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Abstract. An automated vehicle detection process is one of the main objectives of
Intelligent Transportation Systems. Different technologies, such as inductive loops,
video surveillance, or acoustic sensors, are used for vehicle detection. A one of the
most effective solution is based on magnetic field measurement. This detection method
relies on analysis of the Earth's magnetic field changes induced by ferromagnetic
materials inside a vehicle's structure. The vehicle detector composed of the magnetic
field sensor used for measurements and the microcontroller with embedded detection
algorithm is described in this paper. The detection algorithm compares changes in the
magnetic field with a defined fixed-threshold value implemented as the finite state
machine. Changing the state of the finite state machine in the defined order means that
the vehicle is detected successfully. The method for determining the finite state machine
parameters that depend on the fixed-threshold values and frequency of the
measurements is described in detail. The vehicle detector is tested in the laboratory
environment, and the results show the appropriate detection accuracy compared to the
other detection algorithms in the literature.

Key words: vehicle detector, magnetic field sensor, vehicle detection algorithm, finite
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1. INTRODUCTION

Automated traffic management as part of Intelligent Transportation Systems, is
relayed on accurate vehicle detection. Information about a vehicle’s presence provides
effective traffic light control. The vehicle detector, placed at the beginning of the street,
can optimize the duration of the red and green lights depending on the number of
detected vehicles. The detector also makes finding available parking spots easier. It can
be installed at the entrance of the parking lot or in every parking spot with appropriate
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modification of the detection algorithm. A vehicle detection process relies on various
methods [1], typically categorized as intrusive and non-intrusive. Intrusive methods
include inductive loops [2] and piezoelectric sensors [3]. The use of embedded traffic
monitoring devices can cause disruptions in traffic flow during installation and maintenance
due to their placement beneath the road surface or pavement, which can be a drawback. The
main advantage of non-intrusive methods is the simple installation next to the road or on the
road surface. This category includes methods based on video image processing [4], acoustic
sensors [5]. The method based on the magnetic field sensor [6-9] belongs to both categories
because it can be installed into the road or the surface of the road or pavement. All detection
methods have advantages and disadvantages. The detectors based on inductive loops are a
well-known technology that gives highly accurate results and is resistant to weather
conditions. On the other hand, the installation process of inductive loops is complicated,
and they have low resistance to vibrations caused by vehicles. Video detectors provide
multi-line surveillance and plenty of data, but they are affected by weather conditions (rain,
snow, fog), shadows, and time of day. Acoustic detectors have a low power consumption
and easy installation process. However, they require high computational power for signal
filtering and processing. The detectors based on the magnetic field sensor operate on a
principle similar to that of the inductive loop detectors. Their primary advantages are a simple
installation process, low power consumption, and the possibility of wireless communication.
Of course, they have certain disadvantages, such as the influence of vehicles in adjacent lines
on the measurement.

Ferromagnetic materials contained in vehicles affect the Earth’s magnetic field [10].
A vehicle detection process is performed by analyzing changes in the Earth’s magnetic
field induced by a vehicle. The magnetic field sensor can be placed on the road or at the
side of the road. The detection algorithms, in both cases, are based on the measurement of
the magnetic field per one single axis or two or three axes. Paper [11] describes the detection
algorithm considering the magnetic field per single axis perpendicular to the road surface,
with the magnetic field sensor placed at the side of the road. A more complex approach to
vehicle detection is performed by analyzing the magnetic field per two axes. The
detection algorithm presented in the paper [12] is based on finding the peaks and values
of the magnetic signals per axis parallel to the vehicle travel direction and the other
perpendicular to the road surface, with the sensor placed on the road. Paper [13] describes
the detection of vehicles by the magnetic field sensor placed at the side of the road, using
the detection algorithm that analyzes the angle between the magnetic field of the parallel
and the perpendicular axes to the road surface. The most complex detection algorithm
considers the magnitude of the magnetic field that is calculated using the measured
values per all three axes [14]. The detection algorithm is implemented as a Finite State
Machine (FSM) whose input parameter is some quantity of the magnetic field.

