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Abstract: In this study, we propose an improved mea-
surement method based on light-curtain sensor, and it
can obtain the hitting coordinates of supersonic projectile
in a larger dispersion area. First, we analyze the speed
properties of the shock wave in an effective detection area
(also called light curtain in our field), and then find their
change rules related to several key factors, including
flight speed of the projectile, its attitude, shape, and
the temperature in the testing environment. Next we
improve a measurement system using wide-angle light-
curtain sensor combined with calibration device of the
shock speed; especially, this device with three parallel
laser beams can effectively measure the shock speed in
the light curtain. According to the related structural rela-
tion, we derive several computational formulas combined
with the shock speed to obtain the hitting position of the
measured projectile. Through live ammunition experi-
ments, the results show that the proposed method is fea-
sible and reliable for the supersonic projectile. Besides
high accuracy, it also has many advantages, such as
fewer sensors, lower requirement for installation, and
larger detection area, by comparison with previous mea-
surement systems.

Keywords: light-curtain sensor, supersonic projectile, hit-
ting coordinates measurement, shock wave, calibration of
the shock speed

1 Introduction

For various barrel weapons (i.e., pistol, rifle, machine
gun, etc.), shooting accuracy is a key performance para-
meter. In the field, its concept can be usually described as
a statistic of deviation from all hitting coordinates to the
center of their dispersion. Accordingly, people always
expect the hitting coordinates of every projectile to be
accurately measured. Nowadays, more advanced weapons
(e.g., electromagnetic gun, missile with scram-jet engine,
etc.) have longer effective shooting range (i.e., 1,000m and
longer); generally, the projectile speed is beyond five times
that of sound. Moreover, this also brings about a large
dispersion radius of their projectile holes on the target
due to some interference factors, such as jump angle,
wind speed, wind direction, air density, air temperature.
Obviously, this requires a larger detection area (up to 10m
× 10m), and high measurement accuracy and reliability.
For the supersonic projectile, the measurement of its hit-
ting coordinates thus face more serious challenges due to
the above high requirements.

In the past few decades, some measurement methods
have been proposed for using in this application. Generally,
bullet holes on the wooden (or steel) target plate can be
directly measured by high-resolution digital camera [1].
Through image recognition [2], its measurement accuracy
can be even up to the pixel level. Unfortunately, some over-
lapping bullet holes are probably neglected. In addition, the
larger the target plate is, the higher the wind drag is. Con-
sequently, this needsmore and stronger structural supports.
They are usually disposable so this causes a great deal of
waste of wood or steel. A photoelectric testing system with
intersecting detection areas has several invisible target
plates (also called light curtain) [3]. In essence, it forms
an effective detection area using some components (i.e.,
LED array or infrared diode array, light-curtain sensors,
photoelectric signal processing module, etc.). Thus, there
is no consumption of wood or steel at all. Especially, it
cannot only measure the hitting coordinate of the projectile
but also its flying velocity, attitude angle, etc.; in addition,
this method has almost no limit of the projectile velocity.
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Unfortunately, its detection area is hard to expand beyond
5m × 5m. Besides, a measurement system based on trian-
gular light-curtain sensor combined with intersecting-
charge coupled device vertical targets has measurement
precision of millimeter-level [4], and yet there is also
a similar problem, that is, its detection area is below
5m × 5m. Moreover, a measurement system based on laser
forms a line laser screen with inverted triangular shape
[5]. If a projectile passes through the laser screen, several
laser detection sensors can detect its echo signal [6]. On
the basis of the temporal and spatial domain detection
model [7], the hitting coordinates of the projectile can be
obtained. In the system, the laser power is uniformly
spread on the line laser screen. To ensure the detection
performance for a higher flying projectile, a higher power
laser should be used. As a result, this brings about higher
cost, increased weight, difficulty in maintenance, etc.
According to acoustic characteristic of the shock wave
[8], an acoustic sensor-based measurement system and
its improved system can also measure the hitting coordi-
nates of supersonic projectile. After a supersonic projec-
tile perpendicularly passes through the detection area,
several acoustic sensors can detect the sound pressure
from the measured projectile [9]. Due to the difference
in arrival time of their acoustic waves, the coordinates
of the measured projectile can be calculated by a calcula-
tion model [10]. However, it needs more acoustic sensors
if the detection area is larger,10 m × 10 m. Unfortunately,
this probably brings about a series of problems, such as
complex structure, high cost, inconvenience to maintain,
and poor reliability. In previous study, we developed a
measurement system with the larger light curtain of 10 m
× 10m through multi-lens splicing [11, 12]. However, this
system can only measure the flying velocity of the super-
sonic projectile using two parallel light curtains. In this
study, we want to further improve the previous measure-
ment systems and focus mainly on how to effectively
measure the hitting coordinates of the supersonic projec-
tile. Moreover, it should also have major advantages of
large detection area, high accuracy, and high reliability.
Considering the advantages of the other methods, it will
be a better choice that the proposed method based on
light-curtain can be combined with different methods.

