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Abstract

The goal of this thesis is to propose a solution for smart sensor network for Tallink Megas-
tar car deck and develop an initial prototype based on those recommendations and require-
ments. The developed prototype is able to detect any moving vehicles with velocities up to
40 km/h, identify their type based on the height and guide them to designated location on
the car deck. Detection is based on ultrasonic sensor, that is capable of measuring every
100 ms with range up to 7.65 meters. System also featured a RGB LED, that acted as an
indication, that could guide and notify the driver using different colors, based on the sit-
uation. Enclosure is designed and manufactured to protect the components from external
conditions, such as moisture, water, foreign objects and having IP55 rating. Deck sensor
is attached to car deck’s support beam with two neodymium magnets with additional sup-
port from a attachment clamp. Communication between other sensors, subsystems and
server are done via CAN Bus and Ethernet. Overall the system is competent enough to

fulfill all the criterias was operate within the set conditions and limits.

This thesis is written in english and is 85 pages long, including 7 chapters, 32 figures,
and 28 tables.



Annotatsioon

Kiesoleva magistritoo eesmirgiks on arendada sensorvork, mis tuvastab ja juhatab
soidukeid Tallink Megastari autotekil. T60 keskendub esmase prototiitibi arendusele,
mille kdigus kdigepealt uuriti turul saadavaid sarnaseid lahendusi ja ndudeid, millele
seade peab vastama. Soidukite tuvastamine pohineb ultraheli anduritel, mis suudab
moddab iga 100 ms tagant. Antud andur valiti vilja, robustsuse, madala voolutarbe ja
odava hinna tottu. Lisaks sellele lisati ka indikaator, milleks on mitmevérviline valgus-
diood, millega juhatatakse autojuhte ning antakse edasi juhiseid. Kogu elektroonika jaoks
disainiti ja valmistati eraldi korpus, mis kaitseb seadet erinevate keskkonna tingimuste
eest ning vastab IP55 klassile. Korpus kinnitati autotekil olevatele toestus taladele ka-
sutades selleks neodiiimmagneteid ja kinnitusklambrit. Viljaarendatud siisteem suudab
tuvastada autotekil litkuvaid sdidukeid keskmiselt 10 korda sekundis, vastavalt kdrgusele
tuvastab nende tiitibi ning juhatab sdidukid sobivasse kohta, ilma inimese abita. Kogu in-
formatsiooni vahetus teiste sensorite, alamsiisteemidega ja laeva serveriga on lahendatud
labi CAN vorgu ja Etherneti.

Loputdd on kirjutatud inglise keeles ning sisaldab teksti 85 lehekiiljel, 7 peatiikki,
32 joonist, 28 tabelit.
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List of abbreviations and terms

Alternating Current
Analog-to-Digital Converter
Artificial Intelligence
Augmented Reality
Computer-Aided Design
Controller Area Network
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Direct Current
Electromagnetic Interference
Hardware Abstraction Layer
Integrated Circuit

Integrated Development Environment
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RTC Real-Time Clock
RTOS Real-Time Operating System
THT  Through-Hole Technology

USB  Universal Serial Bus
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1 Introduction

Roll-on/Roll-off type ships and ferries date back to 1833 Scotland, when the Monkland
and Kirkintilloch Railway used train ferries to move vehicles and carriages across Forth
and Clyde Canal. Since then those types of ships have cemented their place in the
transportation world. In past few decades, automation in different industry elds have
been in a steady rise, but due to the complex nature, the shipping industry has been
adopting newer technologies slower than any other eld. Around less than 10% of
container volume is still being handled by fully automated terminals [1].

Due to the rapid growth in transportation volumes and logistics, the demand for
lower shipping costs and faster delivery times have always been in front of innovation.
Combined with modern trends in automation, constant efforts have been made to improve
control ports and terminals in order to make them more ef cient. One example of this
growing trend would be Port of Tallinn.

