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Abstract—Localization of underwater objects has always been
a challenging task due to the unguided and misty nature of
the underwater environment. Therefore, in this paper, a novel
algorithm has been proposed to find the correct location of
various underwater objects in real-time underwater communication networks. The proposed algorithm is based on collective
utilization of gravity field vector and gravity gradient tensor
signals for object localization. It computes the localization of
numerous underwater objects in a non-linear scenario by utilizing
modified Levenberg-Marquardt algorithm. The study uses singleobject localization scenario to carry out estimation of the initial
coordinates and mass calculation of the underwater objects. In
order to validate the proposed algorithm, two objects based
artificial navigation model has been used for testing purpose. The
results obtained were precise and accurate, hence, the proposed
method is a good strategy to localize multiple underwater objects.

underwater communications systems is depicted in Fig .1.
Apart for the ranging capability and data rate, it is much
important that which one of these systems are efficient to
locate underwater objects knowing the misty nature of the
underwater environment.

Index Terms—Underwater objects, Localization, gravity field
vector, Levenberg-Marquardt

I. I NTRODUCTION
With the advancements in wireless communication systems,
high-speed data transmission is pervasive in modern sciences. These robust communication systems work efficiently
in the air but, when it comes to underwater applications,
their performance degrades. The reasons behind this performance degradation, are the un-guided and hazy nature
of the underwater environment. These underwater wireless
communication systems utilize various data communication
carriers such as radio-frequency (RF) waves, acoustic waves,
and optical waves [1]. With air as a transmission medium,
the RF communication system provides higher data rates
of transmission over long distances utilizing very moderate
power. However, such effective communication of RF cannot
be achieved in an underwater environment due to its high
tendency to absorb electromagnetic signals. Acoustics systems
deliver long-range communications, but its data rates are much
low due to the low sound speed in water [2]. On the other
hand, optical wireless communication provides higher data rate
and cost-efficient system design [3]. Comparison of various

Fig. 1. Comparison of various underwater communications systems.

Localization of objects in underwater environments has
attained considerable reputation in both military and civil
applications. Many traditional techniques such as Global Positioning system (GPS), Autonomous Underwater Vehicles
(AUVs), Ultra-wide band (UWB), Dive and Rise (DNR),
and Wider positioning system (WPS) have been used to
estimate the accurate position of objects [4]–[6]. Due to the
developments in technology and security measurements, these
aviation and underwater objects can be made invisible to these
traditional techniques for finding locations. In contrast, other
techniques such as gravity signals can be utilized to detect
and find the location of these invisible objects using either
acoustically or magnetically invisible objects.
Techniques known as gravity field vectors (GFV) and gravity gradient tensor (GGT) have been recently developed, to
locate and monitor movements of various objects in aerial and
underwater environments. Gravitational potential of earth and

related parameters such as centripetal force are due to the
sun, planets, moon and other natural forces. The analysis of
variations in the acceleration due to such gravitational potential
is known as gravity gradiometry and its measuring gadgets are
known as gravity gradiometers. These gravity gradiometers
are significantly used due to its instinctive component along
z-direction that is basically the rate of change of gravity in
vertical direction with a given height. It can be measured
by calculating the gravitational pull at two different positions
by a small vertical distance and dividing by their separation
distance. The gravity gradient (GG) is the rate of change of
acceleration due to gravity, however, gravity gradient tensor
(GGT) is basically the degree of rate of change of gravity field
vector (GFV) in all the three dimensions perpendicularly. The
system deployment of these techniques is cost efficient as compared to the traditional techniques available in the literature.
In [7], the detailed structural design and implementation of
the base stations for localization of various objects have been
presented. An analytical formula has been developed recently
using GGTs for location detection of objects in air [8]. This
formula was developed by combining the GFV and GG signals
for object localization. The localization of objects here was
measured by using a meter known as gravity gradiometer and
found to be approximately equal to 10 4 E.
Recently, localization of single underwater object by using
GF and horizontal GGT signals is proposed in [9]. Therefore,
this paper proposes an analytical solution for the localization
of multiple objects in an underwater environment by using
GF and GGT. To localize various objects simultaneously in a
real-time scenario, two algorithms known as GFV and GGT
signals have been utilized. Then computations are carried out
to calculate the unknown masses and location coordinates
of these multiple objects. The modified Levenberg-Marquardt
algorithm has been utilized for these unknown findings and
afterward, these computations are regularized in a non-linear
scenario. Compared to the standard Levenberg-Marquardt,
the proposed algorithm is more robust and offers increased
stability. Initially, single object localization problem has been
utilized to determine the location of an object automatically
and find its approximate coordinates. Later on, a model has
been presented to localize two objects in the underwater
environment in a much accurate way.
Rest of the paper is organized as follows: In Section II,
the focus has been laid on single object localization in an
underwater environment using a 3-D coordinate system. In
Section III, critical analysis has been carried out for multiple
objects localization in the same underwater environment. Section IV includes simulations results obtained in the considered
scenario and discussion made. In Section V, system evaluation
is discussed followed by the conclusions.
II. U NDERWATER S INGLE O BJECT L OCALIZATION
This paper considers a scenario which consists of n base
stations and a single underwater target object. Also, a 3dimensional rectangular coordinate system is commenced, in
which the horizontal surface consists of the x y coordinates

