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A Multi-image Local Structured Fusion-based Low-light

Image Enhancement Algorithm
XU Shao-Ping' ZHANG Gui-Zhen' LIN Zhen-Yu' LIU Ting-Yun' LI Chong-Xi'

Abstract To combine the complementary information of the multi-exposure images generated from a given low-
light image, a two-stage low-light image enhancement (LLIE) algorithm adopting multi-image local structural fu-
sion approach was proposed to produce a fused image that is more informative and robust than each one. Specific-
ally, in the image preparation stage, an optimal exposure prediction model based on image quality assessment was
first built. Then a well-exposed image and an over-exposed image were generated with corresponding exposure ra-
tios estimated with the prediction model for a given low-light image, respectively. Simultaneously, the classical Ret-
inex model was used to obtain another well-exposed image to provide more supplementary information to be fused.
In the fusion stage, the patches extracted from the low-light image, two well-exposed images, and the over-exposed
image at the same spatial positions were vectorized and decomposed into independent components, i.e., contrast,
texture structure, and brightness. The desired contrast of the fused image patch was determined by the highest con-
trast of all source image patches, while the structural strength and brightness components were weighted with phase
congruency map and visual saliency map, respectively. Upon fusing these three components separately, we recon-
structed a desired patch and placed it back into the fused image. Finally, a denoising algorithm whose input para-
meter is estimated by a noise level estimation algorithm was exploited to suppress the accompanying noise due to
enhancement process. The experimental results show that, the proposed LLIE algorithm outperforms the existing
the state-of-art ones in the terms of both subjective and objective image quality assessment.

Key words Low-light image enhancement (LLIE), local structured fusion, fusion weight, visual saliency, phase con-
gruency
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(c) Over-exposed image
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(f) The PC map for the over-exposed
image
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The weight analysis of the texture structure component for images to be fused
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(b) Moderate-exposure image
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(c) Over-exposed image
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(d) The GBVS map for the low-light

(e) e FZHEE B GO 32 (40 5 2 25 1
(e) The GBVS map for the

() 1L 0T B A4 58 2 35 1
(f) The GBVS Map for the over-exposed
image moderate-exposure image image
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Fig.3 The weight analysis of the brightness component for images to be fused
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(a) Original image

(b) HVS

(e) Ying

(h) FFMD

(c) Fu2016a

(i) MLSF-LLIE

K5 HNEEE Tree B B 5RAUE R

Fig.5  Visual comparison of the results obtained with competing algorithms on Tree image
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Fig.7  Visual comparison of the results obtained with competing algorithms on Class image

R 1 BDXSEER Tree BUEHTIHE LS5 FEbME L

Table 1  Performance comparison of each algorithm on Tree image

Hik HVS Fu2016a Fu2016b Ying LIME Li FFMD MLSF-LLIE
BOIEM 1.96 2.07 2.18 1.97 2.11 2.26 2.25 2.37
BIQME 0.28 0.30 0.37 0.35 0.48 0.37 0.43 0.39
NIQMC 3.31 3.66 4.18 3.27 4.69 3.54 3.40 4.17
IL-NIQE 57.66 60.04 57.39 58.69 58.08 49.92 65.06 31.79

® 2 BAREEEN EE Tower H58 )5 152 % R b H

Table 2 Performance comparison of each algorithm on Tower image

Bk HVS Fu2016a Fu2016b Ying LIME Li FFMD MLSF-LLIE
BOIEM 2.30 3.42 3.04 2.90 3.18 2.77 3.42 3.15
BIQME 0.40 0.54 0.48 0.53 0.54 0.53 0.58 0.56
NIQMC 3.48 4.97 4.58 4.63 4.63 4.22 4.92 4.70
IL-NIQE 42.82 32.34 37.05 34.68 35.04 38.66 36.75 30.10