The analysis of changes in the magnetic field enables, in addition to vehicle detection,
to determine some other characteristics of vehicles. The different methods of magnetic
signal analysis to determine the velocity of the detected vehicles using the one or two
magnetic field sensors are described in the papers [15, 16]. The vehicle’s movement
direction is determined by using the same magnetic signal of two sensors or by analyzing
the ratio of magnetic field per two axes of a single sensor [17]. Each type of vehicle
creates a unique intensity and waveform of magnetic field distortion depending on the
quantity and distribution of ferromagnetic materials inside its structure. That provides the
possibility to perform classification of the detected vehicles according to waveforms of
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measured magnetic field [18-20]. Heavy vehicles contain more ferromagnetic materials,
influencing the higher changes in the magnetic field. The metal load in the truck could
produce greater changes in the magnetic field and a different waveform of a part of the
changes, which should be kept in mind when designing the detection algorithm.

A more accurate classification is achieved by implementing the accelerometer and the
magnetic field sensor [21]. The accelerometer counts the number of the vehicle’s axles by
measuring the vibration intensity. Vehicles induce changes in the magnetic field
whenever they move or stand still. That provides the realization of smart parking systems
using vehicle detectors based on the magnetic field measurement [22, 23].

All detection algorithms are based on the threshold value of the magnetic field. If a
vehicle or another ferromagnetic material is present in the sensor sensitivity area, the
measured magnetic field value will be higher or lower than the predefined threshold value.
The first group includes the algorithms with the fixed-threshold value, defined in advance, and
is not changeable during the detector's operation. The algorithms, with threshold values
that adapt to previously measured values, belong to the second group.

Some novel research papers propose using the magnetic field sensor in combination with
the Artificial Neural Network to improve the accuracy of vehicle detection and classification
processes [24]. The strain sensor and the Computational Neural Network are used for the
same purpose [25]. However, methods based on Neural Networks are computationally
intensive, so solutions based on microcontrollers are still implemented widely.

This paper describes the vehicle detector based on the magnetic field measurement
induced by vehicles, which consists of a digital magnetic field sensor and microcontroller.
The presented vehicle detector can be placed on the surface or immersed in the road, and
it provides accurate vehicle detection in a velocity range from 3.6 km/h up to 120 km/h.
This velocity range covers the vehicle's movement in a city environment and highways.
The detection process relies on analyzing the magnetic field per single axis, the one
vertical to the road surface. The data size, obtained by measurements on one axis, is not
too large and does not require high computing power, which enables precise analysis in
real-time using a microcontroller. A detection algorithm with a fixed threshold built into
the microcontroller as FSM performs the analysis of measured values, which is a well-
known approach in the scientific literature. The main advantage of our approach represents the
simplicity of the FSM, which has only four states. Additionally, the process of determining the
FSM parameters, which depend on the selected fixed-threshold value and the measurement
frequency, is described in detail. This process is carried out using the magnetic signature
of a single vehicle, and the detection algorithm will be tested with multiple signatures of
the same type of vehicle to verify its accuracy. It represents another novelty of this paper
regarding the available literature. The magnetic field distortion induced by the vehicle
was recorded experimentally on the road, while the testing of the designed vehicle
detector was conducted in the laboratory using the developed magnetic field generator.

The rest of the paper is organized as follows. Section 2 presents the process of
recording the magnetic signature of a vehicle. The vehicle detection algorithm is shown
in Section 3. The FSM, part of the detection algorithm, is described in detail in Section 4.
Section 5 contains the results of vehicle detection using the described detection algorithm
in the laboratory environment. Finally, the conclusion and future research plans are
described in Section 6.
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2. RECORDING THE MAGNETIC SIGNATURE OF A VEHICLE

The change in the magnetic field (magnetic signature) depends on the position of the
sensor related to the vehicle, the vehicle's type, and the vehicle's velocity. The intensity of the
change in the magnetic field depends on the distance between the vehicle and the sensor,
which is especially important for a sensor installed next to the road. In this case, vehicles such
as buses or trucks can induce false detection although they are moving in the further lane of
the road. Vehicles that contain more ferromagnetic material cause greater changes in the
magnetic field intensity than vehicles made of less ferromagnetic material. The time interval
during which there is magnetic field distortion depends on the velocity and length of the
vehicle. As the velocity of the vehicle increases, the duration of the magnetic field distortion
decreases, which results in fewer measured values for the detection algorithm. In addition,
longer vehicles affect the magnetic field over a longer time interval.

The magnetic field distortion per x, y, and z-axis can be described as a magnetic
dipole with a magnetic moment m centered in a vehicle using the Eq.(1)-Eq.(3). These
equations are derived from Maxwell’s Equations and represent the relation between the
magnetic field and magnetic moment per each axis [26].
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where my, my, and m; are the magnetic moments in each axis, o is the permeability of the
air, and r is the distance from the sensor to the dipole (vehicle). Although the presented
equations reconstruct magnetic signatures accurately, they provide the starting point in
the software magnetic signature simulation processes. The algorithm for vehicle detection
in this paper is developed using the recorded magnetic signature.

