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Structured Approximate Message Passing
Algorithm with a Laplacian Scale Mixture Prior

XIE Zhong-hua,MA Li-hong
(School of Electronic and Information Engineering ,South China University of Technology , Guangzhou , Guangdong 510641, China)

Abstract: In order to reconstruct natural images from compressive sensing ( CS) measurements accurately and effec-
tively ,a novel structured approximate message passing algorithm using a Laplacian scale mixture (LSM) prior is proposed.
The higher-order statistical constraint of the AMP algorithm is created by the LSM model, turning the CS recovery problem
into a prior information estimation problem and a singular value minimization problem. Firstly ,we use the LSM distribution
to model the sparsity of the singular values of the matrices built by similar patches, which denotes the similarity of image
patches, and thus utilize the LSM model to describe the nonlocal similarity of images. Secondly , to obtain reliable prior infor-
mation, the scale parameters of the LSM model are estimated through the use of the expectation-maximization (EM) algo-
rithm. Finally, the singular value minimization problem is solved by the AMP algorithm to achieve the accurate image recon-
struction. Experimental results show that the reconstruction quality of our structured AMP algorithm is superior to the state of
art CS reconstruction algorithms.

Key words: compressive sensing( CS) ;approximate message passing( AMP) ; Laplacian scale mixture( LSM) prior;

nonlocal similarity ; expectation-maximization

| 3= A 0 A 1 R G (5 . TR CS EAE
= VAL AR A e Ak B R DL I T A 1
RN (Compressive Sensing, CS) J2—FOBIIOME 4200 Hoh SE LIS B ML (AMP) %19k 76 by it
SRIEAIEIREEA B RWEAR R R A, UL ot iy gy 0 20 50 i DR 45, 24 1 2 B\ 2 8 2

Wik H 391 :2016-10-17 5 & 8] H 1 :2017-04-07 5 SEAE S 4 M50
FBWH « R 3B 34 (No. 61471173)



03 M A SRR RL T R IR G e B S5 AL (eI S AL 3k 521

TR RUE IS S /N R 22 1 DUk AMP (Bayesian
AMP,B-AMP) % 3. b 5, AMP 55 ¥ 4% 4 B ) X
AMP ( Generalized AMP,GAMP) & 3= FH ok sk i W 75
FRITXOL 000 6 2 0 A DAL T 40 A AR RS TR X T A A
S ER S8 A, SCik [7] $24 T EM-AMP 553% il
A HIER AL (EM) SRR A i B 10 A R 1) S50 £
X PRI 45 T A 1) R, AMIP 4 3 6 i PR 7 1F 52 35 F B
PEAE SR SE 36 HT. 9 An ) /DN i R s A R SR e 12 1)
SR AR IETINB R Y AMP Bkt LT A S 4y
15BN AMP 88950 DL IE T BR300 f) AMP
SR XS AR FRE AL B P A W 04 E 1L
Qg ik R R B 3k BUR H TR B 2 R AR
BRVNBAREE B A SR EE, AR AN PR

YA B T B R A A R, A — 2 A
BB AE 1 5 B W B 454, 1 o A Bk 1 5B e 2
FL N T RB AR AL AT T &
BORBEA R e R AR SR 0 A B i A B g b
BEG 1 /N  & 505 B DU SO &5 44, Turbo-AMP 55
W R I R R S AR TR Sk g A R S B, 6 1S
ACF B A A R B A s A =, el st T IR 0 EE A
JEE FAERR B, (R0 R 52 A= e B AT A BRARL. LA
G R B TCHZ A B 18] 1 AH LS5 #8) B A Jey 3 s i M >k ¢
ARG 3 A i 1 1) A, B A B AR R B A 3K
FB U IERE TR E ALY CS FAE A
RX PG A A i — 24 4 B 5L A AR A SR e FH R
FRA /M) 8L, A 20 b 3 5 T B A4 R i 4 )y . 3EFAE
JRy B G = 4 e DU IE AMP ( BM3D-AMP) 453"
AT AE AL G He AE 28 0 35 b 9 AH 56 1, 38 3 1
BM3D 25 317 of 5 MR AR Al e 2 M, S B0 T AR TR
G HAR P T AL . 78 AR M A AR 1 2 FH H B IR
Pk WA RS A O R TR RS R A
ST 1[5 7 3 0 PR A R A 1 4% 4 T
R T B ARG Z T 1 32 T BM3D-AMP 53k H
BRI EA RS, (AT RHE B bR k8T 808k 0 g
PEERLSS , BN E FAR PR 0 75 R 8 I S8, WA
FIRAE A S 5.

