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Abstract: To improve the photoelectric test accuracy of
moving objects, in this study, the speed attenuation
caused by air resistance was introduced into the double-
N six-light-screen test system, and the test system was
theoretically analyzed through oblique incidence with
field experiment for verification. It was found in the study
that the optimal test values for yaw angle, pitch angle,
axial speed, and distance could be obtained by selecting
the pulse time origin at the center of two light screen
groups. In addition, mud pellets were used for field experi-
ments to effectively verify the simulation results. In a new
model, the test accuracy of yaw angle and pitch angle was
greatly improved when compared with traditional proces-
sing methods, but the laws of error distribution remained
almost unchanged. The error of axial speed showedmono-
tonicity as affected by the pitch angle. At the same time,
the error of test distance remained symmetric with the
improved accuracy, thereby meeting the statistical test
requirements for small-volume moving objects.

Keywords: speed attenuation, oblique incidence, pulse
time axis, photoelectric test system, Yaw angle, pitch
angle

1 Introduction

Air resistance is an important factor affecting the motion
speed attenuation of objects [1,2], and the attenuation
coefficient directly reflects the degree of speed attenua-
tion. Therefore, the laws of speed change in moving
objects can be analyzed by the real-time changes in
attenuation coefficient. An in-depth analysis of the laws
of speed attenuation can help improve the theoretical
accuracy of the photoelectric test system.

The double-N six-light-screen system [3,4] is a typical
passive photoelectric test device for accuracy testing on
motion speed and motion trajectory of objects with natural
background light as a light source. When an object passes
through the system’s light screens, a time pulse signal will
be generated as the flux of light into the diaphragm is
changed to calibrate the passing time. Plane parametric
equations were used to find out the trajectory and speed
of the object’s motion, while the yaw angle and pitch angle
reflected the object’s spatial angles of motion. Traditional
processing methods of the test system do not take into
account the speed attenuation caused by air resistance
and approximate the motion to be uniform rectilinear, in
order to establish photoelectric test models for different
screen structures [5–11]. In recent years, light-screen test
systems have slowly developed and few of them have been
improved and optimized through theoretical errors of the
test. The speed attenuation of moving objects is one of the
important factors that cause theoretical errors, so it is
necessary to conduct an in-depth analysis on this subject.

Using oblique incidence as an example, in this study,
the attenuation coefficient was introduced into the double-
N six-light-screen system. It was found from the test
results that the differences in the origin selection for the
coordinate axis of pulse time would directly affect the test
accuracy of the system. Mass data were organized and
sorted to find the optimal position of origin selection for
the coordinate axis, which was verified by theoretical
simulations and field experiments. This study is of great
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practical significance for the optimization of photoelectric
test systems for moving objects.

2 Methodology

The double-N six-light-screen system is composed of two
three-light-screen groups. For the convenience of calcula-
tion, the two light-screen groups [12] are usually adjusted
at the same height, as shown in Figure 1. When a moving
object passed through this test system, six pulse signals
were generated through each light screen to calibrate the
passing time of the corresponding screen. Plane para-
metric equations were built to find this out by testing sev-
eral physical quantities such as angle of motion, speed,
and distance.

When testing the system, it is generally considered
that the vertical displacement deviation caused by gravity
can be neglected in a limited test interval, while the tra-
jectory of motion is regarded as rectilinear. In traditional
methods, speed attenuation caused by air resistance is
neglected, and the objects are regarded to be moving uni-
formly. With respect to objects moving at a high speed,
especially those with a large windward area, it is considered

that they have uniform speed, and will therefore result
in significant theoretical errors. When an object with m as
the mass and S as the windward area moves in the air, air
resistance will cause the moving object to accelerate in
an opposite direction, and the accelerated speed will be
affected by the resistance coefficient C [13].

=a C ρSv
m2

,
2

(1)

where ρ refers to the air density and v refers to the instan-
taneous speed of the moving object, while =B CρS

m2 is the
speed attenuation coefficient. It was found in this study
that when the initial speed of object motion v0 was less
than the speed of sound, the resistance coefficient was
almost unchanged and could be regarded as a constant
under normal conditions. The time integral was calcu-
lated by both sides of the above equation as follows:
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If the test distance is S0, the attenuation coefficient
can be expressed as follows:
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where ′v refers to the end speed. The attenuation coeffi-
cient directly reflects the initial conditions of the flying
test on objects and is critical for determining the real-time
speed and time of the target fall.

In the traditional processing of the double-N six-
light-screen system, the origin is generally selected on
the first screen, and the pulse time axis perpendicular
to the first screen is used to indicate the pulse time of
passage through each light screen. In order to fit the
measurement position of the initial velocity v0, some-
times the coordinate origin is set in the determined posi-
tion in front of the first scene, with the common distance
of 2 and 4m. Then, through the calculation of the plan
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Figure 1: Screen side view of double-N six-light-screen.

