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In this study, it is aimed to detect remotely the direction and the velocity of a moving
object inside water by magnetic anomaly by the use of a multi-sensor network. This study
is the extension of single sensor case the results of which are previously published. A three-
step approach is used for finding the direction and the velocity of a moving object inside
water. First, a uniform magnetic field is established in the test bed that is developed to sim-
ulate the practical environment. By the use of this test bed, the magnetic field created is
determined. Second, the characteristic relations between the parameters depending upon
the length of the ferromagnetic object, magnetic permeability and the direction of the
motion of the object appearing in the model of the voltage variation and the direction angle
are obtained. Third, a multi-sensor network is utilized for the determination of direction
and velocity of any moving object inside the environment. The multi-sensor network pro-
duces a moving fixed magnitude voltage wave. The effects of the material magnetic perme-
ability and the length are also studied in this work. It was seen that the relative
permeability and the length could affect the magnitude of the wave obtained but not
the shape of it. It is seen that the peak of the wave magnitude remained fixed throughout
the direction of the motion of the moving ferromagnetic object even the permeability and
the length of the object are different. This method clearly shows good results and the direc-
tion and the velocity of motions of ferromagnetic objects with different length and mag-
netic permeability inside water can be detected with high accuracy. It was seen that the
number of the sensors and the way to deploy them were important for obtaining the fixed
magnitude moving voltage wave in the region. This method is also suitable for the deter-
mination of material from which an object is produced.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In this study, we develop a method to detect the direc-
tion and velocity of a moving object inside water by the use
of multi-sensor network by magnetic anomaly. The works
made previously by some researchers are depended on
gathering information by a single magnetic sensor [1-5].
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The theory and applications on magnetic sensors can be
found in [6,7]. Now, technology is mature enough to create
a multi-sensor network for this purpose [8-11].

In early days of sensor network studies, a good classifi-
cation of sensor networks had been done [8]. Also in [9],
the sensor networks have been classified as four different
types based on the main tasks that are the monitoring,
the event detection, the tracking and object classification.
Our work can be considered as the use of multiple sensors
for monitoring and tracking purposes in addition to the
detection of moving objects. In [10], for example, a vehicle
tracking application by thousand of nodes in a large area
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has been introduced. In [12-14], a probabilistic approach
for the tracking of moving targets with distributed sensor
has been applied. In our application, we mostly concen-
trate on the detection and identification of moving objects
inside water or see environments Characteristics of our
application are that the region of movement is known
and the speed of the object is not high compared to the cal-
culation time. Therefore, the deployment of the sensors in
that region does not create a difficulty and there is no need
to solve a self-deployment problem.

However, in general, the deployment is not an easy
problem. For example, in [15], the authors have tried to
solve a scalable self-deployment problem by the fluid
dynamics approach. Also in [16], energy efficiency of the
deployment problem has been tackled for intelligent
mobile sensor networks. In order not to diverge from our
main purpose, we deployed the sensors in a regularly
arranged grid network in the measurement environment
and we concentrate on the determination of mainly the
direction and velocity of the moving objects by the use of
magnetic anomaly. Our approach can also provide a good
method for the determination of the material from which
the moving object is made and the length of it. In this
paper, because of the limitation of the space of the paper,
we give only the direction and velocity determination
method as an example. The parameters, material type
and length, can be identified in similar fashion. The princi-
ples for the determination of these parameters can be
found in our previous study [1].

In the studies of [17-19], some kinds of potential fields
such as light, chemical pollution or nuclear contamination
have the attraction capability for mobile sensor networks.
The sensors move to the sink points of the potential fields.
However, in our system, instead of moving the sensors, the
object to be detected moves and creates modifications in
the field itself. And we utilize this change for gathering
information. Somehow similar but a reverse type of appli-
cation compared to the aforementioned applications is
applied in our work.

