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ARz AR E O7 R SR EREIIIE S NIAEA S IASNIRAS AT ATSE T, 3 T — PO
M BEZ UG A kL e 2 1 T S By 38, JEE i 4 R AR 2 Sk B e, B
R RE R, i HL LA B R SE A

1 Rl e Skatiid

1.1 SHEATHERE
BRI F kAl R (split feasibility problem) |, B[l SFP | J&48 %} T Hilbert 258 H, 1 H,,C,Q
Ay H, M H, (A2 45, A H, — H, A RS 1. 4000 2 T &0 x .

xeC, Ax € Q. (1)
W LR VA T — AN Bl s [ AT T AT LA 3]
x=P,(I -yA'(I - P,)A)x =Tx, x e C, (2)

PET , Byrne $2H 8 CQ B3: N
g1 Wx, BAEEM,HE=0,1,-, I1®&
x,,, =P.(x, -yA'(I - P,)Ax,), xeC, (3)
Hi 2 CCRY,QCR"ANMxNSHEM. v e (0,2/L) L A5 AA [ KEFE(E T N
BNHERE, P, P, 530 E] € R Q BIEASHRE. R I FA T IE B e 5] A0 s B
EFHE1.1 HAC)={AxIx e C} IR AC) NQ#=T,50 <y <2/|A"A | B,
HIGEE 3 AT A {x, b WS (SFP) i — i
UEAR, Byme ¥R45 H T 438t CQ 534! (block-iterative CQ,BICQ). WA, H—A> M, x NJE
BEIEE Qo RY ARz Pl P4 b j = 1,2, ] FHkx e RY,Wi/Ex € CHIAX € Q).
k2 #x, BMEEMN,n=0,1,-,3Hj(n)=n(mod J) + 1, iTH&
X, =P(x, -y, AL, I - P()j(n))Aj(")xn) ) (4)
Hr,y, e (0,2/L,) L 7& AJA; IR RAFIE(E.
RN C T Q S ass ] AR BOERT LU IRXE, TR A4 H C N Q A [E] B 1)
B,
EiE3 Wx, BEEN,n=0,1,-, itH
X, =P, (I -yA'(I -P,)A)x,, x e C, (5)
H vy e (0,2/L) L WM A"A B EREFEE. X Frh4En e e
C,={xeR|c(x) + (& x-x)<0},
Q,=1y e R"|q(Ax,) + (n",y —Ax,) <0},
Hrp, & Fiom" 535172 oc(x,) Fl og(Ax,) THRITTE.
e BHEIB ST, P Py 23 BIRE] C I Q BIESSHE. Px TEx™ e C b HUME [[x" -
x| ERL L PETE S, R R ME || Py AT - AxT | L B, E XA ER
f(x):%HPOAx—AxHZ, Vx e C, (6)

SFP WA T f(x) fEx e C bR/ ME R,
1.2 ZEEEHREAITHEE
M BICQ 536, BS540 24 ] £ 1) Rt 4 J o &2 S5 0 4 T A ) AT ( MISS-
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FP) RIS 4% —> ) £ % W6 A2

feC==ir_lWICi,AfeQ==(_rW]Q/, (7)
Hrp, ¢, CRY,i= 1_,2---,n,Qj C RM},_j = 1,2, ,m e N 4, M 4ERR G2 18] (1 A T4E A
S M x N WSEHRE, Tk AT 1500 L— 1AM Q C RY W2 Z LG
AATHE B G4 x " e QfRILME(T).

i SRR
P =4 T P —x P+ L 38, Py (Ax) - Ax |2, ()
RIS ) :
vmw=§mw4ﬂwWW+§@Nw¢m%—mw, (9)

Heh,a, >0fB, >0,9FH ) :_:lai + 2;:1/3_,. = 1. i T FHRAEM R R R fi ,
1175 &M/ IME .
min{p(x) [x € N} . (10)
FHNE () 5
k4 Bx, AMEEWN,Hn=0,1,-, 1%

