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On Optimization of the Measurement Matrix for
Compressed Sensing Systems

ABSTRACT

Compressed sensing (CS) is a great paradigm that goes against the traditional wisdom,
the so-called Nyquist Sampling, in the signal processing field. It was proposed in 2006 by
Candés. Tao. Romberg and Donoho. By exploring the compressibility of signals, CS em-
ploys non-adaptive linear projections that nearly preserve all the information of the signals,
and then such signals can be exactly reconstructed under some certain conditions. CS not only
offers a new way to lower the sample frequency, but also stimulates the work in other areas.
CS still has many unsolved problems which need further study, such as the issues of develop-
ing signal reconstruction algorithms and optimizing measurement matrices. There are many

results available related with the former one, while less with the later.

This thesis introduces the theoretical framework of CS, analyze two algorithms on opti-
mizing the measurement matrices, and propose a new algorithm. The main contributions are
given as follows:

1. The theory of CS is introduced in terms of the sparse representation of signals, mea-
surement matrices, signal reconstruction algorithms. The key-points of measurement matrices,
such as the principles, the common matrices and the coherence of optimization and analyzed.

2. Two methods for optimizing the measurement matrices are discussed. In the first one,
Michael Elad aims to minimize the mutual coherence of sensing matrix, while in the second
one, Vo Dinh Minh Nhat aims to let the measurement matrix have the structure as much similar
as the original dictionary.

3. A new method is proposed. The theories of tight frame and equiangular tight frame
are introduced. Meanwhile, the methods mentioned above have been fully tested and evalu-
ated in some terms of compression ratio, the sparsity of signals and the reconstruction error.
Numerical experiments have shown our proposed methods yields a better performance.

4. Based on the work mentioned above, the relation between mutual coherence and the

optimization of the measurement matrix is analyzed, and thus prepare for further work.
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BERMATRARES T2EE, FIMEHIHREE, HESEWRE.

23 WEERE

WEBERE O 5REES x MRBIANEM y, BIRETRINEMREGRES,
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Candes A1 Tao & i HEB] T AIRIEE S5 1E B MRS, WEER © IRHEN%
.

RIP # WJ( Restricted Isometry Property ): F/EBEE ¥ 6 € (0,1), HHBEM
O=0¥c R BEM« L, MEBLERFES KHBES se R, MEHTIHE

(1-0)lisll? < I1®sl3 < (1 + 6)|Isll (2-8)

Hd6e,1). MO HEESKNMAKMARSEY, FYX#P, hzHhHN
—BAH € R (Uniform Uncertainty Principle, UUP ). ZMEHER, FififRE
f% © XTRIH s S EIEMIER. Hit, WEHEKE MHEREARER M > Klog,(L/K),
M = 4K R, i m] LMREMEREMHRBES.

ZHEMMERLE, ¥T-AMREENRAETRE Y, WEERK o FIF
KERM A K HRGEESBHEE—Ay L. BLEH, WE 0¥ £ (2K,6) -RIP
8, =1y, MNEZLRE-AKMBGHES s HERTF 2-9).

FLE RPERSWEZCHENSA T ERMA MR ML, Hm, Johoson-
Lindenstrauss 53, Kashin-Garnaev-Gkyskin BBi8%. B—4H, RE RIP EEH5,
SRR & AW A ERERE (BR Fourier M EERE, HHBENIER ) R EH LiXFh
ik, ATRIREBEME RN, KEBRI 5T LI RP BT ERAWE ©
HIHEN .

3K, Donoho 12 H FIAH R MIP HI RIS, ERWEEM © ABHETRNE ¥
MR, BIER O KATAREH ¥ MFIREGIRR, H Y MNIITEH © HITHREERR.

MIP # W|( Mutual Incoherence Property ): %[0 =0¥, ©;(i=1,2,...,L) N5
f% © KF & .

W@, ¥)= max 1@/, (2-9)

sijsL, i#]

A MAERE ©. W MIAERESE R ENMERE @ MFI ERIZ MMABRKRAME. &%,
TREREARRMER, TRATEM T4, B7 AR R X K E A [%, 110 T%ERE
© A M x L FIBENLIERAERERS, Donoho 1 Huo #§H O #EAHXE, BIY L > o B,
p(@,¥) 1% F |log(ML)/M.