Every year around 10 million passengers are passing through Port of Tallinn. Au-
tomating check-ins can signi cantly reduce traf c in the waiting area by keeping the
vehicles in constant movement without any unnecessary stops. As the vehicle drives
towards the ship, a camera reads the licence plate, which then checks the collected
information with the check-in system. According to that data, the system then can start
guiding the vehicle to the correct lane, using Light Emitting Diode (LED) screens and
gates, which are fully automated. This optimises the loading procedure, resulting in
on-time departures, less dangerous situations and less waiting around. Furthermore
the ability to serve more customers leads to increases in company's revenue [2]. This
solution could be viewed as a premise to the smart deck project, as it has similar features,
such as detecting vehicles and guiding them with LED screens. Combining smart port
with smart deck, not only allows the cars to get to ship faster, but also optimizes the
entire journey from start to nish, ending with the vehicle parked on the car deck at the
right location much quicker.
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1.1 Motivation

This thesis was proposed during the Tallink Smart Deck project to research and develop a
vehicle detection and guidance solution prototype for Tallink Megastar car deck. Figure 1
part (a) depicts how the current loading and unloading system works. To this day Helms-
men and dock workers are used to guide the vehicles on car deck, which deck to choose,
which lane to take and where exactly to park their vehicle. Part (b) of that same gure
depicts the main goal of the smart deck system, where the electronic guiding system de-
tects, tracks and guides the vehicles on the car deck to their designated position during
the loading process without any human interaction.

Figure 1. Current vehicle loading current system (a) vs proposed automated system (b).

It should be noted that the project is still in development phase and the nal set of features
may change.
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1.2 Obijectives

The goal of this thesis is to analyse possible solutions, develop and deploy a proposed
solution for the smart deck system. In order to achieve this, the topics are divided into
multiple tasks as following:

Analysing requirements, system's architectural solution
Developing deck sensor and deck controller prototypes
Deploying the prototype system onto ship car deck

Test and verify sensor data communication protocol reliability

o c D BE

Vehicle guidance and tracking algorithms

1.3 Thesis organization

The following thesis is divided into seven chapters as follows:

Chapter 1 is about introduction, motivations behind the thesis, objectives, and the-
Sis structure.

Chapter 2 gives an overview of the theoretical background about the Tallink Smart
Deck Project, challenges and criterias that must be overcome, comparisons with available

systems, area of operation and conditions.

Chapter 3 gives an overview of the overall system design, subsystems and devel-
oping and manufacturing the prototype.

Chapter 4 describes the system integration with the ship.
Chapter 5 lays out the testing methodology and procedures.
Chapter 6 describes the project status and future work.

Chapter 7 concludes the thesis.
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2 Background

The chapter's goal is to give an overview about theoretical backgrounds. First section
gives a detailed description about the Tallink smart deck project. Then it focuses on
requirements, set by Tallink. After that a brief analysis is given about state of the art
solution and area of operations. Finally it touches about conditions, where the system has
to operate and how to protect it from them.

2.1 Tallink smart car deck project

Tallink Smart Car Deck project is part of Smart Shipyard concept that is being developed
and researched at Tallinn University of Technology in cooperation with Tallink and Esto-
nian Maritime Academy. Development team consists over 10 active members, including
people from different elds [3]. The project began in January 2019 and continues till end
of 2020. The goal of the project is to develop a system that extends the smart port solution
for ship's car deck so that it could decrease the loading times [4]. In the scope of this,
there are total of four problems that need to be resolved:

Automatic traf ¢ ow handling
Ef cient cargo plan usage
Passenger guidance to the right car deck and location of their vehicle

Automatic ship docking solution

The thesis author's aim is to propose and develop an vehicle detection solution for the
car deck. The proposed system would consist of matrix of sensors, that are placed on
the support beams in order to cover all car decks and lanes, which then would be able to
detect the vehicles and identify their types. Guiding vehicles to their designated positions
would be solved by using indicator lights.

In addition, LED billboards are used to give directions and signals to the driver.
Those are placed near the entrances, where the lanes begin. The nal goal of the system,
would be that the sensors would act together as a hive, which provides information in
real-time about the current situation across all the car decks.

18



2.2 Project requirements

Before any development started, requirements, given by Tallink that must be taken into
consideration when proposing a possible solution and developing system:

Sensors should detect vehicle on any car deck, on any car lane and identify its type.

Using a sensor, a the system must be able to detect moving vehicles on the deck,
that are moving at velocity from 0 to 40 km/h. In addition, the sensor must identify
the vehicle's type.

Detecting sensor must have indicator to give the driver directions and information,
where the car should go and when and where to stop. Those lights will be used to
guide the driver to the exact location on the car deck.

