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Abstract — This report examines a system for electronic
measurement and calculation of the coordinates of an object
on a target and subsequent reporting of a certain result on the
position of the object. It is a method of locating objects using
sound receivers - TDOA (Time Difference of Arrival), a part
of multilateration (MLAT) method used to locate mobile
phones, civil aviation aircraft, locating military objects, and
more. Also is presented a lightweight algorithm for
calculating coordinates of the localized object based on
measured times by sound sensors. An overview of the
problems to be overcome is made. Suggestions for decisions
were made allowing the implementation of the system into a
real embedded project. A scheme for implementing the system
has been proposed. The limitations of the measurement
method in terms of practical implementation are defined and
some ideas are outlined to minimize these limitations. The
application of such systems is a training and training purpose,
sports shooting equipment, applicable to other games using
targets and requiring electronic reporting of the result.
Keywords — measurement, target, shell, bullet, automatic,
positioning, coordinate, trajectory.

[. INTRODUCTION

This report presents a system for measuring the
coordinates of a target object based on a sound localization
method. The method under consideration has been known
since the Second World War. Over the years, this method
has been used to locate distant sound generating objects.
Their long distance reduces some of the time requirements
to the measurement system. This is due to the fact that the
sound receivers are located at longer distances, and the
pulses generated at reception are vastly different, easy to
measure with minimal schematic techniques.

The target can be of different materials. Depending on
the accuracy of tracking and the measurement system
applied, the material may be a tree (for a dart target or for a
target used in archery) or metal (for small caliber - sport
shooting, training shooting range and etc.). The only thing
that must be known about such a system is the speed of
sound propagation in the particular environment (or
material) from which the target is composed.

The shape of the target is desirable to be round or square.
Correct forms are preferable because of the easier setting of
the exact coordinates of the receiving devices in the
memory of the measuring system.

When a target object is hit, the sound propagates to the
plate at a rate equal to:
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=2 M)
P
,where :

E = bulk modulus elasticity (Pa),

p = density (kg/m3).

In Fig. 1 is a schematic diagram of the ultrasonic
measurement method, receivers are placed in points A, B,
C and D. The minimum number of receivers required is
three. When the bullet falls on the target, depending on the
target material, the sound reaches all receivers for a
different time.
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Fig. 1 — Principle diagram for ultrasound measuring system

In the specific case of Fig. 1, the wave will first reach
point C, then reach point D, then point B, and finally end at
point A. Based on this behavior of the system, it is possible
to accurately measure the times between reports at different
points and calculate their distances between the point and
the points of the sensors according to the material and
location of the receivers.

Table 1 lists several environments and the rate of
distribution for the specific environment. This speed
determines the necessary time quantum required for the
calculations and must be consistent with the received
signals from the receivers. Based on this velocity and the



times measured by the system, the distances required for
the method of calculating the coordinates are calculated.

Table 1 — Sound speed in different materials

medium velocity (m/s)
Steel 4880 - 5050
Steel, 5790

stainless

Titanium 6070
Wood
(hard) 3960
Wood 3300 - 5000

The type of receivers used is determined by the desired
sensitivity to wavelength and time-resolving ability in
subsequent processing. It is possible to use simple
microphones or pick plates based on the piezo effect. In all
cases, the input signal must be filtered from low-frequency
components and processed in a suitable way so that it can
be fed to a discrete system. At different receivers, there are
different features in designing system schematics.

At the moment of the object's impact on the target,
ultrasound waves propagate into the target material,
reaching the receivers for a different time. The time is in
direct dependence on the coordinates of the target and the
material from which the target is built. By measuring the
time intervals between pulses from all receivers, and
knowing the target size and velocity of the wave
propagation in the target material, a very accurate TDOA
(Time difference of arrival) . To solve this problem, the
necessary and sufficient number of receivers is three, but
for a more accurate measurement, a five-receiver algorithm
is recommended.

Fig. 2 shows the timing of the signals generated by the
four receivers. The time from targeting the target and the
recording of the generated vibrations by the first sensor
remains unknown. It is the basis for starting the time
readings for the other sensors. The situation is judged on
the basis of the remaining times and the known coordinates
of the sensors located on the target.

We use the dependence that a plane is defined by three
non-right points. The calculations are based on the
theoretical equations derived for multilateration (MLAT)
and TDOA (Time difference of arrival method). One of the
problems of the method under consideration is that
computing the exact coordinates of this method requires
many calculations that will hamper an embedded system.

Multilateration (MLAT) is a monitoring technique based
on the measurement of the time difference of transmission
and reception of signals to two reception points with
known coordinates. Unlike absolute distance measurements
or angles, measurement of the difference in distance
between two reception points results in an infinite number
of hyperbolic curve reports that satisfy the solution of the
measurement equation. To determine the exact location on
this curve, multilateration is based on multiple
measurements. A second measurement taken from a
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different pair of receive points will result in a second curve
intersecting the first one. The intersections of these curves
determine the number of possible places. In this way, a
"fix" of the unknown position of the localized object is
obtained.
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Fig. 2 — Timing diagram for reg. signals from the receivers

Multilateration is a common technique in
radionavigation systems, where it is known as hyperbolic
navigation. These systems are relatively easy to construct
because there is no need for a common timer but for the
difference in signal synchronization and is not critical to
the synchronization of the measurement procedures of the
sensor signals.