Therefore, we propose an improved measurement
method based on light-curtain sensor considering the
shock wave effect to obtain the hitting coordinates of a
supersonic projectile. First, we describe briefly forming
mechanisms of the shock wave caused by the supersonic
projectile. Furthermore, we analyze some changing trends
of the shock speed affected by several factors (i.e., flight
speed of the projectile, shape of the projectile head, and

the temperature in the testing environment). Next we
mainly use a light-curtain detector and L-shaped LED
array to form a rectangle light curtain, which has three
sub-detection areas. Besides, we bring forward an effective
approach for acquiring the actual shock speed in the light
curtain using a calibration device with three parallel lasers.
Then, we investigate three calculationmodels of the hitting
coordinates in three different sub-detection areas, respec-
tively. Finally, the feasibility and effectiveness of the pro-
posed method can be verified through live ammunition
experiments.

2 Analysis of shock speed in the
light curtain

2.1 Formation principle of the shock wave
caused by supersonic projectile

Before the study, it is important to note that the men-
tioned projectiles in the study are all without tail wing,
and their head shape can be approximated to a cone.
After a supersonic projectile passes through the light cur-
tain, the light-curtain sensor outputs two signals, as
shown in Figure 1. Through high-speed photography [13],
we can obtain the time when the projectile arrives on the
light curtain. Accordingly, the left signal should be gener-
ated by the projectile. Through many observations in the
measurement, it is found that the time interval between
the two signals is proportional to the distance between the
sensor and the penetration position in the light curtain.

Figure 1: Two output signals on an oscilloscope after a supersonic
projectile passes through the light curtain.
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After analysis, it is found that the other signal is
caused by an acoustics phenomenon called shock wave
effect. When a projectile flies with supersonic speed and
cone shape head, the air in its front can be compressed
and split to form a high-density air layer with cone-like
shape (Figure 2). The above physical processes, and the
forming principle of the shock wave is described in brief
in ref. [8]. Similar to acoustic wave, the shock wave is
also a disturbance wave in nature. However, its speed
properties are different from that of the acoustic wave.
For the supersonic projectile, it leads to an oblique shock
wave because its shock front is not perpendicular to the
airflow direction; herein the high-density air layer is
also called shock front, and the airflow direction is
inverse to that of the flight projectile. Therefore, there is
an angle between the shock front and the airflow direction
defined as the Mach angle which is usually expressed by
ref. [8]
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= ⋅ + /c c t T1 ,0 L 0 (2)

where α is the Mach angle, v is the flying speed of
the supersonic projectile, c is the acoustic speed in the
testing environment, Ma is the Mach number, c0 is
the acoustic speed when the temperature is 0°C, tL
is the Celsius temperature in the light curtain, and To
is the thermodynamic temperature corresponding to the
Celsius temperature of 0°C. In this study, we suppose
that c0 and To are 331.45 m s−1 and 273.15 K, respectively.

During the flight of the supersonic projectile, a series
of disturbance waves constantly appear on the rear of the
supersonic projectile, and they diffuse outwards in the

form of the spherical wave. In Figure 2, only a circle is
drawn for convenience. Obviously, the shock speed can
be decomposed into two different vectors. One of them is
orthogonal to the shock front, and the shock speed at the
direction is always equal to the acoustic speed in the
testing environment. Obviously, this can enlighten us
on the idea of how to solve the current problem.

2.2 Changing trends of shock speed in the
light curtain determined by key factors

2.2.1 Models of shock speed in the light curtain

Before analysis, we made a series of assumptions as fol-
lowing. The air is stationary and it has the constant heat
ratio; especially, the airflow viscosity and thermal con-
ductivity can be neglected. Besides, the measured projec-
tile without tail wing is approximated to a combination of
cone and cylinder, and its surface is also smooth. Ideally,
the supersonic projectile perpendicularly passes the light
curtain.

