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EEX, FEH
TR SENL S5 BB Be, K5 030006)

WE: 2% (V) S/MUBRIE T 2N AT B E R, s Me—pr B G
KN L1 JEBCRIL, BEERB B R FREEMNER . R, TV BRI T BoriE
HI MR AR BB i, A &= BR RN . WFFT R B, M EAE 2 (HOTV) BEAY Al LAY 2%
IS EA N, $Em B S, BeAh, ToV BT Lp Yo BCRIER LO Y4k, A 3Hilk— PR et
B, BT, ASCK HOTV BV Tpv BEALLE &, $RH—FBrif @il TpV (HOTpV) HE L
W, SR EENELE T BRI E (ASD-POCS) ST sk, 43 e AR RO AT I 75 4t
o AR LA BASAR LA B S CT UG BASAEA TR B S . SRR 7R, #HELT TV, Tpv
DL HOTV =P i, HOTpV e f3 RS B 5 e 1 A%

KR MR s WMER; HR4EKG; ASD-POCS ¥

DOI:10. 15953/ . 1004-4140. 2021. 30. 03. 01 FESHES: 0242; TP391.41 XaktRERD: A

B 1973 SEHSEHTZ B (computed tomography, CT) HARUEAELIK, CT fEEIT L
W LA ENP ek i h A3 20 1z N . BLUERE 5% (filtered back projection,
FBP) S5 AR (MM — R (h e 2 PG T A0k, AR, U3 B AN A2
Nyquist SRFFERIN, F I8 G M R BR T X 902k CT BIMGUAN il ik qq o 7= AR 4%
S . B FR4EE%N (compressed sensing, CS) FRig ™R, IEAREZ W b T4
A ) — MR, R TR R, CT UG T DL 43 B B B g e,
TERBFEAS I rp R B AR BRE . JET% 3018, Sidky 25T 2006 4E4H T —Fh2e g AR
AN, WRAEZ (total variation, TV) /MBS, EER, TV EREH T,
HETE O CT™ . C—arm CT™. 45433 T, IEMF R 41M1% (positron emission tomography,
PET) ™ % M I REILYR 4% (electron paramagnetic resonance imaging, EPRI) it
JEIL T Hovm ks B R R ) .

SR, TV SRS X AR 4 4 73 B I, DRI ) 2 5 I AASBRAR TR BB 2L
R, SEBLGAE G LUK P R 22 p S B3 . U RiZ T, 2000 4F, Chan 451§
H—F H TGS ) & B s A8 % (high-order total variation, HOTV) F&#AY, 1ZA&7AY
W SBRA> T IR, (RIS OR B T IAZ (5 Rl 2013 4, Zhang &4 TV 5 HOTV

s HHEE: 2021-01-10.
HEEWME: HFEREAELT EIH (62071281); VG4 E AHFRITER] (201803D421012); 1LVE44 B
N GARHEESIIE (RSC1622); 17§44 A [E B 24 N BARMIF % BIIUE  (2020-008).
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AT G E RS AR, T AR H i v il T Bl TV 5k s, 2017
A, BABLAE R 0 HOTV RS 5 53 2% 3 v, FEITKC B o, B84 $r % B3 H 3 151\ HOTV
BIG Lmerh, 7R T BSR40 2505 B FEah B3R mn T ARSI R . 2020 4, JEAk
A T B HOTV B @A, [H IS A Chambolle—Pock (CP) &yt H 4T
K, HREHT TV LTI BN .

BRAN, TV SR R ME BRI L e R, R s A i . g b, EN
PRPE RS LO BRI, E rh A5 20 GO R, R LO YUA0n) e SUR R NP A ). Tt
2014 4, Sidky Z&"HLH T4 p A8 (total p-variation, TpV, 0<p<1) /ML
FEAEAY, ] Lp YOGl LO Y54, R EUGHRE EE IR E AR Bt , 76 W 2 BRI CT B 4s
FRERIG LR AT T RS BRI . 2017 4F, Cai Z5"3RH—RlBi AL T TpV Ml E
BEAL, K TpV 45 kullback-leibler (KL) HulS4s &, S5 MM kWiAHLL, HAHEL
(KIMg AR AE /7. 2018 4F, Ma 25" &M Lp BOH T
22 HT if% (electrical capacitance tomography, _ i
ECT) 1, ZET54 T RFEIE) ()[R T T B i . A Fosr | T | ferrm
L RS R AZ 8 U5 1 3k T -Lp (alternating '

direction method of multipliers—Lp, ADMM-Lp) &k
LT LB sk R, EU T Lp SRR Fors | S | L