The author’s private vehicle (VW Polo9N) was used to record the magnetic signature.
The system for measurement is composed of the microcontroller PIC18F45K22 and the
three-axes digital magnetic field sensor BM1422AGMV [27]. Fig. 1 presents the vehicle
influence on the Earth’s magnetic field lines, the placement of the three-axis magnetic
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Fig. 1 The influence of a vehicle on the Earth's magnetic field, and the magnetic signature of
VWPolo 9N recorded by the magnetic field sensor placed on the road surface
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field sensor on the road, and the magnetic signature of VW Polo9N composed of 100
samples. The measurement frequency was 100 Hz, and the vehicle velocity was 20 km/h.
The magnetic field sensor installed on the road surface measures the Earth's magnetic field.
The x-axis is oriented parallel, and the y-axis is pendicularly to the vehicle movement
direction. These two axes lie on the plate of the road surface. The z-axis is perpendicular to the
vehicle movement and the road surface. The vehicle induces the highest intensity changes in
the magnetic field per z-axis and the smallest per y-axis. Such changes are expected,
considering the way the sensor axes are oriented. Because the intensity of the magnetic field
changes is the greatest per z-axis, the detection process is based on these values. The sensor
also detects changes in the magnetic field created by vehicles in the neighboring lane.
However, these changes are most intense along the sensor axis perpendicular to that lane.
Vehicles in neighboring lanes can be detected by these changes. The axis on which the
magnetic field changes the most indicates that the vehicle is moving over the sensor or in the
neighboring lane. In this way, the superimpose of magnetic signatures is avoided.

The detection process using the measured values along all three is based on analyzing
the changes of the magnetic field magnitude M, described by Eq. (4).

M = /B, +B, +B, (4)

The magnetic field per x, y, and z-axes are denoted as By, By, and B, respectively. In
this case, the change of value M is the input parameter for the FSM. This approach, in
combination with a neural network, can provide more details about vehicles, but it
demands more computation power and longer execution time. That is the main reason our
approach uses the values measured along the single axis.

Fig. 2 shows the magnetic signature of VW Polo9N (B;), the baseline value (Bp), as
well as the upper (By) and lower (Bgown) limit values. The baseline value represents the
magnetic field distortion without a vehicle presence. Since the magnetic field is constant
over a wide area, the distortion value is zero in the absence of vehicles or other
ferromagnetic materials in the sensor’s sensitivity area. The detector can be installed

where the magnetic field differs significantly

30 . from the values shown in the text. In that case,
the magnetic field should be analyzed along
other axes or the magnitude of the magnetic
field. The difference between the upper/lower
limit value, and the baseline value (by absolute
value) presents the threshold value (Bin).

During the movement of the VW Polo9N,
at a velocity of 20 km/h, the changes in the
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duration of the magnetic signature, but not the
Fig. 2 The recorded magnetic signature waveform of the signature. The maximum
of VW Polo9N per z-axis. Moving considered velocity is 120 km/h, therefore the
velocity is 20 km/h, and sensor duration of the magnetic signature is 139.87 ms
placed on the road or 14 samples, while the duration of the
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magnetic signature at the 3.6 km/h (minimum velocity) is equal to 4662 ms or 467 samples.
Therefore, the number of samples depends on the vehicle velocity and the frequency of
measurements. The vehicle detector’s structure is the same as the measurement system.
The sensor measures the magnetic field, and the microcontroller determines vehicle
passage based on the embedded detection algorithm that analyzes the measured values of
the magnetic field.

3. THE DETECTION ALGORITHM

The detection algorithm consists of four parts, as presented in Fig. 3. The first part
includes the magnetic field measurement. The second part is to calculate the difference
between the currently measured value and the baseline value. The third part is the
updating of the baseline value. The fourth and last part is the FSM.

B,

Fig. 3 The block schematic of the detection algorithm

3.1. Magnetic field measurement

The magnetic field measurement consists of reading the values measured by the
sensor for all three axes. Although values from the z-axis are used during analysis, it is
necessary to read the measurement values for all three axes from the sensor to enable the
sensor to perform the following measurement. The values obtained from the sensor are
14-bit numbers written in two’s complement, so it is necessary to transform them into the
appropriate format for analysis. Converting these values into decimal form gives the
values of the magnetic field expressed in units of uT. The microcontroller collects
measured data at a frequency of 100 Hz, and a new measured value is processed every
10 ms.

