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2 NFRAE SRR S BN LB R AR SO s SN RN B 2351 6. 35% (10, 75% (12.39% F1 7. 83% s 7EfIIHI 3 /\*TA
PRI 2 B S, as SN RD AN EE 23590 0 12.32% |15, 45% Fil 14. 04% s 7EfH T 4 MARZE & B 73 153 s

I [E] 05 L2300 0 16. 69% H120.07% o £5i€ ASSCHE 9 Z2 A1 K15 731 Vese-Chan BLAUf) i ,*Hijtmdﬂiﬁtﬂc
T RVRICR b T IEARUCK TR B T AR

KR : ZHEB 2 E; Vese-Chan B8 (NG 5 SR RITT i 5 58 T7 ) 317 ik

Continuous max-flow method for multiphase
segmentation Vese-Chan model

Wang Jie', Pan Zhenkuan', Wei Weibo', Xu Zisen®
1. College of Computer Science and Technology, Qingdao University, Qingdao 266071, China;
2. The Affiliated Hospital of Qingdao University, Qingdao 266003, China

Abstract: Objective Multiphase image segmentation, an extension of two-phase image segmentation, is designed to parti-
tion images automatically into different regions according to different image features. It is a basic problem in image process-
ing, image analysis, and computer vision. Variational image segmentation Vese-Chan model is a basic model of multiphase
image segmentation that can construct characteristic functions for different phases or regions using fewer label functions,
thus producing small-scale solutions. Graph cut (GC) algorithm can transform the optimization problem of energy function

into the min-cut/max-flow problem, which greatly improves computational efficiency. In the spatially discrete setting, the
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computational results of the min-cut method are influenced by the discrete grid, resulting in measurement errors. In recent
years, the continuous max-flow (CMF) method was proposed. As a continuous expression of the classical GC algorithm,
CMF can keep the high efficiency of the GC algorithm and overcome measurement errors caused by the discretization of the
classical GC algorithm. On the basis of the framework of variational theory, the CMF method for multiphase image segmen-
tation Potts model and two-phase image segmentation Chan-Vese model was proposed and studied. However, a CMF method
for the Vese-Chan model has not been studied. Therefore, we propose a CMF method for multiphase image segmentation
Vese-Chan model based on convex relaxation and study its computational effectiveness and efficiency. Method In this study,
binary label functions are used to construct different characteristic functions for different phases according to the relationship
between a natural number and a binary representation of partitioned regions. The characteristic functions are divided into
two parts according to the value of binary expression, i. e. , 0 or 1. The characteristic functions are different. The date term
of the segmentation model is also divided into two parts. Therefore, multiphase image segmentation can be transformed into
two-phase image segmentation. This model can be expressed as a symmetric form of label functions, which are beneficial to
interpret and realize. We introduce three dual variables, namely, source flow, sink flow, and spatial flow field. Next, we
rewrite the optimization problem of energy function for the Vese-Chan model, including the above three dual variables. Flow
conservation conditions are obtained by solving minimum problems of energy function. The Vese-Chan model can be trans-
formed into a continuous max-flow problem corresponding to the min-cut problem. To improve computational efficiency in
the experiments, we likewise design the alternating direction method of multipliers (ADMM) by introducing Lagrange mul-
tipliers and penalty parameters for the proposed model. The main idea of alternating optimization is to solve the optimization
problem of one variable by fixing other variables. Therefore, the optimization problem of energy function can be transformed
into three simple sub-problems of optimization, which can be achieved and solved more easily. For example, to solve one
sub-problem on the source flow variable, the sink flow variable and spatial flow field variable should be fixed. Three dual
variables must be calculated and Lagrange multipliers should be updated at each step. All of these variable need projection
to satisfy the range of values. When the energy error formula is satisfied, the computational iteration stops. To represent the
boundary of images after segmenting, it is necessary to threshold convex relaxed label functions into binary label functions.
Finally, we can obtain segmentation results according to the binary label functions. Result Numerical experiments are per-
formed on gray and colored images. According to the area numbers of images, numerical experiments are divided into three
parts: experiments using two binary label functions, three binary label functions, and four binary label functions. Segmen-
tation results are represented by curves of different colors. In particular, to accurately represent the segmentation effects for
complicated images, we obtain the approximate segmentation results. For the segmentation effectiveness, experimental
results prove that the ADMM method and our proposed method have the same segmentation effectiveness for simple synthetic
images. However, compared with ADMM, our proposed method is more accurate for complex images, such as medical and
remote sensing images. Moreover, our method can achieve better separation for segmented objects and background. For the
computational efficiency, we use two binary label functions to compare the efficiency of four gray images, including synthet-
ic images, a natural image, and a medical image. The acceleration ratios of computational time for our proposed method are
6.35% , 10.75% , 12.39% , and 7.83% , respectively. For the experiment of three binary label functions, three gray
images are compared, including synthetic images and a remote sensing image are compared. The computational times of our
proposed method improve by 12.32% , 15.45% , and 14. 04% for each image. For the experiment of four binary label
functions, we compare two color images, including a natural image and a synthetic image. The computational times of our
proposed method improve by 16. 69% and 20. 07% . In the experiments, our proposed method reduces the number of itera-
tions and improves the convergence speed. By comparing the acceleration ratio of computational time with the increase of
region phases or the complexity of the image, the advantages of the computational efficiency for our method are more evi-
dent. Conclusion Continuous max-flow method is used to solve the multiphase image segmentation Vese-Chan model.
Numerical experiments are performed to demonstrate the superiority of our method in terms of computational effectiveness
and efficiency for medical images, remote sensing images, and color images. Our method can be applied to multiphase seg-
mentation for three-dimensional reconstruction of medical images in the future.