Figure 2: Schematic diagram of azimuth selection for the pulse time origin of double-N six-light-screen system.
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parametric equations, the parameters of moving objects
to be tested are finally obtained. When the speed attenua-
tion was taken into account and, referring to numerous
theoretical studies and data tests, the time origin was
selected at the distance center of two light screen groups
and the azimuth of the pulse time axis remained unchanged,
the analysis results would be more accurate, as shown in
Figure 2.

In the new model with the origin at the distance
center of two light-screen groups, when an object is obli-
quely incident on the first screen at ±5° in both yaw direc-
tion and pitch direction, the test error in axial speed of
the moving object with the changes in the distance
between the two light-screen groups is shown in Figure 3.

It was seen that when it was closer to the origin of the
pulse axis, the test error of axial speed was smaller, and
the minimum error was at the origin. In contrast, the
changes in distance between the light-screen groups
had almost no effect on the axial speed. When the dis-
tance between the light-screen groups was set to 4 m, a
commonly set distance in field experiments, the influ-
ences of yaw angle and pitch angle on the test error in
axial speed of the moving object are shown in Figures 4
and 5.

The simulation results show that the yaw angle and
pitch angle of a moving object had almost no influence on
the axial speed in the smaller angle range, and the
minimum error was still at the origin of the pulse axis.
The establishment of the pulse axis and the selection of
the origin would cause differences in the plane para-
metric equations corresponding to the system and lead
to different test results eventually obtained. In the new
model, the error distribution of axial speed showed good
regularity, so multiple sets of data could be obtained by

adjusting the axial distance of light-screen groups in the
process of field building for the system in order to con-
duct a comprehensive analysis. Moreover, due to the
multiple instabilities of the emitter, inevitably, there
will be some random angle errors in the yaw direction
and pitch direction. An in-depth study of test parameter
errors is conducive to the comprehensive performance
analysis of the system.

3 Experimental procedures

To facilitate the observation of the laws of error distribu-
tion, the initial condition was set as =

−B m0.002 1, and
the initial speed was set as =

−v 100 m s0
1, while the

distance between the two light-screen groups was set as
4 m. When the adjustment range of the pitch angle was

Figure 3: Influence of pulse time axis coordinates and distance
between light-screen groups on the test error of axial speed.

Figure 4: Influence of yaw angle on the test error of axial speed.

Figure 5: Influence of pitch angle on the test error of axial speed.
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±5° and that of the yaw angle was ±20°, the errors of
traditional processing methods in the test angle are shown
in Figures 6 and 7.

The error of yaw angle was almost unaffected by the
pitch angle and increased with an increasing yaw angle.
The error of pitch angle was very weakly affected by the
yaw angle. The error of pitch angle within the range of
yaw angle ±20° and pitch angle ±5° only showed a weak-
ening fluctuation of 0.01°, which was not symmetrical
in the pitch direction. In the process of oblique incidence
at a small angle during the field experiment, the error of
pitch angle caused by the yaw angle was generally ignored
to simplify the processing. As the pitch angle increases,
the error of pitch angle increases. Furthermore, the laws of
angle error distribution were nearly the same as in the
event of normal incidence of an object. The distributions
of test angle errors when a new model was adopted and
the initial conditions remained unchanged are shown in
Figures 8 and 9.

The curved surface distribution patterns of these two
processing methods with respect to angle fluctuations
were extremely similar. Although the angular errors in
these two directions in a new model showed no obvious
statistical rules, the errors could be controlled at the
degree of −10 7 within the same range of incidence angle,
and the test accuracy was significantly improved.

While an object was approximated to be moving uni-
formly in a straight line in the screen test range, which
meant that the speed attenuation caused by air resistance
was neglected, the error of axial speed at oblique inci-
dence with traditional processing methods reached the
magnitude of − −10 m s2 1, and the error of test distance
reached the magnitude of a few tenths of a meter. When
the initial conditions remained the same as above, tradi-
tional methods of processing were still adopted after the
introduction of the attenuation coefficient. In addition,

Figure 6: Error of yaw angle in a traditional model.

Figure 7: Error of pitch angle in a traditional model.

Figure 8: Error of yaw angle in a new model.

Figure 9: Error of pitch angle in a new model.
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the errors of speed and distance were observed, as shown
in Figures 10 and 11.

It could be seen from the figures above that the errors
of axial speed and distance could be improved by 1–2
orders of magnitude within the set angle range, and the
influence of pitch angle on these two types of errors was
relatively weak. At a yaw angle of 0°, the minimum
values of errors in axial speed and distance could be
obtained, and the two types of errors gradually increased
with the increase in the yaw angle. With a test distance of
8 m, the relative error of axial speed was not higher than
0.01, while that of test distance was not higher than
0.008. When the range selection for the angle of inci-
dence and the initial conditions remained unchanged,
the new model was adopted for processing, and the errors
of axial speed and distance are shown in Figures 12 and 13.