The system must operate on a working ship. Also it must be able to stand against
any rough weather conditions, mechanical and electrical interference, that will be
covered in the following chapter.

The system's overall power consumption must be kept low as possible. As the
number of required sensors might be as high as few hundred for each car deck.
Furthermore, the system must be at low power mode during sea travel and switch
to normal operation mode before the loading and unloading process begins.

Nothing cannot be placed on the car deck oor.

2.3 State of the art solutions

In the following section the author will give an overview about current similar commer-
cially available state of the art solutions in parking and also solutions that are currently
researched which might give some advice and motivation when developing the smart car
deck sensor network.

Comparing the proposed system to similar commercially available systems, there
are no similar systems that have been made for ships. The closest available systems are
automated parking garages, that can tell how many free parking spots are available and
exactly where they are. Two examples are T1 mall parking building and Ulemiste City
smart parking system.
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Ulemiste City smart parking can be viewed as a state of the art parking facility,
that uses induction based ground sensors to detect free or occupied parking spots. It
also uses security cameras in collaboration with Arti cial Intelligence (Al). This allows
the system to constantly learn and improve, to increase its responsiveness and reliability
under harsh weather conditions such as snow, fog and rain. Guiding, giving additional
information and feedback to the drivers, is done by using LED screens. In addition the
customer can remotely check, using Google Maps application, to check if there are any
open positions in speci ¢ parking lot [5].

Compared to Ulemiste City parking, T1 mall parking system is bit less complex,
as it main uses ultrasonic sensors and LED boards. The system detects if the parking
place is free or not with ultrasonic sensor, that is placed right over the spot, instead of
in ground. To make it easy for the driver to notice if the spot is empty or not, a Red
Green Blue (RGB) LED is mounted right next to the sensor, which will glow red if it

is occupied and green if it is available. Cameras and LED billboards are used to track,
guide and give feedback to the driver. For example how many free parking spots are there
on a certain oor. Those things together make it very comfortable and easy for the driver
to nd a suitable parking space [6].

Those two examples are based on a similar concept, that is used around the world
in smart parking buildings. Using ultrasonic sensors shown in Figure 2 are very common
in automated parking garages.

Figure 2. Ultrasonic sensor based parking lot with LED indicator [7].
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Induction sensors shown in Figure 3 are also very common, usually used in outdoor
parking lots, as they are very weather resistant. In addition both solutions used LED
screen to guide the driver.

Figure 3. Ground based detection sensor [7].

Focusing on previous research done on detecting and tracking, there are plenty of
examples. Group of researchers from University of Rochester in 2011 published a
paper, where described tracking using array of ultrasonic sensors. They concluded that
the solution, while being very robust, was performing very well with great accuracy.
Furthermore they stated that this solution could nd its way into many applications and
places in the real world, such as nursing homes, stores, incarceration facilities and many
more [8].

As with autonomous vehicles, ships also have been getting more and more atten-
tion, specially surface ships, thanks to rapid technological leaps in Al, communications
and Augmented Reality (AR). Despite all of this, the authors still think that fully
automated ships are far away and human interactions shall remain a part for years or even
decades to come. Main reason for this is due to maturity of technology, regulation, laws
and risks that still need to be mitigated [9]. For all of this, the author concludes that the
proposed system could take some ideas from the parking building. Ultrasonic sensors
could be considered one option that would be used to detect moving vehicles. Another
option based on those two examples would be camera. Induction sensors are excluded
because, as stated in the requirements, nothing cant be placed on the car deck oor.
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2.4 Area of operation

This section will cover the details about planned sensor area of operation. In total there
are twelve decks from which four of them are car decks. Amount of parking area varies
from deck to deck with deck 5 having most space and deck 6 with least space for parking.
Furthermore, some decks have areas in which vehicles cannot park as they are for main-
tenance or emergencies. It must be also taken into account that on car decks 7 and 5 there
are special gaps, where vehicles can park on special conditions. Amount of parking area
on each car deck is represented in Table 1. Those values presented are based on Tallink
Megastar car decks.

Table 1. Tallink Megastar car decks parking area.

