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Abstract

In this paper, we propose a multiphase image segmentation method via solving the min-cut
minimization problem under the multigrid method framework. At each level of the multigrid
method for the min-cut problem, we first transfer it to the equivalent form, e.g., max-flow
problem, then actually solve the dual of the max-flow problem. Particularly, a classical
multigrid method is used to solve the sub-minimization problems. Several outer iterations
are used for the multigrid method. The proposed idea can be used for general min-cut/max-
flow minimization problems. We use multiphase image segmentation as an example in this
work. Extensive experiments on simulated and real images demonstrate the efficiency and
effectiveness of the proposed method.

Keywords Continuous min-cut and max-flow - Multiphase image segmentation - Multigrid
method

1 Introduction

Image segmentation is a fundamental task in image processing that divides an image into
several disjoint regions such that each region shares similar features, e.g., texture, and inten-
sity. By the results of image segmentation, many critical subsequent image applications can
be well addressed, such as recognition, detection, and searching. Compared with two-phase
image segmentation that only needs to divide an image into two disjoint parts, multiphase
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image segmentation is more practical and challenging. In this work, we mainly focus on the
task of multiphase image segmentation.

There exist many image segmentation approaches from different perspectives, e.g., con-
ventional discrete optimization-based methods, learning-based methods, and variational
methods. Since our method in this work belongs to the category of variational methods,
in what follows, we will mainly introduce recent development and trend of variational meth-
ods.

During the last two decades, variational methods have become a meaningful way to solve
problems related to image segmentation because of their flexibility in model formulation and
algorithm design. In particular, if we want to develop a competitive segmentation model, two
issues have to be considered. One is how to depict the desired segmented region, and the
other is how to model the characteristics and noise of each region [1-9].

The well-known Mumford—Shah model [10] penalizes the £, error between the observed
image and an unknown piecewise smooth function, as well as the total length of the seg-
mentation boundaries. However, the Mumford—Shah model is challenging to solve since the
discretization of an unknown boundary is quite complicated. Therefore, Zhu and Yuille in
[11] proposed an explicit active contour approach represent the segmentation boundaries
such that the discretization of Mumford—Shah becomes easy and practical. Furthermore, a
particular case of the Mumford—Shah model with piecewise constant approximation, called
the Chan—Vese model, was proposed by Chan and Vese [12]. In particular, we may solve the
Chan—Vese model in [12] efficiently by the level set method [13] Different from the active
contour approach, the level set method uses an implicit representation of boundaries such that
it can take some advantages, e.g., automatical dealing with the topological change of zero
level sets [14—17]. The above mentioned explicit active contour and implicit level set meth-
ods both assume that each pixel belongs to a unique region. Different from the two methods,
a representative method using a fuzzy membership function considers that each pixel can
simultaneously belong to several regions with probability in [0, 1], see [2,18-20]. This type
of method has distinct advantages, such as the convex energy functional that guarantees the
convergence and stability of the solution, and larger feasible set to find better segmentation
results. In [2], based on fuzzy membership functions and £1 norm fidelity, Li et al. proposed
a variational model for multiphase image segmentation. An alternating direction method of
multipliers (ADMM) is employed to solve the proposed model efficiently. Moreover, Houhou
et al. [19] presented a fast texture segmentation model based on the specific shape operator
and active contour. The existence of a solution to the proposed segmentation model is proven,
and a simple yet fast algorithm is presented to solve the model.

There exist another explanation for fuzzy membership functions. They are, in fact, the
convex relaxation of binary representation, c.f [21]. In the seminal work of Chan—-Esedougla—
Nikolova [22], it was observed that binary segmentation models could be relaxed to get convex
global minimization models and then get a binary label by a threshold. This convex relax-
ation model is essentially the same as the fuzzy membership function approach. Chambolle,
Cremers, and Pock [23] extended this idea to more general problems by function-lifting,
i.e., transfer the non-convex minimization problem to a higher dimensional convex mini-
mization problem. There are interesting extensions using graph-cut algorithms and global
minimization in [24-29]. One interesting observation in [24—28] is that the convex relaxation
models of [22,23] are in fact the dual problem of a continuous min-cut problem which is also
equivalent to a continuous max-flow problem. The dual problem and the max-flow problem
are convex and thus have global minimizers. Using this interpretation, we could also cast the
lifting technique of [23] in the framework of continuous max-flow and min-cut as in [26-28].
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One of the purposes of this work is to use multigrid methods to get some fast solvers for this
kind of continuous max-flow and min-cut problems.

Since our work is about the multigrid (MG) method, it is necessary to introduce the
related works of the multigrid method. The multigrid method [30] is an efficient and recursive
approach for large scale systems. It projects the large problems on the finest level to smaller
problems on the next level and does this process until the problems can be solved suitably.
Multigrid method has been considered in many image applications, such as image restoration
[31-36], image registration [37], image segmentation [38,39]. This method is also an ideal
way to solve the signal processing problem that will also generate ill-posed linear systems
[40]. In [31], Donatelli applied the multigrid method to the task of image deblurring with
Tikhonov regularization for the case of shift-invariant point spread function with the periodic
boundary condition. In [32], Chen and Tai designed a multigrid method to solve the total
variation minimization by using piecewise linear function spanned subspace correction. Also,
Badshah and Chen [39] proposed two related multigrid methods for solving the Chan—Vese
model to address the problem of multiphase image segmentation.

