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Image super-resolution reconstruction based on multifractal optimization
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Abstract: The goal of image super-resolution technique is to reconstruct high-resolution image with fine details and vivid texture
details from its low-resolution version. On Fourier domain, such fine details are more related to the information in the high-frequency
spectrum. Most of existing methods do not have specific modules to handle such high-frequency information adaptively. Thus, they
cause edge blur or texture disorder. To tackle the problems, this work explores image super-resolution on multiple sub-bands of the
corresponding image, which are generated by non-subsampled contourlet transform ( NSCT ). Different sub-bands hold the
information of different frequency which is then related to the detailedness of information of the given low-resolution image. In this
work, such image information detailedness is formulated as image roughness. Moreover, fractals analysis is applied to every single
sub-band image. Since fractals can mathematically represent the image roughness, it then is able to represent the detailedness (i.e.
various frequency of image information). Overall, a multi-fractals formulation is established based on multiple sub-bands image. On
each sub-band image, different fractals representation is created adaptively according to image features. In this way, the image
super-resolution process is transformed into a multifractal optimization problem. The experiment result demonstrates the effectiveness
of the proposed method in recovering high-frequency details.
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Fig.1 Illustration of non-subsampled contourlet transform
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w,,(0,a,B,7)=

w(),l(H’a’B”y):

wl,O(asa’Bs‘Y):

XTI Al SO AR B DO A 2 R AFT (o, y ) BB EREL, HAT, H

ELARTE R T B ARBRE , FE3% PR A5 DL AT B4 A 1
XTI R A ST F(x,y, 2) VERSHEARE, kX0 R
Xit 7%, XNXi X1 X

i i
(bi(xi): >l<xi+ ’

XN TX X=X

@, (y;)= yyj;l_y)lj *V; *JN;]M _y:ﬁl

I (x',y)=s5,,z#A"F'B" ,

e o(0,0))" w0(m,B)
we,(0,a) B wy(1,B8)
w/o(0,0) | @ o(n,B8) |

(1)1*,](9,(1) w]*,|<n’B)

P

M
/
—H

(1-6)*(1-6+6a)
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-6*(1-0)
(1-0)°+6(1-6)a+6*(1-0)B+6*"

@y o(0,0,8)=

w()*,l(asaaﬁ>:

wl*,0(07a?ﬁ>:

wl*,1(07a9ﬁ)=

(15)

(16)

EBRFR A, (15) %2

A— S

(17)

(18)

(19)

X R T SC AR X e AR 2R, A (17) AR (R pR R, X 9 X e 1 T 19 25 %

B3 T AN T RE R 0, LA (17) M BfE A, BIHACY IR, A —
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2.4 RAEEFEMEF UL MEGHEEE

— % 9 LA

AT, ZEMIE A TR N Z T GO FER M ) EEORURE I h 7 IR 4 Bk Al 1, 5 BLIE &
HEURE JEE 55 v A0 A1 B AR O, iR 19 A0 25 3 BCSCHR LA GABOM] , DRI, P 50 2 9 4% 1) A
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BRI T s, RAHAENE (FD) i LT AR
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log M
Hrr s, Fonae g A+, M ARG EcE . RIE(20) , EHGHE 73 B3R )8 AL R ER B — A5 3d 1Y
TE AR 0 (R, — B A BE R, AT DUE ok 5K (20) A H S EAR R 7. BT R i
AR SR AN [ 4 RIS AR AT P A5 R A L B 2 TR 2 A I JBUAN [ AR G AR BB AT A P10 A 5 3 2 1) v A
B, B EHGORURS B T L-F- S5 AR50 B EGARTR] I ARSI UG th L9 - TR A B AN BRAR . % T i R, B T
TR AT Y A O TR SO R D 0GR RMGOR RS B Bz G, I3 BRI B LFD W] LA i &
THEC T LFD, IERT AR AR FNERE (T AR FhEFE 55 T 2) o AR o B G R s 40
PR EUR ISR 4 B AR e SO IR 3503

