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Image Reconstruction for Compressed Sensing Based on the
Combined Sparse Image Representation
LIAN Qiu-Sheng? CHEN Shu-Zhen?
Abstract For a natural image which includes both edge and texture information, the single basis function cannot

reconstruct the image for compressed sensing optimally. In this paper, according to the Meyer’s cartoon-texture model and
biological vision function, the smooth and edge components are represented by Laplacian pyramid and circular symmetric
contourlet, respectively, and the narrow-band contourlet is constructed to represent texture component sparsely. The basis
functions of the three sparse transforms are similar to the receptive fields of the lateral geniculate nucleus, simple cells
and grating cells in primary visual cortex. On the basis of the three sparse image representations and convex alternative
projection algorithm, the image reconstruction for compressed sensing based on the combined sparse representation is
proposed. Compared to the image reconstruction algorithm of block matching 3D transform shrinkage, the proposed

algorithm can achieve higher image reconstruction performance.

Key words

FE AR (IR fibbe) BRI J LA KA B AL 3
AR I BRSSO T AT Rk
WM. e i AR R 1 % 0 B AR R RS 5
TR IR G PE SG 56 R 45 & B S EA L R rp, A
TE /T4 2 SR R K b S EE IR A T
M AT RU PR ARAL R IR RS S M. AEAL 5
M R R G D, RAWTRy - B ACHRE 2 P
JRREATR () B A s ), RIS 5 Fl e SR A 50K T4 1
Gl TIPS (RERTRRIRE ) 4 RE TG R UM
F RS . R TE KR R RS (Wm )
PR G AACRE RGE) P, AT E AR EN
e fgnaty i, 4 S LA T B05E TR 2 R ke 2
AR A A R I a6 s, AR5 0] R R AT A
Mg AL e (W1 DCT FUNBALHL), 5 55/ 1) A8 i 5
QO NEPNEIRTE R E S (M I ERE TP TE 3 F 1/
FAHCIAT Gt B i A7 O B TE AR . T R

ks H 47 2009-03-18 3% H ) 2009-08-26

Manuscript received March 16, 2009; accepted August 26, 2009

5 [ AR R0 % (60772079) %y

Supported by National Natural Science Foundation of China
(60772079)

1. MRS SR 5 TR 22 215 066004

1. Institute of Information Science and Technology, Yanshan
University, Qinhuangdao 066004

Compressed sensing, sparse image representation, combined bases, image reconstruction

DCT HI/N R 2 Ml 1, S 2 5 i 5z /)
TEMGG =S BEARRER A REUEAE 251, 18
G 2 0T A A T, B R A (R 5 2 T
KRG SA, FRATTAE AT 75 Hh R I 5t 2% i ek 2Dk £
(R B 73X A ) 3 B 4 AR R R tH I
FEIRBN ). R4 AR B UE T 2004 AF M B T
220t Candes 85 KR M) — R W FUHIRAE, s 5ok
ERRERLE 2006 455 2 W) IEEE Transactions
on Information Theory!?. fAi 1 BLxtT 520 H
Fya ks (Dirac %) RRME S, R EMIHI X
SR /N T LR i 55 KA DA 249 SR 4% A B i) AR 2D
B 00 A L A e R O A SRR AR . B S i A
K2 ) Donoho X} Candes 25 )45 Bab4T 174,
AR T R4 %2 12 (Compressed sensing)[.
FH T 700 BEAG R A IR =500 TG R 2 R 2 W
(1), DA e LR IS 25 R A b it 3k
G f BENLE 52 {H (Random projection), f
B of ha s 7RG f MIUEER, of =
{(f, @)}, @, AFEHLIE N &, &5 BRI
BRECAAT. W ®; & Dirac B4, W f LA
W ) 2% 2 TR R A, DR AR R 4 AR B SR e — A



