensions. Figure 87 exemplifies this implementation in the previous
simulation experiment with a rectangular highlight delimiting the expected trajectory of

the ship.
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Figure 87: Rectangular highlight showing expected trajectory for the ship in the simula-
tion

Ps=[1200.0,/0.0/13.0] [m]

Source: [LEITE et al., 2022]

A similar rectangular highlight may be drawn on top of the video from the real
experiment as the ship navigates with approximately constant velocity in a straight line.

Figure 88 illustrates this implementation.

Figure 88: Rectangular highlight showing expected trajectory for the ship in the reality

Source: [LEITE et al., 2022]

Another useful representation for the expected trajectory of the ship is in the form of

waypoints. Each waypoint may be projected into the image scene with a circular highlight.
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As the ship is traveling with constant velocity, its trajectory may be represented with
colinear waypoints. Figure 89 illustrates the visualization with two waypoints in front of
the ship. Figure 90 illustrates a similar implementation in the recorded video from the

aforementioned real experiment.

Figure 89: Circular highlight representing waypoints of the expected trajectory for the
ship in the simulation

Ps=[1200.0,/0.0/13.0] [m]

Ps=[400.0/0.0/13.0] [m]

Source: [LEITE et al., 2022]

Figure 90: Circular highlight representing waypoints of the expected trajectory for the
ship in the reality

Source: [LEITE et al., 2022]
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9.1.2 Obstacle Highlight

Assume that each obstacle can be characterized by a set of N, attributes such as
1D, name, type, status and position. Further, assume that the corresponding obstacle
attributes are automatically rendered into a graphical summary. These attributes can be
summarized and presented accordingly to their relative position in the scene to assist in

the perception of these obstacles as shown in Figure 91.

Figure 91: Information highlight for each buoy in the simulation

0xD31A12 0xD31A10
BUOY 26 V Name BUOY 25 E
Fixed Light Type Fixed Light
In Position Status In Position
wostes | [3470.2/499.5/17.6] [m] westes| [3472.1/685.1/17.6] [m]
Posgon [1276.7‘125.1 /13.0] [m] Josgon | [1274.7/-60.4/13.0] [m]

Source: [LEITE et al., 2022]

Note that an optimal definition of pertinent attributes considering each ship task may
be developed in view of requirements for user interfaces. These usability considerations

are beyond the scope of the present work.

9.1.3 Spatial Perception

In cases in which external information about surrounding obstacles is not available,
it is possible to estimate the relative position of visible obstacles in the image scene with
planar highlights. Figure 92 shows a rectangular highlight with points described in the
ship coordinate system. An estimation for the buoy relative position may be inferred by
the intersection of the buoy projection in the image scene with each auxiliary line of the

rectangular grid.
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Figure 92: Auxiliary rectangular grid for estimating the relative position of surrounding
obstacles in the simulation. Each rectangle of the grid has dimensions 100m x 25m.

(4200,-150,13)[m]
(4200,150,13)[m]
B (1000,-150,13)[m]

=)
= (500,-150,13)[m]
(300,-150,13)[m]

o o o o

(200,150,13)[m] (200,75,13)[m] (200,0,13)[m] (200,-75,13)[m] (200,-150,13)[m]
X

Source: [LEITE et al., 2022]
Figure 93 shows a rectangular highlight in the real experiments with a grid of dimen-
sions 100m x 25m.

Figure 93: Auxiliary rectangular grid for estimating the relative position of surrounding
obstacles in the reality. Each rectangle of the grid has dimensions 100m x 25m.

Source: [LEITE et al., 2022]
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Note that the right buoy intersects the rectangular grid at the sixth parallel line of the
grid, representing an approximate lateral distance of 25-6 = 150m. Correspondingly, the
left buoy intersects the rectangular grid at the fifth parallel line of the grid, yielding an
approximate lateral distance of 25-5 = 125m. Combining both results yields estimates of
275m for the distance between both buoys. Accordingly, the theoretical distance between

them is approximately 280m when both buoys are in their map position.

Another useful representation for estimating the buoy relative position may be dis-
played with a circular highlight. Figure 94 shows a circular highlight with points described

in the ship coordinate system.

Figure 94: Auxiliary lines described with respect to the ship-frame. Lines are drawn
ranging from 6,,;, = —36° = —2160" to 0,,,, = 36° = 2160’

(D:3000m)

8
<

(D:1200m)
<
(D:500m)

<

(D:300m)

3

(D:200m)

3

(D:150m)

Source: [LEITE et al., 2022]

Similarly, an estimation for the buoy relative position may be determined from the
intersection of its projection with each auxiliary line. From the augmented scene of the
above example, it is possible to estimate that the buoy is at an approximate distance of

500 m from the ship with an angle of —9° with respect to the ship xr—axis.

Note that alternative enhanced scenes may be adapted from the current work towards
other navigation scenarios. As the development of optimal visualizations combining per-
tinent virtual elements depends on the particular operation of the user, further research

is suggested to cover other types of standardized navigation operations.
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9.2 MAR System Development

Consider a camera rigidly fixed on a ship that navigates through a channel delimited
by nautical buoys. The ship position and orientation is assumed to be known at all
times with respect to a reference coordinate system. Furthermore, information about the
ship surroundings and expected route is assumed to be available from other onboard ship
systems. A centralized monitor screen displays the video stream from the camera with

virtual assets representing the information from other ship systems.

In order to define operational capabilities of the system, it is interesting to estimate
the maximum distance in which an obstacle is still observable by the camera. A simplified
analysis may be carried out as follows. Consider a pinhole model expressed by the set of
intrinsic parameters [f,, fy, w0, vo]. The projection of an arbitrary point @) with position

Peg With respect to the camera is given by:

pCX pc,x
. CQ uQ fA_l 221 + ug (9 1)
pC = pc = = :
R e Vg FA
ch

Further, assume that the obstacle is represented as a simple planar square object with

size L positioned at pg,. Each vertex pg; of this square may be projected into the image

scene:
1] pC +0.5L] S CX+0.5L 7
. . +L X Q osr| = ur, fA poQ + ug (92)
Per, = DPe 5 = pc + = :
Ll Q 2 Q ’ULl fA 1p(,Q+0 5L +'U0
0_ i pC’Q | - Peq
[ 1] o 0. 5L S c +0 5L 7
c N pQ 05| = | I po T (9.3)
pc :pc ’S — - pc — U. — .
Lo Q 2 Q o UL2 fA 1ch 05L + UO
0] L P |
1] [px—osL] - X050 7
¢ N o 050 = | I 1PQQ o (9.4)
Pers = Pe 5 | - pc7 — U = :
L3 Q 2 Q I VL, fA 1pCQ 05L+Uo
0] L Pa -
1] [px—osL] . - XoosL T
. . +L : Q+05L . ur, fA 1PQpQ + ug (95)
Per, = Pe 5 = pc = :
Ly QT Q o, fA 1ch+0 5L +UO
0] L e |

The projection area a, in pixel?> may be computed as a function of the projection of
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each vertex of the square:

4 _
ULy 2 : L |ug, Ur; Ur; — ULy
ULy i=1 UL UL, Vr; — ULy
17, _ - o o o o o o
a, = 3 HuleLQ + U,V + ULV, +Ur,Vr, — UL,V — UrVpy — U,V — uleL4H

(9.6)

Note that visible objects should have a projection area a, bigger than 1 px?. Still,
if a, is not sufficiently greater than 1 pz?, its projection in the image scene may be very
difficult to acknowledge. An unitary pixel typically represents a small fraction of the
camera image. Assuming an image with size 1920 pz x 880 pz, the total area would be
1920 px x 880 pxr = 1689600 px?. Hence, 1 pz? would represent less than 0.0001% of the
total area from the image:

1 px?
1920 pz x 880 px

= 0.0000591856% (9.7)

For fixed intrinsic parameters, it is possible to determine the maximum distance in
which the square is observable by the computation of a, around different points of op-
eration. Table 6 presents a, as a function of different L at points pg, = [50, 15, 200],
Pig, = [50,15,2000] and pgy,
[fus fus 2o, vo] = [790, 770,960, 440].

