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Fast reconstruction method for compressed sensing
model with semi-tensor product
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Abstract: To reduce the storage space of random measurement matrix and improve the reconstruction efficiency for
compressed sensing (CS), a new sampling approach for CS with semi-tensor product (STP-CS) was proposed. The pro-
posed approach generated a low dimensional random measurement matrix to sample the sparse signals. Then the solu-
tions of the sparse vector were estimated group by group with a /,-minimization (0<g<l) iteratively re-weighted
least-squares (IRLS) algorithm. Compared with traditional compressed sensing methods, the proposed approach outper-
formed conventional CS in speed of reconstruction and that it also obtained comparable quality in the reconstruction.
Numerical experiments were conducted using gray-scale images, the peak signal-to-noise ratio (PSNR) and the recon-
struction time of the reconstruction images were compared with the random matrices with different dimensions. Compar-

isons were also conducted with other low storage techniques. Numerical experiment results show that the STP-CS can

effectively reduce the storage space of the random measurement matrix to and decrease tow orders of magnitude

of time that for conventional CS, while maintaining the reconstruction quality. Numerical results also show that the re-
construction time can be effectively improved 260 for the image size of 1 024x1 024.
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2 19.636 6 27.603 6 313383 33.4877 353330 37.4112 39.699 2 44702 1
Peppers 4 20.766 3 269173 312373 329321 352656 372705 38.834 2 435451
(256 15 %x256 15.%) 8 19.018 9 272323 312716 327499 34.830 6 36.700 4 38.845 1 435929
16 18.756 4 25.921 4 30.783 0 32,5543 34.467 2 36.488 1 38.073 3 435148
32 18.0757 253735 29.429 6 31.7952 329975 34.157 8 36.986 4 41.876 1
1 25.526 1 29.8509 342887 35.074 8 36.053 6 37.651 6 39.0350 41.8855
2 25.458 2 30.1920 342163 357679 36.506 8 37.436 6 39.727 8 422879
Lena 4 254123 29.578 1 34.124 7 35.086 4 36.342 2 37.493 0 392705 424337
(512 B %512 8 %) 8 25.7514 29.734 7 33.2258 35.286 4 36.226 6 37.530 1 38.5910 41.950 1
16 25369 5 30.683 7 33.117 5 35.002 9 36.594 2 37.237 4 38.9919 42.083 8
32 24.926 4 292195 33.0157 34.907 1 36.0359 37.795 8 383171 412546
1 19.9742 224287 25.103 1 26.572 4 28.694 6 30.274 1 32.8959 37.8610
2 20.084 6 22364 1 25.067 4 26.581 1 28.903 9 303156 325296 37.656 2
Mandrill 4 19.842 0 22.266 0 25.0256 26.7100 29.230 6 29.942 1 32.008 4 37.959 1
(1024 551024 B3%) ¢ 20.179 6 223724 24.948 5 25.943 3 28.804 9 30.318 6 32.2554 37.249 4
16 20.185 0 22.668 0 24.889 7 25.877 1 28.8253 30.312 6 31.957 1 37.262 6
32 19.298 5 22.049 6 24.892 6 26.090 4 28.392 9 31.465 6 31.8339 37.049 6
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¥ iR o539 &

GHAT A8 KA TSI EAY . FEEE X Lena
Mandrill 55K RSB, fig 54 2o R FACH BE AL
UL B SIS SRR A% 5 1 PR 4 R BF HLORFF T 8
(R EE AL ARG L

TREAR 2, BEAE LI HE B R e s/ (BT >~8
I, HAR Peppers HUAA 5T i R34 (A5 A BH 1) %
%, AR A E RS IR R (P98, FLHAL) ot —
TEATAE FREMEH . E 50 IRV A RAEFI TR SEE
1, XFT Peppers 115, LA TR EA S5 Rk 2
BGERL T =1 BRI I AR BGHRE A€ (1)
ARG R IR, 45 R G0 AL BRI AL B e 8 s
H 2 RIP R, IR REEAS 2R = (1 B A
R, Wlesid SR T ) R R, X s, HE
FRGA BRI AT UL B e g a2 RIP Rtk i
RESLHINT IR AR (S 5 ARSI E A .

