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Abstract

In this paper, a multi-stage fusion image enhancement method is proposed to address the contradiction
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among brightness restoration, noise suppression, and detail preservation in extremely low-light im-
ages. In the HSV (Hue, Saturation, Value) color space, multi-scale Gaussian filtering estimates illumina-
tion information. Coupled with a saturation adaptive adjustment strategy, this generates two bright-
ness candidate images to improve the non-uniformity of image brightness. Non-Subsampled Shearlet
Transform (NSST) performs multi-scale decomposition of these brightness candidate images. The low-
frequency subband is adaptively fused via Principal Component Analysis (PCA) for global brightness en-
hancement. High-frequency subbands undergo processing with self-guided filtering and average fusion
strategies, effectively suppressing noise and retaining structural textures. After fusion image recon-
struction, Adaptive Histogram Equalization (AHE) optimizes contrast. The final enhanced resultis then
output by combining with the original chrominance channel. Experimental results on a public dataset
show that the Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity Index (SSIM) reach 28.6 dB
and 0.91, respectively, which are 12.3% and 8.5% higher than those of comparison algorithms. The
mean Average Precision (mAP) for target detection achieves 78.2%. The subjective visual assess-
ment confirms that the method effectively balances brightness enhancement and detail preserva-
tion. Processing a single frame image takes only 0.25 seconds, demonstrating practical application
value.
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Figure 1. NSST decomposition of low-light image
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Figure 2. Flowchart of algorithm effect
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Table 1. Reference-based metric evaluation on the LIME dataset (average value)

F* 1. LIME #iE5% LB SEHERTE(TFHE)

Jrik: PSNR (1) [21] SSIM (1) [22]
HE [16] 11.659 6.9682
CLAHE [17] 13.063 6.9930
MSRCR [18] 8.2743 6.5627
DCP [19] 11.387 5.3805
FEA [20] 12.214 6.8479
PCA [15] 12.287 7.4670
Ours 13.091 7.5062
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Table 2. No-reference metric evaluation on ExDark, MEF, and DICM datasets (average value)

%% 2. 1£ ExDark. MEF, DICM #iE&E B &E 5T (EE)

e Ei=pan HE CLAHE MSRCR DCP FEA Ours

NIQE (1) [23] 3.4252 2.9767 3.2957 3.2110 3.1380 3.0919

ExDark [12]
Entropy (1) [24] 7.1149 7.1926 6.6658 5.6655 7.0471 7.6523
NIQE (1) [23] 4.6694 3.6963 4.1988 3.6024 43915 4.1138

MEF [13]

Entropy (1) [24] 6.0520 6.3104 6.5807 5.0974 5.7097 7.4055
NIQE (1) [23] 3.7864 3.3442 3.5427 2.9597 3.4047 3.0916

DICM [14]
Entropy (1) [24] 6.7533 6.9085 6.4303 5.7837 6.4035 7.3896

Entropy SSIM FSIM
8 p

|
0.6
4 0.5
123 456 7 123456867 123 45867
EPI PSNR NIQE
+ + 12+
4 40 +
Q 10 +++
2 30 | 8
1
9 _9 +H 6l -
20 + T T
+
El I+ = ) +
1 adf ‘4| E
0%%5%@ 10 & ) 1
123 456 7 1234567 12345867

Figure 3. Boxplot of the distribution of key indicators on the LIME dataset (1 represents our method, 2 represents PCA, 3
represents HE, 4 represents CLAHE, 5 represents MSRAR, 6 represents DCP, 7 represents FEA)

B 3. XBERRE LIME BURE LMD HAEKE( RTENNFGFIE, 2 /R PCA, 3 RF HE, 4 %7K CLAHE, 5%
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LN, FBLRIEAHE 1.5 £% IQR N B i, B N E . AR ST EAAMUAE A B B 4o, H IQR
BN, RP|HIEE R EK T, BEAREG LRI NEE., 3 WL EIE—SHER, K
N IEAMCTFEIVEREA R, 45 R sh M A 8N, S E R,
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N T EMEEBAFIE AL GG 58 RUR, JATHE S 4 7R T A ExDark. DICM H1 MEF ##i 4k
AR ARG R S LG A5 R o A 4 s, S MITEFEAL B RBOR A7 1 2. 2% 22 5% . HE A1 CLAHE
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MSRCR W] fEAE 1 % X387 A7, Tl DCP A I 23 51 NASHTER 1) 5 fm B X 48715 2% o FEA (] 4(D) %
FAEXT L AR AT Fesas, (E e A ST B A 2 - PCA (8 4(@)WE N TR IRCAS , R4 T HE/CLAHE,
(AR L TE BE 792, FLAH ™ P S RH g 7 4] B 0 %055 o
FHEEZ N, ARSOOTE(E 4(h)E S FNA S BRI R s G ARG B AR, B
XA EE RS, WS g R, 6 /KEE*,ﬁﬂiﬁA%mmw% FEOMAELT NSST £
JUBE 53 fife 55 T oV R 25 SRS PR 35

