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Abstract: To address the issues of low contrast and detail loss in low-light images, as well as the output
saturation and limited noise energy utilization of classical bistable stochastic resonance(SR) systems, this
paper proposes an unsaturated SR method for low-light image enhancement based on Gaussian radial basis

functions. An unsaturated symmetric bistable potential function composed of Gaussian radial basis functions
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and a linear term is constructed. An enhancement {ramework is designed, comprising subthreshold input
signal generation, pixel-wise SR response computation, and response-guided brightness fusion. A
brightness-darkness resonance separation metric is proposed to quantify the differential enhancement
capability of SR, and a Comprehensive Enhanced Quality-Index(CEQI) is constructed from eight
dimensions. Experimental results demonstrate that the proposed unsaturated potential function improves
the resonance separation and expands the effective noise parameter range compared with the classical
bistable potential. On low-light images with subtle and significant brightness contrasts, the proposed
method achieves average CEQI values of 0. 801 2 and 0. 757 1, respectively, outperforming classical SR
(0.704 3 and 0.692 9) as well as CLAHE, Gamma correction, MSRCR, and SSR. In real-life scene
images, the average CEQI reaches 0.78. This study introduces unsaturated SR into low-light image
enhancement, providing a new approach for recovering dark-region details while suppressing overexposure.
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Fig.2 Flowchart of algorithm framework for low-light image enhancement based on bistable stochastic resonance
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Fig.4 SR output plots at different noise levels (D) and

comparison of enhancement results

Oy HERSEAE 0 4 o K- 28 LA R UURR 25 B i
B BE LI PR 3 55 A1 1 2 50 O RSCR BT S 4
TR TP S R RO AR R PR B0 o o AR A T
37 fih 2%, >R FH JC 45t 20 R 7 58 B D /AU AR il
G — M) BN 5 U B AR A A i
A P b 3 R B BE ML AL PR P B PR RE 22 5 0
P 5 Ca) Al T, 7 T 2 4% B B ST i e ML, B
TIE T WP I B {1 3 iR AL AR A A e . A
P 228 S BURG 285 380 o 00, A L 0 ORG24 4% o A 5
M R 0 2 b R IR B g e O e A, O 2 B



559 4

PN B SRR T i 0T A 1) S o SCH A L BB AL I AR TR ] 5 it 1289

B PR A RO A ARV R U5 I R A DR £ 58
W5 2 1A 22 5 14 [ I i o R TR 2 0 5 1655 5, S Wi 7
AE 7o &1 5(b) H R d 28 17 5ik A0 R 18D 114 ot A
bt 2 B[] R 2 — 25 0 0% AR 1R A 2 e
HOLE PR A5 22 SRR R HA o 500 5 BE 0 B A 2k
T RO Y TR, R R R

[— RS - - ks |

0.8 0.8
e 0.7

0.6 d N
~ 0.6

~ N —
g 0.4 1 S os
' 0.4
0.2

0.3
0 0.2

0 05 1.0 15 20 0 05 1.0 15 20
D/AU D/IAU
(a) SEMEIEART 25 B2 il 24 (b) CEQUEHR Mk
(a) Brightness-darkness resonance (b) CEQI Indicator curves
separation curves

S A AR A RS 1Pk 3 R R Y BE AL 3 IR BE ) il 2k
pUNEd
Fig. 5 Comparison of SR capability curves for saturated

and unsaturated potential functions
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Fig.6 Comparison of SR enhanced image effects
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Tab.1 CEQI metric for SR-enhanced images
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Fig.7 Experimental results of different methods for enhanc-

ing low-light fallen leaf images
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(a) Original image (b) CLAHE enhanced  (c) Gamma enhanced
image image
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(d) MSRCR enhanced (e) SSR enhanced (f) Classic SR enhanced
image image image
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Fig. 8 Experimental results of different methods for enhanc-

ing low-light autumn river images
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(d) MSRCR enhanced (e) SSR enhanced (f) Classic SR enhanced
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Fig.9 Experimental results of different methods to enhance

low-light foggy city building images
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Tab.2 CEQI metrics for images with enhanced low-light

performance and subtle brightness contrast

Methods Fig. 7 Fig. 8 Fig. 9 “F¥CEQI
CLAHE 0.5630 0.3777 0.4953 0.4787
Gamma 0.3886 0.4499 0.4939 0.444 1
MSRCR  0.4168 0.4634 0.6001 0.493 4
SSR 0.4343 0.4541 0.5518 0.480 0
ZM SR 0.6960 0.7314 0.6855 0.704 3
Our method 0.8320 0.7904 0.7813 0.8012
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Fig. 10 Experimental results of different methods for en-

hancing low-light work images
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Fig. 11 Experimental results of different methods for

enhancing low-light beach images
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Fig. 12 Experimental results of different methods for en-

hancing low-light desk and chair images
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Tab.3 CEQI metrics for low-light-enhanced images with
high brightness and high contrast

