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Abstract: Panoramic images captured under low-illumination conditions suffer from low contrast and poor
visual effects. To address these problems, we propose a low-illumination panoramic image enhancement
algorithm based on simulated multi-exposure fusion. First, the original image is converted to HSV color
space; then, the optimal exposure rate is estimated by using a metric of image information entropy, and
the V component is enhanced by using an intensity transform function to obtain an overexposed image.

Second, a medium-exposure image is generated by using an exposure interpolation method, which utilizes
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the low-light image and overexposed image as input. Third, the fused image is obtained by employing a
multi-fusion strategy in which the original low-illumination image, medium-exposure image, and overex-
posed image are fused. Finally, the detailed information is enhanced by using a multi-scale detail boosting
method. The proposed method exhibits better performance compared with NPE, LIME, SRIE, Li,
Ying, and RtinexNet algorithms. In case of panoramic images of different scenes, the lightness order error
is 322, natural image quality evaluator is 2.32, blind/referenceless image spatial quality evaluator is
5.71, and structure similarity index is 0.82. The comprehensive performance of the proposed method is
found to be better than that of other comparison algorithms. Experimental results show that the quality of
the low-illumination panoramic image can be improved effectively by using the proposed algorithm.

Key words: image enhancement; low-illumination panoramic image; multi-exposure fusion; exposure in-

terpolation; image entropy
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Fig. 10 Results of different enhancement algorithms for

the panoramic image
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Fig. 11 Results of different enhancement algorithms for

the grayscale image
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Fig. 12 Results of different enhancement algorithms for

the grayscale image
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Tab. 1 LOE objective evaluation results comparison of different algorithms

(87 E 5(a) [ 6(a) [ 7(a) ¥ 8(a) & 9(a) E10(a)
NPE 382 718 866 482 865 636
LIME 1376 1213 1251 1259 882 901
SRIE 1167 598 624 496 614 594
Li 799 488 396 489 735 637
BIMEF 457 398 367 418 410 346
RetinexNet 1345 1535 1836 1114 1306 1566
AR 371 384 348 425 322 364

M TR LUE BT RER 2 9 FE Bk
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FUAR PR 58 2k ORI
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Tab. 2 LOE objective evaluation results comparison of

different algorithms

ER7S K 11(a) & 12(a)
NPE 567 379
LIME 1043 1410
SRIE 446 383
Li 616 376
BIMEF 359 436
RetinexNet 1141 1637
KRN 329 361

MR 20 LAE X F AR5 T AR E 4
SRR, AR SCHE R R I Z 0 LOE 48 bR X T 1

il PR k58 B AR RS AR, R AR SO
VEAE 3 K PR 11 SRR 5 7 TR

S5 K AL (SSTMO) A Ml 5 [R5 45 4 02 15
R HLHA E AR b, R R U 3 I Ak B
PG5 I R B . A [R5 19 SSTML % WLAT:
WMas Rk 3ME 4R

M3 AT LA Y xF T [ 37 5 F B9 B
A R AR SR B Bk 0 R S 18118 19 SSIM 47
i i T R O B4 PR 1, R W AR SCRA T
PAAE 38 T P55 BE 1 [] Bk A0 B8 450 e b 1 £ 1T 5%
IR S5 AR . SR A ET 0 TR [R5 R K
JE 4 5B, AR SO B A 45 R 1) SSIM 168 hr 85
D, 2 WIAS SOk ] LAAE $1 7 PRI A5 % LU RE 194 [ g
FE % S0 i £ 455 TR 1 ) DA 25

R3 AREEEHSSIM ZMITMN & RXTLE

Tab.3 SSIM objective evaluation results comparison of different algorithms

Ik % 5(a) & 6(a) % 7(a) [# 8(a) [ 9(a) & 10(a)
NPE 0. 54 0.66 0.71 0.76 0.71 0.75
LIME 0.36 0.58 0.5 0. 62 0.53 0.6
SRIE 0.58 0.45 0.75 0.79 0.76 0.71
Li 0.52 0.69 0.67 0. 74 0. 69 0.66
BIMEF 0.55 0.7 0.72 0.8 0.7 0.72
RetinexNet 0.38 0.61 0. 54 0. 68 0.56 0.69
AL 0.62 0.71 0.76 0. 80 0.77 0.74
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Tab. 4 SSIM objective evaluation results comparison of

different algorithms

Ak K 11(a) K 12(a)
NPE 0.47 0.74
LIME 0.41 0.52
SRIE 0.65 0.8
Li 0.54 0.71
BIMEF 0.65 0.83
RetinexNet 0.35 0.58
AR 0.68 0.75

by 1SR A T b A ] B Y Ak B A SR
TR WVFH A SO B AR R 5 i DF Al i (Natu-
ral Image Quality Evaluator, NIQE)"™ }& J& & %
75 (0] 38 4 T i F- 4 #% ( Blind/Referenceless Im-
age Spatial Quality Evaluator, BRISQUE ) *'{E &
BEWMEMAE IR, F WM A R MRS K6
F s o

M5 AT LU Y, % T A ) 37 557 i i e
45 BMR A SCH R 1 NIQE 46 45 5 BRISQUE
T e T A BB 4 1 AR B WA SCRE
1o 00 R e At D7 125 1 S I e, R BT
Wl E, FREBWEEE.

