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Abstract We propose an exact global minimization frame-
work for certain variational image segmentation models, such
as the Chan—Vese model, involving four regions. A global
solution is guaranteed if the data term satisfies a certain con-
dition. We give a theoretical analysis of the condition for
L7 type of data terms, such as in the Chan—Vese model and
Mumford Shah model for p = 2. We show experimentally
that the condition tends to hold in practice for p > 2 and
also holds in many cases for more advanced data terms. If
the condition is violated, convex and submodular relaxations
are proposed which are not guaranteed to produce exact solu-
tions, but tend to do so in practice. We also build up simple
convex relaxations for some other four region segmentation
models, including Potts’ model. Algorithms are proposed
which are very efficient compared to related work due to the
simple and compact formulations.

Keywords Image segmentation - Variational models -
Global optimization - Convex optimization - Combinatorial
optimization

1 Introduction
Image segmentation is one of the core problems in image

processing and computer vision. In mathematical terms, one
wishes to find a partition {£2;}_, of the closed image domain
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2 C RN This paper deals with unsupervised image segmen-
tation, where the intensity values of the input image / defined
over £2 are the data available for making decisions about the
partition. Energy minimization formulations of such prob-
lems have demonstrated to be especially powerful, and have
been developed independently in the discrete and variational
community. The Mumford—Shah model [1] and Chan—Vese
model [2,3] have been established as some of the most fun-
damental variational image segmentation models, whereas
Potts’ model is one of the most important discrete optimiza-
tion models. Potts’ model and the Mumford—Shah model are
closely related in the limit as the number of pixels goes to
infinity.

Minimization of the energy in these models poses a funda-
mental challenge from a computational point of view. In a dis-
crete setting Potts’ model is NP-hard, therefore an algorithm
for minimizing the energy exactly with reasonable efficiency
is unlikely to exist. Numerical approaches for the variational
models, such as the level set method, involve the minimiza-
tion of non-convex energy functionals. Therefore algorithms
for minimizing the energy may easily get stuck in poor local
minima close to the initialization.

One notable exception where efficient global minimiza-
tion methods are available is segmentation problems with two
regions. Potts’ model restricted to two regions is computa-
tionally tractable in the discrete setting and can be minimized
by established algorithms such as max-flow/min-cut (graph
cuts) [4,5]. Convex reformulations of variational segmen-
tation models with two regions have been proposed in [5],
which can be used to design algorithms for computing global
minima.

If the number of regions is larger than two, there are
no available algorithms that can guarantee convergence to
a global minimum with reasonable efficiency (in polynomial
time). A level set formulation of the Chan—Vese model with
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multiple regions appeared in [3], which has since become
very popular. It was proposed to solve the resulting gradi-
ent descent equations numerically, leading to a local mini-
mum of the non-convex energy functional close to the ini-
tialization. In a discrete setting, alpha-expansion and alpha-
beta swap [4,6] are the most popular algorithms for approxi-
mately minimizing the energy in Potts’ model. More recently,
attempts to derive convex relaxations in a continuous varia-
tional setting have been proposed for image partition prob-
lems [7—12] and vector valued labeling problems [8,13,14].
Instead of solving the original non-convex problem to a local
minimum, a convex “relaxation” of the problem is solved
globally. These approaches cannot in general produce global
solutions of the original problems, but instead lead to good
approximations in many practical situations. If the regu-
larization term promotes a linear inclusion property of the
regions, the optimization problem becomes easier and the
energy can be minimized exactly by graph cuts [15], but this
assumption is usually not valid in image segmentation appli-
cations.

The main advantages of variational models over dis-
crete optimization models are the rotational invariance and
ability to accurately represent geometrical entities such as
curve length and surface area without grid bias. The dis-
crete models are biased by the discrete grid, and will favor
curves or surfaces that are oriented along with the grid,
e.g. in horizontal, vertical or diagonal directions. On the
other hand, discrete optimization problems are much eas-
ier to analyze and characterize by the established field of
computational complexity. It is also easier to design global
minimization algorithms in the discrete setting, by apply-
ing established combinatorial optimization algorithms. This
includes in particular algorithms for max-flow and min-
cut, which may also be very efficient under certain imple-
mentations [4]. However, a disadvantage is that these algo-
rithms do not parallelize as easily, in contrast to contin-
uous optimization algorithms which are suitable for mas-
sive parallel implementation on graphics processing units
(GPUs).