Rt .
YT BIR HOTV A TpV BB i, A ST HOTV Al K1 f AAME R E R
TpV FASHATEE S, % Lp YBE5] N\ HOTV AL, $H Fig.1 Position relation of
o . L. f., adjacent pixels
—F = TpV (high—order total p-variation, HOTpV)
R, IR BIENRRE N RE-POE R AR (adaptive steepest descent—projection
onto convex sets, ASD-POCS) HF0f H AT A Y (KSR Al o 3 I IE A 1 S5 %6 HOTpV HEZE
B e Fort SN I EAT IE R PRS0 UE, SR FH K BE W A8 0 AR AR L5 CT R Ay ELASE Ak sk
17 HOTpV Mg AL, JF3 TV, ToV. HOTV LU HOTpV M4 ft T 4L 47
SR

1 Sk Tpv EZRES5HZ

AR, ASCLUPATIR CT TN 5t AR, LL “uig REEA -
P Ak AR TR R TR SRR - PG T VPN bR 3X T VR R T T VA A .
1.1 D2D (Discrete to Discrete) F{{§Z& i,

TYEATHR CT B HUSAR AR Ky -

g=Af D

P o g KN M, AR g, i=1, 2, -, M; FEREMZULETUEER
A, J RN N, TCERFRN L, j=1, 2, Ne RGHE A d= A58 5 M
ATl ARG, AR RN Mx N, A TIesRER R Ay RSO RGN R AL 29K )
RIS A, DAL A BRI EE | AT A MR R IR

—EREOLR, REMPEEAET AW ZOER . AR, RILLE R (D
(R m e e H R TIZ S8, Tt — DR Ay — AN A 1) R
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1.2 HOTpV miftbizE

HOTpV TR REAT 0 S TV B AT B Db %, IR 36 Lp S0 L1 %,
Ll HOTV B8 SE AR (KR B 2 sk 7 HR AR TR 7T LA
HOTpV st "g_Af ,S€ (2)
b £OpRRE G, [9-Afl, <e R BRI, & HWEURAER, FoREEURARS
ARt s | loryy JIENITH, FRERMBRIE RN V2 F| 1 Lp %0, 0| V2 F| 5 X
H:

f':argmin”f

Vi s (3

WRH £, FRICHARFAE, 458 B 1 Fos R ARRR A% S AR AR5 32 Z R AT B G &R, I (3D
AR (49 ~X (D) HEAE.

fo= (=S ~(fri = a2 =2F0 o (4)
fo=(for =S ~(fos=foria) = fos = frs = foa+ frai (5)
Fo=(Fi= S ~(frss=Firis) = fos =S = Firs + S (6)

fo=(for=fod) = (foa =)= fos =2+ o (1)

2 lorpe BT LR A

(L —

[ =21 =
1Y (8)
ZUMJAm%gf+dmauAH+AWY%A,w¢wAHﬂ1

S,

Horp Z?y%fﬂi Lp Y6201 p 07, p AHBUEYERIS 0, Do M p ST 1K, LR
BAK S HOTV 55927,
1.3 HOTpV B EZEEEA) ASD-POCS KiFHE %

ASD-POCS SEEHESE R 2008 4F Sidky 2™ BT He BN BRI 32 1K — FL T-20 0 TV 5%
MU MG B AR L, AR AN ERGY (POCS) BEGREMG LW, R F Bl R B
P G TV st A SCHE T I HEZE S EI6E HOTpV A5 78 (R SR fi .

xat (8) sk, aall, s AMgE s RO

|

f HHOTpV

p2
2 2 2\ 2
B =p* (f;t +fs—2,t _2fs_1,, ) + z(fs,t _fs—l,t —Js-1 +fs—1,t—l) + (f;t _zfs,t—l +f.y,t—2) +e *
st

(4 FITR N NEPE ) NRPEY NPRE ) NRPIE ) N ) +
2 2 2 — ( 9-1 )
p* ((fs+2,t +fs,t _2J[s+1,z ) + 2(fs+2,t _fs+1,r _fs+2,z—1 +fs+1,t—1 ) + (fs+2,t _2f.y+2,t—1 +fs+2,t—2) + e) *
(fs+2,t +fs,t _2J[s+1,t) +
p2

p* ((fm,t + o2 f sk )2 + 2(fs+1,t —for—Serrmt S )2 + (fm,x =2 fostp1t S )2 + e) *
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(_4fs+1,t +6fs,t _zfs—l,t +2fs+l,t—1 _zf.v,t—l ) +
p2
2 2 2 =y
p *((fs,m +fsm —2fs—1,t+1) + z(fs,m —foimi—fs +fs—1,t) + (fs,m =2f +fs,z—1) + e) 2w
(_4fs,t+1 +6fs,t +2fs—1,t+1 _2fs—1,t _2fs,t—1 ) +
-2
592
%

