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Image Reconstruction Algorithm Based on Graph Cuts and Gradient-based Algorithms
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Abstract Image reconstruction is a promising optical molecular imaging technique on the frontier of biomedical optics.
In this paper,a generalized hybrid algorithm for image reconstruction was proposed based on graph cut algorithm and
gradient-based algorithms. The graph cut algorithm is adopted to estimate a reliable source support without prior
knowledge ,and different gradient-based algorithms are sequentially used to acquire an accurate and fine source distribu-
tion according to the reconstruction status. Furthermore, multilevel meshes for the internal sources are used to speed up
the computation and improve the accuracy of reconstruction. Numerical simulations were performed to validate this pro-

posed algorithm and demonstrate its high performance in the multi-source situation even if the detection noises, optical

property errors and phantom structure errors are involved in the forward imaging.

Keywords Image reconstruction, Graph cuts,Gradient-based algorithm, Phantom structure error

1 58\

EXYEBRERE-FHERENNSWENHEYTR
MRESFREBARTY . HEBEAREREEWENBER
BN E, REELERELE N EREHRNN I HE
. SREBHRBHE AW CT.MRI.PET %ML, KE—
FrIEEATRA TR , B RGBS, X9 AT BB AR BRI A0
FHERA R ERNE. X8 BLT BN E ¥R —
BEZEFHHRBER, LI B 28 BERST BN
%,

Wang 515564 BLT 5 ABI S ER R G LUAHR Hiv
BHBERS RS G R T B OB XA REE
MARR RIESW EEHESY . 7 BLT WEEY, —1
F B RIER v AR R AR A RV, B DG IR Ay R A R
LREXRZHTEE. ARENL CRUATHESERE
ghon, EXSERE R, TREEATE, 5N
BRRERIRE SR . RTAESERM A ERBDLE IR

BIRHW2013-05-20 BB HHR2013-07-22

FHEER. SCRO2)ARTE SR IEMITH BLT B
o MR ATXBERFENFSRE. w1216
RBEEFESMERABRT YR EHER, B
B IR XA 2 SAE A TTBEAB G IR i < A3t BRI R

EXHIE T RAKBFN T ROCBEN R, #5 T —
MEGEARGERSHBENSEERNEGERAK. °
SERARNERBAERDEREFFRNERTHELRE
0L R R RA R B ERE R REERREEB RHEER
595345 15 00 s BUE MR N BB E IR0 B R M 4 2 R T B D
HRENERNE. (TELREREN, EHFERMRE LR
PIRE SR ZFOLT . Frid sy kA RRE 8 DIH T
MERME.

2 HxX¥R

KEEBNRPHEBTUES RTE "R EH
RO, SR RTE M A BEEEN PSR EER
HHME, fEAYHAAR, RS AT R, BREER

AXZERERPEESIRBQ1II6056) %8 .

RERE (1980—), &, Al 4, $HIW, EEHAF AV AR MBI SRR S RPBE 79, B, |+, T, TERFTHF W ABFRITR

WRMAR MR A975—), B, 181 , B, TEAR TN FEERE.

« 314 -



FHR) R A DA Rk RTE,
B QER® RARAFR R T WA RKE , u (DFR 2€0Q
hbERE SRS, BLT [RE AT AFRR K«

-V (D@ Vu (@ Du(x)=q(x), inQ
BLT— uo(x)+2D(x)%%x=O, onT
D(a:)aa—usx=—-g(z) s onT

¢))]
Het,pm (), e (D S BRBERAES RZEG D@ =1/
B3 @+ GO TP R, "= A= IRPBHF
B0 A RFBH.

AR DS, AP BEIHAPENE S ARERGTR
HERR. BBERR QPHFLE N PHEE (o)L, , BHFRT
FEAE MRS, W BLT BB s R AT L RAR N .

Mg=b 2
Hp M=[mi,mz,,my]ER""RRRGEE, ¢=q,
Ge s ]t RARKEM A ELR, bERY RxiI R WEMH.

