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wo (T2 ] &)
(43)
Horp,
9. (4.6) = ZZN (y|PaPp.,R.) (44)
> mN (y|Pa®w, Ry)
=1
Hi (43) A AIME S « BIR KA

x|y, O sz (y,©

z|n-(y,0),C. (y,0))
(45)
ATUEES 2 MERMEE—1 GMM, % &
o3 A BT ER | BTy 2 R R AR T A ) e 25
RUABAKRIMSER K.
2 & FR NEGRI AR y PIKE RIS, X
HR A5 142 (mean square error, MSE) /£ 4
PR SFL TN FE bR, T

MSE://Hw—:i:\lgp(w,y)dwd% (46)

OMSE
4 DM
ox

— 0, w4

i:/ﬁﬂwwwx:&m@@% (47)

ML 3155 25 50 i B By 0 () 1R 41

& fe /N )7 1% 2% (minimum mean square error,

MMSE) & 3T Ry Akt 20, Jp
Tmmse (Y, 0) = :c|y@ (x)
—sz y,0) 1. (y.6). (48)
5 HWEERE M

M TSSO convGMM X4 i EUR AL
Sy AREAT AR, DAL AR MR RO, TR 4=
(A&, Sk T 5 MMLE-convGMM BiEz B INECR,
AR T AR P I B R R T AR

1) £ convGMM H' 2k H 1 38 & B ((2) #il

(3) 3), DA 3645 BLZ 57 Fus = vee (. « §) i
DA FH A 26 10 P B 1) BTG B 56 R R 30 e o, ik
F (8) H—IK 2D-IFFTs, Pk 2D-FFTs 4
B bR o s S I PGS . TR R AR
MO (N - No)? JHNEIO ((Ny - No) logy (N - N)).

WEER R, S 37 convGMM AL
g, (12)—(14) Kb S8, LURER 4 15

FE4E =25 y PIRE RS =, (48) h 24U

T, HA R (8) 2 iy 2D-FFTs Al 2D-IFFTs
SEEPRL S

2) 7E MMLE-convGMM 5.3 () 2 A% 1 #2 o |
(27) SRR R TR R 2 RR. A

N

t—1

A=Y oY
i=1

I =(t—1)

X ((H))’ (t—1) (iz(t1>)’ (t—1)
_ A Ap
Az Agp
(49)
/\EF|7
N
A=Y ol

i=1

Zp(t 1)'—1(; 1)7
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A21 - szz )< iz )) ’

Azg_z,ﬂ U (wen s (20) =00,

S5 ey E}j”ﬂ’ﬂjt/l\ﬂy (N1-N2)x (ng-no), WIFE
M A P R/NHK (N1 No+nq - n2)x (N1 - Na+nq-n2).
TR B4 XS (49) 20K, WA Cholesky 77 fiff ,
HITREE IR
0 ((N1 Ny +n1-12)°/3+ (Ny - No +ny - n2)2> .
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Al { A Ap ]‘1

A A
[ M —MA12A§2
A ADM  AZ + AL As M A A
(50)
Hr,
M = (A — A12A2_21A21)713 (51)

TR YE Woodbury HEREESER, BAERE M ALfN
M= A7+ A7 Ay (A — A21A111A12)_1A21é121)1.
i (50) F (52) AT LI, 7158 A-1 i F 2R
BIETR AL, (Ags — Ay AT A) HIAGL.
THIE A XA, A E’Jfr%;g;—fu 21 .
s A221 il (A22 - A21A111A12) E/J KNES K
(n1-m2) x (ny-n2), fB 17K ¥ &2 2% R
O ((n-n2)*/3+ (1 - ) ). 764 UM 45 10k U
KN F, e Rmxmgm /N F -G K/ X e
RN <Nz R 3R 08 5 B 43 B oK 386 Fi Woodbury
FEREE SR, R AR IR B 8 E N
0] ((N1 - No+nq ~n2)3/3—|—(N1 - Ny +n4 'TLQ)Z) A%
#o ((nl n2)* /3 + (my -n2)2>.