BiE 1 KBRS
N AR PR R
i v PR PR
Kt 3 RGO B Tk
THAZA 7 T LFD
it LFD  —2 B AGA0TE B 40 5
3 3 3 0 47 R BRI BUG R  r PE R
i AR R PR TR LFDy o
U arg min, || LFDy—(1+¢;) * LFDy, || <7,H17=0.05, %718 HR JHEA4EE 5 1] B M A L —
B EERNEE 7 0 A T I B4R T S+8 * (LFDY, —LFDL ), JFA6 545 3 45,
@  PFAFEL4:

FD= 2+ (20)

ORGRCRCTRCONC)

FHEAAE,
argnrbnin | LFDy,—(1+¢,) "LFD || , (21)
RIGE(21) , i (22) Bk
M M
log X Xs.,
agmin_2JEL _(1+g,) *LFD, | (22)
" log M

BB T s, RN
si'!=s! +8 % (LFD}~LFD{y ), (23)

Horr 8 RBANE RN, 6=0.6, F3k 1 S48 TR AT, goad &2 505, A58 B B AR 47 &, =
0.05, ZE & T4 (y,,y,,y;) 1, & E £,=0.10, £,=0.15, £,=0.20,

3 ZRERERMN

TEIX—3 o il A S 5 ANRPY SelfexSR'?) SRCNN'™) MsLapSRN'™! Xws'*' Yao's '
ZSSR™Y Wang's'™ A5k LU, DA SR YRR A 5 THTAR A SO R PERE IR 3, LR I ik S
A 0 7 A AN TR 1 AR B0 48 B 1EAT L4, £ 45 Set5'™ | Set14!™ | Texture20, Texturel7 , Kodak ™' J&
Urban100"*, Set5 Fil Set14 43 3lth 5 M@ A1 14 % SR R LR, Texture20 Fl Texturel7 HZ3E 4= 5 19 14
ZHA . Kodak f3,5 24 W& [ 4814, Urban100 H1 100 JK R4 R, T FRAETEAL
31 EEXfLESH

TEARR AT RAEEE B SIS R 3R B th i 5 IR AE 2 R 48 br T R U BN E i IE# . A
SCR W {5 1% 1L ( peak signal-to-noise ratio, PSNR) S5 FIFH LA 2 ( structural similarity index, SSIM) Al

SFAE AR $5 4L ( feature similarity index, FSIM)3 T 455X L %) E H i m b A 7 v PAl , s RL B3k
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1, SCEZESR WoR AL H ARG 1Y Set5  Setl4 LUK Kodak Z8dlaE b A SO AE 3 TIEM 155 1%
PROE TR L7125, JUHAE PSNR #6845 BRIENR M, XS5 R Y] A SO k45 15 O Jr i B 5
SRR RE 71, Y0 B SRR N 2 Y Texturel7 \ Texture20  Urban100 FUHE FE 1T, 3 T8 FRrii 4k
PREFSISE . 5 Xuws, Yao's SFHA S8 40 A H A SOy 578 SSIM A FSIM. - 522 8 i T A () 4 T
B 5 E AR SO — SO R AR S5 M AR LT T EAT B4 a8 N . JCHE7E Urban100 $464E I B I
SRAEDR T3 I, 3050 % B 2 PR B B BH S0, T AR SO VR I 45 TR AR AR AL AH X 2%, 57 H 4 1Y)
NUBEEHEPE

