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Fig. 1 Detection and identification of LED-ID based on BP neural network (BPNN)
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Fig. 2 Extraction process of LED-ROI. (a) Gray scale images; (b) processing of binary images; (¢) closing operation; (d) obtaining
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Fig. 4 Stripe images at different imaging distances. (a) 40 cm; (b) 50 cm; (¢) 60 cm; (d) 80 ¢cm; (e) 100 em; (f) 130 cm

0506003-3



#5005 £ 5HI/2023 £ 3 B/ E#

3) &EE

o7 25 LA I S BSOS SR S0 T B 2 L
725 HOBR R, 78— DRV S B P BH 2% S0 o L 45 R
K ANE S PR o o5 25 W AT il B8 T BH IS 4% 80
DN N P VR SR G v
@ (b)

> - >l

5 AE s R 2R BUER  (a) 2t 8006 5 (b) i I
H50%
Fig. 5 Stripe images with different duty cycles. (a) Duty cycle
is 80%; (b) duty cycle is 50 %

2.2 FELEDID4FEREX

2% SRS R AR B 32 B2 R 1A Ak B B R X
LED-ID #4745 1F 32 B¢, {0 75 ZEHE AT 4K B LED 6 1Y
ROI. LED 68 EM% 69 ROTIEBGS FE N 5] 2 Bk o 1B
A% LED YG IR () ROLZ J5 , 38 28 45 AiF 5 51 Jr 75 42 B
LED B (R 1E o R 5 R AE £ O 72 n 5] 6
FTR

| original images |

v

| processing of grey scale images |

v

| processing of binary images |

v

| closing operation |

v

| detection of line edge |

v

LED-ROI is obtained based on pixel
intensity detection

number of LED imaging
bright stripes areas duty cycle

K6 oA 8ot FHR IR 5 5 R ik 52 IO e
Fig. 6 Process of image recognition and feature extraction of

optical stripe code

1) @ A4 I3 B
W3 2 B LED-ROT A] A3k 45 LED JGIE 7R 14 £ X
B o8 ) D BV AE o R 7 B L S 4 B ) LED-ROI

B2 R AR R R (2, y) B O B AR AR R (2, y)
H1 AT LAAS Y LED G IR R XA BAR N

d=x,— x1, (1)
AT, LED-1D [B 1 X3 ) 1o A2
.\‘—7r(621) . (2)

Pl7 TR E i A 2

Fig. 7 Principle of area feature extraction

2) A A & 2 A AR SR IR

Hifs 2 LED-ROT B H ] 51145 52 Bl 5 i
AR S AR AE AN AL 8 TR L AR R R R N
1T (IR0 I 2R B8 S B FRE 07 (I R B0 I 4%
DLGENE Z L, B AR AT o5 23 FERRAE o 303K AIE 4 B
it AN N — AT R ] S

K8 Jeac a4 5 i 25 R fiF f I 2R
Fig. 8 Principle of feature extraction of frequency and duty

cycle for optical stripes code

23 LEDXIEID{EERIZA

A AT AL A 27 2] S B B9 BPNN XA [A] 5y
LED-ID #1770 28 o N TR 28 I 2% 2 66 1 Kl 19 A 2
22 IE 45 B I — PR SO ) A 8 I 2 1) B A
AU HoH ) [ 22055 A bl 22 I 2% A BPNIN 38 5 98
R R AR Y . BPNN J& 0 fie )12 i R R 2
— HORH TR 2 e/ R IE R )H 7 A E BP
ook RS AR SRR M . 5] A BPNN
XF LED-ID {55 B #E A7 20 2350 vT DAAR Ak 13 18 A B2 A1
iR, BP A MR .

