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Introduction 
Coastal zones have always been attractive because of their vast variety of resources, 
providing food and energy, enabling marine trade and transport, and as areas of 
recreational and cultural amenity (Neumann et al., 2015). For these reasons roughly one 
quarter of world’s population lives in the area less than 100 km from coast (Reimann 
et al., 2023). This high concentration of people and activities creates many challenges 
when managing the common resource, known as the sea (Till, 2013). The situation is 
particularly complex in the contact zone between land and water where a delicate 
balance exists between different drivers and their impacts, and any change in the 
pressures, for example, general energy pollution (Kelpšaite et al., 2009) or waves with 
unusual properties or propagation direction, may destroy this balance (Scarpa 
et al., 2019; Soomere, 2005). 

One challenge is maintaining control and command of an adjacent state’s territorial 
waters (Till, 2013). Other challenges include recognizing and stopping unlawful fishing 
(Kurekin et al., 2019), monitoring and preventing pollution (Landrigan et al., 2020), 
fighting piracy (Gong et al., 2023), regulating ship traffic to avoid navigational accidents 
(Chen et al., 2018), protecting underwater infrastucture (Gülcan and Erginer, 2023), and 
ensuring the security of various offshore and coastal facilities (Anupriya and Sasilatha, 
2018; Dugad et al., 2017). 

As world population increases so does the volume of both national and international 
marine trade. This process inherently leads to more ship traffic operating in the littorial 
zones and generally to a higher probability of accidents (Altan and Otay, 2018). 
The rising pressure on the coastal (Delpeche-Ellmann and Soomere, 2013) and marine 
(Claremar et al., 2017; Zanatta et al., 2020) environment calls for more advanced 
offshore and coastal sea management (van Westrenen and Baldauf, 2020). 

With the rapid development of marine technology and increased interest in green 
energy, some new concerns have arisen. One example is the introduction of unmanned 
Marine Autonomous Surface Ships (MASSs) (Kim et al., 2022). These vessels operate in 
the same navigational environment (Kim et al., 2022) as ordinary manned vessels. Their 
introduction generates a need to investigate the ability to detect and classify medium 
size and small objects (e.g., leisure boats), to mitigate the risk of collisions. Such vessels 
often sail outside the traffic lanes and do not usually use self-reporting automatic ship 
indentification systems. 

It is also necessary to develop measures and protocols that ensure navigation safety 
in the case of technical malfunctions, unexpected behaviours due to storm conditions 
(Rødseth and Burmeister, 2015), and to ensure recovery capability (Thieme et al., 2018) 
in the case of failures. As there is usually no permanent crew on such ships, either losing 
contact with a ship or the malfunctioning of one or several sensors used for plotting and 
maintaining the course, can severely limit the options for maintaining control in critical 
situations. 

Recent geopolitical developments suggest that in addition to challenges when 
operating in confined conditions with poor visibility and in areas with a high 
concentration of vessel traffic like inland rivers (Zhang et al., 2019), other situations need 
to be taken into account, e.g., hostile GPS signal disturbance. To cope with these risks, 
additional external devices located at critical locations (such as near harbours or offshore 
structures, or where lights at night interfere visually and tall buildings may damp radar 
sensing) are needed in order to detect, set and sustain the sailing characteristics. 
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A separate issue is that some operators do not want their vessels to be detected and 
identified, for military-driven reasons, because of illegal fishing or related to other 
malicious or illegal marine traffic (Reggiannini et al., 2024, 2019). 

Another significant growing concern to navigational safety are offshore windfarms 
(Chang et al., 2014). These reduce the space available for shipping (Tsai and Lin,  
2021) and thus increase the density of ships in other sea areas, which in turn  
increases the possibility of navigational accidents, both ship-to-facility (Chang et al., 
2014) and ship-to-ship collisions (Tsai and Lin, 2021). The risk is greater due to the 
underperformance of radar systems when operating in their near vicinity (De la Vega  
et al., 2013), which emphasizes the need for additional vessel detection methods to 
mitigate the risks and assist nearby vessel navigation. 

Monitoring vessel traffic 
There exists a vast variety of methods to detect and monitor movements of the vessels. 
Some of the best known long-range detecting and monitoring systems are based on 
various remote sensing technologies, from radar (Siegert et al., 2019) and radio 
surveillance (Ilčev, 2021) to satellite-based information, including synthetic aperture 
(SAR) technology (Gierull, 2019; Panico et al., 2017; Reggiannini et al., 2024; Zilman  
et al., 2004). More local options use airborne (Dahana and Gurning, 2020) and  
ground-based (both wide-spectrum visual and hyperspectral) optical techniques (Park  
et al., 2018) and various acoustic (sonar) technologies (Huang et al., 2017; Zhu et al., 
2018). These methods can be complemented by visual observations from the coast or 
other vessels. 

None of the methods is perfect for providing ship detection and surveillance in all 
situations. The additional complication is that these methods are well known, and 
measures exist to either intentionally (or even accidentally) reduce the rate of detection, 
or to completely avoid it. For example, self-reporting methods like Automatic Identification 
System (AIS) and Long-Range Identification Tracker (LRIT) (Dahana and Gurning, 2020) 
usually provide information about the vessel movements and intentions (name and 
destination), but these methods are reliant on whether devices are switched on (AIS) and 
are set to report (LRIT). As they rely on the operator’s action, these devices can be used to 
provide false information about destination and purpose. 

One of the most well-known ship detection methods, optical observations (visual and 
infrared) can be interfered with by using the appropriate paint coatings to conceal a 
vessel or to disguise its intentions (Aurdal et al., 2019; Casson, 1995). The common 
countermeasure to reduce the infrared signature is to put the exhaust outlets of the 
ship’s engines in an area of the hull that is near the waterline. 

The accuracy of a radar’s readings about the ship depends on the vessel size, shape, 
and the weather conditions. Similarly to the above, as the radar technology developed, 
so did the countermeasures. The most common means to avoid accurate detection, 
known as stealth technology, is to use specific paint coatings, structure and hull materials 
that absorb and/or scatter the emissions. Another option is to reduce the size of the part 
of the vessel that is above the water, principally the superstructure. This tactic is used in 
smuggling narcotics from South America by building low-profile vessels (Ramirez and 
Bunker, 2015). These boats have small freeboard, which makes them difficult to detect 
using any of the methods described above. 

Acoustic detection has so far been one of the most reliable methods for vessel 
detection. This technology also enables the monitoring of submersed vessels. However, 
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this method relies on the fact that ship has something that makes noise. The related 
challenges are gradually increasing with the arrival of green technologies like hydrogen 
cells or fully electric vessels that are conquering the market, pushing out internal 
combustion engines that have a well-known and recognized acoustic footprint. Related 
are methods that use wind and solar power (Nyanya et al., 2021) to help to propel the 
ship (e.g., during the transit in open ocean) and therefore reduce the time when the main 
engines and/or a propeller are used. 

A further challenge is the limited amount of information the detection (sensor) system 
provides. Some of these techniques (e.g., several acoustic recognition systems) are only 
able to detect the presence of a ship in a certain region. Other technologies provide, 
similar to the AIS system, the location (or a sequence of locations) of vessels. However, 
reliable identification of the sailing parameters (speed and course of the vessel) from the 
provided information is not always possible (Fujino et al., 2019). 

In order to address the gaps in both reliability and accuracy, additional means for the 
surveillance of sea areas should be researched. These efforts are in line with activities 
that move towards merging information from several sensor systems and techniques to 
detect and monitor vessel traffic with a high level of confidence. Navies and maritime 
security organisations refer to this process as creating a Recognized Maritme Picture 
(RMP) (Simard et al., 2000). Usually, a RMP provides information about each vessel in  
the region by determining its location and heading, also providing the possibility of 
follow-up actions based on the ship type and purpose (Simard et al., 2000). 

Vessel wakes 
When considering the monitoring of vessel traffic, one approach would be to focus on 
the emissions created by the vessels themselves. While exhaust gas emissions as well as 
the radiation of noise and heat can be effectively eliminated by advanced technologies, 
there is an unavoidable emission for all items that move on the water surface. A vessel 
moving on the surface of body of the water leaves behind a trace known as wake 
(Newman, 1977; Wehausen, 1973). This trace consists of several different linear 
(Kuznetsov et al., 2002) and often nonlinear components (Fang et al., 2011; Soomere, 
2007; Sorensen, 1973). The most well-known, classic representation is the triangular 
wave pattern known as the Kelvin wake (Figure 1) (Newman, 1977) which obtains its 
textbook shape about three-vessel lengths behind the ship. 

A Kelvin wake and its variations for subcritical speeds are composed of two sets of 
waves: transverse and divergent waves. They both exist if the vessel speed does not 
reach or exceed the so-called critical speed 𝑈𝑈 = �𝑔𝑔ℎ, where 𝑔𝑔 is acceleration due to 
gravity and ℎ is water depth (Sorensen, 1973). These wave systems are traditionally 
treated as linear waves (Liang et al., 2024) even though for larger speeds they exhibit 
nonlinear properties (Soomere, 2007; Sorensen, 1973). 

Transverse waves propagate in the same direction as the vessel heading. Therefore, 
their crests are perpendicular to the sailing line. Divergent waves move away from the 
sailing line and their crests form a smaller angle with the vessel’s path (Newman, 1977). 

A set of so-called cusp waves is formed by interactions of transverse and divergent 
waves, along the borders of the ship wake (Kuznetsov et al., 2002). Cusp waves are 
usually the most observable part of the wake because their amplitude decays slowly 
(as 𝑟𝑟−1 3⁄ ) with the distance r from the vessel (Kuznetsov et al., 2002). 
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The wave pattern, in general, depends on the vessel properties, water depth and the 
sailing speed. On many occasions the vessel’s stern and bow produce their own wake 
systems with the height depending on the vessel geometry and sailing regime. 
The basic geometric properties of the Kelvin wake produced by a single moving point are 
still universal and can be described in terms of a depth Froude number 𝐹𝐹ℎ (Newman, 
1977): 

𝐹𝐹ℎ =
𝑈𝑈

�𝑔𝑔ℎ
 . (1) 

In deep water or when sailing at low speed (𝐹𝐹ℎ < 1), the divergent and transverse 
waves fill a triangular area (Kelvin wedge) with half apex angle of arcsin(1/3) ≈ 19.47° 
(Figure 1) (Newman, 1977). When the speed increases or water depth decreases so that 
𝐹𝐹ℎ has values 0.5–0.7, the Kelvin wedge starts to widen, energy starts to concentrate to 
a few divergent components, and transverse waves become weaker. At 𝐹𝐹ℎ → 1, the wave 
system becomes highly nonlinear (Soomere, 2007; Sorensen, 1973) and cannot be 
described in terms of a Kelvin wedge. In the supercritical speed range 𝐹𝐹ℎ > 1 the apex 
angle starts to decrease, and most of the wave energy is concentrated in a few 
long-crested divergent waves which dominate the wave pattern (Pethiyagoda et al., 
2014; Soomere, 2007). The wave system may contain several types of solitons at 
𝐹𝐹ℎ → 1 and 𝐹𝐹ℎ > 1 (Soomere, 2007). On many occasions it may resemble a Mach-type 
wave system (Rabaud and Moisy, 2013). 

Figure 1. A scheme of the linear Kelvin wake generated by a ship sailing in deep water (ℎ = ∞) 
to the right. The half-angle of the Kelvin wake is 19°28′ and the propagation direction of cusp 
waves forms an angle of arccos(√2/3) ≈ 35°16’  with the sailing line (Newman, 1977; Torsvik 
et al., 2015b). From Paper III. 
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Spectrogram technique 
Vessel wakes have been used extensively for detecting and characterizing vessels and 
their movement using various kinds of two-dimensional (2D) data from, e.g., synthetic 
aperture radars (SAR) (Zilman et al., 2004) and satellite photos (Rabaud and Moisy, 2013). 
The benefit of this method is that it is applicable to vessels of different size as their Kelvin 
wake always has the same geometry, and its “arms” (cusp lines) have the same length 
(as the wave height decays according to the same law) and varies only in amplitude 
(Zilman et al., 2004). A natural limitation of this method is the signal to noise ratio that 
can be low when extracting the properties of Kelvin wakes due to the high sea clutter, 
which requires additional algorithms for filtering (Kuo and Chen, 2003). 

The ideal Kelvin wedge is stationary in the coordinate system attached to the moving 
ship. This perspective is convenient for several theoretical considerations, but it is not 
straightforward to use for practical applications. Most observing systems of ship wakes 
are anchored at some location or mounted on the shore. On such occasions the ship 
wake is recorded as a complex system of water surface undulations or pressure 
variations. It is notably unsteady and short crested, despite appearing stationary to an 
observer on the generating vessel (Liang et al., 2024). 

Therefore, another approach is to use wakes for ship detection and specification of 
sailing properties from the water elevation or pressure data, from the perspective of an 
Earth-fixed observer. While transverse waves are represented as signals with an almost 
constant frequency, the signal of divergent waves is chirp-like and has a gradually 
increasing frequency. The properties of these signals carry information about the speed 
and location of the vessel. Wu (1991) was the first to show that the sailing speed can be 
estimated from the minimum frequency of divergent waves 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 as 

𝑈𝑈 =
𝑔𝑔

2𝜋𝜋𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚
 . (2) 

This frequency was evaluated from the 2D wake spectrum. This technique applied by Wu 
(1991) to estimate the ship speed and direction had problems with the evaluation of the 
exact location of the locus of the wake signature. It was further elaborated by Arnold-
Bos et al. (2007) who used the generalized Radon Transform and Stochastic Matched 
Filtering to detect the locus of the wake signature in the 2D spectrum wave recordings. 
Finally, Torsvik et al. (2015b) derived expressions for the ship’s distance to the 
measurement location based on this information. 

Another more promising approach using a windowed Fourier transform (so-called 
spectrogram) to study the nonlinear components of wakes was first employed by Wyatt 
and Hall (1988). The method was expanded by Sheremet et al. (2012) for a broader 
selection of vessels. A more elaborate description of different components was 
performed by Torsvik et al. (2015b). A systematic analysis of the nonlinear components 
based on dispersion curves of ship wake components was presented by Pethiyagoda 
et al. (2017), with a description of the effects of different sailing regimes (turning, 
accelerating) on the properties of the wake. 

The major benefit of an application of a windowed Fourier transform (or Short Time 
Fourier Transform, STFT) to water surface elevation data is that a vessel wake has a 
distinct L-like shape (Figure 2). This shape appears for data gathered directly from 
(above) the water level as well as for data converted from seabed pressure readings 
(Paper II), The upper, inclined part (also called a chirp signal (Sheremet et al., 2012)) of 
this signature corresponds to divergent waves. The frequency of these waves increases 



13 

over time at each Earth-fixed location. This feature is commonly observed at a fixed 
location in the nearshore, at the seashore or on the bottom after the passage of a steadily 
sailing ship (Sheremet et al., 2012). The lower, mostly horizontal part of this signature 
represents transverse waves. They have a constant frequency for a fixed observer who 
records the wake of a steadily sailing ship. The cusp waves are represented by the common 
point of these two parts of the signature. 

Both windowed Fourier transform, and wavelet transform can be used to derive a 
time-frequency representation of the wake data (Sheremet et al., 2012). Testing has 
shown that wavelet transform usually has a higher signal-to-noise ratio than Fourier 
transform, however, Fourier transform provides the results on a uniform frequency scale 
compared to the logarithmic scale obtained from wavelet analysis (Torsvik et al., 2015b). 
This in turn simplifies the extraction and analysis of useful information (which is, in 
general, determination of the frequencies of the ship wake structure) to such an extent 
that the loss in signal-to-noise ratio was acceptable for this study, and wavelet analysis 
was not pursued here. 

Vessel detection using wake recordings in the littoral zone 
Areas near the ports tend to have more vessel traffic than other shipping zones (Li et al., 
2023) and therefore there is a greater emphasis on managing the traffic. One such 
location is Tallinn Bay. It is a semi-enclosed bay approximately 10 × 20 km in size situated 
on the north coast of Estonia (Figure 3). The two entrances to the bay (from the north 
and west) are regulated by a local vessel traffic separation scheme (Figure 3). 

As this study tried to evaluate the prospect of using wake recordings as the basis of a 
vessel detection system, for simplicity, only steady wake signatures, which would not be 
affected by the speed and course alternations, were used. In other words, course and 
speed alternations (Pethiyagoda et al., 2021) which are a crucial part of every vessel’s 
sailing trajectory in coastal zones and should also be counted by the vessel detection 

Figure 2. (a) An example of pressure time series of a vessel wake that is converted to water 
elevation data. (b) Short-time Fourier transform (spectrogram) of the corresponding series (note 
that the spectrograms are represented in normalized way). Wake elements are marked with red 
dashed rectangles. From Paper II. 
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system, are not studied. The focus was on the vessels approaching the Port of Tallinn 
from the north-north-west (NNW). Wakes from ships departing the port had a wake 
signature typical of an accelerating vessel and vessels heading to or coming from the 
west had elements indicating the turn in their wake signatures (Pethiyagoda et al., 2021). 

An optimal location for retrieving wakes from incoming vessels, that met the criteria, 
is near the eastern shore of the Paljassaare Peninsula where the Pikakari Beach has been 
formed over the last century (Figure 3). Katariina Jetty to the south-east and the tip of 
this peninsula to the north-west shelter the measurement location from waves 
generated by predominant winds from west and south. Also, due to these natural 
obstacles, the wakes from the departing vessels (sailing at course 339° clockwise from 
north) are negligible at the sensor location. 

The sailing direction of vessels that approach the Port of Tallinn from NNW was 
approximately 159° (clockwise from north). The deviation of courses of single ships from 
this, estimated from ship self-reporting systems, was typically less than ±10°. 
The water depth in the part of the traffic separation scheme where the wakes of the 
approaching vessels could have originated (Figure 3) ranges from 40 to 70 m. Passenger 

Figure 3. The study area in Tallinn Bay on the north coast of Estonia. The traffic separation scheme 
allows two approaches to the Port of Tallinn: from the north and west. Adapted from Paper II. 
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vessels entering to the port were travelling at 15 to 30 knots1, and therefore they were 
sailing at subcritical speeds. Even though the depth Froude number for such speeds may 
reach values about 0.7, on average it was below 0.5. Thus, the deviation of the geometry 
of the Kelvin wedge from the deep-water geometry was insignificant 

This study uses two datasets of wave measurements obtained from this location. 
As the author was not involved in either of the field experiments the following is based 
on datasets collected by others, references and other indirect sources. 

The first dataset was gathered in 2009 by the Wave Engineering Laboratory. This 
dataset was used in a number of studies of natural and ship-generated waves 
(Didenkulova and Rodin, 2013; Kurennoy et al., 2011; Soomere et al., 2011). 
Measurements were taken with a “LOG_alevel” echosounder mounted on a tripod in 
2.6–2.7 m deep water. Data were collected at a frequency of 5 Hz and divided into 24-h 
blocks starting at 04:00 (prior to the first ferry wake of the day) local time. Field 
experiments were conducted on 24.–25.06.2009 and 27.–30.06.2009. The properties of 
the study site, measurement location, devices deployed, procedures and preprocessing 
details are described in these studies.  

The second dataset was gathered by the Centre for Biorobotics at the same location 
on 10.–14.07.2017 and 16.–21.07.2017. They deployed nine devices called hydromasts 
(Ristolainen et al., 2019) in a regularly spaced rectangular array on a 5 × 5 m aluminum 
frame at a depth of 3 m. The frame was anchored using 8 mm metal bars and additional 
weights at the corners of the frame. The frame was oriented towards NNE (22.5°) to face 
the traffic separation scheme. Measurements (pressure) were taken at a height of 0.2 m 
from the seabed with a frequency of 100 Hz. 

The objective and outline of the thesis 
The main goal of this thesis is to evaluate the prospect of using the spectrogram 
technique as a vessel traffic monitoring system. As these techniques are applicable for 
any kind of wave recordings, including time series of water surface elevation data 
measured from above the water surface and time series of wave-induced pressure or 
velocity fluctuations measured in the water column, they provide a vast variety of 
opportunities for choosing equipment and deploying location. Several sets of wave 
elevation data and pressure recordings from the Tallinn Bay are acquired. The results are 
compared with “ground truth” – in this case, derived from the AIS data covering the same 
period and area.  

The evaluation is viewed in the context of the previously mentioned ‘Recognized 
Maritme Picture’ which usually consists of five steps: a) detection, b) localization, 
c) recognition, d) identification and e) dissemination, from which the first three
(detection, localization and recognition) are sensor based (NATO Standardization Agency, 
2015). As the possibility of achieving recognition (determining the characteristics of a
contact) from wake measurements is still unclear, and it is based on the success of
previous steps, the focus of this work was to evaluate the method for detection and for
localization of the vessels (NATO Standardization Agency, 2015).

The evaluation process for vessel detection, that is whether a vessel is in the survey 
area or not, requires collecting a time series of water surface elevation from either above 
the water surface or from within the water column or on the seabed), and determining 
its quality and the level of noise. Secondly, the process is used to investigate means by 

1 1 knot is 1.852 km per hour 
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which wakes can be detected automatically. This process should answer questions 
relating to the circumstances under which vessels can be identified from the wake 
spectrogram (speed, size and distance) These questions are not specifically addressed 
here as all the tests were conducted at the same location and are based on the same 
types of vessels sailing at same speed. 

Vessel localization involves finding the exact location of the vessel and its sailing 
characteristics (speed and course). Here the main questions are whether the speed 
based on the wake measurements (Torsvik et al., 2015b; Wu and Meadows, 1991) relate 
to the actual ship’s movement. Also, is there a possibility to determine the direction of 
the incoming wake, which, when combined with the distance travelled by the wake 
calculated using the previously determined speed, could be used to estimate the vessel 
location? Finally, does the direction of wake propagation and its propagation angle 
correspond to the actual course of a ship? 

The thesis is organized according to these questions. Chapter 1 focuses on 
investigating sensor-specific methods for wake detection and extraction. It follows 
Papers I and II. Paper I reviews the author’s master thesis which was completed in early 
2018 and is presented here as a reference due to low resolution of reference AIS data. 
It expands the model derived by Torsvik et al. (2015b) by adding automated vessel 
detection abilities. The focus of this paper is on the dataset measured by Laboratory of 
Wave Engineering in 2009 (Kurennoy et al., 2011). Chapter 2 investigates different 
methods of evaluation of the speed of the vessel and the distance of the location from 
where the wake was generated. It is based on the findings from Paper I but it is illustrated 
using the data from Paper III. Also, it tests the ability to determine the direction of the 
wake at its original location and thus the course of the vessel. 

As papers 2 and 3 focus on the same dataset measured by the Centre for Biorobotics 
then they should be considered together because they represent a single pipeline from 
receiving input data to providing the vessel position and sailing parameters. Secondly, 
model development was done mostly in 2018. This means that improvements, findings 
from other authors from that period onwards on the same topic are not considered here. 
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1 Vessel wake detection 
In general, there are two main methods for retrieving water wave data on-site for the 
analysis of ship wakes (if not including wake studies based on the far field readings like 
SAR radars, satellite images etc.). A widely applied approach is recording the fluctuations 
of the water surface using either buoys (Metters et al., 2021) or devices that can read 
the water level from within the water column or from the seabed or from above the 
water surface, e.g. echo sounders (Parnell et al., 2008) or lasers. The use of pressure 
sensors mounted in the water column (Soomere and Rannat, 2003) or near the seabed 
(Sheremet et al., 2012) is also common. Both methods have positive and negative aspects, 
as discussed below, leaving the final decision dependent on the available hardware and 
the deployment location. 

Another issue relating to vessel detection is the scale (size of area, number of the ships 
and sensors, frequency at which data is gathered). When the dataset is small (short time 
periods and/or low intensity traffic), manual detection is likely to be sufficient. However, 
it can get labor intensive quite quickly near busy ship lanes. This is often the case and 
creates a need for additional means to automate the detection process. 