In this paper, we employ the multigrid method to deal with the min-cut model and its
equivalent form as max-flow problem. The golden section algorithm is employed to efficiently
solve the dual of the max-flow (DMF) problem on each level of the multigrid method.
Besides, due to the non-smoothness of the max-flow problem, the golden section algorithm
is implemented to the smoothed version of the sub-minimization problem. In particular, to
improve the computation efficiency, a classical Backslash-cycle type of multigrid method is
selected to solve the coarser level problems. Furthermore, some outer iterations are applied
to the Backslash-cycle multigrid method, aiming to enhance convergence speed. Due to the
high efficiency of the multigrid method, the new technique could get competitively fast speed
for multiphase image segmentation, competitive with and sometimes much faster than the
max-flow based approach [24,25]. Experiments on simulated and real examples show the
competitive results of multiphase image segmentation by the given method.

The organization of this paper is as follows. In Sect. 2, we introduce continuous min-cut
and max-flow problems which are related to the problem we intend to solve. Section 3 will
present the related notations and scheme of the multigrid method, and the details of how to
apply the multigrid method to our model for two-phase image segmentation. In Sect. 4, we
will firstintroduce the parallelization of the multigrid method based on four-color subdivision,
then extend the two-phase image segmentation to multiphase cases. In Sect. 6, we report the
segmentation results by the given method and compare it with a state-of-the-art approach.
We also give some experimental analyses of our strategy. Finally, Sect. 7 will draw some
conclusions.

2 Continuous Min-Cut and Max-Flow Problems

Given an image f, Mumford and Shah in [10] minimize the following functional:
E(u,¥) = / |Vul>dx + x/ (u — f)*dx + pLength(%), 1)
Q\= Q

with respect to the function u defined on €2 which has discontinuities on X. Above, X,  are
two positive parameters. After [10], the Chan—Vese model was proposed for image segmen-
tation in [12], which minimizes the following energy functional:
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Ecv(¢>,c1,cz>:/Q(f—c1>2H(¢)+(f—c2)2(1—H(¢))+n/ﬂ|VH<¢>|, 2)

where ¢ represents a level set function whose zero level curve is the segmentation boundary,
c1, cp are two scalars that will be updated in the computing procedure, H (-) is the Heaviside
function, and 7 is a positive parameter. In particular, if the minimizer of the objective func-
tional of Mumford—Shah’s model is in the form of u = ¢ H(¢p) +c2(1 — H(¢)), i.e. a “binary
image”, then one can easily deduce the Chan—Vese’s model. Furthermore, the minimization
problem of (2) can be solved by a simple gradient flow.
Letu = H(¢), it is easy to get a solution of (2) by the following minimization problem
ve(0,1)

min Ecy (u, c1, ¢2) =/Q<f—c1>2v+(f—cz)2(1—v>+n/Q|Vv|, A3)

which was proposed in [21] and referred as binary level set approach. More generally, con-
sider

min E,o5(v) = / Sivx) + L2000 —vx) + / gV, “
ve{0,1} Q Q

where f; are some given functions indicating the possibility of a point belonging to phase 0
or 1. The function g(x) can be just a constant or an edge detector function. Especially, the
Chan—Vese model in [12] is actually a special case of this model if ¢; are known. Recently, it
was observed that this is a min-cut problem [24,27] which is equivalent to a max-flow problem
that is written as

max / psdx subject to:
Ps:Pt>q JQ

ps(x) < f1(x), pr(x) < fa(x), 1g(x)] < g(x), Vx € 2,
divg(x) — ps(x) + p;(x) =0,Yx € 2, g-n=00n0d%Q, )

where n is the unit out normal vector of 9€2, p; is a scalar function and is the amount of
flow from a “source” to x, p; is a scalar function representing the amount of flow to the
“sink” and ¢ (x) = (q1(x), g2(x)) is the flow inside the domain. It is necessary to emphasis

that |g| = ,/qlz + q22. In particular, the method also works if using |g| = |q1| + |g2]. In
such a case, its discrete version is actually a max-flow problem that can be easily solved by
traditional graph cut method. Note that the functions f; and g in (5) are the same as in (4). The
goal is to maximize the total amount of flow in the system (which is the domain connected
with a “source” and a “sink”) with flow conservation governed by the last equation of (5).
Note that we also need to assume that there is no “flow” in and out from the domain boundary
0%2. The dual of the max-flow problem (5) can be written as follows (c.f. [27, Prop. 3.1]):

min / (fiu+ fo(1 —u) + g(x)|Vu|)dx. (6)
u(x)ef0,11 Jo
As explained in [27], the function u in (6) is actually the Lagrangian multiplier for the flow
conservation equation in (5).

Note that the above three problems are truly equivalent:

4) & (5) © (6).

It is necessary to emphasize that the equivalence between (4) and (6) was first observed in
the seminal work of Chan—-Esedouglu—Nikolova [22] by a different derivation. Connections
between these models with the well-known graph-cut approaches are also explained in some
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recent works, see [24-27,41]. There are two advantages of continuous min-cut and max-flow
models: (i) Both (5) and (6) are convex minimization problems; thus they are guaranteed to
have global minimizers; (ii) A number of the well developed convex minimization algorithms,
especially some operator splitting and augmented Lagrangian methods, can be employed to
solve them efficiently.