386 H | 1k

F {4

36 &

BB RE AR — AR s, SR [1] BRI g5 R
LKW, X TERZEHH M 1 K Wi B4 (K-sparse,
R B AE FE R BE o B AR 28 N R Wik, Wm] 2L
K ANIRAE &K B % 2Ok iE IR R G K1), #
H O(Klog(M)) ANHuAE s AT 1y YO B0 /N1 v ) B
Al E R R RS, R ZER K AN S R A E T
W ZEAH Y. TR R s g AR R AN R A
G 10 2% 2 TR — A AR AR 2 B, WU 2 S T I
M AR A5 5 A SR AR, T E & 2R
ARSI AR, TS 458 A AR AN —FE.

TER iR IR Gerh, G 5 36 7 J2 5 1 1]
1 ) T OB IR 25, H AR TR 4 A K G E
H LURIF B — R 38 bR SRR B 477 B K23
AR G [R5 6 IS =Pl sy, K&
X R Ay B o ) BB AN B — I S ek A e v [
X = PR AR R R Bl AR Meyer %
R0 0 A ) 00 D B RO R e o i B A0 i
RG] O PR 4 JBR 98 53 | 2 71 ISABR ER) DY  8 70 R 320 5 e
g%, R T 78 A 0 R U AL 8 S I SR 1 Sy 1 R
T, WX IR A 2 R R 0 3R 7 VRS T AH
I 1) s 40 A% B G FE A B0, SIZEG &5 SR 3R W AR ST
VL RERAT B v 1) PR A o R

1 REERREGRT

M Meyer BEUSBIAE! 14K EG AT BLA i#
I R AL RSy, M0 R 3 AL Ry
ML Zx 451, B

I= Icartoon +Itexture - Ismooth +Iedge +Itexture (1)

Meyer #8455 £ Y05 Jst BEAH AT, AEM FL3h )
FIRLDE R GETR, SRS ROGAR R 9, 28 3o )i
WE IR BRI DL B 2 ) VL X HEAT A S .
JR A A B A T IRy e R A, N S R I A W)
N, FLEZ Y AT DoG e #ir (B 4 e 0 bk 2500 1k
gr) ik, g E B R MR R, V1 X
(ORI SO 1 S RS S e
JH KA S T 1 4 AR Y SRR B A Y, 3L
&2 HF AT ] Gabor e ECEIT. ] 540 L B4 K 14
Gy SIM R s, B AR AN AN 2 BT AH
REZE 0 90 JE R 4 I ) A o, BEAT AR AL B S
IEE V2 X, AR ] N B 2 R I A R B R 2
VL X R 2 (EAd A D R RS 40
(Grating cells)!01 FIfij B4 240, A 240 gt 2
A 77 e PN, (EURI RS 40 6 1 SR 2 B B ] S K,
& FON R E T 1) B A SR S SR U PR G A A B KR Y
AR [R5 1) ) BN 2 SOBAT Wi B, 2 A IR .
A 200 B 0T P 5 B SR B3 S AR B

L TR R BN T [R] BT P AR PR =P AN [ i

o3 S B AR A 7, A SCHT =l AN [R] 1) 2 o K 5y
I BB =R AN TR 1o

I= \Ijlal + \I]2a2 + \11303 (2)

L, Tomootn = Via, Iedge = Uy, Ticxture =
)5, vy o0 Y IR AR 4 2R HAH i) m) . AR SEBR
THEA, Wy ] A N (1) 500 A e S AR 4
Y R B, U, R W, AT DoG Fil Gabor JE 4
TR R 3 9 b AR 45 A A R B A S,
SOEH TATREMTEB EMNRG, AaeEEH
TG AL K PG T . AR SCH B b7 i B 540 A 12
IR R 8 R 9 31 43 3 2 7 AR B 6 3 1 o A i
GeEisr. N1 (a) BT LU H Rz R 35 20 i 1)
HERE S DoG pR AL, AT LUFE I 0] J1 1< 41 1 1)
JEAZEY . A 1 (b) A LUE H RO PR A R 2 ok 20
Gabor FRECEHHL, HAT R0 X2 B g 2 R
FERNZ 7 e, R RRES BRI T PR T 56 50 i A7 AE
(R AT RV IR 5, L7 1) e 6 PR R s 12 L e B8R
BE5, B SEILEMRIA S s AR AR . hr i i
T g3 M8 AR [5R0 50 T 2 R 95 73 e P31 A A0 0] R P 30 A ke
EATIE T R i AR A T B R B