6 5 EEREAHN

AW TE = A s ME B 45 L 59 iF MMLE-
convGMM Bk AR, 1ok, 5 HAD B =46
UM LM L, s R T GMM i MMLE-
GMM 3k 0] 9y A8 58k vh (1Y) 1F 22 DC L 38 25 5k
(orthogonal matching pursuit, OMP)R! ™ f fk
FET R YALLL 5k B2 DL R G i i/ME b, 18
BORAFIEE RS (group basis pursuit) [T X
LB % (generalized alternating projection,
GAP) Fvk B3 —Fp o3k (P 52 1k Rl 1ot A (B {5
I Lt (peak signal to noise ratio, PSNR) 2K PEA.
X+ OMP, YALLL Al GAP, X HL ik BUB HU 4% 7%
AR (discrete cosine transform, DCT) 5 [E/E A
B B %, id o8 “DCT-OMP” ,“DCT- YALL1” Al
“DCT-GAP”. 4k, SCHR [24] i $2 4t T KSVD-
YALL1 B H TRIR BB IR E , 25805 e
H KSVD BETEEMRH | 2% 2] i i 7R 1) - 3L
TR G 2% > 1 B - LR o b R R TR
M 7L, PRHASCHIg in T KSVD-YALLL 53k

VE HE#S.

6.1 CIFAR-10 #{#E&

B /o7 CIFAR-10 %4 % 29 | 554k MMLE-
convGMM B3 A %ME. CIFAR-10 54 &
10 28 32 x 32 K/ AR BMR A B 8 i 4% , B —
K E B A 60000 7K, H 50000 5K Il Zk B 14
10000 5 A 4. X B AL P EEHL T 3000 7K
R (5 —2EMR L 300 5K) TR HAE AL A K B &
ST AR IERAL. FeT58 4 W0 R4 & i, &
Jels Rk ER S S TR PG IR BT, FERTE R
25 AT RERAE . RFEZ (sampling rate) & X
KRG RAEE m SEURIERE n Z 1, XHETE
SFREZ N 0.05 BEHNF 0.4, BRI A KK 0.05, B
m/n € {0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4}. JE 4d
DU M bR 25 R o = 1072

K 2 45 T 7E CIFAR-10 EIEH, A [F) s 4 )%
WV 4 PSNR BERRE 21 AR LI L,
" LIE H MMLE-convGMM B B4 T1E 5 04 £ 45
JENEEE  MMLE-GMM &3 it fEk 2. DCT-
YALL1 5 DCT-GAP W K3 M e b 53k i B
VEREAH Y. 20455 5 DCT-OMP B35 o B A b,
{HHMR R PERE HL M AL SRk 2%,

22 + . o
—
18 + " et
as] S —
§ / L
<
/
% 147 // / /4
A g 2 /4/‘+ MMLE-convGMM
L /4 —e— MMLE-GMM
10 1 '3/4 KSVD-YALL1
< —v— DCT-YALL1
DCT-GAP
6t — DCT OMP
0 0.1 0.2 O 3 0.4

Kl 2 CIFAR-10 %, A A 57 i T ¥ 52 K12 19 PSNR B
SRR AL AL

Fig. 2. Averaged PSNR of reconstructed images from CI-
FAR-10 dataset as a function of sampling rate.

6.2 Caltech 101 #(E5&

N T TR — S i RS B AR
MMLE-convGMM BEAA %, A5 Caltech
101 % d 4E 29, Caltech 101 $dE 82 B 101 26 A 4%
R FTE A, B—2R R 40—800 7K, HAE—ikK
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B B K /N2 300 % 200 3% BL e BCH: ip < kALY
K, 3k 800 7K. 1 S BT AL R BE EHR, B
P HGE— 128 x 128 R K. A HAb R E,
FERAEA AR P | 7S 7KOF-[R] CIFAR-10 %54
DT, B 3 ARG BAAE K E PSNR
b REER ARG L. BLAh, 7EIE 4 R T RE
HLIEHLAY 12 3K Caltech 101¢ AL MR AEA [R5
PR WG, RAEREE N 0.4

M 3 FIEL 4 ] LIE Y, 28T CIFAR-10 (1)
i B25 . MMLE-convGMM 5. 55 B & 48 F HoAlh
() FE 4 RN SR 0%, BLAERAERN 0.4 B, A
K41 PSNR 5% T 28 dB.