##, Donoho [14] NEMMEEMAKERE THEEEFTERE M =ML 1)
MEREKNTIFRETERS —EHAMERYE: 2) MEEFRF I EFEHEXUTS
ERMSBENM: 3) REENBFERE L HEETRIAE.
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NEMARY, O BFR-ANAREUET, AHEURSE ZOEHTESR
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FREFERERRRYMEVERMEMN— BN EEE (REMERY, B
PERRFERE). ENHRSETEEBIEMRSEARRENER, RaiE N
RBHRE RIE SR RHE S, B8R, eNELERATEERARS, §
BERRENFEFEMETE, BRATEERE.

B RKERNERERERIERIIELERE, FlmHE R BRI AIER,
EANRSET RBMIERERER KM REHITTEMERE, S5 7 RN . BL,
IR, REEEMEREDS ENLESANBRES SN, 1Bl %45
WE, X— i ERE LRG| 72X R EEEAER.

Hel, THNEEENMAREEERERN—MXEA. G LATATUEN,
MT MG EEENENRE TR, WRER, BRBEFAMIELAHLS
—BAMHBENERRA S AR MGERER (15, HENNEERE, §ill.
# 43 Fourier %6 f% ( Partial Fourier Ensemble )« #54 Hadamard 45 /% ( Partial Hadamard
Ensemble ). —Z(EKHEFE ( Uniform Spherical Ensemble, USE ) 2, {H R {fi F % o 46
AU BRI ARRD IR AL MR KR I EM LR IG5 S, MAR LT RENE
. I THEARENEMRERNS, REFAE—MRETENUEEERAEE,
AN BFEFTA SBEREAMENERR, NEIRLEE, REBHEMNESHR
DE, JREESHEMIRE.

233 MEEEMEXHR

EARNMASE, RRESHMENTRY AEARMEESH. Bk, #x
FROTH, WAENERERE DREN T ESE 5 SMGE ST RN ER.
Hit, MMBRTNEEGHHA T EARE: WIEREHIEREN USRERE

12



AL T KB 248X

SRR ERERE O MIEHE NN EENE o WIEHTEHTHNNEER 0.

. BAEEMAEEAOMNERREMUSCE, AR RE R Z0 EF s
BMERRENEREL, HFMREELRESNENRE. LIMEBERTER
EMB/MISERENAMHEXREEEEE RENRER, 2EMA, WEREKTAE
RIEREK: THRERIE OB, ERERMXMER, BRALRITE, EXOE
FeREREI R, — T EAT UM KERNTRME, 5—AE B RERER
AHIPER .

2. EREMBLA &M, MIERFRIMERERE, M E UUP S M RN thik
RMGLE S NEMRE. X—THNREETERBNISHTRARE, BAT
FISUREB A RT R B4R S A SR KN RBRME S, HNTEE
RRERTAERLR N EAMLRE 5 RS

3. AR—IEZEREHER, MER—SER, WHBTELMSE, FIump—LL7
5, MTREI—RAFRRAMEIERE, F7ESLRRE R P AMHR I e %
ERENRM.

AP EFERERBE S A LR T iR E— AR O, ST % R B L e
T, BUBEMARERE EAMRMEN BiR. dlt, HLENBHEEN o EESRE
BEW PR L.

REMRL 05 =y I K MEZRGMA 5, ie |lsllo = K. 4 OMP. BP EiE
RERIHEMERIGGES? B8, HARIENREE K HETE HER 0 #5M:r.
R, RESHRBETHRNP HE. AW, WERER Q-10) B, WKEEE
OMP. BP giA] MREET [ RSB EN |, FIHES [16].