R T HE—2 s AMP B AR SCER AN 3 T
L RER A (LSM) SEsifbin = gy g th b AMP %
¥ B G, T R LSM BRI AL 4 10 R R R i 4
¥4, W RIS T 0 AR ARL A B ) B 1) — 4 5 B A2y S (E
o3, HABOE AT B IR LSM. 43, M fiiid 2 LSM 43 A7
YA SEAE TR B 1 R PR R G B fa] 1 A U s SR )
A RS K00 80 BRI A 5 20 A, iR 9% 43 A 5 hr
P A LM AT A EM BOAHERR R iR S
B IS i, AR B (5 B )5, i AMP B3k
SR AT B I /M In] i, S8R P15 10 G A . S 3R

WS T I AMP B M9 A R, BT
3 PR TR B R S R R
BRI SIE T
2 SR BAEEE

P 246 S R R A 3 AT 55 2 AR Ak A9 LA y =
Ax +v,ye C" PIRE AN IEAfF S xeC" i A e
C " WM A A s v ST HH T 250 o B SIS iy
Fm < n,CS FEMRETER S RS E Y
WS, BN, SRR AN doe /N2 X W 4 Ak (LASSO)

[E S
A 1
x =arg m3n7|\y—Ax||§+A||x|\l (1)

Hodr 585 1 TN BER AR B, 5B 2 TR 2 A (x|,
Frx L B ST HIOTE WA XEZ AL S8 & IE
£ R 7

HT B SR IIE, AMP 33k 3 i 2 A4 AL 33 A
WA TS S RS AR, TR TEIE T, F
JETH o R B D 2 4 T X0 L A0 Ak 7 4B 2 314
BT (2) Fat (3) R 19 AMP 3% A5 7, LA
KA HAReRE(T)

x4+ :m(x(z) +A*z”)) (2)

z“WWAﬁ;+A?”WM (3)
o xRS S x 55 ¢ ROE AR 5, AR
PAE ¢ B SR AT 2R LI AR I Y S 0 s 5 5 2
FE e kA ER 2, Horp 2 (I () (/m BeRR R
Onsager 1™ | ', g B B %K n, 1950 A0 BE AR
Bhx'” =0,z =y AR ¢ =x" +A7 2",
56 AR B 1 2 oL, AMP 5 £ AT R 40 B 3 S R
(D) FEEEE 2 2 5 (2) B AE M -1% ¢ 5 (3)
B PR AL, (q) Xt g F50e.
3 ETHENHTRERESLEENEZGCS &

HRE

ARG & A 2 5 IR 23, 8L 1 TR, %
PR 5 7 e, P T IR B B8 e DE ey 7 e 4
AT R, T D4R 31— AR AL By PR e R DL e i i
BT B B g PRI 6 3 SR S B 45 M. AR S
) FHRE - 307 R VR 5 T80 S A L e B ) 23 S5 {1 At
5, 42t — Tl A SR R i 4 R AL T 1
3.1 MAREHTRERSERRTERDHER

&1
3.1.1 FENHTRERESTHHENX

USRS 6, = Kk, 'y, o, IR R BE S50
1 AR 40 A, B p (w,) = exp( = lu, 1) /2, 5T «,

2 =y —Ax" +



522 i, F

EE ¢ 2018 4F

Bl RS T R AR R AR LR

H—AERBEHLAS &, 504y p (k) WIFRBEAL A2 &
0, R AL F 30 R TR A 20 A 0 I w, I, ST
BESE k,, WEVLAL R 6, B KA p (6,1 k) =
kiexp( = w,10,1) /2, —DHE R oA, Horb «, BEFR
it RBESHL (RIVREE S H0 E150) . Bt ROEE TR
BT SN

p(6,) = L p(0, 1 k)p(k,)dk,

= J(;w %GXP(_Kil Hil)p(Ki>dKi (4)

EaRE L BERLAS R 0, 1943 p(60,) R ZAA R E S
BRI L7 40 A 245 2], BRI R A3 A5 o
W REERA AR X F RIS p(k,) , 2 (4) BB
ANEGE p(0,) AEA PRk

3.1.2 HEMBREREE REM LSM &2

AT FRAE AR JR) R 5 45 A4, Sk AR AL R B R
B SR A T — > AR L B I, TR R L e 4 P
FEEAS AT T B — A~ LSM 43435, PR Ay P 5 4 ALk 6 4 1
AR 1] HA SR AR S, 27 AR T L 15 5 e 4
HRTE B A S A, BT LAAR DL B S o 1) 25 S (L AT
Fwi T, AT PR 0T 20 A0 S . 76 2 T35 S 1
Gk P ep | RGO o) B I 1) 7 S 30 L 996 2 i ir
WA B A5 1e B 56 E. A SR LSM 4345 ZI i A {10
U B 1) AF S AEL, 1250 A 1380 RO 2 800 — A~ BEHLAE
B BRI R N 2 3 TR, % 1 SR R B AR A
F 3 .