X, = Polx, +s(§ai(PCi(x") _x,) 4 gﬁjAT(Poj(Ax") —Ax) )} an

Hor s B— M IERARE,0 < s < 2/L, LZEBEVp(x) [ Lipschitz 7 8 FATAMIER H25 H
T T L

EE1.2 R s B—PIERE,0 <5 < 2/L, LIEFEVp(x) W Lipschitz # %0, W& 4
FEAERAE—IF A {x, 7o, WA p(x) IR, RIZ SR 2 F 8 A mI A7 () L fi
1.3 SRBLEEGEE

TELRR R T B 2 3 IR E 4 i —FE BB R 2 HAE A (LR LE PRI T,
AR 4 FPER AR T AT S P AR P B SR AR o8 A S, B8 OV R A T I AR I A s A
REHEATIE . N T AR AR E MR st | 28 38 FE s R kAR Ik 25 A 1 ity - 48 i
TR B S BB IR S R

Bi%k5 Witk Vx, e ¢, CCR', QCR", n=0,m > 1.

FH1L k=1,i=1,

¥¥%2 x! =P.(I-yAl(I-P,)A)x,, Q; SR';

T3 WR = mk LR A, BN i=i+ 1,x, =x , REEE2,

FHA x! =P, (I-yA(I-P,)A)x), C, CSR", 0, CR";

TS WHRE=M/m RELR, B, k=k+1,i=i+1,x, =x", REEE2,

FH6 aﬂﬂaﬁfH(ﬁmugub—n%+§%mﬂa¢mﬁ>—mﬁ>ﬂ;

BT W RAF IR EN AR R, no= 0+ 1, IR L
Hr,y, e (0,2/L), v, € (0,2/L,), L, ML, Z3 30 A A, FIAJA, EKRFFIEE s 12
MR 4,
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2 IR G )AL

TEBR: | MR | 3R W24 | S R SR 1 22 SR R) R, AR T LA 45 2k 43
ZART TP R el £ AR A4 4 m A7 I L, LR (% 1 P S 01 e [ 2 i i 3 ) R S
ASCLL CT W2 43 ERE G 101 K AH 5C G ) e A 3 6 1 43 4 T A 1k [ ik A 7
2.1 BHRAECT EEQBER

ARSCR B A B CT BUGE SRR R BIE N XTSRS T #7240 4E ¢
Q , ZWE ST RATTIO , B et BUR B ok SRS — AR E BHE, & 1 FR.
BER x,(j=1,2,) #IBNAERA, N EBT BT PFE R — A1) 5 x, AR x fROR. HAL
EAFLRY Sy )

Ax =b, (12)
Kb, x=(x, x,, =, xy) BEGEEEHREEX b =(b,, b,, -, b, AHLAEE
. A, 2T R R BRI FE A ITTR a, AR DMEEXHE i DGR STk, Wl
SE R HEIR Y A s IR B FED FL 3 RRBAT LU BB S A IR 2 N BT I
B, 5540, TR BT R332 , R LA 2. 2 U TE SR haO R BN J, B A
SR BEEECN m, BRI N, 2m AENESEIRECN K, 2 EEHE M =m x K.

discretized domain X-ray source
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Fig.1 Image reconstruction in the discredited model Fig.2 The fan beam CT imaging geometry
2.2 AL

FIFRSE 1 AR AR CT G (R R, — f T SR FH A JEL I 2 S0 s i 4 ) R 2 b At
SYZANTATHEIN L, SR 5 T R R, SR SFP M T3 HRBE T Q fFA(C) = {Acl ¢ €
C} MR, AT(Q) Al C MZEEERITR.

A W x = (x),%,,,0y) € R HFRFEEER i = 1,2, M FREITA LI LA
HER § 2R IR EL M = m x K G2 A BBGEE W) b, 2 A o2 8ds b i 2 o M. | =
1,2, KRR BRI, W bW JE—Am x 1 [, W— AT 5, ten
=(k=1)m+1,(k=1)m+2, km, FEEBIFHEENLEL b e R" F/R5H bk IREGE T
55 SRR B,

THEIRATAT LUK CT PG e ) 2 Ak R o 4 T ATk IR R A R

EXLA=la;] ==y RAEFMGEL M x N AR RE B8 KA BT ST &t MR R 4
Bk EE(H
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ENXC={xeR|0<x <1,1<i<N}, HNRIEEEMH, BRI 52

EX Q= {b}, NEEEREAS .

