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Situational awareness is critical for safe navigation and autonomous ship operations. To improve safety and 
automate navigation, multi-sensor systems could involve sound-based directio-finding of foghorns. In this paper, 
we study the performance of a three-microphone array in bearing estimation when a distant foghorn is audible. We 
adopt an approach which utilizes Hilbert transforms to obtain phase delay from filtered sounds, and get bearing 
estimate by minimization of an energy function. We compare this approach with a cross correlation method 
and GPS-based ground-truth bearing. We present results from simulated tests, laboratory tests with synthetic 
foghorn sounds, and field tests done on a cruise vessel in the Gulf of Finland. The results suggest that vessel 
bearing estimation is possible through foghorn sounds received by the microphone array. Best accuracy of 7◦ is 
achieved in bearing estimation using Hilbert transform approach with target-to-receiver distance of 3.2 km, and 
processing time of 19 ms for 1 second of sound information. We provide recommendations on how the sound 
could play an important role in multi-sensor systems. It can be concluded that sound sensory information is useful 
in autonomous navigation.

1. Introduction

Autonomous navigation is essential for future of transportation. 
When navigating on a water body, awareness of the surroundings is 
a crucial factor for implementing safe navigation techniques. Typical 
methods for that purpose make use of sensing devices such as visible 
light and infrared cameras, lidar, radar, sonar, and Global Navigation 
Satellite System (GNSS) receivers [33,51]. Visible light cameras can 
aid in maritime awareness of small objects such as buoys and nearby 
ships [19]. However, such cameras cannot work in the dark. The res

olution of infrared cameras [28] is not yet sufficient for maritime use. 
Although Automatic Identfication System (AIS) and radars provide ves

sel traffic information required for navigation, the information provided 
by them can be unreliable: GNSS receiver may be jammed [31] or small 
targets in radar view can be undetected or be unrecognizable, which 
can cause a significant danger of collision. Therefore, it is important 
to augment these systems with alternative, independent measurements 
systems. The goal of this work is to detect foghorn sounds from an
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other vessel and determine its bearing relative to the measuring-vessel. 
Our aim is to evaluate the feasibility of using sound-based information 
for this purpose and, in particular, using sounds originating from the 
foghorn of a remote vessel.

Multiple sensors can be fused to provide detailed information for 
navigation: a brief review on sensors and information fusion using Artfi

cial Intelligence (AI) methods is presented in Thombre et al. [45]. Future 
maritime transportation could fuse sound-based measurements with 
available sensors such as AIS, radar, and imaging methods in order to 
utilize the sound sensory information for localization. Although wide lit
erature exists on underwater sound-based localization [42] and the tech

nology for microphone array based localization is well known [8,9,22], 
sound-based techniques are not well studied for applications on the sea. 
For this purpose, our aim is to study the possibility of equipping mar

itime vessels with microphones arrays in order to estimate the relative 
direction or bearing of another vessel from foghorn sounds.

Fog signals are a protocol invented to provide warnings for ships in 
scenarios where optical signal from a lighthouse is occluded by a thick 
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fog [38,1]. Such signals were first produced with cannons or fog guns in

stalled on ship, and were developed in Europe during the 18th century, 
but were then replaced by foghorns after the arrival of steam engines. 
After the invention of radar and AIS, the role of the foghorn was re

duced to a backup safety device. The sophisticated multi-radar systems 
that modern ships are equipped with, can detect other vessels even in 
fog. AIS signals that communicate vessel information like positions are 
not largely affected by the weather. However, radar systems have blind 
spots at a close range and sometimes may fail to detect small vessels at 
normal operating range. Risks become even higher when a small vessel 
lacks an operational AIS transceiver. A foghorn may help in these situ

ations. Therefore, by existing regulations, ships need to have a ``means 
of making sound signals'', which is an requirement according to Safety 
of Life at Sea (SOLAS) regulations, and sound signals must be utilized in 
“restricted visibility'' (COLREG rule 35) [16]. Foghorn can thus be seen 
as a backup safety device.

We argue that the future advanced sensor fusion methods will not 
diminish the role of the foghorn but, instead, make it even more useful 
as a part of a multi-sensor system. First, having a foghorn integrated to 
an autonomous system makes the new system compatible with the es

tablished code of conduct at sea, as not all vessels have state-of-the-art 
sensor systems. Second, having an autonomous sound reception system 
for foghorn signals enables the system to digitally integrate these sig

nals with ones from other sensors enhancing the situational awareness 
in terms of safety, which is the primary driving factor within the e

Navigation strategy of International Maritime Organization (IMO MSC 
85/26/Add.1 Annex 20) [21]. However, this integration, although based 
on new methods, faces well-known challenges. Hubbard [20] writes that 
there is a great variance in the audibility of the sound from a foghorn. In 
some scenarios an aerial echo can be heard and in some the sound can 
be lost in so-called silent zones, as observed by a captain: ``In moving di

rectly away from a fog signal station, the sound is audible for a distance of a 
mile, is then lost for about the same distance after which it is again distinctly 
heard for a long time'' [20]. Obviously, these phenomena constitute a 
real danger for a mariner developing a feeling of cofidence that the 
foghorn signal alone could be used to guarantee safety. In the light of 
modern technology, aerial echoes and silent zones represent weaknesses 
of a single sensor which may be compensated by the use of multi-sensor 
systems and sensor fusion techniques.

In this article, we describe an algorithm to estimate the bearing of 
a target vessel from a received foghorn sound. The algorithm is vali

dated using computer simulations, lab tests, and field tests. Simulations 
are used to find the performance of the algorithm incorporating vari

ous foghorn sound intensities and sampled background noise from the 
sea. Laboratory tests are conducted to estimate the short-range per

formance of artficially synthesized foghorn sounds generated through 
speakers. We validate the algorithm with field tests conducted on-board 
the Ro-pax (Roll-On-Roll-Off-Passenger-ship) ferry MS Megastar sail

ing between Helsinki and Tallinn in the Gulf of Finland. The on-board 
system includes an array of three microphones, related recording equip

ment, and suggested processing computational methods.

The article is organized as follows. In Section 2, we review the previ

ous work and general background of methods used in localizing acoustic 
targets. The proposed computational methods for sound detection and 
localization using a three-microphone array are presented in Section 3. 
Related equipment, experiments and results in simulations, laboratory 
tests, and field tests are presented in Section 4. Future work related 
discussion based on results is provided in Section 5. Limitations and 
challenges are discussed in Section 6, and finally the article is concluded 
in Section 7.