EH: T EMRLEOs=y(0ec R, M« L), | OMP. BP B Eifi7F
fERME—, & sHETER

Islo < 501+ e (-10)

Ahh, B REERE 2-9)p BN 120 = OxY, HWEKEBEMG = (0)0)
R, WER G RN ATENARER 2-9) WES, THBAE, %T
pr FESEMIERE G WX ATEN 1. $UUth, G WA TEMRIP HN. MEZHEEE
SMBHEES K M ETRREHLBE D G 1), MERERE O —EHE K M
RIP #EU.

13



BT Tk KRB AR

) B 200 AT (HEREENBREETHREEER, BEREHESR ). ©F
HibBusk g BRIERILEE S (StOMP) [21]. EM4LITEERE (ROMP)
[22] HE:

2. AR E L XEEEECMER/MUK EFFERT, B E R
i SRR EE S HIBIE. LWBUE I EIEH BP ik (23] PUAE [24) (349
SETIHEREK, SRER, HRANSRIERT). BERYE 25 (15
SETFIHER R B0 ) ME AR ER 26 (FAETH THERRBEDHE
B, wHERE T B RAER )

3. AEREFE: RREEEFORERENIEER (Chain Pursuit ) [27] A1 HHS J825 [28].
Cormode-Muthukrishnan [29]% ( B ST HHEEESR, BRARARRELT
BAML), EHEEERNEESMUNES TR, IFEXHERRS AL
FiEMTREEESHEY.

2.5 CSHISRIR 4]

251 —#ESHEATHSRHER

3% Block 155, HARRHNE. RA Har MEEARGTH, FUEHKES
HEERMEBRESHKERS, BL=N. SBEEXRY, WE?23, Block{E5K
FE N = 2048 Bf, WEiE K =77.

(ESEMEERA OMP Hik. Z24RK, SLE 24, AMBEN256R, F5
MEMSHIBRIES: 4 MBUER 380K, LRBHRERHNEN (RiRE
EREREERLES). ANLMEENEE M BN, FSRIMKENHEFED
Wi, THARASE M~4KH, ESCEMBHRKRE.

252 ZHEBHRTHEEHPE

B AR, 0 Lena (512%512) B, Boats (256 x256) EIfEALER K. K
48 B AR R B RS, B BARRENRGRE. B AREARRF M/N KIHE,
Bl M/N € [0.2,0.3,0.4,0.5,0.6], BEIMEM, REMHERFA GPSR [30] HiEEMH
EtaEG. BIEFR ST EEEWE (Peak Signal to Noise Ratio, PSNR ) fE AW H)
Wb, SR HIE 2-5. B 2-6 Fin.

15
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(a) Signal Blocks, N= 2048

0 500 1000 1500 2000

(b) Wavelet analysis

1

-6 i ‘l . [ |

0 0.2 04 0.6 0.8 1

E23 @FEHES (b)RGESE Har DMNEETIRH

(a) Blocks original
6 . . _
4r i i 1
2t ] U -
_2 - 4
_4 L 1 1 1
0 500 1000 1500 2000
(b) CS Reconstruction of Biocks M=256
6 T r T
4+ el _I l PW 4
2F R 9] il i e Lo
0 Tt T e
-2+ 4
-4 . . . .
0 500 1000 1500 2000
(c) CS Reconstruction of Blocks M=380
6 T T T
i iy
0 | S
-2 -
-4 . . . .
0 500 1000 1500 2000

Bl 2-4 (a) BIEES )M =256 EMES ()M =380 HEMES

e LRKPEERAIR, 2 M/NBUANCA 0.2 K, GPSR BEAREEM LRI
B, RETEBNWEEREE. MHEE M/NENAREY LA, RaFR RENEHRE
M AR S, EMHMESRERZ NG, CAGERLENLRERBNTERS
B. FARMEERKR, DEFELMAN 048, EMHHRENK EEEESFRE
EBES,

ARE—RFTER_ERBRES, EAEABRERIRE NN EHESIHE
. HTAXFEERNESHLEUEAES, FrUAREIRELEERR. HEET%E

16
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PSNR=255166 PSNR=27.8364
§

B

M=262144 M=52429 M=78643

PSNR=33.7801

PSNR=29.8514

M=104858 M=131072 M=157286

Bl 2-5 Lena fEANF R4 L ) E AL

PSNR=22.747 PSNR=24.7355

M=262144 M=52429 M=78643

PSNR=26.698

T

PSNR=30.7065

M=104858 M=131072 M=157286

Bl 2-6 Boat 7EANE K45t T I E A E

¥, 2AOCIEHTEAEERELHI T UNEENNES S EMHEENES.
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26 AETNG

AENAT EAEBERNUEMBANERIER GSOREYE. EHERUER
MR, EMEES HEGIRAEEREREREH T HESM_EERKES. %
RUTRER DR EFHB AR KRR S 0K S RS B RS S.