ZEERH TR A A AR

EXC, ={x e R AWx =p®, k= 1},C= N, C, MR 2

EXQ, = (bW, k=1},0:=n,_,0, WEFE= .

R W Ax € R(A) ®R(A) ", ¥ P Ax € A(C) BF, Ax € Q, 3 (6) 3(8)
A fige, T A ()RS 3 O R B A AR B, MBS SR A 18] @, Sk R MG ) s ) C
S x .

3 ARSI R

AT AR 1 ~4 WLFORTR B SE 22, H B2 7ESE 4 70T L& Ao 2101k
IRah R LI E Bk S RSB &,
3.1 FTKRERIHITE

B, FATAIE S L a7 s .

EH3.1 WANMxNEFE A i=1,2,,m, i1y, = 2;‘;la§j >0,%j=1,2,,N,

mifa, #0450, = Y, 0.0 =max(o,) WK A"A RIEKFFHE- AL L =0
HWRE X ZHEER 0T TR, i s, RATAMIEA S L B98Ik
EH3.21° WANMx N, X i=1,2, M1y, = Zj“’:lafj >0 0 Fj=1,2,,

n, WE a; # 0,i11%& o= Z ilvi,a' = max(o;) AR ATA g R AN o
EE 3.3 WA NMx N, BbreRE(8) kS & Lipschitz Z42HY , I H

L:;ai+p(ATA)2,Bj (13)

JEE WY Lipschitz #40, Hb p(ATA) J& A'A %P A2.
W L B A L IER G R S TR, BIES ¢ 5L Q MG RN |
TS S I = {y|(a,y) =B} TER" B R" T, A
¥, y e I,
Ppy =1 (a,y) —zﬂa’ vl (14)
e
3.2 HEEH=IIH;

TG, XL 1 ~4 AT 50T, FRATT A AR I ke CT PG i A [ 0 1 B, %o Sl 225 1A
MR C 1 Q AR RE L, &2 A AR R IR 45 5 BRI T TR AR N 7 28, 351 45 1
S WRAESE TR, A EEXT € F Q AT REFT GRS R ) 38 2 S AT A, FESE T 56
o FRATEA R B IME B AR eREL(6) FI(8) MYTT ik, A B H /N T — MR /NI IE K
e, WEM2E 107" et F—J7 285 kAR, DB FRATTRT L iR 3303k SR FH AR ] A8 e S5AE U], B AR
LBPIUAEACHI A X R ZETE K, 2 51oh

fx) - fx,) p(x,..) —p(x,)
BT a— <& Ml (2 <&
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3.2.1 Hk1¥ERAFE
FRE1 ®x=(x,v, %) € R AERINE b =(b,b,,,b,)" e R AFTAHRZE
b, N ESIRMBGEEIR. A = (a;) (o I RECERE, J”' ={xeR'1Ax=b} N
B B R G Fodh Ax RORTEFTA M BT ST BRI EGE,0 = (b1 b e R"}
A B BAEE G AT P BRI .
T FAHER3 1 HHE y;
T2 1 <j<N,FHR14), ﬁﬁ%n + 1 AR
x" =P, (xj +va, (b - Zalxl )),
FH3 f(x"V)=0.5|b-Ax"" | %
3.2.2 HE2MERAFE
IR SR AT o e
FR2 &x=(x,x5,,,vy) € R AERINE b, e R AERFLEEEIE 2Hi=1,
2, MBEFA=[A Ay, Ay 17,0 =(b, by, ,b,)" € R" A = (a,), o WE—4
LB INBUERE. € = {x € R" | Ax =b} N BRI R INES Kb Ax FoR e H M
T HYLXT BRI ,Q, = {b, 1 b, € R'} AR—HEBGEEBIRE S, JUTCHEP IR
T RS HEEARE TNy,
FH2 1 <;<N,FHK(14), XT?%nmiﬁE@%i + 1 SR
x}(l_)])—P ( xl +y(ay) (b - Za,x,U ) );
FH3 f(x")=0.5 || b -Ax" || %
FLR SR H B A BE AT 5 3
FRI &x=(x,x5,,,xy) € R AEGHE, Y e R" A—AELEEE k=1,2,
—[A“) A<2> . A“”]l _[bm b<2> . b““]' RM E'#A“‘) (a(”),,wjﬂt—
ﬁar“f&i CHIMBUERE C = {x e RY | Ax =b} AFITAEGRIEES i Ax FoR1ETA ME
TSRS EUR AR, Q, = (0 1 B e R™} B — BB RS, b A kA
TS | SRR B RS, PUT LR .