[50, 15,10000] for fixed intrinsic camera parameters

Table 6: Projection area a, calculated at pf,. for different values of L

L[] [ ay at pig, 7] | ay at g, (0] | a ab pig, (0]
1 15.306 0.153 0.006
5 382.656 3.827 0.153
10 1530.625 15.306 0.612
20 6122.500 61.225 2.449
50 38265.625 382.656 15.306

For example, a square with an area of 1 m? would not be visible at a distance of

2000 m but would be detectable at a distance of 200 m from the camera. Similarly, a
bigger square with an area of 100 m? would be visible at a distance of 2000 m but would
not be detectable at a distance of 10000 m from the camera. Generally, the maximum
distance in which each object is detectable depends on its size. Hence, in the context of
this preliminary analysis, smaller objects would be detectable at distances as far as 200

m, while bigger objects would be detectable at distances as far as 2000 m.
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Note that the same methodology could be repeated with different intrinsic camera
parameters for the comparison of different camera devices. Besides, further research is
suggested in order to extend the above methodology with more realistic object models. A
simple approach would be the definition of a planar rectangle with size equivalent to the
geometry of potential obstacles. Alternatively, the definition of three-dimensional models

for potential obstacles could be more adequate for a thorough analysis.

Recall that the camera position and orientation with respect to the ship coordinate
system should be known in order to project any virtual point into the camera scene. Thus,
the camera should be installed around an expected position and orientation with precision
to avoid errors in each virtual point projection. The rest of this section discusses how
errors in the determination of the camera state with respect to the ship affects the virtual
points projection in the camera scene. A detailed systematic error analysis is beyond the

scope of the present work.

Consider an arbitrary point with position p;, described with respect to the ship co-
ordinate system. Further, let p. be the position of the camera and R be the rotation

matrix describing the camera frame with respect to the ship coordinate system:

S,1 c c c S,1
Psp Tsi1 Tsi2 Tsi3 Pse
Dsp | s R Tso1 Te22 Ts23| 1 Psc ¢ (9.8)
s,k c c c s,k
Psp Ts31 Ts32 Ts33 Pse

Transforming pg, to the camera coordinate system:

C7X
pcp

pS
po, = 05| = [PLE —Ripic] [ f] = (9.9)
Doy
pex ro (5 — psd) + S (05 — pid) + rés(psF — pik)
po) | = T§21(p§}j - picz) + 7520 (pi;f' - icj) + 7"523(pi}3k - piék) (9.10)
o ey (D50 — p3F) + 5ao (05 — p57) + s (5F — p3F)

Consider a set of estimated parameters pj, and RS for the camera position and orien-

tation with respect to the ship coordinate system:
~e ae ae NS,
Ts11 Ts12 Ts13 P
e | ac ac e hS — £S,]
RS = [Ts21 Ts22 Tso3 » Pse = sc (911)

A A A

c c c ~s.k
Ts31 Ts32 Ts33 Pse
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Transforming pj, to the camera coordinate system with estimated parameters p;. and

]%g yields pg,:

ey’ s
Py = |05 | = [Rg —Rﬁﬁic] [pi”] = (9.12)
Py
ﬁi}ax 72511(17?;’; - 1322 )+ 72512(13;; - Aic] ) + T3 (pijok - ﬁick)
P | = [Py — 3) + Penn (Pl — D37) + Tias (03 — D32°) (9.13)
ﬁgbn f§31(p§§f - ﬁié ) + s (pi;f - 2323 ) + Piss (pi}gk - ﬁic’“)

Assuming the pinhole model described by camera parameters [f,, fy, o, Vo, the pro-

jection of pg, may be computed as:

)i )i \J 2J ok k
f 7611 (PSp —Dse)+751, (P —Ped ) +7815(PSp —pse) + ug
i 80 \J 2J s,k k
U “ T§31 (Pi}; _p;cz)'i'rggg (pipj _pgcj )+7'§33 (p;p _pgc )

— (9.14)

C

v f Ts21
vie

s31

i i j \J ,k ke
(pi;_pgél)+r222 (pgfuj _pgcj)+7"§23 (p:p _ch )
( S,1 3 j j s,k s,k) + UO

Psp 7pgycl)+7'§32 (pibj *pi’cj )+7'§33 (psb —Psc

Assuming estimated camera parameters | Fus Fos 0, o), the estimated projection [u, 0] may

be computed as:

A A AN 2J_aSiJ\ LA ks,
f rgll(pipl' 7p§c1.)+r§12(p§1{ 7p§c?)+rgl3(p§pk —DPsc )
U 4 S,i__ S, A S, 55, A s 5S,
7’231 (p;pZ _p;cl)"l‘ngQ (p;pj —pzcj)+T§33 (pip —Psc )
_ (9.15)
An U a8,0\ | ac \J a8 JY Lac Jk_ss.k
N f T§21 (ngz_*picl_)JrTgQQ (pipj 7pzcj.)+7';23 (Pipk 7P:ch) + 2’}0
Va1 (S D3 )+ g (3 —PS )+ S (35 —B3E)

g3

Similarly, let du and dv be the error between [u,v] and [u, 7], and consider the following

projection error e:

u=u—1u, ov=v—20 (9.16)
ep = Vou? + dv? (9.17)

Furthermore, let [0 f,,d f,, 0ug, dvg] be the errors in the intrinsic camera parameters,
[6psi, 6psd, opsk] be the errors in the camera position and [d¢, 0, 61)] be the errors in the

camera orientation:

[ 7 790 + 6 f.

42.0 + ops! 7 70 4 61
R; = R7YX(6¢,60,00)RS , pi.= |-25.5+dp | . || = o 0a8)
57 51 n 5 sk Ug 960 + 5“0
' Psc @0 940 + (S'UO
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where RZYX(5¢,00,6v) is given by Equation 3.20. Consider each error component as a
Gaussian random variable with zero mean and non-zero covariance w. Let [wfy,, Wy, Wyo, Weo)
be the corresponding covariances of errors [J f,, 0 fo,, 0ug, vp|, let [wy;, wyj, wpk] be the co-
variances of errors [0p%? dp%d. dpsF], and let w4, wyg, w,y] be the covariances of errors
[0, 00, 1]. Recall that the probability density of a Gaussian random variable nx have a
peak at its mean p and is almost null for points that are far away from p. The width in
which the probability density is significant is given by its covariance o. It is possible to

numerically determine the probability that an observation of nx is contained in intervals

given by u and o:
P(u 3o <az<p+t 30> ~ 99.73% (9.19)

Therefore, the following covariances yields observations for [df,,d f,, dug, dvg] that are
probably smaller than an arbitrary constant II,, (with probability higher than 99.73%):

M,
3

(9.20)

Wiey = Wry = Wyp = Wyo =

Similarly, the following covariances yields observations for the extrinsic camera parameters

that are probably smaller than arbitrary constants II,, and ILz,:

Hm 1_Ideg ™
— Wy, Wy, Wyyp = —
3 7 e T e T TR0

Wyi, Wy, Wpk, = (9.21)

Consider N observations for each error component yielding N different projection
errors e,. Useful statistics such as minimum, mazimum, mean, and standard deviation
from the set of projection errors may assist in the determination of preliminary require-
ments for the system. Table 7 presents projection error e, in pizels computed for points

ps. = [2000, —500, 13]7 with N = 1000 and different [IT,,, I, [ge,].

Table 7: Projection error e, calculated at p for different values of II,,, II,,, and Il4,

Mye | Ty | Tagg || mine,) [px] | maz(e,) [px] | mean(e,) [px] | std(c,) [px
0.1 1.0 | 0.1° 0.0125 1.9427 0.6116 0.3285
0.1 | 5.0 | 0.1° 0.04620 3.1401 1.0327 0.5126
0.1 |10.01 0.1° 0.0258 5.4089 1.7966 0.9133
1.0 | 1.0 | 0.1° 0.0202 2.2557 0.7577 0.4097
10.0 | 1.0 | 0.1° 0.1784 11.9372 4.3873 2.2654
2501 1.0 | 0.1° 0.5824 29.2537 10.7294 5.6226
1.0 | 1.0 | 1.0° 0.1787 18.3374 5.9398 3.1045
1.0 1.0 | 2.5° 0.2719 45.1124 15.2081 7.8314
1.0 | 1.0 | 5.0° 1.7297 88.4720 30.3552 15.5040
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The initial three lines from the table compares results with variation in the error for
the camera position. The next three lines compares the projection error with different
uncertainty for the camera intrinsic parameters. Finally, the last three lines presents
the projection error results with different uncertainty for the camera orientation. Above
results indicates that the projection error is not considerably affected by the introduction
of bigger errors in the camera position, but it is significantly affected by errors in the

camera orientation.