Therefore, a part of the shock wave in the light cur-
tain spreads out at the center of the projectile’s penetra-
tion position. In fact, it is not the acoustic speed but a
projection of that on the light curtain, and it is given by

( )= ⋅ = ⋅ − /c c α c c vcos 1 ,L
2 (3)

where cL is the shock speed in the light curtain.
According to equation (1), the Mach angle decreases

with the increment in the projectile speed. In other
words, the conical degree of the high-density air layer
also decreases with the increment in the projectile speed.

After the projectile speed increases to a critical value,
the Mach angle cannot decrease even if the flight speed
increases further. This is because the shock front is lim-
ited by the projectile head shape, as shown in Figure 3.
Under this condition, the shock wave relatively remains
stable. The critical value of the projectile speed is given by

= /v c μsin ,c (4)

where μ is the half-conical angle of the projectile head.
Moreover, the shock speed in the light curtain is also

given by

= ⋅c c μcos .L (5)

For a certain projectile, this shock speed in the light
curtain is mainly affected by some key factors, which are
the flight speed, head shape of the projectile, and the
temperature in the light curtain.

Figure 2: Analytical diagram of the speed property of the shock wave
if the projectile flight speed is lower than the critical value.
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2.2.2 Effects of several key factors

Suppose that the half-conical angle of the projectile head
is a certain value (i.e., 15°), then we consider the effects of
only two factors, which are the projectile speed and the
temperature in the testing environment. Variable range of
the former is from 150 to 2,150m s−1, and that of the latter
is from −40 to 60°C. Based on equations (1)–(5), we can
observe the changing trends of the shock speed in the
light curtain dominated by the above two factors, as
shown in Figure 4.

On the one hand, the shock speed in the light curtain
increases with the increment in the temperature in the
testing environment, and this obeys the physical laws
between the acoustic speed and the temperature. On
the other hand, the shock speed dramatically increases
with the increment of the projectile speed, and yet it
begins to slowly increase if the Mach angle is gradually

coming close to the conical angle of the projectile head.
Finally, it remains basically unchanged. In addition,
Figure 4 shows that there is no shock speed in the light
curtain if the projectile speed is below the acoustic speed.

In the next analysis, we assume that the temperature
in the testing environment is 25°C. In addition, the con-
ical angle and speed of the measured projectile are
variable from 0° to 180° and from 150 to 2,150m s−1,
respectively. We analyze the effects of the projectile speed
and its head shape. Based on equations (1)–(5), we find the
changing trends of the shock speed in the light curtain
dominated by these two factors as shown in Figure 5.
For the projectile speed, the changing trend of the shock
speed in the light curtain is also in accordance with the
previous analysis. However, we find that the shock speed
in the light curtain increases with the decrease in the con-
ical angle of the projectile head. If the conical angle is
180°, the projectile will become a plane. This leads to
the normal shock wave so that the component of the shock
wave cannot propagate in the light curtain. If the conical
angle of the projectile head is close to 0°, it is approxi-
mately deemed to be a straight line. In this case, the shock
speed in the light curtain is nearly the acoustic speed.

In the measurement of shooting accuracy, the projec-
tile is desired to perpendicularly pass through the target
plate, and this alsomeans that its predicted ballistic trajectory
should be perpendicular to the light curtain. Unfortunately,
there are generally some deviations between the predicted
and actual ballistic trajectory due to some interference factors.
To simplify the analysis, we suppose that there is only the pitch
angle of the projectile but without the azimuth angle in the
following analysis.

Figure 3: Analytical diagram of the speed property of the shock wave
if the projectile flight speed is higher than the critical value.

Figure 4: Changing trend of the shock speed in the light curtain
affected by the projectile speed and the temperature in the testing
environment.

Figure 5: Changing trend of the shock speed in the light curtain
affected by the projectile speed and its head shape.
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Through related geometric transformations, we can
obtain two shock speeds with two different directions in
the light curtain (Figure 6), and their expressions can be
given by
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where cu and cd are the two shock speeds in the light
curtain, c is the acoustic speed in the testing environment,
α is the Mach angle, μ is the half-conical angle of the
projectile head, and θ is the pitch angle of the projectile.

Again, we make a series of assumptions as follows.
For the measured projectile, its half-conical angle is 15°
and the temperature in the testing environment is 25°C.
Specially, the range of its pitch angle is from −5° to 5° and
that of the projectile speed is from 150 to 2,150m s−1.

