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Fig. 1 Comparison of tunnel entrance vision and vehicle internal and external illumination
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(b) Infrared image and brightness at the entrance
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Fig. 2 Bilateral filtering and luminance characteristics
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(b) NIR and Gamma correction of natural light entryry

(d) NIR and Gamma correction of tunnel light exposure entrance
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Fig. 3 Multi-source images Gamma correction
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Fig. 7 Images and fusion results of group A
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1210005-7



(e) Result of NSCT-BF (f) Result of SF-Energy-Q (g) Result of SR-C&L (h) Result of CSR-SE-Energy
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Fig. 8 Images and fusion results of group B
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(a) VIS tunnel entrance (b) NIR tunnel entrance (¢) Result of BF (d) Result of SE

(e) Result of NSCT-BF (f) Result of SF-Energy-Q (g) Result of SR-C&L (h) Result of CSR-SE-Energy
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Fig. 9 Images and fusion results of group C
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(c) Result of BF (d) Result of SE

(g) Result of SR-C&L (h) Result of CSR-SE-Energy

(f) Result of SF-Energy-Q

(e) Result of NSCT-BF
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Fig. 10 Images and fusion results of group D
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i, SF-Energy- Q& 1689 SFE & T A SCH % (I E T IL.

®1 ABAMBEIEREN

Table 1 Performance index evaluation of group A

Methods MI SF AG QM IE SD
BF 6.636 1 3.318 2 2.9039 0.1119 6.767 0 28.800 0
SE 7.2430 3.550 1 4.7315 0.112 2 7.367 3 47.302 9
NSCT-BF 6.689 3 4.2558 3.3336 0.110 4 6.806 3 29.3727
SF-Energy-Q 71115 5.8529 3.5624 0.1109 7.312 2 52.618 3
SR-C&.L 6.6959 4.063 6 4.5191 0.106 7 6.947 0 35.2817
CSR-SE-Energy 7.2843 5.8277 5.0059 0.118 8 7.4800 56.789 4

H1 22 2B 248 AR A, 420 B O A BEIR 1 25 A T BB IE N, S B AR R R E XTI A S A &
WML . ARG O CSR-SE-Energy J7 5 AG 8 AR AR A WS AR , R 78 b5 B BT

2 BAMERERITEN

Table 2 Performance index evaluation of group B

Methods MI SF AG QM IE SD
BF 6.636 1 1.959 9 2.3736 0.1109 6.674 4 25.269 4
SE 6.8919 2.249 6 5.3212 0.102 1 7.1471 61.968 8
NSCT-BF 6.850 4 3.560 0 3.654 2 0.108 1 6.880 1 29.599 4
SF-Energy-Q 7.168 2 3.697 4 5.168 2 0.101 7 7.208 6 39.399 4
SR-C&L 7.0890 3.3374 4.545 3 0.102 8 7.246 6 61.538 1
CSR-SE-Energy 74757 3.796 1 5.298 9 0.114 2 7.6579 82.194 1

23, CAREIA 1AL CSR-SE-Energy Bk T QY 8 AR Bk T SF-Energy-Q & ik Z 4, Hi A4y 510
v T HA 5 FhxF Fe B vk 4 R % 5E 0 B e 0 A B

®3 CHMRERITM

Table 3 Performance index evaluation of group C

Methods MI SF AG QYT 1E SD
BF 6.756 4 3.166 9 2.4357 0.096 3 6.768 1 44.646 9
SE 6.892 2 3.940 7 3.198 7 0.084 0 7.0135 63.292 8
NSCT-BF 6.8819 3.9659 3.2816 0.1059 6.894 0 50.799 9
SF-Energy-Q 7.070 9 3.998 0 3.1157 0.098 5 7.074 8 62.8717
SR-C&L 6.743 1 4.6318 3.883 7 0.088 1 6.785 2 54.352 0
CSR-SE-Energy 7.116 1 5.621 6 4.633 1 0.096 8 7.1299 80.272 0