MAEAR SIS ZE ST, T RAE DR U8 R B 559 A SOOIk I PR RE AR 3, TR S A v A5 R A A 2
BRMKAGZ4FT ,PSNR . SSIM Fil FSIM HJ{-F5 I R4 FH A C R | X AE—E B PARIL T 2 5508 A
MRS RETE . 25 A SIS v] A B, A SO 1 Al PRl SR B — 8 Am A HE T | T 78 25 AR AR (DL 5 R o o
Z RIS T AR A BRI P X — S AR SO A DO B s SR P R U R TR R, A S
RS — TR EE T o8 B, AR ORGSR ] Lok 5 20 -1k, SCI0 8 {4 e &4 Intel 19 2034 32 GB
f£ L4 S NVIDIA RTX 4090 GPU(24 GB W 17) , ¥ /- #1554 Python 3.8 PyTorch 1.10 F1 CUDA 11.3, 7Ei%5E
IS T A SO AR R RIS 42 AN TR) RUBE R F 1 19 BE R B AR 4 R A i) — B

Tl ACHESHAD T E B X AT

Table 1 Quantitative comparison of this method and others

G T G ANR  SelfExSR SRCNN 1\;{;1;\?2- Xws ~ ZSSR  Wang's  Yaos i{i
PSNR  28.750  27.495  30.869  30.595 30.994  29.232  28.175 33.863  35.662
Set5 2 SSIM 0876 0811 0861  0.856 0931  0.830 0902 0921  0.935

FSIM 0907 0865 0895 0893 0948 0872 0903 0939  0.949
PSNR  25.949 24500 27.373  27.580 26.299  27.512  28.363 31.516  32.417
Setl4 2 SSIM 0847  0.797  0.793 0.826  0.893  0.822 0.868 0915  0.930
FSIM 0910  0.887  0.885 0.898  0.938  0.891 0912  0.947  0.968
PSNR  16.667  18.919  28.043  27.850 27.355 27.481  25.784 31.947  32.047
texturel7 2 SSIM 0291 0409  0.737 0.720  0.839  0.727 0.825  0.848  0.856
FSIM  0.683 0732  0.855 0.851 0924  0.851 0.892 0926  0.940
PSNR  15.534  17.329  28.551  28.296 27.929  28.301  26.409 32471  32.945
texture20 2 SSIM 0275 0359 0772 0765  0.873  0.767 0.857 0.878  0.889
FSIM  0.644  0.674  0.869  0.864 0934  0.867 0.904 00935  0.952
PSNR  18.327  21.941 25401 24761 23.900 25.176  27.891 29.514  29.823
Urbanl00 2 SSIM  0.732 0913  0.908 0911 0947  0.913 0.959 0963  0.971
FSIM  0.857 0947  0.940 0.943 0967  0.944 0.970 0976  0.981
PSNR  22.149 25980 24.861  28.658 27.155  28.971  30.409 32246  32.364

Kodak 2 SSIM 0.604 0.864 0.548 0.861 0.930 0.853 0.936 0.940 0.951
FSIM 0.843 0.936 0.656 0.928 0.952 0.926 0.947 0.961 0.977
PSNR  24.645 23.813 23.900 — — 26.327 24.427 30401  31.741
Set5 3 SSIM 0.759 0.686 0.740 — — 0.725 0.857 0.845 0.859
FSIM 0.835 0.795 0.827 — — 0.803 0.873 0.882 0.903
PSNR  22.636 24.425 21.436 — — 24.425 26.187  28.048  28.192
Set14 3 SSIM 0.706 0.628 0.652 — — 0.680 0.837 0.806 0.807
FSIM 0.832 0.794 0.812 — — 0.810 0.909 0.883 0.892
PSNR 16.026 17.085 18.891 — — 23.935 23.789  27.889  28.582
texturel7 3 SSIM 0.258 0.330 0.373 — — 0.549 0.725 0.710 0.721
FSIM 0.670 0.692 0.566 — — 0.763 0.824 0.842 0.853
PSNR 14.953 15.738 20.197 — — 24.253 24302 28.292  28.429
texture20 3 SSIM 0.249 0.302 0.397 — — 0.591 0.755 0.739 0.742