Key words: multiphase image segmentation; Vese-Chan model; convex relaxation; continuous max-flow method (CMF) ;

alternating direction method of multipliers ( ADMM )
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(a) RINCTIEI(150x150143F) (b) HARIEIK(160x1601%3)

A
-

(o) HEEIRGB1T<15814F)  (d) JUMEIR(256%256 1% 3%)

Bl 1 RinEIE
Fig. 1 Original images( (a) brain CT image; (b) natural

image; (c) synthetic image; (d) geometric image)

(a) ADMMJ5 £ (b) A T7 ik

B2 XA B3 HILRA L
Fig.2  Comparison of the segmentation results for Fig. 1

((a) ADMM; (b) ours)
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Table 2 Iterations and computation time for Fig. 1

BB BRI E/ s SR

El% L /9

ADMM ~ AC  ADMM A& JHEEE/%
K 1(a) 23 18 0.63  0.59 6.35
B 1(b) 63 40 1.86  1.66 10.75
B 1(c) 51 32 2.18  1.91 12.39
B1(d) 12 10 .15  1.06 7.83

3 MEMR iR i@ S TRl R K 3z 55 [8) i B £
R B 1(d) 2y g JULART 1T 4R, s AR R A i 3
[IF D AT B MR RT R IEMR A IR Y
SN AR SO R I R AR S e R A
3.2 3INTERERHENIBERS O

XT3 Rty 3 WK UG HEA T 500 . X 3 i
PR A DXAR R R T 4, L, BT 3 A {EARSE
PRECEAT AL .

o

(a) SHHLATI&H%
(300x285 1%)

(b) 645 Linr &%
(455451 {8%)

(o) MR A S
(228x227 (%)

K3 s g
Fig.3  Original images( (a) synthetic image with 5 phases;
(b) synthetic image with 6 phases;

(¢) remote sensing image of coastline)
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THAPIIEEE, Ir Uz B ) B KA, 32 53 6 (]
TN F Bk, PR, A SO EE TR AR 4R 5
BP0 35 1 XA 6

(a) ADMM (b) AL

K4 XfE 3 B BISE RS L
Fig.4 Comparison of the segmentation results for Fig. 3

((a) ADMM; (b) ours)
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Table 3 Iterations and computation time for Fig. 3

- BAREL SN[V T2 ]
ADMM A ADMM A HEEEL/%
K 3(a) 77 60 10.63  9.32 12.32
K3(b) 65 46 24.01  20.30 15.45

K 3(c) 175 122 19.95 17.15 14. 04

3.3 ANTERERHNIBERSON

XS PR 2 W@oR AR AT S0, i TR
EEGR A 3 2, 30(24) R 2k 20y

0, = Z(f—uf)z,i =1,--2"  (44)
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T 4 A ZAEBRAE R B T T AL

6 EXTE S 2 IEIER A FI SR T L, 2
Wa =5, K65 | AT MR IES S 1)
RIGER, BBy = 10, NE AT R a
Wb AT LR A SO R A i, 1B 6 45 2 172
Kl y =50 ,ADMM J535 FIASCT5 3k B AR ) 73
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(a) B HREIE (b) FAD 5
(240x160 14%) (300%285 14:2)

K5 s EIG
Fig.5 Original images

((a) color natural image; (b) color synthetic image )

(a) ADMM

K6 XfIElS iy BIS5 SRR L
Fig.6  Comparison of the segmentation results for Fig. 5

((a) ADMM; (b)ours)

FIRR . F 4 B S FEATFI LR AR B
Bey = NS 21D =
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Table 4 Iterations and computation time for Fig. 5

- AL BRI/ s E ]
ADMM  AC  ADMM A& HEEE/%
B5(a) 122 98  30.42 24.43  19.69
E5(b) 100 87 3517 28.11  20.07
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