The purpose of this work is to prove that the motion,
actually the direction and the speed of a body such as a sub-
marine in some critical areas such as the straights made of
ferromagnetic material can be detected. The experimental
studies whose aims solely are related to the detection of
the motion of the bodies inside the water are carried out
inside a tank having a dimensionof 1 m x 1 m x 1 m. In this
study we simulated the earth magnetic field distribution by
a homogeneous magnetic field created by the Helmholtz
coils across the tank.

In case the model used in this work is to be applied to a
real application, there is no need to create a homogeneous
magnetic field distribution in addition to the magnetic
field of the earth itself as it was done during the experi-
ments. As we imagine that the earth magnetic field is
already available in the environment. However, since the
magnetic field of the earth has a DC nature, the amplitude
of it is low, the distribution is not homogeneous every-
where and since the disturbances caused by the electro-
magnetic interferences are available under water, it is
necessary to take extra precautions in order to overcome
these undesirable effects. These precautions include signal

processing and filtering and selection of proper sensors.
We are planning to develop such studies for our future
research works. One of the approaches to tackle with some
of these difficulties is to use a sensor network and some
statistical methods as it is done in this work.

The detection of moving objects can be achieved into
two basic ways. One is the “active detection” and another
is the “passive detection”. Recently, there are new
approaches to detect or estimate targets and their motions
[1]. A sonar system that sends acoustic waves and receives
the reflected waves inside the water is an example of
active detection systems. One of the major disadvantages
of these kinds of active systems is that the detection of
waves can also be detected by the target system. This is
an undesirable way of object detection. The requirement,
in most cases, is detection of objects without detected. This
deficiency can be overcome by the passive detection
approach. Another disadvantage of using active detection
is the disturbance of the active acoustic wave by the effects
such as turbulences in the sea, turbidity or multiple jump-
ing. It is preferable to use a way that is not affected by
external events but only the object itself. This is another
requirement for us for the detection of the object with high
certainty. As it is showed in [1] that one of the methods
applied for satisfying these requirements is the utilization
of magnetic anomaly. In that paper, a single sensor posi-
tioned carefully in a suitable location inside homogeneous
magnetic field is used to detect the moving object. We are
now extending our approach. In this paper, we establish a
multi-sensor network for the detection of moving objects.
The main concern is to build a practically applicable sys-
tem that can reinforce the information by the utilization
of data from more than one single sensor. The use of mul-
ti-sensor network has another advantage over the single
sensor case. As it is also mentioned in [6,7], some of the
ferromagnetic materials available in the earth can give rise
to a background noise and interference signals on the sen-
sor. In our current approach, using a multi-sensor network
and a statistical way of determining the direction angle
and the speed vector can smooth by summation and aver-
aging the data and can improve the reliability of the results
obtained compared to a single sensor case. The effects of
background noise and interference can be eliminated by
the information collected from multiple sources in parallel.
Our approach can also be used easily for the detection of
the length and the magnetic permeability of the ferromag-
netic object, i.e., we can easily determine the material from
which the object is produced. That is to say, we determine
the signature of any object within the measurement area.

We have a three-step approach for finding the direction
and velocity of a moving object inside water. First, we estab-
lish a uniform magnetic field in the test-bed that we devel-
oped to simulate the practical environment. By the use of
this test-bed, we determine the magnetic field created.
Second, we obtain the characteristic relations between the
parameters appearing in the model of the voltage variation
and the direction angle. Third, we utilize the multi-sensor
network for the determination of direction and velocity of
any moving object inside the environment.

In Section 2, we describe the measurement environment.
In Section 3, the multi-sensor network for the determination
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of the direction and velocity of the object is explained in
detail, and the test results are given. In Section 4, the effects
of the magnetic permeability and the length of the moving
object are discussed and explained.