This problem was examined in Papers I and II from both software and hardware 
perspectives. The software development in Paper I relies on a straightforward algorithm 
utilizing Gabor multipliers (Dörfler and Matusiak, 2013). A major development towards 
more advanced hardware is the use of a new type of sensors to describe the wake 
characteristics, both with respect to measuring pressure and with respect to water 
velocity. These devices, called ‘hydromasts’ are multimodal sensor systems developed 
by the Centre for Biorobotics, Tallinn University of Technology (Egerer et al., 2024; 
Ristolainen et al., 2019), discussed in Paper II. The results of both previously mentioned 
approaches were compared with visual findings and results obtained from convolutional 
neural networks. 

1.1 Selection of devices 
A straightforward and often preferred approach for recording water level elevation data 
in ship wakes, without any kind of conversion loss (as is the case with 
pressure-based methods) is to use a sensor system that can take readings from above 
the water surface. There are several different types of devices available (Metters et al., 
2021; Parnell et al., 2008). The core data set used for this chapter was recorded in Tallinn 
Bay in 2009 using a downward looking echo sounder mounted on a stable tripod. 
The tripod was deployed in 2.6 m deep water, with the sensor mounted about 2.5 m 
above the typical water level during the measurement campaign (Kurennoy et al., 2011; 
Torsvik et al., 2015b). 

Two examples of wake spectrograms2 are shown in Figure 4, where the motor vessel 
(M/V) Star is approaching the port of Tallinn with a speed of 24 knots. Panel a) shows the 
situation on a windy day (wind ~4.0 m/s from NE) while panel b) shows the recording 
made on a calm day (wind ~1 m/s from SW). A comparison of the upper parts of these 
spectrograms firstly signals that the presence of a mild background wave field does not 
significantly change or blur the geometry of the patterns that reflect the components of 

2 All the development processes were conducted using a mathematical package Matlab with the 
addition of ’The Large Time-Frequency Analysis Toolbox’ (Průša et al., 2014; Søndergaard et al., 
2012) and OCEANLYZ toolbox (Karimpour and Chen, 2017). 
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the wakes. It also shows that even relatively weak winds can generate waves with periods 
of 2–3 s (frequency about 0.3–0.5 Hz) with relatively wide spectrum in semi-closed areas 
like Tallinn Bay, and appear as noise in the upper higher-frequency parts of the 
spectrogram, These short period waves can mask the upper parts of the signal of 
divergent waves (Figure 4a). 

Open ocean swells usually have a narrow frequency spectrum and periods commonly 
longer than components of ship wakes (Soomere, 2005). Therefore, they can be removed 
using spectral filters. However, short and young waves of the Baltic Sea (Björkqvist et al., 
2018) often have a wide spectrum that overlaps with the frequencies of wake 
components. 

This feature renders the process of filtering out noise from wave recordings quite 
difficult, especially if the goal is to avoid a significant loss in information about the vessel 
wakes. Further processing spectrograms that contain a high level of noise can increase 
error and add uncertainties during the following steps of wake analysis, for example 
when finding the vessel speed and distance to the wake origin point (Torsvik et al., 
2015a). 

The use of data collected from above the water surface, despite being noisy (Kurennoy 
et al., 2011), is better than other methods with respect to establishing accurate water 
surface elevation measurements, especially for investigations that examine the high 
frequency and/or low energy components. Other survey methods, such as near-bottom 
pressure recordings, either tend to mask or attenuate such components, sometimes to 
the level of being unusable. 

It is common to use pressure sensors positioned either somewhere in the water 
column or on the seabed to record wake signals. In this case the high-frequency part of 
the surface wave field is attenuated because the pressure signal decreases in the water 
column, most rapidly for shorter waves (Dean and Dalrymple, 1991). This feature also 
suppresses the previously mentioned noise produced by wind waves. The near-bed 
pressure signal frequently contains a sufficient level of lower-frequency components to 
evaluate the properties of transverse waves and the longest fraction of divergent 
waves. On some occasions pressure oscillations with periods >10 s can mask the longer 

Figure 4. The signature of passenger ferry Tallink Star approaching the Port of Tallinn on 
a) relatively windy day 27.06.2009 and on b) a relatively calm day 28.06.2009. In both cases data 
is recorded from the above the water surface.
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components of the wake such as transverse waves or precursor solitons (e.g. 
near-horizontal higher energy lines up to 0.2 Hz in Figure 5b compared to Figure 5a). 

This shortcoming was addressed by using time series from several temporally 
synchronized pressure sensors that were close to each other (Paper II). The idea is that 
different from short and short-crested wind waves, single wave components of the wake 
(possibly except for cusp wakes, (Liang et al., 2024)) are, ideally, long-crested (Soomere, 
2007; Sorensen, 1973). It is therefore natural that wake components produce a coherent 
signal at closely located sensors whereas the signal from wind waves is random and 
varies much more from sensor to sensor. In other words, if the background noise (either 
low-frequency or high-frequency) is not coherent over the distance between the 
instruments, it could be suppressed by merging several synchronized spectrogram 
snapshots of coherent waves into one picture. To make use of this idea, is it necessary to 
consider small delays in the arrival of long-crested wake components to different 
sensors. 

Time series from a set of 9 devices was available at nodes of a regular rectangular 
5 × 5 m rack with a step of 2.5 m in the relevant experiments (Paper II). The best result 
was achieved using five sensors (four in the corners and one in the center). The results 
were optimal for the further steps of the vessel wake analysis. The wake-to-background 
spectrum noise ratio (Figure 5c) was greatly improved. The result significantly simplified 
the wake detection process, eliminated most false detection decisions, and made it 
possible to extract and analyze vessel wake components and evaluate properties of ship 
motion (Paper II). 

Figure 5. The signature of passenger ferry Tallink Star approaching the Port of Tallinn on 
25.06.2009 with a wind-generated sea with typical periods of 2–2.5 s (Torsvik et al., 2015b).  
The wake is measured using a one-point measurement device (a downward-looking 
echosounder mounted on a tripod) from above the water surface. (b) The signature of the same 
vessel approaching the Port of Tallinn on 17.07.2017 under similar weather conditions. The wake 
is detected using a single pressure sensor mounted at the seabed at a depth of 3 m. The pressure 
sensor is mounted at a height of 0.2 m from the seabed. (c) The same event as observed in (b) 
but visualized using five sensors located in the center and the corners of a frame of 5 × 5 m.  
The spectrograms are normalized by frequency spectrum and overlapped. From Paper II. 
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1.2 Detection of a sequence of ship wakes 
If ship traffic is light, the dataset of wake-representing spectrograms is small and 
probably the best way for wake detection is visually picking the exact time moments from 
the spectrogram. Doing so would also make it possible to recognize complicated 
“portrayals” of high-speed vessels (Torsvik et al., 2015b). When there are many wake 
events, an automated wake detection method must be considered. A feasible option may 
be to apply convolutional neural networks, which have already been successfully used in 
similar studies for vessel wake detection from synthetic aperture radar and satellite 
images (Kang and Kim, 2019). Downsides to this method are the quantity of necessary 
data (including data collected under different weather conditions) and the time needed 
to train the model to detect the wakes to reach an acceptable level of detection. Another 
disadvantage is that this method is a supervised learning method: after deployment, 
the operator must go through the data meant for learning and classify the wakes by hand. 

1.2.1 Software based approach 
For real applications, methods that can start to detect the wakes without intervention 
are clearly preferred, especially those methods that do not need a long period to adapt 
to the data. Here, an example of such a method from the signal analysis is applied, 
namely, the technique to detect irregularities from the incoming signal by using 
so-called Gabor multipliers, as proposed by Dörfler and Matusiak (2013) (Paper I). Gabor 
multipliers are, in essence, composite operators, in other words, sequences of 
operations. The first operation is a short-time Fourier transform, like the one used to 
produce a spectrogram. This is followed by a pointwise multiplication with a distribution 
on phase space (called the Gabor symbol). The last step applied is an inverse short-time 
Fourier transform. This sequence helps map the input signal to its analyzed-synthesized 
(reconstructed) form (Feichtinger and Nowak, 2003). Manipulations based on Gabor 
multipliers are based on ‘The Large Time-Frequency Analysis Toolbox’ (Průša et al., 2014; 
Søndergaard et al., 2012). 

The Gabor multipliers are not uniquely defined. They are usually chosen so that the 
information loss between the original and reconstructed representations is reduced to a 
minimum level. A compelling argument for using this multi-step technique is that the 
method suppresses (in the sense that it does not carry over) the irregularities of the 
original signal to its reconstructed version. Therefore, a comparison of these 
representations often reveals anomalies and objects in the input signal (Dörfler and 
Matusiak, 2013) and thus makes it possible to remove doubtful situations and avoid false 
detections (Paper I). 

The method described is cost-effective in terms of computing power and does not 
require an additional learning period. However, it may be prone to continuously changing 
external forces like weather conditions. An example of the results is given in Figure 6. 
The vessel wakes were counted for one 24-hour cycle from 04:00 on 24.06.2009 to 04:00 
on 25.06.2009. This period contained both calm times and events with notable wind 
wave activity. As discussed above, wind waves can distort the ability of the technology 
to separate the wake components from other fluctuations of the sea surface. During the 
calm periods (from 04:00 to 12:00 and from 21:00 to 01:00), the method using the Gabor 
multipliers has significant outcome only when ship wakes are present and thus leads to 
efficient detection of wakes. However, during the windy period (wind speed 5 m/s from 
the north-east from 12:00 to 21:00) the significantly higher wind wave driven noise level 
in the spectrograms required additional steps for wake detection. 
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For comparison, vessel wakes were also detected using a shallow convolutional neural 
network (CNN). It consisted of a CNN layer of ten 0.25 Hz by 100 s elements, 
a rectifier layer, a fully connected layer and a softmax layer. This system was trained with 
15 epochs and with 16 iterations in each epoch. The results are shown in Figure 6b. 
The accuracy (ratio of the number of detected cases over the total number of events) 
was 0.44. Of 36 visually detected wakes, CNN detected 24, missed 12 and gave 19 false 
positive signals. The method using the Gabor multipliers gave an accuracy of 0.47: 27 
detected, 9 missed and 21 false positive signals. The wake events listed here were 
counted as peaks from the outputs. 

The presented comparison indicates that both methods have comparable detection 
power. They miss around one third of the wakes due to the windy (low signal-to-noise 
ratio) periods during the daytime. They also produce a comparable number of false 
positive signals, due to the same reason. A major difference is that the method using the 
Gabor multipliers was applied to the dataset with no previous knowledge. It used only 
the first couple of iterations (10–15 minutes of data) to adapt to the environment. 
The method based on the convolutional neural networks was trained on data that was 
selected from different days that experienced both calm and windy conditions and 
already had wakes detected and classified by the (human) operator. For these reasons, 
Gabor multipliers were used as a primary method for detecting wakes from the dataset 
measured by the Wave Engineering Laboratory in 2009 (Paper I). 

1.2.2 Hardware based approach 
An alternative approach would be to solve the wake detection problem by using 
advanced devices that can sense the wake events in the water column. Ideally, 
the approach would describe the water flow itself. A step in this direction was taken 
when recording a dataset, using devices made by the Centre for Biorobotics, Tallinn 
University of Technology, in 2017. 

This measurement campaign used devices called ‘hydromasts’ (Egerer et al., 2024; 
Ristolainen et al., 2019). Each hydromast had a pressure sensor for collecting the water 
level data, and a vibrating vertical stem with a length of 100 mm, 15 mm in diameter and 
with a density close to water density. The movement of this stem was measured by a 

Figure 6. Wake detection with different methods: (a) using Gabor multipliers, (b) using shallow 
convolutional neural network. (c) A spectrogram depicting a measurement period from 04:00 
24.06.2009 to 04:00 25.06.2009. Based on the results of Paper I. 
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micromechanical inertial measurement unit (IMU) (Ristolainen et al., 2019). Another, 
stationary (reference) IMU was mounted in the housing of the device (Ristolainen et al., 
2019). The inertial measurements were registered along three perpendicular axes 
(Ristolainen et al., 2019). The idea was that any water flow passing the device would be 
registered as movements of the stem that acts like the lateral line of a fish (Ristolainen 
et al., 2019). The movements of the stem were used as the proxy of the water’s velocity 
passing the sensor. 

For wake detection, the data from the IMU connected to the vibrating stem was 
corrected by the data from the stationary IMU. The resulting values were viewed as linear 
acceleration and gravity vector (Figure 7). For the comparison, wakes were detected by 
the methods described previously: by convolutional neural networks (Figure 7c) and 
using Gabor multipliers (Figure 7d). The corresponding spectrogram (Figure 7e) highlights 
ship wakes as L-shaped features as discussed above. As the (horizontal) time scale is 
strongly compressed, horizontal branches of these items are short, and the features are 
mostly represented by more-or-less vertical bright lines. 

The detection and training processes for the Gabor multipliers and convolutional 
neural networks were conducted mostly as described in the previous section. As Gabor 
multipliers rely on the combination of a direct and a reverse transformation of the input 
signal, the technique was applied to the pressure data of each sensor separately. 
The results were afterwards summed and normalized with the assumption that the 
outcome converges sufficiently to be regarded as a wake event. Convolutional neural 
networks are meant for feature detection from the images, therefore firstly the 
spectrograms from the sensors were merged (as seen in Figure 7e), and afterwards the 
CNN technique was applied. This sequence of operations is the reason, in the current 
example, that the CNN-based detection leads to better results than the use of Gabor 
multipliers: the CNN was applied to the cleaned input data. 

The example in Figure 7 covers the time frame from 15:00 to 24:00 on the evening 
of 10 July 2017. During that time, 12 wake events were visually counted from the 
spectrogram (Figure 7e). There were 14 peaks in both the linear vibration data and 
in the gravity vector that could indicate a wake. From these, 10 events were detected as 
wakes (true positives), 2 events were missed, and 2 false positives were generated giving 
an accuracy rate of 0.63. The use of the CNN methods leads to the same 
results (10 detected, 2 missed, 2 false positives). The performance of the method 
based on Gabor multipliers was slightly worse. The total number of registered events was 
18, from which 9 were actual wakes, 3 wakes were missed and 9 were false positives 
giving a total accuracy rate as 0.4. Both methods using the water flow data missed the 
events at the end of the data stream (at 22:40 and 23:50) Figure 7a and Figure 7b) while 
the CNN application missed events at 19:10 and 23:50 (Figure 7c). The method based on 
Gabor multipliers failed to detect cases at 19:10, 22:40 and 23:50 (Figure 7d). 

From those three wake events, the event at 23:50 was missed due to proximity to the 
end of the data series so that only the high peak is present in the spectrogram. 
Only the CNN technique was able to detect it as it relied on the contrast of the input 
(spectrogram) image rather than on raw input data. This shortcoming could be  
easily removed by overlapping data subsets or keeping the data in a continuous  
stream. The sensors measured the data continuously and the data was divided into  
days to simplify the analysis. Wakes at 19:10 and 22:40 were missed due to the low 
signal-to-noise ratio. In both cases only the chirp part of the wake representing divergent 
waves is present at high frequencies compared to the rest of the wakes. 
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This feature leads to one of the key issues of this analysis. Namely, wakes from the 
vessels sailing at 15 knots (approximately 28 km/h) or below were seldom visible in 
spectrograms. Even if they were, their properties often had too large uncertainty so that 
the rest of the analysis struggled to determine the sailing characteristics. 

The results imply that regardless of which of the methods was selected (either relying 
on hardware, applying general feature detection methods from images, or using signal 
analysis) the overall result of the automated process has adequate accuracy compared 
to the case when wake events were counted on spectrograms manually. Also, for all the 
methods described, the final selection of the events to be identified as a ship wake was 
done by counting the peaks over a certain threshold. This means that for the methods 
based on hardware (Figure 7a, Figure 7b), the gravity vector data (Figure 7b) is usable 
immediately whereas the linear acceleration data (Figure 7a) requires additional low-pass 
filtering. 

Figure 7. The comparison of the detection results on 10 July 2017. (a) Time series of the linear 
acceleration, (b) time series of the gravity vector, (c) the probability for detection found using 
convolutional neural networks, (d) the combined probability for vessel wakes calculated with 
Gabor multipliers, (e) the spectrogram based on the pressure data where ship wakes are 
portrayed as yellow structures. Amended from Paper II. 
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To sum up, all the different methods that are reported and used for gathering and 
analysis of the vessel wake data are suitable for detection of the presence of ships via 
their wakes. A natural limiting factor is the water depth because for pressure sensors 
from some point wave attenuation would be too great, and it is difficult to install and 
retrieve the sensors in deeper areas. For above-surface sensors, deployment requires 
shallow water depths. The preferable way forward is to move from single sensor systems 
to sensor arrays and grids. Doing so will 1) improve the overall data quality by 
suppressing the signal of random wave fields (Figure 5); and 2) provide additional 
information about the vessel itself, as will be discussed in the next chapter. A broad range 
of methods can be effectively used for signal analysis, automatic wake detection, and 
feature detection, from the (spectrogram) images to hardware-based approaches. 
The performance of all developed and employed methods is comparable to the accuracy 
achieved by visually picking the events on spectrograms. 

There are also obvious limitations for the detection and analysis of vessel wakes in 
such a way. The first limitation is the vessel speed. Equally important is the actual location 
of the measurement device(s). Both datasets used in this thesis were collected in the 
same location which had natural obstacles to shelter the waves and wakes from the 
south-east and north-west. Therefore, the focus was on the vessels approaching port 
from the north. However, the records contain wakes that have arrived from the south-
east due to diffraction or refraction. For example, wakes from some fast vessels that 
travelled out of the port to the north are seen with the cases at 19:10 and 22:40 (the high 
frequency divergent components). Thirdly, as the wake events may last several tens of 
minutes (Soomere, 2007), traffic density could be a problem. For example, if several 
vessels pass the sensor(s) within, say, 30 minutes, the spectrogram will have several 
overlapping wake traces. This pattern may be interpreted as a single wake event by the 
automated detection methods described above. 
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2 Vessel localization 
After wake detection, the second step in the process is to determine the vessel position 
and its sailing parameters. This step can be regarded as vessel localization. Combined, 
the two steps provide sufficient information about a ship’s presence and its movement. 
Along with vessel recognition, that is determination of its type and/or purpose, they form 
the backbone of the vessel traffic monitoring system. The data provided by these systems 
allows real-time continuous vessel tracking. However, usually with the ship wake events 
are single point recordings in time and space, and they are usually recorded with a 
significant time delay that is the result of the time taken for the wake to travel from the 
point of generation to the measurement devices. Therefore, at best, this method only 
allows one historical snapshot per vessel as it passes the sensor system. 

Continuous vessel monitoring systems use consecutive timestamps to determine to 
where and how the ship is moving. Wake events, despite being single events, contain 
enough information, which, if measured by the right equipment and interpreted 
adequately, may give the same result. The goal is to determine the following four 
parameters: speed, distance, bearing and the course of the ship from a single measurement 
for each passing vessel. Speed and distance can be obtained directly from the 
spectrogram of the wake itself, while the bearing and course can be estimated by using 
a grid of closely positioned sensors. In this chapter the findings are presented using the 
data from Paper III, as the results of Paper I use AIS data provided with very coarse time 
resolution and thus cannot be regarded to be reliable for estimating actual vessel sailing 
parameters. 

2.1 Speed of the vessel 
In general, the basic idea for determining the speed of the vessel and the distance of the 
wake-generation location from the sensors relies on the understanding that this 
information is hidden in the frequency of cusp waves, that is, in the frequency of waves 
that arrive first to the observer or sensor (Wu, 1991). This frequency can be found using 
the spectral representation of the wake by determining the frequency of waves at the 
point of the Kelvin wedge that reaches the sensors. 

Recent developments in the understanding of the structure of ship wakes have 
provided further options to solve this problem. Pethiyagoda et al. (2017) showed that 
most of the wake energy is concentrated on the linear dispersion curve (Figure 8) in the 
spectrogram. This curve can be described in time-frequency coordinates as: 

2√2𝜔𝜔± = �𝑇𝑇2 + 4 ± 𝑇𝑇√𝑇𝑇2 − 8, (3) 

where 𝜔𝜔± is the dimensionless angular frequency of the waves and 𝑇𝑇 = 𝑡𝑡 𝑦𝑦⁄  corresponds 
to dimensionless time of propagation of the wake over distance 𝑦𝑦. This curve has two 
branches. The plus sign ‘+’ represents the frequency range of divergent waves and the 
minus sign ‘–‘ the frequency range of transverse waves. These two branches interact at 
the point where 𝑇𝑇 = √8, 𝜔𝜔 = �3 2⁄  (point “A” in Figure 8). This point represents the 
edge of the Kelvin wakes for the observer or sensor. This edge is usually represented by 
cusp waves, that is, the strongest wake components. Even though their arrival would be 
the easiest to detect, identification of their common frequency is a nontrivial problem as 
waves with this frequency exist during a short time interval and the signal is rapidly split 
into two components. This complexity is reflected in Figure 8. The cusp waves are 
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represented as the vertical location of the dispersion curve. This means that, technically, 
it is necessary to identify the frequency of a signal that changes infinitely fast. This 
situation can lead to a misinterpreted frequency value. 

A solution to this problem can be found from the properties of the two branches of 
the linear dispersion curve. Namely, the branches of this curve for the divergent and 
transverse waves have asymptotes for large values of 𝑇𝑇. In other words, for large values 
of 𝑇𝑇 both branches can be approximated by a straight line. These lines are represented 
as 𝜔𝜔 = 𝑇𝑇 2⁄  for the divergent components and a horizontal line 𝜔𝜔 = 1 for the transverse 
components. The crossing point of these asymptotes (point “B” in Figure 8) at 𝑇𝑇 = 2, 
𝜔𝜔 = 1 (in nondimensional coordinates) can be interpreted as a first (linear) 
approximation of the arrival time instant of the Kelvin wedge. It is invariant with respect 
to the ship’s speed and to the depth Froude number at subcritical speeds (Pethiyagoda 
et al., 2017). The relevant frequency is the long-term average value of transverse waves. 
This feature immediately signals that this approximation is applicable only if the vessel 
sails at a subcritical speed. In critical and supercritical speed regimes, when the divergent 
component becomes the dominant feature and transverse waves disappear, this method 
does not work. 

Torsvik et al. (2015b) applied two methods to identify and make use of the frequency 
of Kelvin wake components to find the speed 𝑈𝑈 of the vessel and the distance of the 
wake generation location to the sensor. First, he noted that the vessel’s speed can be 
estimated as (Torsvik et al., 2015b): 

𝑈𝑈 =
𝑔𝑔

2𝜋𝜋𝑓𝑓𝑡𝑡∞
, (4) 

where 𝑓𝑓𝑡𝑡∞ denotes the limiting frequency of transverse waves if 𝑇𝑇 → ∞, that is, the 
frequency at point “B” in Figure 8. This frequency can be evaluated as the average 
frequency of the transverse components after some time of the passage of the cusp 
waves. This approach is a variation of the method expressed by Eq. (2) and proposed by 

Figure 8. Representation of the nondimensional linear dispersion curve of ship waves 
(Pethiyagoda et al., 2017). Point “A” is the edge point of Kelvin wedge, point “B”, the crossing 
point of the asymptotes of the linear and transverse component, represents the linear 
approximation of the edge of the Kelvin wedge (of point “A”). From Paper III. 
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Wu (1991). Second, Torsvik et al. (2015b) demonstrated that the speed of the ship can 
be calculated as: 

𝑈𝑈 = �3
2

𝑔𝑔
2𝜋𝜋𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

. (5) 

where 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the frequency of the waves at the edge of the Kelvin wake, that is, 
corresponding to the location of point “A” in Figure 8. These two approaches are 
equivalent because 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑡𝑡∞⁄ = �3/2 (Pethiyagoda et al., 2017). Therefore, it is enough 
to correctly evaluate 𝑓𝑓𝑡𝑡∞ to specify the frequency of the cusp waves. 

This aspect was discussed in Paper I in the context of the reliability of estimates based 
on Eqs. (4) and (5). As the frequency of cusp speed corresponds to the vertical section of 
the linear dispersion curve (Pethiyagoda et al., 2017), even small errors in the estimates 
of cusp wave timing may lead to large errors in 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. The estimates of 𝑓𝑓𝑡𝑡∞ are much more 
stable. Consistent with the described features, the approach based on the signature of 
the transverse component leads to a better match of the estimates of the speed of the 
vessels compared to the AIS information (Paper I). 