2. Background

Using microphones for foghorn direction estimation is almost a

century-old problem [47]. Most ships are already required to have 
foghorn sound reception systems on-board, for example, SOLAS [40]

states that vessels of over 500 GT (Gross Tonnage) and with a com

pletely enclosed bridge must be equipped with a sound reception system. 
These commercial systems offer a directional hint on the sound ori

gin, typically restricted to 8 directions: front, starboard-front, starboard, 
starboard-aft, aft, port-aft, port, and port-front.

Localization using sound is challenging in windy conditions and is 
even more challenging in the sea-environment conditions [20,50,25, 
43]. Attenuation of foghorn sounds takes place due to weather condi

tions [50], which degrades the signal quality and the phase information. 
Under normal conditions the rough sea surface caused by wind-driven 
waves induces random scattering of the rflected sound [5,46,7]. How

ever, low frequency sounds from, for example, wind farms can still 
propagate far over ten kilometers depending on the temperature of the 
water and the air, the wind, and the presence of atmospheric turbu

lence [4]. This is because at short ranges, up to a few kilometers, the 
sound attenuation experiences spherical ∼ 1∕𝑟2 loss, but at long ranges, 
it becomes cylindrical, ∼ 1∕𝑟 loss [4]. In our work, the field experiments 
are done within the short-range regime, assuming that the multi-path 
effects from the sea surface and atmospheric effects can largely be ne

glected as in Bolin et al. [5]. However, wind induced noise cannot be 
neglected in the recorded data.

Audio signals could play an active role in navigation. A natural 
demonstration of active sound-based navigation is the echo-localization 
used by bats. Such active strategies have been implemented in robots 
using two ear-like microphones with an acoustic transmitter and a bat

motivated algorithm called BatSLAM [41,12]. In the sea, odontocetes

or toothed whales have similar bio-sonars, but they use them under

water [e.g., 2]. Echo-localization has a transmitter which transmits a 
specific signal repeatedly, and the echo signal is detected using micro

phones or hydrophones [10]. Echo-localization method can obtain the 
distance to target, which cannot be easily obtained from sound emanat

ing objects using a passive approach.

Foghorn-based sound direction estimation can use a planar micro

phone array and perform either a time delay, phase delay, or amplitude 
based estimation [13]. Wave properties of sound, like propagation phase 
delay, can be used to estimate the direction of incidence using multiple 
microphones. Multiple studies have been conducted for underwater lo

calization of submarines using sound signals [see, e.g., 3]. However, few 
studies exist for sound-based localization of maritime objects above the 
sea surface [11,23,6]. Work by Choi and Kim [11] provides a numer

ical simulation on the use a symmetric deployment with 4 equidistant 
microphones to find the direction of the transmitting ship using sound 
propagation model in 3D, which uses boundary element method. A more 
recent work utilizing wave property of sound using a Luneberg’s meta

lens made of acrylic pipes and using 8 microphones is studied in Kim 
et al. [23]. Practical experiments with ship foghorn sound utilizing a 24

microphone array were reported in Brix [6]. They studied the methods 
of time-difference-of-arrival (TDoA) estimated using generalized cross 
correlation (GCC) and EB-ESPRIT involving cylinder harmonics which 
were introduced in [44]. Typical reported results in such experiments 
use conventional sound sources in indoor spaces, and include steered 
beamforming [52,9,48], TDoA [36].

Beamforming methods have also been tested for foghorn sound direc

tion estimation using quad-microphone array in an anechoic chamber 
in Vilhjálmsson and Engmarksgaard [49]. Valin et al. [48] used steered 
beamforming with particle filter to simultaneously localize and track 
the azimuth of the sound source. Several beamforming based acoustic 
imaging methods are discussed in Merino-Martínez et al. [32]. Work 
by DiBiase [14] describes speaker localization methods like General

ized Cross Correlation Phase Transform (GCC-PHAT) and Steered Power 
Response Phase transform (SRP-PHAT). GCC-PHAT−𝜌𝛾 with guided 
spectral-temporal (ST) position method is used in Li et al. [26]. Hioka 
and Hamada [18] proposes an algorithm which uses an equilateral ar

rangement of omni-directional microphones to track a speaker. Grondin 
and Michaud [17] proposed SRP-PHAT-HSDA which utilized TDoA and 
Kalman filter to track the direction in 3D space. However, such algo
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Fig. 1. Ferry foghorn sound bearing estimation setup. A target vessel at 𝑟𝑇𝑋
makes foghorn sound which is received by the microphone array on the receiv

ing vessel at 𝑟𝑅𝑋 . In the figure, 𝜙1, 𝜙2 and 𝜙3 are the incident phases of the 
dominant foghorn frequency harmonic on the corresponding microphones. The 
use of a sound direction estimation algorithm determines the bearing of the em

anating sound source.

rithms are adapted to indoor conditions, and an outdoor field sound 
localization is even more challenging.

In this work, we restrict our goal of positioning to finding only the 
angular localization of target vessel, that is, to target bearing estimation 
using a single, passive microphone array. Methods such as bearing-only 
tracking [see, e.g., 27,39] which utilize multiple microphone arrays 
placed at sufficient distances can provide a full localization result. In 
addition, active echo-localization based approaches could also provide 
distance over the air. However, using multiple arrays or an active sensor 
are not considered in this work.

3. Methodology

The microphone assembly and the algorithm for the direction esti

mation of foghorn sounds is discussed in this section. The geometry of 
the direction (relative bearing) estimation problem is shown in Fig. 1
and it can be mathematically described as follows. Assume a maritime 
scene of sea surface with a transmitting vessel TX at ⃗𝑟TX and a receiving 
vessel RX at 𝑟RX. The target ship direction unit vector is 𝛽 which is at 
angle 𝛽 measured clockwise from the receiving ship’s forward direction 
(Fig. 1). A sound wave travels from TX to RX at speed of 𝑐 in time Δ𝑡. 
Therefore, the position of the transmitter vessel is formulated in ideal 
scenario as:

𝑟TX = 𝛽 𝑐Δ𝑡+ 𝑟RX. (1)

We use microphone array consisting of three microphones. Let 𝑥⃗1, 
𝑥⃗2, and 𝑥⃗3 in 2 be the microphone positions in an equilateral arrange

ment relative receiving vessel’s position ⃗𝑟RX in the front, on the left, and 
on the right side respectively. Side length of this triangle is 𝐷. Three mi

crophones are positioned on these vertices installed in a plane parallel 
to the sea surface. These microphones record incident sound pressure 
signals (in Pascals) 𝑢𝑖(𝑡) for microphones 𝑖 = 1,2,3.