BT BLT My S4ets, M E#TH L RIEHLHER,
WK, BLT (AR AR 15—k LS R

E(@= | Mg—b || 2 +2G(g) )
Ho A RE— kB8 .G R Rk,

3 BLTEZHEZ%

EERPRIIGEN B & BLT HEEEE, X E
TREEMFE RS, EM, Landweber, 28 # Newton B B:
RIMEFAMBLT ERBEENY, EXHRELH IHE
BRE R, £ EMB®P.

gty :M}rlq(n) . MT[# @
He,IeRY e 1 A,

7F Landweber Bk,

q(n+l) =q(n) +7,.MT (b___Mq(n) ) (5)

TEMH Newton Bk,

¢ =¢" + (M "M+-aDM* (b—Mg™ ) 6

Bol  EHENER R AR M B E LS A4 BLT
HEPREREMN P, BB, ROWERRN:

E(Q)= | Mg—b || 2 +AG(g)

= W-I-lzﬁi(qi)%-gﬁ‘-j (gi»q) D
B, O H—H B0 DFRICE H LR RO FUE
0; C« YFRFHERY REIHSAF OBUE. Oome 0 ),0; (D
FREH R G(ORE. A L FULR.G@=|ql,
T Oy 50: C+ D505 C o YR LAFIR N«

0,.. =b"b

0:(g)=Umim )G+ @A—-20"m)q )

8. (gi »q;)=2(mim; ) qiq;

LR AR A E LT 2, ol TV %,

T QPBO B, E( AT L A B it B R B ¥ 3 B
AUy N5 E(QMABHER. AETURAEHE
BE/MUBRRE BRI EN SRR . ERPRAX
mR{16 13 1 R EE .

4 BRREEZE

EEVPRINBEL -HETRABERERY BLT B
BHY:. WRi—WhARe—H KSR BLT EREEHEE
TR BERY 7 85 » FF ELARYE HL R R BB B R T LUy
. R TRRETITE BRIVOBEERS BN AT
BRI EY.

B 1BiRAES BLT EREERAER. NEBTLUE
HEAEEIZSEW NS R ARIET BRI
B, §-SHAEMLNERTEUER B REEgL. X
BB EERARBE R, XA S B —AE i
8. SHRAFHITE T ERABE B B Bk # 0y s

RITEEEE.

Improt boundary
measurement data

}

Second-Order
Algorithm

Estimate
1.source number
2.s0urce power

Initialize algorithm

!

1
i
{
!
i
t
i
!
i
1
{
i
1
1
{
!
Compute source I#
i
!
i
!
]
]
1

support

)

Compute source
distribution

E1 RBA&BLTEHZEERHEA

MRETAM,E BLT f R BEBE R AT DR LG8
REF IR BT ARE T BGRE iri. R, B TR
EETEANREENWEEERNARE, SERERBITAER
BN - ER RO RENSERNER. BAE
RN TR A B PR B 0 AT SR R LR IR ST A
SR RENTFEXR., ERIANEXENBRLT, M
FHTH B LT LIRS B R IR R . ZBIE
= B WS BE ) IRV R, B e SR I RSB B AR M A A
0L RERA— BRI ARANER . RS ET
ZEME RS, BATER A T2 BB/
HELER BLT fEaEiet.

BE BLT EREE K AL RIERINT
Step 1 MAHFWEREb;
Step 2 FIBLEEREE
Step 3 HERBEE:
YWBE 1 HEE 1 AR, ROTUTAR. RA-HE
BRI ERMERS Ly KRR
L AGHERE RS AR iR 5
2. RFEBIR A BB A

K
AR A .
For k=1:Ko
RARBEBR RS A B RS Ly SERWE ¢
e 315 -

Step 4



FH— R EHOCHE T g5
WAR R 1 R 2 WAL
rhT 56 LBT B ;
e el ]
3. Licr BOEUR 37 5
£

FESC AR R A R T, £E 2R F — B AR BB IR 43 A Y
KNG B Z S o 38 LK A3 A VE B 53 1B Bk v AR O (e 375
FlEAeRE . RERAXEE KBRS SEDESE. B
Sl IR U5 43 A pR BN R BB B A R R FE AT X R
AR Z G S FRATTR A T2 B B 7 b TR B

AR AR, TR T 29N IRy i,
U] GEAE AR Z a9 R AR 2 RS . IR 2R A
— M I R AR .