These algorithms can classify the domain into two phases. There are three different ways
to extend it to multiphase segmentation with the same kind of advantages as outlined below,
and a brief survey of these approaches can also be found in [42].

Approach I: The first approach for multiphase min-cut/max-flow with a given graph was
explained in [25]. There exists a max-flow and min-cut problem on the graph
that are dual to each other and guaranteed to have global minimizers. This
graph is given in the continuous setting. When it is discretized, we get the
commonly used discrete graph with vertexes. The details of the graph and the
model can be found in [25, Prop. 1].

Approach II: Another multiphase image segmentation model using graphs is the Ishikawa
graph [43-45]. The interpretation of this graph model as a min-cut and max-
flow problem can be found in [41,46]. The interpretation of this model as
convex relaxation can be found in [23].

Approach III: A third approach for multiphase image segmentation is to use the product
of labels as in [28,29,47], which essentially extends the multiphase Chan—
Vese approach [48]. The interpretation of the product of labels as min-cut and
max-flow problems over a graph can be found in [28,29].

Later in this work, we shall use multigrid methods to solve the multiphase min-cut problem
related to Approach 1. For this approach, the corresponding graph is shown in Figure 1 in
[25]. We need to copy the image domain K times and properly connect them, see [25, p.
385]. The min-cut on this graph solves the multiphase Potts model:

K K
HémZ/ fi (x)dx + Z/ gydsst. UM, Qi =Q, @NQ =2,Vk L
Poi=r VS i=1 V0%

The corresponding max-flow problem needs to maximize an energy functional with functions:

1. A scalar function pg(x) which is the amount of flow from the source to x;

2. A vectorial function h(x) = (h1(x), ha(x), - - - hg(x)) and each h; (x) is a scalar function
which is the amount of flow from a point x of the ith copy of the image domain to the
“sink”;

3. Avectorial functiong (x) = (g (x), q2(x), - -+ , qx (x)) and each q; (x) = (g} (x), g7 (x)
is the flow vector function on each copy of the image domain.

The max-flow problem needs to solve

max / ps(x)dx, @
psshg Jo
under constraints:
hi(x) = fi(x), lgi(x)| = gx), (divg; — ps+hi)(x) =0,Vx € Q, i =1,2---K.(8)
The dual problem of the above max-flow problem is the following convex min-cut problem
(c.f[25, p. 386]):
k

K
minZ(/ u,-(x)ﬁ(x)dx—i—/ g(x)|w,~(x)|dx>, sty wix) =1, u;(x) =0.09)
u i=1 Q Q

i=1
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Table 1 Main notations used in this work

Notation Meaning Remark
Jj Level # of MG method j=0,1,...,J
nj Element # on jth level nj= 47
i Index for elements on jth level i=1,2,...,n j
Ti,j ith element on jth level (Fig. 1) i:1,2,---,nj; j=0,1,...,J
N A gray image with size N x N N e Nt
2
P j Center points of elements over the IX—! center points, (Figs. 1, 2)

finest mesh that are inside 7; ;

B; ; Center points of elements over the Fig.2
finest mesh that are inside 7; ; and
adjacent to 97; ;

é,-, j Center points of elements over the Fig.2
finest mesh that are outside 7; ;
and adjacent to B; ;
P phase # p=12,...,K
N(x) Center points of the down and right N(x) ={Ng(x), Nr(x)}

neighbor elements of the element
centered at x over the finest mesh

3 Multigrid Algorithm for Piecewise Constant Approximations for
Two-Phase Min-Cut Minimization Problems

In the following, we try to use the multigrid method to solve the dual problem of the max-flow
problem (6), i.e., we will consider

min F(u), F(u)=/(f1u+f2(1—u)+g(x)|Vu|)dx-
u(x)el0,1] Q

We assume that €2 is a rectangular domain, and there is a coarse mesh partition that divides
the domain into some coarse rectangular elements. Then, we refine each rectangular element
into four equal rectangular sub-mesh elements to get the next level of fine mesh. We continue
this refinement J times, and the finest mesh is the one that we shall use for processing an
image. In practical applications for image processing, the pixels of the given image already
defined the finest mesh, and it is always possible to produce the mesh given by the pixels
from the above-outlined refinement process.

To explain the details in the derivation of the multigrid methods, we need to introduce
some nations. We use 7;,; to denote the ith element on jth level with j = 0 be the coarsest
mesh. P; ; denotes the center points of the element 7; ; over the finest mesh. n ; represents the
number of elements on level j. The other notations are summarized in Table 1 and explained
in Figs. 1 and 2.

