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Abstract: - The article considers the problem of detecting unauthorized objects in a water area using vector hydrophones. A vector
hydrophone measures acoustic emissions along three orthogonal components, which makes it possible to determine the direction to a
sound source. Based on these data, an algorithm is proposed for calculating the coordinates of the object as a point that minimizes a
proximity function to the lines defined by the signal directions. The developed mathematical model takes into account measurement
errors and the specific features of sound propagation in water. The proposed approach makes it possible to localize objects in real time
using a limited number of sensors and also reveals prospects for improving accuracy when several hydrophones are installed and
spectral analysis of signals is applied. Simulation results confirm that the method is suitable for monitoring coastal zones and increasing
the security of the water area.
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L INTRODUCTION

One of the important tasks in ensuring the safety and security of facilities in the country's coastal water areas is
the protection of the boundaries of the water area. For this purpose, various approaches and technologies are being
developed and used. For example, underwater objects can be detected by optical methods: by the reflection or
absorption of characteristic green-blue light by the hull of a boat; by the 'traces' of paint particles washed off from
the hull; by minute amounts of radioactive substances that are discharged into the water through reactor cooling
systems (on nuclear vessels); by the vessel's thermal radiation [1], and so on.

Chinese researchers claim [2] that submarine detection can make use of the wake 'Kelvin wedge' [3] — a
V-shaped surface disturbance generated by submarines as they cut through the water. This wake, previously studied
for radar-based imaging, produces a weak but detectable magnetic field when the ions of seawater disturbed by the
motion of the vessel interact with the Earth's geomagnetic field.

There is a large body of scientific literature devoted to the detection of unauthorized objects using passive and
active sonars [4-8].

Among these technologies, the use of vector hydrophones can be noted. A vector hydrophone is an acoustic
sensor designed to measure sound radiation in water arriving from all directions or within a specified angular sector
[9]. A similar approach is used, for example, in [10, 11]. The output parameters of a vector hydrophone are the
intensities (powers) of the incoming acoustic signal along three spatially orthogonal components, which make it
possible to determine the vector direction to the object emitting the sound waves.

The aim of this work is to detect objects on the approaches to the water area by their acoustic emissions.

Obviously, in order to jointly process data arriving from several hydrophones, these data must be delivered to
a certain water-area monitoring center, and for this it is necessary to use appropriate network equipment that
provides their transmission. The data can be transmitted both by cable and wirelessly. The choice of transmission
method and network equipment modules must be made taking into account the technical parameters of the
hydrophone, operating conditions, distance between the hydrophone and the monitoring center, required reliability,
and other factors. On the other hand, since the hydrophones will be located on the bottom of the reservoir, far from
infrastructure, their power supply must be ensured, which can be provided either by a separate power cable or via
the same network cable used for data exchange [12]. In the article it is assumed that issues related to network
equipment and power supply have been resolved, and the present study focuses on developing data processing
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algorithms that make it possible to determine the location of an unauthorized object on the approaches to the water
area under consideration.

II. PROBLEM STATEMENT

The problem of detecting unauthorized objects in a water body of known configuration is considered. The
accuracy of measuring hydroacoustic signals is crucial for correctly computing the localization of underwater
targets, but the complexity of ocean noise often leads to the registration of signals that are heavily contaminated by
noise. This noise complicates the accurate estimation of key target parameters such as bearing, range and type.
Therefore, effective preliminary noise-suppression processing becomes necessary when handling hydroacoustic
signals.

For example, if some known object passes near the hydrophones, its sound can be recorded and taken into
account as a background when filtering the acoustic signal from an unauthorized object. The acoustic emissions of
active navigation, if it is used within the water area and therefore affects its acoustic background, must also be
taken into account.

Since the water area under consideration is sufficiently limited, the curvature of the Earth can be neglected.
Therefore we shall assume that the surface of the water area is part of a plane. To specify the locations of objects,
we introduce a right-handed rectangular coordinate system Oxyz. For definiteness, we assume that the Oz axis is
directed upward, perpendicular to the water surface, and that the Oxy plane coincides with the water surface (Fig.
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= y
] o - o
x)
Ol
Operational zone
of the water area

Fig. 1. Schematic location of hydrophones along the boundaries of the operational zone of the water area (top view).