FE SRR AR T, AR e B R R G TR B FLUE
RER MR B AR THE Ao mitE R e S
U5 P38 ok 7Y e X B A M AT AR P i AR 22, HR
W /NE T DL AR

5 WHEHEIESHRSH

5.1 gt

AR SCIE A B IR A SCITHE S 9 T vk IO A RUPE , (R B
X R NE A BRI S X RS R . O T AT T A
AR, A G RG S R SUA R E T M
b, b TR b BTG ER A R, B AR TR AL
AR AR B, T 5 YRR A R R R TE R

P ESEEe b, SR T SCHRL6 1 rp (A AL S A 2R R IE S
%, 30mm B FEAE 30mm e HE B A R A & T 4 A
4> BB (B) SO JIECHD il (L) LR (VD BRI Z5 4 i [
2 7R .

(b) cross section (c) source setting

B2 SRR R NS
L ESER P IMAT 4 ARRESEIR, KRS H L 1 s,
1 WEDLREAFES

(a) 3D view

Source  Center(mm)  Radius(mm) Intensity Power(nW)
S1 (—9.0,3.0,0) 1.0 15 62. 8319
82 (—9.0,—3,0,0) 1.0 20 83. 7758
S3 (9.0,3.0,0) 1.0 25 104, 7198
84  (9.0,—3.0,0) 1.0 30 125. 6637

FEA R AR D, FRIBRRA T L' (ENME, &
S AT EERWT R A LY IER 4L, L IEWAEH TV IE
TR B R SRR RO . R SO B
A R SRR B R T R X AR A R TE L
Ti R i 25 AR B T ARG B .

ALK R T EM BEEE N — BB R R
ST AR GEE R Bk b R R R LS AR R R . R
SRR R Bt Newton 35 8 R i 586 I8 43 i

s 316 =

BB RRE B, #R 5 R F Landweder 83k ki — B =
AR .

S RIDERER AR R MR Z E ik
B TR , SR R 0 45 B AR IS A5 2 AT 24 1 B G IR S A 1 L
PR O B rp S AR A B Rk AR OB A58 A, PSR B I o
%2,

A SCOFEL AP R T 1 A pREVE R PO BT AL A B
o XEFA R e, B g R A

$ (@) =Xn, (), ={z| | z— 2 || «<<Ox:/2} (9
o, Az has A AR FE AR ST D7 B R SR R IR RS 22 4%
3 2, B —R Ax;=3mm, 7£58 R Ax;=1mm, 5K
K R G e T B VR T B 2 AU AT B 0T B .

AP A0 7R 40 5 B4 FT AR FE A RR T (FEMD 19 7 8%
R, ARCHE B 2 gl .

2 TR BRI

RGN Uik g8
Mtk a#d 4993 11455
HFTREHH 5970 10626
TLHE¥E 26244 63084
T Lagrange-Quadratic Lagrange-Cubic
5.2 HESH

AR BB Y 5 EM, Landweder, ¢k Newton
BRI, R R B B MAT— W PT/R . 7 EM,Land-
weder., B3l Newton B8 PRI 58 «

Qo= 1{(Zs5,2) | 6mm< /2" + 32 <12mm,

—3mm<z<3mm;} (10

& 3 FiR Rk AR kA B gy R, WE 3(a)
FFE 3(b) iz , B4 vk RE A% T @R IR 19 43 A 1 0 IF LB
BRI AR B B IRIX 2 FF . MR, AnHE 3 (o) — (h) fiT R, EM,
Landweder. 80#f Newton B ¥ R4 6B 6% T & % U (Y 4 75 1%
0 (B BB AR PR AR I I Y6 IR X 73 FF

57
- 456

“C15-10 5 0 5 10 15 o
x

(a) Hybrid Algorithm(z=0 slice)

v =15 ~15
(b) Hybrid Algorithm(3D view)

i
_ | "
~; - 0
15315 =0 =5 05 WIS
x
(e) Landweber(z=0 slice)