MIN

Given a desirable minimum projection error e,

, it is possible to determine simpli-
fied installation requirements for the camera installation accuracy. For example, if the
projection errors for the system are constrained to be at a maximum of 5 px, Table 7
would indicate that the camera orientation could be determined within 0.1° accuracy, the
camera position could be determined within 1 m accuracy, and camera intrinsic parame-
ters could be determined within 1 pz accuracy. Similarly, if the projection errors for the
system are constrained to be at a maximum of 20 pz, above results would indicate that
the camera orientation should be determined within 1.0° accuracy, the camera position
should be determined within 1 m accuracy, and camera intrinsic parameters should be
determined within 1 px accuracy. For a image of size 1920 px x 880 pz, an error of 5 px

represents less than 1% of the image total width and height; while an error of 20 px
represents less than 3% of the image total width and height:

opx opx
~ 0.260 ~ 0.568 9.22
1920px % 880px % (9.22)
20px 20px
~ 1.042% , ~ 2.273% 9.23
1920px 7 880pa ’ (9:23)

Note that above tables are computed around a single point of operation. The pro-
posed methodology may be extended with similar computations around other points of
operation. Alternative investigations regarding requirements definition are also suggested
as these considerations are extremely important for enabling the development of a real
MAR prototype. Moreover, a similar analysis needs to be performed for the aforemen-

tioned tracker component of the system.

9.3 External Integration

There are multiple onboard equipment that assists operators with the ship conduct.
These multiple onboard devices may be produced by one or many manufacturers. All

equipment must be interconnected with a common protocol for a complete integration.
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Figure 95 exemplifies equipment and protocols that may exist on a single marine vessel
[TRAN et al., 2021].

Figure 95: Network protocols utilized by a marine vessel and their interaction with other
adjacent vessel or coastal services.

Automatic Identification System (AIS)
Radioldephone N CZWS’H “

OneNet gateway IPv4/IPv6 communications

over wireless

OneNet communications

Engine monitors Depth finder Fish finder / Sonar

Source: [TRAN et al., 2021]

Several considerations must be addressed in order to implement a network for inter-
connecting marine equipment. As with almost any network protocol, marine network
protocols are potentially vulnerable against malicious attacks or unintentional human er-
rors. Table 8 presents major security considerations that are typically used for evaluating

the security of a network protocol [TRAN et al., 2021].

Table 8: Summary of security considerations

H Security Consideration ‘ Primary Risk H
H Confidentiality ‘ Access to private data H
H Integrity ‘ Modification of data H
H Availability ‘ Inability to access data or resource H
H Authentication ‘ Inability to confirm identity H
H Authorization ‘ Improper access to resource or data H
H Non-repudiation ‘ Inability to confirm an action made by an identity H

Source: [TRAN et al., 2021]

Examples of protocols that enables the interchange of information between different
equipment are standards NMEA-0183 [NATIONAL MARINE ELECTRONICS ASSO-
CIATION, 2002] and NMEA-2000 [NATIONAL MARINE ELECTRONICS ASSOCIA-
TION, 2016] published by the National Marine Electronics Association (NMEA). The

integration of the proposed MAR system with current navigational equipment may be
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facilitated with the investigation of such maritime protocols. Note that as the overall cost
of the prototype might be significant, it is interesting to further investigate the viability
of the proposed prototype before its full development. In this context, it is possible to
research for render techniques with recorded video from navigation experiments. Further-
more, it is possible to investigate potential interfaces for the system with any full-mission
ship maneuvering simulator. As a general recommendation, the development of a monitor
augmented reality system for navigational assistance should be initially performed with a
ship maneuvering simulator. In such simulations, all geometrical parameters are known,
which facilitates the development of ideal interfaces and visualizations without the need

of extremely accurate equipment.
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10 CONCLUSION

Foundations regarding augmented reality methods were discussed throughout the dis-
sertation. A simple conceptual design for a monitor AR solution were proposed. Impor-
tant components of the proposed design were illustrated with numerical implementations.
Examples of enhanced scenes for a monitor AR solution were proposed in a context of a
ship navigating with constant velocity in restricted waters. As each augmented scene as-
sist in the perception of the navigation environment, these visualizations are potentially
helpful for the corresponding ship operators. However, in order to adequately embed
these augmented scenes into helpful equipment, designed visualizations shall be further

validated considering usability requirements from typical operations.

The development of an operational augmented reality system for navigational assis-
tance is still a complex task. For a real implementation, the ship state with respect to
the world coordinate system needs to be accurately determined along with the camera
parameters. In order to ensure a proper alignment between real and virtual marks, in-
formation regarding the truth position of nearby obstacles and ship surroundings needs
to be accurately determined by onboard ship systems. Besides that, the integration of
such different equipment needs to robustly address real time constraints which may be

inherently complex.

Despite the challenges, the development of equipment with augmented reality meth-
ods is further suggested as it has the potential to significantly contribute to the overall
efficiency and safety of maritime operations. It should be noted that although further
research with real implementations may be extremely expensive due to the requirement
of high-precision sensors, usability research may be appropriately performed with any
full-mission ship maneuvering simulator as presented in the present work. Therefore, as
a general recommendation, the authors suggests that user interface research for MAR
systems should be preliminary performed with a ship maneuvering simulator. In such
simulations all geometrical parameters are known, which facilitates the development of

ideal visualizations.
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APPENDIX A - AR HISTORY

The beginnings of Augmented-Reality technology can be referred to a pioneer work in

the 1960s. A see through head-mounted device (HMD) was designed to present three-
dimensional graphics [SUTHERLAND, 1968]. The fundamental idea behind the three-

dimensional display proposed in the work is to present the user with a perspective image

which changes as he moves. As the retinal images measured by eyes are two-dimensional

projections, it is possible to create three-dimensional object illusions by placing suitable

two-dimensional images on the observer’s retina. Figure 96 illustrates the proposed device

with a diagram of its constitutive parts.

Figure 96: The parts of the three-dimensional display system
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Source: [SUTHERLAND, 1968]

A tracking device was designed for measuring the head movement of a user in real-

time. Two different coordinate systems were defined: the room coordinate system and
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the eye coordinate system. Fixed points were stored numerically in the room coordinate
system. Considering the viewer position known at all times with the tracking device, the
eye coordinate system can be determined. A digital matrix multiplier was built to dynam-
ically compute the transformation between the room and the eye coordinate system. The
corresponding image projection of the virtual three-dimensional points were computed

with perspective projection models.

Over the next years, further research on the proposed concept resulted in the emer-
gence of augmented reality as a research field. In [MILGRAM et al., 1995], augmented-
reality displays were categorized in a general sense within the context of a Reality-
Virtuality Continuum. This continuum have been proposed as a unified framework for
studying environments in which real and virtual world objects are presented in the same
display. These environments have been defined as mized-reality environments. Figure 97

presents a diagram illustrating the proposed concept.

Figure 97: Simplified representation of a RV Continuum
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In this framework, a graphical simulation is classified as a purely virtual environment
while a recorded video without further graphical processing is considered as a purely real
environment. As augmented-reality methods are concerned with showing scenes of real
environments with synthetic elements, most of the presented view elements are going to be
real. Thus, it is located closer to the purely real side of the continuum. On the other side,
augmented-virtuality methods are located closer to the purely virtual environment as such
displays presents simulated environments with few enhancements based on real data. Two
subclasses for augmented-reality displays have been defined: see-through and monitor-
based displays. See-through displays are inspired on the earlier work of [SUTHERLAND,
1968], while monitor-based refers to displays in which computer generated images are

overlaid onto live or stored video images.

In [AZUMA, 1997], an important survey have been published summarizing main de-
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velopments up to that point. The work proposed definitions for the field, including main
characteristics, challenges and examples of applications. Obstacles for the development
of augmented-reality systems were identified at the time. The survey defines augmented-
reality as systems with three main characteristics: combines real and virtual information,
interactive in real time and registered in 3-D. As in [SUTHERLAND, 1968], the work
proposes concepts for see-through head mounted devices. Two particular types of see-
through HMD were proposed. One type is built with optical combiners as illustrated by
Figure 98. The other type is built with video cameras and monitors as illustrated by

Figure 99.