BEHT A2 F S 2 B #0200 B0 50 R a F e, 1
H B2 A 5 T BPNN Y 0045 B A7 52 0 . 90 1R
A D 2 < B J22 Y ) ) o 2 AL R [ 14 2 Bt ML o 4
A2 LY O~1 2Z 8] B9 B0 5 45 08 — 1 A 1) & X = (a1,

0506003-4



®50% £ 5HI/2023 £ 3 B/ E#N:

b, ) PR R s o Pe= (b, ey p) s
W2 AN o 2 0 A s i E A =0 e
yi:f<zjwﬁxj7 ‘91):][(11')’ (3)
Z/:f<2ivﬂyi_ Ol)zf(-Y/), (4)
sy B2 B B o, R A 2 RO 2 2 R Y
W 5o 0 A 5 0,2 B2 10 B ; =, /2 s 2 00
H 5 v 08 BROR 2 R 2 2 18] B ALER ; 0,02 fir 2 A0 )

i/ S BB R (1) = s s
1 —exp(—a)
Ay BT 2 A A 2 S O 1
BT IR ZE N

EZ%Zk{z‘k—f[ziv,-[f(zjwﬂx,-— 61”}2, (5)

T e i 3 A T o
it 34 A R A ASCER R R A, R 2 e ) A%

B B2 AL, DL /MBI 45 5 2%, /)
wi(k+1)=w,(k)+ 90z, (6)
0(k+1)=0(k)+ 7', (7)
Py Rz BB o, T AR
A SCHE H 3 )2 B WA R o 2 g B AT 2
AR BCHE B 4 25 R 5K, 525 U 2R B0 A Y I 2 R
A KR 300, PA I R S 36 1k o A A B R Z 1Y A
MR B (=a, R KIRE (=at+ 1, [=at+2, 1=
2a,[=2a+1,[=2a+2,,[=na,l=nat+1,[=nat+
2. Hr, /=2a+ 10 Y GRBOR B4, B A SO
(=2a+1HHINREZE SM AR XER . £ %S
T 3R S R 0y R AR A L B a=3, I [=2a+
TR F B 2 M &8 7. R g T — A4
3-T-n ()M 28 W 4%, AN & 9 BT R o SR X N 4% 45 7
HEAT I 2R, 7T RLSE B X AN 6] LED O I8 ID {5 B Y
281/

input layer

hidden layer

output layer

area of LED
images

duty cycle of
bright stripes

number of
bright stripes

LED 1

LED 2

LED 3

LEDn

9 LED -ID 2» 23U 1) BPNN 4544
Fig. 9 BP neural network (BPNN) structure of classification recognition for LED-ID
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Fig. 10 Train positioning model based on optical camera communication
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Fig. 12 Rotation relationship between camera coordinate

system and world coordinate system
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Fig. 13 Experimental platform for train positioning
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Table 1 Experimental parameters

Parameter Value
Space size (L X WX H) /(m>Xm>Xm) 2x1.2X0.8
Focal length /mm 17.52
Height of camera /m 0-0. 6(resolution is 0. 2)
Image size /(pixel X pixel) 4112X 2176
Camera exposure time /ms 0.05
Pixel size /(pum X pm) 3.45X3.45
Horizontal field angle /(°) 56.3
Power rating of LED lamps /W 7
Spaced LED lamps /m 0.4

Z=0 m B} 1) 4 o 25 R an 1] 14 frow , BB AR
FELPRALE AR AR, KR FIE AR LED Y66 & 7 5775 1
AT B A T A AR AR . DAL 14 R aT DU Y T A
5 SR A B VAL R4 S R E A R 228 3.1 em, P
FENLIR2E A 2.52 cm.

20

Z-0m © actual location
15 F ¥ estimated locatiaon

oQ
Ky X

X, x WK
E 0-§§o§§oo§<o&%éoooo
> ¥ x v

-15

_20 1 1 1 1 1
0 100 200 300 400

x/cm

Bl 14 Z=0 m i i — 2 o 25 25
Fig. 14 Two-dimensional positioning results at Z=0 m
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Fig. 15 Two-dimensional positioning results at Z=0.2 m
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Abstract

