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APPLICABLE CONDITIONS AND IMPROVING SPATIAL
RESOLUTION UPPER LIMITS OF IMAGE RESTORATION
AND SUPER-RESOLUTION RECONSTRUCTION

WU Yan, CHEN Fan-Sheng, CHEN Gui-Lin
(Shanghai Institute of Technical Physics, Chinese Academic of Sciences, Shanghai 200083, China)

Abstract: Basic applicable conditions and upper limits for improving spatial resolution of image restoration and super-reso-
lution reconstruction were researched theoretically by using discrete-to-discrete imaging model. The quantitative indices of
applicable conditions based on image processing were given. Experiments on restoration and SRR were carried out by simu-
lating different sampling frequencies and SNR low-resolution images, and the results were analyzed in detail. The perfect

consistence was obtained between the theory and experiment.
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Fig.1 The imaging model applicable to image restoration
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B — B HORAR B, 33X B8 0 AR R S8 SR B AN
ARG L, RIS 4 B e e, (& 1 IR RR N
L=D-(B*H) +N , (1)
HR) H H,L 4353 & B SR R BT
EUG,D N T REEHRE N Ry s =D 05
L=PSF*R+N |, (2)
Ho PSF N RG0S R Bk, 2 R8N 18 B
Bl Dt R G822 B80T T RFEILFEIVE R P25, B
PSF =PSF,,. 1o * PSF,n = PSF, . - PSF_ ,PSF
RIS R R R R EUR. BUR R R AR
AR 2250 PSF (FEMUIS A J5H FH MTF) |, 88 Ji5 % 35k
R T L ffA LS MTF M.
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BEF PSF 99 4255 T 2pixel , KUt BRI B H
=T 0.5 f% Nyquist SREEWRI) RGEE A AL K
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FH 2240 PSF 1 AR I 0 R, i LA & R 14 1
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PSF (35 AR LU A= s o0 o7 B AL 07 B A {f 2

F0 WEMG B Rl
C*PSF = 8(x,y) (3)

HAx = (3) #47 FT( Fourier Transform) :

8(x,y) =

I x=m,y =n

0 x#m,y #n

ffe(C) - ffe(PSF) =1 (4)
1
fft(C) = m s (5>
A5 EME R RS R, 20(5) AT AR N
fi(C) = fft* (PSF) ’ (6)

, . Pa

| fft( PSF) |* + o
2 it (PSF) Sy fft (PSF) M 3L50 2 5L, p, , p, 5331
AT 5 R DR, 8 H AT LA SNR ( Signal
Noise Ration) {08, 70(6) i FT Z24L1520(7).

. fft* (PSF
C = lft( |fﬁ(PSF() E BSNR) (7)
hE(2) 75,
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X (8) PRI AT B € 15
C#(L-N) =C*PSF*R =R (9)
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Fig.2 The imaging model applicable to image SRR
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Fig.3 Interpolation image
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Fig.4 Restorated image of Fig.3

Fig.5 Interpolation image of down-sampling one of the initial one
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Fig.6 Interpolation image

8 SRAEEIRAG (A

Fig.8 Interpolation image
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Fig.7 Restorated image of Fig. 6
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Fig.9 Restorated image of Fig. 8
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O 174 TR SRAE A S TR AR 1/4P, 23 S
fspecial ( “ gaussian’ ,4,0.5) .fspecial ( * gaussian’ ,8,
1) . fspecial ( ‘ gaussian’ , 12,2 ) . fspecial ( * gaussi-
an’ ,16,3) fspecial ( ‘ gaussian’ ,20,3. 5) | fspecial
( “ gaussian’ ,24 ,4) fspecial ( ‘ gaussian’ ,28,4.5) |
fspecial ( ‘ gaussian’ ,32,5) 1/j 5 R 45 PSF 3R 15 KR
FE Nyquist AL I RAEEUR. 250 T A6 & 7 B
5K T TKONOS TLA LT O M B IR IE 4.
2.1 EFERAKZFHIE

SN EE D BFFE > = 0. 5SNyquist RAES Z A
PSR ISR A 80 5 @ e 3 02 T U 5 s v 43 9%
REUR LT R B R0 53 B @D 5E 5
s rs ok R A R s . 03 B 4 K6 /T
8 .1 9 4351 & 0. SNyquist , Nyquist , 2Nyquist 2% A£ &
TRINEE S 0 J7 22 0. 001 f9 755 7 A5 B 1) 2bicubic
REBOR B 5 H A2 5 R (2bicubic 4 B AN 2022 5t
SRAEEUR I 3 BER iR EBOR T ER AR T
T AR i A5 EE AL [ R AR R T D R A TR 20
PERBEEROCR , T L SCrh 2k J 2bicubic i & 5 H:
SR G A R T HLERIFSE. ).

