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Fig. 1 Geometric model of line structured light

perspective projection
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proﬁle measurement module

(D—strip center extraction;
(2—calibration;
(3—profile stitching;
(4)—profile matching.
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Fig. 2 Schematic of rail profile full section measurement with line structured light
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Fig. 3 Schematic of laser coplanar installation. (a) Laser coplanar installation; (b) profile measurement result
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Fig. 4 Schematic of two sides of laser noncoplanar installation. (a) Laser noncoplanar installation; (b) profile measurement result

profile measured by left camera

= » » » profile measured by right camera

standard rail profile

®)

Ca) PO AN FE TR 22 2 5 () 6 B ) 4 45

0604002-3



F£49% 56 H1/2022 £ 3 A/HERH

3 WO RE LB IE

3.1 BAAHEEREBIEZER

M3 5 B BT LA 2280 0 ) 1 3o AS S
T 5 25 HE B0 — 98O F T8 5 B0 B0 ) AS T Y
PHG,FE L O O Y S R R TR
ARG, DT o | R 290 0 e 35 25 . KD b, o o O
BT AR E AR O BN 1 S5, WA B A bR
A 5 1) T DR AT R — 0 4K
U T T U O A B B 5 9% 1) ) i T LY
ST P A5 5 5 A9 0O 1) T LAY B IR T 1 A DT X
s AR DU IE P 380 A e 1 28 2% v A0 N g
JER I 1 25 L A T DA I R OGO T 5 B R
e 2% SRR BRI R 25 N R AR R SRR 22 .
P v B 2N D O A

WE 5 iR, i P ok A2 B3R B 50 0
W TH 0 1 AT R — L, R A AR AR R T A A B
HP L= (s Ve Tue s DTy i =1,2,3,00om ,
Hom 2RO B A5 A AR R ML 8 PR A
FRBIL AR BB A B0 400 0B T 4 B AT R — s L
FEBFRR T B ABR N Pl = (Thees Vi s T s D1
J=1.2,3 o n, Hi n AT AR BR b s A KL
8, 2% 3Gk 21 05 PR N 1 S50 e Ar e 14
) A% B9 B ) E AR BR R R 1) ) R Vi =
(e s Ve s Zwes) |+ SR LAAH: R A8 B R 9 J 5 i
S UIZT ) e o Y Bl ST S % AR R TH R
FLAE R R BN S AR R FF IR B SRR FEHL W

fn B
plaffger

T~ llan\eangl\eI

7 ,@ 2 .
<
profile measured by left camera

=== profile measured by right camera
= =« » = profile after projection

5 WOLT H e E R E

Fig. 5 Schematic of laser plane correction
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calibrate the internal and
external parameters and laser plane parameters of the two cameras

v

calibration of rail longitudinal direction based on plane target

v

establish the reference coordinate system based on the origin of the

world coordinate system and the longitudinal direction of the rail,
and calculate the homogeneous transformation matrix of reference
coordinate system to the world coordinate system

v

transform the measured data of two side half section profile into

reference coordinate system

the profile data of both sides of the rail in the reference coordinate
system is projected onto the XOZ plane of the reference coordinate
system to correct the alignment error of the laser plane
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Fig. 7 Flow chart of laser noncoplanar error correction

for rail profile measurement system
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Fig. 8 Schematic of experimental setup. (a) Experimental setup; (b) lasers on both sides are not coplanar; (c) lasers on

both sides are coplanar
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Fig. 9 Schematic of three groups of comparative experiments. (a) Lasers on both sides are coplanar and both laser planes

are perpendicular to the rail longitudinal direction; (b) lasers on both sides are not coplanar and the left laser plane

is not perpendicular to the rail longitudinal direction; (c¢) lasers on both sides are not coplanar and both laser planes

are not perpendicular to the rail longitudinal direction
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Table 1 Calibration results of camera internal parameters
Parameter Left camera Right camera
f /mm 12.70 12. 89
k,/m* 1210. 17 1240. 89
ky/m ! —6.22X10° —2.41X10°
ky/m”" —5.82X10" —1.31x10"
p/m”! —0.12 —0.05
po/m! 0.25 —0.01
s./m 6.00Xx10 ° 6.01x10 °
s,/m 6.00x10° 6.00x10 °
c, 1271. 29 1260. 64
c, 510. 94 486. 01
Width /pixel 2560 2560
Height /pixel 832 832

# 2 WORT IS HhnE 45 R

Table 2 Calibration results of laser plane parameters

Laser plane
p a; b, I3 d, a, b, ¢, d,

parameter

Experiment 1 —0.005 0.002 1.000 —0.032 0 0 1 0
Experiment 2 0.064 0.001 0.997 0.170 0 0 1 O
Experiment 3 0.064 0.001 0.997 0.170 0 0 1 0