2 2 2\,
(s 2] +2 S~ fosm—Fear s+ Frrir=2feartfosa) ]

2 2 2 5
p* ((fs,t+2 +fi2u2=2 12 ) +2 (fs,z+2 S Somtfm ) + (fs,t+2 =2fs it S ) + e) *

P—EPELI W, ASD H9 J 2R
13~1747, AT/ MEEHR T
HOTpV Yk, Horh 5 14 4THA
PSS (9) A H .
ZEEMOT POCS By B A,
B R Bz R P, o
dtvg AL RE NP, 43
POCS FIBREE b B HB 7> R K T
XA BB R SR
M EG B AR (dg) AN
POCS 512 1 & S A2 4k (dp),
HEAREACT B AL BB AL
B2 AR 2 T R I il
() J&T AL I B 2 2 4R
B, WS HICR”
1.4 BEgRRETNIRE

TS GF R s g R
AT B, ASCRABITT
Wik % (root mean square

error, RMSE) FHU&AH {50 L1

(peak signal to noise ratio,

2(fs+1,t+1 st _fs+1,t +.f;‘,t) +

p2

(fs,t+2 _zfx,t+1 +fs,t )

Horp e J2AMRNMOIEEE, EASNEET =107, EHAERME, iZ%8IE 0o
PG E RN ESEREyE, SR IA— L HOTpY BREE, SEMIOMRRS e 1 R,
HET ASD-POCS HEZEK) HOTpV L ARFERSHL 730 (2) ik it W52 Bt s ER 1
AR . SETP R ANEIEFA I P &R 73 K B POCS A1 ASD,  POCS #5734 55 5~6 17,
WA EER AR (algebraic reconstruction technique, ART) AIE [alF5Esiil T 4R

#1
Table 1

HET ASD-POCS HEAL () HOTpV HE g 532
HOTpV reconstruction algorithm based on
ASD-POCS  framework

595 1. 3ET ASD-POCS HE4LH) HOTpV T 411k

wn

B W N =

Initialization: § = 1.0; 8.4 = 0.995;ng = 20; a = 0.2; .. = 0.95; 0,4 = 0.95

:f:()

repeat main loop
f=f
. gl'fAi'f
fori=1:N, do f=/+f4—1—L— POCS (ART)
L1

for i=1:, do if fi<0 then f;.:O

S =1

g=Af

dd =|g—go|,

dp=|f-fol,

if {first iteration} then dtvg =a*dp

fo=f

fori=1:ng do
df:v/HfHHoTpv

& =df|d,

S =f—dvg*df
end for
dg=|/~1o],
if dg>r  *dp and dd>¢ then divg=dng*a, ,
B=p*p., (AXERLEB, SBE0

Enforce Positivity

HOTpV-ASD loop

. until{stopping criteria)
. retum f

PSNR) VRPN RS, THERIE AR
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N
DL (10
RMSE = |-
N
PSNR =10x1 (2-1) (1)
=080 TSE

X Q0 HARRFEEEG, [ FRonEEREG, NAERGENGERES. X AD Foksn
FERESKARELA B AL, MSE s (10) B9 P it 543 2. RMSE JH SR 5 B gl B 45 55 05K
BRI 22, EDBROK DU T 8 A GB 22 . PONR A2k — 4 JR IR BT VP A b, (K
RUIEBR M, T 45 RS

2 SRWERSHR

AT EEAFE WA O KA IEMPESLE T HOTpV AR R & BT i v/ ASD-POCS
SVEIHAT IEREBGUE s @ B 2 BT B0 BE AR ) FCABAARR B8 CT G AT BERSAAR R4 T #
FRE A, LB TV, TpV. HOTV LK s v 20 i 4 i o i e

(a) HHEWAS D R p (b) £8% CT [ {40 KA Ak

K2 EAKHB
Fig.2 Simulation phantom

2.1 IERMEHR

PRARARTY Ko FLAT VS0 T B AT IE AR S0AE, DURERE Y . Sk S S Sl 2 o
AIEH . OB IERPELGAE, BIERe AR S A H A AT, fidy S g LK
SR G 2 AR ZE T LLAE 2N, IR ATRATHA b IERA LS i 2h