MU L = EIAT DL A 2 &R R X T
EEG I HERA I B A5 e, B 4 AHXF T8 3 70 Bk
R EABCRA A 7 (B 9) X TE 6 (&l 8)
& AR SCOMANTA] SNR AN [FERAFEA A AR 23 B R
HEAT T S8 AR I R o B AR A B 1 5 ()
a3 R IRMR 4T R A 2bicubic 18 B 75 3
B By PR SR HIARRT T 5 R & o B AR 172
TRAEEMZ ) MSE 5 SNR A A1 X3 A 6 %5 35 F5
br. 2 1 25 TARERFESR A SNR RAEEIERY
R RS A R E A AR AR, oA I iy
K13 &1 4,181 6 &1 7, 151 8 [8 9 AR I K.

x1 HEXMEHRBSEERER 12 TREEGEXTENHEER

Table 1 Relative valuation indice based on half down-sampling image of the initial image

RS ( Nyquist 2511 R 5245 0.5 0.75 1 1.25 1.5 1.75 2
Shicubic H i MSE 0.0044  0.0057  0.0075  0.0084  0.0092  0.0100 0.0108
KRERUEINAE R 0 SNR 36.4893  33.8945  31.2731 30.1237 29.1522  28.3203  27.6025
74 0.001 fiyMg V2 I\‘/ISE 0.0043  0.0043  0.0053  0.0060  0.0067  0.0074 0.0081
SNR 36.7622  36.8462  34.7648  33.4422  32.2987  31.3011  30.4191
Shicubie Hi MSE 0.0045  0.0058  0.0076  0.0085 0.0093  0.0101 0.0109
KFERUSINE R 0 SNR 36.2621  33.7110  31.1237  30.0014  29.0653  28.2196  27.5134
J12£700.003 [ 4 MSE 0. 0045 0.0048 0.0058 0.0065 0.0072 0.0079 0.0085
SNR 36.3537  35.7794  33.7607 32.5989  31.6489  30.7306  29.9529
Shicubie Hi MSE 0.0055  0.0068  0.0085  0.0094  0.0102  0.0110 0.0118
KEERUSINE N 0 SNR 34.3329  32.1595 29.9641 28.9660  28.1149  27.3913  26.7283
Ji7£°0.01 ByMEFS 52 MSE 0.0061 0.0093 0.0116 0.0120 0.0122 0.0124 0.0125
SNR 33.2985 29.0318 26.8634 26.5578  26.3540 26.2141  26.1067
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Fig. 10  Curve plots of relative valuation indices of (a)2bicubic
interpolation image and (b) its restorted image for different fre-
quences and SNR image

K10 5 T A RER A 3R AN [R] SNR SR ¥ &
BAE H F15 5 HZ ) B MSE 5 SNR k. 52
2 5 IR IFI 1% SNR ( MSE ) , i 28 4 {1 <1 1% SNR
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A G 3 R 5 R AR IR SNR YRR, &2 )5
ORI R /D | e 2 BUR IR ROR 1)k
2.2 SRRIEAKMHEE

SERSNZS . (DWFFE < Nyquist RFEFR ZF T K
BERCR ; @ B H G UG S B0Y B8 1
B DM X A ROCR Y20, 4 0647 51
B 0. Spixel AT A G E i I 46 i o3 B
BHR 174 T RAECInm e ) 4520, [ 11 12, 18
14 15, & 17 18 43510 <0. SNyquist SRR
(PSF = fspecial ( ¢ gaussian’ ,4,0.5) ) ., =0. 5Nyquist
RFES A (PSF = fspecial ( “ gaussian’ ,8,1)) . >0.5
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Fig. 11  Interpolation image
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Fig. 12 IBP reconstructed image
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Fig. 13 Utmost resolution image
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Fig. 14 Interpolation image
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Fig. 15 IBP reconstructed image Fig. 16  Utmost resolution image

IBP 4 E %

IBP reconstructed image

BI17  REEREUGIGMEE K18
Fig. 17 Interpolation image Fig. 18
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Fig. 19  Utmost resolution image
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Fig.20 Curve plots of relative valuation indices of (a)2bicubic
interpolation image and (b) its restortated image for different
frequcies and SNR image
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SH ORI 174 7T RAE B U iR ER = 78
ARSI 25T A RN 2 BER A W L R 5
AT AR BR A B R A, T E WP 12 (& 15, 8 18)
H5E 13 (E 16, K 19) , 3CH A % H i 17% WFE
e 20 4 TR 14 B 15 B 16, 1K 17 1 18 K]
19 =#H &% MSE 5 SNR. #hk &l , 524k Fon H i &
B BT RIHE EIE R4 1 24l 2 24l 3 413l
R = HERFERUZ A SNR AR I8N 15 L.

ML 20 7] DA Y AR5 HE R ER SNR B,
PG o0 B 8 i R B | KRR R R R 2 1 3

OB . IR BRAE Y Nyquist S| A 144
FAXF TR BER R PR E B 1R .

3 #Fig

HOE M5 I B, BUSR B AT N TR
0. 5Nyquist SRAEFI AR RS, TER1F KIS SNR
LT, 3o SRR A B, A2 DR AR R B I (8, B
SNR F#A%, & R0 % 7 Ak, & 5 T 3545 R 1)
23 (8] 43 PEFEAL R g R 45 Nyquist S AEHF R ; SRR 1
TR RAER G ARG PR ER SNR B, KR
BEREREBA , BRI i, 24 SNR [T, 4
UG oA i, (HRR BE s/ ) | F A FEMA A e e
23 [A) 43 PR BEFT B R R 48 Nyquist B FRIUR (B A
REHB L R GAT R BR 43 98 %, XF T > 0. 5Nyquist R
BEBIR | < Nyquist SREESR M0, nf 4 A RIRS
SRR F W) U7 J5 2238 SC R PRI 5.
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