Figure 98: Optical see-through HMD conceptual diagram
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Figure 99: Video see-through HMD conceptual diagram
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As previously described in [MILGRAM et al., 1995], the work further addresses
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monitor-based configurations with a conceptual diagram exemplified by Figure 100.

Figure 100: Monitor-based AR conceptual diagram
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The major obstacle identified in the work is defined as the registration problem. It
refers to the proper alignment between real and projected virtual objects from a scene.
There is a high requirement for accurate, long-range sensors and trackers to provide
reliable information about the viewpoint and surrounding objects. In order to ensure a
three-dimensional perception from image projections, the position and orientation of the
viewpoint needs to be accurately known alongside the location of any virtual element to

be displayed in the scene.

Note that there are numerous sources of errors that impact the registration problem.
These errors have been further classified in two categories: static and dynamic errors.
Static errors have been defined as the errors induced by optical distortions, failures in the
tracking system, mechanical misalignment, and incorrect viewing parameters. Dynamic

errors have been related with system delays.

In the next years, research conferences dedicated to augmented reality began: the
IEEE/ACM International Workshop on Augmented Reality (IWAR) in 1998; Interna-
tional Symposium on Mixed Reality (ISMR) in 1999; and the International Symposium
on Augmented Reality (ISAR) in 2000. These conferences promoted considerable ad-

vancements for the development of the field.

Further advancements in camera models and respective camera devices enabled the
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development of solutions for the registration problem. In [CLARKE; FRYER, 1998], it is
presented an overview of the development and evolution of models for lens distortion. The
earliest applications for such methods were in mapping. In the 1950s, those involved with
the manufacture and calibration of aerial cameras were concerned with the investigation
and discussion of the characteristics of lens distortion. Different models have been pro-
posed by different manufacturers, with corresponding different calibration methods. In
[BROWN, 1966], an important analytical model for describing lens distortion have been
proposed.

One particular class of calibration methods that were pursued by the time have been
defined as on-the-job calibration. This technique places control points in the surrounding
area of the object to be imaged. Alternatively, techniques that does not rely on control
points have been referred as self-calibration methods within the work. With analyti-
cal modeling such as the one presented in [BROWN, 1966], it is theoretically possible
to use optimization algorithms for determining lens calibration parameters and three-

dimensional coordinates of measured targets simultaneously.

[ZHANG, 2000}, an important flexible new technique for camera calibration have been
proposed. The technique consists in the observation of a planar pattern for the camera at
a few different orientations. Either the camera or the planar pattern can be freely moved.
The corresponding calibration software have been made available for public use in order
to advance the research of 3D computer vision from laboratory environments towards real
world applications. Besides, standardized planar patterns have been made available to

assist researchers in repeating the proposed methodology with any commercial printer.

In [AZUMA et al., 2001], a complement to the earlier work in [AZUMA, 1997] is pro-
posed presenting representative examples of technological advances at that time. These
have been referred as enabling technologies, as these developments were crucial for enabling
the design of AR systems. Examples of such technologies that were further discussed in-
clude displays, tracking, registration and calibration. Despite all advancements reported
by the time, there were still major technical obstacles limiting the wider use of AR. It was
further recommended that displays, trackers, and AR systems required improvements to
be more accurate, lighter, and less power consuming. Tracking in unprepared environ-

ments remained an enormous challenge.

In [FENG ZHOU; DUH; BILLINGHURST, 2008], a review of the principal works re-
ported in earlier international conferences on augmented reality provided a road-map for

future augmented reality research in the emerging field. The analysis was conducted over
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276 papers presented in these conferences over ten years. There was significant work in
core research areas such as tracking techniques, interaction techniques, calibration and reg-
istration, AR applications and display techniques. Other topics such as evaluation/testing,
mobile /wearable AR and visualization were also reported indicating emerging research in-

terests towards real world applications.

Tracking techniques have been further classified into sensor-based, vision-based or
hybrid methods. Sensor-based tracking techniques are based on external sensors such as
magnetic, acoustic, inertial, optical and/or mechanical sensors. These methods do not
use camera measurements for tracking the user and/or environment. Among the works
analyzed by the review, there were very few published papers on this type of tracking

that uses only non-camera based sensors.

Vision-based tracking techniques uses image processing methods to calculate the cam-
era pose relative to real world objects. Earlier conferences began by exploring marker
based methods which depended on the instrumentation of the scenes. A notable trend
was identified at the time towards the research on model-based tracking methods. These

are techniques that explicitly uses geometrical models for tracking each object.

Hybrid methods combine several sensing technologies in an integrated tracking sys-
tem. In earlier conferences, hybrid methods usually relied on markers. Later there was
a growing consensus to combine inertial and computer vision technologies to provide
closed-loop-type tracking. These two technologies offers complementary features. Inertial
tracking is usually fast and robust but tends to drift due to noise accumulation. On the
other hand, vision-based tracking has low jitter and no drift, but is slow, and outliers can
occur. There is ongoing research on the development of hybrid tracking systems as the
registration problem is still a major challenge for the popularization of augmented reality
applications [BILLINGHURST; CLARK; LEE, 2015].
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APPENDIX B - KALMAN FILTERS

This appendix presents the Kalman filter formulation as proposed in books about
estimation and control [MAYBECK, 1979] and [MAYBECK, 1982]. Consider a normally
distributed n—dimensional random vector 77x described by its mean jix and covariance
Px. The corresponding probability density of the normally distributed random variable
fix is denoted as pdx(e):

pdx(€) = (27r)n/2\}w eXp(‘ %[5‘ ﬁx}TPf[g— F‘X]) (B-1)

Note that the mean fiy is a vector and the covariance Py is a matrix. A normally

distributed random vector has the following statistics:
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The linear combination of Gaussian random vectors is also Gaussian. Let 77y be
another random vector described by a linear transformation A from 77x. The mean iy

and covariance Py of the random vector 77y may be computed from px and Px:
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w
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Ny = Anx =
iy = Afix , Py = APx AT

A white Gaussian process is defined as a sequence of independent Gaussian random
variables 7x1, 7x2, ... , Txn. Consider 67, as the increment between two subsequent

observations of the process:
O = Txk — TxXk—1 (B.7)

Let § (tx) denotes a random variable comprised by the sum of such Gaussian normal
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mcrements:
k
W= 0 (B.8)
k=1

The random variable defined in Equation B.8 is commonly referred as a Brownian

motion. A Brownian motion has the following statistics:

—» —»

E[5( (B.9)

E[[F(ts) — At)|[B(ts) — / Qs(t)dt ity © <t (B.10)

where Q3(t) is a symmetric and positive semi-definite matrix. Considering these defini-
tions of a Gaussian random variable and a Brownian motion, it is possible to define the
Kalman filter formulation. Let 5(t) be the state to be estimated by the filter. Assume

the following linear system model for the state:
ds(t) = Fs(t)3(t)dt + Bg(t)i(t)dt + Gs(t)df(t) (B.11)

where Fg(t) is an n X n dynamics matrix; Bg(t) is an n X r input matrix; u(t) is a
r—vector comprising the system inputs; Gg(t) is an n X s noise input matrix; 5 is a
s—vector Brownian motion with statistics as indicated by Equations B.9 and B.10. The
estimated state is modeled as a Gaussian random vector 7j5(t), described by its mean jig(t)
and covariance Pg(t). The mean of the Gaussian random vector 7js(t) corresponds to the
state §(t) while the covariance Ps(t) corresponds to the uncertainty of the filter estimation.