2. The test-bed environment

In our work, we use the same test-bed that we used in
our previous work [1]. It is a wooden water tank having the
dimensions of 1 m x 1 m x 1 m. Two Helmholtz coils have
been located on opposite sides of the tank. A nearly homo-
geneous magnetic field having an intensity of 107> T is cre-
ated within the tank. No ferromagnetic material that is
likely to affect and disturb the magnetic field has been
used in the structures of water tank. The sensors have been
deployed on the floor of the test-bed. The arrangement of
the sensors on the test-bed can be seen in the following
sections.

Before the measurements related to the movement of
the object to be carried out, first of all we determine the
magnetic field between the Helmholtz coils by measuring
the sensor voltages without a moving object inside the
test-bed. As seen, the magnetic field between the Helm-
holtz Coils is homogeneous enough. This magnetic field
simulates the earth magnetic field. It is shown in Fig. 1.

3. Multi-sensor network for the determination of the
direction and velocity of the object

3.1. Procedural approach

In the previous work [1], we obtained the variations of
parameters with respect to the direction of motion. We
also obtained the variations of parameters with respect
to the length or with respect to the magnetic permeability
of the material from which the object is produced. In cur-
rent study, instead of a single sensor, multiple sensors
are deployed in specified intervals over the test area and
a network had been established. By increasing the number
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of sensors, it is expected that both the direction and the
speed of the objects can be determined accurately as vec-
tor quantities. Also, it is aimed that the practical applica-
tion in a real environment can be achieved more easily
by the use of a multi-sensor network by covering a large
area of operation. In addition to them, it is also investi-
gated the effects of the magnetic permeability and the
length of the material to the output voltage of the sensors
with the increase of the number of sensors. For the sake of
simplicity, we show the results obtained for the detection
angle and the velocity of the moving object in this paper.
Someone can easily extend the results for the detection
of the material or the length of the moving object as well
in the same way.

In order to explain the approach, we employ a sche-
matic multi-sensors network on the floor of the test-bed
as shown in Fig. 2.

It shows the situation where a ferromagnetic object
moves over the sensor network and what happens to the
magnetic field distribution of the environment. Based on
our previous work [1], we intuitively think that if a ferro-
magnetic material is moved, then, because of the magnetic
anomaly created around the moving object, the sensors
inside a neighborhood region represented by a contour of
Q (let’s call it as a “ball”) will produce higher voltages than
the resting states. As the object moves in the direction of
o the sensors s;'s produce voltages at their outputs
depending upon the direction of the object. The number
of sensors in the region © will depend on the speed of
the material in a fixed time duration. However, if we follow
the voltage changes of the successive sensors on-line
with the moving object, the contour €2 surrounding the acti-
vated sensors will also move in the direction of the moving
object. If the speed of the material is constant but high
enough, then the ball Q will pass through more sensors.
Therefore, if the number of sensors increases and also the
speed of the material increases, then the variation of the
output voltages of the sensors will look like a moving wave
shape of an object under a blanket as shown in Fig. 2. That
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Fig. 1. The homogeneous magnetic field created in the test-bed. (a) Sensor voltage and (b) magnetic flux density.
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Moving voltage distribution e(x,y,t)
obtained from the sensors at time t

s ¢ ijth sensor

dj; : direction vector calculated at ijth sensor

ajj - direction angle calculated at ijth sensor

ay - actual direction angle of the material (moving object)

aq: calculated direction angle of the material (moving object)

dy - actual direction vector of the material (moving object)

vm: actual speed vector of the material (moving object)

dq: calculated direction vector of the material (moving object)

Va : calculated speed vector of the material (moving object)

Fig. 2. Deployment of the sensors and the voltage distribution at any time ¢t produced at the output of the sensors as a function of (x,y).