If the speed 𝑈𝑈 of the vessel is calculated, the distance travelled by the wake can be 
determined from the properties of the divergent waves. It is sufficient to determine the 
time interval Δ𝑡𝑡 during which the frequency of the divergent component increases from 
the maximum frequency 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (frequency of cusp waves) to a √2 times higher value 
(Torsvik et al., 2015b). The distance 𝐿𝐿 travelled from the wake generation location to the 
observer or the measurement site can be estimated as (Torsvik et al., 2015b): 

𝐿𝐿 = √6𝑈𝑈Δ𝑡𝑡. (6) 
Three applications were used to evaluate the ship speed and distance: 1) direct 

evaluation the frequency 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 of cusp waves from the record of the highest wave 
components at the arrival of the wake, 2) evaluation of this frequency using the shape of 
the branch for divergent waves in Figure 8, 3) relying on the properties of the asymptote 
of the branch for transverse waves, equivalently, Eq. (4). 

In ideal conditions all three methods should provide adequate and matching estimates 
of the actual sailing speed of the passing ship (Figure 9). Theoretically, the estimate that 
relies on properties of transverse components is expected to be closest to actual values 
because it uses in the best way possible the properties of the Kelvin wake. A comparison 
of the data from monitoring the actual vessel traffic and the three applications shows 
that the results are different, but the above hypothesis concerning their performance is 
correct (Figure 9). A comparison of the performance of the three methods was reported 
in Papers I and III. In both cases the same conclusion was reached even though the 
temporal resolution of the AIS data was different, with the 2017 reference AIS 
information about the passing vessels being available at much finer resolution (5 minute 
compared to 1 hour in 2009) (Mitev, 2018; “VesselFinder,” 2020). 

The attempts to directly evaluate the cusp wave frequency (Figure 9a) led to 
systematic overestimation of ship speed and therefore underestimation of this 
frequency. Similarly, the use of properties of divergent waves (Figure 9b) usually led to 
overestimation of ship speed. The approximation of the cusp frequency using the limiting 
frequency of the transverse components (Figure 9c) has succeeded in providing values 
close to actual reference data. 

In addition to the theoretical arguments, this method has several significant practical 
advantages. Firstly, the transverse part of the wake in the spectrograms is tightly 
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confined on the frequency scale. As a result, the errors of estimates are small (Figure 9c). 
Secondly, it occurs in a region on the time-frequency scale with a small number of 
interfering factors in the study area, therefore enabling a lossless extraction and analysis. 
Thirdly, if present, it is well defined over the entire duration of the wake. This increases 
the level of confidence of the frequency estimates. 

A disadvantage is that it is prone to external influencing factors, such as the ship 
moving at a very high speed, equivalently, at large depth Froude numbers. As a result, 
this component is not always present or is masked by noise or by other wakes. These 
features limit the use of this method: even if it works adequately in good conditions, 
it has the lowest application rate among the three. 

Therefore, methods for directly determining the frequency of cusp waves at the edge 
of the Kelvin wedge should also, at times, rely on the properties of wake components 
which are more frequently present or more pronounced than the transverse component. 
The approach based on the direct evaluation of the cusp wave properties (Figure 9a) has 
an advantage over similar estimates that make use of properties of the divergent 
component (Figure 9b) due to the simplicity of the analysis. The disadvantage is that it is 
based on one single highest energy value at the intersection of the two branches. 
Therefore, one should not be overconfident of the values found. This feature is illustrated 
by large error bars in the relevant values (Figure 9a) compared with other methods. 
The results found from the properties of divergent waves rely on the part of the wake in 
the spectrogram that is often affected by high noise caused by wind waves. Along with 
the wide range of frequencies and energy covered by this branch, the estimates contain 
high uncertainty levels (Figure 9b). As this step is a crucial part in the process of 
determining the distance between the vessel (wake generation location) and sensor 
system and it relies on more data than the method of cusp waves, it should be considered 
as a fallback method if the transverse component is absent, or the calculation based on 
it fails. 

Figure 9. A comparison between the actual vessel traveling speed (blue line) and estimates found 
using the properties of (a) cusp waves, (b) divergent waves, and (c) transverse waves (c). Error 
bars represent the 95% confidence level of the calculated values. Recalculated based on results 
presented in Paper I and Paper III. Note that Paper I originally compared the estimates with the 
average distance to the centerline of traffic separation scheme, which was a guess at best and 
for this reason they are recalculated here. 
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The presented description demonstrates that the accuracy of estimates of the 
distance travelled by the wake depends on the quality of the extraction of the starting 
point of the divergent component. In most cases, the divergent component is quite 
reliable when it comes to extraction and analysis. However, one should note the 
mentioned uncertainty levels and their influence when calculating the actual distance 
between the vessel and the sensor system. 

2.2 Vessel position and course 
The AIS data from 2017 enabled a vessel’s actual position close to the point where the 
wake was generated to be determined. The use of several sensors made it possible to 
evaluate the direction of the incoming wake, which was combined with the distance 
calculation, as discussed before, based on the transverse component of the wake. 
The following discussion is based on Paper III. 

The background assumption is that most wake components are long-crested waves 
with locally straight crests. This assumption is not correct for cusp waves (Liang et al., 
2024) but acceptable for the rest of the wake. The general idea was that if sensors are 
close enough together to record simultaneously the same wave crest or trough passing, 
such as during one wave period, then the direction from which the wake is propagating 
can be calculated based on the time differences of the passing of the trough or crest at 
different sensors. It is therefore crucial to follow wave crests that move at phase speed. 
Considering a 7 s period for a transverse wake component, the depth of instruments 
being 3 m which results in a phase speed of 4.3 m/s, then the maximum allowed gap 
between the sensors to register the same wave crest or trough would be around 30 m. 
As described above, we used an array of 9 sensors mounted on a regular rectangular 
frame of 5 ×5 m. Therefore, the largest distance between a pair of sensors was 7 m. 

This method is an implementation of the widely used phase-shift technique used in 
many fields, including estimates of the directional spectra of ocean waves (e.g., Dean and 
Dalrymple, 1991). For an ideal regular long-crested wave pattern with straight wave 
crests an estimate of delay (phase shift) between the arrival of wave crests to the location 
of any two devices represents two propagation directions of the wave pattern. 
Therefore, for establishing a reliable estimate, several sensor pairs are needed to build 
statistics of directions. 

The data used in Paper III for this purpose was measured with 9 devices. This gives 36 
different sensor pairs and 72 wave propagation directions (dashed lines in Figure 10). 
This number of pairs provided in most cases an approximation for the approach direction 
for the incoming wake that correlated well with the direction prescribed by the traffic 
separation scheme (within ±10° around 14.3°, area with dashed red lines in Figure 3). 
The means to reduce the number of instruments (currently 9) needed to find the 
necessary direction and their arrangements are not viewed here. 

The estimates of wave propagation direction using the phase shift method were based 
on the pressure data used for calculating the spectrograms. Getting the time delays from 
the evaluation of the proxy of water velocities (speed and direction) that were used for 
wake event detection in the previous chapter was also considered. Due to the high level 
of noise and sensitivity of the calculation process to small deviations, the retrieved values 
were not consistent enough to be considered as reliable results. 
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Combining the determined direction of the incoming wave with the distance travelled 
by the wake leads to the estimation of the vessel position at the time moment when the 
wake was generated. One such example is shown in Figure 11 that presents the vessel 
position on its movement track around the time the wake was generated. The uncertainty 
area is large because, due to the low AIS resolution of 5 minutes, the vessel’s exact 
location had to be interpolated. Figure 11 also depicts the calculated position using the 

Figure 10. Distribution of 72 potential wave propagation directions (dashed straight lines) from 
36 sensor pairs (all pairs from sensors S1 to S9). One direction from every sensor pair (in total 
36) leads to the expected (most probable) direction X1 while the second possible direction
contributes to the set of misleading directions X2 to X15. From Paper III.

Figure 11. An example of the results of an evaluation of the position and sailing line of M/S 
Megastar approaching the Port of Tallinn (marked as a ’Vessel movement track by AIS’, green 
dots indicate the vessel AIS locations) on 13.07.2017. The wake source point was calculated 
using the AIS positions. The green rectangle with a green dotted circle around it indicates 
possible course (±5°) and speed (±2 knots) alterations. The vessel location at this instant found 
from the wake readings is indicated by the ’Calculated position’. The area of uncertainty (error 
estimations for the distance and direction) is shown as the cyan polygon within 95% error bars. 
From Paper III. 

N
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distance travelled by the wake and its direction along its area of uncertainty (from 
distance and direction evaluation). 

The calculated position is close to the position estimated from the AIS data. 
The difference is around 400 m for example in Figure 11, and for majority of the cases 
the estimate falls into a 0.5 km circle around the actual position (Figure 12). However, 
the area of uncertainty is quite big: about 2 km wide (from line 2 to line 4 in Figure 11) 
and 2.8 km long (between lines 1 and 3 in Figure 11). As discussed previously, 
the uncertainty first stems from errors in calculating the distance. This step often 
contains substantial inaccuracies when extracting the properties of divergent 
components from the spectrogram. The resulting high level of uncertainty (see error bars 
on Figure 9b) translates further into calculating the distance to the location of the wave 
generation based on the estimates of vessel speed. Another dimension of inaccuracies 
stems from estimates of the wave propagation direction. This component of uncertainty 
becomes evident as the width of the area of uncertainty despite showing the general 
direction very well. 

The likely main reasons for this large uncertainty are the short distance between the 
sensors and high level of the background noise. Together they result in quite a large 
(approximately 30°) uncertainty in the wave propagation direction and thus the sailing 
direction. A feasible way to reduce this kind of uncertainty is to increase the distance 
between the sensors. This has a natural limit as the quality of the spectrogram should 
not diminish even if the overlapping procedure described earlier is used. However, 
as no actual measurements were conducted, then this solution has not been checked. 

From Figure 12 another interesting phenomenon arises. There is a correlation 
between the estimates of the distance and the direction of the incoming wake. In cases 
when the calculated distance was shorter compared to the actual value, the evaluated 
sailing direction was shifted towards the north. When the calculated distance exceeded 
the actual distance, the direction was shifted towards the east compared to the actual 
direction. 

Figure 12. Differences between wake origin points found from the AIS data (the black rectangle 
in the center) and calculated wake origin points from pressure data plotted in cardinal directions  
(N: North, E: East, S: South, W: West). The measurement site is in the SW corner. Red line:  
the direction of the incoming wake. Green line: the course to port. From Paper III. 
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Vessel courses were calculated by applying the angle of cusp waves (35°16′) to the 
calculated directions of propagation of wake wave crests. This approach leads to two 
courses of the vessel. There is no way to determine which of them is correct based solely 
on the wake data. Therefore, the final estimate of the vessel course should be 
determined using additional information. One solution is to use the local sailing 
conditions (Engen and Johnsen, 1995). This approach was used in these estimates. 
The possible course (around 230°) was dismissed as it was directing ships directly to the 
land (Figure 11). These left values of the realistic courses which coincided with the 
orientation of the traffic separation corridor (159°). 

An approach to resolve this issue would be to use two sets of sensors, analogous to 
using two subsequent synthetic aperture radar images to determine the wave 
propagation direction (Ouchi et al., 1999). As the course calculation was a linear 
manipulation of the direction of the incoming wake, the same outcomes were inherited: 
calculated results matched well with actual courses of the vessels sailing to port (within 
±10° of 159°), but the uncertainty, was kept also in a range of 30°. 

To sum up, methods for determining the vessel location and its sailing parameters at 
the time instant when the wake was generated can produce results that are comparable 
to actual data. However, the biggest problem is the ambient noise, mostly due to wind 
waves. Its presence significantly increased the level of uncertainty of the estimates. 
Another big issue was the high traffic intensity in the study area. For this reason, only the 
cases when a single vessel was approaching the port were used. The presence of wakes 
from multiple vessels within the same time window (15 minutes) complicated the analysis 
process from the extraction of the wake structure from the spectrogram to finding the 
direction of the incoming wake. Lastly, these methods are only appropriate if the ship 
sails steadily along a fixed course. As shown by Pethiyagoda et al. (2017), violations of 
these assumptions can produce spectrogram images where several shapes of wake 
components are overlapping, and the proposed analysis becomes unreliable. 
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Conclusions 
Despite the absence of a well-established method for vessel traffic monitoring, there are 
a vast variety of tools and instruments available to gather, detect and analyze 
information about ship wakes from water elevation data, applicable to different 
environments. The main purpose of the work was to investigate whether it is feasible to 
use spectral images of wakes of passing vessels as a component of a vessel traffic 
monitoring system. The analysis addresses the first two major steps – vessel detection 
and localization – out of five stages of creating a Recognized Maritime Picture (NATO 
Standardization Agency, 2015). The third step, recognition, which characterizes the 
vessel and therefore is also heavily dependent on the data collected by the sensors, is 
not considered here. 

Ship detection provides information as to whether the trace of the ship is present in 
the input data (Papers I and II). This aspect was investigated in terms of choice of 
environment, signal quality and prospects for automation of the detection. Vessel 
localization means identification of its location and where it is heading (Papers I and III). 
This was addressed by calculating the speed of the detected ship and the distance from 
the measurement location to the point where the detected wake was generated from 
wake spectrograms. Further, the propagation direction of the incoming wake was 
estimated and incorporated to determine the location of a ship at a time moment when 
the wake was generated, and the course it was heading. 

The key findings of the analysis of options relating to the use of ship wake 
spectrograms for vessel detection and location are as follows: 
• Wind-wave noise can be reduced by using pressure sensors placed on the seabed

in a shallow area. The quality of the spectrogram can be improved by overlapping
results from multiple closely positioned devices (Paper II and Chapter 1.1)

• Ship wakes can be detected by evaluating water flow data from near the sensor
(Paper II and Chapter 1.2). They can be detected by single-step detection algorithms 
based on signal transformation (Paper I and Chapter 1.2)

• Vessel speed estimated based on the structure of a wake in the spectrogram
corresponds well with the actual speeds. Approximation using the asymptotic
properties of transverse components provides the best results in terms of accuracy
and the level of the uncertainty (Paper I and Chapter 2.1).

• Using several sensors positioned appropriately close together enables the
determination of the propagation direction of the incoming wake. This, along with
the distance to the location of wake generation derived from the wake structure
from the spectrogram, can be used to find the location where the wake was
generated (Paper III and Chapter 2.2).

• If the direction of the wake is known, the course of the ship can be estimated with
the addition of external information (Paper III and Chapter 2.2)

The general conclusion is that the developed method of spectral analysis of ship wakes 
as part of vessel traffic monitoring system has limited applicability if a single sensor is 
used. It provides a single snapshot of the location and the sailing parameters of the 
passing vessel. The outcome of the method is only reliable if the ship sails on a steady 
course and at a steady speed in subcritical regime but faster than ~15 knots.  
The method is trustworthy if only one ship wake is present at the same time. Lastly,  
all the information is retrieved with a delay that reflects the propagation time of the 
wake from the generation location to the measurement devices. The advantage of the 
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described approach is that the required equipment and its deployment are cost-effective 
requiring only pressure sensors that can be deployed in 2–3 m deep water from the land 
or by small boat. 

Some further considerations relate to the ship types, their sizes, and the maximum 
distance at which the wakes are detectable. These issues were not considered as all the 
measurements were taken at one location, near the Pikakari Beach facing the approach 
lane of the marine traffic separation scheme. Thus, all detected wakes were generated 
approximately 3.2 km away. All the ships in this study were ferries approximately equal 
in size. Further research and measurements could be designed and implemented to 
address these questions. Potential locations include areas near ports (like the Pikakari 
Beach) with more varied traffic (for example the Hel Peninsula in Poland), or areas that 
could test detectability of vessels sailing at larger distances from the measurement 
location (for example the Kõpu Peninsula on the island of Hiiumaa). 
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Abstract 
Surface vessel localization from wake measurements in the 
littoral zone  
There are numerous different vessel detection systems available, but they can be 
deceived or have limitations in certain situations. This thesis examines the possibility of 
using spectral representations of ship wakes to fill the knowledge gaps in this area. 
The main purpose was to test the feasibility of the idea that the spectral representation 
of vessel wakes that are recognized from far-field water surface elevation, water velocity 
or pressure data at one or at a few points, could be used to fill the knowledge gaps. 

The work focused on two steps: ship detection, to determine whether there are 
indications that a ship was present in the region in the input data, and ship localization, 
to determine the location of the vessel and its speed and course. The focus was on simple 
implementation and the possibility of automation. Two datasets were used: one 
measured in 2009 and the second measured in 2017. Both sets were collected at the 
same location, near Pikakari Beach, gathering information on ships approaching the port 
in Tallinn Bay, on the southern side of the Gulf of Finland in the Baltic Sea. 

From the results it was concluded that pressure sensors located on the seabed were 
able to filter out shorter wind waves. The attenuation of the ship wake data was reduced 
by overlapping spectrograms from several sensors. Wake detection was achieved by 
using specific algorithms for signal analysis and by monitoring the corresponding water 
movements. Both developed algorithms are capable of working without supervision after 
being set up. Vessel speed calculated from the spectrogram y using different parts of 
wake was in accord with actual speeds measured using an automatic identification 
system (AIS). The use of transverse components of the wake provided the most accurate 
results with the lowest level of uncertainty. The distance travelled by the wake and the 
vessel speed were derived from the divergent component of the wake signature. 
The direction of the incoming wake was calculated using an array of closely positioned 
sensors. These parameters gave a vessel location comparable to actual position at the 
time the wake was generated as measured by AIS. Combining some additional 
information made it possible to establish the ship’s course from the propagation 
direction of the incoming wake. 

From the results it was seen that this method provided a single snapshot of the vessel 
movement during the period when the ship passed the sensor. This information was 
received with significant time delay. Also, the signal analysis had some restrictions. 
Accurate determinations required that no more than one vessel wake was present in the 
record simultaneously; the vessel had to sail on steady course and at a steady speed in 
the subcritical range and at a speed greater than 15 knots. Ship identification 
(characteristics such as type, hull shape etc.) and the maximum distance between the 
ship and the measurement site were not considered in this work. It was concluded that 
this method provided limited information about the presence of the ships and their 
sailing parameters, but at this stage it is not a standalone system for vessel traffic 
monitoring and must be complemented by other methods. 
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Lühikokkuvõte 
Laevade asukoha ja liikumise parameetrite määramine 
laevalainete salvestustest 
Analüüsitakse võimalusi kasutada laeva käigulainete salvestuste spektraalset esitust 
laevaliikluse jälgimiseks. Peamiseks eesmärgiks oli katsetada, kas ühes punktis tehtud 
veepinna asendi muutumise salvestusest või vähestes lähestikku asuvates punktides 
madalmere põhja lähedale paigutatud rõhuandurite signaalidest tuletatud informatsiooni 
saab kasutada täiendava vahendina mööduvate aluste tuvastamiseks ja nende liikumise 
parameetrite hindamiseks. 

Käigulainete analüüs toimus kahe sammuna. Esimese sammuna (avastamine) tehti 
kindlaks, kas laev paiknes vaadeldavas alas. Teise sammuna (lokaliseerimine) määratleti 
laeva asukoht ja liikumisandmed. Vastava tehnoloogia loomisel seati eesmärgiks lihtsus 
ja võimalus seda kasutada automaatrežiimis. Kasutati kaht salvestatud andmestikku. Üks 
neist oli mõõdetud 2009. ja teine 2017. aastal. Mõlemad salvestati Pikakari ranna lähistel 
Paljassaare poolsaare rannavetes. Mõõtekoht on avatud Tallinna sadama poolde 
suunduvate laevade lainetele. 

On näidatud, et ranniku lähedal madalas vees merepõhjas paiknevate rõhuandurite 
signaalis on tuulelainetest tingitud müra suhteliselt nõrk. Ka laeva käigulainete signaal on 
osaliselt sumbunud võrreldes veepinna asendi muutumisega. Kuna käigulained on 
pikaharjalised, on neid võimalik eristada lähestikku paiknevates andurites registreeritud 
signaalide spektraalkujutiste kombineerimise teel. On näidatud, et käigulaineid on 
võimalik tuvastada automaatselt, kasutades nii signaalitöötluse algoritme kui ka hinnates 
lainete tekitatud vee liikumise kiirust. Kumbki meetod ei vaja spetsiaalset seadistamist 
enne andmete kogumist. 

Laeva kiirust hinnati kahel erineva meetodiga, kasutades käigulaine struktuuri eri 
osasid. Saadud hinnangud langesid hästi kokku laevade automaatpositsioneerimise 
infost (AIS) leitud väärtustega. Käigulainete ristkomponendi asümptoodi omaduste alusel 
arvutatud hinnangud olid täpsemad. Koha kaugus, kus lained olid tekitatud, leiti laeva 
kiiruse hinnangu ja käigulainete kaldkomponendi sageduse muutumise tempo kaudu. 
Käigulaine harjade orientatsioon ja sellele vastav lainete leviku suund arvutati lähestikku 
paiknevate sensorite salvestatud signaali ajanihke alusel. Selle suuna ja kauguse põhjal 
määratleti laeva asukoht käigulaine tekkimise hetkel. Nõnda leitud asukohad kattusid 
hästi AIS andmetega laeva tegeliku asukoha kohta. Laeva kurss ei ole kõnesolevatest 
andmetest üheselt leitav. Näidati, et kursi saab enamikel juhtudel leida käigulaine 
levimise suuna ja kohalike navigatsioonioluside võrdlemise alusel. 

Töö keskse tulemusena näidati, et kirjeldatud tehnoloogia võimaldab leida laeva 
positsiooni ja liikumisandmed (kiirus ja kurss) hetkel, mil laev tekitas salvestatud 
käigulaine esimese osa, teisisõnu, vaid ühel ajamomendil. Meetodi kasutamist 
piirab asjaolu, et käigulaine jõuab mõõtepunkti arvestatava viiteajaga; enamasti 
mõnikümmend minutit. Signaalitöötlust saab automatiseerida vaid siis, kui analüüsiks 
kasutatavas ajaaknas on vaid ühe laeva signaal. Meetod annab adekvaatse tulemuse, kui 
laev liigub fikseeritud kursil kindla kiirusega vähemalt 15 sõlme. Laeva identifitseerimist 
(kere kuju, otstarve jne) ja maksimaalset kaugust mõõtepunktist käesolevas töös ei 
vaadatud. 