The initial mean and covariance of the state is defined as jig, and Ps,, respectively:

E[77s(to)] = fis(to) = fis, (B.12)
E([77s(to) — fis(to)][iis(to) — fis(to)]"] = Ps(te) = Ps, (B.13)

Measurements are available at discrete time points 1, ¢, ..., tx and are modeled by a

linear transformation from the state 5(t) affected by an additive Gaussian noise 7jz:

Z(te) = Hz(te)S(te) + 7z (L) (B.14)

where 2'is an m—vector comprising measurements, H is an m X n measurement matrix

modeling the relationship between state and measurements, 5(¢;) is the state vector at
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time tj; and 77z is an random m—vector with statistics:

Elifz(tx)] =0 (B.15)
Eli7z(tx) iz (tr)] = Rz (tr) (B.16)

At each time instant, filter estimates for the state § are improved with incoming
measurements. Let fig(¢;) and Ps(t,) be the mean and covariance of the estimator
before updating with measurement Z(t) at time #; and let jis(t}) and Ps(t;) be the
respective mean and covariance after the incorporation of Z(t;). Estimates are updated

from incoming measurement Z(t;) with the following expression:

K (1) = Ps(tp) HE (1) [H () P (1) HE (6) + Ro(t)] (B.17)
ps(td) = ps(te) + K () |2(h) — Ho(t)fis(ty)] (B.18)
Ps(t)) = Ps(ty,) — K(tx) Hz (te) Ps(t;) (B.19)

The mean and covariance of the estimation is propagated between discrete times
t1,...,tx with the dynamic model defined by matrices Fg(t), Bg(t), Gg(t) and Qs(t).
These estimates are propagated between each time interval [ty, tx, 1] by the integration of

the following differential equations:

fis(t) = Fs(t)fis(t) + Bs()a(t) (5.20)
Py(t) = Fs(t)Ps(t) + Ps(t)FZ(t) + Gs(H)Qu(1)GE (1) (B.21)
by <t <tppr

For each time interval, initial conditions are the current estimate mean jig(t;) and
covariance Pg(t). The integration can be performed with a first order method over
partitions of this interval. The previous formulations can be adapted for a particular
class of nonlinear system with the Extended Kalman Filter. Let the dynamics of the state

be described in the following nonlinear form:

ds(t) = f(5(1),i(t), t)dt + Gs(t)dB(t) (B.22)
where f(.) is a known n—vector of functions representing the state dynamics. Note that
this replaces the linear model [Fs(t)5(t) + Bs(t)u(t)] with f(5(¢),u(¢),t). Similarly as
in the previous development, the state is modeled with a Gaussian random vector 75(t)

defined by its mean jig(t) and covariance Pg(t). Initial estimates for the mean are given
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by fis, and Ps,:

E[ijs(to)] = fis(to) = fs, (B.23)
E([7s(to) — syl liis (to) — pso)"] = Ps(to) = Ps, (B.24)

These estimates are propagated between time intervals ¢y, ¢, ..., ;. similarly as before with

the integration of the following differential equations:

= Fy(is(t), 1) = (B.25)
() =is (1)

/IS(t) = f(_’S(t% u(t)’ t) (B 26)

Ps(t) = Fs(jis(t),t) Ps(t) + Ps(t)Fg (jis(t),t) + Gs(t)Qs(t) G&(t) (B.27)
ty <t <tptr

At each discrete time instant ¢; measurements are available. These are modeled with
a nonlinear function h(s(t),t) affected by an additive Gaussian noise 7z with zero mean

and covariance Ry(t):

Z(ty) = h(s(tx), tx) + 7z (B.28)

Assuming a similar notation as before, let jig(t, ) and Ps(t, ) be the mean and covari-
ance of the estimator before updating with measurement Z(¢)) at time ¢ and let fdg(t;)
and Ps(t;) be the respective mean and covariance after the incorporation of Z(t;). The

estimates are updated from incoming measurement z(¢;) with the following expressions:

= Hy(fis(ti)ot7) = o = (1) (B.29)
s(t)=fs(t )

K1) = Ps (1 HE (6) [Ha (e P () HG () + Rat)] (.30)

fis(t)) = fis(ty) + K (0) | 2(te) = h(7is(t), )| (B.31)

1

Py(tf) = |1 = K(t) Ha ()| Ps(t) |1 = K@) H2 ()] + K(t) Rz (t) K7 (8) (B.32)
From a computational perspective, the implementation of the filter requires the def-

inition of a model for the system with functions f(5(¢),(t),t) and h(5(t),t) that are

linearized yielding matrices Fs and Hz. The matrix Ry is related with the Gaussian

noise model for the sensor measurements and ()3 is related with the system dynamic

noise modeled as Brownian perturbations. An initial estimate for the filter state must be
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provided with mean jig, and covariance Pg,. The initial mean /ig, of the estimator is the
expected initial state for the system, while Ps, provides an indication of the uncertainty

associated with this initial estimate.
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APPENDIX C - MARITIME
NAVIGATIONAL
ASSISTANCE

C.1 Inertial Navigation Systems

An inertial navigation system (INS) is an equipment with an inertial measuring unit
that provides specific force and angular rate measurements with respect to the instrument
case. A navigation processor integrates Equations 3.80, 3.81 and 3.84 to provide the

instrument state with respect to a reference coordinate system.

Ideally, measurements of specific force are composed by the acceleration subtracted
by the gravity force. Considering that the axes of the instrument are aligned with the

ship coordinate system, let f7 be the measured specific force from the instrument:

iss = a’fs - gg’ = a?s - Rzgg (Cl)

where ¢g, g¢ denotes the gravity vector at the ship position expressed in the ship and earth

coordinate system, respectively. Thus, the acceleration in the Earth may be computed

from the specific force with knowledge of the gravity vector and ship orientation with
respect to the Earth:

R{fE = Rilag, — g5) = Riaj, — Rigs = aj, — g5 =

$71s S

—~
Q
N\

~—

e __ pers e
aiS_Rs z's_l—gS

Let g¢ and .f{g be estimates for the gravity vector and the orientation of the ship
with respect to the Earth coordinate system. The corresponding estimation ag, be for the

acceleration with respect to the Earth frame may be computed as:

s, =R S+ s = Re(al, — g3) + 95 = (Feas) + (35 — Regs) (C.4)
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Neglecting errors in the Earth gravity model, note that the estimated acceleration

as, is equal to the truth acceleration af, if the estimated rotation matrix }?g is equal
to the truth rotation matrix R¢. Furthermore, typical sensors deviates from the truth
specific force due to multiple source of errors. A common error model may be expressed
as follows. Let f2 be the truth specific force and let f2 be the measurement from a typical

instrument:
Ais = b, + (I3x3 + Ma)fis + Nfa (0-5)

where b,, M, and 7y, are the accelerometer bias; scale-factor and cross-coupling matriz;
and random noise; respectively. The random noise 7¢, may be modeled as a Gaussian
random variable with zero mean and nonzero covariance wg,. Typically, the accelerometer
bias b, ranges from 107* m/s? to 107! m/s?. Tt is customary to express the accelerometer
bias in terms of gravity units, yielding values from 0.01 mg to 10 mg. The terms of the
dimensionless scale-factor and cross-coupling matriz ranges from 10~* to 1072, Random
noise from the accelerometer is usually characterized in terms of its root power spectral
density (PSD), which is customary given by pg/v/Hz. For typical accelerometers, the
root PSD ranges from 20 pg/vHz to 1000 pg/+/Hz. Note that in order to obtain the
corresponding covariance for the random noise samples, the root PSD needs to be multi-
plied by the root of the sampling rate (or divided by the root of the sampling interval)
[GROVES, 2008].

Similarly, let w;, be the truth angular rate of the ship and @;, be the corresponding

measurement affected by errors:
Wiy = by + (Isxz + My)wy, + Gy + g (C.6)

where by, My, Gy and 17, are the gyrometer bias; scale-factor and cross-coupling matriz;
gravity-cross-coupling matriz; and random mnoise; respectively. Typical gyrometer bias
b, ranges from 107 °/hr to 10% °/hr, where 1°/hr = 4.848 x 107% rad/s. Similarly as
with the accelerometer error model, the terms of the dimensionless scale-factor and cross-
coupling matriz ranges from 107* to 1072, The root PSD of typical gyrometers ranges
from 0.002 °/v/hr to 1 °/v/hr, where 1°/v/hr = 2.909 x 10~* rad/+/s [GROVES, 2008].
Procedures for estimating error parameters from Equations C.5 and C.6 are commonly

referred as IMU calibration. Such calibration is beyond the scope of the present work.