According to equations (4) and (7), we can obtain the
maximum relative error of the shock speed caused by the
pitch angle, and its expression is given by
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where cL is the shock speed in the light curtain if the
projectile is without the attitude angle, that is, its trajec-
tory is perpendicular to the light curtain.

In Figure 7, it is shown that the greater the pitch
angle is, the larger the maximum relative error of the
shock speed is. Only if the pitch angle is zero, the error
of the shock speed in the light curtain will vanish.
Besides, we also find that the higher speed of the projec-
tile can contribute to decrease in the error of the shock
speed in the light curtain.

Furthermore, we also want to take into consideration
the effect of temperature. Assuming that the range of its
pitch angle is from −5° to 5°, and the half-conical angle of
the projectile head is 15°, but the projectile speed is con-
stant at 1,750m s−1, the range of the temperature in the
testing environment is from −40 to 60°C. Figure 8 shows
that the error of the shock speed in the light curtain is in
proportion to the pitch angle. Similarly, pitch angle of 0°
is corresponding to non-existence of the error. In addi-
tion, the temperature cannot have any influence on the
error of the shock speed in the light curtain. In fact, the
measured projectile has not only the attitude angle but
also the azimuth angle. In the light curtain, inconsistency
of the shock speed in different directions will become

more serious under this condition. Ideally, the cone of
the shock front is circular in the crossing section on the
light curtain if the ballistic trajectory of the measured
projectile is perpendicular to the light curtain. The shock
in the light curtain spreads out at the center of a circle,
and the shock speed in each direction is uniform. In fact,
it is not impossible that the ballistic trajectory is not
absolutely perpendicular to the light curtain. As a result,
this leads the cone of the shock front to become elliptical
in crossing section on the light curtain. In the light cur-
tain, the shock speed in each direction is not obviously
uniform. According to the above analysis, the difference
among the shock speed in different directions is bound
up with an inclination of the ballistic trajectory.

Figure 6: Analytical diagram of the speed property of the shock wave
if the ballistic trajectory is not perpendicular to the light curtain.

Figure 7: Changing trend of the relative error of the shock speed in
the light curtain affected by the projectile speed and the attitude
angle of the projectile.
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Currently, all advanced barrel weapons have direct aiming
device so that the jump angle of their barrel is generally
very small and below 1′.

This means that their ballistic trajectory can be deemed
to be a straight line in the effective shooting range. To
improve the aerodynamics performance, the shape of their
projectile head is designed to be very sharp, that is, the half-
conical angle is not very large. Crucially, they have higher
flight speed beyond five times that of sound. Obviously,
these excellent characteristics can effectively reduce the
inconsistency of the shock speed in the light curtain caused
by the attitude angle of the projectile.

In theory, if the shock speed in the light curtain can
be accurately calculated, we use several sensors to corre-
spondingly obtain several time-of-arrival (TOA) para-
meters of the projectile’s shock wave. Further, location
information of this projectile should also be obtained
according to structural relation between these sensors.
As mentioned above, the shock speed is affected by many
factors. Unfortunately, some factors, especially the projec-
tile speed and temperature, are usually variable, random,
and unpredictable. This also brings about time-varying
shock speed in the light curtain. Consequently, the shock
speed in the light curtain cannot be accurately calculated
through the formulas proposed in this section. Their func-
tion is only to help us to better discover some main chan-
ging trend of shock speed in the light curtain. Even in the
light curtain with 10m × 10m, the spread time of the shock
wave also has only dozens of milliseconds. In the very
short time, the shock speed is considered to be constant.
Therefore, we should develop a calibration device to effec-
tively obtain the real-time shock speed in the light curtain.

3 Measurement method

The proposed measurement system (Figure 9) is chiefly
composed of main measurement device, calibration device
of the shock speed, data acquisition module, signal and
data processing module, display and control module, and
so on. In the system, there are two key components, and
they are the main measurement device and the calibration
device of the shock speed.

3.1 Main measurement device

The main measurement device mainly consists of a light
curtain sensor and two LED arrays, as shown in Figure 10.

Specially, the light curtain sensor has three similar lenses
which can form a fan-shaped detection area with the
viewing angle of 30° and less thickness (usually, less
than 1 mm). Thus, they can be structured to a detection
area with the viewing angle of 90° by adopting multi-lens
splicing technology [11]. Most importantly, three detec-
tion areas must be co-planar through adjustments. In fact,
this detection area is separated into three parts (i.e., three
sub-detection areas), which are detection areas I, II, and
III. Besides, we must use optical filters to avoid interfer-
ence of light with certain wavelengths.