This forms the basis of a number of widely used
navigation systems starting in the Second World War with
the British Gee system and several similar systems
introduced over the next few decades. [1]

The coordinates of the point of impact are given by the
following expression:



S=(x,y,z2) )

The coordinates of all receivers can be given as follows:

3

Py

Fig. 3 — The abstract vectors about position calculating

The coordinates of all P points are known to us. The
coordinates of the S point are unknown. On the basis of the
measured times (the measurements of these times begin
after contacting the first sound wave to the nearest
receiver) and the dependencies described in the method, a
calculation can be made and respectively the assumption of
the exact coordinates of the point of attack.
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The difference in the coordinates of the individual
receivers and the object:
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The difference in the start point times (the first receiver
is reached by the sound generated at the impact of the
object with the shot) and the other receivers:
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From 1,2,3,4,5 and 6, the following equations can be
derived:
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The basis of the various implementations is the
methodology for the rapid solution of all the equations. If
all receivers are located in a single plane, the value of the
third coordinate will become zero, and this may facilitate
the algorithm, but it will only make it unified to calculate a
point in the two-dimensional space.

II. PROBLEM FORMULATION

The problems to be solved for the actual implementation
of the project are several.

The first problem to be considered is the small spacing
between the receivers and the high speed of sound
propagation in dense materials.

The second problem to be solved is the reception of the
signal generated by the impact of the object and its
subsequent processing. Also a problem is the subsequent
reflected sound waves inside the target structure. They
should also be ignored and not affect the system. The
last problem is the speed of calculation and optimization of
the mathematical apparatus used to determine the
coordinates. It is necessary to solve linear equations and it
is relatively fast with the help of the embedded system. For
this purpose, a suitable methodology should be selected
and embedded in a MCU.

[1I. DESCRIPTION OF THE SOLUTION

The first problem to be considered is the small
spacing between the receivers and the high speed of sound
propagation in dense materials. In recent years, electronics
have been developing at very fast pace and time measuring
systems with operating frequencies above 10MHz are
widely marketed. By choosing a suitable microcontroller, a
suitable 32-bit timer and a high operating frequency of the
system, this problem is practically resolved.

The problem of the speed of calculation and the
method of solving the equations to determine the
coordinates of the hit can be solved by matrix calculus by
the Gaussian elimination method. Since the solution to the
task must be implemented in a microcontroller language,
with (8) an example of a short extract of a working code:

Am=(2*Xm/TMDnj—(2* X1/TMD1)
Bm=(2*Ym/TMDn}—(2*Y1/TMD1)
Cm=(2*Zm/TMDn)—(2*Z1/TMDI)
Dm=TMDm- TMD I- (Xm"2+ Ym"2+ Zm2/TMDm+ (X 1°2+ Y 1°2+ Z172) / TMD1

®)

In the example code, TMD is the product of the
measured start time (touch with P0) to the point Pm, with
the velocity of the wave propagation in the target medium.
For all known coordinates, these coefficients are found
(Am, Bm, Cm, Dm) and a matrix is formed with the values
so obtained. Then with matrix calculus, we calculate the
exact values. Matrixing in the embedded system is done
with a library of a language-specific mathematical library.

For the correct operation of the system, it is necessary to
solve the problem of receiving the signal generated by the
impact of the object and its subsequent processing. Also a
problem is the subsequent reflected sound waves inside the
target structure. They should also be ignored and not affect
the system.



The block diagram of the device is shown in Fig. 4. The
first block has the function of filtering the input signal and
protecting the whole circuit from high input voltages
generated by external factors and/or ESD/EMC
interferences. The second block is intended to process the
analogue signal received at the input and to transmit a
switching signal to the LATCH block. This block is
realized with a comparator. The REF reference value sets
the level at which to switch the comparator and generate a
signal. The LATCH will work and keep its output level in
one state until it is reset by the control block. In this way,
the subsequent "false" generations are filtered by reflected
sound waves inside the target structure. The output of the
LATCH block is connected to a microcontroller input with
a low-to-high switching function. So, when the controller
enters a disruption for the first triggered channel, a timer
can be started, and subsequent interrupts (generated by
another channel) take the timer value, store it in a certain
amount of memory and that is basis to calculate the time
between the individual channels.
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Fig. 4 — Block diagram of the scoring device

The last problem is the speed of computation and
optimization of the mathematical apparatus used by us.
This is determined by the need to solve comparatively fast
equations by embedded system. For this purpose, a suitable
methodology should be implemented in embedded MCU.
In recent years, many different and relatively inexpensive
microcontroller offerings have come into the market to
meet the needs of our system. And if the high operating
frequency has been a problem before, then these problems
are already solved and a system can be implemented to
carry out this process.

III. CONCLUSION

This report examines a system for electronic
measurement and calculation of object coordinates that
have been targeted and subsequent reporting of a certain
result to the position of the object based on the embedded
system.
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A method for locating objects via sound receivers -
TDOA (Time Difference of Arrival), part of multilateration
(MLAT) method is discussed. This method is widely used
for locating phones, civil aviation aircraft, locating military
objects, and more.

Also presented is a lightweight algorithm for calculating
coordinates of the localized object based on measured
times by sound sensors.

An overview of the problems that need to be addressed is
made and suggestions are made to solve these problems.
The suggestions made allow the implementation of the
system into a real embedded project.

A scheme for implementing the system has been
proposed. The limitations of the measurement method in
terms of practical implementation are defined and some
ideas are outlined to minimize these limitations.

The application of such systems is a training and training
purpose, sports shooting equipment, applicable to other
games using targets and requiring electronic reporting of
the result. Also, the method itself allows for an extended
application range because the algorithm to solve this task is
universal for almost all types of localization based on this
principle.
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