is, the voltage distribution as seen in Fig. 2 is a wave that is
also moving with the speed of v, as the object is moving.
The practical operation is as follows. Since the motion of
the object is very slow compared to the speed of calcula-
tion, we have plenty of time for the calculation needed to
obtain the direction and the velocity. Therefore, we easily
employ two kinds of calculation procedures in the sam-
pling periods. First one is the calculation of the angles of
direction for each individual sensors based on the method
given in [1]. Second one is the use of the method of dynam-
ical tracking the voltage distribution created by the moving
object at the sensors for the determination of direction
angle. These two methods is applied every sampling
instants of time during the operation. The application of
the first method is as follows. When we deploy the mul-
ti-sensor network on the floor of the test-bed and when
the object is moved in the direction of ay, the sensors s;'s

produce voltages e;’s at their outputs corresponding to the
amount of magnetic anomaly produced by the moving fer-
romagnetic object. Every t, (k=0,1,2,...), by the use of the
voltages e;’s, the direction angles ;s between the y-axis
and direction vectors d;'s of the individual sensors s;;’s cor-
responding to the direction of the moving object are deter-
mined from the graphs of voltage distribution. An angle
matrix A whose entries are the individual sensor angles
oy's is created in order to store the angles calculated. The
sensors having voltages e;’s greater than a predetermined
threshold level of voltage Vry are surrounded by a contour
Q at the time t;. The radius of €2 initially is chosen as the
radius of the circular frame (that is called the “ball” as
well) that contains sensors with voltages greater than the
threshold determined as mentioned below. From the
values of the direction angles o;’s calculated from the mea-
sured values of the voltages of the sensors, the expected
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value of «,, which shows the moving direction of the ball Q2
as shown as a vector do, and the variance of the direction
angles o;;'s are determined from Egs. (1) and (2).

The expected value and the variance of the o are

acQ:E(oc,-j):niZZoc,-j (1)

jeQ ieQ

oo = \/nl( SN (0 — o) (2)

jeQ ieQ

As we said, the ball Q containing the sensors with volt-
ages greater than the threshold value moves in the direc-
tion of d, with the speed of vg. After initial setting of
the radius of the ball and obtaining the expected value
and the variance of the direction angle x,, we see that it
is reasonable to choose the minimum radius of the ball as

min(rg) = 2 3)

This criterion is well enough to use during the overall
operation of the system. Because, using the standard devi-
ation gq as the radius of the ball €2 will give a base for it,
reduce the number of sensors to be taken into account
and facilitate the calculations.

The second method is a dynamical approach that we
think it as the main way of determining the direction.
But here we use the results of both methods in parallel.
In this method, a virtual deployment of the sensor network
is created within the computer. The determination of the
angle and the velocity are carried out by the use of this vir-
tual sensor network. We plot the distribution of the volt-
ages collected from the sensors on the computer screen.
The plots are drawn by interpolation. A smooth distribu-
tion is created on the screen. The use of this plot during
the determination of the direction and velocity minimizes
the error in case the actual sensor network is used. As you
notice that the actual sensor network spatial resolution is
9 x 96. However, the resolution of the virtual sensor net-
work depends on the resolution of the computer screen if
we map the measured data of voltage distribution col-
lected from sensors onto the screen after appropriate inter-
polation. As we will see in the practical application, the
voltage distribution is like a moving hill on the screen.
The ridge of it is used for the determination of the direction
of motion. The algorithm is as follows:

- Read the sensor network row by row.

- Find the maximum voltage of the row.

- Calculate the difference between the maximum values
of the consecutive rows.

- Determine the direction vector dg,.

- Repeat the process.

The speed of the ball is a vector quantity with the direc-
tion of the moving object. That is,

Ja(t) = Im(t) 4)

One of the additional important variables is the speed of
the moving object. We can determine the speed of the
moving object with the help of the speed the moving wave.