18



HIL Tl KM AR

£33 HANNEERMRLEL

ERIIMERER © RAMBWEREROMR, WAREHLNEERE, wAH
WA E RN ERR, HERAREEREBERNREZ—. BRETHE
RN ASENRRZTTUSRNARRMS, FUMENHAE —EREE. i
WREFERE © (MR MIP FiE, TIARRDIR AL AR KO BER RS Mt A Hh SR B 15
T ZHARERG T RS EASEE NGB,

3.1 Michael Elad 9L {83k

Michael Elad & Bt F- & H W BAEFE M RAREN %E. BT oMY MEMXEE
BRI EMEER TR EN N RNES, Eld 31 AEEIT KO MY
Z [FE AR ©.

3.1.1 EFEgitEe

Elad A U p AEATRE, TREFEE T —AHK EREE p. ZEFRE
¥ REIRBAERERMIE, FrolE SR AN GREBER (Gram Mirix ) K82
EX: ERELE, MERRZEPEEN (M <N)AMAE o1,0p,...ay HABHTA
F YRR R

>(al,al) (@,9) -+ (al,aN)"

(@2, a1) (@2,27) -+ (@, an)
ANay, @y, ,an) =

| (en,a1) (ay,@) -+ (e, an) |

HWANANEE a1, 0y, ...on FIBEBER,

SEX: HEEFHR O e R™E, NMBHEFEBIEYR G = 070 FHa—iE, i2G.
O 1 1 FEIMXRMFT G M Pt ABEXS AN TRE WIS TEERFES.

B FRERWT:

DisijeL and 12180 2 1) - 183

w(@) =
’ DisijeL and i# (80l 2 1)

(3-1)

RF g, £ G HTEMA.

19
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Elad 134 © f1 ¥ REAHXX—EX, REEIREHERKSE G HiEfx
RE, ATISEI BRI u, IR
G FIEX F TR HIWHE ( shrinkage ) %L, WF:

Y8ij Igij| 2t
g =1 ytsign(gi)) t>|g 1z (3-2)
8ij > lgijl

HANKG L, 2 0E 3-1:

Output Value

-1 -05 0 05 1
Input Value

31 G XA TRAR S &

B 3-1FSHRENYy =06, t=05. FANATHEEMR, y=xMy=yx M
BT HEK. y xR R R, TBRME R gt T S Bt 3
S8y, BEBD, W g HOSBHEER.

312 EHESTSR
Elad F9U &5 MEMMRAL B =M B4R & it BT

Hir: AL EFERE ©
WA SHIE:

ot - MXMEE
20
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o ¥e RV - BELTH
o O e RN _ JIBHERE
o iter - ERIRH
FigaAk: W @ B BENLAERE .
W3 %X 1= 0 FEREMN iter 1Ko
1. MIERESEBIERE G, = (OF) (@), FHIEHE—L G

2. WA RBEENIENATRE. FERBEERESATRNEXNENT 1,
BRI E, WE3-1; BHEBINEEBER G;

3. % G S RET A B{E 5 ## ( Singular Value Decomposition, SVD), Bl SVD(@G) =

Usu?;
4. .H-ﬁ ®l+]’ ﬁ%
min [(VSUT) - 0¥}
5. ¥ O = O

6. HME u WS, SRMEH.

3.1.3 BEEMEESHT

BEANMSHy N TERRE 1 X R BRARESE—MILFREREY €
R60 % 80, ® € R20x60, MIEMKMIEMR G = (O¥) (@), RfE G H—. BBH
y€[0.55:0.2:0.951, BE =02, u(®,Y) SHRKWKLEHLES WA 3-2.