N\

(a) PR
(a) Laplacian pyramid

(b) X FRA Bl A%
(b) Circular symmetric
contourlet

K1 PRI ARk bR 2

Fig.1 Basis functions of the two transforms

A, A AT A 6 1) 0 21 8 M i & s T
R YR 5% (2D Discrete cosine
transform, 2D DCT) Fl ¥ Jit ¥ (Wave atoms).
DCT 72 e 1) i B /2 AL BRI 25 5 7 A 0N
T3 s e 8 W) e i R I %, 8 il Jmy v 22
F & AT s 4 A% B B R TN 25 5 7 AR i (Arrti-
fact). A< SCAE SR PR 3R i i) BEAtl -, Ry et 7 iy
8 J R e SIS R AR B . R R I AR
REE S 2 56 R (1) B R o, AR e T8 iR A2 ]
iR, FEOLYRG YEA TR, Sz IR, A RESEIL
RGBT R, AT IR R TR, AR
BEA B PR AL BRI AT e (R A% 1) FURE ik 4 AN RUBE,



334 SRAKAEAE: TR B P A 7 () T 2 e e Pl A T A 387

MTENBREAS R AR [ 4 58, Wk 2(b) Pras. b
A J5 SO, AR SORE TR AR K A 7 i e JE6 39 A2
e B 2 (b) 2% R BRI AL e BT 5y 7 i L

3 SO ARG R AR e 1) SR PRI, AR 4 5
3 XK.
(m,7) + @ (m,m)
(-7-7)
(-m,-1) [

(b) 7=

(b) Narrow-band contourlet

(a) BRI FREE SR
(a) Circular symmetric
contourlet
2 BRI R R A i R R AR A K Y )
Fig.2 The frequency partitions of the circular symmetric

contourlet and narrow-band contourlet

F DFB
U O
F, DFB
O °
x(n)
F, DFB
o—
O 0
LO

—HO | Mb—o,

3 AR IR AR B S B

Fig.3 The schematic diagram of the narrow-band

contourlet

7t/ 3 1, DFB (Directional filter bank) 7
J7 PR AR AL, HL, LO 433205 i il R 38 5 4,
oM VA5 SR [13]) IR Fr(w), Fr(w), Fs(w)
N Fy(w) b7 i 5 JE 5 R g8 w21 A g YA v 3 98
e, EATTEAE AL

Fi(w) = Hi(w)Hs(w) (3)
Fy(w) = Hi(w)L2(w) (4)
Fy(w) = Li(w)H3(w) (5)
Fi(w) = Li(w)L3(w) (6)

LEPOR ) Hy(w) f1 Li(w) (i = 1,2,3) 4351k
AN T3 A0 5 (1 T I (5 )% R v X R E T 8 e i
EATH AL

L}(w)+H(w)=1, i=1,2,3 (7)
AT e TH A2 R ek R v 5 6 BRI A L
1, lw]| < AO;
Liw) =1 cos(3 logs(a [wl+8)). A, < wl| <6,
0, ] > 6;
0, lwl]| < AO;
Hi(w) =1 sin( logs (e |w]|+5.), M, < [lw]| < 6
L ] > 6
(®)

L) |w| = Vw? + w2, X = 0.75, &R g At
PERIBETLE. 0, (i = 1,2,3) A=/ IEI ALK
BUbESE. fEA S 6, = 0.757, 6, = 0.8757, 6 =
0.6257r. L 45 8 U i (1) A0 6 ) 1 A e 98 O 2 1 2
WA, 15