The direction of the speed vector is the same as the direc-
tion determined by the angle of ¢,. The norm of the speed
vector can be found from the distance between two sen-
sors successively producing the greater voltages and the
time elapsed between these two successive activations,
That is,

[9a(t)] = dlsij, Skm] - At (5)

where d[-,-] is the distance either between the two rows or
between the two columns or between the two successive
diagonal sensors (i.e., the pixels) of the virtual sensor net-
work. During the operation of the system d[--] can be
determined by the help of the direction vector do as
follows:

d[sij,skm} =min [dQ : drow—l’d.(l : dcolumn—l ; d(l . ddiagonal—]-,
dQ : dr0w+1 3 dQ . dcolumn+1 5 d!? . ddiagonalH] (6)

where d, - d,, is the dot product of two vector quantities.
The normalized error between the actual and the esti-
mated speed is

AI(t, 0, 0lyg) < COS(Blg — Olyy) (7

As seen, if | — o] =0, then AY =0 and Y = Iy
3.2. Practical application

In our study we have a sensor network that is composed
of 9 x 86 sensors. Each of the individual sensors is a coil of
4250 spir made up of a copper wire having a thickness of
0.1 mm . The dimensions of the sensor are as follows:
the external diameter is 20 mm, internal diameter is 3 mm
and the height is 5 mm. A 40 mV voltage corresponding to
a magnetic field change of 1 mT is measured across the ter-
minals of the sensor. The deployment of the sensors on the
floor of the test-bed is shown in Fig. 3. The distances between
rows are 5 mm and the distances between the columns are
changed depending on the experiment.

The moving ferromagnetic object is made of Si-Fe. It
has a length of 10cm and a cross-sectional area of
3 x 3cm. It was put inside the test-bed and the experi-
mental results obtained by the actual multi-sensor net-
work. The object was moved in the direction of the y-axis
first. We observed the moving wave as seen in Figs. A
and B in Appendix A. It is well suited for the expectations
and the theoretical explanation given above. Fig. A shows
the voltages produced at the output of the sensors as a
function of (x,y) as the object moves. The process is as fol-
lows. The measurements are taken at every row. We have
spatially sampled waveforms at the sampling distances of
40 mm. The first data taken is at d =0 mm when t = t,.
The second data are at d =40 mm when t = t;. The third is
at d = 80 mm when t =t,, etc. As you notice that the wave
moves together with the moving object. Fig. A gives an an-
gle of 0°. Similarly, we obtained another result in Fig. B
showing a motion with an angle of 45°. The movement of
the voltage distribution hill and the results obtained is
shown in Fig. 4. In this figure, the ridges of the hills at each
sampling distance and time are shown. We take only one
peak because both peaks are moving as the object is mov-
ing. The peak moves from left to right with a speed of



S. Nazlibilek et al./ Measurement 42 (2009) 1402-1416

1407

Helmbholtz coil

Spir : 300

A
Sni Sn2 s’lf - Snm r
y-axis
Si Si2 sij Sim
tm || A (] g
R .
S21 2 $2j S$2m
S11 S1j Sim
\4

Height: 0.4 m

X-axis

Fig. 3. The test-bed and the deployment of the sensors inside the test-bed are shown.

v=17.52 mm/s as we determined. The sampling distances
and the time values are shown in the figure clearly. The
object reaches to the destination (d =440 mm) within a
time of t=25.114s. The appearance of the moving wave
is similar to a moving object under a blanket.

During the experiments, we played with the speed of
the object. During these different speeds, we observed that
the characteristic of the wave does not change, but the

magnitudes of the output voltages of the sensors change
with directly proportional to the change in speed. For
example, when we increase the speed 10 times higher than
the previously measured one, the amplitudes of the volt-
ages also increase 10 times. This is natural since it is the
result of the Faraday law.

Two peaks are formed during the motion of the object.
We noticed that the sensor reads the empty value when
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Fig. 4. The graphical representation of the motion where only the ridges of the hills are drawn.
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the material is just on it. But the moving object comes to a
little bit to the left or right of the sensor, two peaks are
formed, one is in one side and the other is at the other side
of the sensor. This is reasonable since the two ends of the
sensor are the points where the change of the flux is more
heavily detected. Naturally, if the moving object
approaches to the end points of the sensor, then the flux
lines collected will create a large variation and the voltage
will rise. For example, if the object is in between the two
sensors, then it is at the back of one sensor and at the rear
of the other. This causes two peaks to be obtained.

