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Fig. 2 Schematic diagram of rail profile measurement system with line structured light
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Fig. 3 Modeling flow chart of rail profile measurement system
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Fig. 4 Line laser. (a) Physical picture; (b)—(d) simulation model
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Table 1

Main parameters of line laser

Wavelength /nm Power /mW

Line width /@350 mm Divergence angle /()

Fan angle /(%)

650 498

0.19 68
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Table 2 Main parameters of camera

Surface X half Y X/ Y/

type width /mm width /mm  pixel pixel
Detector 7.680 2. 496 2560 832
rectangle
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Fig. 11 Schematic diagram of laser plane calibration
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Fig. 13 Partial images collected by the simulation model
for camera internal parameter calibration.
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Fig. 14 Images collected by the simulation model for
laser plane calibration. (a) Left camera;

(b) right camera
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Table 3 Calibration results of system simulation model

Parameter name Left component Right component

f /mm 12.12 12.09
ky/m* 1351. 76 1223.18
ky/m™"  —4,67X10° 9.00X10°
ky/m™*  —3.76X10" —4. 75X 10"
py/m ! —0.09 0.23
Inter camera P2/m 0.120 0. 003
parameter ¢ /m 6.01%x10 ° 6.02X10 °
s,/m 6.00X10"° 6.00X10"°
c, 1293. 64 1258. 34
¢, 420. 41 407. 69
Width 2560 2560
Height 832 832
t,/mm 2.99 2.12
t,/mm 1.46 0. 46
Laser plane t./mm 0.03 —0.05
parameter - /(%) 270. 14 90. 14
r /(9 0 0
r. /() 0.10 0.13
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Fig. 15 Component accuracy verification experiment.

(a) Gauge block model; (b) measuring device
of simulation; (c) laser cross section image of
gauge block; (d) measurement result of gauge

block
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Fig. 16 Simulation measurement experiment of rail
profile. (a) Model of worn rail; (b) simulation
measuring device; (c)(d) image of laser cross
section on left and right side of rail; (e) profile

measurement result
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Fig. 17 Practical measurement experiment of rail

profile. (a) Worn rail; (b) experimental
device; (c¢)(d) image of laser cross section on
left and right side of rail; (e) profile

measurement result
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Table 4 Depth measurement error of simulation model of

line structured light profile measurement component

Middle End

Position Start

Error /mm 0.01 0.02 0. 04
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Fig. 18 Measurement results of rail vertical wear based

on actual measurement system and simulation model
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Table 5 Statistical results of rail wear measurement

unit; mm

Nominal value

Actual measurement system

System simulation model

of rail wear MAE

RMSE MAE

RMSE

11. 00 0.084

0.066

0. 049 0. 049
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Fig. 20 Rail strip and rough surface ( R, =100 pm )
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Abstract

Objective Line structured light profile measurement is an important technique for rail profile detection. Currently,
simulation analysis is instrumental in the research of rail grinding mechanism and track structure dynamics. Optical
simulation design software has also been subjected to considerable research in optical system design, simulation
modeling, and error analysis. However, few reports have focused on the simulation modeling of the line laser rail
profile measurement system. In view of this situation, a simulation model of the rail profile measurement system
based on Zemax software is proposed. The proposed simulation model is of guiding significance for designing optical
systems, selecting optical elements, and improving measurement accuracy. It can provide theoretical support for the
accuracy improvement and reliability evaluation of the rail profile measurement system.

Methods The rail profile measurement system is divided into image acquisition, system calibration, and profile
measurement modules. The image acquisition module obtains the rail laser cross section image and mainly includes
the line laser, lens, and camera. The system calibration module obtains the calibration parameters, i.e., the
transformation relationship between the image plane in the pixel coordinate system and the measurement plane in the
world coordinate system. The profile measurement module extracts the center pixel coordinates of the light stripe
from the rail laser cross section image obtained using the image acquisition module. Then, it transforms the central
pixel coordinates of the light stripe into the world coordinate system using the calibration data to determine the real
rail profile. Based on the division of the system function modules, the system modeling process is divided into three
steps (Fig. 3). In the first step, the image acquisition module is modeled (Fig. 8). First, the optical model of the
main components is established in the Zemax non-sequential mode. Then, the system simulation model is established
by combining the optical model of the components and optical structure parameters to ensure that the system
simulation model has the image acquisition function. In the second step, the system calibration module is modeled
based on the plane target calibration method (Fig. 10). The image acquisition module collects the calibration board
images under different poses, and the system calibration parameters are calculated. In the third step, the profile
measurement module simulates the rail profile measurement process (Fig. 12). The image acquisition module scans
the rail at a certain sampling interval along the rail direction (extension direction) and obtains the rail laser cross-
section image at equal intervals. The real rail profile is calculated using the rail laser cross section image; hence, the
system simulation model has the profile measurement function (Fig. 9).

Results and Discussions To comprehensively evaluate the measurement accuracy of the system simulation model,
component accuracy verification, rail simulation measurement, and actual rail measurement experiments are
performed (Figs. 15-17). Experimental results show that the root mean square error (0.049 mm) obtained using
the system simulation model is close to the root mean square error (0. 066 mm) obtained using the actual
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measurement device based on the 20 repeated measurement data of rail vertical wear (Table 5). The system
simulation model achieves high accuracy, and the simulation measurement results are consistent with the actual
situation, thus demonstrating that the simulation model can better simulate the rail profile measurement system.

Conclusions A simulation model of the rail profile measurement system based on Zemax is proposed. The
simulation model has image acquisition, system calibration, and profile measurement functions. The results show
that the simulation model is consistent with the measurement results of the actual measurement system, and the
simulation model can be used to simulate the rail profile measurement process using line structured light. The
differences between the simulation model and the actual system are highlighted from different aspects, thus providing
a reference for further improving the simulation model. The system simulation model can be used for analyzing
related problems in the field of rail profile measurement, e.g., evaluating the impact of lasers on both sides of the
rail that are not coplanar and generating rail surface defect samples using the system simulation model to solve the
problem of a lack of negative samples in deep learning. Moreover, the system simulation model can be used for
experimental verification and laboratory or field experiments can be performed simultaneously with system simulation
experiments. The simulation data can not only verify the experimental results but also provide guidance for the
experimental design. Finally, the system simulation model can be used to predict the results. Some tests unsuitable
for field tests or parameters and cannot be well controlled can be performed using the simulation model, such as the
vehicle body pose compensation test. The simulation model provides a new analysis method for studying rail profile
measurements using line structured light and offers guiding significance for optical system design, optical element
selection, and measurement accuracy improvement.
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