1 1—2X\

m, ﬂz’:ﬁ (9)

)I%‘it (8) 'fﬁ)\ﬁ (3) ~ (6), ’/f?EJI‘%[J Fl (OJ), FQ((J), F3(Ld)
M Fy(w), 558U EA T AL

Fl(w)+ Ff(w) + F2(w) + F}(w) =1 (10)

0l Fy (W), Fo(w), Fs(w) M Fy(w) 2584 FH 4
. T 3 o HI, LO M1 DFB 3 & 58 4 F 4 4%
RIS ERT 7 5 A S I8 AR 4 T 3 .

Bl 4 B T2 A e R AR b U 3, J7 A
Iye w/8 Fl 3w /8 HIW /N EERR AL I 4 WTLLE
AR R bR T BAT e BRI B 2 07
AN, I ELA& R RN 18 A A gl s R A
RS SR AT AR R — Mgt 5o, 1w 5 2
HHHIHRS 40 B 1A AL

Q; =

//
—

(a) Jik m/8
(a) Direction of 7/8

(b) Jih 3m/8
(b) Direction of 3m/8
4 ARG IR H ) H R K

Fig.4 Basis functions of the narrow-band contourlet



388 H | 1k

F {4

36 &

2 BT REEHMEBTNEGHFER

FESCHR[1, 4—=7] " S2 R SR AT FIE A )RR
BEHLBEE (HFE ) o E KA
min [la[],

st. y=dVa (11)

U, o M AR e R HAE R ), y D BEAL
SOAH AR 7, © A BENLBOEHRE, U KA
*ﬁﬂﬁfﬁfﬁi&m}{ﬁéﬁ'} MR, @ 5 v AMT.
FESLR i SR, Wa AT I AR B 0 A S B, Bl
W @ nlid i PDCT (Permuted discrete cosine
transform) $%8k Noiselet A #eszH 14 (PDCT )
K5 TR PE RERS A T Noiselet, AA3CH PDCT 28
BEALBLY ). SRR & J5, X & BEATH G000 42 4
I = Yo RAGEMEME. 20 (11) KW BLE SCIEH W]
2 MIZERF USRI T (y = PVa), mMibi
fil e dpc A, X 1y VOB R R AR .
ORI [y A AR A I, 2 (1) A2k

min |||,
st. |ly— ®Val; <e (12)
WEER I L ERR, B T = Ya, o = OTT, N
EAATE N
min H\I/TIHl
st |ly —@I|5 <e (13)

BV L Y| P N P R EE E DA DA T SR DR LS

T A ) R A

I+ Ay — <I>I||2} (14)
MR A R AT G i R o i, AR

J 57~ TGRS SR oy 3 A Wy Wy A Wg 33

TR S, 2% B AR R AN e R ). R IX i

B, 5 (13) 20

3

minz H\IIEI;CHI
k=1

2

3
‘y—@sz < (15)
k=1 2

Etl:'ja Ib IQ $D I3 ﬁ%ui‘%ﬂ—:\‘ Ismooth; chgo *D Itcxturc'
SEVALE R RFTIE R R AP R AR hR AP
(117 j?? jS) ==

2

)

3 3
argmm{z LA v - @ S 1
k=1 k=1
(i6)

j:argmin{}

s.t.