Ry G SR g5 1), B R &2 s L. TfE LLIE H¥A1{E 2 M 2% 1865 IW-PSNR 1 TW-
BOIEM. BIQME 1 NIQMC iX =M a5 5 o 25 SSIM b3R5 58—, fEEZ % 1) IL-NIQE 545
DL B R 4 0 56 B MLSF-LLIE 45 % e 2 &4 WSS —. 4 L&, MLSF-LLIE #y:4E K &
(% bE B BEAT3E FE G 5. 3% 5 AT 40, MLSF- DR 4 UG 90 B8 ) 2 B 1. BeAk, AT
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Table 3  Performance comparison of each algorithm on Class image
Hik HVS Fu2016a Fu2016b Ying LIME Li FFMD MLSF-LLIE
BOIEM 2.67 2.68 3.42 2.64 3.38 2.61 2.63 3.17
BIQME 0.48 0.50 0.57 0.53 0.6 0.55 0.53 0.56
NIQMC 4.57 4.57 5.28 4.67 5.00 4.67 4.33 4.95
IL-NIQE 25.89 22.22 20.9 24.26 22.99 38.22 24.47 20.97
IW-PNSR 16.68 17.36 21.36 18.66 15.24 16.46 17.93 22.18
IW-SSIM 0.85 0.87 0.94 0.91 0.87 0.83 0.88 0.95

(a) Original image

(d) Li o= 2.8

K8
Fig.8

(e) FFMD o = 1.78

(f) MLSF-LLIE o = 1.5

BABIELE Community 5 _E 305 5 R e

Comparison of denoising effect of each algorithm on Community image

F 4 BANEIEE 90 IRESH LR EE LRSS H R
Table 4  Average performance of different competing algorithms on 90 low-light images without reference images
Sk HVS Fu2016a Fu2016b Ying LIME Li FFMD MLSF-LLIE
BOIEM 3.07 3.17 3.27 3.13 3.38 3.12 3.03 3.21
BIQME 0.54 0.56 0.57 0.57 0.61 0.58 0.58 0.58
NIQMC 4.73 4.88 5.02 4.81 5.33 4.8 4.64 4.89
IL-NIQE 28.69 27.18 27.15 27.61 28.21 30.94 28.62 25.28

SRR S P I PG s S R BR A R T S — T
HERR, £ 6 THIH T &S50 HEELE 90
a2 %K R EG EH-F AT e . Hod
HVS. Fu2016a. Ying fl LIME %3 347 8] Lk
B, SBEHIAE 1 s DA, (HIX 4 A6 E ARG IR
FE PG 3G 5 AR AR AR AN BEARL. BT ) MILSF-
LLIE SyA AT I [BI7E BT A 2 5 X0 R b T
HEEKE, TR AEVE T ZE R A Fu2016b 1 Ying
SR AR P S R LA R 3E FE RO M, LR
M BTF sRE02E R 1 e g s BHG AT Rl A, I b

BIG Rl BT AR AT I 18], BSOS BAT T AR T 4 s
Feda, AR ERYERILE A 2 50 bL S v 1) TR 45K
e T 4 FIE 5w i A I %5 b 2 0 LG = A
TE ¥R B KB, MLSF-LLIE 5% 34 51 6 /) /& 5
LF ). PR, 276 28 R AT I ) 0 3 5 RO AN J7
[fl, MLSF-LLIE BE/ER & 2 [AA 2] | — S nl 5
ZHTA A

4  LERIE
AR T —FhFR 8 MLSF-LLIE % B4 )5
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Table 5  Average performance of different competing algorithms on 90 low-light images with reference images

=R7R HVS Fu2016a Fu2016b Ying LIME Li FFMD MLSF-LLIE
BOIEM 2.67 2.68 3.42 2.64 3.38 2.61 2.63 3.17
BOIEM 3.38 3.41 3.43 3.34 3.43 3.38 3.28 3.40
BIQME 0.58 0.60 0.58 0.58 0.61 0.58 0.59 0.59
NIQMC 5.11 5.15 5.10 4.97 5.34 5.06 4.84 5.02
IL-NIQE 23.14 22.74 22.42 22.29 24.69 25.54 22.62 22.19
IW-PSNR 20.35 19.81 22.10 22.15 15.31 22.04 21.88 22.54
IW-SSIM 0.92 0.91 0.94 0.94 0.84 0.93 0.94 0.95

£ 6 FANEIELE 90 IRA S HR R EE B0 P HAT R A ELAL (s)
Table 6 The average execution time of the competing algorithms on 90 low-light images with
reference images (s)

Hik HVS Fu2016a Fu2016b Ying LIME Li FFMD MLSF-LLIE
] 0.56 0.29 1.93 0.21 0.10 11.23 4.13 4.21
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