P23 S LSM BRI B i 7240 3 AN K. (1) 4y
AR . ] 2 S R ) B o I g 1 3o 2 10 7% 7 1A
HOAERREN, FRESF I R ML — 4 KB
BORIEHARFIN N ARG R, x (jell,N] 45
Rx) 1Rt TR — D 4% Cx = R, x,
R ,x,,R ,x],CxeR"™" i R FR—THREU
W R x 27 I EIG x (955§ MG 0 B4R IS B i —
ARG M g —A B e 31 B KB, R AR SO IR
SEM = N (2) FRIBUN B e 0 1 25 S5 8 0 . %o 46 I
Cx SLHiar SHEMf Cx = U S V] FRIGE S H A 3,
X AL TR G H R RE s, = [5.,,5.,, 5],
B diag(3,) =s, (M E X diag(s,) =3,). (3) %% 5
R AT R s, =12, , NPT —4 LSM

ﬁ%ﬁ LSM( %-,j) H

P(Si,/) = J(.) p(si,jl ')’f,j)p(yi,j)d')’i,j

= J(-) %exp( - ')’i,jl Sij | )P(')’i,/)d')’i,j (5)

i BHE R AR (S) pCsly ) FALESHON 0,15
WTETH S AR B RE Cox 157 5B s, /I, X AR (LB T
FIEMAEIE (AN 2 F7R ). AR SCHR L Y R S 5 o3

() WA 1 p(5) = [TTT (s, 3001 6

FEADLERZH A G55 LSML 23 13 220 ] 1 AH bl BR A I 2 57 (6
R T P , T S L 9% i R B SORAIE T PR B 1) R AL
REIE , DR E P B2 1) P45 56 50 o A BB A 00 38 1R
AR SRR AR LS5 44,

____________________

e - e - —

d " =
[Zaaa4 — = L_______._____. _________
MR HME HUBZEE AFBAERRE

E2 A H R R s B

3.2 B CS EMRaMRKERMIT

S 248 R B AT 5 2 4 R AR R R 1S
S ARSI TR AR s KR KA1, R AR
B AR s AR B 23 3k, 19 3 Fe 20 i A PR x. AR DL
ST B 2 IUAE y T s IS 38 0 Ai p(sly) =
p(y1s)p(s)/p(y) cp(yls)p(s), Hroc KI/RIE T
FHA KR A T B R0E SR A p(y 1s) TSI 43
i p(s). B 56, AR I 7 434w LAAS BRIUSR 43 A p (]
x):

1 1 2
p(ylx) =W6Xp( —QHJ’—AXHZ) (6)

TEXEEE d(s) =x RFEF MR A s N SVD AR 45|
AT RN AR x LR, S WAL (1) AL B
Cx=UXV ,i=12 - G A0 {3575+ KGR ; (2)
X HL S X IR 45 2SR T 28, IR A I A A S X [
R EUG YR 43 S A, A — 1R A AR o 3 2
ASARRISRL R, aniE 2 H 2L G Sk B R, B LALE A
B A TSROV IR B o (s) =x FRAK(6) 1554
SEM B R A s A y 5010 p(yls)
e =y -As() ) ()
SRIG BRI S50 43 A 6t B T SVD S8R i R 4L s 58
Wartip(s) = [T [1p(s.,). fJa, iAE DUt A=,

i=1 j=1

Wb R K s F R Ja B Al HE A 208 -

p(yls) =



03 M A SRR RL T R IR G e B S5 AL (eI S AL 3k 523
§=‘drgmin§ —log p(yls) —log p(s) | (8) R oA A IR A, W R AR RSy, 195

R AETETE 2 5y, p (s) MELL RS b 2238 2, B
DIME L B RER A MAP 3. XF T 40 & 20 2 19 2 50l
TR REE, W DA TE 3o ) SR e KA 35 R .

4 ETHERXKUFELEEEZREN CSE
HME %

4.1 LSM #ZRSH WAL R KM
R KA (EM) $E95 0] 528 LSM 455

3 RE S5y ARt R 8L s 38 B4k, MR 4l Jensen

AR, ~log p(sly) 1) EFLJ(Q,s) H:
J0.8): = =log p(y1 5) = [ @) log Tty

=-logp(sly) (9)
Forr,
log p(s,y) =log p(sly) +log p(1y)

G

zz (=i ls;,;1 +log ’j)+logp(y)

(10)

B JQ,s) By /MEW L E I p(sly) 1
BRARAH. A T(Q,s) Y Q s FRL T EM 533%
f9 E AR M A

E%:Q"" =argmin](Q,s") (11)

M .s“ = arg msinJ(Q(””,s) (12)
Ho BB XS R T LSM AR RS e iy i RUBE 2280 v A3t
[R50, ML AD DU S At 2R s 10 T A4y ) .