28 + ]
I/.;'
r ./I/ e
24} — o—° 5
/
| ././ /0 v/v‘%
g
@20t e
3 / <
@ I —
<
AR
a9 S —m— MMLE-convGMM
12 b / —e— MMLE-GMM
L —A— KSVD-YALL1
/ —v— DCT-YALL1
8r A DCT-GAP
L —4— DCT-OMP
4

0 . O:l . 012 . 013 . 014
B 3 Caltech 101 B, A5k TR & EI{R K PSNR Kl
RAERM AL

Fig. 3. Averaged PSNR of reconstructed images from Cal-

tech 101 dataset as a function of sampling rate.

Bl 4 REERN 041, 125K Caltech 1014 KL BURZE R R FE TR E B M (a) JEEE; (b) MMLE-convGMM T B9 &2
1% (c) MMLE-GMM F K & 114 (d) KSVD-YALLL F W& & K14 (e) DCT-YALLL F IR & K% (f) DCT-GAP T k& &

14 (g) DCT-OMP T (% & {4

Fig. 4. Reconstructed performance comparison of 12 randomly selected “airplane” images from Caltech 101: (a) Original images;
(b) images reconstructed by MMLE-convGMM; (c¢) images reconstructed by MLE-GMM; (d) images reconstructed by KSVD-
YALLI; (e) images reconstructed by DCT-YALLI1; (f) images reconstructed by DCT-GAP; (g) images reconstructed by DCT-OMP.

All of the sampling rates are 0.4.

6.3 CelebA #IEE

I A 1E & A R KR CelebA (Large-scale
CelebFaces Attributes) £t#fg4E 7 I 5iF MMLE-
convGMM 3 G & . CelebA Hdls 4 & A
i 200000 5K HNER, FHEEBA 40 AR TETE
B 2B TP R RS LA T AR A B
S X L RIS S — R 256 x 256 (R . 5] 5 2
CelebA FEE A PKE PSNR Bt % K B 5 1 28 fb 1
Ol B 6 JEan T FEHLIE T CelebA EURRYVK I
B, SRAERBEE R 0.4, ATLLIE H MMLE-convGMM
SEAE RS R A BRI AR RCR. 22k
FERN 0.4 I, KA IEE 9 PSNR 2 30 dB.

180701-9
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28
26 [

24 ¢

PSNR/dB
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20 r

18 \ \ \
0 0.3 0.4
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Bl 5 MMLE-convGMM 5 3 ¥ & CelebA [# {4 i) PSNR
I SR A 6 14 A
Fig. 5. Averaged PSNR of reconstructed images from

CelebA dataset as a function of sampling rate by MMLE-
convGMM.
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K6 BEHLIEIUY CelebA BRI E 15 TE

(a) JE &4 ; (b) MMLE-convGMM S &2 1 UG, SRAEZE R 0.4

Fig. 6. Reconstructed performance of randomly selected CelebA face images: (a) Original images; (b) images reconstructed by

MMLE-convGMM. The sampling rates are 0.4.
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Abstract

Statistical compressive sensing needs to use the statistical description of source signal. By decomposing a
whole image into a set of non-overlapping or overlapping patches, the Gaussian mixture model (GMM) has been
used to statistically represent patches in an image. Compressive sensing, however, always imposes compression
on the whole image. It is obvious that the entire image contains much richer information than the small
patches. Extending from the small divided patches to an entire image, we propose a convolutional Gaussian
mixture model (convGMM) to depict the statistics of an entire image and apply it to compressive sensing. We
present the algorithm details by learning a convGMM from training images based on maximizing the marginal
log-likelihood estimation. The learned convGMM is used to perform the model-based compressive sensing by
using the convGMM as a model of the underlying image. In addition, aiming at the problem of high-dimensional
image that makes learning, estimation and optimization suffer high computational complexity, all of the
training and reconstruction process in our method can be fast and efficiently calculated in the frequency-domain
by two-dimensional fast Fourier transforms. The performance of the convGMM on compressive sensing is

demonstrated on several image sets.

Keywords: convolutional ~Gaussian mixture models, statistical compressive sensing, expectation

maximization, convolutional sparse coding
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