Goal of the algorithm is to estimate the direction of the target vessel 
TX from its foghorn sound with respect to the receiving vessel RX by ex

tracting the phase information in received sound. Fig. 2 presents the flow 
diagram of the algorithm. For each microphone received signal, a rect

angular window of time-length 𝑇win is applied on the signal. Following 
that, a second order ifinite impulse response (IIR) resonator filter with 
suitable frequency band for the dominant harmonic is applied. There

after, instead of an conventional correlation based approach to calculate 
delays [11,24], we use Hilbert transform [34,29] on the filtered sound 
pressure signals which allows straightforward instantaneous frequency 
calculations [29], as well as envelope calculations [11]. After comput

ing the phase and frequency, an optimization approach is then used on 
the computed phase information with the microphone array geometry 
to obtain the sound direction. Resulting direction is then converted to a 
real-world bearing value in degrees with respect to the heading of the 
receiving vessel.

The algorithm assumes that the ship foghorn sounds originate in the 
same plane as the microphone array. The effect of sea-surface rflections 
was not as dominant as the effect of rflections from the metallic struc

ture of ship, which were compensated using a simple sound absorber 
behind the microphones for certain foghorn events. However, our model 
does not account for the multipath from the sea. During our experiments, 
ferry engine, wind, and other sounds apart from foghorn represented the 
background noise for our model. There are no long-distance echoes on 
the open sea. The foghorn sounds are generated while target vessel is in 
motion and therefore, a Doppler effect is observed in the received sig

nal. Our strategy is based on tracking the small changes in sound source 
frequency in a narrow frequency window evident from Hilbert trans

form operation while phase differences are independently observed. It 
is also valid for locating non-moving point targets. The ego-motion of 
the observer is captured with on-board GNSS receiver.

The fundamental ship foghorn frequency 𝑓0 as well as the dominant 
harmonic 𝑛 are found from the spectrum of recorded foghorn sound 
pressure signals 𝑢𝑖, 𝑖 = 1,2,3. Foghorn sound frequency-window range 
for the narrow band resonator is taken such that the dominant har

monic is included in the frequency-window. Window is around the 𝑛-th 
harmonic with bandwidth 𝑏W. Window is also chosen such that its cor

responding wavelength is below 𝐷∕2, where 𝐷 is the inter-microphone 
distance, depending on the setup. A rectangular time window of 𝑇win is 
applied on the received microphone channel signals. In this time win

dow, signal 𝑢𝑖 is filtered using 𝐻𝑓 , a second order resonator [iirpeak
in Matlab, 35] to produce 𝑣𝑖 with filter center frequency 𝑓 ≈ 𝑛𝑓0 and 
filter bandwidth 𝑏W. It removes the outband noise and focuses only on 
the frequency components present in that band, mainly a single domi

nant harmonic from the foghorn sound that can be used to estimate the 
direction. A wider bandwidth 𝑏W allows for a larger range of unknown 
Doppler shifted components to be filtered. In our algorithm, the choice 
of the harmonic is crucial depending upon the microphone cofiguration 
and its intensity received by the microphones. The selected frequency 
for phase detection must satisfy the frequency criteria to such that the 
wavelength at the dominant peak is at least twice the microphone array 
distances in equilateral cofiguration to avoid phase difference ambigu

ities in the received signals [15], that is:

𝑓 <
𝑐

2𝐷
. (2)

Let us now take a closer look at the algorithm outlined in Fig. 2. First, 
sound data is passed through a resonator filter (IIR filter) to extract the 
foghorn frequency component. After the filter, as in Choi and Kim [11], 
the Hilbert transform  of the windowed signal is computed for each 
microphone signal 𝑢𝑖(𝑖 = 1,2,3) with which we then form the analytic 
signal:

𝐻𝑖(𝑡) = 𝑣𝑖(𝑡) + 𝑗𝑣𝑖(𝑡). (3)

From this analytic signal 𝐻𝑖(𝑡), the total filtered signal energy 𝜀𝑘 in 
the filtered frequency band received by the microphone array is com

puted as:

𝜀𝑘 =
3 ∑

𝑖=1 

𝑡=𝑘𝑇win

∫
𝑡=(𝑘−1)𝑇win

𝐻𝑖(𝑡)𝐻∗
𝑖 (𝑡)𝑑𝑡, (4)

where 𝑘 is the index for the time-window. From that, we can compute 
the instantaneous power 𝑃𝑘 of the signal received by microphone array:
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Fig. 2. Sound processing method. Microphone array sound input is fed to the algorithm. Bearing and cofidence value are the outcome of the algorithm, and is 
compared with the true heading from GPS. Error is calculated from AIS calculated bearing of the target ship and sound direction estimated bearing. Results are 
plotted and error is computed.

𝑃𝑘 =
𝜀𝑘

𝑇win
, (5)

and convert it to decibels:

𝑃𝑘,𝑑𝐵 = 10 log10 𝑃𝑘. (6)

We then use the following smoothing filter on the power values (in deci

bels):

𝐼𝑘 = 𝛼𝐼𝑘−1 + (1 − 𝛼)𝑃𝑘,𝑑𝐵, (7)

where

𝛼 = 1 −
𝑇win
𝜏𝑠

. (8)

Using a smooth log-intensity signal provides a clean foghorn event de

tection window for signals with low SNR (signal-to-noise ratio). From 
this processed signal we devised a heuristic cofidence measure 𝜌𝑘 is 
obtained using a threshold 𝐼𝜃 of 33 dB using a piecewise linear func

tion:

𝜌𝑘 =
⎧⎪⎨⎪⎩
0, 𝐼𝑘 ≤ 𝐼𝜃,

0.1 (𝐼𝑘 − 𝐼𝜃), 𝐼𝜃 ≤ 𝐼𝑘 ≤ 10 + 𝐼𝜃.

1, 𝐼𝑘 ≥ 10 + 𝐼𝜃.

(9)

The rationale behind using this as cofidence window is that the 
stronger components will have better phase detection than the weak 
ones, this way it heuristically allows to gauge the quality of the bearing 
obtained. In our work, envelope-like quantity in Equation (7) is used in 
Equation (9) to get the cofidence of the foghorn bearing estimation. 
However, in Choi and Kim [11], delay estimates are computed from 
the correlations on the envelope signals, which can be computed as the 
magnitude of the analytic signal in Equation (3).

