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Abstract: The existing image deblurring methods typically directly use spatial or frequency domain information to restore
clear images, ignoring the complementarity of spatial and frequency domain information. Utilizing the spatial domain
information of images can effectively restore object structures while u'tilizing the frequency domain information of images
can effectively restore texture details. This study proposes a simple and effective image deblurring framework that can
fully utilize both the spatial and frequency domain information of images to produce high-quality and clear images.
Firstly, two independent netweorks \;;/ith the same structure are employed to learn the mapping relationship from the
blurred images to the clear images in the spatial and frequency domain, respectively. Then a separate fusion network is
adopted to further elevate the quality of clear images by fully integrating image information from both spatial and
frequency domains. The three networks can be linked to form an end-to-end trainable large network, where they interact
with each other to obtain high-quality images by joint optimization. The proposed method surpasses 9 state-of-the-art
image deblurring methods in terms of peak signal-to-noise ratio, structural similarity index metric, and mean absolute
error on the public image deblurring datasets including GoPro, Kohler, and RWBI. The effectiveness of the proposed
image deblurring method which integrates both spatial and frequency domain information is verified by a large number of
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experiments.
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e HAL S 4 9RIEMT EUR, FIkiEm B 12 kA
MG S 20 B ZA R E R G S ER D, FHES
GoPro K4l 42 #0 & & USRI EUE B2, 9 T 0 A Y 3k
A7 B0 A THD AR AN 43 By, 7 5 S S BOR S KL
5 RWBIP AT @ b, Kot s 22 MAFEI &,
F 3112 SRS SOOI R, SV T S I 2 0

RIIE ML, BRoR F RN A, AT T @i,

AR IR: AR A IEE A5 B (peak signal to
noise ratio, PSNR) &5 AL (étn;cture similarity
index metric, SSTM) T4 IR % (mean absolute
error, MAE) VA J 75 % B B (Laplacian gradient,
LAP) RVTA A [F] BUR Z 45080 75 R i 1 e

WS {35 2 LU P 500 B K 3R 2k LN T 5k
KN H x W ITEIG x Ay, PSNR [ E AR A X

1
PSNR =20 x log g ——— (19)
10 MSE
ﬁﬁnMﬂ:-i_@i-Jwamfﬁﬁ%@w%
t HxW\255 255) "™

X AR R RUTAL AR 22, BRIV TR ZE BURR ) BB BT B
A H T N HR A — A DI PR S e 45 SR 2 52 31 ) B DX 3k

HOR, 2% 2 ILVE N 45 5 A ML A — B0
R EELIME, 7 AT P15 4 45 I 0 5 E A,
R P 25 AR (O 15 215222 47 B A

5 MR DL FE YL FELZ 0, 1], B K 0 2
12 5 AT A R AR L. I A e
Quxtty +¢1)(20xy +2)
(u)zc + u}z + C])(O',zc + o-% +¢3)
o, g Rl 2 BUAC 3K R 1 PR, oy Flory 55
MR FE T, oo 8T 2. i File S0 T 85
ZIHH, o1 = 0.01XR)?, cr= (0.03xR)?, R (% T
gzttt

O 4 A 15 2 R 3K R R 2 I iR T
(PR 0 % R 5 O B AT 52 S0 e

1
MAE=—— 3" 3 |x- (21)
HxW 0<i<H 0<j<W

SSIM =

(20)

B EE T 07 5 5% SO B R (1
ST RV R R 10—, R o
A (0D B, D02 023 T R i 845
B, MO B RN T, SRS A e, R
BB FEA K, PR 35 T R b b6 R 0 0 (%
PSR AR SR T 50 8 T o A1
SR RIBALE, JeR IR 77 2. LAP 52 ST

wp=5 N LaisLy (22)

0<i<H 0<j<W"
ok, LG, ) PRERAR Rl i, ) A8 51 T IO
s "

