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Edge Artifact Reduction for Super-resolution Image Reconstruction

YU Jing? SU Kai-Na! XIAO Chuang-Bai!

Abstract
multiple low-resolution observations degraded by warping, blurring, noise and aliasing. The projections onto convex sets

Super-resolution image reconstruction refers to as restoring a high-resolution and high-quality image from

(POCS) algorithm is widely used for super-resolution image reconstruction. In this paper, we propose an improved POCS
algorithm that reduces the amount of edge artifacts present in the high-resolution reconstructed image. The blur point
spread function (PSF) centered at an edge pixel is weighted by an exponential function, so that the coefficients of the
modified PSF could decrease in the direction orthogonal to the edge. Experimental results show that the modification
effectively reduces the visibility of the artifacts on the edges and obviously improves the quality of the reconstructed image.

Key words
function (PSF)

1 55

R R R BGE RE R, IR R S ET |
PRER T, A% S [ AT (R RAE IR | A8 BB L Ol
FRUM S M 7 A5l 20 R R A e e
EEACEINE L NECN N Y =30 e 8
TP B (AR A1) oK st v i et 0 o
. BRI AR ] DUBCOR H i B AR 1K ST, (EANRER R
P% AL R AR R (1 S o, e (R A B VAT
B AR R MEARAE AR = A (5. T 2y
HeA E G B R A — 32 50 2 IR R R 2
(] (ARG 12 Bl A5 S, R B AT R 5 21 S v 2 9 <
G, I RBRAC PR G P DR g 7

AR, PR B EREOR Ca i %52
RAEMIB LU —, EAEh . ARG, W
BUBRHERE s By 7 SR S5 U AT A )2 (1 B
FI. Tsai fl Huang!® #5G/EAREEE T HF %

Yk H Y 2006-8-30 WA ik HIY 2007-1-4

Received August 30, 2006; in revised form January 4, 2007

e AR E IS TH (4072004), dbHTTHBZE RO U RIBH
(KM200510005012) % 1)

Supported by Beijing Natural Science Foundation (4072004),
Scientific Research Common Program of Beijing Municipal Com-
mission of Education (KM200510005012)

1. Abs TR LB st 100022

1. College of Computer Science and Technology, Beijing Uni-
versity of Technology, Beijing 100022

DOI: 10.1360/aas-007-0577

Super-resolution image reconstruction, projections onto convex sets (POCS), edge detection, point spread

PR E R BOR, B 5 ik Jmy IR T4 Jmy P R 38 Bl A 2k
P ) % AN AR B SR R, T 8 37 AT S 2 1 R
PRSI FIVE HE , H ATRFICR 2 2 S 1T
MAERY (Projections onto convex sets, POCS) 5
ok — Rz A 2SOk, Stark F1 Oskouil®!
E4eH POCS M H TR B G E . Patti 551
PEH T 25 58 2l B ot DAL 5% 1) PR AR SR IBORE Y, 0 455 1
iy e N | == IRt TN £ S T U [ <7 B
TV G G TS R IR | A% a5 L AT
AR AR AESE. Eren 250 8% Patti (K7 7EHE
FZizzh Hirfgssh.

AICER ] POCS SR E (1 i 20 e B 45
L S SO G i T R ELS:, R T ot
582 WA T AR IE MR A R, S T R
BESEVE, B 3 B o3 (52 56 45 AR WA 1) igadt & ]
1T HA R, WS HGE T R AR
ke il

2 POCS &%
2.1 EGIKEHEEY

TR JER R P, R 2R
Ui vt 73 A PR AL 0 % < WL e 31 £ Pl 45 3R
IR ) P AR R B R T Ry



578 H | 1k

= £ 33 %

gi(my, my) = Z f(ny,ng)hy(my, mo;ng, na)+
(n1,n2)

mi(ma, mo) (1)
Ho gi(my,mo) R E T WU 43 9 2 00 0 B 4%,
f(m,nQ) ﬁﬁﬁﬁ%ﬁ@?%@fgﬁ, hz(m1,m2;n17n2)
F R A% 0] B AN AR 577 [A) A% A2 S R 2 (Point
spread function, PSF), #xA BE R EL, n(my, my)
Ko MPEM . hy(my, ma;ng,ng) 5T H A& TE
TR TG 73 ¥ A S 00) SRAE A0 20 56 5 kS 11 %% I,
PRI, — R UG SRBUS FE T (1) Hik.