In our algorithm, phase differences 𝜙12 = 𝜙1 −𝜙2 and 𝜙32 = 𝜙3 −𝜙2
are obtained from the phase information available in the analytic signals 
𝐻1(𝑡), 𝐻2(𝑡), and 𝐻3(𝑡), and their complex conjugates as:

𝜙𝑖𝑗 (𝑡) = ∠(𝐻𝑖(𝑡) 𝐻∗
𝑗 (𝑡)). (10)

𝜙12, 𝜙32 corresponds to the phases of the front and the right micro

phones relative to the left microphone, respectively. In addition, instan

taneous phase 𝜙𝑖 for each microphone is calculated:

𝜙𝑖(𝑡) = ∠(𝐻𝑖(𝑡)), (11)

to obtain the average instantaneous frequency 𝑓 (𝑡):

𝑓 (𝑡) = 1
3

3 ∑
𝑖=1 

𝑓𝑠

2𝜋
𝜕𝜙𝑖(𝑡)
𝜕𝑡 

. (12)

After that, in each window, quantities 𝜙12(𝑡), 𝜙32(𝑡), and 𝑓 (𝑡) are aver

aged to provide 𝜙12,𝑘, 𝜙32,𝑘 and 𝑓𝑘 for the 𝑘-th window.

We also compare Hilbert phase estimation approach for direction es

timation to delay estimation using cross correlation method [37]. The 
delay between two signals 𝑣𝑖(𝑡) and 𝑣𝑗 (𝑡) in continuous time can be es

timated using the cross-correlation function 𝑅(𝜏), dfined as:

𝑅𝑘
𝑖𝑗 (𝜏) =

𝑡=𝑘𝑇win

∫
𝑡=(𝑘−1)𝑇win

𝑣𝑖(𝑡)𝑣𝑗 (𝑡+ 𝜏) 𝑑𝑡 (13)

The time delay 𝜏𝑖𝑗,𝑘 is estimated by finding the value of 𝜏 that max

imizes the cross-correlation:

𝜏𝑖𝑗,𝑘 = argmax
𝜏

𝑅𝑘
𝑖𝑗 (𝜏). (14)

From Hilbert based approach, the estimated phase differences be

tween the microphones and instantaneous frequency incident on the 
microphone array, a relative bearing estimate 𝛽𝑘 of target ship relative 
to microphone cofiguration (that is aligned to the heading of the re

ceiving ship) is calculated using a grid-based minimization of:

𝛽𝑘 =min
𝛽

((𝜙32,𝑘

2𝜋𝑓𝑘
− 𝐷 sin𝛽

𝑐

)2
+
(𝜙12,𝑘

2𝜋𝑓𝑘
−

𝐷 cos(𝜋∕6 − 𝛽)
𝑐

)2
)
, (15)

and for cross correlation (Xcorr) approach:

𝛽𝑘 =min
𝛽

((
− 𝜏32,𝑘 −

𝐷 sin𝛽
𝑐

)2
+
(
− 𝜏12,𝑘 −

𝐷 cos(𝜋∕6 − 𝛽)
𝑐

)2
)
,

(16)

where the minimization is conducted over Angle of View (AoV) of 2𝜋
in simulated and laboratory tests, and is 𝜋 in the field tests. Results 
of the bearing measurement are obtained as the tuple (𝛽𝑘, 𝜌𝑘), whose 
samples arrive at a rate of 10 Hz in the algorithm. Value 𝜌𝑘 represents 
the cofidence of the occurrence of the foghorn sound, and 𝛽𝑘 provides 
the estimate for the bearing of that foghorn sound.

In field tests, additional bearing measurements are obtained using 
AIS Global Positioning System (GPS) receiver measurements from the 
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Fig. 3. Simulation trajectory and wind noise spectrum. 

receiving ship itself which is taken as the ground-truth in the measure

ments. Nearby vessels broadcast AIS messages. Hence, GPS information 
of both the transmitting vessel and receiving vessel is known. Heading 
of the ship 𝜃 is obtained from AIS as well. The GPS coordinates latitude 
and longitude of the receiving vessel are obtained as (𝜑RX, 𝜆RX) and 
the transmitting vessel as (𝜑RX, 𝜆TX). The relative bearing from GPS is 
estimated using the formula:

𝛽GPS = arctan
(

sin(𝜆TX − 𝜆RX) cos𝜑TX
cos𝜑RX sin𝜑TX − sin𝜑RX cos𝜑TX cos(𝜆TX − 𝜆RX)

)
,

(17)

and relative bearing reference value 𝛽0 related to heading of the source 
ship is calculated using:

𝛽0 = 𝜃 − 𝛽GPS. (18)

Since the GPS data has typical time-resolution of 1 second, micro

phone bearing estimation with their cofidence values are resampled 
at 1 Hz, averaging over 10 observations at 10 Hz. The error 𝜖 be

tween microphone-estimated bearing 𝛽0,𝑘 and GPS-estimated bearing 
𝛽𝑘 is computed by taking into account only the errors such that the con

fidence value 𝜌𝑘 is above a certain threshold 𝜌𝜃 :

𝜖 =

√∑
𝑘 𝕀(𝜌𝑘 > 𝜌𝜃)(𝛽𝑘 − 𝛽0,𝑘)2∑

𝑘 𝕀(𝜌𝑘 > 𝜌𝜃) 
, (19)

where 𝕀 is the indicator function.

4. Simulation and experiment results

In this section we present the equipment used in the experiment with 
the setup itself and the results that are obtained for simulation tests, lab

oratory tests, and the field tests. Simulations were done to validate the 
presented algorithm for foghorn sound angular localization which in

corporated Doppler effect and radial attenuation of the sound source. 
Algorithmic performance with source intensity for a given wind noise 
was analyzed. Laboratory tests were conducted outdoors with foghorn 
sounds played from a speaker. Field tests were done in the Gulf of Fin

land on-board MS Megastar by measuring foghorn sounds from the MS 
Star and MS Finlandia vessels by the microphone array. Processing and 
reporting of results was done in Matlab.

4.1. Simulation tests

In following, we describe the simulation method to validate the 
bearing-estimation algorithm presented in Section 3 for foghorn sound 
bearing estimation problem. We also evaluate the performance on a 

transmitter-receiver vessel scenario where transmitter vessel is produc

ing the monotonic foghorn sound which is received by the receiving ves

sel. On the receiving vessel the bearing-estimation algorithm computes 
the direction of the incoming foghorn sound through error minimiza

tion on the measured phases or time delays. Bearing estimation error is 
obtained for foghorn sound intensities for a given wind noise.