Let N hydrophones be used for monitoring the water area; we number them i =1, 2, ..., N. We assume that all
hydrophones are well oriented with respect to the coordinate system Oxyz, that is, their reception vectors for
acoustic signals coincide with the directions of the coordinate axes of this system (Fig. 1). The coordinates of the
i-th hydrophone with respect to the coordinate system Oxyz will be denoted by (x;, y;, z;).

Suppose that the hydrophones with numbers iy, i, ...,ix, 2 < k < N, located at points with coordinates
(xl- 0 YipZi 1), (xl-z, Vi Ziz), s (xl-k, Vigr Zik), have registered a noticeable acoustic signal and, after filtering this
signal, the computed direction vectors to the newly detected object turned out to be M; = (mx,i oMy mz’il),
M, = (mx,l-z, my,iz,mz,iz), s My, = (mx,ik, My i mz‘ik), respectively. Obviously, if normalization is required,

one may assume that the vectors Ml-j have unit length:
2 2 2 _ P
My, T My +my = 1, j=12, ..,k

In the ideal case, all straight lines passing through the points Al-]. (xij,yij,zij) in the directions ]V[L-]. would

intersect at a single point where the detected object is located. Let us denote these lines by L;;. However, there are
obviously many factors—among them inaccuracies in determining the hydrophone locations, errors in estimating
the direction vectors, refraction of the acoustic signal due to inhomogeneities in the water medium, neglect of the
difference in the times of arrival of the acoustic signal at different hydrophones, and so on—because of which these
lines may not intersect. Below, we shall consider only those cases in which the vectors M; i are pairwise

nonparallel.
Let us consider the distance between two skew lines, which can be computed using the formula [13, 14]:
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in,ij -
. .2

m)’rln mZ‘ln
my,i]- mZ,ij

It is possible that different hydrophones have received signals from different sources. One indication of this is
an excessively large spread in the values Din,ij, for example, more than 0.5 nautical miles. If Din,i]. does not exceed
0.5 nautical miles, the object can be searched for within a certain region where the lines are closest to each other.
Thus, the problem of determining the location of an unauthorized object is reduced to

+ choosing a suitable criterion p (in the sense of optimization theory, an objective function) for measuring the

closeness to all lines Ll-]., respectively passing through the points Aij in the direction of the vector M‘i)., where only
those hydrophones for which Din‘i]. < 0.5 nautical miles are taken into account;
* describing an algorithm for finding the point that is closest to all lines Li]. in the sense of the p measure (that

is, that minimizes the objective function).

III. MATHEMATICAL MODEL

In order to define an objective function that provides an estimate of the closeness between two points
A, (x1,y1,2,) and A,(x,, v, Z,), it is necessary to introduce a certain positive function p(A4,,A4,) [15].
For example, if we denote by d (A4, A,) the classical Euclidean metric [16, p. 21], i.e.

d(Ay, A7) = (1 = %)% + (1 = ¥2)% + (21 — 2,)%, ()
then as the function p(A4;, A,) one can take, for instance,
p(A,4;) = d°(A,4y), 621 (3)
Then the measure of closeness between a point A; and a line £ can be defined by

p(A, L) = Erzlierz{P(A1:A2)}~ 4)

Let £, L,, ..., L}, be some, in general (as was shown in the previous section for the lines), non-intersecting lines
in three-dimensional space R3, and let A € R3. In accordance with definition (4), we denote the measure of
closeness from the point A to the line £;, (j = 1, 2, ..., k) by p; 4) = p(A,Lj )

We shall regard as the presumed (or approximate) position of the object such a point A € R3 for which the
objective function

IOEDWNAE

J=1

attains the smallest value. It should be noted that the power of a sound signal in sea water decays rapidly
(exponentially) with distance; therefore, to determine the source of the sound it is sufficient to use no more than
three hydrophones.

Let A;(x1,¥1,2,) and A, (x5, V5, Z,) be the two closest points on two skew lines representing the directions of
the signal from the unauthorized object to the hydrophones. A natural question arises: can we, on the basis of this
information, infer where the unauthorized object is most likely located? To answer this question, it is necessary to
introduce a suitable metric for estimating the distance between points.