i 4, D AR AR AT AL, 5 Ho Al 5 3007 A0 L, AR SCREAL QY E IR T SR-CRL 3%, Hor 5 T4 b 1
R

i

x4 DAMBEIERTEN
Table 4 Performance index evaluation of group D

Methods MI SF AG QYT IE SD
BF 6.929 2 2.9917 2.714 6 0.087 9 6.9915 38.610 4
SE 7.336 4 3.920 3 3.964 7 0.094 1 7.649 9 49.4517
NSCT-BF 6.9557 4.078 1 3.091 4 0.092 7 7.0353 39.434 6
SF-Energy-Q 7.5887 5.163 0 3.326 1 0.087 5 7.414 2 59.055 6
SR-C&.L 7.2687 4.572 2 4.4859 0.097 2 7.4258 45.556 4
CSR-SE-Energy 7.596 2 5.380 5 5.250 5 0.094 6 7.764 2 62.084 8

1210005-9



T o AR

Tl B R AR MR E A 1L ETR o B 1LCa) W F br AR AR 18 7] LLE ), CSR-SE-Energy 5.3 SD 45
Bk 8 B E L . X B 11(a)~(d) , CSR-SE-Energy 5 ¥ 76 il & B A5 B 40 A Axt b 2 BoA B B AG

A

2 M1 B3 s¥ B AG [ Q" Il 1E

or 7772 M1 B3] ¥ B AG [ Q" [ IE [

50

40

Zo30r 9
g <
E ]
20 |
10
0 BN 2R £ ) H
BF SE  NSCT-BF SF- Energy -Q SR-C&L CSR-SE-Energy BF SE  NSCT-BF SF-Energy-Q SR-C&L CSR-SE-Energy
Perrormance index Perrormance index
(a) Group A fusion evaluation (b) Group B fusion evaluation
Pz M1 B3 SF B AG [ Q" [l IE 2 M1 B33 SF B AG Q= [l 1E
2 2
< <
e >
L £
k= =
BF SE  NSCT-BF SF-Energy-Q SR-C&L CSR-SE- Energy BF SE  NSCT-BF SF-Energy-Q SR-C&L CSR-SE- Energy
Perrormance index Perrormance index
(c) Group C fusion evaluation (d) Group D fusion evaluation

11 F e Ar Ak
Fig. 11 Histogram of evaluation indicators
Sy A IR AR 32 T ) B A, 50 1R L 100 1§ L 150 i A1 200 0 gl A B A% 0438 47 2 R R F T,
T, T M T, 35w, AlAHN, CSR-SE-Energy 5.3k T, 5 5 Fp LR 316 X) b 22 20670 0.023 2 s, [ B 4
R E T E
R5 AEEZLERBEREODLEGHIZEITHFEHRE (ms)

Table 5 Average running time of different algorithms for images at tunnel entrance with low illumination (ms)

Methods T, T, T, T,
BF 3.262 0X 10 3.232 6 X 10° 3.251 9X10° 3.232 2% 10
SE 3.274 1X10° 3.273 8X10° 3.274 4X10° 3.229 5X 10
NSCT-BF 3.285 9 10° 3.367 9X10° 3.469 1X10° 3.350 7X10°
SF-Energy-Q 3.471 0X10° 3.412 6 X107 3.483 6X10° 3.462 1X10°
SR-C&L 3.338 7107 3.311 6 X107 3.476 0 10° 3.284 9X 107
CSR-SE-Energy 3.260 4 10° 3.230 810 3.256 0 10° 3.230 110

=
I
&>

AR SCM DG 1 120 % PR Rl SE Bk 42 BORT WO R (4 S AS B, L 45 & CSR FIR MR AE I FRAE A9 45 1 , 32 11
R IEE T CSR-SE-Energy T 21405 7] WG RS HESE o K NSCT 43 fife It 15 14 AR 451 56 4t 23 Bt 1) T J5) 40 8 1t 48

1210005-10



¥

ThA A AR R RE R A0 A B AR B 5

>

R J7 2 dEAT Rl G, B SR A L0 A0 8 B AR B AR B R B8, ] SE 75 ¥ X0 vl WOt (A5 B AT oo ik, A