Let f2(t) and &,(t) be the IMU measurements at time ¢, and consider estimations
pe(t), 0,(t) and Re(t) for the ship position, velocity and orientation with respect to the

€s

Earth, respectively. Additionally, consider a regular sampling interval AT for the IMU



180

and let o (t) be the angle increment measured by the gyrometer during the sampling

interval AT

oy (t) t Jiar @ (n)dr| @ (AT

ajy(t) = |ai(t)| = /tAT@fsh)dT: Jlap@pt(rydr | = |@5Y (AT (C.7)
o (t) Jiar @ ()dr] G (AT

L (t) R WL (HAT  (C.8)

Let R%(t),) be the rotation matrix after IMU measurements at a time t; and R¢(t;_;)
be the rotation matrix from previous INS measurement t;_;. The following expressions

may be used for updating R¢(t;,) from gyrometer measurements [GROVES, 2008]:

s s ~ 8,k ~8,J
O _ais’k ais,j 0 _wis AT w,is AT
s 0| s s ~ ~ 8,k ~ 8,0
[aisx} = | i,k 0  —aj,;| = | @ AT 0 —WPAT (C.9)
s s Asmj N

. i o . 1— 5 12
iz (a20) =t S8 [z ] + 2 g k] cao
18 Qs

Fe(te) = Re(t ) B (03(t)) = QBs(e )AT  (C1)

As any rotation matrix should be orthogonal with an unitary determinant, it is inter-

esting to ensure such property with the following additional operations. Orthogonaliza-

tion:
R I
RE = |iev jev kev| = |ip| = Ay = Pty = (C.12)
S I
f11(+) == 72[1(_) — 0.5A12’f’12<—) - 0.5A13f13(—) (013)
TAlz(—F) - flg(—) - O.5A127A’11<—) - 0.5A23f13(—) (014)
T'Alg(—i—) — 72[3(—) — O.5A137A’11<—) - 0.5A237212(—) (015)

Note that if Ri is already orthogonal, the corresponding terms A;; are going to be
zero yielding no modifications to Ri Normalization:

2
L+ 7 (—)7y

() = ( (_)T)f”(—) (C.16)

Further, regarding the velocity and position of the system, the specific force must

be transformed from the INS axes to the earth frame. Consider the average coordinate
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transformation matriz RS(t) with respect to the sampling interval AT [GROVES, 2008]:

~ 1 — S R 1 1 S 12
i <Oéfs(tk)> A cos |as, |:05st:| n o (1 _sin |azs|> [Oéfsx] (C.17)
ais

|| |,

Re(ty) = Reltn )R (2 (0) = 0500 RE(t)AT  (C.18)

The average rotation matrix R¢(t) must be orthonormalized similarly as with the
previous additional computations given by Equations C.12 and C.16. The specific force

in the earth frame may be approximated from the accelerometer measurement ;Ss(t) and
Re(t) as:

e (te) = RE(te) £iu(t) (C.19)

Let 0¢,(tr) and p,(tx) be the velocity and position of the system with respect to the
Earth after a INS measurement at time ¢, respectively; and let 0¢,(¢;—1) and pt,(tx—1) be
the corresponding velocity and position from the previous measurement. The following

expressions may be used for updating the system velocity:

0, (0) =0, (1) + (a;m — (26,06 )i, (1) - mseﬁ:s(tk_l)) AT (C.20)
ﬁgs (tk) :ﬁzs (tk—l)

+ (fzi(tk) + (gg(ﬁzs<tk—1)) - Qgeggeﬁgs(tk—l)> - QQfeﬁ:s(tk—1>> AT (021)

where the Earth gravity model is a function of the system position p¢, as in Equation

3.54. The system position may be updated with the following expression:

AT

Pes(tr) = Des(te—1) + (ﬁﬁs(tk—l) + @Ss(tk)) - (C.22)

C.2 Global Navigation Satellite Systems

Considering that each signal propagates from the satellite to the user antenna with
known velocity, the distance p traveled by the signal can be determined from the time
difference between the signal transmission and arrival. This distance traveled by each

signal is usually referred as range measurements. Let t,; be the time of signal transmission,
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tsa be the time of signal arrival and ¢ be the signal propagation velocity.
p= C<tsa - tst) (023)

Note that ¢ is determined by the clock onboard of the satellite while ¢4, is determined
by the clock onboard of the user antenna. Thus, both clocks needs to be adequately
synchronized. Note that an offset dt,; between both clocks yields an error dp,. in the

range measurement:

Opre = COtys (C.24)
p= C<tsa —tg + 5tat) = C<tsa - tst) + 0pre (C.25)

Assume that the position p$, of the antenna with respect to the ship frame is known
and time-invariant. The antenna position p¢, with respect to Earth frame may be com-

puted from the ship state as:

Pea = Pes + RCD5, (C.26)

Consider a constellation with N, satellites regularly distributed in a circular orbit
and let pg,; be the position of the j—th satellite with respect to the Earth at the sig-
nal transmission. Further, let p; be the corresponding range measurement between the
j—th satellite and the user antenna. Neglecting the rotation of the Earth during signal
propagation, a simple approximation p; for the range measurement p; may be expressed

as:

T
pj & pj = \/ [pis,j - pSa} [sz,j - pza} (C.27)
tsa - tst,j ~ p_j (028)
Equation C.27 would be exact if both positions were described with respect to an
inertial coordinate system. Consider an inertial coordinate system [ aligned with the

Earth frame at the time of signal arrival, and let R!(t) be the rotation matrix relating
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this inertial coordinate system with the Earth frame at time ¢:

Rl(ty) = Isxs (C.29)
cos <wie (t — tsa)> —sin (wz-e(t — tsa)> 0

R{(t) = |sin (wie(t — tsa)> cos <wie<t — tsa)> 0 (C.30)
0 0 1

Note that for small rotations, the rotation matrix from Equation C.30 may be ap-

proximated:
1 —Wie (t — tsa) 0
RI(t) = |wicelt — tsa) 1 0 (C.31)
0 0 1

At the time of signal transmission, from Equation C.28:

1 —wie(tsm — tsa) 0 1 wie(?ﬂ) 0
Ri(tst;) = |wie(tsj — tsa) 1 0| ~ [—wi(Z) 1 0] (C32)
0 0 1 0 0 1

Thus, an approximation p; for the range measurement p; that includes the Earth

rotation may be expressed as:

T
pi ~ s = J Rt iy = Pia| | REtas)Wny — Pl (C.33)

Considering a time offset dt,, between the receiver clock from the user equipment and

the satellite constellation and the corresponding range offset dp,..:

T
pj =~ ﬁj + 6:07‘0 = \/[Rg(tstj)pZ&j _pga] |:R£(t8t7j)p:s,j — Pea| t 5p7”6 (034)

Finally, the range measurement is assumed to be affected by an additive Gaussian

noise 17,, with zero mean and covariance w,:

Pi = Pj + 0pre + Tpp (C.35)

T
pP; = \/[Rg(tst,j)pgs,j - pga:| [R(g(tst,j)pg&j - ])Za] + 5p7‘c + Top (036)

Note that there are additional error terms that affects range measurements such as

ionosphere and troposphere delays. Furthermore, there are other errors related with the
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receiver such as thermal noise and RF interference [GROVES, 2008]. Such additional

effects are neglected in the present work.

The antenna state with respect to the Earth frame may be determined by the mini-
mization of errors between range measurements and corresponding estimates. Note that
there are three parameters regarding the antenna position and one parameter regarding
the receiver offset. Thus, it is necessary at least four simultaneous measurements for
the determination of the antenna state with respect to the Earth frame. An analytical
solution for such computation is hard to be defined. Typically, an iterative procedure is
implemented around a predicted antenna position and receiver offset. One iteration of

such procedure may be summarized as follows.

Let pf, and pg, ; be predicted estimates for the position of the user antenna and the
j—th satellite, respectively. Additionally, let dp,. be an initial estimation for the receiver
clock offset. Consider a column vector s, = [p¢,, dp,]T representing the predicted antenna

state as a concatenation of antenna position and receiver clock offset.

An initial estimation p; for the range measurement may be computed as:

- 1 wieﬁjc_l 0
@-—J By = B] [Py = 0| = Blas) = [—wupe” 1 0| (C37)
0 0 1

A Ty,
ﬁj = \/[Rg(tst,j)pgs,j - pga:| [Rg(tst,j)pzs,j - pga] + (5prc (038)
Consider a column vector p’ concatenating Ny measurements p;:

p= [pl e P pNS]T (C.39)

Note that partial derivatives of pare function of an unitary vector ug; ; pointing from

the user antenna towards the j—th satellite:

-

_(qu,l) 1

Pesj — Pe Des; — De op !