The purpose of this work is not to test all metrics described in mathematical analysis for suitability, so we shall
restrict ourselves to the simplest metrics from the computational point of view. In addition, in order to be able to
apply the tools of differential calculus when searching for the minimum of these functions, we give preference,
when choosing a metric, to smooth functions. In this sense, as a measure of closeness we shall further consider the
function p described in (3), generated by the usual Euclidean metric for @ = 1 or 8 = 2.
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Comparison of proximity measures for 6. For simplicity of understanding, we examine, for 8 = 1,2, the
specific problem of finding a point A with coordinates (x, y, z) such that the total proximity measure to two known
points A, and A, is minimal. Let us first consider the case 8 = 1. To find the minimum value of the objective
function

JA) =S (=) + =) + (2= 5),

we apply the least squares method.

. . . . 3] 8] @
To do this, we first compute the partial derivatives é , é, a—i and set them equal to zero:

2

X — X; —o0,

jzl:\/(x—xj)z+(y—3’j)2+(z_zj)2

: Y=Y _o,

;\/(x—xj)z +-3) +(z-2) v
zZ—z —0.

;\/(x_xj)z"‘()’—3’;)2"‘(2_21')2

Rewriting this system in the form

(x— x1)\/(x —x)2+ (Y —¥2)2+ (2 —2)%* + (x — xz)\/(x —x)2+ (@ -y1)*+(z—-2)*=0,
O =y IV —x)2+ = )2 4+ (2 —2)* + =y )V (x — )2 +  —y)? + (2 — )2 = 0,
(z—z2)V(x—x)2+ (Y —y2)2 + (2 — 2,2 + (2 = 2)J(x —x)2 + (y —y1)2 + (2 —2,)? = 0

we obtain the following equation, which represents the equation of the line passing through the points A; and A,:

X748 _Y™h _Z74 6)

X—Xp Y—=Y2 Z—2y

It is easy to see that, for any real parameter A € [0, 1], the point
O y22) = Qg + (1= Dxg, Ay, + (L= Dy, Az, + (1 — D) zy)
belongs to the line (6) and satisfies system (5). Consequently, for 8 = 1 this objective function does not yield a

unique point of likely localization of the object.
Now let 8 = 1. As the objective function we choose

J# =3 [ =x)"+ 0 =n) + (= %))

We again apply the least squares method:

2 [ 2 ]
9]
a=ZZ(x—xj)=2 2x—ij =0,
j=1 | j=1 ]
3 2 [ 2 ]
6—222(3’—3’;'):2 Zy—Zyj =0,
y e e
Jj=1 | Jj=1 ]
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2 2

a]

52 ZZ(Z—Zj) = ZlZZ—ZZj =0.
Jj=1 j=1

From these equations, the estimated coordinates of the object are uniquely determined by the formulas

2
1
15
j=1
2
1
yzz Vi
=1
2
1
ZZE Z]
=1

Thus, as a proximity measure satisfying the requirements formulated above, one can choose the function (3)
for 6 = 2.

Algorithm for finding the coordinates of the most probable location point. As already noted above, when a
sound signal propagates in water its power decreases exponentially with increasing distance from the source.
Therefore, when calculating the coordinates of the sound source it is reasonable to restrict ourselves to three
hydrophones that receive the acoustic signal with relatively stable power. To determine the coordinates of the
probable position of the object, we use the proximity function (3) with 8 = 2 for the hydrophone observations
M; = (my;,myj,my;),j =1,2,3.

Introducing a parameter t; € R, j =1,2,3, we write the t-parametric equations of the straight lines that pass
through the hydrophone positions Aj(xj,yj, Zj) in the direction of the corresponding hydrophone observation
vector Mj [16, p. 136] in the form

X =myt; + xj,

y=my;t; +yj. 7
zZ = mzljtj + Zj.