We regard an image to be a piecewise constant function over the finest mesh. The multigrid
method we shall use is to minimize the energy for the min-cut problem not only on the finest
mesh but also over all the coarser level meshes. The algorithm is given in Algorithm 1, and we
shall explain the details in the following. The updating is shown as a diagram in Fig. 3. The
interpolation and prolongation between the levels are implicitly handled in the subproblem
updating.
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coarsest level

T1,2|72,2| 73,2 T4,2
T1,1 | T2,1 =—1=
5,2|76,2| 77,2 | 78,2
71,0
79,2|710,2711,2| 12,2
73,1 | T4,1
T13,2|T14,2| T15,2 [ T16,2
level 1, j=0 level 2, j=1 level 3, j=2

{rio}i2ine=4  {m1}{21,n =4

l l

. . N2
P, o = {N? discrete points} Pi= {T discrete points}

{Ti2}i21,ng = 42

l

N
Pz = {4—2 discrete points}

finest level

N x N

level J+1, j=J

{Ti,.]}:in:]l, ny = 4J

l

P, ; = {1 discrete point}

Fig.1 Anillustration of refinement and the finest mesh and notations of 7; j and P; ;. P; ; is the set containing
the center points for all the elements over the finest mesh that are inside 7; ;. If j < J, P; ; contains multiple

center points, e.g., P; ( containing N2 center points of 7; o over the finest mesh

Fig.2 An illustration of P; ;.
B; jand éi.j- P;j (blue points)

represents the center points for
all elements over the finest mesh

that are inside 7; ; (the region
enclosed by the blue line), B; ;

contains all the center points for
element over the finest mesh that

are inside 7; ; and adjacent to

d7;,j. B;,j contains all the center
points for elements over the finest

mesh that outside 7; ; and
adjacent to B; ; (Color figure
online)

B’L,]
° ° ° °
° ® ® ® ) °
° ° .Pz,j ° ° °
° ° ° ° ° °
° ° ° ° ° ° Ni,j
° ° ° °

Algorithm 1 Multigrid algorithm for the dual problem of the max-flow (6)

1: Input: Input function f, the maximum iterations maxlter, the converged threshold 7ol

2: Output: oy

3: Inmitialization: E,;; = 0, an initial value u € [0, 1] for u

4: for k = 1 : maxIter do

5 for j =0:J do

6: fori=1:n;do

7. e j = aIgminCeciwj F(u+c¢; j) by (11)-(12)
8: u<u-te;jdi;

9: end for

10:  end for

11:  Compute total energy E = E(u) via (6)
12:  if |E — E,14l/|E| < tol then break;
13: elseset £,y = E

14:  endif

15: end for

16: Output upyr = u
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backslash—cycle numiter=1 numiter=2 numiter=3 numliter=4 numiter=5
............

coarsest level []
I 1 ] 1 1
: ] ] ] ] ]
; ' ' ’ ' ' essssssns e
: 1 1 ] 1 ]
1 1 ] ] ]

finest level

Fig.3 An illustration of Backslash-cycle multigrid method with several outer iterations

This multigrid algorithm is trying to minimize the min-cut energy functional in (6) suc-
cessively over all the elements from all the mesh levels. In the following, we explain the
details in solving the minimization subproblems and also give the definition of the constraint
C,’y je

First, we note that the piecewise constant finite element functions space over the different
mesh levels can be written as:

Vi={vlvl,, €R, V7 }, j=0,1,2---J.
The basis functions for these spaces are:

1, X €71,

$i.j () = { (10)

0, else.
‘We have that
Vi = span({ey ;};’,). j=0,1,2-J.

In our multigrid method, all the integrations will be done over the finest mesh. The function
u € Vj is always updated over the finest mesh. For ¢ € R, we for simplicity define

u(x)+c, Vx € 1 j,
u(x), else

Ve(x) = u(x) +cdi j(x) = {

This is also a finite element function over the finest mesh due to the fact that ¢; ; € V; C
Vy, ¥j<J.
The minimization subproblem in Step 7 in Algorithm 1 in the discrete setting is to solve:

e;,j = arg min F(v.) = arg min F(u + c@; ;)
ceCij ceCij

CECI] XEP,'j
+ Y 2@ [ Y () = ve(x)?
XEP,'J'\B,'_]' ye./\/(x)
+ ) gl Yo Mm@+ Y u(y) = v
X€Bi \ yeN(x) (N Bi; yeN @ (N B
+ ) e Yo e —umP+ Y |u(z)—u<y)|2)
yeB; \ VDN B ZeN(y N Bij
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=arg_ mm < Z [fi(x) = fa(0)]e

xep;

+ ) v+ Y ) —u(y) +c?

xeBi,j YEN ()N Bij
+ Y e [ Y ) —u) + e+ f»(y),) (11)
€B; xeN N Bi

where N (x) is as defined in Table 1 and it represents the down and right neighbor elements
center points of the element centered at x, v(x) = Zye NGB lu(x) — u(y)|2 with

x € B; j,and v(y) = Zze/\f(y)ﬂé,g, lu(z) — u(y)|2 with y € Ei,j. We have cast the terms
that are independent of ¢ in getting equalities in the above formulas. The summations in the
above formula are done over the finest mesh as all the center points from P; ;, B; ;, B:, j are
centers of elements from the finest level.

For the minimization subproblem in Step 7 in Algorithm 1, we need to guarantee that all
the updated values for u satisfy u € [0, 1]. This gives the constraint set C; ; for ¢ in Step 7
as follows:

u(x) l—u(x)
+coi 0,11 & — <c=< i
u+ce; j€l0,1] P ¢ < ) L XET )
& Cj=[— xm%n u(x), 1 —xmgx u(x)].

Here are some remarks about this algorithm:

— Note that we always have u € [0, 1] during the iterations, thus the constraint in (12) is
always non-empty.

— Function u(x) € V; is regarded as a finite element function defined over the finest mesh,
thus the min-max values of u(x) over 7; ; in (12) is evaluated over the finest elements
that are inside 7; ;.