In fact, the light curtain sensor is a passive photo-
electric detection system. Thus, we must provide some
artificial light sources (i.e., LED array) for it, and this
can form a bright background with reasonable light dis-
tribution. Consequently, the light in the detection area
can be received by the three lenses of the light curtain

Figure 8: Changing trend of the relative error of the shock speed in
the light curtain affected by the attitude angle of the projectile and
temperature in the testing environment.

Figure 9: Block schematic of the measurement system.
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sensor. When a flying target passes through the light
curtain, the light received by the lens decreases steeply.
When a flying projectile with supersonic speed passes
through a sub-detection area in the light curtain, three
measurement channels in the data acquisition module
correspondingly generate several signals, which are a
pulse signal of the flying projectile and three pulse sig-
nals of the shock wave. The time interval values among
these signals are accurately obtained through related
estimation methods [14–16], and thus we can measure
the distance from the penetration position to the lens
and the two minimum those from this penetration posi-
tion to other two sub-detection areas, respectively. How-
ever, this must meet some requirements as follows. First,
key structural parameters of the three sub-detection areas
and other components are all known and calibrated in
advance. This problem has been solved in our previous
work [17]. Besides, real-time shock speed in the light curtain
should also be known. Obviously, this problem is crucial to
our study. In Section 3.2, a calibration device is developed to
effectively obtain the shock speed in the light curtain.

3.2 Calibration device for the shock speed

In Figure 10, there are three pairs of laser transmitters
and receivers, and their function is to calibrate the shock
speed in the light curtain. To highlight the three pairs
of laser transmitters and receivers, they are plotted in
Figure 11. Through installations and adjustments, these
three transmitters can emit three parallel laser beams;
correspondingly, those three receivers must accurately
receive them. Especially, these parallel laser beams should
be in the light curtain, and the distance between any
two adjacent laser beams must also be equal. Most

importantly, their wavelength should be different so that
each receiver cannot be jammed by other lasers. In fact,
optical filters in the main measurement device are to pre-
vent these three lasers from interfering its detection effect.
Moreover, these lasers also have high enough power and
continuous emission.

In theory, transmission characteristic of the laser is
also affected by the shock wave from a supersonic projec-
tile in the light curtain. Subsequently, every receiver can
detect the change in its corresponding laser. Like the light
curtain sensor, the change in the laser beams can also be
translated into signals through related processing. Next we
use wavelet transform modulus maximum method [18,19]
to extract time when the shock wave arrives at the three
laser beams. Due to the known distance between these
parallel laser beams, we can calculate the shock speed
in the light curtain.

We can observe that these three laser beams divide
the light curtain into four areas (i.e., areas A, B, C, and D).
Assuming that the distance between any two adjacent
laser beams is S and tP is the time when the measured
projectile passes through the light curtain, and in addi-
tion, t1, t2, and t3 are the time when the shock wave
arrives at the three laser beams, then we can obtain three
expressions given by

∣ ∣
=

−

c S
t t

2 ,1
1 3

(9)

∣ ∣
=

−

c S
t t

,2
1 2

(10)

and
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=

−

c S
t t

,3
2 3

(11)

Figure 10: Schematic diagram of the main measurement device.

Figure 11: Schematic diagram of the calibration for the shock speed
in the light curtain if the penetration position of the supersonic
projectile is at the area A.
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For better accuracy, final calculation expression is
given by

∣ ∣ ∣ ∣ ∣ ∣
=

+ +

− − −c
3
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S

t t
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t t
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t t
2

1 3 1 2 2 3 (12)

Likewise, the shock speed can also be calculated
using equation (12) if the penetration position is in the
area D.

Next if the penetration position is in the area B or C,
an integrated calculation expression of the shock speed is
given by:
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In engineering, there are some small probability
events, that is, the penetration position is just in a laser
beam. In fact, this has little influence on the above cali-
brations. Because the shock speed in the light curtain is
known after calibrations, we can effectively obtain the
hitting coordinates of the measured projectile through
some calculation models, and they will be discussed
below in more detail in Section 3.3.

3.3 Calculation models

We establish a rectangular coordinate system, and its
original point is O, which is the common focus of the
three lenses (Figure 12). Ideally, the field angles of αI,
αII, and αIII are all 30°. The boundary between the areas
I and II is O–M, and that of the areas II and III is O–N.