Then the coordinates of the probable location of the object can be determined by minimizing the following
objective function:

3
JCo,y,z,ty,t),t3) = Z [(x —my it — x]-)2 +(y—myt; — y]-)2 +(z—myt; — zj)z].
=1

. . . . d] 9] 0] 0
Applying the method of least squares, we compute the partial derivatives é, é, a—i, 6_t] and set them equal to
j

Zero:
3

Z(mx_]t] +x] - .X') = 0,

=

3
Z(my,,-t,- +y=¥) =0,
=1

3
Z(mZJtJ + Zj - Z) = 0,
j=1

mx,](mx']t] + x]' - x) + my‘j(my‘jtj + y] - y) + mz‘j(mz‘jtj + Zj - Z) = 0, ] = 1, 2,3

. 2 2 2 _ .
Given that m ; + mj ; + m7 ; = 1, we obtain:
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3 3
me’]t] +ZXJ —3x = 0,
=1 =1

3 3
Zmz‘jtj +ZZ] —3z= 0,
=1 =1

t] = mx‘jx + my,jy + mZ’jZ - (mx,jxj + my‘jyj + mz‘ij).

Substituting the expression ¢t; into the previous equations, we obtain the following system of linear algebraic
equations in x, y, z

2 — 2

Z mx']- -3 |+ yz my,jmx,j + ZZ mz‘jmx‘j = Z(mx,]xj + my,jmx,jyj + mz’jmx‘]'Zj - x]) B

=1 j=1 j=1 =1
3 3 3
\ xzmx.imy.j +y my;—3 +sz21my1 Z(mxﬂnwx] +my vy +mymy, iz - y;),  (8)
j=1 j=1 j=1 j=1
3 3 3
— 2 _— .

Z mx]mz] + yz my]mzj VA m -3 ]= Z(mx,jmzljxj + my,jmzljyj + mZ‘jZ]' Zj) .

j=1 j=1

The main determinant of this system is

3
Z '_3 Zmy}mxj Zmz,jmx,j
j=1

3
= me]my] Zmy] Zmz_]-my‘j = S2(My, My, M3) —
j=1

3
2
zzthmzj Ez"mezj EZ"EJ—
j=1 j=1 j=1

3

32

My j, My, 2 My j,  Mxj, 2

Mzjy  Mzj,

My Myj,
Mzj, Mz,

My j,  Myj,

), ©)

]1'.]2.—1
J1#]2
where
mx,l mx,z mx,3
S(Ml,MZ,M3)= my,l my,z my,3
mz,l mz,z mz,3

is the mixed, or triple, scalar product of the vectors My, M,, M3, which is equal to the volume of the three-
dimensional parallelepiped spanned by these vectors, taken with a plus sign if the vectors My, M,, M3 form a
right-handed triple and with a minus sign if they form a left-handed triple [16, p. 73]. Due to errors in the
hydrophone data, the determinant (9) may vanish. However, if |A| # 0, then system (8) has a unique solution by
Cramer’s rule:

A, A

xzf, y:X;

(10)
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Formulas for calculating A, A, and A,are given below:

3 3

3
(m2 ;x; + my, jm ;yj + my, M, ;z; — x;) my, iMy my iMy ;i
x,j%j y.j T, j Y z,j M, j4 = Aj y.j 1T, j z,j M j
j=1 j=1 j=1

3 3 3
A= (mymy, ;% + M2 jy; + my my, ;2 — ;) m2.—3 m, ;m, ;| =
x x,j My, j Xj v,V z,jMy,jZ — Yj V.j z,jMy,j
j=1

j=1 j=1
3 3 3
Z(mxjmzjxj +my, my;y; + mZ;z — z;) Zm my ; Zmz i —3
Mz, M, % T 7 ,iMz,j 2,
j=1 j=1 j=1

3

3
= Z My, j, Mz, (mx,hxfl +my; v+ mZJ1ZJ'1)S(]V[J'1’]V[J'2’]V[J'3) -9 Z X
J1J2.J3=1 j=1
J1#j2#j3#)1
3 3 3
mZ.—3 (m2 ix; + my, jm, ;v + my, my iz — ;) m, my
X,] xX,]7] v.] x‘]y] Z,] 7 "X,]7 ] Z,]7 "X,
=1 =1 =1

3 3 3
- 2 . . . . — . . . -
Ay= Z My, jMy, j Z(mx.j my jXj +my ;yj + mym, ;z 3’1) Z Mg, jMy j| =
j=1

j=1 j=1
3 3 3
me-m ; Z(m M, X +my, my, ;y; + m2z; — z;) Zmz-—3
)] "2,] X, "2,]7] ¥,]7"z,]7] z,]%) J Z,]
j=1 j=1 j=1
3 3
= Z My, j, Mz, j3 (mx,jzsz +my;, Y, + ml.fzzfz)s(]v[}'l’ ‘7\/[}2’]\/[]'3) -9 Z Yj»
J1.J2.J3=1 Jj=1
J1#i2#i3#]1