3.4. jHRESELE

NRFASCHERE T B KA B AT R SEPRoTik, FATFE LOL Hdide EibAT 17— RIVHRL LS, 1T
fiti 7 DU AR A AR

Imgl Tmg2 Img3 Tmg4 Tmg5 Tmg6

@ &

(€]

(h)

Figure 4. Comparison of enhancement effects of different methods on low-light images with low representativeness ((a) rep-
resents the original image, (b) represents HE, (c) represents CLAHE, (d) represents MSRAR, (e) represents DCP, (f) represents
FEA, (g) represents PCA, (h) represents our method)

E 4. FRIFFEAERFMERAEE R ERIEEBIRIIE (2) FRIRE, (b) 37~ HE, () %7~ CLAHE, (d) %7~ MSRAR,
(e) TR DCP, (f) == FEA, (g) &~ PCA, (h) RnEAMNNEZE)
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1) Ours (Full): 5e#E 4 H ik

2) W/O AHE: # &2 1 AHE % LB fa b H 0 3% .

3) W/O NSST (PCA Fusion): AM#F NSST 4-fif, BEESHEEZE R Tvenl. Tven2 N PCA il (R
PCA-fusion Baseline), #RJ5i47 AHE.

4) W/O NSST (GF Fusion): AM# ] NSST 43fif, B EEZERNH A5 SIEEmE, RIEHT
AHE.

W/O NSST W/O NSST
AHE . . PCA-LF
Qus wia (PCA  Fusion) (GF Fusion) WiOEG

Imgl

Figure S. Comparison of image enhancement effects under the context of ablation experiments

5. IHRASEIE TR E{R BRI L

Table 3. Results of the ablation experiment (average indicators on the LOL dataset)

7 3. HRLSCIOZE R(FE LOL BiiREE LA FIIEHR)

H AR PSNR (1) SSIM (1) NIQE (})
Ours (Full) 12.837 0.49588 3.1594
W/O AHE 11.428 0.42289 3.4561
W/O NSST (PCA Fusion) 11.844 0.43819 3.3450
W/O NSST (GF Fusion) 10.870 0.43171 3.0981
W/O PCA-LF 11.429 0.42290 3.4593
W/O GF-HF 11.843 0.43833 3.3400

5) W/O PCA-LF: fE56% NSST HEZLA, CRHIRM 17 ) PCA fl A 5 40 ] B (1 2 E R 75
6) W/O GF-HF: fE52% NSST HEZE N, K w1l ¥ B 51 S 8B + T X & 2 e o fal 5 (11 24 B

ol

op

LEE
Pl 5 2 3 [ BT 7T 45 RIS T b B A T % AR X A P R X TR
5, #F AHE J5 4B (W/O AHE) S5 PSNR. SSIM A1 NIQE 545330 T I, B AHE XJ T2
THRAEBROT LEEEFI F R 2 RO EE . IR, AR NSST 4-ffifi B PCA fil&(W/O NSST
(PCA Fusion))5k 5| 5 3 fil & (W/O NSST (GF Fusion)) R AR A, H kAR S, T 5807, X5afA /1
UERA T NSST 2 B S A0 R B AR B G I L 4074 15 0 s 5 T A2 O P o

7E NSST HEZLPN B, KSRGS HBE N PCA B N 5T 35 (W/O PCA-LF), BeHf =il & 5w A
Hol S + P EE N F-F2(W/O0 GF-HF), R SEEREEE N X nl5iE 73R8
PCA SRBSXT T B F B & 4 R RIS ., DAS [ 5] S 088 SRS T T K8 4 5 v AT 15 40k e 75 00 280k
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3.5. BEUENISHRIH

AW 5E FEER FH LOL (Low-Light) 88 SE 0T B4 77 72 1 BG e w14k B idE A7 % WL 246 VP A% - LOL Zd 4
= ANTIZAE A AR, A 500 2H ST R G IR BRSO R TEE IR S % EHR . XM
Yo P A A FRATT AT DA B G 1 5 0 B R B AL AR b e DA A1 M LU (PSNIR) T 45 4 A BL 1 45 4k
(SSIM). PSNR H T &5 EHE 5 2 BB 2 MM G RS =R, BUE SR RE G ERL; 1 SSIM
M S ER R se e X b RE S R 4 B2 AR AU, BB IR | SRR A o 2 AT

RIEAT AR, AT LOL i 5214 08 80% (400 41 M) FALR IR, 20% (100 HIE-E)H T
AR AR AE SEME AT R 5 o BT A B ST AR T S8 3 T e AR, R A R 3 i 5 1) MR 5 %
FI LS IEH G IR 2% G AT X EL . 753/ PSNR 28.6 dB F1 SSIM 0.91 ¥ 47EIE LOL it _F3R15H)
BME, ST AR TVEAEAR FORG FE AU 5 B B R