Deck | Parking Area Extra Area

3 3907.05n7 -

5 4076.14n7 -

6 957.90n? 55.35n¥ for motorcycles and bicycles
7 3200.47m? -

2.5 Weather and environment conditions

In this section a detailed overview will be given about the working conditions, where the
system must operate, what are main factors that could endanger the system's operation
and how to mitigate those factors. The system must work in a outside environment, where
the temperature change from -30 to + 40 °C. Main factors to consider when designing a
system are as follows:

Temperature - High temperatures can have a signi cant effect on how components
will work and most likely will shorten their lifespan considerably, because the elec-
tronics are placed in a sealed environment without any air intake nor exhaust. Those
problems can also occur when the system is in a very cold environment.

Water and humidity - This is one of the most crucial aspects, when designing and
developing a system. All the electronics must be protected against any water and
humidity, which can cause electrical interference during operation or even may
render the device unusable.
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Figure 4. Water damage to the PCB and corrosion [10].

Salty air - Highly dangerous to electronics due to Sodium chloride (NaCl), which
can create chemical bonds with the surface and over time corrodes the surface as
shown on Figure 5. This can result in faulty equipment, damaged components and
circuits.

Figure 5. Salt damage to the PCB and corrosion [11].

Physical damage - On some car decks the distance between the support beam and
the vehicle is very narrow, visualized in Figure 6, could be even as low as 10 mil-
limeters, resulting in possible situations, where the roof of the car might hit and
damage the deck sensor.
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Figure 6. Distance between vehicle deck support beam from side and front view.

Vibrations - Constant vibrations coming from the ship can leave cracks and other
damages over time to the chassis or to the Printer Circuit Board (PCB).

Overall, the biggest problems here are vibrations, humidity and water. Water and hu-
midity getting into the chassis and near electronics must be completely excluded. For
example, if even a small drop of water reaches the PCB, it can cause short-circuits, which
in return could render some component inoperable temporary or even irretrievably. In a
lighter case, the short-circuit might only fry a component, which must be then replaced.
Water caused damages must be minimized as much as possible, because if the system is
of ine even for short amount of time, it can cause unexpected and delays problems dur-
ing loading and unloading process. In addition, longtime exposure to light humidity, can
bring irreversible damages to the PCB as shown in Figure 4.
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2.6 IPrating

The previous section talked about different weather conditions and how they affect
system and its components, as it can result major damages if not properly protected. To
have a better directions when designing a system that is protected against those factors,
that were previously listed, that can occur on the ships deck. To counter those challenges,
a guide or standard must be followed. For those reasons, this section, gives a brief
overview about the IP ratings.

IP stands for Ingress Protection, which is sometimes referred as International Pro-
tection Rating, is used to describe enclosures effectiveness against foreign objects, such
as small particles, dirt, tools and moisture. These ratings are de ned in international
standard EN 60529 (British BS EN 60529:1992, European IEC 60509:1989. Originally
the standard was used to battle with vague marketing terms such as "waterproof" and
to give the consumer more understandable and detailed explanation about device's
resistance against outside factors. Usually the IP rating is presented with letters IP in
front of the two digits [12].

The rst digit indicates the level of protection that the enclosure provides against

hazardous parts (e.g., electrical conductors, moving parts) and the ingress of solid
foreign objects. Second digit indicates the protection against water and moisture.
Both IP Rating digits details are brought out in more detail in Table 2 and Table 3.
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Table 2.

IP Rating 1st Digit [12].

2Cts

i

ISt

Level Object size protected Effective against

against

0 Not protected No protection against contact and ingress of obje

1 >50mm Any large surface of the body, such as the back ¢
the hand, but no protection against deliberate
contact with a body part.

2 >12.5mm Fingers or similar objects.

3 >2.5mm Tools, thick wires, etc.

4 >1mm Most wires, screws, etc.

5 Dust Protected Ingress of dust is not entirely prevented, but it my
not enter in suf cient quantity to interfere with the
satisfactory operation of the equipment; complet
protection against contact.

6 Dust Tight No ingress of dust; complete protection against

contact.
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Table 3. IP Rating 2nd Digit [12].

Level Object size protected Effective against

against

0 Not protected -

1 Dripping water Dripping water (vertically falling drops) shall have
no harmful effect.

2 Dripping water when Vertically dripping water shall have no harmful

tilted up to 15° effect when the enclosure is tilted at an angle up|to
15° from its normal position.