BR yER 095 b, FWSOEE RBIEH, FEIXM 1000 K, Ty HEHN 0550
pe REE 300 Ro BHULATHES, v M0 EBDN, g BDE/S.

BENHK O ¥, NEE Elad BiEMALE, HEEBEENENTATENER
EREEHNBHIE? B P e RO, ¢ RWXI0, 24, =05, Hr=0.2EE
Do

21
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lteration

K32 g, (DY) HIEAC B 4

1000

Original

0 02 04 06 08 T

Obtained by M. Elad

0 02 0.4 06 08 1

Bl 3-3 AR REUAL AT 5 A% A T REXHE S A6

B 3-3 KB R R TRER KD, MAMUNRRHERATEERNMIBE. EET
Elad MR ER BN ETERRE, BT RKTRE =02 tZNHE, F4£KE
BHTROEXEEEA T XE [0.1, 04] Z 6. FAMBERI, VKK EBIER
KR EEH/NT 0.8, MRILEMEFEBEETREDNERD —BIEET KT 0.8
HIXIE, XHE—K, RFIMATHEMER 4, AR R Z I BIERE BRI

22
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314 LRERSHI

HAMBZCSERTUENHE M ESERXANTM. R—EEBRAES 5
KEL=128 BEMNIK =5 Ve RPIBUEHHIERLE, WEHES x=¥s. OX
F—BEREM . Elad RUEESE y =05, Ht=02. XA BP. OMP E#. LRK
B Tumper = 100 1Ko BN /5% EL ( Signal to Noise Ratio, SNR ) XF 50, MAAK
B, KERINE= KERIKEY Toimbero

N= 128 K=5
081
0.7+
06
o 051
._§
8 04 © optimized by M. Elad
g
“ o3t
02
0.1} @ original
0 L L )
15 20 25 30
Number of measurements
3-4 BP EMHIRIHESHIRINE
N= 128 K=5
1 -
09
0.8

@ optimized by M

Success ratio

15 20 25 30
Number of measurements

B 3-5 OMP EMHIEMKESHHMIIER

23
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MEE 34 ME3SHERER. )4 M=15 BIM=3KK, ENRRIDEH
EERK. LHBHTEREERERERSI, WEHE SHARERKNILEZSANF
4 f%; 2)Elad FARU LT A EHBRGESHERRE, BRABNE, HBHEEIX
F 10%.

ZE2H, Elad KM EIEFEUTRAARL:

1. Elad RERERE G MM ATRENEFREANTBE  KITR, 8. 7
&, EAAL, RETMNUNIEE O MY KXY 4, BERG PENATER
KR K%RE, SEAERERHMREEERNPM, AR Elad B p,0
fEBRAEXPHRUAF p KRR, RFEE p AARRIIHRERE S RE,

2. Elad EENZHy, « ¥ TARRDMIERZOARE, trRIEFENEE.
MAXHISER R, u RN, ZEERANBUREFRRERESRE.

BB 32 AT, y=0582 y=0950 Birehfi p HEAD, FEHE 34 FE 3-S5
&R, AEMBENENESEMREENED, NERABAER. BHHH,
WY e RO, §e ROV, =02, ZEWHAT 300K, BREKESRERTEHE.
W 3-6, HEEFFERL TH OMP EMHREESHIRE.

10°

Non-optimized

Reconstruction error
-
=)
ES
T

B 36 ARy {ET, OMP EHEKESHIRE

Bl 3-6 iEET p HARMDEE, HEFSREZANHFAKARARES, 19
M. ik, —#RHA Elad XL EREREF R y =095 =02

24
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R Ay = diag(hy,--- , Ay) RFEFE BAVET M D BKAEFHIFIEE, Uy = [, , up]
AR RLHAE & SRIEH M ALIRERE A = Ay'2UL . IEEMBIERE A A, EAN
FEERNBEXR. K.