L=ty 20 2o MGD . i % 5 5 % T I

0<i<H0<j<W

0 -1 0
-1 4 -1,
0 -1 0

SIS RN SR80 B 2 TR AR 2 AR S e K
sp (B: Wp ) P72 58 B 15 S A0 LS 683 b (B W)
K AR ] ) X 25, {H ppe (B; Wre) i 2R 25 18] 35 G 52
e R I e AR, A5 9 2% TR A B, w0 52 77 il LA
AR SR F J A 7R /N 1 PG /N AR 4 (fast wavelet
transform, FWT) "0 BAL 23 fif 5l 12 /N30 38 (1) /)N i 4
FEAE g A0 3 AR 25 R 1 I 2% 1 N . 7E NVIDIA
Tesla V100 32 GB &~ Ff | PyTorch ¥ %% > HE 4L
HEAT AL SEEL. S FE VN 1200, HEVEN BN 1, &
B Adam AL 38, W16 1R 107, Y Zhid 72 A 4% i
2R MEZE I 77 LA 150 YRaEARN B AT 2208, B 3
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)R E 107 ML
3.2 MEERESRT
3.2.1 EESHT

R AR SCNVETE BUR B BRIAE 55 L PEREIIE 25,
HEEL T 8 LA J A 7 AT X L : DeblurGAN-v2!'Y
BANet!""),
DMPHN™ Liu 26 A, DSDPf1 MTRNNP', 4t 5
WK 1 R, ARSI RAEEEE ML . S5 R A ALRE DA
SR AR FEIX 3 A7 B AR T e F ot b Ty
%, 5 BANet ML, A&SC7754E PSNR i 17 0.24 dB,
£ MAE EF#A% T 1.25; 5 DMPHN # b, 48 5 :1E
PSNR Lt 7 1.69 dB, SSIM &5t 0.01, £ MAE L%
X7 3.09. 5 DeblurGAN-v2 # tt, AL )5 i:4E PSNR
HSSIM 2y 54 T 4.82 dB A1 0.08, £ MAE F [%
&7 12.82. SIRFEAE 1 A5 B K 77 130K [29]
HHLL, PSNR Tt 3.21 dBY SSIM it 0.02, MAE FEA
T 10.18. g !

# 1 GoPro M HcH 5 - i)l 4l R Lk

Frik PSNR (dB) SSIM MAE
DeblurGAN-v2!"" 29.02 0.84 107.97
BANet"” 32.65 0.92 96.40
SRNP 30.56 0.89 104.00
DBRBGAN™! 29.29 0.84 107.77
DeblurGAN!""! 28.07 0.86 110.02
DMPHN? 31.20 0.91 98.24
Liu& AP 29.68 0.90 105.33
DSDP"! 31.16 0.90 100.09
MTRNNEY 30.06 0.86 104.08
Ours 32.89 0.92 95.15

S T S R LS 7 S B AREE RWBL

ﬁﬁﬁﬁ%%ﬁ,ﬁﬂ%fEXﬁﬁi?‘i&'—?%ﬁﬁ%*ﬁ*ﬁﬁi&iﬁﬁ
BV &5 R w5 2, v PAREI A S 7 2 p 45 2R
()0 243 A 25 ok, Sy 227.37. 55 BANet. DMPHN,
DeblurGAN-v2 PA % Liu 25 NP EL, 235505 18.2,
23.68. 41.75 F126.07. T HITEVK S B SEBOR B |, A
7 vES Al B 7 VA Bt RE SR 4T
322 EMSHT

5 1E GoPro MIALE b JUFF EUE 228001 7 5 1)
PR B B A SCTTIEAL, HAh T b7 V5 e iR AR i 1
WA S B 1 AT b T SO X IORT 2 2 47 ) SO
X5, H 25 RAAIIRAAAERR, b 215 B H R S0
AR R AR TR B A, T f s — AT N X

8 TR +Z5iR Special Issue

SRNPI, DBRBGAN™!, DeblurGANM,

HAR 7V TGVE AT B35 ) TR R R R B, AR SO
AT LLAS RIS 5 4 B AR, I LRI DL R T fim 58 IR 455
SRR AT LA Se O

#* 2 RWBLIAEIRE Erglifss R

J7ik T BT
DeblurGAN-v2!'! 185.62
BANet!"” 209.17
SRNE! 201.57
DBRBGAN™! 189.24
DeblurGANI'” \ 173.64
DMPHN®® N o6
LiuZ AP ) < 20130
Dsp”’“ 202.96
\ MTRNNEY 201.49
y Ours 227.37