T T
:
(g) Modified Newton(z=0 slice)

B3 AR A2 A R A SRR AR

(h) Modified Newton(3D view)



X 3 FH AR B LR E R ik, fER 3. LER
AN HORIR2E, LE & 2 0 ERR 2, y, = I IR
7 ;RMS ®/8 LE ¥ (A, BB IR O fE L oL Y
PR ; RPE F/n T A G U BB B i A R R 225 SRR RN E
HOGUR I B4R s TR R) R TG I T Y A A fa]

SERHTRY, 3 FIR A5, LE £ 0. 2mm PAPY, MR
WRETLE 0. 3% AN, ML, & EM B, LE KF 0. Smm, #]
STiR2E K TF 18% ;7 Landweder By, LE KX TF 0. 31mm, 4
SR 2 AT 22% ; EdGH# Newton Bk, LE X F 0. 11mm,
HIRHRZEKTF 142, BRAH, FrAJEA TSR B R
SR A . SR IR BRI » IR EAS S I BLSE
fH. RANEA TR E TR 5 R B LU ELSL RS R, 3X
R IR RE R AR T E— A LS E R /N X

F 3 AFNGEETET R R

E 53 Hybrid 3 3% EM 3% Landweber 3 %
L (—0.01,—0.02, (—0.02,0.04, (—0.08,0.30,
S1 0. 00) 0. 00) 0. 00)
RMS 0.02 0. 05 0. 31
(g (—0.01,0.00, (—0.07,—0.12, (—0.16,
S2 0. 00 0. 00) —0. 36,0. 00)
Source RMS 0.01 0. 14 0.39
Location LE €0.02,—0.02, (0.02,0. 05, (0. 13,0,32,
S3 o —0. 00) 0. 00) 0. 00)
RMS 0.02 0. 06 0. 34
(g €0.00,0.01, (0.06,—0.11, (0.16,—0.36,
sS4 0. 00) —0.00) —0, 00)
RMS 0. 01 0.12 0.39
PE 0.15 —11.9 —14.1
0 RPE 0. 0024 0. 1894 0. 2244
PE —0.23 —17.34 —21.13
Source  SZ ppp 0. 0027 0. 2069 0. 2522
f o PE —0.2 —19.83 —24.6
(nW) S3 ’ : >
RPE 0. 0019 0. 1889 0. 2349
o PE 0. 02 —25, 44 —31. 65
RPE 0. 0002 0. 2025 0. 2512
S1 1.5 " 3.88 4.9
Source S2 1.5 3.9 417
Size(mm) S3 1.5 3. 88 4.9
St 1.5 3. 88 4,17
ComputationTime(s) 19. 61 43, 67 45, 46

5.3 EERRBRMEESHT

AN ESEOPIMAARRRE®HESD . hTAR
AL TVES  Ells ER BN Sk Rl R ey R S R eSS
XRZRAAIERZEHE RIREMFE. R 1SI0SR
PSRN B b A S 28 1 B (R L AR X S R U (]
WR ARG M. S0 A (8 R 38 2 e 5 (oA — %
MR Z UG RSB ., EREMAIRZERS AT E R
TH B REAE SR LR R S /D

A E TiREN+25%,+50%, —10%,4-100%
BEER . P FCRWITETE R 22 B, T AR A v O 188 B SE 2
B AL S0 EEDERAER IR T M. MR ERR
22, TEAEIR 9 PO B B SE A R RO S s DY
TRRERLR T REA. (B MAERIRESMERFESEOREN
B . FEDGCIR A AE R LA B 2 RHIE SRR 22 B0 R
A, M 4 FRA£50 0 1R 20 Fr Bl A E5 R .

TS50 5 0 5 10 15
X

¥ =638 oy
(b) 3D view

(a) z=0 slice

B4 £50%iR3Em BTS2 (0 T g 45 R

fBist B AR OB AU GE M AT LA el oA D7 k45 3, kit CT 4§,
T WFFR A SR 2 N SR NS (R B W), AR SO B2 A A
IR 43t — 2o As 8, ZEX MR, REFFERAE 2
P o (A AL S B0 A5 3 5 A0 I A (R e — S 2
1 MAR S LR AR .