1.1 Contributions

This paper proposes an exact global minimization framework
for segmentation problems with four regions in the level set
framework of Vese and Chan [3], both in a discrete setting
and in a convex variational setting. Because of a slight sim-
plification of the regularization term in this model, global
minimization is not NP-hard. It is shown that a discrete ver-
sion of the model can be minimized globally by computing
the minimum cut on a graph, under a (mild) submodular-
ity condition on the data term. Furthermore, a reformulation
of the Chan—Vese model is proposed in the variational set-
ting, which is convex under the same condition on the data
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term that made the discrete version submodular. A threshold-
ing scheme, similar to the one that appeared in [16] for two
region problems, is proposed for converting solutions of the
convex relaxed problem into global solutions of the original
problem.

We give an analysis of a sufficient condition under which
L? type of data terms are submodular for p > 1, which
includes the Chan—Vese /Mumford—Shah data terms for p =
2. Arguments are given that the condition is expected to
hold in practice for p > 2, which is also confirmed by
experiments on a large image segmentation data base. If
the condition does not hold, simpler submodular and con-
vex relaxations are proposed. The relaxations are not guar-
anteed to produce global minima of the original problems,
but conditions on the computed solution are derived for
when they do. Experiments demonstrate that global solu-
tions can be obtained in practice also in these cases. We
also propose relaxations for some other regularization terms
including the continuous Potts’ regularizer, which are com-
pared experimentally with other recently proposed relax-
ations.

A dual formulation of the proposed convex problems is
derived and related to the maximum flow problem over the
graph used for combinatorial optimization of the discrete
problems, inspired by the previous work [17-19]. The deriva-
tion of the dual problem is presented informally for varia-
tional problems and we leave rigorous proofs of existence of
Lagrange multipliers as an open problem. After the eventual
spatial discretization, rigorous proofs are provided by apply-
ing known duality theory. Efficient algorithms are derived
based on the discretized dual problem, which are shown
experimentally to converge faster than algorithms for related
convex relaxations.

We focus fully on problems with four regions in this work.
Problems with four regions are important: By the 4-colour
theorem, four regions suffice to describe any partition of a
2D image. Some work has appeared on incorporating this
property in image segmentation models recently [20,21],
although a completely convex framework is still open. Our
methods apply directly in some settings like [22], where
the four colour theorem was used to segment 2D images
in a level set framework with four regions, in case rough a
priori information of the object locations was provided in
advance. Furthermore, in important applications one would
like to divide the image into four regions, such as brain
MRI segmentation where one wants to separate cerebrospinal
fluid, gray matter, white matter and background. The formu-
lations can also be extended to problems with more than
four regions, but the conditions which guarantee global min-
ima will be more strict, in which case one may need to set-
tle for approximate solutions. Such generalizations are out
of the scope of this paper and is the subject of a future
work.
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1.2 Organization

We start with a brief review of the segmentation models
and previous optimization approaches in Sect. 2. Section
3 presents the new discrete approach for computing global
minima by graph cuts, in case of submodular and non-
submodular data terms. In Sect. 4 we present an exact convex
reformulation of the segmentation models in a variational set-
ting, in case the data term is submodular. Section 5 gives a
detailed analysis of a condition that guarantees submodular-
ity/convexity of the energy. In Sect. 6, we present convex
relaxations in a variational setting for problems with non-
submodular data term and some other regularization terms.
Algorithms for the new convex models are derived in Sect. 7
and numerical experiments are presented Sect. 8.

The reader who is only interested in continuous optimiza-
tion may optionally skip Sect. 3 on discrete optimization.
However, Sect. 3 may be useful to understand the motiva-
tion behind some of the models and theorems, in particular
the primal and dual formulations which are closely linked to
min-cut and max-flow duality in the discrete setting.

Parts of this article are based on our preliminary confer-
ence paper [23]. More specifically, Sect. 3 on discrete opti-
mization is an extended and elaborated version of [23]. Prop
2 and 5 without proofs also appeared in [23]. The convex for-
mulation of the Chan Vese model in Sect. 4 and 6.1 appeared
initially as part of the first author’s Ph.D thesis [24].