In the newmodel, the error of axial speed was mainly
affected by the pitch angle and showed monotonicity,

while the yaw angle had almost no effect on the error of
axial speed. Within the angle range, the error of axial
speed was three orders of magnitude higher than that
in traditional processing methods, and the error of dis-
tance was about six orders of magnitude higher than that
in traditional processing methods with extremely similar
laws of error distribution to those in traditional methods.
The minimum error was still at a yaw angle of 0°. Taking
the test distance of 8 m as an example, the relative error
of the test distance was not higher than ×

−0.2 10 7, which
could ensure the test accuracy of small-volume moving
objects.

To effectively verify the simulation results, many field
experiments were carried out on sunny and windless days.
Spherical mud pellets were selected as the test objects for
such experiments, and the mass and windward area were
changed to analyze the errors of screen coordinates and
speed, intuitively reflecting the advantages of the new

Figure 10: Error of axial speed in a traditional model.

Figure 11: Error of test distance in a traditional model.

Figure 12: Error of axial speed in a new model.

Figure 13: Error of test distance in a new model.
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model compared with traditional processing methods. In
the event that the selected distance between light-screen
groups remained unchanged, the initial conditions were
used to find the real-time attenuation coefficient based on
Formula (3). With 3,966mm as the distance between light-
screen groups, 78.5mm2 as the windward area of mud
pellets, and 5° as both the incident yaw angle and pitch
angle, the average values of the pulse time calibration and
B obtained through traditional processing methods for six
screens are shown in Table 1. The test coordinates were
compared with the reference standard values obtained
through vertical plane coordinates to find out the horizontal

and vertical positional deviations. Meanwhile, the test
speed of the mud pellets was compared to the reference
standard value of speed obtained by theoretical derivation
to find the relative speed deviation, as shown in Table 2.

In Table 2, δx and δy refer to the horizontal positional
deviation and vertical positional deviation, respectively,
obtained by subtracting the statistical average from the
difference between the test value and the reference stan-
dard value. Δv refers to the difference between the test
speed and the reference standard speed. Under the same
setting conditions, the new model was adopted for reca-
libration of the pulse time, and the average value of Bwas
calculated, as shown in Table 3. The test coordinates and
speed were compared with the corresponding standard
values to find the relative deviations, as shown in Table 4.

From experimental data, it was clear that the test
results obtained by the new model were more accurate
than those obtained by the traditional method. As the
field experiments were affected by more complicated
external factors, it was inevitable that there would be
some deviations between the data obtained and the the-
oretical values, but the new model could still show sig-
nificant advantages. The horizontal and vertical average
positional deviations in the traditional model were 6.51
and 4.96mm, and the difference between the test speed

Table 1: Average values of pulse time calibration and B in a tradi-
tional model

S No t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) t6 (s) B (m−1)

1 0 1.659 3.102 33.441 37.105 39.593 0.011
2 0 2.871 5.978 37.182 42.118 45.866 0.009
3 0 2.656 4.543 33.674 38.826 41.574 0.010
4 0 3.022 5.525 32.974 35.974 38.221 0.009
5 0 2.996 4.916 34.182 39.014 43.003 0.009
6 0 2.737 5.881 35.733 39.855 32.957 0.010
7 0 2.953 5.638 32.359 36.638 39.843 0.011
8 0 3.468 5.912 35.988 39.736 42.088 0.012

Table 3: Values of pulse time calibration and B in the new model

S No t ′ s1 ( ) t ′ s2 ( ) s( ) tc s( ) t ′ s4 ( ) t ′ s5 ( ) s( ) B (m−1)

1 −21.325 −19.012 −16.929 0 15.371 18.123 20.602 0.010
2 −24.063 −19.345 −17.583 0 15.988 18.662 21.113 0.011
3 −24.445 −21.037 −18.681 0 17.723 20.506 23.486 0.013
4 −25.817 −22.164 −17.334 0 15.962 19.054 21.502 0.010
5 −26.008 −22.869 −19.812 0 18.775 20.979 23.476 0.009
6 −27.986 −24.641 −20.044 0 18.847 21.351 23.817 0.009
7 −30.162 −27.513 −23.979 0 22.152 25.657 28.003 0.009
8 −24.579 −21.991 −18.653 0 16.867 19.206 21.819 0.011

Table 2: Statistics of test data corresponding to Table 1

S No xm (mm) ym (mm) x0 (mm) y0 (mm) δx (mm) δy (mm) vm (m s−1) v0 (m s−1) δv (m s−1)