Methods ~ Fig.10  Fig.11  Fig.12 F-# CEQI
CLAHE  0.4492 0.4388 0.3295 0.4058
Gamma  0.3518 0.4998 0.3170 0.3895
MSRCR  0.3620 0.1759 0.2010 0.246 3
SSR 0.3777 0.1778 0.1935 0.2497
ZHSR  0.7168 0.7038 0.6581 0.6929
Our method 0.8072 0.7480 0.7161 0.757 1

B B IEEEEG PRSP TR
MSRCR Fl SSR #F- ) CEQI 45 BH 52 X} Hb AS Bt
Y T WA AR, JR AR T i Bl A 3 A B X
B i 2 R Retinex (19 56 BAS 11 7 28 7™ 0 2%,
AR Z B RS, [F] B SSR Y 2 O 52 ] 81 5
Jmge i . CLAHE Hl Gamma # iF (9 °F ¥ CEQI
B T MSRCR Fil SSR, H J5 3 X6F L B 48 588 5
A Jr T AR 4 34 T VA A A B I A8 A T A
W E S B, 2 M SR 5 % B9 F ¥ CEQL N
0.692 9, 7E K 10 35 3 0. 716 8, H 32 FR T % ok
BRI 1 M ek DXk B ) B RE AN R
AT CEQIAE I 10 & 11, & 12 m 43 51 B
40.807 2.0.748 0 F10.716 1, F W % T & iz
Tia] 5 £ A AR T XURR A4 Ak R CAE I 7R BK B T 1 Bl
75 e 7 B 8 AT 0T A T I DX I 5 T OK []
0 3k 5 PR R R A

L5 b AR ST VR AE B SE ) E B I A AR R A
B RT3 CEQL R 2 & T 45 X by s, SR I L
B o M AR B AT B0 1 AR M RN 3 B AE N M L AR
G5 )5 kA B S X HAS B G R b R A —
SE R EAE B 52 H B 0 B b BE U R
Mo 2 SR 7L BAL T8 5 i AR A oA
SCOF o 3K 1 I AR AR R B bR O SRR 7S H bR B
T R Y S B0 R G R T XA A
Z RO BB 3 5 T 34 e IOAS R 1 25 A e
i
4.3 LIRFEEBMIHNRE

R UEA S AR R BT YA 3L
PE AT BT 6 AR M 1 52 B 37 5 BHR B AT
S U B W 1 T ) /N v O s BN 1 5~ S |
E B ORI SCAR Y R, A5 R 18] 13 A 14
JiR o XSl s a7 N8 OE TR R R
B O P ANE R AR EY SORI 6 KRIEH
DA R AR T 00, e AN [) O I 2 R i 1A 2
R SUHLAE AL B RE S 4 1 & UL M i e A A 4
WK AR E PG SRR R R, A
UK 95 AR SC T i 2R 5 Pk

M 13 A 14 0] LU AR SCT7 36 78 H 51
AR T BRI RAF il it . AR 40T LA
F b X LA [ 3 50F /97 2 CEQIL 4 #r ik
0. 78, U W2 SCT5 vk e 6% A 250003 52 B 3 55 LR
M £5 5 ot i o



%9 1 PN B SRR T i 0T A 1) S o SCH A L BB AL I AR TR ] 5 it 1293

() IMAEA (b) =R
(a) Office diagram (b) Enhanced office diagram

(c) DKL R BB (d) BBUATRBR S 5iR A]
(c) Night view of Wuhan Yangtze (d) Enhanced night view of Wuhan
River Bridge Yangtze River Bridge
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Fig. 13 Enhancement results of images in two scenarios
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(a) Sunrise image (b) Enhanced sunrise (c) Road image (d) Enhanced road
image image
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(e) Tree image () Enhanced tree  (g) Text image (h) Enhanced text
image image
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Fig. 14 Enhancement results of images in four scenarios
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Tab.4 CEQI results of enhanced images in different

scenarios
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