3.2. Calculation of the difference

The difference between the currently measured value B, and the baseline value By is
calculated in the next step. The calculated difference, per absolute value, is noted as Baitr.
The distortion of the magnetic field caused by the presence of vehicles is of interest,
while slow rate changes caused by the movement of the Earth or changes in its structure
(the structure of the Earth's core), as well as changes in readings due to temperature
changes, should be ignored.

3.3. Baseline updating

The value measured by the sensor will differ with the temperature change, even at the
same intensity of the magnetic field. The calculation of By should include these low-
intensity changes, and eliminate them. In contrast, all high-intensity changes, possibly
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induced by vehicle, should be eliminated so they do not affect the baseline value. That is
achieved by the slow rate limiter filter implemented in the software. If the Byt is smaller
than the defined By, the By is updated, increased, or decreased. The updated By value is
used for Bairr calculation in the following measurement. If the Bgis is greater than the By,
the By, is not changing.

3.4. Finite State Machine

An FSM is a mathematical model used to represent and control the behavior of a
system. It consists of a set of states, a set of input events and output actions, and a set of
transitions between states [28]. The FSM, designed for vehicle detection algorithm,
consists of 4 states: State 1 — below the threshold value, State 2 — above the threshold
value, State 3 — present vehicle, and State 4 — the recalculation of the By, By, and Bgown
values. The state change occurs when a certain condition is fulfilled during the specified
time interval, as illustrated in Fig. 4.
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Fig. 4 The recorded magnetic signature of VW Polo9N per z-axis and FSM’s states.
Moving velocity is 20 km/h, and sensor placed on the road

State 1 - below the threshold value: The FSM is in this state before the first measurement.
While Byt < B, the FSM remains in this state. When Bt > Bin, the FSM goes to the State 2.

State 2 - above the threshold value: If in State 2, Bgifr > B, during the time interval
t3, the FSM goes to State 3. It means, there is a distortion in the magnetic field that
should be induced by a vehicle. Conversely, if Bgiff < B during the time interval to;, the
previous distortion is not significant, and the FSM returns to State 1.

State 3 - possible vehicle presence: Different vehicle models will cause different
changes in the magnetic field. As shown in Fig. 4, due to the passing of the observed
vehicle, B; first decreases, and then increases, along the z-axis. When a vehicle is no
longer in the sensor sensitivity area, the FSM should return to State 1. If Bgitr < B during
the time interval tz, and FSM goes from State 3 to State 1, a vehicle is detected
successfully. Another possible scenario in State 3 is Bgitr > B during the time interval tza.
If this happens, there is ferromagnetic material near the sensor or above it (it can also be a
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parked vehicle) that inserts a constant offset during the measurement, and the FSM goes
to State 4 (Fig. 5).
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Fig. 5 Recorded magnetic field changes per z-axis and FSM’s states in case of constant
presence of a ferromagnetic material. Obtained by a measurement where a
ferromagnetic material is placed above the sensor

State 4 — recalculation of By. The constant offset in the magnetic field represents the
difference between B, and B, without the vehicle’s presence. Therefore, B, must be
recalculated to eliminate the influence of the offset. The new By value is calculated as the
mean value of k measured values. The new values of By, and Bgown represent the By, value
increased and decreased for B, respectively. Once a vehicle has been detected, the FSM
transitions back to State 1, prepared to detect the next one.

The duration of the FSM's states depends on the listed time intervals (tz1, t2s, ts1, and
tss). All time intervals are defined in the algorithm before the detection process starts, and
the detection accuracy depends on their values. If the duration of the specified condition
in the current state is fulfilled continuously during the appropriate time interval, the FSM
goes to the next state. It implies the necessity to measure the duration of the current state
using the microcontroller timer. The counter whose value increments if the necessary
condition within the current state is fulfilled, is used instead of the timer. The frequency
of condition examination is the same as the frequency of the measurement. If the
condition is not fulfilled continuously, or the FSM goes to the next state, the counter
resets itself. The duration of the FSM's states depends on specified time intervals and the
Bw value. As the frequency of analyzing the measured data is equal to the frequency of
measurement, time intervals for each state can be calculated using Eq. (5).