In our work, the mutual inductance between the sen-
sors does not have any worse effect to the results of the
study. Naturally, there are mutual inductions among the
sensors, but this effect is also available during the empty
state. That is, there are mutual inductances within the
empty space, and there is no relation of it with the voltage
changed at the outputs of the sensors as the object moves.
This can be considered, maybe, as a constant error. If we
would have used a single sensor during the experiment,
in this case, the constant voltage value at the empty space
might have changed. But being e+ or e— instead of an exact
value of e does not divert us from the aim of the study. That
is there is no negative effect of it to the results of the exper-
iments. As seen from the graphics in Figs. A and B in
Appendix A that the sensing characteristics of the sensors
remain the same in the direction of movement.

4. The graphics obtained based on the magnetic
permeability and the length of the moving material

We investigated and tested the effects of the magnetic
permeability and the length of the moving object to the
moving waveform of the motion. The voltage value of the
peak of the wave decreases, as the relative magnetic per-
meability decreases. The voltage variation versus relative

2195 —_—

magnetic permeability is plotted in Fig. 5. The relation
has a linear characteristic. It can be formulated as in the
following equation:

V(i) = 1.932 + 0.00004 (8)

The constant value of 1.932 V in the formula is the value
obtained from each of the sensors when there is no mag-
netic anomaly (no moving object) available. Also it should
be noticed that if the magnetic permeability decreases, the
magnetic anomaly at the locations of the remote sensors
decreases and the voltage outputs of the sensors becomes
less. Furthermore, as the variation is linear, it is clear that
the effectiveness of the multi-sensors increases.

It was observed that although the sensing characteris-
tics of the sensors remain the same, the peak value of the
voltage wave decreases as the relative length of the mate-
rial decreases. The relation between the peak value of the
voltage wave and the relative length of the material is
linear. This relation is plotted in Fig. 6 and formulated as

V(L) = 1.91 + 0.009L 9)

The value 1.91 in the formula is the value of voltage
from the sensors in the case of no anomaly. As seen the
variation is linear here as well. Although the detection
characteristics of the multi-sensors does not vary in shape
with the length of the moving object but the detection lev-
els becomes lower as the length becomes shorter.

As a conclusion, the peak value of the voltage wave
obtained from the sensors as a result of the movement of
the object can be given as in the following equation:

(0.009 x L)? + (2 x 1.92 x 0.009 x L)

V =192+ 660004 1) + (2 x 1.92)

(10)

In spite of various length and magnetic permeability of
the moving object, the shape of the voltage wave remains
the same and the wave magnitude does not change
with the direction of the movement of the object. This fact
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Fig. 5. The relation between the peak value of the wave in volt and the relative magnetic permeability.
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Fig. 6. The relation between the peak value of the wave in volt and the relative magnetic permeability.

shows that the most important variables that determine
the direction of motion more accurately are the number
of sensors and the speed of the moving object. If the speed
of the object is low and the distances between the sensors
are large, then the magnitude of the moving voltage wave
shows some fluctuations in the direction of motion. There
are two basic reasons for this type of fluctuations. One of
the reasons for this is that the sensors cannot follow the
object appropriately. The other reason is the difficulty of
creation of the sensor output voltage by the low magnetic
anomaly change by the slow motion. However, if we
increase the number of sensors and locate them closely
to each other, then the fluctuations in the peaks of the volt-
age waves disappear and the magnitude remains constant
and we can easily use Eq. (10) easily to determine the mag-
nitude of it based on the relative length and the permeabil-
ity of the material. When we obtain the moving wave as
seen in the results of our experiments (Figs. A and B for
example), someone looking at the Figures can easily say
the direction of the moving object, since the peak value
of the voltage wave remains the same throughout the
direction of the motion. The speed of the wave is found
recursively by the computing algorithm that follows the
sensor activations based on the fixed value of the wave
peak in the direction.