— The updating in Step 8 is always done over the finest mesh, i.e. over mesh at level J, and
so there is a piecewise constant interpolation from the j level to the finest mesh at level
J here.

The problem (11) is a minimization problem with real number ¢, we may denote the
objection function as 4 (c), thus the minimization problem can be written as:

min A(c), (13)

a<c<b

which can be solved by golden section method, c.f. [49].

4 Parallelization of Mutligrid Method

Parallelization is crucial for many applications with the min-cut/max-flow approach. Here,
we shall partition the elements over each level onto four colors and do the updating with the
elements of the same color in parallel. As illustrated in Fig. 4, the element over each level j
can be partition into 4 groups that are marked with 4 colors. The elements of the same color
do not intersect each other. We use r“’l to denote the ith element over the jth level with
color numbered as col € {1, 2, 3, 4}. We assume that the number of elements with the color
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| Go to the finer level |

j=1

Fig.4 An illustration to partition the elements over each level into 4 groups marked with 4 colors

Table 2 Main notations used in

. Notation Meanin Remark
this work g

col Color index with the col =1,2,3,4
4-color partition
rqol

i Union of elements on See (14) and Fig. 4

jth level with colth
color
neol Number of elements -
J in .[[:‘()l
J
PJ?”Z Center points for See (14)
finest mesh

elements inside r}?"l

B]Cf)l Center points for See (14)
finest mesh
elements inside r]c.”l
and adjacent to

col
at I
E]C.”l Center points for See (14)
finest mesh
elements outside
r;”l and adjacent to
col
Bj

col at the jth level is n?"l. Then we know that n;'.”l =4/l andn j =4/, Correspondingly,
we define

L el L peol
geol — | J1J geol  peol | J peol
i =g Uiy 7 J=0,1,2,--+ Ji col=1,2,3,4, (14)
col _ | " col écol 1 écol
B _Ui=lBi,j’ j =U:L ij’
We emphasise again that all the center points are defined over the finest mesh. For conve-
nience, we use Ij"l to denote the indexes of the elements of rjc.”l ,Le

IJC."Z = {i| 7 jhasthecolorcol}, j=0,1,2,---,J; col =1,2,3,4,

A summary with the notations with the 4-color partition is given in Table 2. With these
notations, the colored parallel multigrid algorithm for the max-flow/min-cut problem (6) is
written in detail in Algorithm 2. Next we explain the needed details for the minimization
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g=1 j=2 j=3

Fig.5 An illustration of ¢; ; for the red color, i.e. col = 1. Take the level 1 to the level 3 as example (Color
figure online)

problem in Step 7 of Algorithm 2 in the discrete setting. For notation simplicity, for a given
vector ¢ = (¢, ¢2, -+, C,co) € RY,, let us define
J

jcol >

s(x) = Z cii,j(x).

; col
lEIj

This function is a piecewise constant function taking the constant value ¢; in the elements
over the jth level with the color col, see Fig. 5 for an illustration of ¢; ; with the red color
as an example. The minimization problem in Step 7 of Algorithm 2 in the discrete setting is
to solve the following problem:

€col,j = arg mip{)l( Y L) = ()]s ()

cec, vepeel
J

+ Y e v+ Y @) —u() s

xeB! yeN (x) N BS! (15)
J / J

+ ) e B+ Y |u(x)—u<y>+s(x)|2).
yeéj”’ \ xeN(N Bj”’

The minimizer ecol,j of the above problem is a vector in R"}OZ. Again, we emphasize
that the summation in the above formula is done over the finest mesh. The good point of
this algorithm is that the values of the e.,; ; can be computed in parallel, i.e. minimization
problem in Step 7 of Algorithm 2 can be computed in parallel over elements for a fixed level
j and a fixed color col € {1, 2, 3, 4}. The constraint set C;f"l can be deduced in the same way
as for Algorithm 1, which is:

col __ . _ . _ - c:ul
Ci% = {(c1, 2, cn;oz)l ¢i €l XIQ%P,“(’C)’I ){ggﬁu(x)], i=1,2--.,n"} (16)

In the following, we give some detailed explanations about Algorithm 2. For the imple-
mentation, # will be a matrix on the finest mesh, and it will always be stored and updated on
the finest mesh.

In the Step 8 of Algorithm 2, (eco1,j); are the values of the ith component of the minimizer

col
in Step 7 which is a vector in R"/ . We have the following remarks about Algorithm 2:
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Algorithm 2 Parallel multigrid algorithm with four color partitions

1: Input: Input function f, the maximum iterations maxiter, the converged threshold rol, a smoothing constant
5.

2: Output: u ;.

3: Inmitialization: E,;; = 0, an initial value uq € [0, 1] for u.

4: for k = 1 : maxiter do

5 forj=0:Jdo
6: for col=1:4do
7: ecol,j = arg mln(clvCZv"'Cnc/:ul)Ecj:(’l F(M + ZiEI}"U] Ci‘pi,j)
8: u < u+3 reol(€col j)idi,
J
9: end for
10:  end for

11:  Compute total energy E = E (u) via (26)
12:  if |E — E,14]/|E| < tol then break
13:  elseset E, ;g = E

14:  endif

15: end for

16: Output upyr = u

— The minimization problem in Step 7 can be done in parallel over the elements in rj?”l, ie.

i € Z¢° . Our code is implemented in Matlab. By implementing the minimization over the
elements with the same color in parallel, we observe huge computing time improvement.