~ es,] ea ~ —~ es,] ea ~ . ~
Upgy R Ty gy e = o= R Ge= | —(ag,)T 1| (CA0)
e ~e N
pes,j - pga pes,j - pga a 1
-~ T
__<UZS,NS> 1_

Therefore, let [P, , dprc+] be improved estimates for the antenna state after one iter-
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ation.
_ o — by ;
B B .
[ ] - [ “H(GIG)TGT | py =y (C41)
5prc+ 5prc
| PN, — DN,

Note that the procedure described by Equations C.38, C.40 and C.41 needs to be
repeated until convergence. For each new set of measurements from the GNSS, it is
customary to initialize the current predicted antenna state s, with the solution from the

previous iteration.

Another type of measurement provided by GNSS user equipment is commonly referred
as range-rate measurements, which is theoretically related with the derivative of each
range measurement. Let w?, be the angular velocity of the ship with respect to the Earth

frame. The velocity of the antenna with respect to the Earth frame may be computed as:

ve, = ve, + RE <wes X psa> =, + RS (ww X psa> — R (wfe X pja) (C.42)

where X is the cross product operator. Note that gyrometers typically measures the
angular velocity w;, of the ship with respect to a inertial frame. The angular velocity
of the Earth frame is assumed to be known and constant. Let p; be the range-rate

measurement between the j—th satellite and the user antenna and v¢, . be the velocity of

es,j

the j—th satellite with respect to the Earth frame. An approximation p; for the range-rate

measurement p; may be expressed as:

pj ~ pj = ( as,]) [RI( St:])( eS] + Qzep63j) (U + Qzepea) (C43)

where R!(ts ;) is the rotation matrix defined by C.32, u¢, . is the unitary vector defined by

as,j
Equation C.40 and €2, is the skew-symmetric form for the angular velocity of the Earth
with respect to the inertial frame. Furthermore, consider two additional error terms: (1)
a range-rate drift error dp,. associated with the derivative of the receiver clock offset; (2)

an additive Gaussian noise 7,, with zero mean and covariance w,,:

pj = i+ Opre + Tpy (C.44)

pj = ( asg) RI( stj)( esj + Qlepesj) ( ea + Qzepea)] + 5/07’6 + nPU (045)

Note that there are additional sources of error that affect range-rate measurements
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[GROVES, 2008]. These additional effects are neglected in the present work. Similarly
as before, the user antenna velocity may be determined by the minimization of errors be-
tween range-rate measurements and corresponding estimates. In addition to the previous
predicted parameters from the user antenna position estimation, let 0¢, and o, ; be pre-

dicted estimates for the velocity of the user antenna and the j—th satellite, respectively.

Further, let 6p,. be the predicted range-rate drift error.

pi = () [RE(ta ) (060 + Q) = (0, + Q6P| +0hee (C.46)

Similarly as before, consider a column vector [0¢,, 55TC]T representing predicted pa-

rameters and let [0S, , 5f)rc+]T be improved estimates after one iteration.

[ o1~
~ - S + ( e 6) e Pj — Pj ( ' )
5prc+ 5p7‘c
| AN, — P, ]

Note that there are alternative procedures for the determination of the position and

velocity of the user antenna, which are beyond the scope of the present work.

C.3 Compass

Consider a compass coordinate system S, (index 1) associated with the instrument
axes. Assume that the position p;, and orientation R;, of the instrument case is time-
invariant and known with respect to the ship frame. The compass position pg, and

orientation Rf, with respect to the Earth frame may be computed as:

e

Py = Pes + BiD3y (C.48)
RS, = RR;, (C.49)

Let [Ly, Ay, by be the curvilinear position of the compass computed from the cartesian
position pg, with Equations 3.49, 3.46, 3.47 and 3.48. The rotation matrix relating the
Earth frame with the Navigation frame may be computed from the curvilinear position

with expression 3.50:
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—sin(Ly) cos(Ay) —sin(Ly)sin(Ay)  cos(Ly)
Ry (Ly, Ay, hy) = —sin(Ay) cos(Ay) 0 (C.50)
—cos(Ly) cos(Ay)  —cos(Ly)sin(Ay) —sin(Ly)

Thus, the rotation matrix relating the compass and the navigation frame may be

computed as:

R} = R'R;, = R'R°R;, (C.51)

Recall that the rotation matrix with respect to the navigation frame may be computed

with Equation 3.20 as a function of three sequential rotations by angles [y, Onys Yny):

ROy, Onps hny) = (C.52)
(Ony)c(Wnp)  —c(Dny)$(Wnp) + $(Pnp) s (Onp)c(Vny)  $(Pny)S(Vny) + c(Pny)$(Onp)c(Vny)
(Ong)s(Vny)  c(Pnp)c(Wny) + 8(Pny)$(Ony)s(Vny)  —8(Pnp)c(Wny) + c(Pnp)$(Ony)$(Ynyp)

—5(6ny) $(Pny ) c(Ony) (Pny)(Ony)
(C.53)

Let 1,y be the real angle between the instrument case and the north direction from
the navigation frame. A simple model for 1),,,, may be defined as a function of the rotation

matrix Rj between the instrument frame and the navigation frame:

Tyir Tgiz s
R =\ Thas Thas| = Uy = arctan2(rgy, ) (C.54)

n n n
Tw31 Tys2 Tyss

Henceforth, the corresponding measurement of ), is assumed to be affected by an

additive Gaussian noise 7, with zero mean and nonzero covariance wy:

By = Yy + My (C.55)

C.4 Integrated Navigation Systems

Let p¢,, 0%, and R¢ be the inertial navigation solution for the ship position, velocity
and orientation with respect to the Earth frame, respectively; and let dp¢,, dve, and d9¢,

be the corresponding error of the inertial solution with respect to the truth state of the
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ship. Consider a Kalman filter for the estimation of errors dp¢,, dve, and d¢, alongside

errors in IMU biases db, and db,. Let 5 be a state vector concatenating such error terms:

T
5= [oue, ove, Opf, Oba db,] (C.56)

In a Kalman filter, the estimated state is a Gaussian random variable described by
its mean jig and covariance Pg. Let ATy be the time interval between filter iterations.

The initial state [ig, of the filter is initialized with a null column vector:

—

fisy, =0 (C.57)

The covariance matrix of the filter needs to be initialized with estimates for the

uncertainties of each state component:

(00l Osxz Osxs Osxs Osxs |
O3x3  0003x3  Osxz  Osxs O3x3
Ps, = O3x3 O3x3  0plsxs  Oaxs O3x3 (C.58)
O3xa  Oaxz  Osxz  Obulzxs  Osxa
| O3x3 O3x3  Os3x3 O3x3 56913><3_

Recall that the Kalman filter is implemented with two sequential operations. In the
propagation step, which is given by Equations B.25, B.26 and B.27, the filter mean fig and
covariance Pg are propagated between two consecutive measurement instants ¢, and t,_;
with system matrices Fg, Gg and (Qg. In the update step, which is given by Equations
B.29, B.30, B.31 and B.32, the filter mean jig and covariance Pg are updated at time ty

with measurement matrices Hz and R.

The system matrix F is a 15 x 15 matrix that express how the error in the estimation
is propagated through time. This matrix depends on the current IMU measurements ( Ajs
and @y,) as well as the current inertial solution p¢,, 0¢, and Rj Let L, be the latitude

associated with the estimated position p¢,. An expression for the system matrix Fyg is
given by [GROVES, 2008]:
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Q% Osxs  Osys Osyes  RC
Fsoyi =20 Fspy RS Oss
Fs = |03x3 Isx3 O3x3 Osx3 Osxs (C.59)

O3x3  Osx3  0Osxz Osxz O3x3

| O3x3  0O3x3  0O3x3 0O3x3 O3x3]

where Fgo1 and Fgo3 are 3 x 3 matrices given by:

~

>

=R | = iy e k| | fY ] = (C.60)
U S
Fgn = [— A;>A<] = [—RE ;‘Z*] =|—f 0 for (C.61)
far =f 0
res(Ly) = Ry \/COSZ(ES) + (1 — (eWG9)2)2sin?(L,) (C.62)

Fo =~ () [ (300) (52)'] (€63

The system noise described by matrices G's and (g can be defined as:

_I@gg]3x3 Osxs  Osxz  Osxs O3x3
Osxs Wi, sxs Osxs  Osxs O3x3
Gs=1Iisx15 , Qp= | Osxs Osxz  Osxz  Osxs O3x3 | ATz (C.64)
O3x3 Osxs  Osxs Wi,Tsxs  Osws
| O3x3 O3x3  Osxz  Osxz  Wiylaxs

where w,,, and Wy, are estimates for the power spectral density of the gyrometer and
accelerometer random noise, respectively; Wy, and Wy, are estimates for the power spectral

density of the gyrometer and accelerometer bias variation, respectively.