CSR il A AR A5 4 5 7 AIE 43 1, I MR 40 35 1 D00 2 2 vk it BB P AR %) R e, 08 v 4000 2 EA T R o TR T T IR

TABGERY SR B0, ™ FPh 35 A3 00 72800, R Ab 1 MR 2 ) DG I 22 i B B L PR A RE R R S AT

f5H . 5 BF.SE . NSCT-BF .SF-Energy-Q .SR-CR&.L 5 Fh % 1 1 4f Hb 2560 45 5 2 B, 1258 115 3 1 il 45 4%

REH B RIS R 456 MLLSF L AG Q™" [IE . SD 75 #l bF- M #8 Ar 47 97 6, % 51 19 MIE L TE fH

SD A 3y FHAMF 48518 7.596 2.7.764 2.82.194 15 78 4b AR IR B3 53 th A 11 A B iz B ) 2 %

/0 0.023 205, BEAR T S AGE B RUAS , S T 1 TRTAR 1 & 1 AR 5 355 AT 2 .

5% Lk

[1] KUMAR A, BHANDARI A K, KUMAR R. 3D color channel based adaptive contrast enhancement using compensated
histogram system[J]. Multimedia Systems, 2021, 27(3): 563-580.

[2] CHENG Wenao, XU Ming, GAO Jinfeng. Spatial domain image generation and fusion method of single-phase grounding
fault line selection for small current grounding system[J]. Electric Power Automation Equipment, 2021, 41(7): 97-103.
RSO, PR, AW L /DN P VA 2 b R 0 PR 2 b g R R 2 s )l PRI A Rl G T ik T ] O A By, 2021, 41
(7):97-103.

[3] ZHANG S Q, LI X F, ZHANG X L, et al. Infrared and visible image fusion based on saliency detection and two-scale
transform decomposition[ J]. Infrared Physics & Technology, 2021, 114(3): 103626.

[4] PARK S, YU S, KIM M, et al. Dual autoencoder network for Retinex-based low-light image enhancement[J]. IEEE
Access, 2018, 6: 22084-22093.

[5] YANG Jiuzhang, LIU Weijian, CHENG Yang. Asymmetric infrared and visible image fusion based on contrast pyramid
and bilateral filtering[ J]. Infrared Technology, 2021, 43(9): 840-844.

BoLE, XIS, 2B . TR LR 4 S0 5 XRGL B I AR X AR LA 5T DO RS R A [T]. ZL8ME R, 2021, 43(9)
840-844.

[6] CHEN Hao, LAI Huicheng, GAO Guxue, et al. Sand-dust image enhancement based on multi-exposure image fusion[J].
Acta Photonica Sinica, 2021, 50(9): 0910003.

PRt BN, miles, . BT ZBOURRR& b 2 BRG] 672440k, 2021, 50(9): 0910003.
[7] BIANCO S, CUSANO C, PICCOLI F, et al. Personalized image enhancement using neural spline color transforms[J].
IEEE Transactions on Image Processing, 2020, 29: 6223-6236.
[8] LOREK G, AKINTAYO A, SARKAR S. LLNet: A deep autoencoder approach to natural low-light image enhancement
[J]. Pattern Recognition, 2017, 61: 650-662
[9] AMINUDIN M F C, SUANDI S A. Video surveillance image enhancement via a convolutional neural network and stacked
denoising autoencoder[ J]. Neural Computing &. Applications, 2021, 34(4): 3079-3095.
[10] LU H M, LI Y J, UEMURA T, et al. Low illumination underwater light field images reconstruction using deep
convolutional neural networks [J]. Future Generation Computer Systems-The International Journal of eScience, 2018,
82: 142-148.

[11] FALLAH M, AZADBAKHT M. Fusion of thermal infrared and visible images based on multi-scale transform and sparse
representation[ J ]. Journal of Geospatial Information Technology, 2021, 8(3): 39-59.

[12] RENL, PANZB, CAO JZ, et al. Infrared and visible image fusion based on edge—preserving guided filter and infrared
feature decomposition[ J]. Signal Processing, 2021, 186: 108108.