In simulation tests, a single-frequency sinusoid signal having ampli

tude of pressure 𝑝, second harmonic 𝑛 = 2 of the foghorn frequency of 
𝑓0 on the transmitting vessel TX is generated as a sinusoid signal with 
time 𝑡:

𝑠TX(𝑡) = 𝑝 sin(2𝑛𝜋𝑓0𝑡). (20)

Here, the pressure amplitude 𝑝 of the sound is calculated from the known 
source intensity 𝐼0 in dB sound pressure level (dBSPL) as:

𝑝 = 𝑝0 10𝐼0∕20, (21)

where reference sound pressure is 𝑝0 = 20 μPa. This generated sound 
source TX moves in a straight line with constant velocity relative to the 
receiving vessel RX with position as:

𝑟TX(𝑡) = 𝑟0 + 𝑣 𝑡+ 𝑟RX(𝑡). (22)

Microphone has coordinates relative to receiving vessel position 𝑟RX as:

𝑥⃗1 = (𝐷∕2,
√
3𝐷∕2), 𝑥⃗2 = (0,0), 𝑥⃗3 = (𝐷,0). (23)

Signal received at each microphone is calculated assuming microphones 
at position ⃗𝑟RX + 𝑥⃗𝑖, 𝑖= 1,2,3. When sound reaches the 𝑖-th microphone 
on the receiving vessel RX, time required is Δ𝑖(𝑡) and is given by:

Δ𝑖(𝑡) =
|𝑟TX − (𝑟RX + 𝑥𝑖)|

𝑐
. (24)

Signal received by individual microphones is then 𝑠RXi(𝑡) which is calcu

lated from signal delay Δ𝑖(𝑡) and inverse distance attenuation [4] with 
added noise as:

𝑠RXi(𝑡) =
𝑠TX(𝑡+Δ𝑖(𝑡))

𝑐Δ𝑖(𝑡) 
+ 𝜂𝑖(𝑡). (25)

Where 𝑝 is the pressure amplitude, 𝑐 is speed of sound taken to be 
343.9 m/s, 𝜂𝑖 is the recorded maritime noise signal added to the 𝑖th 
receiving microphone having spectrum shown in Fig. 3b.

4.2. Simulation results

From the aforementioned simulation strategy, received signals are 
calculated with following simulation parameters. Transmitting vessel 
TX has speed of |𝑣| = 22.2 m/s and a heading of ∠𝑣 = 235deg. Initial 
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Fig. 4. Simulated trajectory localization results for source intensities of 140, 150 and 180 dB and method of Hilbert transform (top), and cross correlation (bottom). 
A sufficient threshold is required for algorithm to be more reliable.

Fig. 5. Angular localization RMS error vs source foghorn signal intensity for 
Hilbert method of phase estimation, and cross correlation for delay estimation. 
Result obtained from simulated test on trajectory with various source intensities 
and added maritime wind noise.

position of the transmitting vessel is 𝑟0 = (−3 km,3 km). Microphone 
separation of 𝐷 = 0.5 m is used on the receiving ship. Rectangular time 
window of 𝑇𝑤𝑖𝑛 = 0.1 is used. Quantity 𝑐 is speed of sound taken to be 
343.9 m/s. Foghorn monotone sound frequency is 𝑓0 = 130 Hz. Receiv

ing vessel is assumed to be static, that is, 𝑟RX = (0,0). Simulated vessel 
trajectory is presented in Fig. 3a. Intensity spectrum of the recorded 
heavy wind noise signal 𝜂(𝑡) taken from the field experiments from 3 
microphones is presented in Fig. 3b. Various sound source intensities 
𝐼0 = 140, 150 and 180 dB were simulated for direction estimation us

ing both the methods of Hilbert transform and cross correlation (Xcorr) 
and their results are summarized in Fig. 4. For lower foghorn loudness 
𝐼0 = 140 dB there is a large variation in the obtained bearing estima

tions, and cross correlation performs better than Hilbert based method, 
but as the foghorn intensity is increased 𝐼0 = 150 dB, the obtained vari

ation decreases and the accuracy increases more for the Hilbert method. 
Soon cross correlation also performs better at increasing loudness. Both 
Hilbert and cross correlation based methods reach RMSE of 0.24◦ and 
0.26◦ respectively at 𝐼0 = 200 dB. Error is seen gradually decreasing to 
a steady value as intensity of foghorn is increased, as shown in Fig. 5. 

Thus, it suggests there requires a certain threshold of foghorn sound to 
have a desired bearing accuracy. This trend is consistent with the find

ings in experimental results of RoboArm 360 system in [30]. Accuracy 
result is in agreement with the simulation results published in Brix [6]. 
The simulation result presented in Choi and Kim [11] also shows accu

racy < 1◦, from the boundary element method using sound propagation 
model in 3D.

4.3. Laboratory tests

Laboratory tests were performed outside Otakaari 3 building, at 
Aalto University. Experiment setup is shown in Fig. 6a. The first set 
of microphones used in the laboratory experiments were GRAS 41AC-3 
(a set including the membrane and a suitable preamplfier), which are 
pre-polarized, constant current power (CCP), IEC 61672-1 compliant 
outdoor measurement microphones for long-term unattended installa

tions. Their main electrical characteristics are a frequency range of 3.15 
Hz to 20 kHz (2 dB), a dynamic range of 17 dB(A) to 138 dB and a 
sensitivity of 50 mV/Pa. They are also equipped with a foam-type wind 
screen that partially eliminates the effects of air flow, and are overall op

timized to reduce the impact on the microphone in the sound reception. 
In addition to the readiness for use in harsh outdoor environments, hav

ing a relatively large dynamic range is also an important feature, since 
strong wing gusts of the type frequently occurring in sea can easily and 
recurrently saturate the microphone and preamplfier outputs.

It is then also essential to select a data acquisition (DAQ) with a 
suitable matching dynamic range. The electrical signals sent by the 
microphone pre-amplifiers were sampled and recorded by a Dewesoft 
Sirius Mini data acquisition card (DAC), which can simultaneously cap

ture signals from up to four different inputs. Its dynamic range is larger 
than 140 dB, with an input range between ± 500 mV to ± 10 V sam

pled by a 24 bits delta-sigma dual Analog-to-Digital Converter (ADC) for 
each channel, and capable of up to 200 KHz sampling. This DAC can also 
synchronize its internal time and sampling triggering directly using an 
network time protocol (NTP) server. This allowed us to closely match 
sound samples to signals coming from any other (time-synchronized) 
sensor such as GPS.