Tl FHEMR I HESEME TNy,
T2 1 <j<N,FHKL4), XT?%W\@W} E+ 10 AEE

x}(il) =P, ( ](u)) + 7k(a (R (b“”) Za,xlm ) );

FH3 f(x")=0.5|b-Ax" |
3.2.3 HE3WMEAFTE

FEA Bx=(x,x,,,x) e R"HJERIE b, e R' NEFRIGLMBGEEIE. MHi=1,
2, MBFA=[A AL Ay, 1 b= (b by, b)) e RM WA = (a,), o WEE—5t
LIPS RIIMBUERE C, = {x e R"I (x,A,)) =b,} WE—HEEGIERES L (x,A,) £
INERARITART EUR I Q. = {b, 1 b, € R'} NE— LB EIRE S, PUT AP IRINT .

T FHEH 3. HEEAHL TNy,
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FR2 1SS N IR (14) JEFH 0 WAL i + 1 RAAA
x;(’:i” =P ( J(<”>) +vilay) (b - za”xl:)) ) );
FH3  f(x)=0.5]b - Ax™ |2
FES x=(x,x,,xy) € RV HEGHEE Y e R I MEREEIE L=1,2,
A=[AV AP - AN p o[ B e DT e R HATAY = (o), HtE—
ﬁa m/aﬁbﬂmﬁﬁi C,={xeR'1AYx=bp"} 7%:: — A B A o A x R
BT RIORIE 0, = (™ 1 b e R"} Ky — IR BARIE A 0 st bk A1
DCERE T TTss 250 IR S S
T FHEH3. L HEENME TR y,;
FH2 1 <)< NAR4) T 0 GBI b+ 1R

= P (el (5 - Sy ) )
FTHR3I f(x)=0.5]b-Ax" |2
3.2.4 Jk4 M FATE
HER6 G AR 4 AT IRANE
FH1 R Y, a=p, Y B =T
T2 FHEB3 I M3.2HE s =2/(u +70);

T3 XTHE o WGERREE i + | B K ¢, BB, MK (14) THEEGE
x™ =P, (x (my,

J(i+1) J(0)

T4 FHEH 0+ 1 R
G = s (w3 0, - e 3 () (b - iy ))):

5 HAEEN, = norm(x” x") AN, =norm(b, - Z " . szz( O

ey TG

\-‘fr

\-F\-F

S
&

S
&

6 p(x"")=0.5Y" N +0.573 " N
FR7  HEE LR S AT AL IRAE .

FHL AER Y, @ =p, D B =T

T2 FREH3.1 3. 2%5%5 =2/(n +70);

FH3 XTHE n YGESE b DA B C, B MmN TR SE A (14) TR
5= Pe(x"))

T4 THEE L+ 1 IRER

K m N
(n+l) _ (n) n) (n)
= s (w3 i, o) e 2 3 () (5 Tty )) )s

k=1 i=

tr[

SHe n n N
FHES IEEEN, = norm(xm)l) /<(A>)) N, = norm(b, - 2/ | llxl(k)))

FHe6 p(x"V)=0. S/LZNZ + 0. 572 2N2

k=1 i=1
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4.1 ARHWIESITEE S

iR T %K H Matlab R2011b ( Windows ) #1745 . ##JFi217/ PC EHLECE Z:1.98 G
WA, BERR R A5 G630 WAL AL EEES , W%l 2. 69 GHz . FAT1IEHE Shepp-Logan B ( UL 3
(a) ) MIREXT G, G R A 0 ~ 1, G K/NA 64x64. FEJF I FE b, e B AR K = 36,
m=64/2 =95, d=60, N=64 x64, u=0.6, 7=0.4, £ =0.2% . W1 x, =[0.2],,»
R, T 1 ~T BRI 3(b) ~ (h) B, B (e) 5 () BIA 3 Y H 4
SR AT A