and the z coordinate lie vertically downward as shown in Fig.
2. The 3-D coordinate mass P (x, y, z) causes some gravity
potential k at the kth base station . This gravity potential k
is produced with a constant density ⇢ with negligible inertial
centrifugal force as follows [10]–[12]
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the universal gravitational constant. Also, the ⇢ is with small
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As, the GGTs calculate the degree of rate of change of
GFV in the x , y and z directions. So, the coordinate
mass can be estimated well enough by a single mass point, if
its separation from the site of observation is at least three or
more times larger as compared to the target dimensions [13].
After such a consideration, (2) can be approximated as
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where M represents the mass of the underwater object.
According to [8] [14], (3) can be approximated as
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With utilization of equation (4) and (5) at the kth base station, an analytic formula of the barycenter location (xkr , yrk , zrk )
and mass Mrk of a single object lying in an underwater
environment.
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where as the subscript r resembles to the localization of
single underwater object. Using this localization technique, if
the single object lying in underwater environment is approximated well enough as a point mass. Then utilizing (6), the
barycenter locations and masses can be obtained in similar
manner for all the n number of gravitational base stations.

III. U NDERWATER M ULTIPLE O BJECTS L OCALIZATION
A. Principle for Localization of Multiple objects
Localization of multiple underwater objects by gradiometer
base stations is depicted in Fig. 2, where there are n number
of underwater base stations and m objects where m  n.

Uk , Vk , Wk , Xk only possess the geometrical association
among the considered base stations and the mass bodies. These
matrices are defined as
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In (8), separation between the k-th base station
Pk (uk , v k , wk ), xkl = xl
uk , y kl = y l
vk ,
z kl = z l wk , and the mass of lth body Ol (xl , y l , z l ) is
represented by Dkl = [( xkl )2 + ( y kl )2 + ( z kl )2 ] 1/2 .
Also, the lth body mass is expressed by M l .
k
k
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where Skxz = [Sxz
· · · Sxz
](m⇥1) , T in the superscript
indicates the transpose operator. The vector Skxz(m⇥1) relates
each part to the x y coordinates of the GGTs that is produced
by the mass body. Hence, all the elements present in Skxz(m⇥1)
can be collectively determined at the k-th base station. In
contrast, these elements cannot be determined on individual
basis. Skxz(m⇥1) in (9) signify some undetermined intermediate
k
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Fig. 2. Localization of multiple underwater objects by gradiometer base
stations.

By using (4) and (5) at the kth base station, the parameters
f k and S k are estimated as follows

m
X
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Therefore, utilizing the above consideration, Jk =
(12) and (13) can be transformed into a matrix
form as
k
k T
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] ,

Hk Skxz(m⇥1) = Jk

(14)

In order to calculate the undefined variables, Skxz can be
represented in the form a least-square estimation problem, i.e.,
[15]
Skxz(m⇥1) = [(Hk )T Hk ]