TEATTH, SRHZ LT Shepp-Logan AR SLHLNS HOTpV H i EE M IER PR IT . 5
PR/ 128 x 128, Jighk ey [64, 64], FRMZRITAECH 128, MGG ZR/NRIERN 25
BRI K/NA R 1, 76 [0, m] YEFE A HAAT R L 360 MY A B T A s . ok,
A1 R IR 14l RMSE(S, £) <107, SZBE R p (3 HCH 0.1, SEBifRucsk
91000 %, WIEEESE R aE 3 s,

K3 i BoR TIEMTESCE i E a4 i, M 3 (a) A3 (b) WTLAFEH, HOTpV 592
P4 R IEME S Shepp-Logan BAM FLAE UG WA JLT-Eik5r 0. 74k, B3 (¢ H
K 3 (d) JERT 4R E G S BN B EE T ST R R g, Bl SR pigthk iy
A, UFRH T A SCHE ) HOTpV A Ak AR 00 £ 36 4 o 11 T e
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(a) Shepp-Logan # {4 ELAE K4 (b) IEffPEE gL R EHR
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Fig.3 Reconstructing the results of Correctness experiments

Gal) (b1 (el n

(a2) (b2) (c2) (d2)
e (a) TVEEERLI: (b) TpV SEEALE, (¢) HOTV SLikmdgs B, (d) HOTpV SIikmadiai . 55 1178
ToME R A T I E KGR, G 247 8 SR A AR .

Bl 4 KR OBR K EE g 4 2R

Fig.4 The reconstruction results of the grayscale gradual simulation phantom

AN, fEEEE R, UGBS 201 YR, LS BLA RMSE ik S T 9. 373 e,
Wi T RERE B, 43t 1000 YOBARE G, HEERECIAR T 1.971e°, RMWIE
PRSI AL, TR AIE B T 2 A 2R R SR AR Sk i IE A
2.2 IREHTHERKER

0T HAIE HOTpV PLALAE AL G St PERE, AT 5 Wil 2 Ca) s [ 5 v A8 477 B ASE
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PRIEAT T B S . AR/ 200 x 200, £ [0, o] viu [ A 220 5R 4R 30 LA P IR
HAm AT RS . RSB R, AR S GINBE R, RIARSCE BAR (1 %
ARGy 0, J5 22 0. 1 Il Mg, 3 s B s vk 39k 5 TV, Tpv ALK
HOTV S35 A8 oM LU S 55 W 25 A1 I JEAT S LS By, Jorp TpV MUASC TSt 1K) i B TV 55
I p A 2R F I p AT HAE, RFRR R SR IAAR 500 AL Z A B8,
AR 4 Pros.

B4 o TR SAN AR R B P AIRRN], TR HAIA R e
POE BRI AE T, TV R TpV SAERTAR 7 AR rh I 2 5 I N BB D 3, ToV
FRE AR PR O E I . H4h, B4 (el AT (e2) KU HOTV SIL AR AT
PSR 2 B D0 52, AR AR S S AR (KA S A7 AE R HE, -l b B B i Sk D o
11 HOTpV SHAFE AR EEHT AR AR rp R B T 00T 3ol 3 Rl Sk v fg, Fmd s Al
o EILP 5 ARG AELLX 7y

K5 Ca) ME S (b), Jiezs T PR s S E g 45 R BRI i) i h 2 R 5
FER 50 MR L AL HOTV BRAAAE LB A /NRI I, 1T HOTpV ALY fg 7K P £ )
HHEAAMGILF e aisG, RIARR T RKERRH RN . 5 (o) ME5 (d) B
T TV A TpV SLEEHURAEACE 7 ) B g 4k, JLR R BRI B H ok . 1X
K 4 R RATPR S5 2, HOTpV A G 2 45 R Busoki i, RS fe o
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Fig.5 Horizontal profile of reconstructed results of grayscale
gradual simulation phantom

X2 W W OR T K AR AT AR A 45 B RMSE R PSNR . R 2 R4, HOTpV
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2 KPR AT EAAAR R 45 (1) RMSE A PSNR 437

Table 2 RMSE and PSNR analysis of reconstruction results of grayscale
gradual simulation phantom

Bk
AT PHERS
v TpV HOTV HOTpV
- RMSE 0. 007 0. 009 0. 003 0. 001
Tk
PSNR 43.679 40. 699 50. 365 59. 347
RMSE 0.015 0.019 0. 008 0. 006
1
PSNR 36. 524 34.889 42.674 44.715

(a2) (b2) (c2) (d2)
VE: (a) TVEEERLS, (b) TpV BEEHLYE, (o) HOTV BEE#gE B, (d) HOTpV Bk E /s . 4 11THh
TCME R S PTG, 5 2 AT M B B T R