TER A I AR GE BRI P 7 ke 22 50 A it
Se R FARAL, W E R A A T (ORI BB T 1
B k) AR S A S 30N N BIAR Ak 5 R LA v A T
POl T G By R Sk i R AR
ZE BNV RAT, KX P S 1 A AR 22 N B
X (16) Ja, 19

R " R 3
(11,1, 1) = arg min { LA
k_

=1
3 2

A Hy —® Z Il + i TV(Ik)}
k=1 2 k=1
(17)
R, TV () FoRats%
TV(I) =
X % VIGH L)~ 16 P + TG+ 1) - 16,7
et Ny BN, 52 BIR EHR AT ORISR,
G0 G, VA8 5 S R PR AT A B

WSSEH, FE R (N 4+ 1) x
3 E4aftRREGEME AR

ARSI EEAS B LD kg (17). #a
(17) Ak In) 5 T AT

(j17j27j3):
argmm{ )+ 3 ) + kgfcuk)}
(i8)

(N3 +1).

2

Ko, f(I) = Hy i)ZIkH R =TT,

feIp) =TV (I). HT lav I /B%&%Déi%ni’]ﬁ&
PRI, 1‘&%&%? ;Ta@ﬂd%ﬂi(l&é) B ME—fF. W
ME— i Ay (I1;I27I3) I = (I1;I27I3)- iRE/ maitl]
AN EREAT s SCR NN AR

Al - {I : fa(I) < fa(j)}

B, = {I.: fiIy) < f,1})}, k=1,2,3

Cp={I: f.(I) < f.(I)Y, k=1,2

W I 5 5 IR T 1) Ay B, 13

IV — 19 4 @7 <y @ZIU) (19)

k=1
i By, $5%, 13

1Y = w5 (Vi) (20)



3 SRAKAEAE: TR B P A 7 () T 2 e e Pl A T A 389

Kb, S, K EE R AL
S_(z) = z - max(0,sgn(|z| — 7))

o, sgn NS EA, T FORME. AR
Wi, 1V EEHEE I, W 19 = 1, + 0oWn. 2t
o FRORITT N 1 IR, Ul(cj) bl I’(Cj) g 7
B FUHIRSAE b A5 TS T DU B0 T, 1114
B o). MEEARUCH G K, o) BN, B T
R/, EASCH, BIE 7 = 30, FIBHE R BI%TR
Ci B3, 14

pov _ g _ 2TV
k k 6[,(3)

WP EHES:, kg (17) B ARE LR
AR
SR 1 A ¥ = 1,19, 19, 1Y) 1)
MR RMEEE. Wi/DREN By, RIERIRE
N Jmax-
YR 2. R T 5 EAUE
Igj) _ I(j) —Iéj) _ Iéj)

HARHR (19) % IV B85 A, B8 RC N Ty
HI8 3. A (21) ¥ To BEHH| Cy, BB
%iﬂ?’\] T01:

(21)

_ ATV(T.)
al M 811&1

I 4. FUTSE (20) 4 T B3 By, WISEA
Ty JHAT B 4 s X o0 Pt i TR AT 68 ) fE AR 2,
BEAT R pr g s A gk TV,
BB 5. IME I, 15 j JOEAUE
Iéj) _ I(j) _Igj-&-l) o Iéj)

HFIHE (19) ¥ I BERE] Ay, BEBEERACH To.

S 6. FIH (21) ¥ T, BUEE Oy, PG
Hadh T .

S8 7. FIH (20) ¥ Top B3] By, HISERS
T oo BEAT I 0 05 8 0k 2 H 5 476 (4 A 28, -
REAT IR B B A 43 1Y)

S 8. W I, 105§ UGRAE

Igj) _ I(j) _Igj+1) B Iéﬂ”rl)

Tcl :T

IR (19) ¥ 15 BBE0 Ay, BEBLE RN Tos.
9. MK (20) % T $ei2E Bs. HI%E
R Ty ST A G A 05 AT RE B (AL b 0, T
HEAT A R RS A e T,
SR 10. WH T 5 5+ 1 RIEAUE

JU+D — I§j+1) +I§j+1) +Ingrl)

—'IJJ;E% 11. %] >jmax ﬁ ‘I(j—H)_I(j)H S Emin;
NSRS A /W, j o 5+ 1, % FIDER 2.