SEUS R, AR SO CHD A (L) B8 35— & /9 41 BF (0. 5mm,
Imm, 1. 5mm), {FEIERY, 24 L #00E ) S8 shid, &
BYCUR A O k2 i F AR OB S, O H EEHORRARE R
PRELSC(EAR. AHR . 24 L 008 1 B shad, T ORI A
e i HERALD 8 3, I H 86 IR 0 G i LU ECSLE R .
MBANR ZE WA, X E R R S8k, B 5 iR
Sy L A28 m M sh 1mm 55 F AR E R K.

e s 0 8 10 16

(b) 3D view
B5 Le9frErsssl lmm 560 F A BN EREGR

AR B T A BEALIR 22 DGR UR 22 TR A A B
XME@EFROEE ., EHEPACERWRER L O E
5% 3 1mm, Ja2F R AE S RO PR 22 0 5006 , 185 30 R 75 114
FrEH 100, B 6 R HEBRERER. EXFMBELT. AL
BIRZEAE 0. 37mm LLPY ; THDGIRE bl 1) F BRI R 5h 5
BERIRZERT 67%. 5 R B EM X 5 v R K P48 B 1 4%
S, B IRIR A R R B s B 45 R 5 £ 5070 b2 4
MESAYIRZE TR B SRRl FERAS R A7 B O 25
FSEAHE R RN SR 5h 0 L Ja S8 3h B4 5 i) 5 W 1 4 A
Bo XAE—ERREE AN TALE 22, NI i T A4 R
AR EERRAE . O BRI, B R PR R 22 X T A A SR B i
SR, MR BRI/ o

x
(&) 2=0 slice

10 15

- DO S
=15 19 =% 0 5
X

2 s
y =15 -15 Ty
(b) 3D view

(a) z=0 slice
6 EiRA R R R i H IR
GERIE  ASCHRH T 0 A T R R

i BLT Sek. I S0 IR 0 25 2 0 4 4 5 1305k B A
o 337 s



HROWERNE, FRNAEERTIRA BARE SEERE
REMELERRBENER. KRR, LERERENE
BARGYWE R, RAKR IR,

2 % X &

(1] Rudin M, Weissleder R. Molecular imaging in drug discovery and
development[ ] . Nat. Rev. Drug Discovery, 2003,2,:123-131

{2] Ntziachristos V,Ripoll J, Wang L. V, et al. Looking and listening
to light; the evolution of whole-body photonic imaging{J]. Nat.
Biotechnol, 2005,23:313-320

[3] xS, B8, G a, % ETRILRB KT MGMT %5
REGPBEIELT ] T KR TH¥R,2012,1:028

(4] SR, 9IR, B4, % AT TR RN N YET
Wo=fRmEMERNED] DEEYEFTR¥M, 2008,
27(3):360-365

[5] Ma X,Tian J,Qin C,et al, Early detection of liver cancer based
on bioluminescence tomography[ J1. Appl. Opt. ,2011,50; 1389~
1395

[6] 1148, EXAE. BB £TRPXER SR MHEILRESRSH
SR E 1] AN, 2011,31(12) : 3350-3352

[7] Zhang B, Yang X,Qin C,et al. A trust region method in adaptive
finite element framework for bioluminescence tomography[J].
Opt. Express,2010,18:6477-6491

(8] FengJ,Jia K,Yan G,et al, An optimal permissible source region

strategy for multispectral bioluminescence tomography{ 17, Opt.