HH SR 2R GE 3R IS 43 7% 5 e 1) (R ek R A I 1) R
FHN. FR) 5 i) 780 sgh s EH AT 20 1 26 00 e 1) DA R Rt 3
GERFEX M AT Al vh, D43 2 s o iR B &, B
JBR BRI ()5 R ANE AR 2 R PR
B 2 A0 I v o e R R
2.2 POCS &Ei#tid

POCS FEAMFEACLIRIT J&: 1) P75
IRt (RIS 250 JEATHEAE, e T8 BB 1
PR AR I HIRAAG s 2) TR A AR IE
AT HERG 18 3R, fEis g ) b T R B R R
5 B 2 /AU B HER E R R R AR, LK
PSF fERIVE N5 5 3) BIIEGEREUL L, 17
FNZB R VHE, ISR A S AT E (]
BRFE, AR ZE R TR R ZE PR, JUDGS 24 T e 23
AT TR SR A AT I8 1E, 7558 22 v/ 3135 2 B
Wi 4) BB IE S ET & 2 R A T, E R BT
S AINERC A S

b Rl K (9% 2 S VIR N R NIDEE R 8 i
H (Blur identification) ¥ AAffth PSF (2R AFIZ
K. W PSE ek £, e =R VF2 O RUE R
G d i DL IR B TRk B, Bk

h(z,y) = Ce” I (myyes,  (2)
Hrh o AbsEZ, JoE TEBIMRE: S, #ox

h(z,y) M C FoRA— A, RIRAEEOH
PSF [ARBZ AEET 1, RIS (3) #e H 4 C.

(w—1)/2 (w—1)/2

2 X

r=—(w—-1)/2 y=—(w—1)/2

X, wx w A h(x,y) ST (BTBER
/J\),

h(z,y) =1 (3)

F fo (5,8) 2275 24 WA T 0 125 40 3% 26 2
g1 (i, §) FoR A RATA P M. 38— b B
BT 122, 25 I RAR 2 (i, o) WSt
S5 4 PR B HWIRE N (50, t0), WIS %
15 2 (9 SR 55 24 R4S 0 2 IR 1O3% 22 1 (4) W8
535

T (i07j0) = (i0>j0) -
so+(w—1)/2  to+(w—1)/2 .
Z Z fr (s,t) h(s — s, —to)

s=so—(w—1)/2 t=tg—(w—1)/2
(4)

FHRIE LI K TR E WA 00, WARYE (5)
%t PSF 1 H 3t 10 2 3 4% 22 A 1 8 30 4T 18
B Hsg—(w—1)/2 < s < s+ (w—1)/2,
to— (w—1)/2 <t < to+ (w—1)/2. H4H (4) Fl
(5) A, #5kKE v WiE, HKTFHIME oo, #9124
WA fio (s,8) MRS, WK fo (s, t) 77 &
IE, RZINK. Big EZESRAN fi (s, t) 43 M5% 2
AN TR 35 72 BN

2.3 MEREMNE

FEH POCS Sk B 1) w2 HE R R KR X
5y F R, R MR B (O AR 15 IR,
MR R B AR . 7 AR A IS 10 5t A
s WL AL T O XA Sk 1 AR SR B
RS VF 0 20 PR BB b G s B e 2 b
HPSF EHNEH A AR E B, XSGR RN
FEVHECRE KT 50 Bn i, MREE (5) 18 1E im0 %
Al T P RS AR ZR AR, AR B AEDRE 1) A PE AL/ 1)
JiTA B IE, R XA S5 S B AR IR, AT
o, KET A DAL 2 B AR 1) K AR K
(RI7 MBI, PRI R (5 X 30 45 3R I AR .