5. Conclusion and recommendations

Previously developed magnetic anomaly measurement
system for the measurement of the direction, permeability
and length of a moving object inside water primarily for
only a single sensor is extended for the use with multi-sen-
sor network in this work. Our aim was to obtain more
accurate results than the single sensor case and the quan-
tities obtained can be represented in vector form. We used
774 sensors arranged in a 9 x 86 grid network. In this work
we only gave the results for the determination of direction
and velocity of the movement. However, this approach can

easily be expanded for the determination of the permeabil-
ity and the length of the object in similar way. These
results would be useful for the signature analysis of the un-
known ship or submarine. One can find the application of
this method to calculate these kinds of variables in our pre-
vious work [1]. For the sake of simplicity, we only gave the
results for the determination of the direction and the
velocity of moving objects here. The one of the advantages
for using a multi-sensor network is the elimination of
uncertainties about the data obtained only by a single sen-
sor. Statistical tools available also can easily interpret the
data obtained from multiple sensors. Measurement errors
and the noise effecting the measurement can be mini-
mized. As we mentioned before, some of the ferromagnetic
materials available in the earth can give rise to a back-
ground noise and interference signals on the sensor, evalu-
ating the anomaly on the magnetic field in real time and
performing this evaluation process in a differently defined
field from the earth’s magnetic field are necessary. In our
current approach, using a multi-sensor network and a sta-
tistical way of determining the direction angle and the
speed vector can improve the results obtained. The effects
of background noise and interference can be eliminated by
the information collected from multiple sources in parallel.

The other advantage is the deployment the sensor or
sensors over the environment where the measurements
are obtained. It is hard to deploy a single sensor in practical
applications. The position and the orientation of a single
sensor could be difficult. In our previous work, we tried
to prove the concept. Therefore, we used a single sensor
in that study. We saw that the approach is very useful
and here, we produced a system having much more practi-
cal capabilities than the single sensor case.

The experimental results show that the number of
sensors and their spatial frequency (i.e., the distances
between the sensors) are important for an accurately deter-
mination of the direction and the speed of the motion of the
object. As we mentioned above, the important consideration
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Fig. A. The results shown in graphical form of the motion of the object where the angle of direction is about 0°

is the shape of the wave rather than its magnitude. For an
appropriate deployment of the sensors, we can obtain a
wave of voltage having a fixed amount of peak value
throughout the direction of motion. If the sensors are not
close to each other, we observe a fluctuation in the wave

amplitudes. Only solution for obtaining a fixed magnitude
voltage wave is to increase the speed of the object. However,
the speed of the object is independent of our intervention.
Therefore, only variable to control is the number of the sen-
sors deployed. If we increase the number of sensors and
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Fig. B. A diagonal motion where the angle o = 45°. The speed of the object is again v=17.52 mm/s.

locate them closely to each other, then the fluctuations in the
peaks of the voltage waves disappear and the magnitude re-
mains constant and we can easily use Eq. (10) easily to deter-
mine the magnitude of it based on the relative length and the
permeability of the material. The speed of the object affects
the magnitude of the voltage wave obtained by the sensors,

but we determine the direction and the speed
computationally in the computer based on the activation se-
quence of the sensors. Therefore it is not important for us the
level of the voltages obtained. Rather, it is more important

for us to obtain a wave moving with a fixed magnitude as
the object is moving.
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Appendix A. Graphical representations of the motion of
the object

A.1. The tracking in the direction of oo = 0°

Notice that the voltage wave is moving in the direction of
y-axis. The speed of which is 17.52 mm/s (see Figs. A and B).
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