X 3BT IR 50 YRR RAT A R T 55 1)
L. R 3 A, 2 =1 I, X T AdRAEE,
Peppers FLAY TG (1IN RIZ0 0 61.25 55 34 =2
W, TR L0 17.875 s, HERTFT 3
52 WA ¢ AREERR, FEAL I IR IS TR R S BRI

HWERPHET TIE 11 52 C4 =8 1. BEE R
JUSTIRI K, JLF AL N ) 52 Fi5 £ i, 49140 Lena,
=1 I, AT ANCRAER, Lena TA T I
WHAIZ 0 1579 s; 24 =2 I, FERIFFINTZ)
268 s, HMJEHETF TIT 6 fif; WA ¢ SREEHGR, FAY
JIT 0 (RIS TR R FAIG, TR S DR T T3 69 % (24
=16 I, I FE AR ALY 4 23 86 1% T Mandrill
M, Ml B, BEE SRR, LR E
I [A] & TCiE B2 11, 1R AR SC BT I I 53 21 7
Jiik, HEMPT TR AN 99 s (4 =32
N, R TIE 260 1%, HORHBARTE T K
JFSH G F A R SE I

Zr LT, R ASCHTR AR IR B A T
i 4% JR RAE RN oy TR (1) 730, A6 AR AIE T4 i
(TRTHE ™, BE AT e B AR OMR N 6 % B 785 1140 47 fids 2
], NP RKEETH M SE R, X0 T E— D 4h
Jo e 445 TR AR 1 S B N FH AT R B IR s X

IbAh, R SCHTR If 4 4 A S R 4 Tt
) SIS M () 32 SRR TR R i s P s

Wﬂﬁ&t%,ﬁﬁﬁ%ﬁ$ﬁ%¥o%%t%ﬁ

=3 RRX /MBS EFEHL NP E 2 4E B G E AT 8
A /s
SR AR S t
0.1250 0.250 0 0.3750 0.437 5 0.500 0 0.562 5 0.6250 0.750 0
1 15.43 29.92 4458 67.86 68.74 79.81 87.54 101.1
2 6.63 11.36 17.22 19.92 20.88 22.46 23.80 25.55
Peppers 4 418 6.70 8.36 9.12 9.22 10.04 10.89 11.15
(256 15 #x256 153%) 8 4.16 5.08 5.79 6.04 6.11 6.63 6.08 6.21
16 5.13 6.27 6.56 6.56 6.30 6.59 6.29 5.90
32 6.34 8.13 8.73 8.86 8.89 8.96 8.56 8.00
1 34327 799.88 1148.72 1502.25 198127  2089.41 214990 262218
2 73.29 145.95 241.79 283.20 299.61 32755 357.10 421.12
Lena 4 27.33 4522 7033 86.18 86.93 99.41 97.01 102.31
(512 5x512 1759 8 15.52 24.40 31.65 37.24 41.09 4133 4420 44.87
16 1772 19.00 25.18 27.15 27.78 27.74 27.67 27.58
2 1677 16.56 2234 23.95 24.50 25.33 25.48 26.15
I 729030 1725607 2167850  30188.10 3547123 3967634 4252723 43 109.70
2 137294 319625 442600 642335 7239.75 8097.23 30643 905533
Mandrill 4 28738 596.67 926.51 1217.80 1270.33 1581.75 1688.3 1692.5
(1024 BEx1024 55 g 99.87 210.04 327.23 369.90 368.14 418.80 442,65 482.11
16 8583 123.42 149.09 167.18 171.70 177.75 199.72 204.44
32 7328 83.17 92.48 104.28 112.36 112.39 113.02 113.65
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EERAE: PR BB AR I Y PR A i <35

K, BRABHRKEERE 2 g/, AT AR T A 20 F Ay
ITHES R, STt T EA I S 1.

A E AR UETE A FTER TR N, X AR
SRR A, R AROUL I R (R A i = 1a) 5 L]
P EA S e, D RE P IR UE AR ST IR UV )
R, TRATFI 2 048 155 x2 048 155 K/NK
Cameraman G HEAT T — 41K, B RAER N
0.5, ¢+ 7 H 1. 8. 16, 32 1k 64, SEHHAT T
10 7K, ) el 5 0 (R 5 sk L R B Ay I [ f) 1
YIEWER 4 s,

F4 FEX/NDBSEREN N EEFEEH Cameramen B1R

mm%%<mm@$nmm@§,%;u>

t PSNR/dB HE 1) /s

1 57.096 3 3.4x10°
8 57.2190 4329.12
16 56.879 4 964.16
32 57.100 5 262.25
64 56.864 3 124.97

M 4 WTA, AR ST s T RR S
1%, Rl e e G A 1 SE R PE B R ORI 2
FHEH

h T kg MR s A ST I VR AR R
BATEEL T =1.16 J 32 It} Lena K% TEA PSNR
AR [ 23] 7 O T EM I . PSNR {HFIK
FEZI 3 4ERLEE, Wil 4 s, B4 JEIL T AT
RO IEAE RS2 B SRTHER .