RIS R AL S FE SR SR BRI R,
N, AR SO B BOE AR A 2 B R SrEL
RSB SfmibiiX P LS. BBOH PSF bRl 22
N o B ek A, AARUHEZEIN, TR 0 () 2R K
BUK, BIES TAUR O T I EHR B S EOCIAE, &
IR, WA TLG LA T ) AN N AT AR e Z2 0K (RIAREH.
PRIE, 7EEHBAE IEZ B, S50 il v im0 g
PR REATIA G, Bt b oL 1 IR R IL 2458
B, MG I — AN 2 0 e B ofe, BRAR R KAS B AN
[l AL, A5 2% R B A T Sk IE A5 TN

fk(s,t)—i—(?“—i—ao)h(s—so,t—to) r < —oy

fk (Sat) = { fk (Sat)

—0p S T S [os) (5)

fk(sat)+(T_00)h(3_307t—t0) T > 09



6 1 TR P e 5 B S L R c U2 I A DIRFS 579

B S B H I B UG L ek T vk 2 —. BRJE
SE S i) B

Vf=(G..G,)"

Hrp, G, MGy 73 lERos o(FEH) A y(KF) J7 e
s 3 BT AR

BEIERR M B RAE f (x,y) 16 (2, y) KB IR
(K71, eI

G, T
a(x,y) = arctan <Gm> , a(zr,y) € (—5, 5

(6)
A, o ABBEERT o BT A, (2, y) AhriLL
77 ) T T T AR T ).

AT Sobel Syl KB K42, 18 1(a) &
T A 3 x 3 AR, b, 2 RN BER A
1(b) & 1(c) 73m A5 (T ) J5 1Ay (KF)
J7 1 B B2 1) Sobel BEAR. EX L R 25 ) x(FE
) 7 1) L R ARME

G, = (274228 + 29) — (21 + 229 + 23) (7)
y (KF) J7 ) L E R S 20T AUE A

Gy = (23 +226 + 29) — (21 + 224 + 27) (8)

Y
Z1 | %2 | 23 A2 -1 -11 0 1

X

Zy | 25 | %6 0|0 0 210 2
zr | 28| %o 1 2 1 -1] 0 1
(2) (b)

Kl 1 Sobel FifiE K
((a) —A/NEBIK; (b) T 2 A1y J7 [EREE ) Sobel #i4R)
Fig.1 Sobel masks
((a) A small neighborhood; (b) Sobel masks used to

compute the gradient in = and y directions, respectively)

FE/NERIRA, RN R T A B, &l 2
Jizs. B G, MGy, 14 (6) 520 LR &
IHE U

k:tan(g+a)=—% (9)
Yy

KIS % HL T RE, I — BB

Gy, z+G,-y=0 (10)

Rl RUEES

(LD

K2 againE K
Fig.2 Edge detection
AL T A R AL 2 L A g 4
K96 /IS FRIBUAR B 550, 6f PO AE T 215 38 IR AR 3R
HOHAT IR, ALAF AT B B 1L Gz, xRV 1 22 5L
AN, WYL Z )T 0 R BREF AL R B
(,y), d Rox (x,y) BIHLEE, S d € X8

] Vi)
/2
(G2+G2) V£l
T REG P RO s 5T, s d wI TR

_ G x4+ Gy -yl

T
|Gzl +1Gy| IV£Il;

JEI\QEP, Vf = (szGy)Ta b = (xvy)T; ||vf”1 A
V£, 2BIFREE VI 1- GEoR 2- Ju%k.