As seen in Figure 12, a supersonic projectile passes
through the area I in the light curtain, and its penetration
position is called P. First, the shock front arrives at a
point, which is defined as DM, in the boundary between
the areas I and II. Next the shock front arrives at another
point, which is defined as DN, in the boundary between
the areas II and III. Finally, the shock front arrives at
the point of O. Through, wavelet transform modulus

maximum method [18,19], we can obtain three TOA
parameters (i.e., tP, tM, and tN) corresponding to the
three points of P, DM, and DN.

In a right triangle of ΔPODM, an angle of ∠PODM is
defined as β, and the distance between P and DM is
defined as PDM, which can be obtained by

∣ ∣= ⋅ = − ⋅β t t cPD PO sin ,M P M (16)

where PO is the distance between P and O and c is the
shock speed in the light curtain.

Through observation, an angle of ∠PODN should be

∠ = +β αPOD .N I (17)

In a right triangle of ΔPODN, PDN is the distance
between P and DN and can be obtained by

∣ ∣= ⋅ ∠ = − ⋅t t cPD PO sin POD .N N P N (18)

Substituting equation (17) in equation (18) can produce

( ) ∣ ∣= ⋅ + = − ⋅β α t t cPD PO sin .N I P N (19)

According to equations (16) and (19), we can give
a proportional relation between them, and it is expressed
by

( )
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β
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(20)

Next cot β in equation (20) can be directly solved, and
its expression is

∣ ∣
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=

−

−

−β
α

α
cot

cos

sin
.

t t
t t I

I

P N

P M (21)

Figure 12: Schematic diagram of the calculation model under the
condition that the penetration position is in the area I.
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Through transformation of the inverse trigonometric
function, we can thus obtain the angle of β, which is given by
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Finally, we can obtain the calculation model of the P
penetration position based on 2–dimensional (2D) coor-
dinates and they are
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Likewise, for the other two cases, we can also give
their calculation models.

If the penetration position is in the area II, its calcu-
lation formula can be expressed by
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If the penetration position is in the area III, its calcu-
lation formula can be expressed by
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Due to randomness of the penetration position, it may be
on the boundary between any two areas, and then the
shock front arrives on the other boundary. Under the
condition, its calculation model will become simpler

because of considering only one right triangle in area
II. Accordingly, their calculation models can be given
as follows.
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if the penetration position is on the boundary of O–M.
Besides,
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if the penetration position is on the boundary of O–N.
According to some time sequence differences among

output signals of the data acquisition module, an appro-
priate calculation model can thus be determined to obtain
the hitting coordinates of the measured flying projectile. In
engineering, the calibration of the shock speed in the light
curtain and calculation of the hitting coordinates should
be immediately performed in the signal and data proces-
sing module. Finally, the calculation results are presented
on the display and control module. Therefore, the proposed
measurement system has the characteristic of higher real-
time, reliability and accuracy.

4 Experiments and discussion

To test the validity of the improved measurement system
based on light-curtain sensor, three measurement systems,
including a wooden target and a measurement system
based on acoustic sensor arrays and the proposed system,
are established in an indoor shooting gallery with the cross-
section of 10m × 10m. According to related technical
standards [20], live ammunition experiments cannot be
permitted under the terrible weather conditions. Thanks
to the indoor shooting gallery, it can maintain a relatively
stable environmental conditions, such as temperature (i.e.,
20 ± 2°C), humidity (i.e., 65 ± 5%), and atmosphere.

Figure 13 shows a sectional view of the experimental
setup in the indoor shooting gallery. It can be observed
that a wooden target is installed on the vertical wall at
the end of the indoor shooting gallery. Especially, the
wooden target, the detection area of the acoustic sensor
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arrays, and the light curtain should be in parallel, and
their interval distances are all 1 m. Besides, a launch
device based on electromagnetism is aimed at the center
of the wooden target, and its presupposition ballistic tra-
jectory, which is at a height of 5 m from the ground, must
also be perpendicular to the wooden target. The distance
from the gunpoint to the wooden target is approximately
500m, and this distance is also within the effective firing
range. Ideally, the flying trajectory of the projectile can
thus be considered to be a straight line. Through digital
image processing, we can measure the coordinate values
of bullet holes on the wooden target, and the measure-
ment error is not beyond 1mm.