2 Chan-Vese Model, the Mumford Shah Model and
Potts’ Model

2.1 Overview of the Models

We are interested in variational models which can generally
be formulated as

min > / fito dx + 2RIV 1)

111‘1

s.t. uizlgi =2, AN =0,Vk£IL.

The first term of the energy functional (1) is a data fitting term:
fi(x) is the cost of assigning x to region £2; for each x € §2
and each i = 1, ..., n. In general, it assumed the functions
fi + £2 — R,i =1,...,n are uniformly bounded. A
prominent example of the data term, which was first proposed
in the seminal papers of Mumford-Shah [1] and Chan-Vese
[2,3], is as follows

Ji(x)

Here ¢; € R are parameters associated with each £2;, for
instance the mean intensity value inside £2; when g = 2.

=I(x)—c|P, VxeR, i=1,...,n. )

The Chan—Vese model and the piecewise constant Mumford
Shah model [1] have the form of (1) with data terms (2)
and 8 = 2, but minimizes additionally over the parameters
Ci € R

mln Z/|I(x)—c,|ﬁdx+vR({8.Q}l D))

{‘Q}ll llilg

st U, 2 =R, 2N =0, Vk#1.

For fixed c, (3) has the same form as (1). A simple algorithm
can be constructed which alternatingly minimizes (1) with
respect to ¢; and £2; until convergence. Although a global
solution cannot be guaranteed, such a scheme is quite robust
as shown in [25]. There has also been attempts to derive
convex relaxations for the joint minimization problem (3) in
casen = 2[26]. The most challenging problem is to optimize
in terms of the regions, and that will be the topic of this paper.

The last term R({3$2;}7_,) is a regularization term,
weighted by the parameter v € R. Its purpose is to enforce
regular region boundaries, typically as a function of the
boundary lengths |9£2;|. A simple and intuitive example is
the total length of the region boundaries, i.e.

RUDLiN) = 5 Zwm— 1>

i= 189

dHNT )

In a variational setting, such a boundary regularization was
proposed by Mumford and Shah [1]. If the image domain is
discrete, the equivalent discrete optimization problem with
the above regularization term is often called Potts’ model in
the discrete optimization community. We will also refer to
the continuous version (4) as Potts’ model in this paper.

2.2 Representation by Level Set Functions and Binary
Constrained Optimization

As a numerical realization, Chan and Vese [2,3] proposed to
represent the Mumford—Shah model with level set functions,
and solve the resulting gradient descent equations numeri-
cally. In case of two region (n = 2), the problem can be
expressed in terms of a level set function ¢ which satisfies
¢(x) > 0forx € 21 and ¢p(x) < 0 for x € 27 as

rrgn/{H«p)fl FU—H@) A +VDH@, O

where H(-) : R +— R is the Heaviside function H (x) = 0 if
x <0and H(x) =1ifx > 0.

Instead of using the non-convex heaviside functions, the
problem can also be written directly in terms of a binary
function ¢ such that ¢(x) = 1 for x € 2 and ¢(x) =
0 for x in £2,. This was first done in [27,28], coined the
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piecewise constant level set method (PCLSM), and resulted
in the energy functional

min/{¢f1 + (1 = ¢) faldx + V/ |D@|. (6)
peBB
2 2

In this paper we use the notation B for the set of binary
functions, i.e.

B={peBV(2): ¢(x)e{0,1}aex e 2}, 7

where the space of functions of bounded variations is defined
as

BV(2) ={¢p e L'(2) : /|D¢I < oo} ®)

2

The total variation is defined in a distributional sense as (see
e.g. [29])

v/|D¢| ‘= sup /¢divq, dx )
Q

qGC
v
Where

Cy={q € (CX©2)HY : sup |g(x)l» <v,}.

xXeR

if 2 = RV . In this work, we assume the image domain §2 is
closed and bounded, in which case the set C,, is

Cy={q € (C®@)" : sup lg(x)lr < v, g-n=0atd}.
22

xXe

(10)

The problem (6) is non-convex since the side constraint ¢ €
B is a non-convex set. In the seminal papers [16,30] it was
realized that the problem can be made convex by instead
minimizing of the convex set ¢ € B', where

B ={$¢ eBV(2) : ¢(x) €0, 1]aex e 2} (11)

By first solving the convex relaxed problem (6) with the
above constraints, global minimizers of the binary con-
strained problem can be obtained by thresholding the solution
of the relaxed problem at any threshold in the interval (0, 1].