6 &% T GoPro %48 &I 25 )5 19 B AL E AE
Kohler 45 4 kAT FIMG E O 1R 50 % EC L.
HR] DU, R SCO7VEAE P R B B SO A S 2L
52O SO T LA R e ey 5 LA TR 5 R I AR T T
AT H AR LM VL Ik, 56 8 5 FE 6 7]
AU B A S 7 ¥ 50 T S0 ER 20 1 R 5 25 1 R B IS
Tff ) 25 AR R

AR, ST R 2 AR SRE AT S A T VR, E
IS H ) B SR MR K 48 RWBI F 5 Ho A 4%
W7 R AT T WA B, E?fi*ﬂﬂﬁ%%ﬂ:
GoPro #5153 2 1. W 7 Fias, A5
bl At 7 32 VRS 4 B St S B S Asond] 1 4 i B S
i, F IR .

33 JERCL

R TR R A R, 7E GoPro A4 bk
177 — RHVH AL, BT ISR & BRI, A fil
SIS IR AR BB B N 300.
331 PR IAE E R

S UE A [R] AR I AT B e 45 7 R0 O R 1)
S HEAT 1SRG, S5 IR WER 3 B, 2 TG RN IR R
TN e (fast wavelet transform, FWT) 722 B 2%
Ry, 55T 0GR /AN B BN AL i (discrete
wavelet transform, DWT)" DL K B B4 5% 45 ¥ (discrete
cosine transform, DCT)"* "M tL, 7 PSNR _F.43 57
0.08 dB A1 0.53 dB, £ MAE KT 1.42 F12.02. 1X
S RN TE B A/ N I 738 e 1 Ak 38 0o A2 2 0 R kAT 2
DT SRR 3% BB Bk, AH T R S0 4075 1
55 B BURSLA IS F TR E 5 B0 i, 0 TR
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i EN RSN

RS T AL RE Ja5e 55, A 2 JE AR R IR L.
332 ﬂﬁi‘ﬂﬁ gE
AT IR AE IR X R 5 R A R, 4 ) A S TR Ik

T2 FE ] FWT (1) 55 28 355 25 B - X 8% A 47 52
50, LEAL T R TG IR BREE M IR, st 45 S an
F AR S PR, JAGINE AR PR A I 23 (8] 35 1)
PSNR 54 29.02 dB, SSIM } 0.84, MAE 5 107.97; #i =

BORTIE 2

BRI 1Z 3

\

W PSNR 4 29.65 dB, SSIM N 0.86, MAE 4 105.88.
N INAIEFR R PR G544 e - 23 (]38 i) PSNR F1 SSIM 537 4
T+ 0.71 dB A1 0.03, MAE F#{I% 3.01; S8 PSNR
SSIM 43 $EF+ T 0.09 dB A1 0.01, MAE F&#A% 1.26. Ui
WIOG PR PR G5 A SR B T S0 A TR & RHEAS S, 1G98
AR AN 7 ) R 1 R 2% IR I e, B T A
BTG ) o =

DeblurGAN-v2

DMPHi

DeblurGAN-v2 Ours

-
DeblurGAN-v2

» . s rGoPmm et AMER R e

DMPHN

BANet DeblurGAN v2 Ours

6 £ Kohler IR ¥d 4 b1 B RCR
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DeblurGAN-v2