1

(Hk )T Jk
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It is not always possible to find the inverse of matrix (Hk )T
H , therefore, Tikhonov regularization [16] can be utilized, i.e.,
i
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where µ > 0 is a regularization parameter.
In the next step, (10) is multiplied by (16) on both sides as
follows
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By analyzing (18), it is realized that intermediate variables
Skxz have been completely eliminated. Its left-side not only
involves the geometrical association among the selected base
stations and mass bodies, but also, the quantity Jk at each
base station. Its right-side is comprised of deliberate signals
k
k
k
parameters Sxz
, Sxx
, Szz
and fzk . This equation is having
another distinctive feature known as distribution of mass for
the considered mass bodies that is permanently removed. This
in turn reduces the number of known quantities but although
stabilizes the overall scenario. The reason behind is that all the
unknown quantities in the equation are measuring coordinates
having same unites and dimensionality.
Considering m underwater objects and n gravity base
stations, the non-linear scenario where (m  n) in (18) is
re-expressed as
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In (19), non-linear equations have been obtained for the
barycenter coordinates that represent mass bodies. According
to [17], nonlinear solutions such as the modified LevenbergMarquardt algorithm can be easily applied to solve such a
scenario.
It is known that, the initial barycenter coordinates of the
considered m underwater objects play an important role in
solution of such problems. It provides the possibility to utilize
the predicted barycenter coordinates for localization of single
object algorithm that is already discussed in Section-II. Here n
number of barycenter coordinates can easily be predicted and
calculated using the signals received from n base stations. The
n barycenter coordinates that behaves as initialized values in
(19), one can select any of the barycenter coordinates based
on the criterion m(m  n). Increase in the separation between
base stations and mass bodies results in rapid decrease in
amplitude of GGTs and GF at that base station. So, it can predict by taking help from the nearby object. Therefore, mostly
it is considered that these predicted barycenter coordinates
are reasonable choice for the localization. Also, the already
measured positions of objects can be considered as starting
positions for the measurement of next reading. Finally, to
attain the masses of the mass bodies, the probable localities
needs to be substituted in (7) and (8).
B. Approximation of Regularization Parameters
It has always been challenging to choose a proper parameter
µ for regularization process [18]. The parameter µ is preferred
to be chosen by the method of cross-validation [19]. In

the cross-validation technique, the experimental data is first
distributed into a training set and later on into testing set. The
parameter µ is distributed over a range of (0, µmax ). After
range selection, some possible and defined values Mµ are
taken equally on a logarithmic scale. The training set having
a non-linear problem in equation (19) is utilized to find out
all possible values of µ. The solutions of non-linear problems
in testing set provide help in the computation of the GGTs
and gravity field signals at any desired base station. These
calculated signals are compared with the testing data set, and
optimal regularization parameter has been chosen based on the
minimum difference. The regularization parameters are usually
acknowledged as the ultimate coordinates for finding the
location and define the respective masses of these underwater
objects.
IV. R ESULTS AND D ISCUSSION
A. Simulation Environment
Matlab is used for the all the simulation results whereas
the superconducting gravity meter with the sensitivity level of
1nGal is conisdered to compute the gravity [20], [21].
According to this setup, the noise level is set to 0.05E for
GGT and 0.05µ Gal for GF. For validation and feasibility
test of the presented algorithm, a navigation model has been
developed for two underwater objects (object R and object S).
Object R is cubic in shape with dimensions 12m⇥12m⇥12m,
and its body mass is equal to 4.32 ⇥ 106 kg. However, object
S is prismatic in shape with dimensions 24m ⇥ 8m ⇥ 8m and
body mass of 4.61 ⇥ 106 kg.
The exact trajectory followed by object R is having the
following coordinates
x = 115.75 (k 1) ⇥ t ⇥ 2315
y = 9.375 ⇥ 10 4 ⇥ x2 + 30
z = 10

(20)

where k = (1, 2, · · ·, 21). The exact trajectory followed by
object S is having the following coordinates
x = 115.75 (k 1) ⇥ t ⇥ 2315
y = 0.75 ⇥ x
z = 50

(21)

given by solid blue line as shown in Fig. 3. The moving
speed of both the objects R and S is same and taken as 2.315
km/h with different starting positions as (115.75m, 42.56m,
and 10m) and (115.75m, 86.81m, and 50m) respectively. As
depicted from Fig.3, the base stations are installed at four
distinctive positions. With defined GV and GGTs, these base
stations are considered to be located at seawater surface where
z = 0m.
For simulation purpose, 21 number of observations were
recorded with equal integral part of t =7.5 seconds. For
scenario 1, the coordinates of the two base stations coordinates
for first scenario are (50m, 90m, and 0m) and (50m, 10m,
and 0m). Similarly, the coordinates for the two base stations
for scenario 2 are (100m, 100m, and 0m) and (60m, 10m,
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Fig. 3. Tracking of multiple underwater objects.
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Fig. 4. Effect of noise on position estimation.