1 −110.0 −170.8 −297.5 −318.5 −7.30 2.90 99.91 99.90 −0.01
2 172.3 −298.7 −25.0 −437.0 2.50 −6.50 135.95 135.97 0.02
3 348.2 −144.0 143.0 −294.0 10.40 5.20 125.61 125.62 0.01
4 373.3 −56.2 171.5 −203.5 7.00 2.50 130.07 130.11 0.04
5 −71.7 119.3 −273.5 −33.0 7.00 7.50 132.85 132.88 0.03
6 237.8 128.4 39.0 −26.0 4.00 9.60 124.94 124.92 −0.02
7 −204.9 18.9 −394.0 −132.0 −5.70 6.10 123.84 123.81 −0.03
8 206.7 −118.5 15.0 −264.0 −3.10 0.70 125.18 125.19 0.01
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and the reference standard speed was 0.00625 on average,
while the horizontal and vertical average positional devia-
tions in the new model were 4.63 and 3.53mm, effectively
improving the error of the test distance, and the difference
between the test speed and the reference standard speedwas
0.00025 on average, one order of magnitude higher than the
traditional method. To conveniently, quickly, and intuitively
verify the test accuracy of yaw angle and pitch angle, the
photovoltaic conversion data acquisition and analysis system
could be used to visualize the test results, and the system test
interface is shown in Figure 14.

In Figure 14, t0–t6 correspond to seven pulse times,
respectively; B is the attenuation coefficient; L is the dis-
tance between two light-screen groups; S is the distance
from the receiving light screen to the second screen; h is
the height difference between two light-screen groups; x
and y are the abscissa and ordinate of the receiving light
screen, respectively; v is the velocity of the object.

To sum up, the experimental data remained highly
consistent with the theoretical simulation results, which
could verify the advantages of the new model when pro-
cessing test data. To ensure method optimization, in
addition to the calibration of the pulse time origin in
the traditional and new models, positions were selected
randomly on the pulse axis, and the obtained test results
could not meet the requirements of the newmodel, with a
large difference in accuracy.

4 Conclusion

With the oblique incidence of the double-N six-light-
screen test system taking into account the speed attenua-
tion, there will be relatively significant differences between
the parameters to be tested with the differences in position
selection for the pulse time origin. It was eventually found
that the minimum error for test parameters can be obtained
through the new processing method with the pulse time
origin at the center of two light screens. Through theoretical
simulation and comparison, it is concluded in this study
that the errors of yaw angle and pitch angle obtained by
the new model were 7–8 orders of magnitude higher than
those obtained by the traditional method, but the laws of
error fluctuation remain unchanged in general. Furthermore,
the error of axial speed was improved by 2–3 orders of mag-
nitude, showing monotonicity with the changes in pitch
angle. The error of distance was increased by 5–6 orders of
magnitude, showing apparent symmetry centered on zero
value of yaw angle. To verify the theoretical values, mud
pellets of different masses and windward areas were used
for field experiments at an oblique incidence of 5° in yaw
and pitch directions, and the obtained laws were consistent
with the theoretical analysis. It can be seen that the establish-
ment and solution of plane parametric equations for the
photoelectric test system of moving objects are highly depen-
dent on the calibration of pulse time.

Table 4: Statistics of test data corresponding to Table 3

S No mm( ) y ′ mmm ( ) x ′ mm0 ( ) y ′ mm0 ( ) δx′ (mm) δy′ (mm) v ′ m sm
−1( ) v ′ m s0

−1( ) δv ′ m s−1( )

1 −106.361 −209.468 −297.5 −318.5 −1.76 5.73 99.911 99.912 0.001
2 166.623 −334.385 −25.0 −437.0 −1.28 −0.68 135.965 135.965 0
3 334.081 −186.931 143.0 −294.0 −1.82 3.77 125.617 125.616 −0.001
4 362.271 −105.136 171.5 −203.5 −2.13 −4.94 130.076 130.077 0.001
5 −71.384 71.681 −273.5 −33.0 9.22 1.38 132.846 132.846 0
6 228.523 73.652 39.0 −26.0 −3.38 −3.65 124.932 124.932 0
7 −195.774 −27.941 −394.0 −132.0 5.33 0.76 123.837 123.839 0.002
8 204.341 −161.065 15.0 −264.0 −3.56 −0.37 125.184 125.183 −0.001

Figure 14: Interface of photovoltaic conversion data acquisition and
analysis system.
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With the in-depth study on the test of moving objects
by light-screen systems, in addition to considering the
speed attenuation caused by air resistance, other factors
such as object rotation, gas pressure difference, and tem-
perature will be introduced into the analysis of the test
system in the future, making the photoelectric test system
more accurate.
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