ATA = UyAyU% = UnAuVIYVAP UL 3-7)

MNTIBE A =VTA

322 EERGHSH

Vo Dinh Minh Nhat R EIE R Bt 2 R0 T
B iR RALNERERE 0
WA BHRE:
o ¥e R¥™ - HEFHM
o e RMV . B
gk & O REE—BENUIERE.
1. WHHETRATHREI#E (SVD), BIY = AABT;

2. RAZHEREME (MDS ), BEMMAHKERERES=Ay"Y;: HhAyRE
B M AN B REMNMKEREA K M T SEU, WEEME O=A4y".

323 SERGRESH

ARRZEENATHY, RIEER—BIEEARREFZRE Y e R1B, N&
FERE @ € RMAB, BEALERERI A EEMERE. BEES s e R1, WERKES
xo= Vs, EMEEER OMP ik, FEEMRERE LN ”LT";,;E TR SERI L
17, B 200 kERREFIHE.

Bl 3-7 R EP MUALAE e REX R T R 48 BRI R IO A 2. WEEREMGEEL R
R IEACHEFEREE REEVIFERE, OMP EMHRIGE S KB k.

Vo Dinh Minh Nhat it HiE8 2 Elad Hikg KIRSET, KRR TR
MRAET ], ABEEK, FUTEEE. A2, HOFENARZLA: B4 BAM
BRNET SHEREENBRE, BRIREGERHEBER, SHTRNEEFEIES,
A A R I S5 0 45 S 6 B i R

26
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14 T T T T — — T
—#— Hadamard-original
—&— Hadamard-optimized

1.23% - USE~-original
USE-optimized
1 -
g .
5 .
508
B
£
g 06
14
04
0.2
0 . . . . . T -
10 15 20 25 30 35 40 45 50

No. of Measurements
B37 AFM MESHERRE

33 Mg

E4EBRERMALTANRBTE, BRFEESHE. HPXTOAHLLE
BIERE R E R B R K PIRARS AN ARELZ—. FEUREAZL,
EES AT Michael Elad 12 th 95 T /& BRHE BEAR R ML BIERERI FVE, Vo
Dinh Minh Nhat 2 A 32 H (5% F % 48 REVER) BP fRALE I, A& BN EER
HEE, Bt PR, BiEMaEM, 7 MATLAB ¥ 4§, BdRBIERENAT
HRENEM, HPRET LRAWMEREENTRZA.
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F45E ETERELHNEERMLEE

Michael Elad $2 5t LU B FEUAL HEERRBS, BASMERE M¥E A%
RRTRETXE, MESBFABMER. MIIMERE—RATUALEAREL: H
—, B Elad MBTRER L, B ARG F M RMAR 1, WA BB
FREMAERN: K=, BRIABRARFERPRARKEAAEIRR, KBS
WERFER A EX MR MAXNESHERER, BT —MEONLEE.

41 HiE®iHES

T EX AR RERERRA BN ERE, ALERBNBEEREN (
Tight Frame ) A1 fME2245#) ( Equiangular Tight Frame ) KM

FEZLMIME & B B 2 7F 1952 4E B Duffin F1 Schaeffer B 973E Y& Fourier 2% 3AT 42 H
1 [35). BE/EHT Gabor #ESE. NEHEEMARELAEESE5RBLE. IEESE.
FHEEREIEHN TN, HERMRBHENERIEN.

€ Nd4-1: 7£ RM % Hilbert 78], MEENA HEa, i=1,2,--- ,N, Hf
g eRM, GEENEE o, FBTRAZERML:

ol <3l < v,a > < Al (4-1)

5 G F ) Hermitian AFA < -, >0 BH o, pHEELEN LT RE. FE g 1
MEADTZRENERE, N> M.

Hao=p WHRHERNEELE, Ko FHR YENAEEMTERMER 1, B
ladl = 1, NUARHEABAEEHRERE. Fa==1, RZAEREHEL (36].

HiRa-1. A L EIUSHE R U TE— &40 & o BHESE:

1) R ARG REASET Vo

2) KRIBIERE G = AA MFTF ETIMESET o

3)aTA MIFIER.