[13] LIU Y C, DONG L L, XU W H. Infrared and visible image fusion via salient object extraction and low-light region
enhancement[ J]. Infrared Physics & Technology, 2022, 124: 104223.

[14] BUDHIRAJA S, SHARMA R, AGRAWAL S, et al. Infrared and visible image fusion using modified spatial frequency—
based clustered dictionary[J]. Pattern Analysis and Applications, 2021, 24(2): 575-589.

[15] MEI Jialin, DU Zhigang, ZHENG Haoran, et al. Research on visual load at entrance area of extra-long tunnel in different
periods[ J]. China Safety Science Journal, 2021, 31(6): 176-181.
MER A, MR, KBS Y, 55 R [R] I B R B G A T IS0 B B e B 5 [0 ). b 2 e R 2k 2k 4R, 2021, 31(6)
176-181.

[16] PARIS S, DURAND F. A fast approximation of the bilateral filter using a signal processing approach [J]. International
Journal of Computer Vision, 2009, 81(1): 24-52

[17] WANG Zhao, DU Qingzhi, LONG Hua, et al. Infrared and visible image fusion based on CSR and energy features[J].
Laser & Infrared, 2021, 51(8): 1088-1096.
EW, MR, ek, A FET CSR AR EHFRAE AV ZLAM 5 AT OGRS E G LT . OGS 2040, 2021, 51(8) : 1088-1096.

[18] SHEN Ying, HUANG Chunhong, HUANG Feng, et al. Research progress of infrared and visible image fusion

technology[ J]. Infrared and Laser Engineering, 2021, 50(9): 1-18.

1210005-11



T o AR

[19]

[20]

[21]

[28]

[29]

3, WAL, W, 55 205N S T OGRS BRI BTSSR (T 204N S O TR, 2021, 50(9): 1-18.
KANWAL N, JAIN S, KAUR P. Evaluating robustness for intensity based image registration measures using mutual
information and normalized mutual information [ J]. Learning and Analytics in Intelligent Systems, 2020, 17: 73-81.
ZHANG W D, WU QM J, YANG Y M, et al. Fast ship detection with spatial-frequency analysis and ANOV A-based
feature fusion[J]. IEEE Geoscience and Remote Sensing Letters, 2021, 19: 1-5.

MOHANRAM C, BHASHYAM S. A sub—optimal joint subcarrier and power allocation algorithm for multiuser OFDM
[J]. IEEE Communications Letters, 2005, 9(8): 685-687.

LIU C, YANG B, LIY, et al. An information retention and feature transmission network for infrared and visible image
fusion[ J]. IEEE Sensors Journal, 2021, 21(13): 14950-14959.

ROBERTS J W, AARDT J, AHMED F. Assessment of image fusion procedures using entropy, image quality and
multispectral classification[ J]. Journal of Applied Remote Sensing, 2008, 2(1): 1-28.

ZHANG X Y, MA Y, FAN F, et al. Infrared and visible image fusion via saliency analysis and local edge—preserving
multi-scale decomposition[J]. Journal of the Optical Society of America A-Optics Image Science and Vision, 2017, 34
(8): 1400-1410.

FREDEMBACH C, BARBUSCIA N, SUSSTRUNK S, et al. Combining visible and near-infrared images for realistic
skin smoothing[ C ]. Color and Imaging Conference, 2009.

CONNAH D, DREW M S, FINLAYSON G D. Spectral edge image fusion: theory and applications [J]. European
Conference on Computer Vision, 2014, 8693: 65-80.

WU Chuan. Multi-scale image fusion based on bilateral filter[J]. Computer engineering and applications, 2015, 51(1) :
31-34.

SN HE TR ug o i 22 RO G ah e (0] i F AP TR S5 R, 2015, 51(1): 31-34+88.

LIHF, QUUHM, YUZT, etal. Infrared and visible image fusion scheme based on NSCT and low-level visual features
[J]. Infrared Physics &. Technology, 2016, 76: 174-184.

CHEN YaolJia, ZHANG Yongping, TIAN Jianyan. Multi-focus image fusion based on blocked sparse representation[J].
Ideo Engineering, 2012, 36(13): 48-51-+63.