In addition to GRAS microphones, Beyerdynamic MM1 measurement 
microphones were used with Roland OCTA-CAPTURE recorder with 
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Fig. 6. Laboratory test setup. 

Logic Pro X software in Mac system for laboratory tests (Fig. 6a). Both 
selected GRAS and Beyerdynamic microphones are omni-directional. 
Addition to these, a general loudspeaker Classic Session 30 Mark II Bass 
combo was used to play artficial foghorn sounds in laboratory tests.

The tests consisted of analyzing the performance of 2 types of micro

phone arrays in an equilateral triangle arrangement - GRAS microphones 
with sampling rate of 50 KHz and Beyerdynamic MM1 measurement mi

crophones with sampling rate of 44.1 KHz. In an array, microphones are 
labeled as 𝑀1, 𝑀2, and 𝑀3 are placed in a equilateral triangle arrange

ment. Microphones were kept 1.5 m apart in an outdoor setup as shown 
in Fig. 6a. Sound source or the loudspeaker is oriented towards the mi

crophone array from a distance of ≈ 8 m. Angle between subsequent 
positions 𝑃1 to 𝑃5 is kept ≈ 30 deg. Two kinds of microphones GRAS

and Beyer shown in Fig. 6b were used to determine their performance 
which could be used on the ship. Artficial ship foghorn sounds of 10 sec

onds are constructed using the first 10 harmonics extracted from a real 
foghorn sounds having fundamental frequencies of ∼90 Hz and ∼110 
Hz. Finally, 28 sound recordings for the microphone array were created 
for each location and each foghorn frequency, and 28 sound measure

ments are recorded as 6, 6, 6, 6, and 4 samples for 𝑃1 to 𝑃5 respectively.

4.4. Laboratory results

Results of the experiments conducted in backyard are presented in 
this section. We obtained quite satisfactory results with the direction 
estimation of the sources from positions 𝑃1 to 𝑃5 of sound as shown in 
Fig. 7. Summarized RMS error for both the types of microphones, both 
frequencies, and both methods are presented in Table 1. For Hilbert 
method, RMS error obtained for 90 and 110 Hz for GRAS microphones 
is 5.63◦ and 10.47◦ respectively, and for Beyer microphones is 6.84◦

and 5.23◦ respectively. For 110 Hz foghorn, error calculation involved 
only the points from the correct side of the plane (in range [90◦,270◦]) 
and off-placed localizations are omitted from the error calculation due to 
their significant contribution to the error. Although, the deviation in the 
measurements, that is, error noise deviation is typically quite low, and 
is <1 deg. We found that direction results are affected by the speaker 
orientation and 110 Hz foghorn sound-based direction-estimation is af

fected by the relatively large microphone separation. For 90 Hz, GRAS

microphones give RMS error of 5.63◦, which is slightly lower than Beyer 
microphone RMS error 6.84◦, and measured error noise deviation of 
0.7◦ and 0.96◦ respectively is obtained for the microphones. For 110 
Hz, inclusion of all localized points gives GRAS microphones the RMS 

Table 1
RMS Error in degrees for source direction estimation in 2D us

ing equilateral triangle microphone cofiguration for Hilbert 
based and cross correlation method. For 110 Hz, error calcula

tion only takes directions from range [90◦,270◦].

Method Microphone 90 Hz RMSE (◦) 110 Hz RMSE (◦) 
Hilbert GRAS 5.63(0.7) 10.47(0.67)
Hilbert Beyer 6.84(0.96) 5.23(1.33)
Xcorr GRAS 5.61(0.63) 10.49(0.57)
Xcorr Beyer 6.78(0.93) 10.81(1.04)

error of 10.08◦, while it is 104.91◦ for the Beyer microphones. This 
rather large error contribution is from the mislocated points P1 and P4 
via the algorithm as seen in Fig. 7. In all, net RMS error of 7.04◦ with 
error noise deviation of 0.91◦ is obtained for the experiment for Hilbert 
method. On the other hand, cross correlation method shows lower errors 
for lower frequency of 90 Hz for both microphones compared to Hilbert 
method, but on the contrary higher errors for higher frequency of 110 
Hz for both methods, and can be inferred from Table 1. Fig. 7 also sug

gests that error has offset due to possible speaker and microphone-array 
misalignment, since it has a narrow error deviation of ≈ 1◦ in backyard 
lab tests. Offset error can be attributed to the source speaker alignment 
and angle noise deviation provides resolution of the angle measurement, 
which is close to 1◦ in these tests. Further, the effect of rflections from 
the surroundings can be compensated for an even more accurate result.

4.5. Field test

The field test campaign was conducted on-board MS Megastar vessel 
in the Gulf of Finland, in Baltic Sea. Goal of this campaign was to evalu

ate the sound bearing estimation accuracy of foghorn sounds from other 
vessels. Setup consisted of a GRAS microphone array, shown in Fig. 8a, 
which was installed on the deck above the command bridge in front of 
the vessel with a wall towards the aft, as shown in Fig. 8c. This position 
was desirable for installing microphones but offered a compromise be

tween minimal wind noise and wider view angle, and was approximately 
located in the middle. This placement was aimed at reducing the ves

sel generated noises and the exposure of the microphones to the harsh 
winds experienced in the upper-most open deck. Microphones were also 
needed to be placed such that there are no obstructions to the incoming 
sound waves.
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Fig. 7. Direction estimation results for the laboratory experiment for both Hilbert on the left halve and cross correlation method on right halve. Sound direction 
estimation from GRAS and Beyer microphones on simulated foghorn sounds with base frequency of 90 Hz and 110 Hz. Microphone array is placed at the center and 
loudspeaker points P1, P2, P3, P4, P5 with angular separation of 30 deg. Radial distances are in meters and are for graphing purpose.

Fig. 8. Microphone setup on MS Megastar. 
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Table 2
Summary of events and results, net RMS error of * deg. Angular localization within 15◦ is represented in 
bold numbers.