- *
K7 {E RWBLIMNSEE S T 1 RAERICR

23 R T R i e

ik PSNR(dB)' - SSIM MAE
FWT L2965 | 0386 105.88
DWT 29.57 0.85 107.30
DCT 29.12 0.84 107.90

4 RN T 2% A TN IR X Bk ) E E EL AR

7 (] 45, PSNR (dB) SSIM MAE
TEAEFR R FRE 14 29.02 0.84 107.97
PEIRTIREE 29.73 0.87 104.96

RS RILEM T S AANEAR BR G R 1k R LE AL

PIES PSNR (dB) SSIM MAE
TCIEI X FREE 29.65 0.86 105.88
PSS R EE A4 29.74 0.87 104.62

333 e TR S A S s 7 2t

A5 2 I S ORI T4 54 FWT BRI 5
ORI T 046ty 45 LA ol 4 s i N, S 47 15
iy PR A e AT NE: 4 1 Py 2R i
ST B 28 2 Ry SRS SR A
HEAT (2 B . IR A7 R BN 6 For, I
B P 6 2 A 2 SR TP F— A O SR MO,
A (5 B A AN TR 5 B0 L AL R, M &
2 G B 7 A G A5 SR B T, 1 R A
F0 5 2 SRR,

R 6 AlFlR 7 A R O 1 RE EE

Jiid PSNR (dB) SSIM MAE
L& 29.74 0.87 104.62
W RS 29.78 0.88 104.11

10 % it %5iR Special Issue

334 RlE TS F KA

NI E At M AL ZE Rl & I 4 o A sk, S
S BAL AT i K A BEAT L. 45 RN 7 R, S
AL SCR B 4F, 3 PSNR R 31.33 dB, SSIM 4 0.89; i
KA T 253th AL ) PSNR 435124 30.18 dB F1 30.19 dB,
PIRT 2 it A, 31X 2 TP 3t A 2 Ak X 38
MG FABHCF 3, AFAERFE R R T S VA it A X
B9 s R AR it A 25 IR R AE, AR EE TP 3
10 R RE BRI BUG P i N 2 IR AE, 471 58 22 (R AE
335 ME TG HRIE F) RIBEIE £

TEL3d A0 BAM HEH AL HR 5 0] L 75 FE 3 17 B
BRI (FTE, 25 AN 8 . AT BRBRIE R A

L HURIRCRAE PSNR BB ENIEAT BEERIE RS 0.53 dB,

MAE % 5.69. BEERERCRHRZ 5 BRI 2 R, %%

RE % [F) I A AN TR R OCRTRFAE, A3 Bl T 5R A 24> W 2%

JESEIE BB, EEEBRIR AL 1 5 4 ARAE.
R T RS A [t A A P 2 ORI i L

Frik: PSNR (dB) SSIM MAE
Zatr At 31.33 0.89 98.04
SEE AL 30.19 0.88 104.04
Rk 30.18 0.88 104.07

%8 SETBATHRRE R R LA P e LR

Jiik PSNR (dB) SSIM MAE
BB 31.33 0.89 98.04
To e R4 30.80 0.88 103.73

3.3.6 @G TR
ARV AR v 7 (] 3 AR 1 25 . AR 2%
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i H AR SN A

ORI X 28 DA R R T 453 3 AN 4 ek 25 MR B9
PEREMI R HEAT 1 5200, 45 R AIER 9 FR. 2 (A3l 2 A
W17 W 28 AR B 22, AL 2 3 A X 45 1Y) o0 BE AR TR &%
FITE A 4845 B3R B S . Al 25 1) 3eloR0 40 26 35
ST A R 2 ST, A B A3 2 A 1
2% RV IF 2 B 1 W 4%, /£ PSNR L4y 547 T
1.60 dB 1 1.55 dB; 7 SSIM b4y 5327+ 7 0.02 1 0.01;
£ MAE LRI T 6.92 F1 6.07. B3 T 25 (a4 5
AR IR I EAMAEEAT (A5 S AL E RE RS TR T BRI R

9 ERI R F AR ER
WARrS PSNR (dB) SSIM MAE
A3, 29.73 0.87 104.96
ARBE A, 29.78 0.88 104.11
2 () e 3 31.33 0.89 98.04
4 GhiE '

7 A0 13 905 AT 1 5 7E S MOt A o e 5
HATIE L3 B EAME, B, RSO T
4 R % 0 A S M2, R 7 A A 1 4%
LM A T S A P O, R
I 41 26 1 160 46 30 A Rl 25 . 7E 25 UBERA 2R 4 GoPros
Kohler DA% ECSCBUBI ST 42 RWBI ({503 I01E T %
IPEAE BRI E BRI S LA 2.
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