and 0m). Also, both of these scenarios are (80m, 100m, and
0m), (30m, 10m, and 0m), for the third scenario (100m, 50m,
and 0m). Due to the small scale recorded data, it is considered
to be serving as both the training and testing sets. During the
experiments conduction, the parameter for regularization µ is
taken to be in range of 10 8 10 3 . The complete number of
parameters for regularization that are used during the testing
phase was 16.
B. Experimental Results and Discussion
As resulted after the simulations, the trajectory followed by
both the objects R and S is depicted in Fig. 4. The trajectory
followed by both objects is very nearer to the actual trajectory
followed by the objects thus agreeing with the parameters
considered in all three scenarios. The deviance of the estimated
location positions from the original ones are less than 0.2m
in all directions. Considering this deviance and size of both
the objects, their positions can be estimated to be lying inside
the objects R and S. Furthermore, using the same algorithm,
these results becomes more accurate if the distance of the
underwater objects from the base station increases.
During the next phase of experimentation, four possible
initial positions were assumed that comes from barycenter
coordinates. Now, with the algorithm of multiple underwater
objects localization, two best initial positions of the two
objects are selected from the four possible positions. This
selection results more than 90% accuracy and provides the
true localization of objects from their initial locations.
Noisy environment has been considered, as the models
for actual noise are currently not available. One best noise
consideration is to utilize the random noise model [22] for the
simulation purpose in the current experimental setup. In scenario 1, noise parameters of 0.05E and 0.05 µ Gal are utilized
for systematic noise of GGTs signals and GF respectively.
Analyzing Fig. 3 and Fig. 4, and by considering all the three
coordinates, the mean relative errors for object R are 0.5%
along x direction, 1.0% along y direction and 3.1% along
z direction. Similarly, for object S these mean errors are

1.9% along x direction, 1.9% along y direction and 1.9%
along z direction. By increasing the systematic noise level,
the mean relative errors for both the objects gets increase. This
increase for object R is now 1.3% along x direction, 2.8%
along y direction and 7.5% along z direction and for object
S it is now 3.0% along x direction, 4.9% along y direction
and 4.8% along z direction.
Moreover, when this systematic noise level is made equal
to the considered values as 0.05E for GGTs and 0.05µGal
for GF which is 2.5-times of instrumental precision value, the
estimated positions again lies inside the cubic and prismatic
objects. However, the absolute deviation for object S along
z direction gets increased from 2m to 8m. But with same
random noise of 2.5-times, the estimated positions for both the
objects along x and y directions are as follows; 6m along
x direction and 6m along y direction for object R and 12m
along x direction and 4m along y direction for object S.
The proposed work provides accurate estimation and reliable
localization of two underwater objects for even greater level of
noises. The point mass assumption is difficult if the separation
between base station and mass bodies becomes greater than
3-times of the targeted dimensions [23]. This will lead to an
increase in the localization error as well as the complexity
for more than two object localization with same experimental
setup.
Fig. 5 and Fig. 6 shows the convergence rate of the modified
Levenberg-Marquardt algorithm compared to the traditional
approach for the position estimation along the x and y coordinates respectively. It is clear from Fig. 5 and Fig. 6 that the
proposed method converges in few iterations, i.e., 7 whereas
the traditional algorithm converges at the 16th iteration.
V. C ONCLUSION
This paper has proposed a novel technique for multiple
object localization in an underwater wireless communication
system using GF and GGTs signals. The technique utilizes
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few sets of regularized non-linear equations and parameters to
find out the trajectories of various objects in an underwater
environment. An algorithm has been developed using some
synthetic data utilization that provides accurate information
regarding the location of two underwater objects. Experimental
results depict that this model provides efficient results not only
in finding the complicated trajectories of the objects but also
provide accurate measurements in the presence of high level
noise. It can be concluded that the presented algorithm can
work in wide scenarios and applications for localization of
moving objects in underwater, ground and aerial environment.
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