— The function u(x) is a finite element function over the finest mesh. So the updating in
Step 8 is always done over the finest mesh, and there is a piecewise constant interpolation
from the jth level to the finest mesh at level J. Even more, they can be updated in parallel
over the elements of the same color. The coloring of the elements is done over each level.
The updating for u is done over the finest mesh elements that are inside each 7; ; C T]‘.'OI,
i.e. we add value (e, j); to all elements over the finest mesh that are inside 7; ; C 7ol
Element 7; ; is on the jth level, and it can contain many elements over the finest mesh
on level J.

5 Multigrid Method for Multiphase Min-Cut/Max-Flow

In this section, we intend to use multigrid for multiphase (K phases) min-cut problem (9).
We will present the algorithm without the coloring of the elements. The parallel colored
multigrid algorithm can be deduced in a similar way as for Algorithm 2. For the multiphase
min-cut problem, we only need to replace the scalar function u in Algorithm 1 by a vector
function

u(x) = (uy(x), uz(x), -+ ,ug(x)) €8,

with
K
S ={(i(x), va(x), -, vgk ()| vk(x) >0, k=1,2,--- K, Zvi(x) =1}.
k=1

We still try to update the u values over all elements 7; ; with all i and j. Let u be a given
values at a given iteration, we update by

u(x) < u(x) +edij = (ui(x) +cigij, ua(x) + 2y j, -+ ug(x) +cxdij). €€ RX.
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To guarantee that u(x) + ¢¢; ; € S, we need

K
D wptep) =1,
p=1

O0<up+cp=1L

a7

Here u, represents the values of the vector function u of the last iteration on the pth phase,
and thus it satisfies u € S. Especially, (17) can be simplified to the following

K
Y ep=0, —up<c,<l—u, (18)
p=1

Thus, to extend Algorithm 1 to the multiphase min-cut/max-flow problem (9), we just
need to change the scalar label function u(x) to a vector label function u(x) € S and replace
the minimization problem in Step 7 by solving an approximate minimizer for

e j= argcrenciln.F(u—i-chi,j), (19)
i

with F being the energy functional given in (9), i.e.

K
F(v) = Vp(x) fp(X)dx + g(x) [V, ()] )dx, v = (v1(x), v2(x), - - - vg (x)).
Q
p

(20)
From (18), the constraint set C; ; for (19) is
K
Cij= {C| Zcp =0,in7;, - minxer,-ﬁj(up)(x) <cp=1-— maxxeri_j(up)(x)}-
p=1
(21)

In our implementations, we first solve (19) without the constraint C; ; and then project the
minimizer to the simplex C; ;. We just do this once and take it as an approximate minimizer
for (19). It is clear that F is separable, i.e.

FQ) = Z Fp(vp), with F,(vp) = /;2 v, (x) fp(x)dx + g(x)|Vv,(x)|dx. (22)
p

This means that the computation for minimization problem (19) without the constraint C; ;
can be done in parallel for each p.

If welete; j , be the value of the pth component of an approximate minimizer of the (19),
then the updating of the label functions u , (x) can be done in parallel for p = 1,2, - - - K by

up <—up+e,~,j,p¢,~,j, p=12---K. (23)

From these explanations, we can see that the extension from 2-phase min-cut/max-flow to
multiphase is very easy. All the codes for the 2-phase min-cut problem can be used for each
up(x). The only extra task is to handle the extra constraint Zle ¢p = 0. We have tested
both on the algorithm of [50,51]. Both are rather fast. In the tests given later, we have used
the algorithm of [50].

The algorithm is summarized in Algorithm 3.
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Algorithm 3 Multigrid algorithm for the dual problem of the max-flow (9)

1: Input: Input function f; and g, the maximum iterations maxliter, the converged threshold tol
2: Output: iy

3: Inmitialization: E,;; = 0, an initial value up € [0, 1]for p =1,2,--- K

4: for k = 1 : maxiter do

5 for j =0:Jdo

6: fori=1:n;do

7: Find a minimizer in parallel for p = 1,2, - - - K for

8 E,]p:argminLPERFp(up +cpdi,j)-

9: Project (¢; s p) _ into the simplex C; ,j in (21) to get (¢; ;. P)p I
10: Update u in parallel forpasup < up+e;jphij

11: end for

12:  end for

13:  Compute total energy E = E(u) via (9)
14:  if |E — E,141/|E| < tol then break
15:  elseset E,jq = E

16:  endif

17: end for

18: Output upyr = u

The first minimization problem in Step 8 in Algorithm 3 is again solved by the Golden
section with the lower and upper bound given by the second inequality in the definition of
Ci,j in (21). It is easy to implement this algorithm with 4-color partition of the elements over
eachlevel j =0,1,---J.

6 Numerical Results

In this section, we compare the proposed method with three state-of-the-art approaches,
named FCM-L1 method [2], SLaT method [52] and max-flow method [24]. Note that the
solved model in this work is the similar as that in the max-flow method; thus, we will do
some discussions for the two approaches in this section. Especially, the model used in the
FCM-L1 and SLaT methods are different from that of the max-flow method and the proposed
method; thus, we only present the simple visual and quantitative comparisons for the FCM-L1
approach. All examples are mainly divided into two categories, one is for synthetic images
that may be corrupted by random noise, and the other is for real images. Besides, all tests
are implemented in MATLAB(R2017a) on a laptop of 8Gb RAM and Intel(R) Core(TM) i5
CPU: @3.10 GHz.