In [3], Vese and Chan proposed a multiphase level
set framework for the piecewise constant Mumford Shah
model. By using m = log,(n) level set functions, denoted
¢1, ..., @™, n regions could be represented in terms of
the nonconvex heaviside functions H(¢'), ..., H(¢™). An
important special case is the representation of four regions
by two level set functions ¢!, ¢ as follows

@ Springer

min E<¢>1,¢>2>=v/ |DH<¢>‘>|+v/ \DH@)|
¢l.¢? Q Q

+ /Q (H@YH @) f2 + H@)(1 - HGD) fi

+(1 — H@Y)YH (9™ fa
+(1 — H(p"H)) (A — H(¢?)) f3)dx. (12)

The above model can also be formulated directly in terms of
two binary functions ¢!, ¢2, which represent the four regions
as in Table 1. The resulting energy functional is then

L E@.0%)
HOMS

=v/|D¢1|+v/|D¢2|+E"“’“(¢1,¢2>, (13)
2 2

subject to (7), where
E (gl ¢%) = / {p'¢*fr+0' (0 -9 fi
2

+(1 =2 fa + (1 — ¢ (1 — ¢?) f3)dx, (14)

where f was given by (2) with B = 2. The problem (13)
is nonconvex because both the binary constraints (7) are
nonconvex and the energy functional E4“? (¢!, ¢?) is non-
convex in ¢!, ¢2. Since the energy functional itself it non-
convex, one cannot obtain global minimizers by simply min-
imizing over ¢!, ¢> € B’ as in the two region case. The
above level set formulation of the Mumford-Shah model is
often referred to as the Chan—Vese model.

Note that we have made a permutation in the interpretation
of the regions compared to [3], see Table 1. It can be checked
that the energy is still exactly the same for all possible ¢!, ¢?
(if the data functions f; are permuted accordingly). This per-
mutation is crucial for making the corresponding discrete
energy function submodular.

As pointed out in [3], the level set formulation (12), (13)
does not correspond exactly to the length term in Potts’
model, because two of the six boundaries are counted twice
in (13), namely the boundary between §2; and £24 and the
boundary between §2; and §23. The remaining 4 boundaries
are counted once.

Table 1 Representation of four regions by two binary functions

Original Permuted

() =1,>(x) =0
() =1,¢*(x) =1

¢l =1.¢*(x) =1
¢') =1.¢*(x)=0
') =000 =1 ¢'(0)=0¢x)=0
¢l =0’ =0 ¢'(@)=0¢*(x)=1

The interpretation of the regions can be permuted without influencing
the energy

x € region 1 iff
x € region 2 iff
x € region 3 iff

x € region 4 iff
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2.3 Related Models and Convex Relaxations

In this section, we give a closer examination of two other
convex relaxation models that were discussed in the intro-
duction, which are especially related to our work.

In case the number of regions is larger than two, it is
possible to solve globally the simpler problem where the
regularization term promotes a linear inclusion property of
the regions. Define the integer valued “labeling function” u
over the continuous image domain §2. Any partition {£2;}}_,
can be described in terms of u by the convention u(x) = i

ifx € £2;, i = 1,...,n. Consider the following integer

constrained problem

rrgn/ Fuo @) + u/ |Dul, (15)
2 2

subject to u(x) € {l,...,n} ae. x € £2.In (15) the data

term f;,(x)(x) is the data cost of assigning x to region £2,,(y).
However, the regularization term of (15) does not correspond
to the length term in the Potts’ model (1) because of its
dependency on the size of the discontinuities of u. Instead
of penalizing the jump from each region to the next equally,
the regularization term overpenalizes the boundary between
regions £2; and §2; where the indices i and j differ by more
than one. The overpenalization is much more severe than
the representation (13), see Fig. 1 for an illustration. Such
an overpenalization may cause the boundary between such
regions to split. Ishikawa [15] showed that a discrete version
of the model (15) could be minimized globally by computing
the minimum cut on a graph. Later, a convex optimization
framework was established for the continuous version (15)