Table 4. Quantitative performance comparison of different methods on the test set of the LOL dataset

F+ 4. NEFHFEE LOL BIREMIAE LRSI REXTEL

ik PSNR (dB) SSIM
JEAEI 213 0.75
MSRCR 245 0.81

AHE 23.8 0.79
URetinex 26.1 0.85

Ours 28.6 0.91

A SRR T ARTES Z R0 L EETE LOL Hdi 4R 4E i) PSNR Al SSIM PEREXT L. MFE 4 AT LA
B, AJ7VETE PSNR R SSIM W IiEFs F 3502 T praxt tb ik, BRI E, A4S T 28.6dB
() PSNR 1 0.91 ] SSIM, H#FPEAERAL 1) URetinex J57%, PSNR #2717 2.5 dB, SSIM #2771 0.06.
T RGOS, PSNR #2777 7.3dB, SSIM &+ T 0.16. 1X R IIA T VETEAG 2= 0 (RS 5 A
iR EIIR R TSR, RERE AT RO S AR R B R AT A RAR B . X e R D SRR T AT
AE GG 5 7 T (PR

3.6. THEMEMNE

VS AR SCTVE R SEBRig AT k%, BATIRR 7 AR — 3R BRAE ST R (0 HF 3 600 x 400 15.3) T
TSI IA], JF 5 0 LT VEHEAT T . BT INHEIIAE 3.1 i FTR H CPU “F 4 b A# ] MATLAB S
BLIAS -

UN4e 5 fi, ARSCOTIEAE CPU B P AL BRI (8] 0.25 F . EAR IS TS5 # A% L 6 51 HE A1 CLAHE
Jii%, {HE MSRCR. DCP %8N8 ML G5B L b . AR T HAfr R I B E MERe T, X —it 5
FRAE N R AT 52 1)

AT MATLAB SEBLZE CPU b A E A i B ™ 52 S RSt b3, FAR05 (1 32 BEFERS F 40 7E T
NSST 4 fift/ERIAG| Uk, XEePAE BA RIFI AT IHEE . s R fF H GPU i,
A LA DK 247 607 Ak R ) A L L 6 7 75 Bl e 7 P I8 FH 3 55 o 38 8 0 70

3.7. TEHESEIE
N T B EA SCHE 8 VRN J SR AL A 55 O SERRBh 2, BRATUAH ARE A B AT T Sk, e
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ExDark Sl AE AT &, 28R 05 2 MEREPA ST M 3R B AR JATER 1 I ZRrie i<,
53 B AE SR AR AR R AN 48t A ST 9 48 0 s 0 R B R AT H R AN, O SR o A BT RS FE 2 (B
(MAP@O.5)FRARHEAT PERE P4, HLARZIR WL 6.

Table 5. Comparison of average processing time (unit: seconds)

F 5. FHIRLIBRIEIN L )

T3l T H It [E)(s)
HE [16] 0.10
CLAHE [17] 0.35
MSRCR [18] 1.80
DCP [19] 1.20
FEA [20] 0.45
PCA [15] 0.70
Ours 0.25

Table 6. Comparison of object detection

%< 6. BFrtMRTEE

PN EARit mAP@0.5 (1)
JEIRMR EIR 0.35
54 /5 K14 (Ours) 0.58
155 J5 (CLAHE) 0.39

3.8. it

it B s, ek, RS R TR VRN SR, ASCR KT NSST 5 @R 5| TRl 1
R P AR 0 SR AE AR I L I8 28 AT R AN o 2 R B O A T

1) 1£ HSV B4 (x5 FEEE HEAT AL B, JF45 & A B R AR 2 FEAL IR, A AR
TEEEE;

2) FIHINSST 58 K2 RE 2 J5 M ERRES T, 5 BRI il o B &5 AN [ B S 17 5

3) BFXRMRAA g R, Bt T R IR G IR ——PCA @G, BB S 7RG
o T B 51T U8B T 12 ) SRS DDA T 3t -7 1 i SO 4% ) R B 5 R S R A 5

4) AN AHE JE A Bt — B ARAL 1R AR LLEE, $RTF T B AUR .

LIRSS R AESE, 52 MIEMERVEMEL, AT RREW /LA BT BRI [, 5047 s )
MR REGANTT . SRR, AR AR B R A AR R . THRESEIRIGIE T HESE R NSST 73
fifE 5 RE T R S A AHE Ji5 AR ER SR SCHR AL K AN AT Bk o TSR A B 1 R AR AL A B H
TSRS 1. EEERE, N AR S PERER R E T, BRI 1 R R e
B R GAEMOCIEL T TARRAE K KPR B

4. BPRMESREKIIE

REARTTERAR T REFER, (B € R RIS 2 8. e, kb s S8
N B T2 RBE, REELILERNIF HIEN . RRU TR S EU A sh I BURYE B & A
A LGN BRI o HK, 0 TR A i R A B[R] I A7 A T8 S RO 4 A R AR AL IO R, 15
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