Event Encounter Time (UTC) Ship Absorber Used RMSE (Hilbert) deg RMSE (Xcorr) deg 
1 10-Dec-2020 11:17:53 STAR Yes 10.74 15.18 
2 10-Dec-2020 12:17:25 FINLANDIA Yes 6.96 10.80

3 10-Dec-2020 14:18:13 STAR Yes 49.57 36.98 
4 10-Dec-2020 15:17:26 FINLANDIA Yes 11.61 18.12 
5 10-Dec-2020 17:20:00 STAR No 15.43 15.10 
6 10-Dec-2020 20:14:00 STAR No below threshold below threshold 
7 03-Dec-2020 11:19:00 STAR No 18.95 19.00 
8 03-Dec-2020 12:10:30 FINLANDIA No 24.76 26.59 
9 03-Dec-2020 14:19:30 STAR No below threshold below threshold 

The inter-microphone distance 𝐷 = 50 cm was decided in this field 
test which covered typical foghorn sound frequencies in maritime re

gions. The selected sampling frequency was of 50 KHz. Microphones had 
full symmetric visibility towards the bow measured clockwise from left 
to right as -90◦ to + 90◦, and were protected of the strongest winds along 
the bow by the wall at the aft. However, the protecting wall also pre

sented itself as a good planar rflector of sounds, and as a consequence, 
foghorn sound rflections interfered with the tests on 3rd December. As 
a result, in order to quickly and informally curb their impact, we impro

vised the setup for few events foghorn sounds on 10th December with a 
handmade sound absorbing shield to avoid the rflections from the aft, 
which is shown in Fig. 8d. This shield was made out of many layers of 
clothing materials such as blankets and foam-based camping mattresses. 
It avoided suspected rflections from the wall behind the microphone 
installation. Fig. 8b shows the DAQ and the laptop running the DAQ 
software during one of the experiments.

MS Megastar has the pre-installed GNSS unit DGNSS SAAB R5 with 
the AIS unit R5 SUPREME AIS. In addition to this AIS GPS unit, a man

ually installed commercial-grade multi-frequency multi-GNSS Topcon 
unit with measured precision of 0.25-0.5 m is used. This commercial

grade GNSS equipment has more resolution than the conventional pre

installed GSNN hardware. The sampling frequency of GNSS position 
receiver is 1 Hz.

In the field experiment, Captains of the other ships (MS Star and MS 
Finlandia) were asked to make the foghorn sounds at suggested times 
during the encounter between the ships. These foghorn sounds were 
recorded on-board the MS Megastar ship using the microphone array. 
Overall 9 sound event recordings were made for this experiment and 
their results are summarized in Table 2. Setup in events 1 to 4 had an 
additional cloth-based sound absorber on the back to attenuate any in

terference of suspected rflections. For ship foghorn, ferry vessel MS Star 
has foghorn model Kockum Sonics series ELECTRO-TYFON Mt 150/130 
with fundamental frequency of 130 Hz. Ferry vessel MS Megastar has 
foghorn Zet-Horn 90AC with fundamental frequency of 90 Hz manufac

tured by Zöllner Signal GmbH, which is accordingly tested with standard 
COLREG72 Anne II/3, IEC 60945(2003).

4.6. Field test results

We present the results from the field tests conducted on-board MS 
Megastar. From the spectrum of the recorded foghorn sounds in the field 
tests. First harmonic of the foghorn for MS Star ferry was observed to be 
within 136-138 Hz, and for MS Finlandia was around 162 Hz. Second 
harmonics were found to be louder than the first harmonic. A rectan

gular time window of 𝑇win = 0.1 s is used on the received microphone 
channel signals. Resonator filter settings used in the filter are 𝑛 = 2 with 
the bandwidth 𝑏W = 12 Hz, which centered at the observed recorded 
frequency for each vessel. In the algorithm, the bearing estimation op

timization in Equation (15) was done on directions 𝛽 ∈ [−𝜋∕2, 𝜋∕2]
relative to MS Megastar, with 0◦ direction being the heading.

Foghorn sounds produced by other vessels are highlighted in a radar 
plot in Fig. 9, where we combine both AIS GPS measurements with the 

energy of the filtered received foghorn signal. This plot shows the ship 
trajectories and foghorn sound levels of MS Finlandia and MS Star rel

ative to MS Megastar. Major portion of foghorn sounds are highlighted 
in the radar plot. It can be seen that the foghorn sound in event 1 is the 
loudest. Foghorn sounds particularly within 4 km radius can be heard 
by the algorithm sound, although, in the events 6 and 9, the sounds are 
not detected by the algorithm. In total, 10 separate foghorn sounds were 
audible in the 9 sample recordings. AIS GNSS information is used on ex

periment on 3rd and 10th December 2020, while Topcon GNSS receiver 
information is recorded only for experiments on 10th December 2020.

Foghorn sound bearing estimation with time of the ships from MS 
Megastar are provided in the Fig. 10. Angle estimations are more ac

curate when an absorber is used behind the microphone array, except 
in event 3. Error is evaluated as the root mean square (RMS) between 
the estimated bearing of target ship with respect to MS Megastar to the 
actual bearing obtained from AIS. Numerical error in sound direction 
obtained from Topcon GPS as reference was same as the error values 
obtained from AIS GPS data, as no difference was visible in the numeri

cal values of bearing estimation. A detection is assumed during the time 
interval when the cofidence value is larger than the cofidence thresh

old. In this experiment the cofidence threshold is assumed to be 0.5 
(50%). Error is computed over the window of successful detection. Re

lated obtained bearing error is presented in Table 2.

Referring to Fig. 9, a foghorn sound event from a target may be de

tected even up to 5 km away (as in event 8), but not always (as in 
the event 6 and event 9). Wind noise environment makes it challeng

ing to detect far-away noise sources. Foghorn sound in event 6 was not 
heard by the algorithm, whereas, foghorn sound in the event 9 is au

dible to a human, but not to the algorithm. Maritime environment can 
drastically increase the error, as can be seen from event 3, in Fig. 10, 
and for RMSE calculations we have omitted events 3,6, and 9, unless 
explicitly mentioned. A good localization was achieved in the event 2 
with the RMS error of 6.96◦ at distance of approximately 3.2 km. Ta

ble 2 summarizes the event details such as encounter time with target 
transmitting ship, use of the absorber, and the obtained RMS error in 
bearing estimation of the sound source. Event 1 to 4 involved the use of 
a makeshift sound absorbing screen whereas event 5 to 9 did not. Av

erage performance in terms of detection success and RMS error appears 
better when the sound absorbing screen is employed. RMS error over 
events 1, 2, and 4 is found to be 9.97◦, while without the sound ab

sorbing screen is 20.08◦ for Hilbert approach. On the other hand, cross 
correlation method has RMSE of 15.00◦ with absorbing screen for events 
1, 2, and 4, and has RMSE of 20.80◦ without. Average RMS error over all 
the listed events is 23.80◦ for Hilbert method, and 21.84◦ for cross cor

relation method. However, from individual experiments, Hilbert based 
approach can provide more accuracy in certain scenarios for direction 
estimation. Aforementioned algorithm can also perform in real-time, as 
1 second of sound data processing takes 19 ms using Hilbert transform, 
and 30 ms using cross correlation method, on an Intel(R) Core(TM) i9

9920X CPU @ 3.50 GHz with 24 logical cores. Hence, these methods 
provide feasibility in real-time applications.
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Fig. 9. Field tests foghorn sound events at various locations relative to MS Megastar for results presented in Table 2. Foghorn sound energy signals are fused with 
target vessel AIS GPS positions and are displayed on a radar chart.