u==4
(¢'.8%) = (0,0)) (6", %) = (0,1)

u=2
(¢',¢%) =(1,1)
Q1 QQ

Fig. 1 The model (15) overcounts more severely than (13). In the
model (15), the transition £2; — £24 is penalized three times, the tran-
sitions §21 — §23 and §2; — §24 are penalized 2 times while transitions
§21 — §27 and §23 — §24 are penalized once. In the model (13), the tran-
sition §2 — §24 is penalized two times, while all the other transitions
are penalized once

in [31]. The convex relaxation of Potts’ model [11] mini-
mizes (15) with additional constraints on the dual variables
to prevent overcounting of boundaries.

There has recently been attempts to generalize the relax-
ation of the model (15), to the case that the unknown is a
vector function, i.e. to solve

K
min /f(u],...,u,()(x)(X)+VZ/|DuiI, (16)

(U1, Ug) .
19 i=lg

The work [14] proposed the tightest convex relaxation of the
data term of this problem based on the convex envelope of the
data term of (16). This has been studied further in [32], where
convex relaxations for partition problems with generalized
representations of the regions in terms of several integer or
vector valued functions were derived. In case the unknown
(u1, ..., urg) is constrained to a discrete set of binary values,
the model (16) captures the model (13). By considering the
relaxation (11) in [14] for K = 2 and binary labels and
making a substitution of the simplex constrained variable v
such that vl-l =¢' and vi2 =1 — ¢, we obtain

min sup

{¢! (x)€l0,1] a.e. xe2}, {1’,6};{":1’{1”1{}2":1

: /Q ph1— 61 + plo! + 21 — o) + pRetdx

2
+Z/ |D$| (17)

k=1p
such that

PP <fi, pi+pl < fo, PP < f3, PS4 P < fa.

Comparison of this problem with our convex models and
relaxations will be given in Sect. 4.3. A crucial tool for prov-
ing exactness of the relaxations is the coarea formula. Note
that it is not obvious that (17) satisfies the coarea formula,
therefore it cannot be determined if the relaxation will pro-
duce global minimizers.

3 Global Minimization of 4-Region Chan—Vese Model
in Discrete Setting by Graph Cuts

In this section we show how a discrete approximation of the
Chan—Vese model (13) can be minimized exactly by com-
puting the minimum cut on a novel graph.

3.1 Discrete Approximations
The variational problems in the last section can also be for-
mulated in the discrete setting as combinatorial optimization

problems. Let us first mention there are two variants of the
total variation term. The isotropic variant, by using 2-norm
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TV2(¢)=/ID¢|2=/\/|¢x1|2+...+|¢xN|2 (18)
2 2

and the anisotropic variant, by using 1-norm

TV1(¢)=/|D¢I1 =/|¢x1|+---+|¢xN|~ (19)
2

2

The anisotropic version is not rotationally invariant and will
therefore favor results that are aligned along the coordi-
nate system. The isotropic variant is preferred, but cannot
be handled exactly by discrete optimization algorithms (e.g.
mapped to the cut on a graph). It can be approximated to arbi-
trary precision if the size of the neighborhood system in the
graph goes to infinity, a more detailed discussion is provided
below.

Let P denote the set of grid points, and N 1]; denote the
set of k nearest neighbors of p € P.Incase N = 2, P =
{(i, j) C Z*} and for each p = (i, j) € P

Ny={G+1,)).G.jEDINP,
Ny ={G£1,j).G.j£D.(+1j£D}NP.

Let ¢>}, and ¢>f, denote the function values of ¢! and ¢? at
p € P and denote the set of binary functions as

B={$ :¢,c{0,1}¥peP) (20)

A discrete approximation of the two region model (6) can be
derived as

min E ¢pf1(p) + A = ¢p) f2(p)
peB
peP

F0 DD wpgldp — gl @1)

PEP geNk

where the usual choice of the data functions f are the discrete
version of (2)

fip) = lei —ulIP. (22)

If the weights are set to wp, = 1, and the neighborhood
system is set to 4 (k = 4), the last term corresponds to a for-
ward discretization of the anisotropic total variation of ¢. The
weights w), can be derived by the Cauchy—Crofton formula
of integral geometry as in [33], to approximate the isotropic
total variation (13) (Euclidian curve length). However, this
requires that both the mesh size goes to zero and the number
of neighbors in the neighborhood system N* goes to infinity,
which complicates computation.