FSIM 0.640 0.648 0.591 — — 0.782 0.840 0.856 0.857
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F1(%k)
G/ S G ANR  SelfExSR SRCNN 1\;;];\?2 Xws ~ ZSSR  Wang's  Yaos Zgé
PSNR  17.518  18.934  23.029 — — 2321 25578 23.945  25.876
Urban100 3 SSIM 0615  0.820  0.955 — — 0.833  0.920 0911  0.932
FSIM  0.805  0.884  0.955 — — 0.881 0935  0.936  0.954
PSNR  21.383 22982  23.697 — — 26.289  28.897  29.178  29.993
Kodak 3 SSIM 0582 0718 0512 — — 0722 0.854  0.839  0.853
FSIM 0794  0.843  0.597 — — 0.837 0903  0.899  0.914
PSNR  22.525 21.545 21.814 24.074 24.650 24.056 25532  28.422  28.866
Sets 4  SSIM 0674 0594  0.660  0.633 0811  0.634 0801 0813  0.818

FSIM 0.739 0.749 0.786 0.753 0.864 0.758 0.832 0.855 0.859
PSNR 23.051 19.612 19.861 22.260 21.764 22.820 25.406 26.817  27.488
Set14 4 SSIM 0.700 0.544 0.560 0.567 0.728 0.581 0.732 0.779 0.789
FSIM 0.827 0.745 0.765 0.746 0.839 0.758 0.827 0.859 0.872
PSNR 15.531 16.083 18.278 21.933 21.873 22.049 22.972 26.274  26.440
texturel7 4 SSIM 0.238 0.283 0.352 0.438 0.655 0.440 0.643 0.639 0.657
FSIM 0.668 0.672 0.567 0.705 0.814 0.728 0.786 0.798 0.801
PSNR 14.524 14.852 19.342 22.033 22.006 22.189 23.302 26.821 26.945
texture20 4 SSIM 0.232 0.264 0.587 0.469 0.678 0.476 0.671 0.686 0.697
FSIM 0.641 0.636 0.587 0.719 0.824 0.739 0.798 0.813 0.821
PSNR 16.904 17.431 20.058 20.165 19.844 20.892 24.283 24.810  24.937
Urban100 4 SSIM 0.527 0.651 0.370 0.640 0.791 0.658 0.829 0.833 0.862
FSIM 0.760 0.807 0.553 0.798 0.864 0.805 0.889 0.899 0.907
PSNR 20.807 21.693 22.938 24.351 22.549 24.958 26.981 28.230  28.567
Kodak 4 SSIM 0.534 0.630 0.491 0.626 0.761 0.636 0.793 0.802 0.813
FSIM 0.761 0.794 0.573 0.778 0.850 0.788 0.863 0.884 0.889

T FOR TR
32 EELBRSH

TEELS o ASCE I TSk BURRIXT LEZE R, Horp B 5(e) L (h) Hga i 7348 T4 & 5(b) —(h) i
LT SO A AR VIR O . HE AR AR L, B AR SOOI S T 2 R A T A DR A e TR
LW SN FIAREL I 1 2%

(c) SelfExSR, PSNR=30.1

(g) ZSSR, PSNR=29.9 (h) Wang’s, PSNR=26.8 (i) Yao’s, PSNR=30.6 (j) Proposed, PSNR=32.0
B5 37 BB LA R (x2)

Fig.5 Comparison results (X2) on head image

(f) MSLapSRN, PSNR=31.0
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(2) MSLapSRN, PSNR 23.1  (h) ZSSR, PSNR=25.5 @ Wang s, PSNR=28.0 (j) Yao’s, PSNR=24.2 (k) Proposed PSNR=29.0
Ele “iii” BB LER (x2)

Fig.6 Comparison results ( x2) on wall image
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(b) ANR PSNR=20.5

(e) ZR, PSNR=22.8 (f) Wang’s, PSNR=21.1 (2 Yo’s, PSNR—24.5 (h) Proposed, PSNR=25.3
7l A R (x2)
Fig.7 Comparison results ( X2) on girl image
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Fig.8 Comparison results (X2) on sweater image
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