CN-1
f

t ®)

N represents the number of consecutively measured values that satisfy the inspected
condition, and f is the measurement frequency. In this way, the implementation of the
algorithm on the microcontroller is simplified because it is not necessary to use the timer.
Each time interval t corresponds to one counter value N, which determines the changing
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state of the FSM, as presented in Table 1. If a value of the counter within the present state
reaches the threshold value, the FSM goes to the next state. The value of counter can be
calculated using the Eq. (5).

Table 1 Changing FSM’s state conditions

Present State Timer Counter Magnet_u? field The Next State
condition
2 t=1ty N = Nin21 Buifr < Bt 1
2 t=1x N = N3 Buiff > Bin 3
3 t=tsy N = Ntha1 Buiff < Bih 1
3 =13 N = Nthz4 Buiff > Bih 4

The values Nin21, Nin2s, Nins1, and Ninsa represent the values of the counters at which
the state changes. The first number in the index represents the present, and the second
number the next state of the FSM. For example: if the FSM is in State 2, and Byt < B
during the time interval t; (counter has value Nin21), the FSM goes to State 1. The
diagram of the designed FSM with corresponding changes of states is shown in Fig. 6.
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Fig. 6 The diagram of the designed FSM implemented in the algorithm

4. DETERMINATION OF FSM PARAMETERS

4.1. Time interval t21

The time interval ty; determines after how much time the FSM will return from State
2 to State 1 if Bairr < Bwn. This change of state occurs in the case of short-term peaks of the
magnetic field that are not equivalent to the changes caused by a vehicle. If one such
change occurs, the FSM will go from State 1 to State 2, after which it is necessary to
return to State 1 to avoid misinterpretation of the following change in the magnetic field.
If the FSM does not return to State 1, after a short-term peak, two scenarios can occur.

The first - a vehicle after a short-term peak. The FSM goes from State 1 to State 2
because of the peak. In this case, it will happen that the transition from State 2 to State 3,
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and the transition from State 3 to State 1, will occur earlier under the influence of a
vehicle than it would be the case if the FSM were initially in State 1. However, that
would not affect vehicle detection accuracy as shown in Fig. 7.
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Fig. 7 Recorded magnetic field changes per z-axis and FSM’s states in the case of one
short-term peak and the VW Polo9N passing. A short-term peak is obtained by
moving the ferromagnetic material over the sensor before the vehicle

The second - two short-term peaks. The FSM goes from State 1 to State 2 because of
the first peak (Fig. 8). An incoming peak may cause the change to State 3, and then return
to State 1. Such a state change is identical to the one in the case that a vehicle passes over
the sensor, which is considered a detection error. Therefore, the FSM should return from
State 2 to State 1 when Byt < B, to avoid this scenario.
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Fig. 8 Recorded magnetic field changes per z-axis and FSM’s states in case of two short-
term peaks. Short-term peaks are obtained by moving the ferromagnetic material
over the sensor
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So, if the time interval t»; takes too long, it may happen that the FSM does not return
to State 1 before the next possible peak occurs. In other words, the condition tz; < tp, must
be met, where ty, is the time interval between two peaks. Since the value of ty, cannot be
measured or predicted, t,1 should have a minimum value, and the FSM should return
from State 2 to State 1 immediately, when Bgitr < B is fulfilled. As only one measured
value should satisfy this condition, the time interval t,; does not depend on the By.

4.2. Time interval tzs

The time interval to3 determines when the FSM goes from State 2 to State 3 if Byirr >
Bw. The value of this time interval is determined in the range from tasmin t0 tasmax. Time
interval ty3 should last long enough so the FSM does not move to State 3 due to the
influence of short-term peaks, whose duration is shorter than tasmin. A short-term peak is a
magnetic signal occurring when a vehicle passes at a higher velocity than the maximum
detectable velocity, as presented in Fig. 9.
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Fig. 9 Recorded magnetic field changes per z-axis in the case of one short-term peak, and
its influence on the FSM’s state changes depending on time interval tzmin. A
short-term peak is obtained by moving the ferromagnetic material over the sensor
before the vehicle

On the other hand, the time interval t;3 must be shorter than tzamax, the time interval
during which Bgifr > Byw. If this condition is not fulfilled, the FSM will not go to State 3
under the influence of the vehicle, and when Bgitr < Bin the FSM will go from State 2 to
State 1. This scenario represents an attempt to detect a vehicle whose velocity is higher
than the maximum detectable velocity. Therefore, the value of tasmax is determined under
the maximum velocity at which vehicle detection is possible (Fig. 10).