3 3 3
Z My =3 Z My, My, j Z (3% + My ey + Mg me 2 = x;)
j=1 j=1 j=1
3 3 3
A= Z My jMy,j Z my,; —3 Z(mx,,-my_,-x,- + MY+ MMy z = ;)| =
=1 j=1 j=1
3 3 3
2
z My, M, Z My, My, Z(mx,,-mz,,-xj + My, My + MG 7 = 7))
j=1 j=1 j=1
3 3
= Z My, js My, jo (mxij3xf3 +my, Y, + mZ,f3Zf3)S(M}'1’%2’%3) -9 Z Zj-
Juj2,jz=1 j=1
J1#i2#j3#J1

Assuming that the components of the vectors M (j = 1, 2, 3) are determined with some relative error &,,, and

the accuracy of calculating the hydrophone coordinates is §;, then the error in calculating the coordinates of the
sound source for |A| > A, will be on the order of (28,, + 85)/A,.

IV. LOCATION OF A SURFACE OBIJECT

In the case when, by the nature of the sound signal, the object is recognized as a surface vessel, the coordinates
of its likely position are computed more easily.

Since in this case the object floats on the surface of the body of water, its z-coordinate is zero. Consequently,
from equations (7) we find t; = — z;/m, ; and

My j
X =x——=2z,
My,j
m .
Y.J
My,j

Hence, the likely point of the object’s location can be taken as the point with coordinates
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V. EXAMPLE OF COMPUTING THE COORDINATES OF AN UNAUTHORIZED OBJECT

Let the vector hydrophones be located at points with coordinates A;(—1.00,—0.01,—0.20),
A,(+0.00,+0.00,—0.30) and A5(1.00,+0.00,—0.25), expressed in nautical miles. Assuming that the
unauthorized object is located at point A;(0.15,0.25,—0.12), the vectors specifying the direction to the object
were calculated:

MQ = (4+0.9731446,+0.2200153, +0.0676970),
M = (+0.4377813,+0.7296355,+0.5253376),
M2 = (—0.9492024,+0.2791772,+0.1451721).

Using these values as a basis, we generated the following “hydrophone data” with some random deviations
within 1%.
M; = (4+0.97,+40.21,4+0.07),
M, = (+0.45,+40.73,+0.52),
M; = (—0.94,4+0.27,4+0.15).

Applying formula (10), we find the estimated location of the unauthorized object:
A(+0.15379,40.24357,—0.11840).

It is obvious that the distance, computed using formula (2), between the true position of the unauthorized object
A, and the estimated position
d(4,4,) = 0.0076

is on the order of a few hundredths of a nautical mile, which can be regarded as an acceptable computational error.
Therefore, the calculated coordinates of point A may be considered sufficiently accurate.

VI. CONCLUSION

In the article, a method for detecting unauthorized objects in a water area based on vector hydrophone data has
been developed and investigated. The proposed mathematical model and localization algorithm make it possible to
compute the coordinates of the acoustic emission source with sufficient accuracy even in the presence of acoustic
noise and measurement errors. It has been shown that the use of vector hydrophones offers a number of advantages
over traditional scalar hydrophones: the computation process is simplified, there is no need for measurement
synchronization, and the reliability and accuracy of monitoring are improved.

The simulation results have confirmed the operability of the approach and the possibility of its practical
implementation for the control of coastal zones. In the future, the use of several vector hydrophones and spectral
analysis of sound signals will make it possible not only to refine the locations of objects, but also to carry out their
preliminary identification. Thus, the proposed system can become an effective tool for ensuring security in a water
area.

ACKNOWLEDGMENT
This publication was carried out under project G7475, funded by the NATO Science for Peace and Security

Programme.