HH 2% 6 AT AL, AH AT LA LU B0 X AN IR
Y5 B R BE A 5 R A SCHL L ) NIQE 46 A
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Tab. 5 NIQE/BRISQUE objective evaluation results comparison of different algorithms
NIQE/

BRISQUE [ 5(a) [ 6(a) & 7(a) [ 8(a) &1 9(a) 51 10(a)
NPE 2.26/7.45 2.47/21.29 2.76/17.65 2.43/22.88 3.31/22.10 2.46/19.00
LIME 2.14/2.17 2.90/25.88 2.80/18.83 3.23/31.38 2.93/22.38 2.50/22.06
SRIE 2.37/7.50 2.46/22.85 2.88/19.23 2.67/23.16 3.30/21. 20 2.50/19.71

Li 3.30/18. 36 3.43/30. 46 3.44/25.65 4.20/43.34 4.50/29. 42 3.53/28.80
BIMEF 2.38/8.36 2.45/21. 24 2.99/20. 84 2.46/23.97 3.58/22.19 2.51/18.86
RetinexNet 3.12/4.61 3.64/14.42 3.24/28.10 4.37/27.12 4.41/18.85 4.10/22.25
ARk 2.32/5.71 2.39/21.34 2.73/16.59 2.52/21.51 3.10/23.71 2.40/18.35
%6 RESKMNIQEBRISQUE S MFM AR 5 2 FF A7 1) 7 LI 015 b7 0 J2 il 1, (L 245

Tab. 6 NIQE/BRISQUE objective evaluation results

comparison of different algorithms

NIQE/BRIS-

QUE K 11(a) Kl 12(a)
NPE 3.05/20. 62 2.64/29.27
LIME 3.28/23.79 3.42/40. 36
SRIE 3.12/18.74 2.66/28.70
Li 3.58/22.12 3.42/32.37
BIMEF 3.23/17.34 2.77/24.31
RetinexNet 3.65/31.51 3.77/39.18
ARk 2.98/18.85 2.63/23.14
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REAE G55 AR 0 R T

i 5 X DU A~ B WP A 16 AR B £5 5 He BT LA
KB, ARSONE AR BRI R4, R

S E UMk

[1] &, R4 , B K%, % . ZEAQAHLE Retinex H T
SOCE GBI T]. b5 M E 42, 2020, 28(3):
736-744.

FENG W, WU G M, ZHAO D X, et al.. Multi-
image fusion Retinex for low-light image enhance-
ment[J]. Opt. Precision Eng. , 2020, 28(3): 736-
744. (in Chinese)

F R EHRE, 25, F L B Retinex 19 AROE IR B
BRI (1], k4 # % T4, 2020, 28(8) : 1835-

[2]

o F) K AT A TE S L P, R A SC BT B B 3 T
DAAE O F55 1] 5 45 4 14 ) Pk 8 5 PRI AR 1) 5 T2 X G
JE L B a4y {5 B, B3 R 1R R R BT E
FAR .

Oy i R AR R 8 e o AT A 4 5 ) AT, 7R SC AR Y
T Tl R TR 22 W O RS B0 R R A R TR
SR O 3 L B R AN LA bR SR AN
Bk 1A SCRE WA Ok S50 45 R R W AR SO
V5 A B i PR 5 B R LY JRE B4 [R] IR 80 SR T B
% L, ool 1 5 i P15 ) 30 20400 3 3 AT o

BIRA SO VR AL PRES SR (B 1 5 IR S
B, BRA T 24 Ak 1) AR U AT
AR FE T L TR, I 1 B A /Y
BT IX E R IR — 28 BT SE

1849.

HUANG H, DONG L L, LIU X F, et al.. Im-
proved retinex low light image enhancement method
[J].
1849. (in Chinese)

ERAR, B, B, F TR A
BEALVRUE A5 " E 4R 1 238 B R MR k[T, &
3R, 2018, 067(21):88-98.

Opt. Precision Eng. , 2020, 28 (8) : 1835-

[3]

WANG D W, HANPF, FANJL, et al.. Multi-

spectral image enhancement based on illuminance-re-



o5 2 1

T, A < 5L TR DL 22 MR O Rl 19 {1

S EG R 361

[4]

[8]

[9]

[10]

[12]

flection imaging model and morphology operation
[J]. Acta Physica Sinica, 2018, 67(21): 210701.
(in Chinese)

EEE, R . Z54 0 Retinex & [ 15 1 43 8B L
Iy E 5 SN AT ER I IR [T ], b o E LA,
2020,28(8):1820-1834.

WANG W X, ZHAO H. Haze traffic image en-
hancement based on improved retinex and adaptive
fractional differential [J]. Opt.
2020,28(8):1820-1834. (in Chinese)

IR, R ARR YA IE DR R A5 e
[J]. & dh 5 25,2019,34(9) : 888-896.