Time interval tz3 should tend to the maximum value to suppress the influence of short-
term peaks. In that way, peaks of different durations, and all changes in the magnetic
field similar to vehicle induced at a velocity higher than the maximum, are eliminated.
Based on Fig. 10, the measurement shows that toamax = 41.9 ms. The number of samples
can be calculated using the known frequency of the measurement N5 = f -t,3 +1=5.19.
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Fig. 10 The magnetic signature of VW Polo9N per z-axis at maximal detectable velocity
and its influence on the FSM’s state changes depending on time interval t23max.
The magnetic signature is obtained by scaling the measured one at 20 km/h

Since the number of measurements must be an integer value, smaller than the calculated
one, it is obtained that the limit value of the counter at which the FSM goes from State 2 to
State 3 is Nings < 5.

4.3. Time interval ta

Time interval ts; determines when the FSM passes from State 3 to State 1 if Bgitr < Bin.
As in the case of tzs, this time interval ranges from tzimin t0 tsimax. The taimin is determined
experimentally, at the minimum velocity of the vehicle. When the vehicle (for which the
measurement was performed) passes over the sensor, the magnetic signal has two
amplitude values of the opposite sign (Fig. 11).
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Fig. 11 Recorded magnetic signature of VW Polo9N per z-axis with signed amplitudes.
Moving velocity is 20 km/h, and sensor placed on the road
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There is a time interval (taimin) between these amplitudes, during which Bgifr < Bin. The
time interval t3; must be greater than the time interval taimin, denoted in Fig. 12. If this is
not considered, the FSM may detect amplitudes separately and detect two vehicles
instead of one.
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Fig. 12 The magnetic signature of VW Polo9N per z-axis at minimal detectable velocity
and its influence on the FSM’s state changes depending on time interval t3imin.
The magnetic signature is obtained by scaling the measured one at 20 km/h

The time interval taimax, Shown in Figure 13, begins when Bt < B within State 3 until
the next vehicle arrives. If the ts1 > t3imax, the FSM will not return to State 1 and will not be
ready to detect the next vehicle. The value tsimax is measured at the highest velocity of the
vehicle, and at the smallest value of the time interval between two consecutive vehicles.
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Fig. 13 The magnetic signatures of VW Polo9N per z-axis at maximal detectable velocity
and its influence on the FSM’s state changes depending on time interval t3imax.
The magnetic signatures are obtained by scaling the measured one at 20 km/h
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The measured value of the time interval taimax, is equal to 532.55 ms. The interval of
32.55 ms starts at the moment when Bgitr < Bw. This interval ends when the vehicle is out
of the sensor sensitivity area. A time interval of 500 ms represents the minimum time
between the passages of two consecutive vehicles.

The value of t3 should tend to the minimum value for the FSM to return to State 1 earlier
so that it is achieved to be ready to detect the next vehicle. The measured value of tzimin, at the
vehicle velocity of 3.6 km/h, is 87.37 ms, so the number of samples is N1 =f -ty + 1 =9.73.

The number of samples must be an integer value, greater than the calculated one, so
Ntnhs1 > 10.

4.4, Time interval tza

When the FSM enters State 3, the difference between the measured and the baseline
value of the magnetic field is greater or equal to the threshold value. If Bt > B still applies
after the time interval tss, it is considered that there is some ferromagnetic material above
the sensor, or in its vicinity, due to which a change in the magnetic field occurred. In that
case, the FSM moves to State 4. In State 4, the baseline value is recalculated, after which
the FSM returns to State 1. After removing the ferromagnetic material, the FSM will go
through the same states again. It is necessary to determine the optimal duration of the time
interval ts4 so that it has a minimal impact on the detection procedure.

The minimum value of this time interval (tzamin) begins at the moment when the FSM
enters State 3 (Figure 14), and ends when Bt < B, at the minimum vehicle velocity. In
this way, the change of State 3 to State 4 under the influence of the vehicle is avoided.
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Fig. 14 The magnetic signature of VW Polo9N per z-axis at minimal detectable velocity
and its influence on the FSM’s state changes depending on time interval tasmin.
The magnetic signature is obtained by scaling the measured one at 20 km/h

The value of tamin is equal to the difference between the time interval toamax at the
minimum velocity of a vehicle (v=3.6 km/h), and the same interval at the maximum
velocity of a vehicle (v=120 km/h). The measurement shows that tzsmin = 1066.72 ms.
Based on the calculated value of the time interval ta4, it is obtained that the number of the
samples is Ny, = f -t3, +1=140.46.
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The time interval ts4 should be greater than the calculated value, therefore the value of
the counter Ninss > 141. The value of taumax Can be chosen arbitrarily. However, as this
value increases, the FSM will enter State 4 and recalculate the new base value later. The
consequence is an increased possibility that more vehicles will pass while the FSM is in
State 3, so those vehicles will not be successfully detected. Therefore, the time interval ts
should have the minimum possible value.