6 LS CT B OB AT @ 45 R

Fig.6 The reconstruction results of the real CT image simulation phantom

N2

(al) (b1) (cl)
X SR~
(a2) (b2) (c2) (d2)

e (a) TV EETALE R, (b) TpV SEERLR,; (¢) HOTV SRR AR, (d) HOTpV HVAT @A K. 55 1 17 40
FEAF T IELIER, 5 24T SRR R G

K7 K6 PR IRE RS R, KIEE N [0, 0.2]

Fig.7 The reconstruction results of local areas in Fig.6, gray window is [0, 0.2]

2.3 HLCT BBhEEFERE

o THE B RFUACSI ) HOTOV DLALBUEORAE, AT A 25 CT R 07 5L
HATEARSK, JCEEAN G 128 128, W2 (b) hFTR, LATERLML 2.2 (R
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FF—30 4 MR E ) L g Bl 6 s

Kl 6 (a) FIE 6 (b) Won TV LUK TpV Sk dE g BG5S 2, Wk & i s i &
ARG FEA B, SRR R [0, 0.2] 5 (& 7), AFLLSE H HOTpY A4k
R B W R AR T LA 3 PR B Rk, MR R SR

3 IR TS CT UG AT ELBAA T it 45 (1) RMSE H1 PSNR {8, HHE W %0, HOTpV 45
R A 5 LR % %) RMSE F1 PSNR 448 T TV, TpV. HOTV =FRh g5k, Kk HOTpV wf LI
A g R TN G, R B T I R EAT R B AR

3 HSECT BB AR T 45 R (¥ RUSE AT PSNR Z3 4

Table 3 RMSE and PSNR analysis of reconstruction results of the real CT image simulation phantom

%

Eigsi2 I3 PN Fe bR
v TpV HOTV HOTpV
o RMSE 0. 039 0. 039 0.038 0. 036
Al PSNR 43.679 40. 699 50. 365 59. 347
RMSE 0. 049 0. 049 0. 048 0.047
HIR PSNR 26. 220 26. 221 26. 458 26. 616

:l: ~
3 gl:l 15

ASCES G RS Lp JURER I T FOBr U0 AR R ——HOTpV A, A
FZE 3] ASD-POCS il FLEAT SR, AL LR Shepp-Logan A5 AAGE I 1E A 11 S 466t
HOTpV A5 R SRARSVE AT IEA PRI [R] IR SR BRAB R 5 M8 75 155 Jcdla ol < 38 A 4 BLA
PFIELSE CT G ELBARHEAT H 4 S50 . HOTpV AR AUAL Y RG-S B A9 L L TV 2B A
RS PR IR 24055 SN gce,  [RIIN MU Lp vl smfimidt, e Rl 17 TV SRS N 1 Br
BEO 2 IO RN, Refs FH B (K38 Ky JE adt HHORG 3 S8 e R B R

ASCHTAE 1K) ASD-POCS S22 NI EE Sy BE e vk oKk (1, KBTI Z WS, AESHiX
BT R SRR SIOE B . (] Chambolle-Pock S5 HEREAT KR, I
R LA SRS N e, IR SR A S A SR BRI A 7%
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High Order TpV Image Reconstruction Algorithms
Based on ASD-POCS Framework

YAN Huiwen, QIAO Zhiwei”
(School of Computer and Information Technology, Shanxi University, Taiyuan 030006, China)

Abstract: Total variation (TV) minimization model has been widely used in the field of image
reconstruction. It can achieve accurate reconstruction under sparse projection acquisition by minimizing L1
norm of first-order image gradient size transformation. However, the TV model is based on the assumption
of segmented smooth image, which sometimes leads to staircase effect. Researches show that the high-order
Total Variation (HOTV) model can suppress the staircase effect effectively and improve the reconstruction
accuracy. In addition, total p-variation (TpV, 0<p<1) model uses Lp norm to approximate L0 norm, which
is expected to further improve the sparse reconstruction ability. In view of this, this paper combines HOTV
model with TpV model, a new high-order TpV (HOTpV) reconstruction model is proposed, which is solved
by adaptive steepest descent-projection onto convex sets (ASD-POCS) algorithm, sparse reconstruction
experiments are carried out on grayscale gradual simulation phantom and real CT image simulation phantom
under ideal and noisy conditions. The experimental results show that compared with TV, TpV and HOTYV,
HOTpV can get the highest accuracy image.

Keywords: high-order total variation (HOTV); sparse reconstruction; compressed sensing (CS); ASD-POCS
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