Objective Subways are necessary to alleviate the pressure of public transportation in metropolises. Currently, communications-
based train control (CBTC) systems are the mainstream train operation control systems for subways. And the train positioning
information obtained by positioning technology is an important parameter for ensuring safe train operation. Traditional train-
positioning methods include balises, inductive loops, axle counters, wireless local area networks (WLANSs), and long-term evolution
(LTE) technology, but the above methods are facing certain inevitable shortcomings and hard to completely meet the needs of
continuous positioning. The main drawbacks to these methods cover high cost, difficulty of maintenance, low precision,
susceptibility to electromagnetic interference, limited spectrum resources and so on. Therefore, it is of great practical significance to
conduct research on a train positioning method with high positioning accuracy, strong real-time performance, and low cost. With the
recent advances in visible light communication (VLC), the technology is widely used in many fields owing to its high transmission
rate, considering lighting and communication, environmental protection, and free spectrum resources. In this study, optical camera
communication technology was applied to CBTC systems, using light-emitting diode (LED) lamps in the tunnel as the transmitter of
an optical camera communication system. A train positioning method is proposed based on optical camera communication with double
LED lamps, which has advantages such as high positioning accuracy, excellent real-time performance, low cost, and strong anti-
interference ability. It can be used as a supplement or alternative to the existing train positioning methods in CBTC systems and has

broad application prospects.

Methods To improve the real-time performance and accuracy of train positioning, we propose a train positioning algorithm based on
backpropagation (BP) neural network and optical camera communication. The proposed algorithm is divided into two parts: the
detection and recognition of LED lamp information and a positioning algorithm of optical camera communication with double LED
lamps. First, in the detection and recognition stage, the feature images of different LED lamps, such as frequency, area, and duty
cycle, are obtained using an optical camera communication system. After training by machine learning based on the BP neural
network, a training model is developed. Furthermore, in the train positioning stage, the imaging principle and geometric principle are
adopted. The characteristics of the LED lamp images are extracted when the camera captures the images. After decoding, the
identity (ID) information of the LED lamps is collected for the location coordinates of the lamps. Due to the distance between two
adjacent LED lamps in the subway tunnel is 10 m (taking Chengdu Metro Line 1 as an example), the distance between the two
adjacent LED lamps in the imaging plane can be determined using image processing technology. The focal length of the camera is
provided, and the image coordinates of the LED lamps are calculated. Using geometric principles and coordinate conversion, the
world coordinates of the train position can be determined. Finally, an experimental platform of optical camera communication for train
positioning is established, and the proposed train positioning algorithm is verified by MATLAB. The static and dynamic performance

of train positioning in the proposed algorithm is tested.

Results and Discussions To verify the effectiveness of the algorithm for train positioning, we set up an experimental platform for
train positioning with a size of 4 m X1 mX1.2 m and arranged 20 test points for testing 400 times at four different vertical heights.
The average of five tests at each position was taken as the final train positioning results for comparison. The experimental results
show that the average positioning error in the proposed algorithm did not fluctuate significantly when the vertical height changed.
Considering the positioning results with a vertical height of 0 for error statistics, 90.1% of the error was less than or equal to
2.650 cm. To verify the effectiveness of the proposed train positioning algorithm during operation, when a train was running at a

speed of 4 m/s in the same scenario, the algorithm was used to determine the real-time train position. The experimental results show
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that the position coordinates predicted by the proposed algorithm were basically the same as the actual trajectory coordinates, and the
positioning error was within 5 em. The positioning results could be obtained 20 times in 1 s, and the average positioning time was
51.34 ms. The positioning accuracy reached the centimeter level, and the positioning time was near the millisecond level using the

proposed algorithm.

Conclusions Based on the fixed arrangement of LED lamps in subway tunnels, we attempted to apply optical camera
communication technology to CBTC systems. We classified the information characteristics of the collected LED lamps through a BP
neural network to identify the ID information of LED lamps, which can solve certain problems such as few addresses, more
recognition conditions, and susceptibility to electromagnetic interference in signal modulation. In addition, when the location
coordinates of a single LED lamp are found, the proposed algorithm can achieve positioning results and reduce the positioning time
without affecting accuracy. In summary, the proposed algorithm can improve the real-time performance and accuracy of train
positioning as a supplement or alternative to the existing train positioning methods in CBTC systems.

Key words optical communications; train positioning; optical camera communication; communications-based train control; back

propagation neural network
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