3 Spraying water Water falling as a spray at any angle up to 60° from
the vertical shall have no harmful effect.

4 Splashing water Water splashing against the enclosure from any
direction shall have no harmful effect.

5 Water jets Water projected by a nozzle (6.3mm) against
enclosure from any direction shall have no harmful
effects.

6 Powerful water jets Water projected in powerful jets (12.5mm nozzle
against the enclosure from any direction shall have
no harmful effects.

7 Immersion up to 1m Ingress of water in harmful quantity shall not be
possible when the enclosure is immersed in water
under de ned conditions of pressure and time (up
to 1 m of submersion).

8 Immersion beyond 1m | The equipment is suitable for continuous

immersion in water under conditions which shall pbe

speci ed by the manufacturer.
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3 System development

The chapter's goal is to give an depth overview about system development, which is
divided into multiple sections. First section gives a detailed description about the system
requirements. After that an analysis about the system architecture and what played role
in making decision during planning. Lastly hardware related topics will be discussed,
followed by software and ending with mechanics design.

3.1 System requirements

The purpose of this section is to give an overview about the necessary requirements that
the deck sensor, collector and deck controller must comply with.

Deck controller

Enclosure with IP55 rating
Ethernet connector
Input voltage: +7.5...35 VDC

Communication and power from the same connector
Collector

Enclosure with IP55 rating
Input voltage: +7.5...35 VDC

Communication and power from the same connector
Deck sensor

Enclosure with IP55 rating
Sensor with IP55 rating
Enclosure with easy access to the electronics

Input voltage: +7.5...35 VDC
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Communication and power from the same connector

Attachment hook for extra stability and reinforcement

3.2 System architecture

This section's main objective is to give an overview about the system and its subsystems
and components. When planning the system architecture, there are aspects that should be
taken into account, which will affect some choices. Those aspects are the following:

System reliability
Data bandwidth

Amount of sensors

The most important factor out of the three is the system reliability. Mitigating any prob-
lems which can cause system to crash or worse is crucial. Choosing the proper automation
communication protocol, which has been used in the industry for a long time would be
the best place to begin. Protocol's longevity usually means that any known issues and
problems have been ironed out. Comparison of communication protocols is shown in Ta-
ble 4.

Table 4. CAN Bus, Modbus and Ethernet comparison.

Feature CAN Bus Modbus Ethernet
Maximum number of 127 Up to 247* 28 to 216
nodes

Maximum bandwidth 1 Mbits/s Up to 115 kbits/s | Up to 1 Gbits/s

Number of wires 2 wires 4 wires 8 wires

*Theoretically possible

Modbus and CAN-Bus are both very popular and exceptionally reliable communication
protocols. At rst glance Modbus theoretically supports more nodes than CAN Bus,
but in reality it supports only up to 32 nodes, due to RS-485. Reason for this is rated
impedance, rated for 12 Kohm. Only way to increase the maximum number of nodes is
by adding an isolated repeater. The second drawback is the baud rate which can go only
up to 115 kbits/s, while he maximum baud rate for CAN Bus is 1 Mbits/s, in certain con-
ditions, which will be covered in more detail in the following chapters. Based on those

29



parameters, the communication between the subsystems is done via CAN Bus. With the
communication protocol set, the next step is to gure out how the data is sent to the ships
server. The easiest and most optimal choice is to use Ethernet, due to its high bandwidth,
going up to 1 Ghit/s. For this a deck controller with Ethernet capability is needed. It gets
the information from the deck sensor via Controller Area Network (CAN) and transfers
that data via Ethernet to the server. Early calculations estimate that even when using the
maximum CAN bandwidth, bottlenecks might occur due to the amount of sensor that will
be placed onto the ship's car deck. To minimize any bottlenecks and ensure that any data
would not get lost or delayed, collectors must be placed between x number of sensors and
the deck controller. Figure 17 visualizes the proposed system architecture and as a result
the smart deck system is composed from three subsystem which are as follows:

Deck controller - Deck controller would be responsible for exchanging information
between the ship's systems and collectors, to give real time feedback about car
decks.

Collector - Collectors act as a checkpoint and avoid any bottlenecks as their main
objective is to gather data from deck sensors and transmit that information to deck
controller. In addition the collector controller is handling the deck sensor synchro-
nization.

Deck sensor - Detects vehicles, measures their height, gives directions and signals
to the driver via indigator. Data collected is passed to collector, which is then
transferred to the deck controller and ship's systems.
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