Express,2008,16:15640-15654

[9] Naser M A, Patterson M S. Bioluminescence tomography using
eigenvectors expansion and iterative solution for the optimized
permissible source region[ J]. Biomed. Opt. Express, 2011, 2
3179-3193

(10] Naser M A, Patterson M S, Algorithms for bioluminescence
tomography incorporating anatomical information and recon-
struction of tissue optical properties {J]. Biomed. Opt. Express,
2010,1.512-526

(117 feIfRRs, BRER , MRS, %, MG SFS MM R KM
ik E Ak ] AR, 2012, 33(4) . 727-736

{127 Liu K, Tian J,Lu Y,et al. A fast bioluminescent source localiza-
tion method based on generalized graph cuts with mouse model
validations[ ] ]. Opt. Express,2010,18:3732-3745

(13] =M, BRERDG, RSS2 BT HE N A AT A8 B T ek
B BT M B 2 R AR M LT 0. TH LR FAF S, 2009, 26(10)
100-107

(14] BR& AL H. ETHEAMBHWER=SEZRENEH I 3
FHLT R 58,2009,31(9):39-41

(18] Bo/hved, RIGR, B8, % 8B XHEBYIR BIEERS X
(7], BRI K224 - TR, 2013,8.012

(161 B/ME. PR ABERBR PR EREEERK(D]. HE.
P& TR R, 2011

(17] se%m, TEAL, 8. ET=HBTENMARESMITTL. BX
TR e K22l EARBHERR, 2010,22(3) - 375-380

(E#F 305 T)
2% UM

[1] Papenberg N, Bruhn A, Brox T. Highly accurate optic flow com-
putation with theoretically justified warping [J]. International
Journal of Computer Vision, 2006,67(2):141-158

[2] WrenCR, Azarbayejani A, Darrell T, et al. Pfinder; real-time
tracking of the human body[J]. IEEE Transactions on Pattern
Analysis and Machine Intelligence,1997,19(7) ;780-785

(3] Stauffer C, Grimson W E L. Adaptive background mixture mo-
dels for real-time tracking{ C]// IEEE Computer Society Confe-
rence on Computer Vision and Pattern Recognition, 1999

(4] FElgammal A,Duraiswami R, Harwood D, et al. Background and
foreground modeling using nonparametric kernel density estima-
tion for visual surveillance[ J]. Proceedings of the IEEE, 2002,
90(7):1151-1163

(5] RuH,.B8E BB, % R _EE rExsREl)
2k, 2013, 39(1)

[6] Tan X, Trings B. Enhanced local texture feature sets for face
recognition under different lighting conditions[C) // Proceedings
of the IEEE International Workshop on Analysis and Modeling
of Faces and Gestures. 2007

{77 Liao Sheng-cai, Zhao Guo-ying, Kellokumpu V, et al. Modeling
Pixel Process with Scale Invariant Local Patterns for Back-
ground Subtraction in Complex Scenes{ C] /2010 IEEE Confer-
ence on Com puter Vision and Pattern Recognition. 2010; 1301-

« 318 -

1306

[8] Barnich O, Van Droogenbroeck M. ViBE: A powerful random
technique to estimate the background in video sequences[ C] /
ICASSP 2009: IEEE International Conference on Acoustics,
Speech and Signal Processing, 2009. 2009

{97 Barnich O, Van Droogenbroeck M. ViBe; A Universal Back-
ground Subtraction Algorithm for Video Sequences[]J]. IEEE
Transactions on Image Processing,2011,20(6):1709-1724

[10] Toyama K, Krumm J, Brumitt B, et al. Wallflower ; principles
and practice of background maintenance[ C] // The Proceedings
of the Seventh IEEE International Conference on Computer Vi-
sion, 1999. 1999

{11] KaewTraKulPong P, Bowden R. An improved adaptive back-
ground mixture model for real-time tracking with shadow detec-
tion{ C] // Proc. 2nd European Workshop on Advanced Video
Based Surveillance Systems., 2001

[12] Zivkovic Z. Improved adaptive Gaussian mixture model for back-
ground subtraction] CJ // ICPR 2004 ; Proceedings of the 17th In-
ternational Conference on Pattern Recognition, 2004, 2004

(137 Heikkila M, Pietikainen M. A texture-based method for mode-
ling the background and detecting moving objects [ J]. IEEE
Transactions on Pattern Analysis and Machine Intelligence,
2006,28(4) ;657-662

[14] Kim K, Chalidabhongse T H, Harwood D, et al. Background
modeling and subtraction by codebook construction[ C] / ICIP?
04,2004 International Conference on Image Processing, 2004,
2004