EX4-2:: RARMXNWIRBIERE (M<N), HIHERNa,a,...,ay. 5FE
F #RONS A RHESE (FIFR N 7T ETF ) [37), TR R T 5%

28
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) BRI RAE, BVI=12,... N, llall=1;

) SIMERFAN, MFEE—F o EBVI+kI<ana>|=a
3) S BB —NEHESR, B AA" =21, A & AWLTHE.
WMENEEM D F2)WE, WKARAEN « WAL,
EX43: Wa,l=[1,2,...,N| & EY —MEZ, BV, llal=1, W

N-M
M(N-1)

max| < ag,a; > |2 4-2
k,l,k;ell k@) > | 4-2)

FERILLUANY AR EAER. EL4, FE=R WL N< XD,
(4-2) AP FSF BOL

CZIEH, AP M RBUMER, MREZHBEN (M,N) RESFEFHER,
FHEFAERREIHM 38]-[40]. N TLBAHER, HRARDET AR
FAMMELRGE, BET —LHENER, HPFRAELFHEROERAMEY
EREM. 5 (MN) R ERMZM A ELERERRIFS, BTEXBREM
FERERRSCHE, FTUAXRESAERNOMAL, TSE [41].

42 EFmik

ZEEEBERKMIR, AXRY TN HE R Eg5E RN EE SRR EE.
ZHIEEESAFD: 1) MERES: 2) WESAESR.
421 R EESR

MEZERERKHEL, RAEL—EENEEREENIESSIEMS, WiZ
R RARE LEREMESR, NTBEHNERE. dit, XXGHETHT AL,
RAMEER ©, FHAFSHERNER, NHREFHXRESHHRRR, #HMX
ERIDRE S HERRE:

o 4 0=0¥, TXERBEEG=(©)(O):

o X GHERENE, BG=USUT;

o ENMIEMFBERE G =UUT, Blo=1, EEBREERELIEREESLR.
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422 tTHREMIELR

HEFEMEROBEEEXTURR, "REXLOSAEREREROE—ERH
R RBAEFE RN A TR AEEEE. REAK @-2), FERRZATFEY
TR REEMARENBEREFET AR, 8 gwne TR, %3 Elad B3R
Re R, RESEBERRTHAENER, RAMEFERREXHEMHIE
KA BT, WmERESHEARRFAER, EERANE. Al &
XA REINARZNFAER, RRSERBESETHIERNATEAS, LARNKE
TERRTEN A THENLHERT KT BE pmine

AICHr iR H MR EIEEAHT R EL o, B X5 Elad HIAHR, BI

Disijer and i# 180l 2 1)+ Igijl

w(®) =
1 Digij<L and ij8iil 2 D

BRI

o XIBTAHIR MR G A4, LG

o BEKREAR, ¥ G, Xt HAREKRTHEME  TEENR, HP el )£ G
EEEE 1T, jAIGE

. . g(l9 ])v |g(lr J)l < Hmin
grib ) =9 . .
sign(g(i, )))imn,  Otherwise

GZERR, ETEXAERNESFEBNRERORUTE, AATHREDT:

TRA
O0=0¥ ’
\r NxL 4% }—’ ; y YDA > EHG=aUU’
\¢ MXN ﬁg G=0'0 EIG=usu’
NO

YES
,/ il Hisilg | SYDs, || K, }‘_
N AN L EH0 HATHAIERIRAE

B4l ETERER N RERNRL SRR
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43 REMESH

TR VIaAE BRAERER p RALSEAEBGERER u AR HE p =EZRABER? ik
—FEHLAERE ¥ € RO, p ¢ R0, BIFARK 4-2), ZHEM 0 € R0 MK

TR i = 435 = 0.1005.

0.7

06

05F

04r

03r

G original
0.2r

0.1F
obtained by us

0 2000 4000 6000 8000 10000

4-2 FRMAER G EXMATROLNEI

0.55
05
045
04
035
03

0.251

02
0.15} u

A m
0.1 |- !