3 MY SRR E SR

Table 3 Calibration results of rail longitudinal parameters

10 SHELYNI VL RS2 A b o A

Fig. 10 Schematic of rail longitudinal V™, and reference

coordinate system
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Fig. 11 Measurement results of rail profile in experiment 1
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Fig. 12 Measurement results of rail profile in experiment 2. (a) Before error correction; (b) after error correction
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Fig. 13 Measurement results of rail profile in experiment 3. (a) Before error correction; (b) after error correction
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Table 4 Average measurement error of rail wear

unit: mm

Experiment 1

Experiment 2 Experiment 3

State
E, E, E, E, E, E,
Before error correction 0.052 0.047 0.197 0.102 0.119 0.067
After error correction — — 0. 059 0.047 0.062 0.038
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Abstract

Objective In the rail profile full section measurement system, the laser on both sides of the rail is not coplanar,
resulting in the measurement profile distortion and profile measurement error. Presently, few studies are available
on the noncoplanar problem of laser on both sides in rail profile measurement. The research focus is primarily on how
to adjust the laser to meet the coplanar condition. When the laser from the structured light sensor on both sides of
the rail is not coplanar, some distortion occurs in the measurement profile, resulting in rail profile measurement
error. This contour measurement error caused by laser noncoplanar installation is referred to as laser noncoplanar
error for ease of expression. To ensure the accuracy of rail profile measurement results, the lasers on both sides of
the rail should be coplanar. However, in practical application, owing to the limitations of component processing
accuracy and field installation environment, ensuring that the laser on both sides of the rail are accurately coplanar is
difficult. If the precise coplanarity of the laser planes on both sides of the rail is pursued unilaterally through the
precise assembly and adjustment device, it will not only result in a substantial increase in cost but will also complicate
the assembly and adjustment, which is not conducive to on-site installation and operation of the railway. Presently,
few reports are available on the method of correcting laser noncoplanar error on both sides of rail in full section rail
profile measurement. To address the aforementioned issues, this paper proposes a laser noncoplanar error correction
model of rail profile measurement system based on projection transformation. This method does not need the laser
planes on both sides of the rail to be accurately coplanar but only needs to be roughly aligned, which greatly reduces
the requirements of on-site installation.

Methods First, the internal and external parameters of the left and right cameras and the laser plane parameters on
both sides are obtained through the traditional calibration method, and then the longitudinal parameters of the rail are
calibrated using the plane calibration plate (Fig. 7). On this basis, the reference coordinate system is established
using the world coordinate system’s origin and the longitudinal parameters of the rail (Fig. 6), and the auxiliary
plane perpendicular to the longitudinal direction of the rail is established using the longitudinal parameters of the rail
(Fig. 10). The half section data of the profile on both sides of the rail are projected onto the auxiliary plane to obtain
the projected profile (Fig. 5). The projected profile is used as the final measurement result of the rail profile to
correct the laser noncoplanar error.

Results and Discussions  To verify the effectiveness of the proposed method, three groups of comparative
experiments of rail profile measurement are designed (Fig. 9). Experiment 1: the lasers on both sides are coplanar
and perpendicular to the longitudinal direction of the rail on both sides. Experiment 2: the lasers on both sides are
not coplanar, and the laser plane on the left is not perpendicular to the rail’s longitudinal direction. Experiment
3: the lasers on both sides are neither coplanar and both planes are not perpendicular to the rail’s longitudinal
direction. The results show that the proposed method can reduce the error in rail profile measurement caused by
laser noncoplanar installation to less than 0.10 mm (Figs. 11-13). Furthermore, if the proposed error correction
method is used, even if the laser plane is not perpendicular to the longitudinal direction of the rail after the
measurement system is installed, it can ensure that the measurement result is the cross-section profile data of the rail
rather than the oblique section profile data, ensuring the measurement accuracy of the rail profile.
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Conclusions Aiming at the problem of laser noncoplanar error encountered in the full section measurement of rail
profile, a laser noncoplanar error correction model based on projection transformation is proposed, the principle and
steps of error correction are described in detail, and the effectiveness and accuracy of the proposed method are
verified by experiments. The proposed method reduces the rail profile measurement error caused by noncoplanar
laser installation to less than 0.10 mm. This method does not require the laser planes on the left and right sides of
the rail to be perfectly coplanar, but only that they be roughly aligned. It not only ensures rail profile measurement
accuracy, but also greatly reduces the requirements for component processing accuracy and on-site installation
environment, and avoids the time-consuming and labor-intensive laser plane fine adjustment process on site.

Key words measurement; rail profile; laser plane; rail longitudinal direction; error correction
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