B 3  Shepp-Logan A% K AH SR 4 T iy B 5 51

Fig.3  Shepp-Logan model and the reconstructions on the same convergence condition

R MRS T BB SR ZE A

Table 1  Iterations and errors on under the same convergence condition

casel case 2 case 3 case 4 case 5 case 6 case 7
Tijterations 811 89 787 725 835 816 812
ensE 0.004 4 0.004 2 0.003 4 0.000 721 5 0.002 4 0.004 3 0.004 4
Ppsng 71.715 5 71.9212 72.862 2 79.548 4 74.246 9 71.804 6 71.711 9

BT R AE U FTTIRE (eye) FIRMEEIRIL (Pooy) W13 1 FR, BATAT LA H
TEAHIRI SR AE T D7 58 2 RIJT 58 4 R4 2R PR RUAR St IR 1y, AR ASTRI B9, IR D5 56 2 ]
A LA eR B A8 R4 B R DR e WACBICHE 38 foe D, LG R JEE e 2, T 8 4 1 HE T 1)
C AT T4 ERBUY | BRI QEON £ | RS BB A, 7438 3 M7 5 BORA TIN5~
e BEBEE AR B B AN TR TS e BB 2 IR A QOB i T O5 58 5 31 T 1 CHE M 4R
A, AR R T8 3. TR 1 Jr 38 6 A7 WSSt R IR A | A RAR 22 A K,

N BRSBTS B SR I

e, M R AT o BT AR YT 5 B 2 YT 2 ML 3 DT SR 4. 181 4 PR
J7ZAE 200 YOEACA I T iR 22 - 2k, AR D7 58 4 AONRGRE e, (EUR HOcSI0s g, 75 200
UGEAUR , AT RS T BB S I 458 2 RMEAE IR AR 60 UK LAJG i R EEA LR FF K. I,
TEFEAT P BB b B30k 2 RERB U BT A WSSO L

FEOC, oM ) 4% A BEor B AR i T 58 RIVAE 2 BT 58 3 FIAA 3 748 5. K5 i
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Fi 5 2645 200 RIEAR I3 75 1R 25 4. PIFD 5 8 iS5G 132 40 L e 18, 200 TR AR th 4 ATh
R RE R 7R 10 WLUG , FE S BRI 3 GRS /NI 22, TR L, 734 £ i 43 B
R Ak 3 AR S A e A T ARG T

PR, Frifn ) AR AR S BV L MR L, AR AR e M7 B 6 3 Ry
ZEAE 200 YGEICH Y iR 2 4k, 3 FhOr 278 200 YRR AR A ISR, Hirh Bk 4
IJTE2 6 M7 BB BE T LT IR M7, B 74T ZFEEBEGRAE 51 SRR
5 IR EMG A% Eb. ZEAR R B A R RO A AR T AN ZS I L, 28 6 Al 7 Jeig Je e sik i
TR FERRAHZE AN K, TR 6 WAL T 5 % 7. A AR Bk s in R s 0, BiRh 5 %
M EE SR L T —B0. 524k g CQ Bk M b, 22 8 43 24 m] 4 [ 8 ) B 7 7 S
T MR 5 e AR AR AR €, fQ, RRARK.

0.020 0.04
— case 2
0.015 0.03
2 2
& 0.010 < 0.02r
0.005¢ 0.01f
0 0 : ‘ . ‘ ‘ : ‘ ‘ .
0 0 40 80 120 160 200
M jterations M jerations
B4 Jige2 M4 mris B5 Jig3 M M riRe
Fig.4 The MSE of cases 2 and 4 Fig.5 The MSE of cases 3 and 5
0.05 1.0 -
— case | ] — original image
0.04 —- case 6 ~ 081 -&- case 6
- case 7 < - case 7
%
£ 0.6
B
1Y 0.4
= L o
=02 }i i
o
S 9 -
0 ; rerorrereree
0 40 80 120 160 200 0 10 20 30 40 50 60
" iterations the 51th cross line L,
BE6 JiZ 1556 M7 i BE7 o My T ML 51 AR LA
Fig.6 The MSE of cases 1,6 and 7 Fig.7 The 51th cross lines of cases 6 and 7

e TR TR 6 Ml 7 FR AR U S AL B ALO. 01 3]0, 9, R R 7 WM& e
S AR 200 UK, ey, WK 8 TR, B H A A il T BAIG, BY ey POMELER/DN. PRIIE,
AT Y 7 = 0. 01 ITEDL e, B2/