Wrateth, TKACF, B . 2 T beid 52 s Mgt 2om i 2 BRI GRS L] iR, 2012, 36(13): 48-51+63.

Visual Fusion Technology of Dim-lightening Tunnel Entrance

MA Lian', MA Qinglu’, FU Binglin', WANG Jianghua’
(1 School of Traffic & Transportation, Chongqing Jiaotong University, Chongqing 400074, China)
(2 Chongqing Fengjian Expressway Co., Ltd, Chongqing 401120, China)

Abstract: In highway tunnels in mountainous areas, there is insufficient illumination intensity in a closed
environment at night, and after imaging, the average pixel illumination intensity is low. The data
information obtained by a single sensor is usually limited. Multiple sensors improve the image fusion
performance at the tunnel mouth with low illumination. Infrared sensors use the thermal radiation generated
by the object to achieve automatic detection and capture the object under the condition of low illumination;
visible images provide rich background information. The image information of infrared and visible light and
the electromagnetic spectrum is fused to obtain enhanced and more comprehensive scene information.
Image processing in a low—illumination environment has always been a hot issue in academic research. This
paper used Convolution Sparse Representation (CSR) , Spectral Edge (SE) and local energy features for
image fusion. An intelligent sensing method for spatial information of highway tunnels under static and
dynamic light environments is proposed. The denoising and fusion are processed simultaneously to avoid
the loss of visible and near-infrared information during fusion processing. Bilateral filtering and light
component are used for adaptive image enhancement of low—illuminance infrared and visible light source
images at the tunnel mouth. Gamma correction is used to correct the illumination component to avoid
distortion during image enhancement. In order to improve the visual information presented by visible tunnel
light, infrared and original visible image are fused to enhance the dark details of infrared pixels. In order to
further improve the feedback of multiple information in the image, the non-subsampled contour is used to
decompose the preprocessed image in multi-scale and multi-direction. The non-subsampled pyramid and
non-subsampled directional filter are the main components of the non—subsampled contour wave. The 4-
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layer decomposition of the preprocessed source image, 4+ 1 subband image with the same size can be
obtained. The algorithm uses bilateral filters to decompose a single low—frequency subgraph decomposed
by % layers into low—frequency basic components and detail feature components, respectively, for visible
image and near—infrared images. The former is fused by local energy features, while the detail feature
components are fused by convolution sparse representation strategy. The weighted local energy preserves
structured information. Since simple weighting often leads to fading of infrared targets, the local feature
energy ratio is used to measure the details extracted to maintain the brightness of fusion targets. A new
activity measurement method and spectral edge processing were constructed at the high—frequency
coefficients according to the underlying visual features; edge information is injected into the multi—source
image to extract high—frequency information. Finally, the fusion coefficients were reconstructed to obtain
the fused image. Four groups of visible and infrared source images captured by simulating the driver's line
of sight were fused and compared with the algorithm results. The experiments were compared and analyzed
from subjective evaluation and objective evaluation. Experimental results show that the CSR-SE-Energy
algorithm overcomes the traditional "SR" and "pseudo—Gibbs" effects, makes up for the shortcomings of
poor correlation between images, and saves Energy information and edge details. The fusion algorithm
outperforms BF, SE, NSCT-BF, SF-Energy-Q and SR-C&.L in subjective evaluation. The subjective
visual effect has high contrast and good identification, the whole image scene can be highlighted, and the
running time can be shortened. In objective evaluation, the highest MI value was 7.596 2, the highest IE
value was 7.764 2, and the highest standard deviation value was 82.194 1. Compared with BF, SE,
NSCT-BF, SF-energy-Q and SR-C&.L algorithms. This method has significant reference significance in
reducing noise, equalizing illumination and restoring details. When processing the image at the entrance and
exit of the low illumination tunnel, the operation time is reduced by 0.023 2 s at most, reducing the overall
operation cost and improving the image's robustness and visual clarity.

Key words: Visual fusion; Highway tunnel; Convolution sparse representation; Near—infrared image;
Local energy; Spectral edge processing
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