5. RESULTS

The analysis of the measured values has to finish before the next vehicle is
encountered for it to be successfully detected. The time interval between the passages of
two consecutive vehicles is unpredictable and can have an arbitrary value. Therefore, the
detection algorithm must perform real-time analysis of measured values. Some
approximations are introduced to facilitate the design of the algorithm. It includes the
length of vehicles is 4 m, and the minimum time interval between the passages of two
adjacent vehicles is 500 ms. The length of vehicles is approximated to 4 m because it
corresponds to the vehicles used in the testing process. The selected time between the two
adjacent vehicles represents the high-density traffic flow. The detection algorithm is
based on measured values, which are out of the range determined by By, and Bgown. The
number of these samples depends on the selected Bw. The results in this paper should
present the impact of the selected By, value on the detection algorithm.

All described time intervals, except for t21, depend on the threshold value (Figure 15).
This dependence can be determined by measurement, as was done in the manner already
described for the threshold value of 5 uT. These values were selected arbitrarily to
describe the principle of determination of the FSM's parameter. The obtained values of
time intervals and the FSM counters for different threshold values are presented in
Table 2.
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Fig. 15 The recorded magnetic signature of VW Polo9N per z-axis and the FSM’s state
changes depending on the threshold value. Moving velocity is 20 km/h, and
sensor placed on the road
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The value of the time interval taamax decreases if the threshold value increases, while
the value of the time interval tsimin increases. The value of the time interval tsamin also
decreases, which can also be determined mathematically as the difference between the
time intervals tasmax at the lowest and highest vehicle velocity.

Table 2 Values of the time intervals/counters of FSM for different values of the magnetic

field threshold
Bth (HT) t23max (ms)/ Nih23max t31min (ms)/ Nth31min t34min (ms)/ Nth3amin

1 40.94/6 17.42/3 1322.88/134
2 40.35/6 34.98/5 1304.60/132
3 39.74/5 51.32/7 1283.94/130
4 39.14/5 69.13/8 1262.94/128
5 38.49/5 87.68/10 1242.86/126
6 37.89/5 105.94/12 1223.48/124
7 37.32/5 124.69/14 1204.51/122
8 36.65/5 144.75/16 1183.68/120
9 35.99/5 165.67/18 1161.65/118
10 35.32/5 185.85/20 1139.84/115

As already mentioned, the time interval tz; corresponds to the time needed for one
measurement (one sample), and it does not depend on the threshold value, therefore it is
not shown in Table 2. The obtained values of the time intervals and the counters are valid
for vehicle detection whose velocities range from 3.6 km/h to 120 km/h.

The accuracy of the detector operation was tested using the experimental setup
presented in Fig 16. The signal generator creates the voltage waveforms that drive the
solenoid to produce a magnetic field identical to the vehicle's magnetic signature. This way
of the magnetic signature generation is described in our previous paper [29], and it can
reconstruct the signatures with precision above 99%. The second way of creating the testing
environment is using the microcontroller instead of the signal generator. The basic concept
of that is described in the paper [30]. It provides more advanced testing options, but it is not
yet complete. The microcontroller and the magnetic field sensor are parts of the vehicle
detector, and results that represent the detection accuracy are stored in the laptop.

‘Magnetic signature reconstruction

Signal ‘
generator |

24 ¥

Microcontroller

Sensor

Fig. 16 The block schematic and the experimental setup for testing the operation of the
vehicle detector
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The testing process includes the four vehicles, which belong to the city car group, and
their characteristics such as length or mass are similar (Table 3). The magnetic signatures
of observed vehicles were recorded using the principle described in Section 2. The testing
was performed for 12 ranges of velocities when every range includes 1000 vehicles and
the time between two adjusted vehicles is from 500 ms up to 1000 ms. Fig. 17 shows the
detection accuracy versus the velocity range.