Tulemustest selgub, et käigulainete analüüs võimaldab saada ajas ja ruumis võrdlemisi 
piiratud informatsiooni laeva asukoha ja liikumise kohta. Seetõttu sobib kirjeldatud 
meetod täienduseks teistele laevaliikluse jälgimise süsteemidele. 
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�����������������������?7
�������7�K<�E
��������8�7
��
�����������L=	����7���:���������8�����7��
��������:�N�?	�����������<�B�����<����C�������������<����;���<�A��K�����
��8�����8���������7��
��������������?
�������8��������8K<�E
��:���������������8���������@����8��L�8�����������?�A�BK<



����� ���	
������
������������
�
�

��������������� ���!"�"��#$%�&'"#(���)���"�*�+�,-%�././

0�1����2��3��3
�	���
�4����	3�
���
�����	�5	
62
�4
	��7���
���3��	8��9���4��	3	���7���	9���:�3�
�;�2�3
������	7����	3�3��������<;<����	21	
62
����2��3��34��3���1=����3	��312�3�������9�	
�>?@AB�CA@DDBE�FGB�H@IJK�>LMIJDN�@OEP�QO@DDLP�@O�ROSBK>B�>GJKFTFRMB�;�2�3
������	7���U�V=�4��13�3�W�����=	3	�5	9���:�3�
�;�2�3
������	7���8�����	=��9
	3	�X3���X	�5�7��9
�3�Y
�	
�����	7���8�ZRFG�@�>B[\BOAB�J]�AJM?DB̂�AJB]QARBOF>�JSBK�@�FRMBT]KB[\BOAL�����34
���9
=�9
������������	3W�������3�	�����=_
�:	=��9
	3_
��5�
4��	��24�
�8�7����5;
349�3�W
������̀�X�a�����b8U�c�����
��FJ�?KBSBOF�E@F@�DJ>>P�FGB�>B[\BOAB�J]�AJB]QARBOF>�R>�AGJ>BO�>J�RF��3�3�3_
	��9
��377
�
�4
�1
�X

���9
���3W3���������
4��	��24�
��	3W���	��9�X
Y
����377
�
�4
	��9����
��3��4����
Y
����1d
4�	�3���9
�>ReO@D�CfgKhBK�@OE�i@F\>R@jP�klmnNo;����9
�����=	3	���<;<�X3�9���0�2		3���X3���X�72�4�3����7�p�q���������3��	������Y
������7����p��������3��	�����3������49���
�	�X�	�2	
�U�;���	=��9
	3	�����3�Y
�	
��<;<�X�	�2	
�U�r��42���3��	�X
�
�2��
���a
��X3�9�������1�s��
Y
���
��1=��t��
�W������<���u	��3��@OE�v@D@w>�CklmkNo�xGB�KB>\DF>�ZBKB�QDFBKBE�FJ�@DDJZ�JOB�Z@jB�RO����:�3�2�
�3��
�Y���3�����
������
�24
��2��3��
��
�
4�3��	��7��9
�	��
�X�a
U�y�49�X�a
���	�
������Y
��W
���z�{��3�2�
	U<9
��<;<�X�	�3���
�
��
������9
��
�
4�
��
Y
��	U�<9
�	93��X�a
	�X
�
�
s���4�
��7�����9
�1�4aW��2�����3	
�����	
�����
��ROFJ�ER]]BKBOF�BDBMBOF>�\>ROe�FGB�AD@>>RQA@FRJO�?KJ?J>BE�ROP�@OE�
s�
�3�
��������4
�2�
�3�����24
��3��<��	Y3a�|}�~���5���{8U�;���QDFBKROeP�FGB�RORFR@D�>ReO@D�Z@>�QK>F�EBTMB@OBEo��JZT]KB[\BOAL�Z@FBKTDBSBD�h\AF\@FRJO>�ZBKB�KBMJSBE�IL�MB@O>�J]�>\IFK@AFRJO�J]��9
��:�3�2�
��2��3�W��Y
��W
�7�����9
��3�
�	
�3
	U�<93	����4
�2�
���=�
�3�3���
���
42�	���	��3���	�7�����9
�����=	3	��9�X
Y
����9
=���
�������X�=	���
	
���3��	93��X�a
	�3��<���3���V�=������9
3������3�2�
�3	�2	2���=�Y
�=�	�����3��	249�
�Y3����
��	�5����
�
������8U�;����9
�����=	3	����q����������3�������3�W�X3���X�X�	�2	
�U�<9
��Y
������7�	21	
62
���X3���X	�X�	�����	�X3�9����U{�	�	�
�U�<9
����W
��7��
	��Y
��7�
62
�43
	�X�	�7�����U��{�����U���_U�@jB>�ZBKB�B̂FK@AFBE�]KJM�FGB�I@AjeKJ\OE�IL�REBOFRQA@FRJO��7��
�a	�3���9
�	3W����5;3W2�
��48U�;�����9
�W��2���7��
4�W�3_
���
�a	���9
�4�����
��	��7��9
�X�a
�X
�
��
4��	��24�
������2	
��3���9
��
�
4�3����7�X�a
	�5;3W2�
��18U�r2	��X�Y
	���
��7�
���9
�GReGB>F�@OE�@KKRSB�QK>Fo�xGB�FK@O>SBK>B�AJM?JOBOF�R>�KB?KB>BOFBE�1=��9
��
���=�9��3_������	
62
�4
��7��
�a	�7�����9
�42	��X�Y
��
�aU�<9
��3Y
�W
���4�����
���9�	���Y��3�1�
�7�
62
�4=�����3	��
��
	
��
��1=��9
�3�4�3�
��	
���7��
�a	�3��;3W2�
��1U<9
�4��42���3����7�	�

���
�3
������9
�7�
62
�4=����7�42	��X�Y
	U�<9�

��
�9��	�X
�
�2	
�U��
�9��	���������2	
���9
�7����X3�W��
���3��	93��1
�X

���9
�7�
62
�4=��7�42	��X�Y
	�����	�3�3�W�	�

����3���

��X��
��5<��	Y3a�|}�~�U�����{8�� ����� ��� U� 5�8<9
�42	��X�Y
�7�
62
�4=�X�	��
�3Y
��
3�9
��7�����9
�7�
62
�4=�7�����9
�93W9
	��
�
�W=��
�a�3���9
��
��3�W�X�Y
	�5�3�
�a2��Y���������3������b8�5�
�9����8����2	3�W��9
���X
	��7�
62
�4=��7��9
��3Y
�W
���4�����
�������9
�1
W3��3�W��7�3�	�	3W����5�
�9���kNo�iBFGJE�n�@??DRBE�@�DROB@K�QF�FJ�FGB�B̂FK@AFBE�FK@O>SBK>B�AJM?JOBOF�J]�FGB�>GR?�Z@jB�FJ�QOE�]KB[\BOAL��U�<9
�	93��	�	�

��X�	�4��42���
��2	3�W��9
������s3���
���
���3���5<��	Y3a�|}�~�������{8� ���������� ��� U� 5b8

<9
�4��	
	���3	���4
���1
�X

���9
�Y
		
�������9
��
�	2�
�
���	3�
�X�	�
	�3���
��1=�2	3�W��9
�	93��	�	�

���������9
��3�
��377
�
�4
����1
�X

��7�
62
�43
	��7��9
�42	��X�Y
���3���5�8��������3�
	��9
�93W9
��Y��2
�����9
��3Y
�W
���5493��8�4�����
���5<��	Y3a�|}�~��P�klm�No�xGB�DB@>FT>[\@KB>�QF�Z@>�\>BE�]JK�FGB�493���5�3Y
�W
��8��3�
�����������9
�	9���
	���3	���4
�������9
��
�	2�
�
���	3�
�7�����9
�	93��3�W��3�
�X�	�4��42���
���	� �� � ��  U� 5p8¡¢£¤¥¦£c����������q��	��24�2�
	��9����
	
�1�
��	93��X�a
	�X
�
�REBOFRQBE�RO�FGB�>?BAFKJeK@M>o�xGB�EBFBAFRJO�@DeJKRFGM�?KJSREBE�k§§�RO>F@OAB>�J]�?J>>RIDB�Z@jB>P�J]�ZGRAG�m̈©�ZBKB�AJOQKMBE�FJ�1
�	93��X�a
	����b�X
�
�7��	
���	3�3Y
�4�	
	�5�9���3	���9
�	3W����X�	�������X�a
8��������X�a
	�X
�
��3		
��1=��9
���W��3�9�U�ª����W
��2�1
���7��9
�7��	
���	3�3Y
	�X
�
��2
�����9
�	9�����3�
�ZROEJZ�C̈�MRON�ZGRAG�Z@>�\>BE�FJ�QDFBK�FGB�KB>\DF>o�f\B�FJ�FGB�GReG�FK@]QA�ROFBO>RFL�OB@K�FGB�?JKFP�FGB�>\I>B[\BOF�Z@jB>�@KKRSBE�	9����=��7�
��
�49���9
��X3�93����	9���
���3�
��9����9
��=�34����2���3����7���X�a
�5�������{��3�2�
	8U���3����9
�	9�����3�
�X3���X�]JK�QDFBKROe�FGB�KB>\DF>�Z@>�@�FK@EBTJ]]�IBFZBBO�FGB�EBFBAFRJO�K@FB������9
��2�1
���7�7��	
���	3�3Y
	U�ª���9
���
�	���7����9
��3		
��4����4�	�X�	���49��W3�W�	3W�������1�4aW��2���	�
4��2����3	
����3���2
�����9
���
	
�4
��7�X3���X�Y
	��X9349���	a
��	��
���X�
�
�W=�	93��X�a
	U�«�a
	��
�
4�
��1=��9
���W��3�9��X
�
����49
��X3�9�4���
	����3�W�Y
		
�	�1=�2	3�W��9
��3�
��	�

�������9
�4�2�	
��1��3�
��7�����9
�ªc������U�<9
��������2�1
���7����49
��4�	
	�X�	��b�5�2���7���p�X�a
	�	

��Y3	2���=������
�
4�
��1=����
�8U�;����9
��
7
�
�4
��ªc��3�7�����3������Y3�
���{��
Y
��	�7����9
�W3Y
���3�
��
�3�������	�2�=���
��5�9
�W�

��1�s�3��;3W2�
�b8U�c����	���7��9
����49
��
Y
��	�	93�	�X
�
�	�3�3�W������	�

���7��{�a���	�����93W9
�������92	�����243�W���4�
���X�a
U�ª����W
�������7��9
��377
�
�4
�1
�X

���1	
�Y
��X�a
	������4�2�����		3�W�Y
		
�	�	�
�	�7�����9
�����342������4��3����7��9
��
�	2�
�
���	3�
U�<9
�	3�
�X�	�	9
��
�
��7����9
�X�a
	�7����Y
		
�	��
����3�W�7���������7�<���3���1=�¬����33���d
��=�53��;3W2�
�b�����9
�	�2�9:
�	���7��9
�	3�
8U��
4����=���9
�ªc�������9������3�
��
	��2�3����7���9U�r��	
62
���=��Y
		
�	��9������Y
��
�����93W9
��>?BBE>�Cnl�jOJF>�@OE�MJKBN�ZBKB�@IDB�FJ�?@>>�FGB�FK@]QA�>B?@K@FRJO�	49
�
�X3�9�2����	3�W�
�ªc��4����4�U�<93���=��ªc��4�Y
�
��Y
		
�	�X3�9�c���2�1
�	����=��X9349��3�3�
���9
��2�1
���7��377
�
���>GR?>�\OEBK�JI>BKS@FRJO�>ReORQA@OFDLoª��
�	���1�
�
	�3���
��7��9
�	93��	�	�

��X�	�4��42���
��3������4�	
	��2���7���p�X�a
	��
�
4�
��1=��9
����
�U�;�����93	�	
���{��4�	
	�9���ªc���
7
�
�4
	U�<9
	
�Y
		
�	�X
�
��3Y3�
��3�����9�

�W��2�	��44���3�W�����9
�ªc��3�7�����3����1�2���9
3��	�3�3�W�	�

�U�0��2����X�	�Y
		
�	�X3�9�	�

���7��{z���a���	��W��2����Y
		
�	�	�3�3�W�����bz���a���	������W��2��b�7�	�
��Y
		
�	��9���	�3�
��@F�nl®n§�jOJF>�C̄JFB�FG@F�m�jOJF�°�mo±�k�jM²G�³�³�lo�m�M²>No�iBFGJE>�]JK�QOEROe�FGB�>?BBE�@OE�ER>F@OAB�ZBKB�BS@D\@FBE�IL�FGB��2�1
���7��9
�4�	
	�X9
���9
�4���
	����3�W�4�����
���542	��X�Y
���3�����3Y
�W
����������	Y
�	
�1���498�X�	���
	
��
������
s���4�
��7�����9
�	�
4���W���U��
�9�����X�	�����34�1�
����pq�
Y
��	�5́µ¶�U{�8���
�9��������p��5́µ¶�U�q8������
�9���b����pp�4�	
	�5́µ¶�Ub�8��2���7�{�����49
����3�	U�<9
�4�����3	���X3�9��9
��
7
�
�4
�ªc�������3	�	9�X��3��;3W2�
�pU��
�9��������Y3�
��	�3W9��=����W
��
	�3���
	��7�	�

��7���Y
		
�	�3��W��2�	���5�{�������a���	8�������5�b�������a���	8��9����
�9��	�������bU�<9
��2��3
�	�



� ����������	
�������������
��	������������������������ ����

���� !"��#�$�!%&!"�'(%(!�)*+�,-().!"�/%%�(�0�1�23+�4545

��������������������������������������������
����6�����������
������������������7������������8����9�������6�����������8�������������������:�6���;�<����������������=�������=>?=@������A��
�A���A����
��
B��������C������������6��9��
�����
�D��������6C����EF�����������;�G
��9������������������
������������������6��
���������H��8���9��;�G
��������������6�������������C���
��
�������������98���9��
�8����
��
���������
����
�����
�����������;�IJ�K�LMNJOPQONLOR�STO�UVONSUWLKSUMN�MX�STO�OYKLS�ZMLKSUMN�MX��
�������98�����7�����������6�������;�G
������������������������������������
������6�����������������������������6��
���A����9
�����6��������[\	����]D������̂_;[������C�������6�������
��6���6�6������������6��
��6�����6�������������
��������������]D������̀_�9��������������̀��������������̀@����8�������6��
�������;�G
������������9�������C�������C��
������������������
����8������;�G
��aOXOaONLO�VUJSKNLOJ�bOaO�cKJOV�MN�STO�ZMLKZ�SaKXWL�JOdKaKSUMN���
�6��]D������=_;�G
�����������8�������9��������:�6�����>;���6�]�������6�������6�e��@̀��6_�����
���9���
�������
����8������;�G
������8���8����������������9�������������
���6���������6��
����]>;�̀��6A�>;�f��6����>;����6�����6��
�����A������=A���������8���_;�g8����
���
����������6�����8����������6�������=�]������h=>������_��������������������������������������8����������8���������6�������A�����6��������
�������������7��������
���
���6�����������������
���8������;ijklmkkjnoG
���6�����
���������
�9������:�������
�������C����������
�����������6����
��7�������8�������������������6���6���������6�;�G
��9�������������9�������C����������������
6�daMdMJOV�cp�qrasOa�KNV�tKSQJUKu�vwxyz{|�}TUJ�bKJ�LM~cUNOV�bUST�6��
������8�������C��G���8����������vwxy�{�XMa�STO�UVONSUWLKSUMN������������
�����������;�G
����������9������6�����9��
��
������6���������8������6�[\	���;G
��������
6������������������������
���������������vqrasOa�KNV�tKSQJUKuR�wxyz{�bKJ�KcZO�SM�VOSOLS�K�~K�MaUSp�MX��
���
���9��������8������������������̀������������������
��6�����6�����������������
�����6;������9����6������6��������������
����9��
�������B��B����������;�G
��6��
���������������������������������9�����
�����8������
������������������������������������9��;�G
��6��
�������8�����C��G���8����������]�>�̀_���������������������6��������8�����������������������9
��
�9������6��C���9��
��
�������8����;�G
��6��
������������������C��6������9�������������C��
��
�������]�=>������_�8�������9
��
���������
8�������������������
C�����8��������������8�������6�������;�G
�����
����9�����������������������
���������������������6��������6��
������
BC����D��������6C��;�G
���������������������
���
����8����6���������
���9����������������������������6�C��������
����6��
����������������JTUd�SaKXWL�KNV�ON�UaMN~ONSKZ�~KNK�O~ONS�UJ�KLTUO�KcZO|��9�8��A��
������6�����8�������C��6���
����������C��LMNJUVOaOV|��UaJSZpR�bTON�bUNV�bK�OJ�bOaO�JU�NUWLKNSR�STO�����������9�������9�������C��;�	�������A��������������������6���A���������������������������������
������]��������������A��>>�_A�
8�����
��6�����6������8�����������C�8���
��bKSOa�ZO�OZ�~Kp�cO�daMcZO~KSUL|�}TUaVZpR�STO�~OSTMV�TKV�VUXWLQZSp������������9�������������]�=>������_�8������A���8�����������
��
��
B��������C������������6��������
�D��������6C��������������;�D���
�����8����6����������������������6���8�6���������
�����������6����
��7��������8����������������
��
�D��������6C���]���
�����A������A�����������A��>�f_A�������������98��6�����6������8�����]����������A�G�
��A����H����6A��>��_;
lnol�mkjnokG
����������
��������9�����������
��6��
������������6�������
�����������������������8����������6����B���������������������
����9���A���8�������C��G���8����������]�>�̀_A���������������������8������������������������������6�������
���������;�G
���6�9����������6����9
��
����
����6��
����������C����������6����B��������8������9����������������������������6�;�G
��6�����6�����9���������9��
�����������������9�B����������
��������;�G
��9��������
��9�������8��������9�����������������
��KZ�MaUST~�MX�qrasOa�KNV�tKSQJUKu�vwxyz{|�I��TMaS�}U~O��MQaUOa�G������6�9�����������:������
��9����������������������������������6�������;�G
��8���������������
���6���6�6������������6��
��6�����6������8����9��������������������
��6��
�������G���8����������]�>�̀_;�G
����������9������6�����9��
�[\	���;

D������̂;�<�����������
������6���������������������������
��[\	����]
���������:��_A�6��
�����]�����98�������A�C�����
�6C�_A�6��
�����]�
������6������������
����8���������6������A��������������_����6��
���=�]����6�������6��
������8�������6������A���������������_;

D������̀;����������8���������
��6���6�6���������]C��������
����6��
���_����8����������6��
��6�����6��������;������������������
�9��
��ZMLKSUMN�MX�STO�SaKXWL�ZKNOJ�KNV�KaaMbJ�UZZQJSaKSO�STO�JKUZUN��VUaOLSUMN|�}TO������������������������������������>;@�����;���6����6��
���������������������������;������;f��6����6��
������;�G
��
���������C�������6C����������������
��8�������������������������]���
���������������������
������A�����������������������_;



����� ����	
�����	�����������	�	�

������������������� !�!��"#$�%&!"'���(���!�)�*�+,$�-.-.

/0	��1��2�3��4�56	��5	�	��	�	7�	��83��0	��9��2�0�:����	�	;	����5	�	��2��	���<	�����0	���5��29��������2�	���2������56	��5	�	�7���	�3�4����52�9�	70���0	�:�/0	��
		������2���7	��8�2�	��4�����0	�56	��
	7���9����0����	���8�	���70�52�0�=>����:�/0	���9	����2���70��77<��	��4���;	��	����0���2�	����?@A�6��������	
�0�B��<�	��<�8	���7���	�������50	�	��0	�56	���2������0;	��0	�7���27�C	�;2��56	����<7�<�	:�/0	��	�<�����<99	����0����<����27��02
�56	��	�	7�2��������3�2���3��	��8�	������
	7���9�����	70�2D<	�2��702	;8�	�4����0	��1��2�3��4��02
���2��2���0	���9	��4�<
����E�6��4�����0	��	�<�	�	����2�	�<��	���	��2;	�3�7���7���2�2���:FGHIJKLMNOMPMIQR/02���	�	�70�5��7�S�<

���	��83��0	�T����2��U2�2���3��4�T�<7�2�������	�	�70�VT����2���	�	�70�W�<�72���2���2�<�2�����<

����>X/@@S@Y���0	�T<��
	���	92����Z	;	��
�	���B<���
��9���U�82�2��[�U\]//̂���_���A�ES�A�A:E:A�:��SAA�E������0	�TT=�
��1	7��̀���<�2�������7<��	������4<�<�	�
��8�	��������<������7�����<7�	���0��	�2�	���	��	���]��27��	�VTU�EaAY:LbQMcFQdcM�GbQMNW������:�������	����C:T:���AA�:�efghgijk�lgmnfgoi�pm�qrshhsmt�uvnswsnx�sm�nrj�yzfo{gfg|tr�qg|mki}�u�~jwsj���mkjf�i}����g��nrj�~jig|fvj�yzmztj�jmn}��	
��������0	�U��8���<90�Z2���27��W�<�72���_	5��	���:�\
<��>��	���2����W���<���������:��=<76����X�2�	�;27	��������@
:Z2�	�6<��;��>:�������2���=:���A�@:�=��3
27��5;	�56	�4����0290S�
		��;	��	����>���9��<
����<7�<�	�����<�S<
:��gmosmjzf�efgvjiiji�sm��jghrxisvi���AV�Y���̂�S�aa:�������������������������������� ��¡��¢��£��¤����¤¥¦�¢������<�2���	§�<�	�:�̈©nr�ªmnjfmznsgmzo�lgm�jfjmvj�gm�qz�hosmt�«rjgfx�zmk�uhhosvznsgmi��V]�	�	���¬	���3Y��

:�EAaSE��:T����2��U�2�2�	�=��2�2����2�����A�̂:��|ns�jfs:�=;2�8�	����0��
��92�:;�:		�<�2�	�2�V=77	��	����E��	
�	�8	���A��Y:B�9��U:W:®�̄�9���:̄:������0<9���>:°:���A��:�C	�;2���02
�56	�����±��²����²�³���́�µ������¤���±��́�����������¶�±��·g|fmzo�g��yjvrzmsvi���̂V�Y��̂�Ŝ :̂
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������������ �!�"��#$%&����'������������()*���'��++�$#�,&'��-���.+/��&�+&'#�&�,�,���+0��,��1&2��3����'�4#��#�+����(5*�#��0�&6#�3+�7�6&��&+&��$/��,���,#�&�7/&��'#�&$,#���-�7�6&�+&�+��+�7&�&���,�2&,��6�#-�8-&��+&&��-+���&9�9��:&�����'�:�-�2�0-&��������1&$,#���(9;*9��2�$��8#�#���,/&+&�,7���&,/�'+��7&�+/�7�,/�,�#,�#+�0�++#8-&�,��'&,&��#�&�,/&�6&++&-�0�+#,#���7#,/�#,+�+0&&'���'����&+,#��,&��<�#,+�+�#-#���$�3�+&��,�,/&����&�,�#��,#�&�7/&��,/&�7�%&�7�+��&�&��,&'9�=/&�+,�3$,3�&��<�,/&�0�0&��#+��+�<�--�7+9�=/&�0�0&��#+�'#6#'&'�#�,��>�+&$,#��+9�1&$,#���?�0��6#'&+�,/&���,/&��,#$�-�8�$%���3�'�,��,/&�0��0.&�,#&+��<�6&++&-�7�6&+�#��,/&�@&-6#��7�%&���'��&��&,�2��&&'&'�<���,/&�$3��&�,�7��%9�A-+���#,�'&+$�#8&+�,/&��&�+3�&�&�,�+#,&��+&�+��+��'�,��+&,+���'��&,/�'+�3+&'�#��,/&����-2+#+�0��$&++9�1&$,#���B��#6&+�����6&�6#&7��<�,/&��&+3-,+�82�$��0��#����3��$�-$3-�,&'�6&++&-�-�$�,#��+��+�#-#���+0&&'+���'�$�3�+&+�7#,/�,/&�6�-3&+�'&�#6&'�<����AC1�'�,�9�=/&�-#�#,�,#��+��$/�--&��&+���'���&�+��<�,/&�0�,&�,#�-�3+&��<�,/&�0��0�+&'�,&$/�#D3&+���&�'#+$3++&'�#��1&$,#���;9�1&$,#���>�+3����#E&+�,/&���#���&+3-,+9�FGHIJKLMLNLOP�QRM�ISTIUVWIRJQN�XIJYT�Z[\[]̂_̀ab�cdê�A���6#���6&++&-�#�&6#,�8-2�-&�6&+�8&/#�'���+2+,&���<�+3�<�$&�7�6&+9�A�'#+0-�$&�&�,�6&++&-�2#&-'+���'#+,#�$,#6&�0�,,&����<�+3�<�$&�7�6&+��%��7���+�,/&�@&-6#��7�%&9�C,+�0��0&�,#&+���&�'&+$�#8&'�#��'&,�#-�#�����2��6&�6#&7+��1��&�+&�����(B!�f&/�3+&�����(B!�g&7�������((!�1���&�&��?))(!�h����&,��-9��?)��*9�=/&�'&+$�#0,#���#��,/#+�+&$,#���<�--�7+�,/&+&�+�3�$&+9�C<�,/&�+/#0�+�#-+�+,&�'#-2��,/&�0�,,&����<��&�&��,&'�7�6&+�#+�+,�.,#����2�#��,/&�$���'#��,&�+2+,&���,,�$/&'�,��,/&�+/#09�=/&��&��&,�2��<�,/#+�0�,,&���$���8&�&+,�8-#+/&'�0��6#'&'�,/&�'#+0&�+#����&-�,#����<�,/&��&-&6��,�7�6&�$-�++�#+�%��7�9�C,�#+�+3<i$#&�,�,���&$���#E&�,/�,��#*�,/&�$��+,��,�0/�+&�$3�6&+���-+��,/&�7�6&�$�&+,+���'�,��3�/+*���&��-7�2+�0&�0&�'#$3-���,��,/&�7�6&�6&$,������'�,/�,��##*�,/&�-�$�-�0/�+&�6&-�$#,2��$&-&�#,2*�jk��<�+,�,#����2�7�6&+�#+�&D3�-�,��,/&�0��l&$,#����<�,/&�6&-�$#,2��<�,/&�+/#0���,��,/&�'#�&$,#����<�,/&�7�6&�6&$,����m#/���'�n/3����5������5�8����5�8*9�=/&�&<��&����7�6&�$��0��&�,�,/�,�,��6&-+�+,&�'#-2��,�������-&�o�7#,/��&+0&$,�,��,/&�+�#-#���-#�&�/�+�,/&�0/�+&�6&-�$#,2�pqrstruvwxo �?*��7/&�&�srsyez#+�,/&�'#+0&�+#����&-�,#���<���,/&�0��'3$&'�7�6&+9�C<�,/&�+/#0�+�#-+�<����{�,��|��h#�9��*��,��6&--#���,/&�'#+,��$&�}~��#��,#�&�7/&�&�~�r����)��,/&�+,&�'2�7�6&+���-2�i--���$&�,�#��$#�$-&��<���&���0-&��$#�$-&���*����$#�$-&��?*�#��h#�9��*�'3�#����9�=/&���'#3+��<�,/#+�$#�$-&�#+���

<3�$,#����<�,/&�,#�&���'�,/&���,#���<�,/&�0/�+&�+0&&'���'����30�+0&&'�j�r�s��e9�C<�,/&����30�+0&&'�#+�+��--&��,/���,/&�0/�+&�+0&&'��7/#$/�#+�,/&�,20#$�-�$�+&�<���7�,&��7�6&+*��,/&�&�&��2��&-&�+&'��,�{�$�6&�+�,/&�'#+,��$&�j�~��jk~����'��&�$/&+��&9�9��#��,/&�+�#-#���'#�&$,#�����-2�3�,#-���$&�,�#��0�#�,����8&,7&&������'��9�=/&��&�&��,&'�7�6&+�,/3+�i--�$#�$-&��?*�7#,/���'#��&,&����j�j��k� ��'�$&�,�&'��,���r���?��j�j��k 9����+&D3&�,-2��+,&�'2�+/#0�7�6&+���-2�$���&�#+,�7#,/#����,�#���3-�����&���$�--&'�,/&�@&-6#��7&'�&*�,/�,�$��,�#�+��--�$#�$-&+��?*����'�,/�,�#+�-#�#,&'�82�,/&#��$������,���&�,+���#���,/��3�/�|9�=/&��&-&6��,�/�-<.����-&��<�,/&��0&�����<�,/&�7&'�&�#+�'&i�&'�<����,/&�03�&-2��&��&,.�#$�-�$��'#,#���vwx�r ����p�p��q�������p�p��q r ��p�p��q �� �B*�A�6&++&-���6#���#����'&&0�7�,&���&�#�&��7/&�&�sr ������e� ��0��'3$&+�,/&�@&-6#��7&'�&�7#,/�#,+�/�-<.���-&�8&#���d�j�aby��Bz����?5���#�'&.0&�'&�,��<�,/&�6&++&-�+0&&'9�=���+6&�+&�7�6&+�,��6&-��-����,/&�6&++&-�+�#-#���-#�&��h#�9�?*����'�'#6&��&�,�7�6&+���6&��7�2�<����#,��h#�9�?*9�=/&�,7��7�6&�+2+,&�+�#�,&��$,����,/&�8��'&�+��<�,/&�@&-6#��7&'�&�'3&�,��7/#$/�,/&�$3+0�7�6&+���&��&�&��,&'��h#�9�?*9�=/&���0-#,3'&��<�$3+0�7�6&+��7/#$/���,�8-2�&�$&&'+�,/&���0-#,3'&+��<�,���+6&�+&���'�'#6&�.�&�,�7�6&+��'&$�2+�+-�7-2���+�����B*�7#,/�,/&�'#+,��$&���<����,/&�6&++&-��@3E�&,+�6�&,��-9��?))?*9�=/&�$3+0�7�6&+�0��0���,&��,�������-&��<�d�jj��y�?�Bz�B>�� ��<����,/&�+�#-#���-#�&��7/#-&�,���+6&�+&�$��0�.�&�,+�,��6&-��,�+��--&�����-&+���&�$/#���)� �,�,/&�+�#-#���-#�&9�=/&�'#6&��&�,�$��0��&�,+���6&��,�/#�/&�����-&+�,/���$3+0�7�6&+9�=/&�0��0&�,#&+��<�,/#+�7�6&�+2+,&��<�����6&++&-�+�#-#���#��7�,&�+��<�i�#,&�'&0,/���&���6&��&'�82�,/&��&�&��-�'#+0&�+#����&-�,#����<�7�,&��7�6&+�sr �����������������������e��x�e�� ,/�,��''#,#���--2�'&0&�'+����,/&�7�,&��'&0,/��9�h���,/#+�+#,3�,#����p�rpq ���t¡vwx����t¡¢ �;*����'�£D9��B*�/�+���+��&7/�,����&�$��0-#$�,&'�<���¤�vwx�r���t¡vwx����t¡¥��t¡vwx����t¡¦§̈¦v��r©���t¡vwx����t¡ª¥��t¡vwx����t¡«� �>*�=/&�0��0&�,#&+��<�+,&�'2�7�6&+�-�$�,&'��,�,/&�8��'&���<�,/&�@&-6#��7&'�&����$#�$-&��?*�$���8&�&�+#-2�<�3�'�<����£D9���*���'�,/&�'#+0&�+#����&-�,#���<���'#6&��&�,�7�6&+�<���,/#+�$�+&9�=/&�,�#���-&����¬��#+��86#.�3+-2��#�/,.���-&'���'�,/&����-&����¬��#+��?��9�=/&�,�#���-&��¬����#+�&D3#-�,&��-!�,/&�&<��&�,/&����-&�¬�����#+�or®�y�?��z̄�?r�;�

°VOG�±G1$/&�&��<�,/&�-�$�,#����<�7�6&�&�&��2�#��+/#0�7�6&+9��#�$-&��B*�#�.'#$�,&+�,/&���&��i--&'�82�7�6&+�$�&�,&'�82���0�''-&�-�$�,&'��,���'3�#���~²9� °VOG�FGA��&���0-&��<�,/&�@&-6#��7�%&��&�&��,&'�82�+3�<�$&�6&++&-���,#��9�=/&�/�-<.���-&��<�,/&�@&-6#��7�%&�#+����?5³��'�,/&�,��6&--#������-&��<�,/&�$3+0�7�6&+�#+�B>�� ³,��,/&�+�#-#���-#�&9�=/&�+/#0�#+���6#���,��,/&��#�/,9��g&7�������((!�=��+6#%�&,��-9��?)�>*9�

´[�¬µd��̂¶�̂��d_[���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
���

�������

�

�������������� �!"��#$%�&'()�'*��+(,��)�'�()�-��(�.'/0�123456278 929:9;<927=>56<?927 #@%�!"��#@%�A)��.,'�B�C'�D+�&'��E��.�.,'�&)�/'��)A�.,'�F'�C�D�B'/G'�(�D�&'��D.'�-�'.'/��*�.,'�A)��)B�DG�.��D*('D/'D.���'"+�.�)D�A)��B�.,��'*-'(.�.)�EH�#�)�'D*'D �$IJK%0�12345627927 L;<927=>56<?927M8N :OOOOOOO17P Q9 #J%�!"��#J%��*�R+*.��D).,'��B���)A�*���DG�.,�.�.,'�&�*�(�G')�'.��(�-�)-S'�.�'*�)A�.,'�F'�C�D�B�C'�*�*.'��/'-'D/�)D�.,'�/'-.,�T�)+/'�D+�&'�0�U78 :OOOOOOO17P #V%��B,'�'�W��*�.,'�*-''/�)A�.,'�C'**'���D/�X��*�.,'��(('�'��.�)D�/+'�.)�G��C�.���T)��*,�-*�*����DG��.�*+&(��.�(���*-''/* �YHZ$�#.,�*��*�.,'�(�*'�A)���)*.�*,�-*% �!"��#@%�,�*����'���*)�+.�)D��D/�.,'�F'�C�D�B�['�()D*�*.*�)A�.B)�*�*.'�*�)A�B�C'*��\,'�/'C��.�)D�)A�.,'�-�)-'�.�'*�)A�.,'�F'�C�D�B�C'�A�)��.,'�*�.+�.�)D��D�/''-�B�.'��#B,'D�YH]$%�(�D�.,+*�&'�(,���(.'��*'/�+*�DG�.,'�C����.�)D*�)A�.,'��DG�'*����D/�̂�#T�G��K%��T)���'��.�C'���A�*.�C'**'�*��D�*,���)B�B�.'�*�#_̀@ZYHZ$%�.,'�B�['��*��AA'(.'/�&��.,'�B�.'��/'-.,�H��D/�.,'�)C'������--'���D('�)A�.,'�F'�C�D�B'/G'�/'-'D/*�)D�.,'�-��.�(+����C��+'�)A�YH��\,'�(,�DG'*�.)�.,'�,��AS�DG�'�)A�.,'�F'�C�D�B'/G'��D/�.,'��DG�'�)A�(+*-�B�C'�-�)-�G�.�)D�̂���'��'��.�C'����)/'*.�#�'**�.,�D�_�_ab%�+D.���YH��'�(,'*���C��+'�)A��&)+.�_�@��T)�����G'��C��+'*�)A�YH �.,'��-'c��DG�'�)A�.,'�F'�C�D�B'/G'�*.��.*�.)��D(�'�*'��D/�̂�.)�/'(�'�*'��\,'�/'C��.�)D�)A�̂�A�)���.*�/''-SB�.'��C��+'��'�(,'*�$b�.�YH 8_̀J@J��\,'�B�C'�G'D'��S.�)D�-�)('**�A)��.��D*(��.�(���*-''/*�YHd$��*�*.�)DG���D)D��D'����D/�(�DD).�&'�/'*(��&'/��D�.'��*�)A�.,'�(��**�(�/'-.,�T�)+/'�D+�&'��#�))S�'�' ��__J%��e,'D�YHf$ ���A+�.,'���D(�'�*'��D�YH��'�/*�.)���/'(�'�*'��D�.,'�,��AS�DG�'�)A�.,'�F'�C�D�B'/G'�A�)���.*�A)���������.�DG�C��+'�I_b�.�YHg$��\,'�B�C'�*�*.'��B����()D*�*.�*)�'���)A�/�C'�G'D.�B�C'*�#e',�+*'D �$IJKh�i'.,���G)/��'.���� ��_$a%��D/�����'C'D�)&.��D���*,�-'�(,���(.'��*.�(�)A���j�(,�*.'��#k�&�+/��D/�j)�*� ��_$K%��e'�/)�D).�()D*�/'��.,�*�(�*'��D�)+��*.+/���*�-��.*�)A�.,'��'.,)/)�)G���'���)D�.,'�-�'*'D('�)A�/�C'�G'D.�B�C'*��\,'��'.,)/�A)��.,'��/'D.�l(�.�)D�)A�-�)-'�.�'*�A)��.,'�'C��+�.�)D�)A�.,'�*,�-m*��)(�.�)D��D/�*-''/��*�&�*'/�)D�.,'�*-'(.�)G�����'-�'*'D.�.�)D�)A�)D'S-)�D.��'()�/�DG*�)A�.,'�B�['��i'.,���G)/��'.�����#�_$J%�*,)B'/�.,�.��D�.,�*��'-�'*'D.�.�)D�.,'�B�['�*�GD����*�()D('D.��.'/���)+D/�.,'�(+�C'�.,�.�.,'��(����.,'���D'���/�*-'�*�)D�(+�C'�#T�G��n%��\,�*�(+�C'��*�/'*(��&'/��*�

9 OOO9P op8 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOq9rspq OOOOOOOOOOOOOOq9<tPu #I%��B,'�'�op �*�.,'�/��'D*�)D�'**��DG+����A�'"+'D(��)A�.,'�B�C'* �vrw�()��'*-)D/*�.)�/�C'�G�DG�B�C'*��D/�vxv�.)�.��D*C'�*'�B�C'* ��D/�y8z�{��*�/��'D*�)D�'**�.��'��\,'*'�.B)�&��D(,'*��''.��.�.,'�-)�D.�y8 OOOVP  �o8 OOOOOOOOK��| #T�G��n%��}).,�&��D(,'*��--�)�(,���-�/���.)�*.���G,.���D'*�B,'D�y��D(�'�*'*��\,'�&��D(,�A)��.,'�/�C'�G'D.�B�C'*�,�*��D��*��-.).'�o8y���B,'�'�*�.,'�&��D(,�A)��.,'�.��D*C'�*'�B�C'*��--�)�(,'*�.,'�,)��~)D.�����D'�o8$��\,'�-)�D.�B,'�'�.,'�.B)�&��D(,'*��''.�()��'*-)D/*�.)�.,'�'/G'�)A�.,'�F'�C�D�B�C'* �.,'�'A)�' �.)�(+*-�B�C'*�.,�.���'�.,'�,�G,'*.�)A�.,'�A��S�l'�/�B�['��D/�.,+*�.,'�'�*�'*.�.)�/'.'(.���)B'C'� �A�)��T�G��n��.�&'S()�'*�(�'���.,�.�.,'�/'.'���D�.�)D�)A�.,'�())�/�D�.'*�)A�.,�*�-)�D.��D�.,'�*-'(.�)G�����'-�'*'D.�.�)D��*���()�-��(�.'/�.�*[��*��.��*��)(�.'/��.�.,'�C'�.�(���*'(.�)D�)A�.,'�/�*-'�*�)D�(+�C'��\,'�'A)�' �'C'D�*�����'��)�*��D�.,'�'C��+�.�)D�)A�.,'�-�)-'�.�'*�)A�(+*-�B�C'*������'�/�.)����G'�'��)�*��D�.,'�'*.���.'/�A�'"+'D(��)A�B�C'*��D/�.,+*�.)����G'�'��)�*��D�.,'�'*.�S��.'/�*,�-�*-''/��\)���l�*.�#��D'��%��--�)c���.�)D �.,'�-)�D.�.,�.��'-�'*'D.*�.,'�'/G'�)A�.,'�F'�C�D�B'/G'��D�.,�*��'-�'*'D.�.�)D��*���B��*�/��'(.����'��.'/�.)�.,'�(�)**�DG�-)�D.�y8� �o8$�)A�.,'*'�.B)��*��-.).'*�#���['����m��D�T�G��n%��\,�*��'��.�)D*,�-��*��DC����D.�B�.,��'*-'(.�.)�.,'�*,�-m*�*-''/��D/���*)�B�.,��'*-'(.�.)�.,'��'�'C�D.�/'-.,�T�)+/'�D+�&'��#i'.,���G)/��'.���� ��_$J%���)D*'"+'D.�� �.,'������*�.)�*-'(�A��.,�*�-)�D.��D/�D).�.,'��''.�DG�-)�D.�)A�.,'�.B)�&��D(,'*�)A�.,'���D'���/�*-'�*�)D�(+�C'��\,'�'c�*.'D('�)A�.,'�.B)��*��-.).'*���['*��.�-)**�&�'�.)��/'D.�A��.,'��D*.�D.�)A�����C���)A�.,'�B�['��D�.,'�*-'(.�)G����'C'D�B,'D�)D�����A'B�()�-)D'D.*�)A�.,'�B�['���'�/'.'(.�&�'�#'�G� �/�*.�DG+�*,�&�'�A�)�����'��.�C'���,�G,�B�D/�B�C'�l'�/%���*�.,�*���D'���/�*-'�*�)D�(+�C'��*��DC����D.�.)�.,'�T�)+/'�D+�&'� �.,'��'.,)/��.*'�A��*��D*'D*�.�C'�.)�.,'�C����.�)D*��D�.,�*�-����'.'����)B'C'� �.,'�-'�A)���D('�)A�.,'��'.,)/�/)'*�/'-'D/�)D�.,'�/'-.,�T�)+/'�D+�&'���*�.,'���.�)�)A�.,'�'D'�G��)A�.��D*C'�*'��D/�/�C'�G'D.�B�C'*��D/�.,'�'c.'D*�)D�)A�.,'��/'D.�l�&�'�-��.*�)A�.,'�.B)�&��D(,'*�C���'*�B�.,�.,'�C����.�)D��D�.,'�T�)+/'�D+�&'��#i'.,���G)/��'.���� ��_$J%���D��D.��D*�(�����.�.�)D��*�.,�.�&).,�&��D(,'*��+*.�&'�-�'*'D.��D�.,'�*-'(.�)G�����\,'�'A)�' �.,'��'.,)/��*�/'*(��&'/�,'�'�(�DD).�&'�+*'/�A)��*+-'�(��.�(���*-''/*�B,'D�*.'�/��.��D*C'�*'�B�C'*�(�DD).�'c�*.����������������z���z��������������\,'��'�*+�'�'D.*�B'�'�()D/+(.'/�)D�.,'�D'��*,)�'�)A�\����DD�}����D��+����_$J��\����DD�}����*���*'��S'D(�)*'/���'��)A��--�)c���.'���$_���_�[���D�*�~'���.��*��)(�.'/�)D�.,'�*)+.,S'�*.'�D�()�*.�)A�.,'��+�A�)A��������\,'�/'-'D/'D('�)A�.,'�,��AS�DG�'�)A�.,'�F'�C�D�B'/G'�)D�.,'�/'-.,�T�)+/'�D+�&'������\,'�(,�DG'*���'���D)��A)�����_̀J��D/�&'()�'�D).�('�&�'�A)��_̀J����_̀V��

��������)D/��'D*�)D�����D'���/�*-'�*�)D�(+�C'�)A�*,�-�B�C'*�#i'.,���G)/��'.���� ��_$J%��\,'�'/G'�)A�.,'�F'�C�D�B'/G'�#���['����m%��*��**)(��.'/�B�.,�.,'��)(�.�)D�)A�.,'�(�)**�DG�-)�D.*�)A�.,'��*��-.).'*�)A�.,'�&��D(,'*�A)��.��D*C'�*'��D/�/�C'�G'D.�B�C'*��

���� �z��¡��z��¢����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
���

�������

�

�������������������� ��!�����"����#�$���%��&'�()'�*���!��+����������#�������+�����,�����-.�,��,����������������������������������� /�!�'�0����/��������#�!��������1�2�%,��3���������������/�!�)�������&.������12�����#���4�!!������,5#�!�+��������!#��3��%��&'�()'�0��������4��!����2�/�6��!�&���.��!�%�����/�.�������1���,,�#����12�����!+��������#�.�!�������������!)7�/��,�#.!������4�!!��!��++���#���&�����+�����,�0�������,��3����������'�8��#��!�������+��2��.��3��!.��3������4�#�!����������!������,�����9�6�6����+����!.���%��&'�()'�:���������;���2��������!�.�� ��!���,�����3��!.��3����!��������������+��,�9�6�6����+����!.��������������� /�!��!�����������3��!.��3������#������,��3�/�4�!��++���#���&�,��3�����/�!������!�.��7���!+�#��4��2'�0�����+��! ��#��!������!�����3��!.��3������#������,��3�/�4�!�&���������12�����+����3������/����������!��3���!������/�6�!�,��3�����4�!!��!�!�����&��.���,�����+�����,�0�����������++���#���&�,��3�����/�!��������&��&�1����������!��!�����#�����'�0���!�����&�����#������,�4�!!��!�������++���#������+����,��3���������� ����� /�!��/�!��++��<�3����2�=(>?%#��#6/�!��,��3������)'�0�����4��������,�#�.�!�!�,��3����!7��!��3�����,��3�!��+�!��, ���+�����&�!2!��3!7�/�!��2+�#���2���!!������@=A?'�0���/�������+������+�����,��������,5#�!�+��������!#��3��/���������/�6�!��,������++���#���&�4�!!��!�#�.�����4�����&�������%��&'�()����&�!�,��3�BA����CA�3'�9�!!��&���4�!!��!��������&����+����/�������4�����&����=(����DA�6���!=��������3�������������7����������,�������2�����!�����&����!.1#����#���!+���!'�E4������.&��������+������.����.31���,���!.#��!+���!�3�2����#��4��.�!��1�.��A'C7�����4���&�����/�!�1���/�A'('��������!�����.����.31��!7�������4��������,�����&��3���2��,�����:��4���/��&��,��3��������+ /�����&��3���2��!���!�&��5#����%��&'�D)'�0��������/����#����#����/����3.���3�����+��!!.����������������!�� !��!�#�������2���3�!�!�%��&'�()�%F�!��������������'7�GA=>)'�*�������7�>�!��!��!�/����3�.�����/��������H.�������I������!+�#��&��,�G'(�3���������.3���.3�,��3��%$=����$>������&'�()'�0���,��3��/�!���+��2����������+����,�D�3��������!��1���/��������������������,�GG'(?���������+��+���2�#��#������!��&���/�6��/�4��#��!�!��,�������#�3��&�4�!!��!'�0���,��3��/�!�!�#.�����������!��1���/����J�33�3�����1��!����������������/��&��!��������#�����!'�0����2���3�!�!���#�����������1!��.���+��!!.����,�����/�����#��.3��%�1!��.���+��!!.���!��!��������&'�()���������!��3�����,��������� 1���/�����4���#����!�.!��&���#���1��������������!��+�/����������������##���� �������,�����4�1�����&�3�!�����������+��,�������4�#��%��&'�()'�0��!�����!�����!���!��1����.!���,����.��3���#�4�!!���/�6������#�����%FK��!�+������'7�GAGA1)'�L���7���/�4��7�/�����2�.!������+��!!.�������'�0���+��!!.���!��!��!�/������#��������������1����3��,�������!��.3�������������,��������������&!�/�����1����������A'G�3��1�4������!��1��'�0���3��!.��3����,��H.��#2�,�����������!��!��!�/�!�=AA�LI'�MNONPQRQ�STUVWXYZTU�0���!+�#���&��3���#���H.����4��4�������#��4��!�����,�����+��!!.�������������/�������4������4����������!.1!�H.�����3+��3����������,�����!���� ��3����.���������!,��3'�0���3����,�#.!�/�!��������������4����,�����!��+�/�6��#�3+�����!�,��3�����,��H.��#2�!+�#��.3��,�����/�4������7������,����/����������#��#������������#�.���/�4�����&���4��.�!7�+�/���4��.�!����������3� ,��H.��#2���+��!����������,�����+��!!.����������������!��!���4��2�#�.!���12��<�������!�.�#�!������������'�0��!���#���H.���!�1�!����������+��#�!!���!#��1���12�FK��!�+������'�%GAGA1)������!�+��!��������������2����!.33��2�,��37����+��4������#�3+������4��4��/��,�����+��#��.��'�0���!������&�+������!�����&��3���2��,�����/�6��!��.#�.���������4���,��3�����#����!+�����&�!+�#���&��3�1�!������%0��!4�6������'7�GA=()���������!!�������2�.!�!������<�!���#���,��/���!23+����!��,��������������!+��!����#.�4���,�!��+�/�4�!'�[!���5�!��!��+7��.�����!�%4��.�!��������,,�����12�3���������������!����������4������!�,��3�����3����+��!!.���4��.�)�/������3�4���,��3������1!��.���+��!!.�������'�[���<�3+����,���+.��������!�&�4��������&'�\�'�0��������!����37����&�����2�3��!.�������3]7�/�!�#��4�����������

+��!!.���̂A�%9�)�12���#���1�����������������!��1��!�����������!�����6_�àbcdefcaghijkkdledc %=A)��/����mGnAe>'�0������&����,�����/�����#��.3��/�!�#��#.������#��!�� ����&������4���&����+����������3��!.��3����!�����!�obD�3������������&����,�����!��!���pYbAeG�3��1�4������!��1��'�[!����!�������!�3�#�������7�/�����2+�#����������3+���.��!���,�/�#3�%q�++K�����������r2�1��&7�GAA>)7����� ���4���#���&�!��������/�������+��������&�����'�0��������.�������,�/�����!.�,�#��s.#�.�����!��������/�����#��.3��/�!��!�� 3�����.!��&��������������%t��������t���23+��7�=>>=u�:���3+�.������v���7�GA=C)_�àwxbyz{|b j̀}b~�z{j~���i %==)��/�����̂A��!�������+��!!.��7�̂��!�����3����/�����+��!!.��7�����+��!���!�����/�����!.�,�#��s.#�.�����!7�oY��!�������+����,�����!��!��7����!�&��4��2��# #���������7�~��!�����/��������!��27����!�������+����,�����!��!���/����+�! ���4��4��.�!��1�4������/�������4��7����!�����/�����!.�,�#�����4�����7���������!������2��3�#�+��!!.����������!.�,�#�����4������#��4��!����,�#����%t��������t���23+��7�=>>=u�:���3+�.������v���7�GA=C)_��ib�����wzjx|����w�z| b����w��{|����w�z| %=G)�L���7�����/�4��.31�����/�!�#��#.������,����/��&�����3������+�� +�!���12�-����%GA=A)'�0��!�+��#��.����,���#��!��.#������,�/�4�����&��!��!������!!�������,����.��3����������/�����2���#�.�������������������6��+�����#�3+���1����2��,��.����!���#��/����������!�.���!��������4�����#6�������/�����!.�,�#�'�0���,��H.��#2��,�+��!!.���s.#�.�����!����!.�,�#��/�4�!��<�#��2�3��#��!�����,��H.��#2��,�/�4�!'�0����,���7�+�!!�1����� ���!��,�����#��4��!�����,�3��!.���������!����!������/�4����3��!����!�3�2����2��,,�#������/�4�����&��!�1.�����!�������!�����������#�������,���&� ����&2�s.#�.�����!�����������������!+��!����#.�4�'�8�4�������/������/�!�3+�����������,��H.��#2��,�(�LI'�[�!���� ��3����.���������!,��3�/�!��++������������,��H.��#2����&���,�A'AA(�A'\�LI�%+�����!�,��3�(�D����GAA�!)�/������!��+�!�I���,�A'AA(�LI������.��,��3�!#���7�.!��&���L�33��&�/����/�,.�#������,�=AGB������+����!�%/���������&����,�GAB'J�!�����1�.��D�B�3��)������4����+��,�=A=B�+����!�%GAD'J�!)�/������G�!�!��+'�E�#���++��#�������,�������.���������!,��3�+���.#�!�����!#�������+��!����������,�����,��H.��#��!��,�������5���/�4�!'�0���3�<�3.3�3�!3��#���,�����,��H.��#2��,���������4������&� ����&2�+�����,��3�����#����!+�����&�+������,��������������!+��!����#.�4����+���!��������������4���,��H.��#2�������#���!�!�/����������#���!��������!�,�� H.��#2'�0��!�,���.���!.&&�!�!�����������!23+����!��,��������������!+�� !����#.�4������1��������+��!���������������3� ,��H.��#2���+��!���������%��&'�B)'�������27�����!+�#���&��3!�,��3���,,������!��!��!�/�������3�� �!�������3��&��7�,����/��&�����������,�.!��&���!�31����4���&��&��,������.�+.���,���,,������!��!��!������#���!������/�6� �� 1�#6&��.�� ���!��������%FK��!�+������'7�GAGA1)'�0�����.���������!,��3����!�����������.#����2�!2!��3���#�1��!��������,��H.��#2��,�����������4�����&� ����&2�s.# �.�����!'�L�/�4��7��!�����!��!��!�������#�����&�����!�3��/�4�7�����+��#�!!��,�3��&��&����������,��3�>�!��!��!����!�������#���!�������2+�#������������,��H.��#2�������4���,��3���!��&���!��!��'�MN�N��WSRXT�XQ��QUQ��YZY��Y�WWp�T��RoW�VWYYW��QUp�RoW�pZYRQUSW�RXQVW��Wp����RoW��Q�W�]�!!�����#���I��������H.���!�6��/���&���,�����+�!�����7�!+��������#�.�!�'�8���++���#��������5�!��+�����,����!�+��1��3�12������3����&�����+��+�&����������#���������������!���#�����4������12���!�/�6���������3��!.��3������#������.����������!!.3+������������!��+�!������3���������!!�/������!����2�!+��������#�.�!�'�0����/��������+���3����!�%!+��������#�.�!�)�/�����!!�!!����.���&���������2!�!�+��#�!!'�8���3+��2����/����,,��������������+���������#���H.�!_���!+�#���&��3���#���H.��,���5����&�����!+��������������!���#�����������/�6���������4������,��3���!�+������,����&����������3��!.��3����!���7�������+��!� !��,����#���H.��1�!������������3������2!��,�������#�3��&�/�6���������+��!!.���!��!��!����=�=�6�����!�='J(G�63�+�����.�'�

�N�mKQRYW��WR�Q�N���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
���

�������

�

������������������ ��!����������"���!���������!"���!��# $�%�&����������!���� ���!'�#������(�� �)����*+��"�,�����!�#��"������(����+�� �+�%�-��)�# $�����! �,����.&��%�/*0�#�����1�� "��������������)�"����� ���,��!��)� $�����"���!� ! +2����.&��%�/"0� !����(������!���������(����!�� !���� !�(�����"��)�!�!��%�3����)��������������)� !���������� !"���� (�++���*2�����# $��#�����������!���,��!����+ ���!����(�+�)���*2�3���(�$���� +%�.45670� !�� "�, ++2�������!�������8,�.69960%�3���� �!�# $��"��)�!�!���,�����!������)��"����#������ !�(�����# (���.:����2 ;��� ���� +%'�456<0���)����!����*2����� +���������=�!� +�*� !"����� !�>;+�$�����! �,���.&��%�/*0%�3�����(����!��# (��� �����)����!����*2� !��!"+�!���*� !"���!���������! �,��%�?!�������#����'��������@,�!"2������ !�(�����# (���"� !�����!���!�A" !�+2� ���������",�)�# (���� (�� ���(��'���#�(��'��������@,�!"2������(����!��# (���( ������,*�� !�� ++2�. !�� +�����+�!� �+2��!��������)����!� ���!0���������A1����*���( ���!�+�" ���!�.&��%�B0%�-,"�����! +�� �������!������������� ��"���)����! +�����C"���)�D�.-����������� +%'�45640%�3���",�)�# (���#���� ���"� ����#���������!�����"���!���������#��*� !"������������)�"����� ��.&���%�B� !��/*0%�3���#��������������*� !"������)�!����!������" +����������� ����� ��# ���,!���� !, ++2���� "���(���)��� +��1�� "���!%�3����#�����# �� +���� $�!��!��� ""�,!��#��!������ ��!������)����*+����������������� �������(����+��)���� !������ !"�%�&�! ++2'������� �,�����!��)�"����� ����� ����E�"��

�� !�(����� !����(����!��"��)�!�!���#����A�����#������� �����+�!���.&��%�/"0%�3���(�$���� +%�.45670� ))+���������� ))�� "���������������!�!�������)����F��������(����+�����������)�"����� �%�3��2� ++���+2��!��������;@,�!"2�G����"��� �!�"��)�!�!���������)�# (��%�?�������� ���!��)��!���������*� !"������������(����!��# (������#�++���A!��'��������)D���)�������.3���(�$���� +%'�45670H�IJ KKKKLMN OMPQRSTU .6V0��#�����GWXYZ�����������@,�!"2����",�)�# (���.� �$���C[D��!�&��%�B0%�3�������@,�!"2�� �"�������������!��)��!������������! �,���������(����!�� !���� !�(�����# (����� ��"�����)�!����������!�!;����!���! +����@,�!"2�\J KKKKKKKKV]4^ �!�&��%�B%�_+���! ��(�+2'�������)����*+�����,������� �2�)����"�( +,��\J6�����������! �,������������ !�(�����"��)�!�!������������)�# $�%�?��#����!����������+�( !�����@,�!"2�*2�G̀a'��������)D���)�������.3���(�$���� +%'�45670H�IJ OMPQba .6B0�c1)������!��.6V0� !��.6B0'���������" ++2'�+� ���������� ������,+��%�

defg�hg3����� �A"���) � ���!��"������!�3 ++�!!�[ 2�.c���!� !�i �������_���!���� ���!'�456j0%�_���#�����#������ �+�!������"���!%�3����������2������������� !��������� �+�������!����� ����!��" �����!�����,))���+����"��!��%� defg�kg8 $���� ��!������������ilm�i�� �� �%�. 0�:����,���� � ��,�),���������!�����-6n-9�.�����)������!�����!��" �����!�&��%�70� �������������( +�����,�+����� !��!��� +�= ���!%�.*0�_!��1 �)+���������;���@,�!"2���)����!� ���!�.�)�"����� �0���� ����)�# $�%�."0�3���)� $����������# $�� ����1�� "�������������* "$���,!��!����� !��+�!� �+2�A����%�3������������!��C5D�� �$������",�)�# (��)��!��. ������� 1��,���)�"����� ��( +,��.3���(�$���� +%'�456700%�?������(���!���� ������"������� ����������@,�!"2����",�)�# (���,��!�� ���#�)��!����!�����(�"�!��2�"�!� �!�+ ����,!"��� �!�2%�&������������ � ����� ������#!�#������+���+�!��� !��������� ����#����97o����"�!A��!"�� ���� �$��� ��� �����+�!��%�[+ "$��@, ������)����!���1�� "��������;���@,�!"2�)��!�������#��"�������!���2�( +,��# ��+�#����� !����� (�� �����������1�� "����# $��"��)�!�!��%���
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	Coastal zones have always been attractive because of their vast variety of resources, providing food and energy, enabling marine trade and transport, and as areas of recreational and cultural amenity (Neumann et al., 2015). For these reasons roughly one quarter of world’s population lives in the area less than 100 km from coast (Reimann et al., 2023). This high concentration of people and activities creates many challenges when managing the common resource, known as the sea (Till, 2013). The situation is particularly complex in the contact zone between land and water where a delicate balance exists between different drivers and their impacts, and any change in the pressures, for example, general energy pollution (Kelpšaite et al., 2009) or waves with unusual properties or propagation direction, may destroy this balance (Scarpa et al., 2019; Soomere, 2005).
	One challenge is maintaining control and command of an adjacent state’s territorial waters (Till, 2013). Other challenges include recognizing and stopping unlawful fishing (Kurekin et al., 2019), monitoring and preventing pollution (Landrigan et al., 2020), fighting piracy (Gong et al., 2023), regulating ship traffic to avoid navigational accidents (Chen et al., 2018), protecting underwater infrastucture (Gülcan and Erginer, 2023), and ensuring the security of various offshore and coastal facilities (Anupriya and Sasilatha, 2018; Dugad et al., 2017).
	As world population increases so does the volume of both national and international marine trade. This process inherently leads to more ship traffic operating in the littorial zones and generally to a higher probability of accidents (Altan and Otay, 2018). The rising pressure on the coastal (Delpeche-Ellmann and Soomere, 2013) and marine (Claremar et al., 2017; Zanatta et al., 2020) environment calls for more advanced offshore and coastal sea management (van Westrenen and Baldauf, 2020).
	With the rapid development of marine technology and increased interest in green energy, some new concerns have arisen. One example is the introduction of unmanned Marine Autonomous Surface Ships (MASSs) (Kim et al., 2022). These vessels operate in the same navigational environment (Kim et al., 2022) as ordinary manned vessels. Their introduction generates a need to investigate the ability to detect and classify medium size and small objects (e.g., leisure boats), to mitigate the risk of collisions. Such vessels often sail outside the traffic lanes and do not usually use self-reporting automatic ship indentification systems.
	It is also necessary to develop measures and protocols that ensure navigation safety in the case of technical malfunctions, unexpected behaviours due to storm conditions (Rødseth and Burmeister, 2015), and to ensure recovery capability (Thieme et al., 2018) in the case of failures. As there is usually no permanent crew on such ships, either losing contact with a ship or the malfunctioning of one or several sensors used for plotting and maintaining the course, can severely limit the options for maintaining control in critical situations.
	Recent geopolitical developments suggest that in addition to challenges when operating in confined conditions with poor visibility and in areas with a high concentration of vessel traffic like inland rivers (Zhang et al., 2019), other situations need to be taken into account, e.g., hostile GPS signal disturbance. To cope with these risks, additional external devices located at critical locations (such as near harbours or offshore structures, or where lights at night interfere visually and tall buildings may damp radar sensing) are needed in order to detect, set and sustain the sailing characteristics. A separate issue is that some operators do not want their vessels to be detected and identified, for military-driven reasons, because of illegal fishing or related to other malicious or illegal marine traffic (Reggiannini et al., 2024, 2019).
	Another significant growing concern to navigational safety are offshore windfarms (Chang et al., 2014). These reduce the space available for shipping (Tsai and Lin, 2021) and thus increase the density of ships in other sea areas, which in turn increases the possibility of navigational accidents, both ship-to-facility (Chang et al., 2014) and ship-to-ship collisions (Tsai and Lin, 2021). The risk is greater due to the underperformance of radar systems when operating in their near vicinity (De la Vega et al., 2013), which emphasizes the need for additional vessel detection methods to mitigate the risks and assist nearby vessel navigation.
	There exists a vast variety of methods to detect and monitor movements of the vessels. Some of the best known long-range detecting and monitoring systems are based on various remote sensing technologies, from radar (Siegert et al., 2019) and radio surveillance (Ilčev, 2021) to satellite-based information, including synthetic aperture (SAR) technology (Gierull, 2019; Panico et al., 2017; Reggiannini et al., 2024; Zilman et al., 2004). More local options use airborne (Dahana and Gurning, 2020) and ground-based (both wide-spectrum visual and hyperspectral) optical techniques (Park et al., 2018) and various acoustic (sonar) technologies (Huang et al., 2017; Zhu et al., 2018). These methods can be complemented by visual observations from the coast or other vessels.
	None of the methods is perfect for providing ship detection and surveillance in all situations. The additional complication is that these methods are well known, and measures exist to either intentionally (or even accidentally) reduce the rate of detection, or to completely avoid it. For example, self-reporting methods like Automatic Identification System (AIS) and Long-Range Identification Tracker (LRIT) (Dahana and Gurning, 2020) usually provide information about the vessel movements and intentions (name and destination), but these methods are reliant on whether devices are switched on (AIS) and are set to report (LRIT). As they rely on the operator’s action, these devices can be used to provide false information about destination and purpose.
	One of the most well-known ship detection methods, optical observations (visual and infrared) can be interfered with by using the appropriate paint coatings to conceal a vessel or to disguise its intentions (Aurdal et al., 2019; Casson, 1995). The common countermeasure to reduce the infrared signature is to put the exhaust outlets of the ship’s engines in an area of the hull that is near the waterline.
	The accuracy of a radar’s readings about the ship depends on the vessel size, shape, and the weather conditions. Similarly to the above, as the radar technology developed, so did the countermeasures. The most common means to avoid accurate detection, known as stealth technology, is to use specific paint coatings, structure and hull materials that absorb and/or scatter the emissions. Another option is to reduce the size of the part of the vessel that is above the water, principally the superstructure. This tactic is used in smuggling narcotics from South America by building low-profile vessels (Ramirez and Bunker, 2015). These boats have small freeboard, which makes them difficult to detect using any of the methods described above.
	Acoustic detection has so far been one of the most reliable methods for vessel detection. This technology also enables the monitoring of submersed vessels. However, this method relies on the fact that ship has something that makes noise. The related challenges are gradually increasing with the arrival of green technologies like hydrogen cells or fully electric vessels that are conquering the market, pushing out internal combustion engines that have a well-known and recognized acoustic footprint. Related are methods that use wind and solar power (Nyanya et al., 2021) to help to propel the ship (e.g., during the transit in open ocean) and therefore reduce the time when the main engines and/or a propeller are used.
	A further challenge is the limited amount of information the detection (sensor) system provides. Some of these techniques (e.g., several acoustic recognition systems) are only able to detect the presence of a ship in a certain region. Other technologies provide, similar to the AIS system, the location (or a sequence of locations) of vessels. However, reliable identification of the sailing parameters (speed and course of the vessel) from the provided information is not always possible (Fujino et al., 2019).
	In order to address the gaps in both reliability and accuracy, additional means for the surveillance of sea areas should be researched. These efforts are in line with activities that move towards merging information from several sensor systems and techniques to detect and monitor vessel traffic with a high level of confidence. Navies and maritime security organisations refer to this process as creating a Recognized Maritme Picture (RMP) (Simard et al., 2000). Usually, a RMP provides information about each vessel in the region by determining its location and heading, also providing the possibility of follow-up actions based on the ship type and purpose (Simard et al., 2000).
	When considering the monitoring of vessel traffic, one approach would be to focus on the emissions created by the vessels themselves. While exhaust gas emissions as well as the radiation of noise and heat can be effectively eliminated by advanced technologies, there is an unavoidable emission for all items that move on the water surface. A vessel moving on the surface of body of the water leaves behind a trace known as wake (Newman, 1977; Wehausen, 1973). This trace consists of several different linear (Kuznetsov et al., 2002) and often nonlinear components (Fang et al., 2011; Soomere, 2007; Sorensen, 1973). The most well-known, classic representation is the triangular wave pattern known as the Kelvin wake (Figure 1) (Newman, 1977) which obtains its textbook shape about three-vessel lengths behind the ship.
	A Kelvin wake and its variations for subcritical speeds are composed of two sets of waves: transverse and divergent waves. They both exist if the vessel speed does not reach or exceed the so-called critical speed 𝑈=𝑔ℎ, where 𝑔 is acceleration due to gravity and ℎ is water depth (Sorensen, 1973). These wave systems are traditionally treated as linear waves (Liang et al., 2024) even though for larger speeds they exhibit nonlinear properties (Soomere, 2007; Sorensen, 1973).
	Transverse waves propagate in the same direction as the vessel heading. Therefore, their crests are perpendicular to the sailing line. Divergent waves move away from the sailing line and their crests form a smaller angle with the vessel’s path (Newman, 1977).
	A set of so-called cusp waves is formed by interactions of transverse and divergent waves, along the borders of the ship wake (Kuznetsov et al., 2002). Cusp waves are usually the most observable part of the wake because their amplitude decays slowly (as 𝑟−13) with the distance r from the vessel (Kuznetsov et al., 2002).
	The wave pattern, in general, depends on the vessel properties, water depth and the sailing speed. On many occasions the vessel’s stern and bow produce their own wake systems with the height depending on the vessel geometry and sailing regime. The basic geometric properties of the Kelvin wake produced by a single moving point are still universal and can be described in terms of a depth Froude number 𝐹ℎ (Newman, 1977):
	In deep water or when sailing at low speed (𝐹ℎ<1), the divergent and transverse waves fill a triangular area (Kelvin wedge) with half apex angle of arcsin(1/3)≈19.47° (Figure 1) (Newman, 1977). When the speed increases or water depth decreases so that 𝐹ℎ has values 0.5–0.7, the Kelvin wedge starts to widen, energy starts to concentrate to a few divergent components, and transverse waves become weaker. At 𝐹ℎ→1, the wave system becomes highly nonlinear (Soomere, 2007; Sorensen, 1973) and cannot be described in terms of a Kelvin wedge. In the supercritical speed range 𝐹ℎ>1 the apex angle starts to decrease, and most of the wave energy is concentrated in a few long-crested divergent waves which dominate the wave pattern (Pethiyagoda et al., 2014; Soomere, 2007). The wave system may contain several types of solitons at 𝐹ℎ→1 and 𝐹ℎ>1 (Soomere, 2007). On many occasions it may resemble a Mach-type wave system (Rabaud and Moisy, 2013).
	Vessel wakes have been used extensively for detecting and characterizing vessels and their movement using various kinds of two-dimensional (2D) data from, e.g., synthetic aperture radars (SAR) (Zilman et al., 2004) and satellite photos (Rabaud and Moisy, 2013). The benefit of this method is that it is applicable to vessels of different size as their Kelvin wake always has the same geometry, and its “arms” (cusp lines) have the same length (as the wave height decays according to the same law) and varies only in amplitude (Zilman et al., 2004). A natural limitation of this method is the signal to noise ratio that can be low when extracting the properties of Kelvin wakes due to the high sea clutter, which requires additional algorithms for filtering (Kuo and Chen, 2003).
	The ideal Kelvin wedge is stationary in the coordinate system attached to the moving ship. This perspective is convenient for several theoretical considerations, but it is not straightforward to use for practical applications. Most observing systems of ship wakes are anchored at some location or mounted on the shore. On such occasions the ship wake is recorded as a complex system of water surface undulations or pressure variations. It is notably unsteady and short crested, despite appearing stationary to an observer on the generating vessel (Liang et al., 2024).
	Therefore, another approach is to use wakes for ship detection and specification of sailing properties from the water elevation or pressure data, from the perspective of an Earth-fixed observer. While transverse waves are represented as signals with an almost constant frequency, the signal of divergent waves is chirp-like and has a gradually increasing frequency. The properties of these signals carry information about the speed and location of the vessel. Wu (1991) was the first to show that the sailing speed can be estimated from the minimum frequency of divergent waves 𝑓𝑚𝑖𝑛 as
	This frequency was evaluated from the 2D wake spectrum. This technique applied by Wu (1991) to estimate the ship speed and direction had problems with the evaluation of the exact location of the locus of the wake signature. It was further elaborated by Arnold-Bos et al. (2007) who used the generalized Radon Transform and Stochastic Matched Filtering to detect the locus of the wake signature in the 2D spectrum wave recordings. Finally, Torsvik et al. (2015b) derived expressions for the ship’s distance to the measurement location based on this information.
	Another more promising approach using a windowed Fourier transform (so-called spectrogram) to study the nonlinear components of wakes was first employed by Wyatt and Hall (1988). The method was expanded by Sheremet et al. (2012) for a broader selection of vessels. A more elaborate description of different components was performed by Torsvik et al. (2015b). A systematic analysis of the nonlinear components based on dispersion curves of ship wake components was presented by Pethiyagoda et al. (2017), with a description of the effects of different sailing regimes (turning, accelerating) on the properties of the wake.
	The major benefit of an application of a windowed Fourier transform (or Short Time Fourier Transform, STFT) to water surface elevation data is that a vessel wake has a distinct L-like shape (Figure 2). This shape appears for data gathered directly from (above) the water level as well as for data converted from seabed pressure readings (Paper II), The upper, inclined part (also called a chirp signal (Sheremet et al., 2012)) of this signature corresponds to divergent waves. The frequency of these waves increases over time at each Earth-fixed location. This feature is commonly observed at a fixed location in the nearshore, at the seashore or on the bottom after the passage of a steadily sailing ship (Sheremet et al., 2012). The lower, mostly horizontal part of this signature represents transverse waves. They have a constant frequency for a fixed observer who records the wake of a steadily sailing ship. The cusp waves are represented by the common point of these two parts of the signature.
	Both windowed Fourier transform, and wavelet transform can be used to derive a time-frequency representation of the wake data (Sheremet et al., 2012). Testing has shown that wavelet transform usually has a higher signal-to-noise ratio than Fourier transform, however, Fourier transform provides the results on a uniform frequency scale compared to the logarithmic scale obtained from wavelet analysis (Torsvik et al., 2015b). This in turn simplifies the extraction and analysis of useful information (which is, in general, determination of the frequencies of the ship wake structure) to such an extent that the loss in signal-to-noise ratio was acceptable for this study, and wavelet analysis was not pursued here.
	Areas near the ports tend to have more vessel traffic than other shipping zones (Li et al., 2023) and therefore there is a greater emphasis on managing the traffic. One such location is Tallinn Bay. It is a semi-enclosed bay approximately 10 × 20 km in size situated on the north coast of Estonia (Figure 3). The two entrances to the bay (from the north and west) are regulated by a local vessel traffic separation scheme (Figure 3).
	As this study tried to evaluate the prospect of using wake recordings as the basis of a vessel detection system, for simplicity, only steady wake signatures, which would not be affected by the speed and course alternations, were used. In other words, course and speed alternations (Pethiyagoda et al., 2021) which are a crucial part of every vessel’s sailing trajectory in coastal zones and should also be counted by the vessel detection system, are not studied. The focus was on the vessels approaching the Port of Tallinn from the north-north-west (NNW). Wakes from ships departing the port had a wake signature typical of an accelerating vessel and vessels heading to or coming from the west had elements indicating the turn in their wake signatures (Pethiyagoda et al., 2021).
	An optimal location for retrieving wakes from incoming vessels, that met the criteria, is near the eastern shore of the Paljassaare Peninsula where the Pikakari Beach has been formed over the last century (Figure 3). Katariina Jetty to the south-east and the tip of this peninsula to the north-west shelter the measurement location from waves generated by predominant winds from west and south. Also, due to these natural obstacles, the wakes from the departing vessels (sailing at course 339° clockwise from north) are negligible at the sensor location.
	The sailing direction of vessels that approach the Port of Tallinn from NNW was approximately 159° (clockwise from north). The deviation of courses of single ships from this, estimated from ship self-reporting systems, was typically less than ±10°. The water depth in the part of the traffic separation scheme where the wakes of the approaching vessels could have originated (Figure 3) ranges from 40 to 70 m. Passenger vessels entering to the port were travelling at 15 to 30 knots, and therefore they were sailing at subcritical speeds. Even though the depth Froude number for such speeds may reach values about 0.7, on average it was below 0.5. Thus, the deviation of the geometry of the Kelvin wedge from the deep-water geometry was insignificant
	This study uses two datasets of wave measurements obtained from this location. As the author was not involved in either of the field experiments the following is based on datasets collected by others, references and other indirect sources.
	The first dataset was gathered in 2009 by the Wave Engineering Laboratory. This dataset was used in a number of studies of natural and ship-generated waves (Didenkulova and Rodin, 2013; Kurennoy et al., 2011; Soomere et al., 2011). Measurements were taken with a “LOG_alevel” echosounder mounted on a tripod in 2.6–2.7 m deep water. Data were collected at a frequency of 5 Hz and divided into 24-h blocks starting at 04:00 (prior to the first ferry wake of the day) local time. Field experiments were conducted on 24.–25.06.2009 and 27.–30.06.2009. The properties of the study site, measurement location, devices deployed, procedures and preprocessing details are described in these studies. 
	The second dataset was gathered by the Centre for Biorobotics at the same location on 10.–14.07.2017 and 16.–21.07.2017. They deployed nine devices called hydromasts (Ristolainen et al., 2019) in a regularly spaced rectangular array on a 5 × 5 m aluminum frame at a depth of 3 m. The frame was anchored using 8 mm metal bars and additional weights at the corners of the frame. The frame was oriented towards NNE (22.5°) to face the traffic separation scheme. Measurements (pressure) were taken at a height of 0.2 m from the seabed with a frequency of 100 Hz.
	The main goal of this thesis is to evaluate the prospect of using the spectrogram technique as a vessel traffic monitoring system. As these techniques are applicable for any kind of wave recordings, including time series of water surface elevation data measured from above the water surface and time series of wave-induced pressure or velocity fluctuations measured in the water column, they provide a vast variety of opportunities for choosing equipment and deploying location. Several sets of wave elevation data and pressure recordings from the Tallinn Bay are acquired. The results are compared with “ground truth” – in this case, derived from the AIS data covering the same period and area. 
	The evaluation is viewed in the context of the previously mentioned ‘Recognized Maritme Picture’ which usually consists of five steps: a) detection, b) localization, c) recognition, d) identification and e) dissemination, from which the first three (detection, localization and recognition) are sensor based (NATO Standardization Agency, 2015). As the possibility of achieving recognition (determining the characteristics of a contact) from wake measurements is still unclear, and it is based on the success of previous steps, the focus of this work was to evaluate the method for detection and for localization of the vessels (NATO Standardization Agency, 2015).
	The evaluation process for vessel detection, that is whether a vessel is in the survey area or not, requires collecting a time series of water surface elevation from either above the water surface or from within the water column or on the seabed), and determining its quality and the level of noise. Secondly, the process is used to investigate means by which wakes can be detected automatically. This process should answer questions relating to the circumstances under which vessels can be identified from the wake spectrogram (speed, size and distance) These questions are not specifically addressed here as all the tests were conducted at the same location and are based on the same types of vessels sailing at same speed.
	Vessel localization involves finding the exact location of the vessel and its sailing characteristics (speed and course). Here the main questions are whether the speed based on the wake measurements (Torsvik et al., 2015b; Wu and Meadows, 1991) relate to the actual ship’s movement. Also, is there a possibility to determine the direction of the incoming wake, which, when combined with the distance travelled by the wake calculated using the previously determined speed, could be used to estimate the vessel location? Finally, does the direction of wake propagation and its propagation angle correspond to the actual course of a ship?
	The thesis is organized according to these questions. Chapter 1 focuses on investigating sensor-specific methods for wake detection and extraction. It follows Papers I and II. Paper I reviews the author’s master thesis which was completed in early 2018 and is presented here as a reference due to low resolution of reference AIS data. It expands the model derived by Torsvik et al. (2015b) by adding automated vessel detection abilities. The focus of this paper is on the dataset measured by Laboratory of Wave Engineering in 2009 (Kurennoy et al., 2011). Chapter 2 investigates different methods of evaluation of the speed of the vessel and the distance of the location from where the wake was generated. It is based on the findings from Paper I but it is illustrated using the data from Paper III. Also, it tests the ability to determine the direction of the wake at its original location and thus the course of the vessel.
	As papers 2 and 3 focus on the same dataset measured by the Centre for Biorobotics then they should be considered together because they represent a single pipeline from receiving input data to providing the vessel position and sailing parameters. Secondly, model development was done mostly in 2018. This means that improvements, findings from other authors from that period onwards on the same topic are not considered here.
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	In general, there are two main methods for retrieving water wave data on-site for the analysis of ship wakes (if not including wake studies based on the far field readings like SAR radars, satellite images etc.). A widely applied approach is recording the fluctuations of the water surface using either buoys (Metters et al., 2021) or devices that can read the water level from within the water column or from the seabed or from above the water surface, e.g. echo sounders (Parnell et al., 2008) or lasers. The use of pressure sensors mounted in the water column (Soomere and Rannat, 2003) or near the seabed (Sheremet et al., 2012) is also common. Both methods have positive and negative aspects, as discussed below, leaving the final decision dependent on the available hardware and the deployment location.
	Another issue relating to vessel detection is the scale (size of area, number of the ships and sensors, frequency at which data is gathered). When the dataset is small (short time periods and/or low intensity traffic), manual detection is likely to be sufficient. However, it can get labor intensive quite quickly near busy ship lanes. This is often the case and creates a need for additional means to automate the detection process.
	This problem was examined in Papers I and II from both software and hardware perspectives. The software development in Paper I relies on a straightforward algorithm utilizing Gabor multipliers (Dörfler and Matusiak, 2013). A major development towards more advanced hardware is the use of a new type of sensors to describe the wake characteristics, both with respect to measuring pressure and with respect to water velocity. These devices, called ‘hydromasts’ are multimodal sensor systems developed by the Centre for Biorobotics, Tallinn University of Technology (Egerer et al., 2024; Ristolainen et al., 2019), discussed in Paper II. The results of both previously mentioned approaches were compared with visual findings and results obtained from convolutional neural networks.
	A straightforward and often preferred approach for recording water level elevation data in ship wakes, without any kind of conversion loss (as is the case with pressure-based methods) is to use a sensor system that can take readings from above the water surface. There are several different types of devices available (Metters et al., 2021; Parnell et al., 2008). The core data set used for this chapter was recorded in Tallinn Bay in 2009 using a downward looking echo sounder mounted on a stable tripod. The tripod was deployed in 2.6 m deep water, with the sensor mounted about 2.5 m above the typical water level during the measurement campaign (Kurennoy et al., 2011; Torsvik et al., 2015b).
	Two examples of wake spectrograms are shown in Figure 4, where the motor vessel (M/V) Star is approaching the port of Tallinn with a speed of 24 knots. Panel a) shows the situation on a windy day (wind ~4.0 m/s from NE) while panel b) shows the recording made on a calm day (wind ~1 m/s from SW). A comparison of the upper parts of these spectrograms firstly signals that the presence of a mild background wave field does not significantly change or blur the geometry of the patterns that reflect the components of the wakes. It also shows that even relatively weak winds can generate waves with periods of 2–3 s (frequency about 0.3–0.5 Hz) with relatively wide spectrum in semi-closed areas like Tallinn Bay, and appear as noise in the upper higher-frequency parts of the spectrogram, These short period waves can mask the upper parts of the signal of divergent waves (Figure 4a).
	Figure 4. The signature of passenger ferry Tallink Star approaching the Port of Tallinn on a) relatively windy day 27.06.2009 and on b) a relatively calm day 28.06.2009. In both cases data is recorded from the above the water surface.
	Open ocean swells usually have a narrow frequency spectrum and periods commonly longer than components of ship wakes (Soomere, 2005). Therefore, they can be removed using spectral filters. However, short and young waves of the Baltic Sea (Björkqvist et al., 2018) often have a wide spectrum that overlaps with the frequencies of wake components.
	This feature renders the process of filtering out noise from wave recordings quite difficult, especially if the goal is to avoid a significant loss in information about the vessel wakes. Further processing spectrograms that contain a high level of noise can increase error and add uncertainties during the following steps of wake analysis, for example when finding the vessel speed and distance to the wake origin point (Torsvik et al., 2015a).
	The use of data collected from above the water surface, despite being noisy (Kurennoy et al., 2011), is better than other methods with respect to establishing accurate water surface elevation measurements, especially for investigations that examine the high frequency and/or low energy components. Other survey methods, such as near-bottom pressure recordings, either tend to mask or attenuate such components, sometimes to the level of being unusable.
	It is common to use pressure sensors positioned either somewhere in the water column or on the seabed to record wake signals. In this case the high-frequency part of the surface wave field is attenuated because the pressure signal decreases in the water column, most rapidly for shorter waves (Dean and Dalrymple, 1991). This feature also suppresses the previously mentioned noise produced by wind waves. The near-bed pressure signal frequently contains a sufficient level of lower-frequency components to evaluate the properties of transverse waves and the longest fraction of divergent waves. On some occasions pressure oscillations with periods >10 s can mask the longer components of the wake such as transverse waves or precursor solitons (e.g. near-horizontal higher energy lines up to 0.2 Hz in Figure 5b compared to Figure 5a).
	This shortcoming was addressed by using time series from several temporally synchronized pressure sensors that were close to each other (Paper II). The idea is that different from short and short-crested wind waves, single wave components of the wake (possibly except for cusp wakes, (Liang et al., 2024)) are, ideally, long-crested (Soomere, 2007; Sorensen, 1973). It is therefore natural that wake components produce a coherent signal at closely located sensors whereas the signal from wind waves is random and varies much more from sensor to sensor. In other words, if the background noise (either low-frequency or high-frequency) is not coherent over the distance between the instruments, it could be suppressed by merging several synchronized spectrogram snapshots of coherent waves into one picture. To make use of this idea, is it necessary to consider small delays in the arrival of long-crested wake components to different sensors.
	Time series from a set of 9 devices was available at nodes of a regular rectangular 5  5 m rack with a step of 2.5 m in the relevant experiments (Paper II). The best result was achieved using five sensors (four in the corners and one in the center). The results were optimal for the further steps of the vessel wake analysis. The wake-to-background spectrum noise ratio (Figure 5c) was greatly improved. The result significantly simplified the wake detection process, eliminated most false detection decisions, and made it possible to extract and analyze vessel wake components and evaluate properties of ship motion (Paper II).
	If ship traffic is light, the dataset of wake-representing spectrograms is small and probably the best way for wake detection is visually picking the exact time moments from the spectrogram. Doing so would also make it possible to recognize complicated “portrayals” of high-speed vessels (Torsvik et al., 2015b). When there are many wake events, an automated wake detection method must be considered. A feasible option may be to apply convolutional neural networks, which have already been successfully used in similar studies for vessel wake detection from synthetic aperture radar and satellite images (Kang and Kim, 2019). Downsides to this method are the quantity of necessary data (including data collected under different weather conditions) and the time needed to train the model to detect the wakes to reach an acceptable level of detection. Another disadvantage is that this method is a supervised learning method: after deployment, the operator must go through the data meant for learning and classify the wakes by hand.
	For real applications, methods that can start to detect the wakes without intervention are clearly preferred, especially those methods that do not need a long period to adapt to the data. Here, an example of such a method from the signal analysis is applied, namely, the technique to detect irregularities from the incoming signal by using so-called Gabor multipliers, as proposed by Dörfler and Matusiak (2013) (Paper I). Gabor multipliers are, in essence, composite operators, in other words, sequences of operations. The first operation is a short-time Fourier transform, like the one used to produce a spectrogram. This is followed by a pointwise multiplication with a distribution on phase space (called the Gabor symbol). The last step applied is an inverse short-time Fourier transform. This sequence helps map the input signal to its analyzed-synthesized (reconstructed) form (Feichtinger and Nowak, 2003). Manipulations based on Gabor multipliers are based on ‘The Large Time-Frequency Analysis Toolbox’ (Průša et al., 2014; Søndergaard et al., 2012).
	The Gabor multipliers are not uniquely defined. They are usually chosen so that the information loss between the original and reconstructed representations is reduced to a minimum level. A compelling argument for using this multi-step technique is that the method suppresses (in the sense that it does not carry over) the irregularities of the original signal to its reconstructed version. Therefore, a comparison of these representations often reveals anomalies and objects in the input signal (Dörfler and Matusiak, 2013) and thus makes it possible to remove doubtful situations and avoid false detections (Paper I).
	The method described is cost-effective in terms of computing power and does not require an additional learning period. However, it may be prone to continuously changing external forces like weather conditions. An example of the results is given in Figure 6. The vessel wakes were counted for one 24-hour cycle from 04:00 on 24.06.2009 to 04:00 on 25.06.2009. This period contained both calm times and events with notable wind wave activity. As discussed above, wind waves can distort the ability of the technology to separate the wake components from other fluctuations of the sea surface. During the calm periods (from 04:00 to 12:00 and from 21:00 to 01:00), the method using the Gabor multipliers has significant outcome only when ship wakes are present and thus leads to efficient detection of wakes. However, during the windy period (wind speed 5 m/s from the north-east from 12:00 to 21:00) the significantly higher wind wave driven noise level in the spectrograms required additional steps for wake detection.
	Figure 6. Wake detection with different methods: (a) using Gabor multipliers, (b) using shallow convolutional neural network. (c) A spectrogram depicting a measurement period from 04:00 24.06.2009 to 04:00 25.06.2009. Based on the results of Paper I.
	For comparison, vessel wakes were also detected using a shallow convolutional neural network (CNN). It consisted of a CNN layer of ten 0.25 Hz by 100 s elements, a rectifier layer, a fully connected layer and a softmax layer. This system was trained with 15 epochs and with 16 iterations in each epoch. The results are shown in Figure 6b. The accuracy (ratio of the number of detected cases over the total number of events) was 0.44. Of 36 visually detected wakes, CNN detected 24, missed 12 and gave 19 false positive signals. The method using the Gabor multipliers gave an accuracy of 0.47: 27 detected, 9 missed and 21 false positive signals. The wake events listed here were counted as peaks from the outputs.
	The presented comparison indicates that both methods have comparable detection power. They miss around one third of the wakes due to the windy (low signal-to-noise ratio) periods during the daytime. They also produce a comparable number of false positive signals, due to the same reason. A major difference is that the method using the Gabor multipliers was applied to the dataset with no previous knowledge. It used only the first couple of iterations (10–15 minutes of data) to adapt to the environment. The method based on the convolutional neural networks was trained on data that was selected from different days that experienced both calm and windy conditions and already had wakes detected and classified by the (human) operator. For these reasons, Gabor multipliers were used as a primary method for detecting wakes from the dataset measured by the Wave Engineering Laboratory in 2009 (Paper I).
	An alternative approach would be to solve the wake detection problem by using advanced devices that can sense the wake events in the water column. Ideally, the approach would describe the water flow itself. A step in this direction was taken when recording a dataset, using devices made by the Centre for Biorobotics, Tallinn University of Technology, in 2017.
	This measurement campaign used devices called ‘hydromasts’ (Egerer et al., 2024; Ristolainen et al., 2019). Each hydromast had a pressure sensor for collecting the water level data, and a vibrating vertical stem with a length of 100 mm, 15 mm in diameter and with a density close to water density. The movement of this stem was measured by a micromechanical inertial measurement unit (IMU) (Ristolainen et al., 2019). Another, stationary (reference) IMU was mounted in the housing of the device (Ristolainen et al., 2019). The inertial measurements were registered along three perpendicular axes (Ristolainen et al., 2019). The idea was that any water flow passing the device would be registered as movements of the stem that acts like the lateral line of a fish (Ristolainen et al., 2019). The movements of the stem were used as the proxy of the water’s velocity passing the sensor.
	For wake detection, the data from the IMU connected to the vibrating stem was corrected by the data from the stationary IMU. The resulting values were viewed as linear acceleration and gravity vector (Figure 7). For the comparison, wakes were detected by the methods described previously: by convolutional neural networks (Figure 7c) and using Gabor multipliers (Figure 7d). The corresponding spectrogram (Figure 7e) highlights ship wakes as L-shaped features as discussed above. As the (horizontal) time scale is strongly compressed, horizontal branches of these items are short, and the features are mostly represented by more-or-less vertical bright lines.
	The detection and training processes for the Gabor multipliers and convolutional neural networks were conducted mostly as described in the previous section. As Gabor multipliers rely on the combination of a direct and a reverse transformation of the input signal, the technique was applied to the pressure data of each sensor separately. The results were afterwards summed and normalized with the assumption that the outcome converges sufficiently to be regarded as a wake event. Convolutional neural networks are meant for feature detection from the images, therefore firstly the spectrograms from the sensors were merged (as seen in Figure 7e), and afterwards the CNN technique was applied. This sequence of operations is the reason, in the current example, that the CNN-based detection leads to better results than the use of Gabor multipliers: the CNN was applied to the cleaned input data.
	The example in Figure 7 covers the time frame from 15:00 to 24:00 on the evening of 10 July 2017. During that time, 12 wake events were visually counted from the spectrogram (Figure 7e). There were 14 peaks in both the linear vibration data and in the gravity vector that could indicate a wake. From these, 10 events were detected as wakes (true positives), 2 events were missed, and 2 false positives were generated giving an accuracy rate of 0.63. The use of the CNN methods leads to the same results (10 detected, 2 missed, 2 false positives). The performance of the method based on Gabor multipliers was slightly worse. The total number of registered events was 18, from which 9 were actual wakes, 3 wakes were missed and 9 were false positives giving a total accuracy rate as 0.4. Both methods using the water flow data missed the events at the end of the data stream (at 22:40 and 23:50) Figure 7a and Figure 7b) while the CNN application missed events at 19:10 and 23:50 (Figure 7c). The method based on Gabor multipliers failed to detect cases at 19:10, 22:40 and 23:50 (Figure 7d).
	From those three wake events, the event at 23:50 was missed due to proximity to the end of the data series so that only the high peak is present in the spectrogram. Only the CNN technique was able to detect it as it relied on the contrast of the input (spectrogram) image rather than on raw input data. This shortcoming could be easily removed by overlapping data subsets or keeping the data in a continuous stream. The sensors measured the data continuously and the data was divided into days to simplify the analysis. Wakes at 19:10 and 22:40 were missed due to the low signal-to-noise ratio. In both cases only the chirp part of the wake representing divergent waves is present at high frequencies compared to the rest of the wakes.
	This feature leads to one of the key issues of this analysis. Namely, wakes from the vessels sailing at 15 knots (approximately 28 km/h) or below were seldom visible in spectrograms. Even if they were, their properties often had too large uncertainty so that the rest of the analysis struggled to determine the sailing characteristics.
	The results imply that regardless of which of the methods was selected (either relying on hardware, applying general feature detection methods from images, or using signal analysis) the overall result of the automated process has adequate accuracy compared to the case when wake events were counted on spectrograms manually. Also, for all the methods described, the final selection of the events to be identified as a ship wake was done by counting the peaks over a certain threshold. This means that for the methods based on hardware (Figure 7a, Figure 7b), the gravity vector data (Figure 7b) is usable immediately whereas the linear acceleration data (Figure 7a) requires additional low-pass filtering.
	To sum up, all the different methods that are reported and used for gathering and analysis of the vessel wake data are suitable for detection of the presence of ships via their wakes. A natural limiting factor is the water depth because for pressure sensors from some point wave attenuation would be too great, and it is difficult to install and retrieve the sensors in deeper areas. For above-surface sensors, deployment requires shallow water depths. The preferable way forward is to move from single sensor systems to sensor arrays and grids. Doing so will 1) improve the overall data quality by suppressing the signal of random wave fields (Figure 5); and 2) provide additional information about the vessel itself, as will be discussed in the next chapter. A broad range of methods can be effectively used for signal analysis, automatic wake detection, and feature detection, from the (spectrogram) images to hardware-based approaches. The performance of all developed and employed methods is comparable to the accuracy achieved by visually picking the events on spectrograms.
	There are also obvious limitations for the detection and analysis of vessel wakes in such a way. The first limitation is the vessel speed. Equally important is the actual location of the measurement device(s). Both datasets used in this thesis were collected in the same location which had natural obstacles to shelter the waves and wakes from the south-east and north-west. Therefore, the focus was on the vessels approaching port from the north. However, the records contain wakes that have arrived from the south-east due to diffraction or refraction. For example, wakes from some fast vessels that travelled out of the port to the north are seen with the cases at 19:10 and 22:40 (the high frequency divergent components). Thirdly, as the wake events may last several tens of minutes (Soomere, 2007), traffic density could be a problem. For example, if several vessels pass the sensor(s) within, say, 30 minutes, the spectrogram will have several overlapping wake traces. This pattern may be interpreted as a single wake event by the automated detection methods described above.
	2 Vessel localization
	2.1 Speed of the vessel
	2.2 Vessel position and course