4 SRIHER

H A Hs i A% BB AL T AT, OR8 23 SCrk
SR IR A IR I HH — 4615 5 KUk H vk m
IEAf PR, Y IE A BORIE AT /N 3 AT A5 5 i 3K
N, A 1 SCERA AR IE A8 T0 AR AR A K
15 T AL () s i 2% 7 J 9160 ISR [7,16) 1 5K
9o 45 T LU 7 Hs i AR J8h FH A IE A8 TU AR AL
HEAT G ARG 1 0 B AN T IE A AR e, SCHiR [16)
PR LT B UL I = 4E 42 #t (Block matching 3D
transform shrinkage, BM3D) A 4 i) G A4
ke H & R & SCER TP PR RE S 35 I S 2
. BM3D AJi bt Fp = kb BT L
BE UG b 4R 5 2 1 70 A BEAG 25 A Bk AH AL 1) 1
Bk, X e R IE B 8 o 3D £t 5 2 AT
M A8 4, X AR e REHAT 3D Al 13 {E Ab 3 i Pk
1T 3D YEghyEk, B aididT 3D 1 AR e SR AT Ak R 45
K1 AEH TR 9/7 Wavelet, BM3D Fl4 L
S R A R E R TR R, A T =
Pl VAT AT L, = Bh 5 v e T A R 38 i N B
FEM R PE L) 45, FIBRRE PRk A 7. 15
S HARE T 10 % 20 %~ 30 % =B K FE 2
(i FE 2 /15 250, £ Lena, Barbara, Zelda #il
Fingerprint PUigEAs#EEEAE A WLE G, EHRKN
512 X 512, F 1 43t T AN FEFER T EMEH
[FIUEEAE (5 L (Peak signal to noise ratio, PSNR),
Lrdp fa— A =R R 2 E A B A7) PSNR A1)
fi. M 1 Hrf BUR Y, ASCHEEER B PSNR
fH . W T80 AE BB/ 1) Lena F1 Zelda E14,
A CEL TG E) PSNR ¥ BM3D $53:
S5 0.21dB A1 0.49 dB. it TR 2k XA
W a5 B Barbara Al Fingerprint K%, A
SR O B, A BB PSNR AFIME
tt BM3D 434l 3.04dB A1 1.18dB. B 5 A T
SR AR AR 20 % B Barbara E§ EE R
g TRy, K 5 o HUE 7R Barbara [11)5)
HEME). K5 il UG H, 55T BM3D FlIASCH
B R A RS R = TR T Wavelet B HE Y
5. A BM3D AH G, A SCRE I B R E A 45 R
DR, SO IS A &6 gt T =R Tk
FEFHAER N 20 % IS5 Lena MG EALER. BARIE
N AL Lena HA 5K PSNR {HAX E BM3D
& 0.53dB, HXTELE 6 (c) A 6 (d) ATLAEH, H4
fFEE N 20 % B BM3D ANAEA UM Lena ME+
RS A SCAE B, AR SCRIENIGRE T Lena TH



390 H | 1k

F {4

36 &

B SO B (T SR 6 (c) A 6 (d)
2= 1 ).

(a) BEIHEG (b) 3+ Wavelet [EM %
(a) Original image (b) The reconstructed image

based on wavelet

(c) £7T BM3D mEMEIG (d) A ER G
(¢) The reconstructed image (d) The reconstructed image

based on BM3D algorithm  of the proposed algorithm

K5 20% fiFERIN Barbara %) H Ay 45 R

Fig.5 The reconstruction results of the Barbara image
(Sample ratio is 20 %.)

(a) JsURER

(a) Original image

(b) T Wavelet IEME G
(b) The reconstructed image

based on wavelet

(c) #£F BM3D & e %

(d) AR G
(¢) The reconstructed image (d) The reconstructed image

based on BM3D algorithm

of the proposed algorithm

B 6 20% k2T Lena EIGK)FE 45 5
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