Parameter setting: In our experiments, it is reasonable to stop the iteration if the following
relative total energy (ReEng) is smaller than a pre-defined positive threshold fol, i.e.,

|E — Eoql

ReEng = T < tol, (24)

where ol is set as 1 x 107> in our experiments. The bigger rol will lead to the faster stopping
of the iterative method. E and E,;; are with the same definitions as in Algorithm 3. Also, we
set 4 levels for the multigrid method, i.e., / = 3, which means that the multigrid method will
start from (J — 3)th level (viewed as the coarsest level) and end in Jth level (the finest level).

Therefore, the pixel numbers for each PC"l on the coarsest and the finest levels are respectively
8 x 8.and 1 x 1 (denoted as 8 x 8 — 1 x 1). Note that we also implement thresholding
(with a value of 0.5 for all experiments) to the outcomes of the max-flow and the proposed
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methods, which makes sure the produced results being piecewise constant [22]. Moreover,
the maximum number maxlter of outer iteration in Algorithm 3 is set as 150. Besides, the
parameters in our method are easy to select because the proposed approach is not sensitive
to the associated parameters. Actually, choosing suitable parameters is always a difficulty in
many image algorithms. Empirical tuning is a popular way to determine parameters; thus,
we take this way to obtain the parameters in our work.

Smoothing Implementation: Before the experiments, a smoothing implementation is
taken to smooth the singularity of the model. Note that the dual form of max-flow problem
(6) in the multigrid method is non-smoothness, since the corresponding Euler-Lagrange
equation

Vu

aV-| == | —(fi—f2)=0, (25)
[Vul

contains a singularity of |Vu| = 0. To address this issue, a common strategy that incorporates

a small constant § to eliminate the singularity is used, which makes the new minimization

problem become

rr%(i)nl]F(g(u)=f f1u+f2(1—u)+ot<\/|Vu|2+82—6>dx. (26)
uel0, Q

Therefore, in practical implementation, the F function in Algorithm 1, 2 and 3 should
be replaced by Fj that is defined in (26). Additionally, the § is fixed as 5 x 1072 in the
experiments.

6.1 Segmentation Results

In this section, we report the total energy changes for the max-flow method and the proposed
method in Fig. 6, since they are all to solve the same model.! It indicates that both our method
and the max-flow based method get similar converged total energy. Particularly, the reason
why the final converged total energy of the multigrid method is slightly bigger than that of the
max-flow approach is that the multigrid method uses the smoothed energy (26). In contrast,
the max-flow approach is only applied to the original TV minimization problem.

In Fig. 7, we test the performance of computational time for both the max-flow method
and our method with the increased image size on a noisy synthetic image (see Fig. 7a). In
Fig. 7b, the image size is increased from 100 x 100 to 1000 x 1000. When the image content
is simple, and the image size is small (see e.g., smaller than 300 x 300), the max-flow method
uses less computational time than the given approach, while our method will be significantly
faster than the max-flow method when the image content is complex and the image size is
bigger.

In Fig. 8, we take some simple synthetic and real images for the test of multiphase image
segmentation. They include one synthetic image with the noise of unknown level (i.e., the first
image) and five real images without any corruption (i.e., the second to the sixth image). In
particular, these test images are first pre-processed by the region force method [42,53] (see the
second column in Fig. 8). The max-flow and the proposed method are both implemented based
on these pre-processed images for fair comparisons. From the last four columns of Fig. 8, itis
easy to see that the four compared methods perform similarly well for the synthetic image that

1 The models used in the FCM-L1 and SLaT methods are different, thus it is not meaningful to discuss the
energy change.
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Fig.6 The comparison of total energy for the max-flow method and the multigrid method implemented on a
test image

Img. Size v.s. Comput. Time
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Fig. 7 The comparison of computational time with increased image sizes. Here we synthesize images with
the sizes from 100 x 100 to 1000 x 1000. a An example with 3 phases (i.e., K = 3); b The comparison of
computational time for both compared methods

only contains simple image content and some unknown noise. For the segmentation of real-
world images (i.e., the last five examples), the proposed method produces competitive visual
results compared with three other approaches. For the segmentation of small objects, the max-
flow method and our method are slightly better. For instance, for the real image “zebra”, the
max-flow method and the proposed method could segment the black and white stripes well
while other two methods are much less accurate. Another example is the “strawberry”, in
which the results by our method and the max-flow method show a better visual performance
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Fig.8 The results of K-phase segmentation by various methods on the synthetic image “ball” (size of 256 x
256 x 3), five real-world images “zebra” (size of 195 x 290 x 3), “pepper”’ (size of 256 x 256 x 3), “strawberry”
(size of 135 x 115 x 3), “flower” (size of 500 x 500 x 3) and “house” (size of 474 x 474 x 3). From left to
right are a images to be segmented; b initial segmentation using the region force as the prior; ¢ the results by
the FCM-L1 method [2]; d the results by the SLaT method [52]; e The results by the max-flow method [24];
f The results by the multigrid method

than the other two approaches. The observation on other examples in comparison also confirm
our conclusion.