- 02
200 Rkt 2L
N

30
PSNR/dB

B4 ANFEYEEO AR T 2 4 R PEREELER (Lena, %:0.5)

5 A5 SR AR fif I 4 B 7 R AR B s

g, FEE SCRI6]FT 781K 53 PR 4t 850 7270 3L
BR[10]1 1] Kronecker MR A VERAT T LK.
BCS s 4 K A I iR B 46 AR 23 1o /N A 55
R (i 16x16), B A iR BOE RERFER, 1
e O R S0 Ty PR AR R AT 3 B SR R A
Kronecker &4 8 H1 72 1 SR 15008 IR R A 2644
AN ECE T AMICHOULIRE [, BE 5 R H Kronecker
18 SR g — AN KN 5 A% 8 TR 40 S0 7 18— FE W
WFERE (M=ND AT R4 RAE IR AT 2 R E . A
SCHTIRIE) STP-CS 7 VR4 1 IR AT 28 1 S iy
NN RE (1) X JEAE 5 BT 4 /R
FE, BEFUAT A . XT3 FAS R AR A i1k
FEARIBEN T30, WAL bk id s A2 SR FH P 00 0 e e
KNG EGERAE 7 X

SEEGH, X BCS ki e AR RN
16x16, Kronecker /774K 2 NMEFE (—AK/N

. w M N o e g
ﬁ%%%*4ﬁ¢ﬁ7%3ﬁﬁ%gﬁzﬁﬁﬁ

X R IAR R, ASCNETRGE =2, 4. 8. 16
H32, SR ILINHE RES8) Ay AT U N AR B,
FSTIRA 1,708 (¢=0.8) ) IRLS J5ik. XFLbsE

%$&%%%ﬁ%ﬁ%:mxowmwowmﬁm

0.437 5. 0.500 0+ 0.562 5. 0.625 0 }% 0.750 0. %} Lena
P (1) 7N 25000 333047 50 YCRAEFNEL AL, BU PSNR
(R SA BRI FE AL INF (RIS P 348, J3lanse 5 ik 6
FioRo

MR 5 PSNR AEFT 7R, X TAH IR KA 2,
FIA SRR 715, BIAER ] =32 I ) i B LW
EERE,  SLPr A3 A I (1) PSNR AE S5 BH Sl s T3¢
BR[10]f%) Kronecker J7ikprfaai &, HAHLLSCHR[6]
(f1 BCS J5i%, ASCHik¥fedinoiiid BCS Jik
iRt o oAk, X1k 6 AR ERIE ], A
OTEW AT Kronecker J75;  H A KAL)
PEmr, AT 7 I EE A S I AT BCS
ik

T LR IR A, A0S LS, X T BCS ik,
ORI IR BT F A oA AR ORI, HoX
F Kronecker 57k, FHiE4T Kronecker 125 11 2 >
UL B2 A /I %o L ) 5 A TR A o AR K R R
Wi o TR FHAS ST 7925, 3% FH IR M) 4 /)
FEAGY T T AT S o

ZE LT, ASCHTAR) STP-CS 4 A 7Y
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36 W ofE ¥ M o539 &
x5 S H R0 E 4 B AN 77 0E LA OIS E(EE L (Lena 512 53 x512 {5 &)
WL 5 W5 EL/dB
L5 IS0 T
0.1250 0.250 0 0.3750 0.4375 0.500 0 0.562 5 0.6250 0.750 0
AL =2 25.4582 30.1920 342163 35.7679 36.506 8 37.436 6 39.727 8 422879
AR =4 254123 29.578 1 34.1247 35.086 4 36.342 2 37.493 0 392705 424337
AR =8 25751 4 29.734 7 332258 35.286 4 36.226 6 37.530 1 38.5910 41.950 1
KR =16 25369 5 30.683 7 33.117 5 35.002 9 36.594 2 37.2374 38.9919 42.083 8
AR =32 24.926 4 292195 33.0157 34.907 1 36.0359 37.795 8 383171 412546
SCHik[6]BCS 243314 29.6333 32.984 7 34.6575 36.3349 374367 38.628 1 41.4903
CHR[10]KroneckerCS 25.060 9 28.349 7 29.528 1 31.1215 33.7853 34.9810 35.296 1 37.2372
%<6 S5HEMREMEEHERN A A LR EMRTE (Lena 512 & <512 &%)
T 17 /s
HEAR N 57
0.1250 0.250 0 0.3750 0.4375 0.500 0 0.562'5 0.6250 0.750 0
AL =2 73.29 145.95 241.79 283.20 299.61 327.55 357.10 21.12
AL =4 27.33 4522 70.33 86.18 86.93 99.41 97.01 102.31
A =8 15.52 24.40 31.65 37.24 41.09 41313 44.20 44.87
AR =16 17.72 19.00 25.18 27.15 22.78 25.748 25.67 26.58
A3 =32 24.77 26.56 28.34 28.95 26.50 26.633 26.48 26.15
SCHR[6]BCS 24.149 3 26918 8 35.43 55.60 7131 94.93 122.27 196.38
SCHR[10]KroneckerCS 230.79 542.66 989.49 1212.8 1649.6 1879.1 21322 24483