REFERENCES

Stefanek, Tom. Non-acoustic methods for detecting submarines. In the World of Science. 1988, No. 5, 6 p. (in Russian)
P.R. Mishra, China could detect US’ stealth submarines with new tech that tracks surface disturbance, Interesting Engineering
(online news site), Feb 07, 2025, https://interestingengineering.com/military/china-could-detect-us-stealth-submarines

141



(3]
(4]

(3]

(6]

(7]

(8]

(]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

J. Electrical Systems 22-01 (2026): 134-142

Perkinson, J. Gravity Waves: The Kelvin Wedge and Related Problems. 2010. 18 p.

Ferguson, B. G., Lo, K. W. (2016). “Passive and active sonar signal processing methods for port infrastructure protection and
harbor security.” The Journal of the Acoustical Society of America, 140(4), 3350. DOI: https://doi.org/10.1121/1.4970707
Stergiopoulos, S., Edelson, G. (2009). “Theory and Implementation of Advanced Signal Processing for Active and Passive
Sonar Systems.” 48 p. (In: Advanced Signal Processing, 2nd Edition, CRC Press, 2009). DOI:
https://doi.org/10.4324/9781315219042-11

Adalat Pashayev, Ramil Akhundov, Elkhan Sabziev, Tahir Alizada, Dimitar Dimitrov, Valeri Panevski, Ulviyya Mammadova.
Organization of Control in the Water Area of Ports Using a Sonar System. 6th International Conference on Problems of
Cybernetics and Informatics (PCI), August 26-28, 2025, Baku, Azerbaijan, pp- 1-4.
https://ieeexplore.ieee.org/document/11219776

Lai, K., Liu, X., Yang, Y., Sun, C. (2023). “On Joint Active-Passive Sonar Detection Performance of Underwater Long-Range
Low-Speed Small Target.” 2023 6th International Conference on Information Communication and Signal Processing (ICICSP
2023), pp. 1059-1064. IEEE. DOI: https://doi.org/10.1109/ICICSP59554.2023.10390584

Zhang, Qi, Lianglong Da, Chao Wang, Meng Yuan, Yanhou Zhang, and Jianghao Zhuo. “Passive ranging of a moving target
in the direct-arrival zone in deep sea using a single vector hydrophone.” The Journal of the Acoustical Society of America,
2023, Vol. 154, No. 4, pp. 2426-2439.

Roh, T., Yeo, H. G., Joh, C., Roh, Y., Kim, K., Seo, H.-s., & Choi, H. (2022). “Fabrication and Underwater Testing of a
Vector Hydrophone Comprising a Triaxial Piezoelectric Accelerometer and Spherical Hydrophone.” Sensors, 22(24), 9796.
https://doi.org/10.3390/522249796

Hashimov E.G., Bayramov A.A., Sabziev E.N. Determination of the Bearing Angle of Unobserved Ground Targets by Use of
Seismic Location Cells. 6th International Conference on Military Technologies, 31 May—02 June 2017, Brno, Czech Republic,
pp. 185-188.

Hashimov E.G., Bayramov A.A., Sabziev E.N. Detection of Unobserved Ground Targets by Use of Seismic Location Stations.
Advances in Military Technology, 2019, Vol. 14, No. 1, pp. 133-138.

Swartz, M.; Torres, D.J.; Liberatore, S.; Millard, R. WHOI SDSL Data-Link Project—Ethernet Telemetry through Sea Cables.
Journal of Atmospheric and Oceanic Technology, 2017, 34, 269-275. https://doi.org/10.1175/JTECH-D-11-00196.1
Alghadari F, Herman T. The application of vector concepts on two skew lines. Journal of Physics: Conference Series, 2018,
Vol. 948, No. 1, p. 012030. IOP Publishing. doi:10.1088/1742-6596/948/1/012030

Korypaeva Yu.V., Tyrnov O.0., Kolesov Z.V. Application of methods of mathematical analysis to find the distance between
two skew lines. In: Prospects of Digital Technologies in Technical Universities, 2022, pp. 184—188. (in Russian)
Romanchak V.M. Non-additive measure. Proceedings of the 11th International Scientific and Technical Conference, 1416
November 2018, Minsk, Republic of Belarus, pp. 502—503. (in Russian)

Ilyin V.A., Poznyak E.G. Analytical Geometry. Moscow: Nauka, 1971, 232 p. (in Russian)

142