Assuming that the measurement results from the
wooden target is the reference value or truth-value, we
can also obtain two other sets of measurement results,
which are from the improved system based on light-cur-
tain sensor and acoustic sensor arrays. Generally, the
measurement error of the acoustic system is less than
5 mm. For the launch device, the flying speed of its pro-
jectile is supersonic in its effective shooting range (gen-
erally, beyond 2,000m). In addition, the projectile is fired
through electronic control, and thus this can avoid some
effects from hand operation. Therefore, for experimental
results, we mainly take two factors into consideration,
and they are the projectile speed and the projectile
head shape.

4.1 Different speeds of the flying projectiles

In the first set of experiments, we use some projectiles
with the same caliber and head shape (i.e., the conical

angle of 40 degrees). Through accurately adjusting cur-
rent, 4 different speeds of the projectiles can be obtained,
and they are respectively 1.5, 2, 3, and 5 times as large
as that of sound in the indoor shooting gallery at the
temperature of 20 ± 2°C. Under every condition of the
projectile speed, we fire 100 projectiles and then record
their coordinate values by adopting the three mea-
surement systems (i.e., wooden target based on image
processing, sound microphone array, and the improved
system based on light-curtain sensor), as shown in
Figure 14.

We can observe that the dispersion radius of bullet
holes cannot be larger than 5m. Accordingly, the max-
imum jump angle of the weapon under test can be calcu-
lated, and it is 0.49°. According to the changing trend of
the relative error of the shock speed in Section 2, the max-
imum relative error of the shock speed is only 0.15% if the
attitude angle is 0.49°. Thus, this influencing factor can
also be negligible.

Compared with the reference value, a set of measure-
ment error data of the sound microphone array and the
improved system based on light-curtain sensor can be
obtained if the projectile speed is five times the speed
of sound, as shown in Figure 14. Note that the dotted
lines represent mean value, or they can also be seen as
systematic error. Generally, the systematic error is mainly
caused by structural assembly and electrical characters.
However, the systematic error can be effectively com-
pensated using some method [21]. Therefore, we adopt
the standard deviation between measured data and
ideal data to evaluate the measurement performance.
In Tables 1–4, key performance judgments (i.e., mean
value, standard deviation, and maximum deviation) of
the two systems are listed and compared under different

Figure 13: Sectional view of the experiment setup in the indoor shooting gallery.
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conditions of projectile speed, that is, 5, 3, 2, and 1.5 times
the speed of sound.

From the above tables, we can conclude that with the
increase in projectile speed, both the systems have better
measurement results. Specifically speaking, their stan-
dard deviations also became smaller. However, we find
that their measurement performance is no longer signifi-
cantly improved even if the speed of the projectile is
higher. On the contrary, when the projectile speed is
slightly higher than that of sound, the measurement error
is larger. Especially, when the projectile speed is very
close to the sound speed, both these systems lost many
measurement results. Obviously, these results are basi-
cally in line with the law that is analyzed and discussed

in Section 2. Therefore, the two systems are better applied
in the measurement of the hitting coordinates of some
hypersonic targets.

4.2 Different shapes of the projectile head

In the second set of experiments, we used projectiles with
the same caliber, but with different head shapes (i.e., the
conical angle). Their conical angles are 45°, 90°, and
120°. In addition, we properly adjusted the current of
the launch device in such a way that the flying speed
of the measured projectile can be up to three times that
of sound in the effective shooting range. Moreover, the

Table 1: Key performance judgments of the two measurement systems under the condition of projectile speed 5 times that of sound

Type Coordinates Mean value (mm) Standard deviation (mm) Maximum deviation (mm)

Sound microphone array x 0.6411 0.6411 2.5132
y −0.8339 0.3839 1.9999

Light-curtain sensor x 0.5803 0.6001 1.9299
y −0.2268 0.8644 2.5005

Table 2: Key performance judgments of the two measurement systems under the condition of projectile speed 3 times that of sound

Type Coordinates Mean value (mm) Standard deviation (mm) Maximum deviation (mm)

Sound microphone array x 0.8524 1.0596 2.8754
y 0.8450 1.4522 4.275

Light-curtain sensor x 0.9065 1.1555 3.8530
y 1.0861 1.4021 4.4657

Table 3: Key performance judgments of the two measurement systems under the condition of projectile speed 2 times that of sound

Type Coordinates Mean value (mm) Standard deviation (mm) Maximum deviation (mm)