In the same manner, a discrete approximation of the model
with four regions (13) can be expressed as

@ Springer

min Eq(¢', ¢%) = D ES"p), ¢7) (23)
ol.p2eB
peP
Fv DD wpgldy —dglv D D wpgldy, — 8.
PEP geNk pEP qeNk
where

ES(y. 63) = {dpp f2(p) + &) (1 — ¢7) fi(p))
+(1 =)0 fa(p) + (1 =)L —dp) f5(p)). (24)

3.2 Brief Review of Min-cut and Max-flow

Min-cut and max-flow are optimization problems defined
over a graph which are dual to each other. Important energy
minimization problems in image processing and computer
vision can be represented as min-cut or max-flow problems
over certain graphs, and be optimized globally by estab-
lished efficient max-flow algorithms. Such a min-cut/max-
flow approach is often called graph cuts in computer vision
[4,34].

A graph G = (V, &) is a set of vertices V and a set of
directed edges £. We let (v, w) denote the directed edge
going from vertex v to vertex w, and let c(v, w) denote the
weight on this edge. In the graph cut scenario there are two
distinguished vertices in V, the source {s} and the sink {¢}.
A cut on G is a partition of the vertices V into two disjoint
connected sets (V;, V;) such that s € Vi andt € V, . The
cost of the cut is defined as

c(Vs, V) = >

(v,w)e€ s.t. veVs,weV;

c(v, w). (25)

The minimum cut problem is the problem of finding a cut of
minimum cost. The maximum flow problem can be defined
over the same graph. A flow p on G is afunction p : £ — R.
The weights c(e) are upper bounds (capacities) on the flows
ple) foralle € £, ie.

ple) <c(e), Yeef. (26)

The max-flow problem aims to maximize the amount of from
from {s} to {¢} under flow conservation at each vertex. The
theorem of Fulk—Fulkerson [35] states that this problem is
dual/equivalent to the min-cut problem. An efficient imple-
mentation of augmented paths max-flow algorithm [35], spe-
cialized for image processing problems can be found online
in [4]. This algorithm has been used in our experiments. For a
given flow p, it is useful to define the residual edge capacities
as R(e) = c(e) — p(e) Ve € £.

Graph cuts have been used in computer vision for mini-
mizing energy functions of the form

s 1 . L] . .
mln}Zi:E(x,)—i—ZE (xis xj),s (27)

x;€{0,1 o
i<j
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where typically E’ is a data term, E/ is a regularization
term, i is the index of each grid point (pixel) and x; is a
binary variable defined for each grid point. In order to be
representable as a cut on a graph, it is required that the energy
function is submodular [34,36], i.e. the regularization term
must satisfy

E™(0,0) + EX(1,1) < EY(0,1) + EN(1,0), Vi< j.
3.3 Graph Construction for Energy Minimization Over
Multiple Regions

Observe that in the discrete energy function (23), not only
the regularization term, but also the data term is composed of
pairwise interactions between binary variables. In this section
we show how to construct a graph G such that there is a one-
to-one correspondence between cuts on G and the binary
functions qb‘ and ¢2, provided the data term is submodular,
ie.

E5M@(1, 1) + Ep¥(0,0) < E5®“(1,0) + E5“(0, 1)
(28)

for each p € P. Furthermore, the minimum cost cut will
correspond to binary functions ¢! and ¢? that minimize the
energy (23)

min ¢(Vs,V;) = min E 1, 2+ oy, 29
nin ¢V, V) = min Eu(¢'. 9) ,,Z;; b 29

where 0, € R are fixed for each p € P. In [34,36] a receipt
was provided for minimizing a submodular function of the
form (27) by computing the minimum cut on a graph. Prob-
lems of the form (23), where both the data term and regular-
ization term consist of interactions between pairwise binary
variables have not been directly considered. We provide a
different geometric derivation of the graph for the specific
problem (23) which does not rely on earlier results.