Table 3 The characteristics of the vehicles which magnetic signatures were used for testing

Vehicle type Length (m) Mass (kg)
VW Polo9N 3.743 960
Peugeot 307 4.202 1243
Fiat Grande Punto 4,030 1155
KIA Stonic 4,140 1157
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Fig. 17 The detection rate vs. the different range of the vehicle’s velocity

The detection rate is above 98 % in slow-moving conditions (4 km/h — 10 km/h) and
above 99 % in the most common velocities in the city area (11 km/h — 50 km/h). The high
detection rate is also achieved in higher velocities (51 km/h — 100 km/h). The velocities of
the high-way are usually above 100 km/h, and the detection rate of the presented detector is
above 98 % in the range from 100 km/h to 110 km/h, and above 93 % in the range from
110 km/h to 120 km/h. The reason for less accurate detection in the highest observed
velocities is a consequence of the measurement frequency. Namely, the duration of the
magnetic signature of the vehicle is shorter at a higher velocity, so the microcontroller
has fewer data samples to decide the vehicle's presence. The increasing measurement
frequency can provide more data and improve the detection rate at these velocities.

A comparison of detection accuracy between other research and our approach is
presented in Table 4. The algorithm described in the paper [11] has a detection rate of
99 % over the velocity range from 18 km/h to 108 km/h. The obtained result includes the
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188 vehicles in the testing process. A high detection rate (98.68 %) is also achieved in the
paper [12] with 645 tested vehicles, but this research does not specify the velocity range.
Paper [13] presents an algorithm with a 97.5 % detection rate in the range from 32 km/h
to 67 km/h, and the detection rate in paper [14] is 99.05 % in the range from 10 km/h to
15 km/h and 100 % in the range from 30 km/h to 40 km/h. The algorithm presented in
this paper achieves satisfying precision over a wide range of velocities and provides a
high detection rate. The testing process includes more vehicles in our approach, and FSM
contains fewer states, which makes its implementation easier.

Table 4 Detection accuracy — comparison with other works

Paper FSM number Detection accuracy Number of vehicles Velocity range

of states (%) (km/h)

[11] 5 99 188 18-108
[12] 6 98.68 645 Not specified

[13] 5 97.5 81 32-67

[14] Not specified 100 147 30-40

99.05 105 10-15

This paper 4 98.5 4-10

99.2 11-20

100 21-30

99.9 31-40

99.6 41-50

99.3 1000 51-60

99.9 61-70

100 71-100

98.7 101-110

93.2 111-120

As the waveform of a magnetic signature depends on the vehicle’s length, its duration
is changed for longer and shorter vehicles. In both cases, the proposed algorithm can be
adapted for detection by changing the values of FSM parameters. Another problem can
arise if the time interval between two adjacent vehicles is shorter than 500 ms. That
affects only the time interval tsimin and can be solved by changing the value of Nisimin.

6. CONCLUSION

Vehicle detectors based on different methods are used for automated vehicle detection,
counting, and classification. This paper describes the vehicle detector based on the magnetic
field measurement. It is composed of the magnetic field sensor which records the changes
in the magnetic field induced by vehicles, and the microcontroller with embedded detection
algorithm, which performs the analysis of the recorded data.

The detection algorithm analyzes the magnetic field changes induced by vehicles per
one axis perpendicular to the road surface. The detection process is composed of four
steps. The magnetic field measurement is the first step. The calculation of the difference
between the measured value and the baseline value of the magnetic field is performed in
the second step. The third step includes the baseline value updating depending on the
detected changes in the magnetic field. The fourth and final step is the FSM, which uses
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the calculated difference as the input parameter and gives information about vehicle
presence. At a frequency of 100 Hz, the calculated difference is compared with the set
fixed-threshold value. The slow rate limiter filter calculates the baseline value. The FSM
consists of the four states. The FSM changes state when a defined condition is fulfilled
continually during the specified time interval. The values of these time intervals depend
on the measurement frequency and the set threshold value. The principle of determination
of these interval values is described in detail in the paper.

The results obtained by testing the detector using the laboratory equipment show a high
detection rate, comparable with the other designs described in the literature. The developed
detector is highly accurate over a wide velocity range and based on the simplified FSM
composed of four states. Future research will focus on recording magnetic signatures for
another vehicle category in different conditions (loaded and unloaded trucks) and upgrading
the detection algorithm. The second research direction includes the practical realization of the
stand-alone detector.
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