E DA M B Ar DLt — B AL & 5, L E 2B
Jensen RNEEL PRI LIA H, K% Q(y) =p(yls) i,
AR W J(Q,s") fEtef/IMA, It E 254k
i 4 2

Q""" =p(yls") (13)
SRIG AT M 2B (7)) 2R (10) [RAJ(Q"Y ) B
Br—Lem BUS 1 B R R i M 2D
1+1) . ”y -Ad(s) ”2
sV = arg min 27 z (¥ii) oo s, ;|
(14)
Horp, (v g HRT 04 Q(y) MBCF B8, A

(¥ij) g = LvQW)dy. HE 2,0 =p(yls”) K

BEECZE Ty, ) oo = ¥y gy IR T
HWREBAE 1, = (v, ey L AUHIE p(y, |
s.;) BEAR S . p(y,, |S ) R ER R s, Al
RIESH %,,,E’JJ:Q’%NE R A DL 37 L, 5 B )
SR p (s ly, ) A RESH y, W 5E5 7 Fip(y.,)
A RESRIEIG B o345 p (y,,1s, ). 3(S) G i 17 ALR 0 A
(s ly) B —AhE hﬁﬁﬁj\ﬁ‘ﬁ L 400 = 43 A e

555340 p(y, ) AN 345, 800 o F1 B, A8 24 A 4 L
W3 B I B A p Cy,y ls, ) W — IS 2 A, =
B a+ 1 FIB+ s, |, EMBEEE 7 N
a+1

7(/3(+ |s§f;)|) (15)

PRI Sk RIS (IR N LSML 437, RUBE A
T SRMAMEL 53 A1, BT LAAS SCHY CS S A BRI S s |2
— A ZRA DU SR qn &l 3 B,

O mg A
O KA it

Tij= <7i,f>p<ws’“> =

Gamma(a, )

T 1T tsMa ) v = Ag(s)+v
K3 4 REE R E S

4.2 EWEBERBREELIEGNENY

MBI 7 R TR R R s 1Y AT SR (E B
AMETREERD (14 ) Rl i 2 Fh CS B AG5K i, an i
I6 5 7 4 6 RS B B R 4 AR SOR
FH AMP S0 52 SR 51 AR B s A E A, T 5 L TR
x BECEER 1, = (v e FRA(14) 23 B[ IF
KT RE s 1 Hﬁ?’ﬁl

(1+1)

77 = argmin — ||y Ap() Ik + X7l s
)

(16)

XF e AR R (16) FI (1) KB, W0 £/ IR

(7 T 29 SR IGUAN ). DR g 24 SR TXS 7 (o L B 5, BT Az

FAMP SR A (16) I, JEEK Y 19 F R 40028 Bl — 4>
SVD 4R IL L RE T €(q") -

xHD 2 arg r?.isn ;7‘|x —q(” Hi + Zj‘ Ti’j|si_].| : =€(q(t)>

(17)
WG x 403 SVD S, UE RS B 1 =X 2
x. 5, XS x RS A AR I X, = Cx i QLY =

Ca” Mlx-q" 1= ¥ |x, - Q" [ /e Forbt, BT
?E/Tﬂﬂﬂ:ﬁ g, KBz 2R 2
Zz |x. - Q" H - g | s mphe s | X,
%%/T%EWX i Frobenius L4, & T4 MF & 0 £ V7
R M. SR )5, 4 P = [pi,l ,pi,z,""Pi,NJ 2 FHA
ﬁ%%ﬁlﬁg Qim Eﬁ%#ﬁ%i,laﬂ s, = [3,’,1 3Si2s "7
s, ) R X, AT S A R &, AT R [ A 8 T 2, X
Frobenius & ¢ 5 [|X, - @ |} #F — % J& JF. 4 von
Neumann 3 A~ %5 X7, 4 B ( Q" )'X, 1 i



524 i, F

EE ¢ 2018 4F

w((Q) X)W ETY Y ps,, JUA
IX, -0 I =w((@")'Q") —2u((Q")"X,) +
r((X)'X,)
< letz/ - 2214 pPijsSi; T Zl Sij (18)

e (I8) AKX (1) F3B— KT g R AL s
SRR (RN A

225 5 450
st = arg msin ; f% +7i ISL;,' '}
=arg min ¥, (s,;—p,; +c8'7, )’ (19)
XF s, HSR, IEA S EE N 0,158 s, W EeLAgA -
sflj.”) = max(pw. - CO'ZTL-J,O) (20)

Ho W75 07 22 o f B UAR AN T2 1 o7 =
Iz [3/m. N EAT LA h, B F A S EER T T
FRUES R A2 1) LSM J3 A7, 15 B R Ik B 1 28 20
BIESEL co’r, ;B 75 R 5 P9 25 0 8, 1T 50k
RE LU 38 B e F A A SRR s i
=1,2, -+, G 5L A3 S (R P R 3T, 45 20 A0 Bl e o
B XY = Uidiag(s)"") VI 5o o8 i1 (R Hesk 7
By EAE ¢+ 1 R ER .
JFR HZ K% (Monte Carlo, MC) J5 ik A1t
Onsager K¢ IEIFUH Y FHGE 3., 85 1E ¢ BHIL 2 41 K6
DU P 14728 (3 1y 7 ORI LS5 € (¢ %7
P TIOR A T BM3D 2 e 8% S XOfE, 7T 2 UL Sk
[27] 930(21). 53k 1 A9 TASCRE iRk it e