In the graph, two vertices are associated with each grid
point p € P. They are denoted v, | and v, >, and correspond
to each of the level set functions ¢! and ¢2. Hence the set of
vertices is formally defined as

V=A{vp;il| peP, i=12}U{s}U{r}. (30)

The edges are constructed such that the relationship (29)
is satisfied. We begin with edges constituting the data term
of (23). For each grid point p € P they are defined as

Ep(p) = (5, vp, 1) U(s,vp2) U (p1,1) U(p2,t)
Up,1, vp,2) U (Up2, Vp,1). (31

The set of all data edges are denoted £p and defined as
UpepEp(p). The edges corresponding to the regularization
term are defined as

Er ={(p,1,4,1), (Vp2,V42) VP, g CPsitg € N,’.f}-
(32)

For any cut (Vy, V;), the corresponding binary functions are
defined by

¢1 — 1 ifl)p’l (S VS,
P= 0 ifv, €V,

1 ifv,,,z € VS,
0 ifv,, € V.

¢ = (33)
Weights are assigned to the edges such that the relationship

(29) is satisfied. Weights on the regularization edges are sim-
ply given by

c(vp1, ”q,l) =c (Uq,lv vp,1) = ¢ (vp,2.vg,2) = ¢ (vg,2, ”p,2)
VpeP, qu\/’g. 34)

= VWpq:

We now concentrate on the weights on data edges £p. For
grid point p € P, let

c(vp,1,8) = A(p), c(vpp2,t) = B(p), c(s,vp1) = C(p),
c(s,vp,2) = D(p), c(vp,1,vp2) = E(p), c(vp2,vp,1) = F(p).
(35)

In Fig. 2a the graph corresponding to an image of one pixel
p is shown. It is clear that these weights must satisfy

A(p) + B(p) = fa(p) + o)
C(p) + D(p) = f3(p) +op
A(p)+ E(p)+ D(p) = fi(p)+o,
B(p)+ F(p)+C(p) = fa(p)+o,.

This is a non-singular linear system for the weights A(p),
B(p), C(p), D(p), E(p), F(p). Negative weights are not
allowed. By choosing o), large enough there will exist a
solution with A(p), B(p), C(p), D(p) > 0. However, the
requirement E(p), F(p) > 0 implies that

(36)

fip) + fa(p) = A(p) + B(p) + C(p)
+ D(p) + E(p) + F(p) — 20, > A(p) + B(p)
+ C(p)+ D(p) — 20, = f2(p) + f3(p) (37

Fig. 2 a The graph corresponding to the data term at one grid point
p. b A sketch of the graph corresponding to the energy function of a
1D signal of two grid points p and g. Data edges are depicted as red
edges and regularization edges are depicted as blue arrows (Color figure
online)
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forall p € P.By inserting the data term (24) for f, we obtain
the following requirement

lea —uf1P +les —ud)P < ley — ul)lF + Jea — uf)IF. (38)

for all p € P. If the distribution of the constant values satis-
fies (38), there exists a solution to (36) with E(p), F(p) >0
for all p € P. Hence the problem can be solved globally
by computing the minimum cut on the graph. In Sect. 5, we
derive and analyze a sufficient condition that the data term
is submodular, that does not depend on the input image u°.
Together with numerical experiments, it is shown that it is
expected to hold in practice in case 8 > 2.

Note I Three region segmentation can be handled as a
special case by putting infinite cost on one of the four assign-
ments. For instance, assignment to §24 will have infinite cost
by putting F'(p) = oo. The cost of the remaining assignments
are determined by finding a solution to the 3 first equations
of the linear system (36). This system always has a solution
with E(p) > 0, consequently the data term can always be
made submodular in case of three regions. One solution is
simply D(x) = fi(x), E(x) = f2(x), A(x) = f3(x) and
F(x) = oo. It should be noted however, that the resulting
graph becomes identical to the graph from [15] with the sim-
plification from [25] (where n — 1 nodes are assigned to each
pixel instead of n). The resulting minimization problem is
exactly (15) with n = 3 in this case.