In a loosely-coupled integration, each measurement corresponds to one of the filter
states. Thus, the filter measurement matrix may be expressed in terms of blocks of null
matrices O3.3 and identity matrices I3.3. Consider initially a loosely coupled integration

with measurements from an user antenna of a GNSS. This equipment outputs position
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and velocity estimations of the user antenna with respect to the Earth frame. Let p¢, be
an estimation for the user antenna position with respect to the Earth, and let p?, be an
estimation for the user antenna position with respect to the ship frame. The ship position
pe, with respect to the Earth may be computed from the GNSS output with the inverse
of Equation C.26:

B, = 5, — R, (C.65)
Similarly, the ship velocity ©¢, may be determined with the inverse of Equation C.42:

oc, = o6, — Re (@, x %) (C.66)
Considering p¢, and 0¢, as the reference position and velocity of the ship estimated

by the INS, the measurement innovation 2V feed to the filter is given by:

e __ ne _6 e
ZGNSS — [pes pes] — [ pes] (067)

~e ~e e
Ves = Ves _5Ues

The corresponding measurement matrix H$V% is given by:

HGNSS _ Osx3  O3xz  —I3x3 Ozxz Osxs (C.68)
O3x3 —I3x3  0O3x3 0O3x3 0O3x3

The measurement noise covariance matrix RSV should corresponds with the un-
certainty of the GNSS estimations for the INS state. Let w,, be the uncertainty of the
GNSS position estimation and ,, be the uncertainty of the GNSS velocity estimation.

The measurement noise matrix RZV5% for the error measurements can be computed as:

Rg}\]sg _ wpp]3><3 03><3 (C69)
O3x3  Wyulzx3

An additional type of sensor that are useful for tracker integration are compasses.
Compasses provides the angle 1. between the instrument case with respect to the true
north, which is the first axis of the local navigation frame. Assume that the instru-
ment case is aligned with the ship axes. The rotation matrix RE estimated by the INS
with respect to the Earth frame is transformed to the local navigation frame with the

computation of RQ from current INS position p¢,:

R" = R"R° (C.70)
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Recall that the rotation matrix RQ between the ship and the local navigation frame

may be expressed as a function of three Euler angles [@ns, Ons, Uns):

R?((bns’ens;wns) = (C?l)
C(Ons)c(Vns)  —c(Dns)8(Vns) + 5(Ons)5(Ons)c(Vns)  5(dns)s(Vns) + c(Dns)8(Ons)c(Vns)
(Ons)s(tns)  c(Pns)c(Vns) + $(Pns)$(Ons)s(tns)  —5(Pns)c(¥ns) + c(Pns)5(0ns) s (¢ns)

_S(Hns) S(ans)c(@ns) C(gbns)C(Hns)
(C.72)

Therefore, it is possible to estimate Euler angles [an& éns, @Z;ns] from the rotation matrix

.
R?:

AN AN AN n an an
Ts11 Ts12 Ts13 Ons arctan 2(73,, 7ls3)

~ T S /\n /\n /\n A S . /\n

R = |7y Ty Pag| = | Ons | = - a’rCSIH(Tsm) (C.73)
AN N oy 0} N an N
Ts31 Ts32 Ts33 Yns arctan 2(7ly;, 71y)

Let R" be the rotation matrix computed from the INS position ¢, and orientation
Rj. Further, let EQ be the rotation matrix computed from the compass measurement 1),

along with remaining Euler angles [ans, ém]:

B, O, 1he) =
C(Ons)c(e)  —c(Pns)s(Pe) + 8(Pns)S(Ons)c(e)  5(ns)s(Ye) + c(Pns)s(Ons)c(We)
C(Ons)s(1he)  c(dns)c(Ve) + 5(Fns)s(Ons)s(10e)  —5(dns)e(We) + c(dns)s(Ons)s(Pe)

_S(ens) S(ans)c(ens) C(gbns)c(‘gns)
(C.74)

As the filter is modeled with respect to the Earth frame, it is necessary to represent
each orientation with respect to the Earth frame as well. The rotation matrix from

Equation C.74 may be transformed to the Earth frame with Rg:

RS = R°R" (C.75)

For a given pair Rfj and Rﬁ, it is interesting to determine an angular displacement

U* that transforms R¢ to R¢. Let 6R® be the error between the reference orientation R¢
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estimated by the INS and the orientation R‘:: computed with the compass:

v, 0 -, v,
= |y, = [\I/ex} =| v, 0 -, (C.76)
v, v, v, 0 |
SR = <R§> - ((13Xg+ [\px])}z (C.77)
Ta1 Tsi2 Tas 1 -v, v, Ta1 Teo Teis
OR; = Teor Taoo Teos| — | Vs 1 -V, Tso1 Tsao Tsos (C'78)
Tgs1 Tesa Tass -v, U, 1 Tes1 Teso 72?33_

Note that the error J R is a 3 x 3 matrix where each element corresponds to a different
error component. Thus, it is possible to determine the angular displacement W€ by the

minimization of J RS:

AT an AN
0fgy Ofgy OFg3
e — n an AN
ORG = |0fyy Oflyy O0fps| = (C.79)
an AN AT
0fg3y 0Ty 0T

071 = Toun —
OFg1 = Tgp —
0T 413 = Tg13 —
0Tg1 = Tgo1 —
0T = Tgpp —
OTo3 = T3 —
5f?31 =Tg3 —
T30 = T30 —

n _ =n
0733 = Ty33 —

/N7 N -7 N

AT ~T AT
— Wyray + Wal + Teg

AT ~T ~N
— Wy rin + Waliy + Tz

AT ~N AN
— W, rds + Walgs + s

N AN ~N
Ta1 — Vel + VUyles
N AN AN
Taz — Vel + VyTisy
AN AN AN
Toz — Valgs + Wyliss
AN AN ~N
Wiy + 7o — Val'gy
AN AN ~N
W78 + Tin — Walis

AN AN AN
W3 1 Taog — Vals

A~ N7 N7 N N NN
N N N N N N N N

Let ¢ be the angular displacement that minimizes the matricial error RS from

Equation C.79. Further, let zﬁe be an angular displacement computed from consecutive
gyrometer measurements. The measurement innovation 2“MF% feed to the integration

filter is given by:

,CMPS _ [\i,e _ @e} — [_6¢§s] (C.89)
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The corresponding measurement matrix is given by:

HGMPS =1 _Iy5 Osxs Osys Osxs Osus (C.90)

Similarly as in the previous case of GNSS integration, the measurement noise covari-
ance matrix RSMP9 should correspond with the uncertainty of the compass estimations.
Let 1y, be the uncertainty associated with the compass measurements and consider R§M S

as the corresponding measurement noise matrix:

RGMPS = by I, (C.91)

Note that there are alternative procedures for the determination of noise matrices
Gs, Qp, RSMPS and RZV95. Such procedures are beyond the scope of the current work.

Thus, further error modeling is suggested for future research.

Periodically, the reference solution computed from the INS is corrected with filter
error estimates. These estimates are obtained from the mean /g of the filter solution
after the update step:

T
is = [0, 6ty e, 8. 8, (C.92)

After each correction of the reference solution provided by the INS, all error estimates

from the filter are set to zero. Let g¢,, 0, and R¢ be the corrected ship position, velocity

and orientation; respectively:
B, = pes — "0, (C.93)
0, = 0, — 0 vg, (C.94)
R~ (ngg - [5* } )R; (C.95)
X