WANG CH, ZHANG Y CH. Night image enhance-

Precision Eng. ,

ment based on pixel level adaptive image fusion[J].
Chinese Journal of Liquid Crystals and Displays,
2019,34(9):888-896. (in Chinese)
LAND, EDWIN H. The retinex theory of color vi-
sion [J]. Scientific American, 1977, 237 (6) :
108-128.
WANG S, ZHENG J, HU H M, et al.. Natural-
ness preserved enhancement algorithm for non-uni-
form illumination images[J]. IEEE Transactions on
Image Processing, 2013, 22(9) :3538-3548.
GUO X, L1Y, LING H. LIME: Low-light image
enhancement via illumination map estimation [J].
IEEE Transactions on Image Processing, 2017, 26
(2):982-993.
FU X, ZENG D, HUANG Y, et al.. A weighted
variational model for simultaneous reflectance and il-
lumination estimation [C]. IEEE Conference on
Computer Vision and Pattern Recognition, 2016:
2782-2790.
LIM, LIUJ, YANG W, et al.. Structure-reveal-
ing low-light image enhancement via robust retinex
model [J]. IEEE Transactions on Image Process-
ing, 2018, 27(6) :2828-2841.
LORE K G, AKINTAYO A, SARKAR S. LL-
Net: A deep autoencoder approach to natural low-
light image enhancement[J]. Pattern Recognition,
2015, 61:650-662.
WEIC, WANG W, YANG W, ez al.. Deep Ret-

inex decomposition for low-light enhancement[ C].

[13]

[14]

[15]

[16]

[17]

[19]

[20]

[21]

[22]

Int. Proc. of Brit. Mach. Vis. Conf. (BMVC),
2018, 9: 1.

CAlJ, GU S, ZHANG L. Learning a deep single
image contrast enhancer from multi-exposure imag-
es [J]. IEEE Transactions on Image Processing,
2018, 27(4) :2049-2062.

WANG R, ZHANG Q, FU C, et al.. Underex-
posed photo enhancement using deep illumination es-
timation[CJ. In Proc. of IEEE Int. Conf. Compud.
Vis. Pattern Rec. (CVPR), 2019: 6849-6857.
YANG W, WANG S, FANG Y, etal.. From fi-
delity to perceptual quality: A semi-supervised ap-
proach for low-light image enhancement [C]. In
Proc. IEEE Conf. Comput.
nit. , 2020, 6: 1-10.
FUXY,ZENG D L,HUANG Y,etal.. A fusion-

Vis. Pattern Recog-

based enhancing method for weakly illuminated im-
ages[J]. Signal Processing,2016,129:82-96.

LIU S, ZHANG Y. Detail-preserving underex-
posed image enhancement via optimal weighted
multi-exposure fusion [J]. IEEE Transactions on
Consumer Electronics, 2019, 65(3): 303-311.
YING Z Q,LI G,REN Y R, et al.. A new image
contrast enhancement algorithm using exposure fu-
sion framework[C]. Proc of International Confer-
ence on Computer Analysis of Images and Patterns .
Berlin: Springer, 2017 36-46.

YANG Y, CAO W, WU S, et al.. Multi-scale
fusion of two large-exposure-ratio images [J].
IEEE Signal Processing Letters, 2018, 25(12) :
1885-1889.

FARBMAN Z, FATTAL R, LISCHINSKI D,
et al.. Edge-preserving decompositions for multi-
scale tone and detail manipulation [J]. ACM
Trans. Graph. 2008, 27(3): 67:1-67:10.
WANG Q, CHEN W, WU X, et al.. Detail-en-
hanced multi-scale exposure fusion in YUV color
space[J]. IEEE Transactions on Circuits and Sys-
tems for Video Technology, 2019, (99):1-1.
WANG Z, BOVIK A C, SHEIKH H R, et al..
Image quality assessment: from error visibility to

structural similarity [J]. IEEE Transactions on Im-



362 i FEE TR % 29 %
age Processing, 2004, 13(4): 600-612. [24] MITTAL A , MOORTHY A K, BOVIK A C.

[23] MITTAL A , FELLOW, IEEE, e al.. Making
a 'Completely blind' image quality Analyzer [J].
IEEE Signal Processing Letters, 2013, 20 (3) :
209-212.

fEBE I :
FBAE1978—) Wi+ Bl oz,
2010 4F T 74 46 Toll K 2 4k 45 1 1 2%
B, FEMNF I EHE N TR EE T
M M A 5% . E-mail: wangdian-

I wei@xupt. edu. cn

No-reference image quality assessment in the spa-
tial domain[J]. IEEE Transactions on Image Pro-
cessing A Publication of the IEEE Signal Process-
ing Society, 2012, 21(12) :469.

EF A (1967—), 5, Wi+, # ¥, 2008
A F 75 % TR R AR A 2
B, BT AE 22 24 Py 3 5 F 1 B 2
B B K 5 B A TR T .

E-mail: yauxchren@yahoo. com. cn