WA L3R ) H I, BUE BRI KT d 3
VR EATSE A

c(z,y) =e M = e—A\Vpr\/HVle, (z,y) € Sh
(12)
A, N A EE T EREUE R RERECR ) N BROK, §R
&) PSF 78 (13) g

B (z,y) = h(z,y) - e MRV () € S,

(13)

XFE, B RN TR X A S T

MG 25 Ak VHESZ 55— G ZAE B2, AT P dr T
N BIFRE.

3 KR

ARSCIE I P SR RAIE ) POCS SARITE
fE, FEEI T HER S O R PRI A R PR
K& 2 Ia] (AR 3 42 R R de 5l A SCIEFE 1
B U 53 R G 1 6 A A 4 Jey A2 30 (K P o
BRAT R R Igshflivh. B PSF 2 haifEZz 4
AR e 5, SCEE BRI RN 5 < 5. BEAF IEARIK
B, o PR AT SR I, (EAR T I (4 T

(11)



580 H | 1k

33 %

FRANWT AN, RIS, A BB, SAeAE—
JE R PR ROR, H S B0 TR A2 2% FE SN, SEEe R W,
FVEIAT 3 REARZ Ja, H G o 1 s AR A
g, HMEFSmOcE T, ik, RSOk
B E N 3.

FESR—ASEB b, SRR 384 < 576 1)
B4 = o R AR, A SCRERIAR 20 7 22 7 41 1) 3R Y
R, AT 9 MR o HE R R, R S R R
192 x 288, JFAUH H bR I S AN A 7K1 1 5 ).
BHN WENT, 00 N 1.5 K 3(a) LWL
2, K 3(b) £&MARHER POCS HikH
(P o R A, W RT UG ) s X 2 73
g, WEXEN G RENIER K, EEEG LI
BT I Y 2, SRR R R 1 3(e) A A e
POCS FikE@ R m o R EER, B8, 5K 3(b)
FHEE R, G R IR B G 3 BT T R A 2
HRANEL B 4(a) A 4(b) 4051 K@ 3(b) A
3(c) FrLrIARKBEGEHE, K 4(a) THIIAZ AL
ARSI K 4(b) AR ARRE T I0Z1m)
R,

JR U v oy R A RS B = o PR R TR
P4 R 2 (Mean absolute error, MAE) & X4

MAE—Jb(z)‘f(nhm)_f(nhnz) (14)

I, f (n,na) I f (0, na) 43 BIZER LA 1 53
REGAMEER S HEEG, N AR RS M
kb MSE(Mean square error), MAE 0] LLHI §5% K
()0 22 R R RE R 23 A BRAER) POCS BRI
e POCS S0 2 % Wik AT B8 40 % UG
A Y o AR RS R o AR AR 2 T
MAE W% 1; FIHEER S5 HES 0 oFEAR
Gy HEEII 7B AR A THE, ST SRR
B ZE v PFRE IR 2. WK1 ISk 2 v LLE
2, sty POCS Bk, Sultn POCS Hik
] MAE F1 - Y48 S 980.

K1 ALK+ MAE B

Table 1  Comparison of MAE in the first experiment
FrER) POCS H: Budk i POCS ik
MAE 17.2804 10.7537

®2 AR PRSP EIE AL
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Fig.3 High-resolution images in the first experiment ((a)
The high-resolution image using bilinear interpolation; (b)
The high-resolution reconstructed image of the standard
POCS algorithm; (¢) The high-resolution reconstructed im-
age of the improved POCS algorithm)
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Fig.4 Gray-level profiles corresponding to high-resolution reconstructed images in the first experiment ((a) The gray-level

profile through the center of Figure 3(b); (b) The gray-level profile through the center of Figure 3(c))
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Fig.5 High-resolution reconstructed images, and corresponding gray-level profiles in the second experiment ((a)The high-
resolution reconstructed image of the standard POCS algorithm, and corresponding gray-level profile through the center
of the three circles in the upper image; (b)The high-resolution reconstructed image of the improved POCS algorithm, and

corresponding gray-level profile through the center of the three circles in the upper image)