Hik1 ETFLSMERH AMP EMEE

HWA:y,AT,a,B,c,0,x =0,z =y
fort = 1toTdo
(a)  Onsager BT, MC 24t 20 1€/ (¢) I /m.
(b)  BeETH 20 =y -Ax 420V L€' (g" ) || /m.
() AL EWRER " g =x +47 20,
(d) AR RIS T €(q)  BRAR (16) X
fori = 1toGdo
(1) ARG B R by 1 — A S e, 59 S 143 @10
(I % Q1 #F SHESMRIGEN G S R4 s, 0 =
U, diag(s;) V}.
(D) EM SRk RIES Ry, R 7, = (a+1) /(B +
s 1) = 1,2, N IR 22 0° = (|2 [B/m.
(V) HHEA R B s, MR TG T o050 = max (p, ) -
o’ ;,0) = 1,2, N, T A R B S XD =
U, diag(s{"*D ) VT
(V) if i =G, X" I EXE)G , X E AR EGHoRE, 558 &
HE R x D,
end for

end for

5 ZIRERSHW

WA SHE R R R EGIE LSM S5 (1A
ROk, ARG 5T 6 M ELA AR A, IR AR SR
AT i I E LT . 2 5 R R R R
AMP 3™ 3 T W3 B 09 75 Ff 5k WaTMRI' Al
Turbo-AMP"" L K J& |l Jay i o 19 3 B 55 1% NLR-
CcsS™ BM3D-CS" f1 BM3D-AMP". 5z 56 ) 32t [ 1% Ky
WA 4 FTR 0 22 g 128 x 128 [ [ 2k E 4. 5256, 46
XFEUGHEAT — 4 CS UL, P el S A SRR R &R
TR AE B4 A Ay 358 il HEL ok . 5 B A i
B S B AE T MR AN MR PP RS R SE AT, A y =
Ax +v HEF v 15 25 AR Z I AT ML, fe 2 R T
MRS Fir A 5254 AE Matlab R2014a F- & Figq7. fii
131 #1 CPU %155 AMD A10-5800K 3. 80GHz.

K4 22K %

SR BHORL B J = Ay, (1) AR RSl
DL B AU B, Ho A Turbo-AMP . BM3D-CS % NLR-CS
SR B2 20 YK 100 YK 250 Yk, HAYE M 50 K. (2) X
FZ 5B A 2, S %00 R BRI B, B T o0
WaTMRI 553 9 1E AL PR F-IR3 J 0. 8 10,35, (3) A
SR SR A0 A R DL R e B Bk 1 2.
R ESHUTIRA RIS 3 i 28N « =1,8=0.01. @
BESEIRIE AR EBE N ¢ =2.6. @ HIEFT K&
GBRAE T HRAR BRI 777 PR, T 1 /0P PR 4 e e LA
BEB N Z, P RG R SR 6 x 6. @ — M
LB P & B ERAN BN 36 1. B i T B S % g
I DXIRAR Ty $R AR AR , HLA 2 o B b, DR e 2R 7
R SFSCE N 30 x30. © %18 T W&, 2% A
GRS 5 MG,

5.1 LSM 5Ee S5HhiEH HsEien b ie

N T BAIEAS SCE R TR T B LSM SE I 78 £ T 3
R P 7 07 S B0 A TR S R T T X R I
MR 0 UL i B 5 1 s RO S50 Bl
BEE A H B RIS 31 356 T 7 35 47 307 21 56455 70 1 A
e A T RIRI R EMG FUR [R] R AR B A 45 3, %
WRUEBE R 0.25. LAWEE {5 H (PSNR) 1 4 bF
MFEHR,7E 16% 18% 20% 22% F1 24% I 5 > RFEHR
A E 4 BTR B9 22 DE IR FE R AT 5 VR B AL G I UL
TFNEE . (]S 45 th T T LSM g 6 A 3 ir i S 4
(A PR RN E A4 B30 1) PSNR 805 B I S o AR bR RN y
AR 2 7 0[] — I B 53 301 R LSML S 36 1) 3559 R



03 M A SRR RL T R IR G e B S5 AL (eI S AL 3k 525

JHREE RS0y Yo i 9 5515 21 19 PSNR fEL. & AT LUA
PR FPIE DL TR LSM Sei i Sk #0005k I
P e A58k X B0 IE T LSM SG 6 b % 3 1 437 3 ir
Wrocue Al A ROt R K R B R Bk (R B X
oy LSM SG56 i85 ROBE 2 80 — A BE LA B, BEAR s 14
BN A G N X AR R B A S A3