05— T T T T 1T [T
0.04-—

6 0.4 g0 120 160 200

iterations

8 LA T RIAE X TR 2

Fig.8 Mean square errors while constraint weights are mutative



r ¥ x KB 0w = 515

MBI ZE R IRAT A B, B 4 55 230530 T 43 5 B e B0 25 S & 1E RS T B Y 4
B, 376 H X GBS B 251 R B RCR A B /NMS 2. TR, 78 BE B2 A A A Z;Zlﬁj
B NTF Y, izlai .

MR RS R EE N 20X A AT, A5 B A 4518 R TR AN B TR SRR S5 A I 1 1
T AT HO SR 2 WSO B SR e, 4% AR R A S R AR 3 BB A U R A T A
&, T T A I AR I SRR 4 RS R i RS
4.2 HREFEXBEEZEIUHARERER

N 4.1 WSS, RS 3.2 AR SO, T DS R S RS T R .

FR8 MEELFETE2 MRS, PUAT KSR .

FHL k=1,i=1;

T2 FAHEH 3.1 HES AL Ty,

T3 1 <;<N,HMAKX14) ¥TE 0 UGB + 1 RAHEHE

N
x}('lfi]) =P, (xj(('z)) +v.(a;) (bi - ; ai,x;{g ) );
FHA Wi =mx kb, FIHE3. LIRS EDAET Iy, HAREL, B0, =i + 13RI
LR 2,
FHS 1 <)< NHMUL(14) X T n YGERWE £+ 1 DRER

N
i = P (6 el (00 - Baly ) )
6 WMHE =M MWu=0.997=001,FHEH3 1M3.211Hs=2/(70) FH4ksL,
B k=k+1,i=i+1,REELHE2,
FHT XTFHE a RERIE ENAE K C B M m MRS, AR (14) MR
(n) _ (n)
xj(/m) - PC’k(xj<k)> 5
FHS T + 1 UGER
K K m N
xf'wl) :xf'(n) * (M;Z‘ (x;(';il) B xf(’;;) * T,Z‘ Z ((a"/> (b"' - ,z‘a"’xl(<nk>> ) ) );
b =1 =1 i=1 =1
%o HH N, = norm(x;"') — 2" N, =norm(b; — 2 : a;x" ),
(k

1%,
D ) L=11

K K m
p(x" ) =050 Y NF +0.57 Y, Y N2
k=1

0T SRAEAR SO W) B R SR R 58— 2R S R 5 S BV TR, S i — A B2 Y
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Table 2 Tterations and errors of the three cases

case 2 case 4 case 8
Miterations 89 725 32
eMsE 0.004 2 0.000 721 5 0.000 350 08

Prsyr 71.921 2 79.548 4 82.689 2
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Apply the Multiple-Sets Split Feasibility
Problem to CT Image Reconstruction

WANG Pei-yuan, ZHOU Hai-yun
(Department of Mathematics, Ordnance Engineering College
Shigiazhuang 050003, P. R. China,)

Abstract: To apply the CQ algorithm on the sparse angular CT image reconstruction better, a
new real-time block successive mixed algorithm was proposed. Firstly, the problem of image
reconstruction was transformed into the split feasibility problem. Secondly, through analyzing
the different defineitions of nonempty closed convex sets C and @, 7 different implementation
cases in N dimension real space were proposed. Through simulations the convergence rate and
reconstruction precision to different cases were analyzed, and how to select the constraint
weights in algorithm and the output was studied. Then it obtains the best cases of CQ algorithm
applyied on sparse angular CT image reconstruction were obtained. Therefore, the best case of
proposed algorithm is obtained. The results show that the proposed algorithm has faster con-
vergence rate and better reconstruction precision. New ideas for applying the split feasibility
problem and its extending norms to the CT incomplete projection data image reconstruction

were proposed.

Key words: CQ algorithm; multiple-sets split feasibility problem; nonempty convex set; image

reconstruction