0 50 100 150 200

B 4-3 AHRM u iheR
Bl 4-2 B7R T WIS 21T 200 SOEARAAL 5 B8 SRR AE KR X A T
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AHEREN DA, TR, WRALSE R SRBERE R SRR AT R LA 80% FHELLK
%T 0.1005, BIEAMIEIL THRASE M5 BRERR 2 S AELER. B 43 NFE A
B RN MG BN 1y s mino

44 SIRERSHH

EXRARGH T HETHELREE R 0 H 456 Bl 58 M AL EIE N AR 1 BOTTAT 4,
AL, AW RS ERSUR 0 E BRKE N %R R T MR B AR5 B O E MR
E.

WN=L=100, M=[15:5:30], MEifES s A SN+l EFH. BHEERY,
= HBEAERE R ©. WEIGES x = ¥s. XH OMP. BP EEEMERES. B
Fit4it 300, SEMNGHEREL SNR KT 50, WEAAKE R, KERIIR= KB K
IRBY Trmpero

N=100 K=5

® optjniized by us

@ original

15 20 25 30
Number of measurements

K 4-4 BP EMHBRIHESHHRIIE

DK 44, E4-5 KM, RITRBMFERAREEET BP. OMP E5HEN
wE, HPBPBIMERET 10%, OMP & TiE 20%, BrLAESE T ZEZEM™TH
GIEIE 338

HSen S A I E A PR FB IR BAE M), WA SERE M A
REMUS), NWRANATTUSLEESHEMRE., SHEXANE¥: —HFH, &
TREZERFFEHRTER, FUMAEEFENN MANEEN B—Fm, *t
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N=100 K=§
ir
091
0.8}
0.7F
2 06t
% 0sl ® optimized by us
@ 04}
03y ® original
0.2+
01
2 s so

Number of measurements

K 4-5 OMP EWHEIHETHIRINE

EERENYEREAR, HERARTENE S BELENSAELRFRHRERIMLE
KNEEREFFBINER.

ETHERE RN B PR EE SR Y Elad LM FERIR [0 BT4E R,
Z Vo Dinh Minh Nhat 773%, WERERAEHEFEMER BAMHETLER. Fid, H%E
ESEMRENZENEHRENZAENE, EENENNERTEE, BERLY
ERBMHARENBEHFRRRREHEEE. RANTEANASRGS, B
DEEE S T R AME TS A FT LUK B 3N A 2 .

45 SHEFEZENIERESH

B4t BRI BEFERAR AR E N RRERFFBERTESEMRENKA,
% 3 O ELHILA T Michael Elad. Vo Dinh Minh Nhat 4 S3 R4 &3, TA
A TRMNEENAR. FTHFESRBILRIE, SETREE, HIFEH
BT ETKI T .

A |

EH 300 MEBE S s € R, H |Isllo = K; BEHLFHIERE ¥ € RO, 545
S xo=Ys: JEFEFEA USE EFE O ¢ RS0, KFE L% BP. OMP. Michael Elad
MR EIES B BNy =095 BEr=02, BEFEK=[1:1:7). ESHEMHZ
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£ B3, GHERMRETIOME, HPETHEAMT 0001, WRER.

1ol

Reconstruction error

— BP with random ¢

—&— BP with ® optimized by Michael Elad
—+&— BP with  optimized by Vo Dinh Minh Nhat
s ) BP with ® optimized by us

2 3 4 5 6 7
Sparsity

F4-6 BPHEEMESHRELR

10

Reconstruction error

—— OMP with random ¢

—©6— OMP with ® optimized by Michael Elad

~—&— OMP with ® optimized by Vo Dinh Minh Nhat

—%— OMP with ® optimized by us

H 3 4 5 6 7
Sparsity

B 47 OMP HIEEMIESIIREHLE

Gak4-oME 47 KI: )X FUEEERKATEEENERREETS, BPK
EMREREBREFELAAE. £H Elad FIEMAEHBAIKRZ 52 H Vo Dinh Minh
Nhat TERUGEREMREES, MAEBRNPFIERLSEE 52 ZNRME S,
BE—%. 2) \IRAH OMP EMES, WNEEMERHITEHNES RELEELRLT,
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