Sound microphone array x 0.8040 3.3118 8.8581
y 0.9587 2.9563 8.4903

Light-curtain sensor x 0.2044 3.4425 7.9602
y 1.1454 2.8533 9.0676

Table 4: Key performance judgments of the two measurement systems under the condition of projectile speed 1.5 times that of sound

Type Coordinates Mean value (mm) Standard deviation (mm) Maximum deviation (mm)

Sound microphone array x 1.3832 3.9723 12.8651
y 2.6196 5.1043 16.4207

Light-curtain sensor x 1.9007 4.6260 12.2584
y 1.1884 3.0373 8.9684
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indoor temperature of the shooting gallery was still at
20 ± 2°C. Similar to the first experiment, under the con-
dition of every head shape, we fired 100 projectiles and
then recorded their coordinate values.

In Tables 2, 5, and 6, the main performance judg-
ments (i.e., mean value, standard deviation, and maxi-
mum deviation) of the two systems under conditions of
the conical angles of 45°, 90°, and 120°, are given, respec-
tively. From the above tables, the measurement perfor-
mance (especially, their standard deviations) of the two
systems basically holds steady under the conditions of
three conical angles. Obviously, the conical angle of the
projectile head does not almost affect the measurement
performance of the two systems. Therefore, the improved
measurement system has wide adaptability of projectiles
with different conical angle.

In fact, the two measurement systems are both based
on the similar principle. That is, they use acoustics sensor
array or light-curtain sensor to measure several TOA para-
meters, and then the hitting coordinates of the supersonic
projectile in their detection area can be obtained accord-
ing to their computation model. However, the acoustics
system has dozens of acoustic sensors in order to form a
large detection area of 10m × 10m. Furthermore, there is
also the higher requirement for installation accuracy of
the acoustic sensors. For the proposed measurement
system, we only adopt a light-curtain sensor and three
pairs of laser transmitters and receivers. The large detec-
tion area (i.e., light curtain) with 10 m × 10 m can be
formed; most importantly, its measurement accuracy is
also close to that of the acoustics system and it can also
up to mm-level.

Table 5: Key performance judgments of the two measurement systems under the condition of the conical angle of 90°

Type Coordinates Mean value/(mm) Standard deviation/(mm) Maximum deviation/(mm)

Sound microphone array X 0.2507 1.1530 2.8498
Y 0.4190 1.3890 3.9010

Light-curtain sensor X 0.9768 1.2369 3.9066
Y 1.1991 1.5210 3.8213

Table 6: Key performance judgments of the two measurement systems under the condition of the conical angle of 120°

Type Coordinates Mean value/(mm) Standard deviation/(mm) Maximum deviation/(mm)

Sound microphone array X 0.5589 1.2421 3.5856
Y 0.7612 1.5991 4.8640

Light-curtain sensor X 0.8340 1.2846 3.6198
Y 1.1541 1.6235 6.0077

Figure 14: Schematic diagram of the first set of measurement results of bullet holes through the three system: (a) the wooden target based
on image processing, (b) the sound microphone array, and (c) the proposed system.
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5 Conclusion

In this study, we investigated an improved measurement
method based on light-curtain sensor to effectively obtain
the hitting coordinates of supersonic projectile in a large
detection area. For this study, it contains the following
contributions as below. First, the speed properties of the
shock wave in the light curtain based on several key
factors (i.e., flight speed of the projectile, its attitude,
shape, and the temperature in the testing environment)
are obtained after detailed analysis. Second, we devel-
oped a design scheme of the improved measurement
system. Specially, the main measurement device and
the calibration device of the shock speed are two key
parts of the system. In fact, the former is wide-angled
light-curtain sensor to effectively detect the measured
projectile and its shock wave, and the latter can measure
real-time speed of the shock wave in the light curtain
using three parallel laser beams. Third, according to
related geometric principles, some calculation models
are, respectively, built to obtain the hitting coordinates
of the measured projectile in the light curtain. Finally, we
perform the live ammunition experiments under the con-
ditions of two main factors, and they demonstrate that
the measurement error of the improved system is always
less than 5mm, and its measurement performance is
closer to that of the system based on acoustic sensor
arrays. Besides the larger detection area, the improved
measurement system also has many merits, including
fewer sensors, lower cost, simpler and easier installation,
and so on. In future research, we will focus on several
problems, including the measurement of flight attitude of
the supersonic projectile and multi-target detection. If
the above problems are all solved, the measurement per-
formance of the system will be further improved.
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