Table 3 reports the computational time of different approaches, which may be affected by
the image size, image type, and image noise, etc. From Table 3, it is clear that the multigrid
method is faster than the FCM-L1 method and the max-flow method for all compared exam-
ples. Note that the multigrid method could get a larger leading than the max-flow method with
the bigger image size and the more complex real image structure (see the last two examples in
Table 3). This conclusion also holds for the FCM-L1 approach. Especially for all the exam-
ples, the three stages’ SLaT method’s computational time is faster than the other methods. It

@ Springer



101 Page 18 of 22 Journal of Scientific Computing (2021) 87:101

Table 3 The comparison of computational time for the compared methods (unit: second)

Example FCM-L1 [2] SLaT [52] Max-flow [24] Multigrid
Ball (K=4) 9.12 2.05 9.65 8.24
Zebra (K=3) 3.79 1.58 3.21 2.75
Pepper (K=3) 14.67 3.40 9.99 9.60
Strawberry (K=4) 3.58 1.19 5.71 5.16
Flower (K=4) 52.50 16.46 110.23 51.37
House (K=4) 80.87 10.40 95.57 47.56

level # v.s. computational time

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
level 1 level 2 level 3 level 4
(coarsest) (finest)

Fig. 9 The computational time with the increased level number for Backslash-cycle multigrid method on a
test image “ball”

is mainly due to the fast algorithm (e.g., primal-dual) and the closed-form operations used in
the method. However, we observe that SLaT has problems to segment real complex images,
c.f. Fig. 8 2nd-6th examples. The simple smoothing and threshold procedures in SLaT make
it fast to be solved, but this also leads to missing details for real complex images. In sum-
mary, we could conclude that the multigrid method could cost less computational time than
the FCM-L1 method and the max-flow method, especially with a bigger image size and a
complex real example. Although the SLaT approach gets less computational time than other
methods, it performs unsatisfactorily on the real complex examples. In Fig. 9, we also show
the computational time of each level of the multigrid method. From the result, it is easy to
see that the computational time will increase with the increased level number.

6.2 More Discussions

It is observed that is often better to skip some of the coarser meshes for the multigrid method
for image segmentation. In this section’s tests, we choose the coarsest mesh with each element
containing 8 x 8 finest elements. We denote this setting as 8 x 8§ — 1 x 1). In Fig. 10, it shows
the performance of computational time for our methods with the increased element size on
the coarsest level. Actually, the level number can be computed by the coarsest element size.
For instance, if itis 8 x 8§ — 1 x 1 which means the level number is log,8 —log,1 + 1 = 4.
From Fig. 10, the element size on coarsest level increases from 2 x 2 to 16 x 16 which
indicates the level number should increase from 2 to 5. The computational time is decreased
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Patch Size v.s. Comput. Time
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Fig. 10 The comparison of computational time with different element sizes on the coarsest level (from 1 x 1
to 16 x 16),ie,1 x1 - 1 x1,2x2 —- 1 x1,---,16 x 16 — 1 x 1. Note that the default setting
is 8 x 8 — 1 x 1 where 1 x 1 represents the finest level, and the level number is actually determined by
element size of the corasest mesh. For instance, if it is 8 x 8 — 1 x 1 which means the level number is
log>8 —logy 1 + 1 = 4. The test is implemented on the third example in Fig. 8

from about 14 to 9s, demonstrating that the multigrid method uses less computational time
(or faster speed) than the direct method applied to the finest level. If we use even coarser
mesh, the multigrid method’s computational time will not reduce further, which indicates
that it is not necessary to use very coarse mesh for our multigrid algorithm.

Our tests showed that we might also skip the computation on the finest mesh to get better
computing time. For some real images, it is unnecessary to apply the multigrid method
to the finest grid, i.e., the finest level with element size 1 x 1. We only need to use the
multigrid algorithm on levels with element sizes 2 x 2 to the coarsest mesh. This strategy
could significantly reduce computational time and get good segmentation results. Figure 11
shows the segmentation results with K = 2 by our method with the levels of element size
ranging from 8 x 8 — 1 x 1 and 8 x 8 — 2 x 2, respectively. From the figure, it is clear
that using 8 x 8 — 1 x 1 (Fig. 10b) will take more computational time than that of using
8 x 8 = 2 x 2 (see Fig. 10c). Actually, the segmentation result using 8 x 8§ — 2 x 2 is just
as good.

7 Conclusions

In this paper, a multiphase image segmentation method via the min-cut minimization problem
was proposed under the framework of the multigrid (MG) method. We first transferred the
min-cut on each level of the multigrid method to its max-flow problem equivalent form,
then solved the equivalent form by the golden section method. A classical multigrid type of
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(b) time = 9.15s (¢) ttme = 5.09s

(b) time = 28.86s (¢) time = 13.07s

Fig. 11 The results of real images. a Real image; b results by our method with patch size § x 8 — 1 x 1;¢
results by our method with patch size 8 x 8 — 2 x 2

so-called Backslash-cycle was selected to address the sub-minimization problems. Extensive
experiments demonstrated the effectiveness of the proposed method, e.g., the convergence
and efficiency of the given approach, the competitive multiphase segmentation performance,
especially the efficient multiphase segmentation of real images.
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