PSNR/dB

20—
20 25 30 35 40 45
LSM JE8

5 F TLSMANREH #5656 1) B S I PSNRXT L
5.2 ZRWNTEMHE XL LE
5.2.1 EMEREEH

FETCMEINEREE T, L3R T 7 FPEEAE 5 D SREER
AR BT, W 6 AL 7 iR, R RSR FHBE L
W75 2, FAL 25 AT — 2 BEALYE, S B AR BE AL , %) 5
R BRI T 5 YR BEALOLIN AN E Y, BT 5 PSNR (172
. & 6 25 T3 PSNR SFRME, /T LAE #: (1) AL
BIRAER A RAERT (1) PSNR - E(E AR & T H B R,
(2) SEFHE R B 1Y 4 Fi A4 B3 USRS i 24 R
RN , LA BCR A/ N B 29 R TR 4 AMP S303: 11
PSNR PR i , B AE R i i 45 A B 3E 5 o B 48
UG S35 5 B AR SCHE 1) PSNRELHEAE 28 0 i
BM3D-AMP 535 F- 3425 1 0. 98dB, 1fif L J 4f AMP 453%
B T 6. 04dB. [RGB AR 1 = B e 12 A1 10 o
B A TR AR SR R A o T o o A D AL TR T 4
T %} Barbara 4l 4 A FTA FAG Y PSNR SEI{E, M
B 2 R 5 18] 6 I EEAS A AT

8 J& 20% FHE 2T PSNR F- ¥ (i bifi ik AQ Rk ¥ de
TR, BIE T AR SO St h A O3k 3k
F EM 5 HE 48, 58 %5 o BT LSM 55 780 2 40 i IR & 1Y
AMP FEH4, K AT LR UE S U 8. B T BM3D-CS Fil
NLR-CS [ 3% ARk F0m 2 F AR 53k, 43 1 24 100 Al
250 IR, WA R FTA Fk XX P ) PSNR 25 i
117 SR FR R AE.
5.2.2 EMEREEN

L Barbara [B1GCR ], 181 9 25 1 T 20% AR AT 4%
FPAA 1 PSNR Rl AC B At 2, 14 10 D2 5151 9
X R A 25 R TR B A IR AL 10 n] DA B8 F
AE JR B BT 114 4 o 54 3503 B 3 F B A 6 240 517 7 e

45

——— AMP

—+—— Turbo AMP
WaTMRI
BM3D CS
NLR CS
BM3D AMP

35 ‘/Vﬂ
30f
25 %

20 . . .
0.16 0.18 0.2 0.22 0.24

RAEH

6 ARIELRAEA 5 S HOPSNR T

40 1

PSNR/dB

45

—*—— AMP
—+&—— Turbo AMP
40 F WaTMRI
BM3D CS
NLR CS
BM3D AMP

[ —a— s
A/A/A/k/AS
25 %

2 ‘ ‘ ‘
0.16 0.18 0.2 0.22 0.24
Rt

K7 RIFEREERT 4R ERYPSNR V-1 (Barbaral4 5)

PSNR/dB
v w
(=] W

N

45

AMP

Turbo AMP
40 WaTMRI
BM3D CS
NLR CS
35F BM3D AMP

PSNR/dB

20

0 1‘0 26 3‘0 4‘0 50

BAREL
F8  20%KFER T IPSNR V- HIE~% A AL £
SRR I AMP 535 () AL QTG M. 7E 2 TR )R
PSRBT 14 4 o BRGS0 vp AR AR R AR A0 S 3y T
Ky DRI 5 SO IR B A AT AR SO
A REBR T TR RES 0 LSM 431, Be g )
BEAAT SR 38 N b Sl AN [) R B 9 29 5, B I R AR
3 BEAF A 205 PR AR RE ).



526 * 2018 4
45 5.3 ABREMNTEREEENILEXE
AV P 5.3.1 EMRR=EITFM
a0} WaTMRI Y WA AR R R R A T, SE IR A R
NLR CS AR AE S MU G B A BT A DACRAE R
5 5[ RaRE 20% Yyl P 11 S5yt T 4 B e 2% o 44 S
2 V10 PSNR SF-#5 {H. [H 2 BM3D-CS $ 35 1 5 4 J50 34
£ 5% TR 1 TR 2% 7 I o A W L 1 55
— b KL 1L ] DL B T DN B A A T,
PR A A ST S AR AEAE AR R R BE A R R oY o =
10 B, A SCRE BTGB F- 2 BEAIR T 3. 60dB. {HJEFE AT
o 10 20 30 @ s AT RBER T ST AR JR 50 5 i FA4 5% 1 PSNR -3
BRI (B EA T — 2 A SCRE R B 5 R G
9 20%RHER T AIPSNR~EA AL IZE (Barbaral&] 5) AMP F1 BM3D-AMP & 48 L, 5] A LSM iRl J5 , AR 3¢
B3R ARAF T 4. 45dB F10. 54dB 19-F-3438 15, DA A
SR X R 7 A T A B
E10  20%RFEE T 5L Barbaral %, B BT MRG58 EIE . AMP(27.38dB)~ Turbo-AMP(25.61dB)+