582 H | 1k

33 %

F {4

FESR AU rh, Jsthn i o R BB IK 2 R
N 496 x 496, V5HEE T 9 WUk B R, BEmif
TPHERN) 248 x 248, JPAITH HERIIA B SRR TS
], ZHBE LA, & 5(a) MK 5(b)
SR T AR HER) POCS S ATt (1 POCS
FAER N PR ER, WK 5(a) HRTLUE H,
W R S, R — MR R P AR5
e, WO MR AR IR, FEL G AR B K
B, K 5(b) MWK T & 5(a) HRILZKE. K
3 ML 4 73 LB T bt POCS S35 AN e ik (1
POCS HiZf MAE #1 r B{H.

%3 {ESLE TR MAE A

Table 3  Comparison of MAE in the second experiment
FrUER) POCS 53k il POCS i
MAE 9.7723 7.8994

K4 RIS IR r IMSFISME N LR
Table 4 Comparison of the average residual r in the

second experiment

PR POCS 5k
2.2368

S POCS &k
0.3877

r B

4 ZEig

ASCER T —FidE POCS Sikh st & gt R
AT k. SR A RAIE T A SCER Ky ik
BT SR GRS K
TR R RN,

References

1 Zhang Xiao-Ling, Shen Lan-Sun. A survey of super reso-
lution image reconstruction. Measurement & Control Tech-
nology, 2005, 24(5): 1~5
(FkIWess, TL223h. B PR R B EIRER KT I, MR,
2005, 24(5): 1~5)

2 Tsai R Y, Huang T S. Multiframe image restoration and
registration. Advances in Computer Vision and Image Pro-
cessing, 1984, 1: 317~339

3 Stark H, Oskoui P. High resolution image recovery from
image-plane arrays using convex projections. Journal of the
Optical Society of America A, 1989, 6(11): 1715~1726

4 Patti J, Sezan M I, Tekalp A M. Super-resolution video re-
construction with arbitrary sampling lattices and nonzero

aperture time. IEEE Transactions on Image Processing,
1997, 8(6): 1064~1076

5 Eren P E, Sezan M I, Tekalp A M. Robust, object-based
high-resolution image reconstruction from low-resolution
video. IEEE Transactions on Image Processing, 1997, 10(6):
1446~1451

6 Li Hui-Fang, Du Ming-Hui. Super-resolution image restora-
tion based on improved POCS algorithm. Journal of South
China University of Technology (Natural Science Edition),
2003, 31(10): 24~27
(ZEE07, WM. JEF ool i POCS BN HE e G IKE.
LT R4 (A ARRIEIR), 2003, 831(10): 24~27)

B B AR TR SN B
FUA. WIS ) B R
Ab .

E-mail: yujing@emails.bjut.edu.cn
(YU Jing Master student in College
of Computer Science and Technology at
Beijing University of Technology. Her
research interest covers pattern recog-
nition and image processing.)

I AE AR T SR B .
1970 SEENE FIEERFR T TR, £
LEWTFCTT 1) R AL B o LR
LA RE MR, A SCAR VRS
E-mail: sukaina@bjut.edu.cn
(SU Kai-Na Professor in College of
Computer Science and Technology at
‘ Beijing University of Technology. She
graduated from Department of Electronic Engineering, T's-
inghua University in 1970. Her research interest covers
image processing, computer vision, and video surveillance.
Corresponding author of this paper.)

B b at Tk A T S B A
F2o AR S0, 1995 4F L T AR R
N 7 VA RS VAR S8 SIS AW ISk
RS AR B, EHBUE 5 AL B 0 2 A
E-mail: cbxiao@bjut.edu.cn

(XIAO Chuang-Bai Professor in
College of Computer Science and Tech-
nology at Beijing University of Technol-
ogy. He received his Ph.D degree in pattern recognition
and intelligent control from Tsinghua University in 1995.
His research interest covers digital signal processing, audio
and video signal processing, and network communication.)