	After wake detection, the second step in the process is to determine the vessel position and its sailing parameters. This step can be regarded as vessel localization. Combined, the two steps provide sufficient information about a ship’s presence and its movement. Along with vessel recognition, that is determination of its type and/or purpose, they form the backbone of the vessel traffic monitoring system. The data provided by these systems allows real-time continuous vessel tracking. However, usually with the ship wake events are single point recordings in time and space, and they are usually recorded with a significant time delay that is the result of the time taken for the wake to travel from the point of generation to the measurement devices. Therefore, at best, this method only allows one historical snapshot per vessel as it passes the sensor system.
	Continuous vessel monitoring systems use consecutive timestamps to determine to where and how the ship is moving. Wake events, despite being single events, contain enough information, which, if measured by the right equipment and interpreted adequately, may give the same result. The goal is to determine the following four parameters: speed, distance, bearing and the course of the ship from a single measurement for each passing vessel. Speed and distance can be obtained directly from the spectrogram of the wake itself, while the bearing and course can be estimated by using a grid of closely positioned sensors. In this chapter the findings are presented using the data from Paper III, as the results of Paper I use AIS data provided with very coarse time resolution and thus cannot be regarded to be reliable for estimating actual vessel sailing parameters.
	In general, the basic idea for determining the speed of the vessel and the distance of the wake-generation location from the sensors relies on the understanding that this information is hidden in the frequency of cusp waves, that is, in the frequency of waves that arrive first to the observer or sensor (Wu, 1991). This frequency can be found using the spectral representation of the wake by determining the frequency of waves at the point of the Kelvin wedge that reaches the sensors.
	Recent developments in the understanding of the structure of ship wakes have provided further options to solve this problem. Pethiyagoda et al. (2017) showed that most of the wake energy is concentrated on the linear dispersion curve (Figure 8) in the spectrogram. This curve can be described in time-frequency coordinates as:
	where 𝜔± is the dimensionless angular frequency of the waves and 𝑇=𝑡𝑦 corresponds to dimensionless time of propagation of the wake over distance 𝑦. This curve has two branches. The plus sign ‘+’ represents the frequency range of divergent waves and the minus sign ‘–‘ the frequency range of transverse waves. These two branches interact at the point where 𝑇=8, 𝜔=32 (point “A” in Figure 8). This point represents the edge of the Kelvin wakes for the observer or sensor. This edge is usually represented by cusp waves, that is, the strongest wake components. Even though their arrival would be the easiest to detect, identification of their common frequency is a nontrivial problem as waves with this frequency exist during a short time interval and the signal is rapidly split into two components. This complexity is reflected in Figure 8. The cusp waves are represented as the vertical location of the dispersion curve. This means that, technically, it is necessary to identify the frequency of a signal that changes infinitely fast. This situation can lead to a misinterpreted frequency value.
	A solution to this problem can be found from the properties of the two branches of the linear dispersion curve. Namely, the branches of this curve for the divergent and transverse waves have asymptotes for large values of 𝑇. In other words, for large values of 𝑇 both branches can be approximated by a straight line. These lines are represented as 𝜔=𝑇2 for the divergent components and a horizontal line 𝜔=1 for the transverse components. The crossing point of these asymptotes (point “B” in Figure 8) at 𝑇=2, 𝜔=1 (in nondimensional coordinates) can be interpreted as a first (linear) approximation of the arrival time instant of the Kelvin wedge. It is invariant with respect to the ship’s speed and to the depth Froude number at subcritical speeds (Pethiyagoda et al., 2017). The relevant frequency is the long-term average value of transverse waves. This feature immediately signals that this approximation is applicable only if the vessel sails at a subcritical speed. In critical and supercritical speed regimes, when the divergent component becomes the dominant feature and transverse waves disappear, this method does not work.
	Torsvik et al. (2015b) applied two methods to identify and make use of the frequency of Kelvin wake components to find the speed 𝑈 of the vessel and the distance of the wake generation location to the sensor. First, he noted that the vessel’s speed can be estimated as (Torsvik et al., 2015b):
	where 𝑓𝑡∞ denotes the limiting frequency of transverse waves if 𝑇→∞, that is, the frequency at point “B” in Figure 8. This frequency can be evaluated as the average frequency of the transverse components after some time of the passage of the cusp waves. This approach is a variation of the method expressed by Eq. (2) and proposed by Wu (1991). Second, Torsvik et al. (2015b) demonstrated that the speed of the ship can be calculated as:
	where 𝑓𝑐𝑢𝑠𝑝 is the frequency of the waves at the edge of the Kelvin wake, that is, corresponding to the location of point “A” in Figure 8. These two approaches are equivalent because 𝑓𝑐𝑢𝑠𝑝𝑓𝑡∞=3/2 (Pethiyagoda et al., 2017). Therefore, it is enough to correctly evaluate 𝑓𝑡∞ to specify the frequency of the cusp waves.
	This aspect was discussed in Paper I in the context of the reliability of estimates based on Eqs. (4) and (5). As the frequency of cusp speed corresponds to the vertical section of the linear dispersion curve (Pethiyagoda et al., 2017), even small errors in the estimates of cusp wave timing may lead to large errors in 𝑓𝑐𝑢𝑠𝑝. The estimates of 𝑓𝑡∞ are much more stable. Consistent with the described features, the approach based on the signature of the transverse component leads to a better match of the estimates of the speed of the vessels compared to the AIS information (Paper I).
	If the speed 𝑈 of the vessel is calculated, the distance travelled by the wake can be determined from the properties of the divergent waves. It is sufficient to determine the time interval Δ𝑡 during which the frequency of the divergent component increases from the maximum frequency 𝑓𝑐𝑢𝑠𝑝 (frequency of cusp waves) to a 2 times higher value (Torsvik et al., 2015b). The distance 𝐿 travelled from the wake generation location to the observer or the measurement site can be estimated as (Torsvik et al., 2015b):
	Three applications were used to evaluate the ship speed and distance: 1) direct evaluation the frequency 𝑓𝑐𝑢𝑠𝑝 of cusp waves from the record of the highest wave components at the arrival of the wake, 2) evaluation of this frequency using the shape of the branch for divergent waves in Figure 8, 3) relying on the properties of the asymptote of the branch for transverse waves, equivalently, Eq. (4).
	In ideal conditions all three methods should provide adequate and matching estimates of the actual sailing speed of the passing ship (Figure 9). Theoretically, the estimate that relies on properties of transverse components is expected to be closest to actual values because it uses in the best way possible the properties of the Kelvin wake. A comparison of the data from monitoring the actual vessel traffic and the three applications shows that the results are different, but the above hypothesis concerning their performance is correct (Figure 9). A comparison of the performance of the three methods was reported in Papers I and III. In both cases the same conclusion was reached even though the temporal resolution of the AIS data was different, with the 2017 reference AIS information about the passing vessels being available at much finer resolution (5 minute compared to 1 hour in 2009) (Mitev, 2018; “VesselFinder,” 2020).
	The attempts to directly evaluate the cusp wave frequency (Figure 9a) led to systematic overestimation of ship speed and therefore underestimation of this frequency. Similarly, the use of properties of divergent waves (Figure 9b) usually led to overestimation of ship speed. The approximation of the cusp frequency using the limiting frequency of the transverse components (Figure 9c) has succeeded in providing values close to actual reference data.
	In addition to the theoretical arguments, this method has several significant practical advantages. Firstly, the transverse part of the wake in the spectrograms is tightly confined on the frequency scale. As a result, the errors of estimates are small (Figure 9c). Secondly, it occurs in a region on the time-frequency scale with a small number of interfering factors in the study area, therefore enabling a lossless extraction and analysis. Thirdly, if present, it is well defined over the entire duration of the wake. This increases the level of confidence of the frequency estimates.
	A disadvantage is that it is prone to external influencing factors, such as the ship moving at a very high speed, equivalently, at large depth Froude numbers. As a result, this component is not always present or is masked by noise or by other wakes. These features limit the use of this method: even if it works adequately in good conditions, it has the lowest application rate among the three.
	Therefore, methods for directly determining the frequency of cusp waves at the edge of the Kelvin wedge should also, at times, rely on the properties of wake components which are more frequently present or more pronounced than the transverse component. The approach based on the direct evaluation of the cusp wave properties (Figure 9a) has an advantage over similar estimates that make use of properties of the divergent component (Figure 9b) due to the simplicity of the analysis. The disadvantage is that it is based on one single highest energy value at the intersection of the two branches. Therefore, one should not be overconfident of the values found. This feature is illustrated by large error bars in the relevant values (Figure 9a) compared with other methods. The results found from the properties of divergent waves rely on the part of the wake in the spectrogram that is often affected by high noise caused by wind waves. Along with the wide range of frequencies and energy covered by this branch, the estimates contain high uncertainty levels (Figure 9b). As this step is a crucial part in the process of determining the distance between the vessel (wake generation location) and sensor system and it relies on more data than the method of cusp waves, it should be considered as a fallback method if the transverse component is absent, or the calculation based on it fails.
	The presented description demonstrates that the accuracy of estimates of the distance travelled by the wake depends on the quality of the extraction of the starting point of the divergent component. In most cases, the divergent component is quite reliable when it comes to extraction and analysis. However, one should note the mentioned uncertainty levels and their influence when calculating the actual distance between the vessel and the sensor system.
	The AIS data from 2017 enabled a vessel’s actual position close to the point where the wake was generated to be determined. The use of several sensors made it possible to evaluate the direction of the incoming wake, which was combined with the distance calculation, as discussed before, based on the transverse component of the wake. The following discussion is based on Paper III.
	The background assumption is that most wake components are long-crested waves with locally straight crests. This assumption is not correct for cusp waves (Liang et al., 2024) but acceptable for the rest of the wake. The general idea was that if sensors are close enough together to record simultaneously the same wave crest or trough passing, such as during one wave period, then the direction from which the wake is propagating can be calculated based on the time differences of the passing of the trough or crest at different sensors. It is therefore crucial to follow wave crests that move at phase speed. Considering a 7 s period for a transverse wake component, the depth of instruments being 3 m which results in a phase speed of 4.3 m/s, then the maximum allowed gap between the sensors to register the same wave crest or trough would be around 30 m. As described above, we used an array of 9 sensors mounted on a regular rectangular frame of 5 5 m. Therefore, the largest distance between a pair of sensors was 7 m.
	This method is an implementation of the widely used phase-shift technique used in many fields, including estimates of the directional spectra of ocean waves (e.g., Dean and Dalrymple, 1991). For an ideal regular long-crested wave pattern with straight wave crests an estimate of delay (phase shift) between the arrival of wave crests to the location of any two devices represents two propagation directions of the wave pattern. Therefore, for establishing a reliable estimate, several sensor pairs are needed to build statistics of directions.
	The data used in Paper III for this purpose was measured with 9 devices. This gives 36 different sensor pairs and 72 wave propagation directions (dashed lines in Figure 10). This number of pairs provided in most cases an approximation for the approach direction for the incoming wake that correlated well with the direction prescribed by the traffic separation scheme (within ±10° around 14.3°, area with dashed red lines in Figure 3). The means to reduce the number of instruments (currently 9) needed to find the necessary direction and their arrangements are not viewed here.
	The estimates of wave propagation direction using the phase shift method were based on the pressure data used for calculating the spectrograms. Getting the time delays from the evaluation of the proxy of water velocities (speed and direction) that were used for wake event detection in the previous chapter was also considered. Due to the high level of noise and sensitivity of the calculation process to small deviations, the retrieved values were not consistent enough to be considered as reliable results.
	Combining the determined direction of the incoming wave with the distance travelled by the wake leads to the estimation of the vessel position at the time moment when the wake was generated. One such example is shown in Figure 11 that presents the vessel position on its movement track around the time the wake was generated. The uncertainty area is large because, due to the low AIS resolution of 5 minutes, the vessel’s exact location had to be interpolated. Figure 11 also depicts the calculated position using the distance travelled by the wake and its direction along its area of uncertainty (from distance and direction evaluation).
	The calculated position is close to the position estimated from the AIS data. The difference is around 400 m for example in Figure 11, and for majority of the cases the estimate falls into a 0.5 km circle around the actual position (Figure 12). However, the area of uncertainty is quite big: about 2 km wide (from line 2 to line 4 in Figure 11) and 2.8 km long (between lines 1 and 3 in Figure 11). As discussed previously, the uncertainty first stems from errors in calculating the distance. This step often contains substantial inaccuracies when extracting the properties of divergent components from the spectrogram. The resulting high level of uncertainty (see error bars on Figure 9b) translates further into calculating the distance to the location of the wave generation based on the estimates of vessel speed. Another dimension of inaccuracies stems from estimates of the wave propagation direction. This component of uncertainty becomes evident as the width of the area of uncertainty despite showing the general direction very well.
	The likely main reasons for this large uncertainty are the short distance between the sensors and high level of the background noise. Together they result in quite a large (approximately 30°) uncertainty in the wave propagation direction and thus the sailing direction. A feasible way to reduce this kind of uncertainty is to increase the distance between the sensors. This has a natural limit as the quality of the spectrogram should not diminish even if the overlapping procedure described earlier is used. However, as no actual measurements were conducted, then this solution has not been checked.
	From Figure 12 another interesting phenomenon arises. There is a correlation between the estimates of the distance and the direction of the incoming wake. In cases when the calculated distance was shorter compared to the actual value, the evaluated sailing direction was shifted towards the north. When the calculated distance exceeded the actual distance, the direction was shifted towards the east compared to the actual direction.
	Vessel courses were calculated by applying the angle of cusp waves (35°16′) to the calculated directions of propagation of wake wave crests. This approach leads to two courses of the vessel. There is no way to determine which of them is correct based solely on the wake data. Therefore, the final estimate of the vessel course should be determined using additional information. One solution is to use the local sailing conditions (Engen and Johnsen, 1995). This approach was used in these estimates. The possible course (around 230°) was dismissed as it was directing ships directly to the land (Figure 11). These left values of the realistic courses which coincided with the orientation of the traffic separation corridor (159°).
	An approach to resolve this issue would be to use two sets of sensors, analogous to using two subsequent synthetic aperture radar images to determine the wave propagation direction (Ouchi et al., 1999). As the course calculation was a linear manipulation of the direction of the incoming wake, the same outcomes were inherited: calculated results matched well with actual courses of the vessels sailing to port (within ±10° of 159°), but the uncertainty, was kept also in a range of 30°.
	To sum up, methods for determining the vessel location and its sailing parameters at the time instant when the wake was generated can produce results that are comparable to actual data. However, the biggest problem is the ambient noise, mostly due to wind waves. Its presence significantly increased the level of uncertainty of the estimates. Another big issue was the high traffic intensity in the study area. For this reason, only the cases when a single vessel was approaching the port were used. The presence of wakes from multiple vessels within the same time window (15 minutes) complicated the analysis process from the extraction of the wake structure from the spectrogram to finding the direction of the incoming wake. Lastly, these methods are only appropriate if the ship sails steadily along a fixed course. As shown by Pethiyagoda et al. (2017), violations of these assumptions can produce spectrogram images where several shapes of wake components are overlapping, and the proposed analysis becomes unreliable.
	Conclusions
	Despite the absence of a well-established method for vessel traffic monitoring, there are a vast variety of tools and instruments available to gather, detect and analyze information about ship wakes from water elevation data, applicable to different environments. The main purpose of the work was to investigate whether it is feasible to use spectral images of wakes of passing vessels as a component of a vessel traffic monitoring system. The analysis addresses the first two major steps – vessel detection and localization – out of five stages of creating a Recognized Maritime Picture (NATO Standardization Agency, 2015). The third step, recognition, which characterizes the vessel and therefore is also heavily dependent on the data collected by the sensors, is not considered here.
	Ship detection provides information as to whether the trace of the ship is present in the input data (Papers I and II). This aspect was investigated in terms of choice of environment, signal quality and prospects for automation of the detection. Vessel localization means identification of its location and where it is heading (Papers I and III). This was addressed by calculating the speed of the detected ship and the distance from the measurement location to the point where the detected wake was generated from wake spectrograms. Further, the propagation direction of the incoming wake was estimated and incorporated to determine the location of a ship at a time moment when the wake was generated, and the course it was heading.
	The key findings of the analysis of options relating to the use of ship wake spectrograms for vessel detection and location are as follows:
	 Wind-wave noise can be reduced by using pressure sensors placed on the seabed in a shallow area. The quality of the spectrogram can be improved by overlapping results from multiple closely positioned devices (Paper II and Chapter 1.1)
	 Ship wakes can be detected by evaluating water flow data from near the sensor (Paper II and Chapter 1.2). They can be detected by single-step detection algorithms based on signal transformation (Paper I and Chapter 1.2)
	 Vessel speed estimated based on the structure of a wake in the spectrogram corresponds well with the actual speeds. Approximation using the asymptotic properties of transverse components provides the best results in terms of accuracy and the level of the uncertainty (Paper I and Chapter 2.1).
	 Using several sensors positioned appropriately close together enables the determination of the propagation direction of the incoming wake. This, along with the distance to the location of wake generation derived from the wake structure from the spectrogram, can be used to find the location where the wake was generated (Paper III and Chapter 2.2).
	 If the direction of the wake is known, the course of the ship can be estimated with the addition of external information (Paper III and Chapter 2.2)
	The general conclusion is that the developed method of spectral analysis of ship wakes as part of vessel traffic monitoring system has limited applicability if a single sensor is used. It provides a single snapshot of the location and the sailing parameters of the passing vessel. The outcome of the method is only reliable if the ship sails on a steady course and at a steady speed in subcritical regime but faster than ~15 knots. The method is trustworthy if only one ship wake is present at the same time. Lastly, all the information is retrieved with a delay that reflects the propagation time of the wake from the generation location to the measurement devices. The advantage of the described approach is that the required equipment and its deployment are cost-effective requiring only pressure sensors that can be deployed in 2–3 m deep water from the land or by small boat.
	Some further considerations relate to the ship types, their sizes, and the maximum distance at which the wakes are detectable. These issues were not considered as all the measurements were taken at one location, near the Pikakari Beach facing the approach lane of the marine traffic separation scheme. Thus, all detected wakes were generated approximately 3.2 km away. All the ships in this study were ferries approximately equal in size. Further research and measurements could be designed and implemented to address these questions. Potential locations include areas near ports (like the Pikakari Beach) with more varied traffic (for example the Hel Peninsula in Poland), or areas that could test detectability of vessels sailing at larger distances from the measurement location (for example the Kõpu Peninsula on the island of Hiiumaa).
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	Figure 10. Distribution of 72 potential wave propagation directions (dashed straight lines) from 36 sensor pairs (all pairs from sensors S1 to S9). One direction from every sensor pair (in total 36) leads to the expected (most probable) direction X1 while the second possible direction contributes to the set of misleading directions X2 to X15. From Paper III. 30
	Figure 11. An example of the results of an evaluation of the position and sailing line of M/S Megastar approaching the Port of Tallinn (marked as a ’Vessel movement track by AIS’, green dots indicate the vessel AIS locations) on 13.07.2017. The wake source point was calculated using the AIS positions. The green rectangle with a green dotted circle around it indicates possible course (±5°) and speed (±2 knots) alterations. The vessel location at this instant found from the wake readings is indicated by the ’Calculated position’. The area of uncertainty (error estimations for the distance and direction) is shown as the cyan polygon within 95% error bars. From Paper III. 30
	Figure 12. Differences between wake origin points found from the AIS data (the black rectangle in the centre) and calculated wake origin points from pressure data plotted in cardinal directions (N: North, E: East, S: South, W: West). The measurement site is in the SW corner. Red line: the direction of the incoming wake. Green line: the course to port. From Paper III. 31
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	Abstract
	Surface vessel localization from wake measurements in the littoral zone 
	There are numerous different vessel detection systems available, but they can be deceived or have limitations in certain situations. This thesis examines the possibility of using spectral representations of ship wakes to fill the knowledge gaps in this area. The main purpose was to test the feasibility of the idea that the spectral representation of vessel wakes that are recognized from far-field water surface elevation, water velocity or pressure data at one or at a few points, could be used to fill the knowledge gaps.
	The work focused on two steps: ship detection, to determine whether there are indications that a ship was present in the region in the input data, and ship localization, to determine the location of the vessel and its speed and course. The focus was on simple implementation and the possibility of automation. Two datasets were used: one measured in 2009 and the second measured in 2017. Both sets were collected at the same location, near Pikakari Beach, gathering information on ships approaching the port in Tallinn Bay, on the southern side of the Gulf of Finland in the Baltic Sea.
	From the results it was concluded that pressure sensors located on the seabed were able to filter out shorter wind waves. The attenuation of the ship wake data was reduced by overlapping spectrograms from several sensors. Wake detection was achieved by using specific algorithms for signal analysis and by monitoring the corresponding water movements. Both developed algorithms are capable of working without supervision after being set up. Vessel speed calculated from the spectrogram y using different parts of wake was in accord with actual speeds measured using an automatic identification system (AIS). The use of transverse components of the wake provided the most accurate results with the lowest level of uncertainty. The distance travelled by the wake and the vessel speed were derived from the divergent component of the wake signature. The direction of the incoming wake was calculated using an array of closely positioned sensors. These parameters gave a vessel location comparable to actual position at the time the wake was generated as measured by AIS. Combining some additional information made it possible to establish the ship’s course from the propagation direction of the incoming wake.
	From the results it was seen that this method provided a single snapshot of the vessel movement during the period when the ship passed the sensor. This information was received with significant time delay. Also, the signal analysis had some restrictions. Accurate determinations required that no more than one vessel wake was present in the record simultaneously; the vessel had to sail on steady course and at a steady speed in the subcritical range and at a speed greater than 15 knots. Ship identification (characteristics such as type, hull shape etc.) and the maximum distance between the ship and the measurement site were not considered in this work. It was concluded that this method provided limited information about the presence of the ships and their sailing parameters, but at this stage it is not a standalone system for vessel traffic monitoring and must be complemented by other methods.
	Lühikokkuvõte
	Laevade asukoha ja liikumise parameetrite määramine laevalainete salvestustest
	Analüüsitakse võimalusi kasutada laeva käigulainete salvestuste spektraalset esitust laevaliikluse jälgimiseks. Peamiseks eesmärgiks oli katsetada, kas ühes punktis tehtud veepinna asendi muutumise salvestusest või vähestes lähestikku asuvates punktides madalmere põhja lähedale paigutatud rõhuandurite signaalidest tuletatud informatsiooni saab kasutada täiendava vahendina mööduvate aluste tuvastamiseks ja nende liikumise parameetrite hindamiseks.
	Käigulainete analüüs toimus kahe sammuna. Esimese sammuna (avastamine) tehti kindlaks, kas laev paiknes vaadeldavas alas. Teise sammuna (lokaliseerimine) määratleti laeva asukoht ja liikumisandmed. Vastava tehnoloogia loomisel seati eesmärgiks lihtsus ja võimalus seda kasutada automaatrežiimis. Kasutati kaht salvestatud andmestikku. Üks neist oli mõõdetud 2009. ja teine 2017. aastal. Mõlemad salvestati Pikakari ranna lähistel Paljassaare poolsaare rannavetes. Mõõtekoht on avatud Tallinna sadama poolde suunduvate laevade lainetele.
	On näidatud, et ranniku lähedal madalas vees merepõhjas paiknevate rõhuandurite signaalis on tuulelainetest tingitud müra suhteliselt nõrk. Ka laeva käigulainete signaal on osaliselt sumbunud võrreldes veepinna asendi muutumisega. Kuna käigulained on pikaharjalised, on neid võimalik eristada lähestikku paiknevates andurites registreeritud signaalide spektraalkujutiste kombineerimise teel. On näidatud, et käigulaineid on võimalik tuvastada automaatselt, kasutades nii signaalitöötluse algoritme kui ka hinnates lainete tekitatud vee liikumise kiirust. Kumbki meetod ei vaja spetsiaalset seadistamist enne andmete kogumist.
	Laeva kiirust hinnati kahel erineva meetodiga, kasutades käigulaine struktuuri eri osasid. Saadud hinnangud langesid hästi kokku laevade automaatpositsioneerimise infost (AIS) leitud väärtustega. Käigulainete ristkomponendi asümptoodi omaduste alusel arvutatud hinnangud olid täpsemad. Koha kaugus, kus lained olid tekitatud, leiti laeva kiiruse hinnangu ja käigulainete kaldkomponendi sageduse muutumise tempo kaudu. Käigulaine harjade orientatsioon ja sellele vastav lainete leviku suund arvutati lähestikku paiknevate sensorite salvestatud signaali ajanihke alusel. Selle suuna ja kauguse põhjal määratleti laeva asukoht käigulaine tekkimise hetkel. Nõnda leitud asukohad kattusid hästi AIS andmetega laeva tegeliku asukoha kohta. Laeva kurss ei ole kõnesolevatest andmetest üheselt leitav. Näidati, et kursi saab enamikel juhtudel leida käigulaine levimise suuna ja kohalike navigatsioonioluside võrdlemise alusel.
	Töö keskse tulemusena näidati, et kirjeldatud tehnoloogia võimaldab leida laeva positsiooni ja liikumisandmed (kiirus ja kurss) hetkel, mil laev tekitas salvestatud käigulaine esimese osa, teisisõnu, vaid ühel ajamomendil. Meetodi kasutamist piirab asjaolu, et käigulaine jõuab mõõtepunkti arvestatava viiteajaga; enamasti mõnikümmend minutit. Signaalitöötlust saab automatiseerida vaid siis, kui analüüsiks kasutatavas ajaaknas on vaid ühe laeva signaal. Meetod annab adekvaatse tulemuse, kui laev liigub fikseeritud kursil kindla kiirusega vähemalt 15 sõlme. Laeva identifitseerimist (kere kuju, otstarve jne) ja maksimaalset kaugust mõõtepunktist käesolevas töös ei vaadatud.
	Tulemustest selgub, et käigulainete analüüs võimaldab saada ajas ja ruumis võrdlemisi piiratud informatsiooni laeva asukoha ja liikumise kohta. Seetõttu sobib kirjeldatud meetod täienduseks teistele laevaliikluse jälgimise süsteemidele.
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