PSNR/dB

WaTMRI(28.21dB)s BM3D-CS(29.97dB). NLR-CS(29.55dB). BM3D-AMP(30.71dB) 7= 3 £3(31.84dB) I T4 1A (4

45

40

20

——— AMP
—+—— Turbo AMP
——%—— WaTMRI
——%—— NLRCS
BM3D AMP
—a— RIE:

Lot

B R[S SRR N AR B T PSNRT- 2B

5.3.2 EWFREEM

Pl 12 AT 13 73 5] 2 M 7 o 22 O 10, SR AR ANy
20% I}, 25 Fh 35 Xt Barbara [6] {5 #4419 PSNR 2 £
2 AN WAL 1. 5 JC I OL I i i 1 9 AT 10 EE AR
LSRR LU, A 5 MR L0 I g e 3 ) A AT R 1 o
TR R T AE UL R R B SR, DR A B I A
T PG AL & A T e SRS AL Z R
BM3 D-AMP B35 FIAS SCHC 3 ) F AR 45 R 00 IR, AR
A SCH 3 1 240 7 PR 47 BE 0 AL T BM3D-AMP 3
B S SURE R R A A SO S AR X4
AR SO A AE BB BRI A 1 [R] B, 38 RE AR AT B 2 1 [T 8
a4y



£ 3 M R Ae R R T RO TR & e I i 45 4 AL RS B G sk 527
30
281
o
2 /
&
) -/ AMP
Turbo AMP
20 H WaTMRI
NLR CS
15l BM3D AMP
AR
160 1I0 2I0 3I0 4Io 50
AT E13  0=10,20%FFER & FE g EA A BarbaraBg, B _EFI T MAEEIA 2518 FEE

12 PSNR~EARIEH Z(BarbaralEl1%
20% KA 0=10)

6 #ig

BEXF AR T e 45 R A [ AL, AR SCHR T
— PP R AL YT R B A EE A k. o, R T
TR R IR B B, A5 B RE S R AE PR 1 A R T
Mt Se g s SR, 1% AR SR R S B 0 5 LA LT B AR i
PRE T s T R A kR B AR R E A
A . A B R KA i, LSML S IR AL 1) S R A
PAMERRAG T, 68 5 20 AL B 1% 198 030 36 16 T M 7 i AR 5
I, REAS AR AT AT AR A 45 F ST 00 15 8., ATIT 5 B0 5 v Af )
PR E . SCR 25 B0 0E T LSM SE 56 B 78 1 51 AN B
It AMP S0k A R 1A Rk, LB TR
oy B L 2 KA A s 4 R R T B LA S 1Y R

FrfiE

S7%5 3Lk

(1] RV, RIS, A, . B TR 7 HEIL AL Y B e

WIRZIC BB B2 5L [T ). B 12740, 2015,43 (7) : 1308
-1314.
Yu Xiao-dong,Lei Ying-jie, Yue Shao-hua,et al. Research
of PSO-based intuitionistic fuzzy kernel matching pursuit
algorithm[ J]. Acta Electronica Sinica,2015,43(7) :1308
—1314. (in Chinese)

[2] Beck A, Teboulle M. A fast iterative shrinkage-thresholding
algorithm for linear inverse problems[J]. SIAM Journal on
Imaging Sciences,2009,2(1) ;183 —202.

[3] He L,Carin L. Exploiting structure in wavelet-based Bayes-
ian compressive sensing[ J]. IEEE Trans on Signal Process-
ing,2009,57(9) :3488 —3497.

[4] Donoho D L,Maleki A,Montanari A. Message passing al-
gorithms for compressed sensing [ J ]. Proceedings of the
National Academy of Sciences, 2009, 106 (45) . 18914
-18919.

AMP(25.90dB)~ Turbo-AMP(24.83dB)~ WaTMRI(26.23dB). NLR-CS(27.95dB)-
BM3D-AMP(28.36dB) 1A L H1:(28.70dB) H F A4 [ {4

[5] Donoho D L,Maleki A, Montanari A. Message passing al-
gorithms for compressed sensing: I. Motivation and con-
struction [ A ]. Proceedings of Information Theory Work-
shop[ C]. Cairo,Egypt:IEEE Press,2010. 1 - 5.

[6] Rangan S. Generalized approximate message passing for es-
timation with random linear mixing [ A ]. Proceedings of
IEEE Int Symp Information Theory [ C]. St Petersburg,
Russia: IEEE Press,2011.2168 —2172.

[7] Vila J P, Schniter P. Expectation-maximization Gaussian-
mixture approximate message passing[J]. IEEE Trans on
Signal Processing,2013,61(19) :4658 —4672.

[ 8] Basarab,Kouame D,Bull D R, et al. Compressive imaging
using approximate message passing and a Cauchy prior in
the wavelet domain[ A ]. Proceedings of IEEE Int Conf Im-
age Processing (ICIP) [ C]. Phoenix , Arizona; IEEE Press,
2016.2514 -2518.