Fig. 10. Bearing results from the proposed algorithm for field tests conducted in the Gulf of Finland, Baltic Sea. Relative bearing estimation of target vessel for events 
1 to 9 are shown with start time of encounter in UTC (see also Table 2) for Hilbert phase estimation method in left half and cross correlation time delay method in 
right half. Red curve indicates the AIS calculated bearing of target ship with respect to MS Megastar, and is taken as the ground truth. X-axis is the time in seconds 
since the start of event. Colorbar denotes the foghorn event cofidence, and is measured in range 0 to 1. Darker regions with cofidence higher than 0.5 were used 
to evaluate the performance of sound-based localization in maritime scenario using Equation (19).

5. Discussion

Use of foghorn is widespread and in addition many ships have a 
pre-installed digital sound reception system (SOLAS regulation, see Sec

tion 2). The question is, how would the current these systems fit into an 

autonomous perception system. In principle, interesting quantities to be 
measured are (i) the direction of the incoming sound, (ii) classfication 
of the foghorn type, and (iii) the range to the sound origin, since these 
lead towards the purpose of (iv) matching the sound observations with 
visual (and other) observations.
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(i) In the field tests, sound direction is estimated with a RMS er

ror of ∼ 24◦ using Hilbert method, and ∼ 22◦ using cross correlation 
method, and RMSEs per event are listed in Table 2. This is clearly above 
the precision offered by current sound reception systems, which pro

vide a resolution of 45◦ (8 directions as in Section 2). However, adverse 
weather conditions at sea may degrade this precision, as discussed in 
Section 2. We observe a significant source of error in direction esti

mation due to rflections from the observing vessel. Unfortunately, the 
abundant metal surfaces of vessels are extremely good sound rflectors. 
Therefore, we use a sound-absorbing structure on the background of the 
microphone array.

(ii) The classfication of the foghorn types is plausible in our labo

ratory tests when differentiating between the foghorn frequencies of 90
and 110 Hz. However, at sea, more information is needed as it is im

possible to cover different vessel types with frequency variations only. 
For this, we recommend future work as follows. Preferably, the sound 
receiving system should have a dictionary of specfications of the fog 
signals that can be observed. Also, the fog signals could adopt a form of 
Morse codes instead of emitting a constant sound so that the emitting 
vessel’s types could be more easily distinguished from each other. Here, 
maritime regulations on foghorn sounds limit the use of the acoustic 
localization methods.

(iii) The range to the sound origin requires prior knowledge of the 
emission amplitude or would need multiple microphone arrays placed at 
sufficient distances. This is beyond this work. However, for future work, 
we note that even if the emission amplitude is known, the ranging is still 
strongly affected by the environmental conditions, especially the wind, 
as discussed in Section 2.

(iv) When hearing a foghorn sound, the captain of a ship is inter

ested in visually finding the vessel that is the origin of the fog signal. 
As long as the origin of the sound source is not visually observed, a 
state of alertness is present in the command bridge due to uncertainty. 
Mimicking this with an autonomous system has (at least) the following 
caveat. Fusing the sound signal information with vision observations (as 
presented in Thombre et al. [45]) requires that the classfication of the 
foghorn and hence the associated vessel to be successful. Otherwise, an 
autonomous system could only match the incoming fog signal with the 
first detected vessel in an image in the direction of the incoming sound 
omitting the chance of another vessel being there, out of sight.

6. Limitations and challenges

Despite the challenging conditions, we obtained satisfactory results 
from the experiments for sound localization using foghorn sounds. The 
challenges involved the nature of the sound data received by the mi

crophone array on the MS Megastar, as it had: wind noise, Doppler 
effect, multi-path from sea-surface and ship itself, ship engine noise 
and chatter, birds near microphone array, water wave sounds, ferry’s 
own whistle sounds, and microphone’s mechanical response to the vessel 
vibrations. This makes the data rather noisy and filtering it is very chal

lenging. Arising limitation for this work is that only a single bearing can 
be detected at a time. However, the same signal can be analyzed in par

allel for multiple frequencies, depending on computational resources. 
Regardless, if multiple vessels make sound at the same time, then the 
direction of source cannot be obtained with the provided algorithm.

In collecting the field test data we also encountered numerous practi

cal challenges due to which data collected was scarce in the experiments. 
First of all, gathering the data for the experiment was challenging due 
to cold weather and harsh winds for the microphones and as well as 
the crew members on the top deck of the ship. Secondly, vessels do not 
usually sound their foghorn without some specific reason, and hence 
foghorn events are typically rare at sea. Thirdly, the foghorn sound from 
nearby vessels was quite low and tended to be drowned out by back

ground noise from wind and the sea waves. Solutions for overcoming 
these challenges need to be thought before future experiments.

7. Conclusion

In this paper we have presented the results of the experiments con

ducted to evaluate the feasibility of using foghorn sound for bearing 
estimation in the maritime scenarios. Based on the results, such micro

phone array installed on a ferry can be used for obtaining bearings of 
active foghorns of the other vessels. Best estimated angle-of-arrival RMS 
error with sound processing was found to be 6.96◦. Average RMS er

ror of 9.97◦ was obtained with the use of sound absorbing plane, and 
error of 20.08◦ without sound absorbing plane. We found the Hilbert 
phase estimation based approach to be more accurate than cross cor

relation based approach on our data. Although the bearing accuracy is 
limited, the measurement could still be included as an additional type 
of measurement in multi-sensor systems. The measurement might also 
be useful in search-and-rescue operations where sound source in the 
dark is the only signaling approach. Sound direction can also be used 
to align other instruments and focus them on the suspected direction so 
that more precise navigation tools can be aided for collision avoidance.

Algorithm and equipment used in this work has obvious potential im

provements left for the future work. However, the improvements must 
be made with respect to the maritime scenarios which may involve 
redesigning the microphone array or involve a different approach al

together with sound localization techniques. We think, the presented 
algorithm is well suited for future developments to planar microphone 
array foghorn sound bearing estimation.
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