A DA AR A0 R S5 X B A 5 1 s 4 K
B, HAERIE A ORI ATS &, SO T Ay
(ISP, O RS B 1 AL IR e P 5 F) £
i 22 1] o

4 ZERIE

S0 s 45 e SR K RO PR 45 12 T o A7 1) i
HUSEINH R o FHAOR A 22 1e) L S AA S 2 5%
e, B T — PR AR WL 0o St o ok
TR I GRAE M A A K. FIZIT i,
B T LK B AR R 4 P 5 (R A s ), SO
RIS PR B 23R T T o

AR SCE B2 gk R AR B SR B L0 B AT
P GHRFEIO AT AT PR AT A e oy 2 FROR i
17T ER T, JFiad 2 4 EBAE S0 A SR Ty
TEAT TR LR S RN, ARIASCr
BTk, AEORUEEA R NIRTSE Rl U
AR RE B e A (R a3 1) ORI SEIR 5 2R, 4 b%

1&%%@%&&@@ N, AT AR AL G i

M EM TR 5, EFERKKRTTE
R st R A 0 K RS UG R T B, 3 4
=8, 16 32, HIEMM AL P REde T A, 4k
H =64 I, BT %) 2 048 15552 048 5 3= /M KR,
TR AT T IE T

R 3 12 ok B AU OR (1) TR 46 B g VR e AT —
U i 0 AR 2D R AE ST : 1) 5 EAE R e Lk
— 3543 BT AR W 0 4 82 5 A 9 000 R A %o i A
GHHATHRACRI G, SRIBE S Z B ZER; 2)
TPk P T R R W IR B i () S A o,
W 795 WA T B SR i - WA 1R THE 5 I G 5T
i, ik, R REER B PNE SR I R R AR
FEMITEA 738, AFILRERESETH M T, RERHITU
DU R A7 2 R — AR T AL () ST

FIHASCHTIR J5 8, 856 S8 br N IR B 5 4%
P, RS TE R /NOUIAR B, 6 1 He 45 8 1) s
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557 3] EERAE: PR BB AR I Y PR A i <37

PSR AR BRI
M1 FKERER

Jeok s f gL (STP, semi-tensor product) & —Fh
WA TR RN TR T S kR RE
() f) —MOFTIs 50, B2 2 ANFERE 4 F B AL A4 1514
B AT RS BOCR N, W& 2 [ HY ] kAT Ze 5k
R R,

EX1 BT R ap diATmE, X &2 p 4e5in
WM T O8I p NMERIGE T, T, T, BN n 4
TIE, R SO A

=N

)4
TxX=)TxeR" (26)

i=1

H, x e X (=1,2,p)0

I (26), H

TxX=Tx +T°x, +..+ T'x, +...+ T’x,
Ho, TR A o AT, X, DS X P
TR, W Tix, A2 — KB n AT, Tx X
FAFIREE A —A n GEAT &, Bk, SEILT 2 MRS
k.

EX2 H®AeR™,

p e n A, AT

BeR”™ . W n 2 p KT E

C=AxB 27
B C A Rl B I0/EKERL R, C=(C")=
ROM}[(A)IXCOI/(B)’ i:1729"'9m’ j:1727”'7q°
MTEX 2, Wonatp AT (p=nt), a;eA, b,eB,
WREIFRQT, H

a, a,, by, blq
c= Pl :
aml amn bpl Pq
B" BY
ay A,
= N :
nl nq
aml amn B o B

Hrp, BV (i=1,2,---,n, j=12,-- )R BEHIE B I i
By B n PSR, H BY 22— KRN ¢« A&
R E X1, ReDEE TR

n n
il iq
§ a,B § a,B
i=1 i=1
c=| :

n n
il iq
zam[B ZamiB
i=1 i=1

A (B SZIR T 46K A4 F1 B (020 25k i BUS 5,
MR 1 WFEeX 2 PRt 4 #1 B, 35 n=p, WH
Ax B=AB , W5k ERURB NG FER .

MR 2 2 ANHFEK A sk R AT LUR S 5 R
T 2 W7 AN RERE O BB 5 — AN FERE AT B 2 IR ok
AL W

F,, xG.,  xH

gstxl -

(FxG), xH

pxgs gstxl

(FxGx H)

ptxl

(28)

HR3 HEx TN, MRS ERYEE, T«
e, W
(FxG)x H=Fx(Gx H) 29)
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