Donoho D L, Johnstone I, Montanari A. Accurate prediction

—
=}
i

of phase transitions in compressed sensing via a connection
to minimax denoising[ J]. IEEE Trans on Information The-
ory,2013,59(6) :3396 - 3433.

[10] Chen C,Huang J. Exploiting the wavelet structure in com-
pressed sensing MRI[ J ]. Magnetic Resonance Imaging,
2014,32(10) ;1377 - 1389.

[11] Som S, Schniter P. Compressive imaging using approxi-
mate message passing and a Markov-tree prior[ J]. IEEE
Trans Signal Processing,2012,60(7) :3439 —3448.

[12] Hua K,Hidayati S C,He F,et al. Context-aware joint dic-
tionary learning for color image demosaicking[J]. Journal
of Visual Communication & Image Representation,2016,
38(C) :230 -245.

[13] P& R, SR A, 45 S TR/ ME 1 TR 48 B
BRI FEL [T ] i 1240, 2016 ,44(3) :572 - 579.
Shen Yan-fei, Zhu Zhen-min, Zhang Yong-dong, et al.

Compressed sensing image reconstruction algorithm based



528 i, F

EE ¢ 2018 4F

on rank minimization[ J]. Acta Electronica Sinica,2016,
44(3) :572 - 579. (in Chinese)

[14] Dong W,Shi G,Li X, et al. Compressive sensing via non-
local low-rank regularization[ J ]. IEEE Trans Image Pro-
cessing,2014,23(8) ;3618 - 3632.

[15] Metzler C,Maleki A,Baraniuk R G. BM3D-AMP: A new
image recovery algorithm based on BM3D denoising[ A].
Proceedings of IEEE Int Conf Image Processing ( ICIP)
[ C]. Quebec City,QC:IEEE Press,2015.3116 —3120.

[16] Egiazarian K, Foi A, Katkovnik V. Compressed sensing

[

image reconstruction via recursive spatially adaptive filte-
ring[ A]. Proceedings of IEEE Int Conf Image Processing
(ICIP) [ C]. San Antonio, Texas: IEEE Press,2007. 1-549
- 1-552.

[17] Dabov K,Foi A, Katkovnik Vet al. Image denoising by
sparse 3-d transform-domain collaborative filtering [ J ].
IEEE Trans Image Processing,2007,16(8) ;2080 —2095.

[18] Mairal J, Bach F, Ponce J, Sapiro G. Non-local sparse
models for image restoration [ A |. Proceedings of IEEE
Int Conf Computer Vision (ICCV) [ C]. Kyoto, Japan;
IEEE Press,2009.2272 —2279.

[19] Dong W,Shi G,Ma Y. Image restoration via simultaneous
sparse coding: where structured sparsity meets gaussian
scale mixture [ J]. International Journal of Computer Vi-
sion,2015,114(2) :217 -232.

[20] Garrigues P,Olshausen B A. Group sparse coding with a

e 55,1985 AR A TR, L
WFFELE, DF5E 07 1) 0y JE A R 2 A o B

Laplacian scale mixture prior [ A ]. Proceedings of Ad-
vances in Neural Information Processing Systems [ C].
Hyatt Regency, Vancouver: IEEE Press, MIT Press,2010.
676 - 684.

[21] Tibshirani R. Regression shrinkage and selection via the
lasso[ J]. Journal of the Royal Statistical Society ; Series
B,1996,58(1) :267 —288.

[22] Dong W,Shi G,Li X. Nonlocal image restoration with bi-
lateral variance estimation;a low-rank approach[ J]. IEEE
Trans Image Processing,2013,22(2) .700 -711.

[23] Dempster A,Laird N M,Rubin D B. Maximum-likelihood
from incomplete data via the EM algorithm|[ J . Journal of
the Royal Statistical Society,1977,39(1) .1 - 17.

[24] Combettes P L, Pesquet J C. A proximal decomposition
method for solving convex variational inverse problems
[J]. Inverse Problems,2008 ,24(6) :1 —27.

[25] Wright S, Nowak R, Figueiredo M. Sparse reconstruction
by separable approximation [ J]. IEEE Trans Signal Pro-
cessing,2009,57(7) :2479 —2493.

[26] Gu S,Xie Q,Meng D, et al. Weighted nuclear norm mini-
mization and its applications to low level vision[ J]. Inter-
national Journal of Computer Vision,2017;121(2) 183
-208.

[27] Metzler C,Maleki A ,Baraniuk R. From denoising to com-
pressed sensing[ J]. IEEE Trans on Information Theory,
2016,62(9) :5117 -5144.

OWA(BREEE) 1965 £4E TR
Wl B, 1 A SO, ST e SRR
BRI (E 5 Ab 2L

E-mail ; eelhma@ scut. edu. cn