3.4 Submodular Relaxation of Non-submodular Data Terms

Consider the situation that the submodularity condition (37)
is violated. Although the problem can be represented with
negative E(.), F(.),itis notcomputationally tractable in gen-
eral, since this amounts to find the minimal cut on a graph
which contains negative edges, which is NP-hard in general.
However, the problem can be solved exactly for many practi-
cal input data by arelatively simple combinatorial relaxation.

Approximate minimization of non-submodular energy
functions in computer vision has been the subject of previous
research, see [37] for a review. One of the most successful
approaches is the Quadratic Pseudo Boolean Optimization
(QPBO) [37,38]. In [39] it was shown that removing negative
edges, often called truncation, can be effective in minimiz-
ing non-submodular functions. We show that such a compu-
tationally simple submodular relaxation often can produce
exact solutions in practice for our problem when the regions
are permuted as in Table 1, and derive a condition which can
checked after computation to verify whether one has obtained
an exact solution. The relaxation can also be extended to the
continuous setting, which is the topic of Sect. 6.1. The fol-
lowing relaxation was first published in shorter form in our
conference paper [23]. An algorithm for minimizing the dis-
crete energy (23) with QPBO was later proposed in [40].
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QPBO can in theory give a better approximation (provided
the permutation in Table 1 is made), but we expect it to be
slower computationally because: (1) extra auxiliary nodes
must be added to the graph before computing the minimum
cut, (2) potential "unlabeled” nodes must subsequently be
dealt with by an iterative brute force algorithm.

Observe that for all p € P where (38) is violated, a solu-
tion can always be constructed to the linear system (36) where
either E(p) = 0 or F(p) = 0. To prove this, let

A(p), B(p), C(p), D(p), E(p), F(p) be any solution to
the linear system (36) where E(p) <Oor F(p) <0.: Assume
without loss of generality that E(p) < 0 and E(p) < F(p).
Then another solution to (36) can be constructed with as fol-
lows: A(p) < A(p) — F(p)/2, B(p) < B(p) + F(p)/2,
Clp) < C(p) + F(p)/2, D(p) < D(p) — F(p)/2,
E(p) < E(p) + F(p) and F(p) <« 0. Similarly, if
F(p) < 0and F(p) < E(p), one can construct another
solution where E(p) = 0.

Let G be the graph identically to G except that all edges
of negative weight are removed. That is, for each p € P, the
weights on the data edges in G are constructed as

c(vp,1,1) = A(p), c(vp2, 1) = B(p),
c(s,vp1) =C(p), c(s,vp2) = D(p),
c(vp,1, vp,2) = max(E(p),0), c(vp2,vp1)
= max(F(p), 0), 39)

while the regularization edges are given as before by (34).
The minimum cut on G can easily be computed by max-flow.
As will be discussed in Sect. 5, the condition (64) may only
be violated if ¢y, ¢2, c3 are close to each other compared to
c4 and u(l), at p € P is close to c4. Measured by the data
term, the worst assignment of p is to phase 1, which has the
cost [c] — “(1)7 |#. By removing the edge with negative weight
E(p) < 0, the cost of this assignment becomes even higher
lc1— ”(1)7 |ﬁ — E(p). Alternatively, if ¢, 3, ¢4 are close to each
other compared to ¢; and u?, iscloseto cy then F(p) < 0.By
removing the edge with negative weight, the cost of the worst
assignment of u([)) becomes higher |c4 — u([),lﬁ — F(p). We
therefore expect minimum cuts on G to be almost identical
to minimum cuts on G. Define the sets

Pl ={peP|E(p) <0,F(p) =0},
P2 ={peP|F(p) <0,E(p) >0},

consisting of all p € P for whicheither E(p) < Oor F(p) <
0 (Fig. 3).

Assume the maximum flow has been computed on
G, let R4(p), Rg(p), Rc(p), Rp(p) denote the residual
capacities on the edges (vp 1, 1), (Vp,2,1), (5, Vp.1), (5, Vp2)
respectively. The following theorem gives a criterion for
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Fig. 3 Tllustration of graph G in case E(p) <0.aG.b G

when the minimum cut on G yields the optimal solution of
the original problem.

Theorem 1 Let G be a graph as defined in (30)-(32) and

(34), with weights A(p), B(p), C(p), D(p), E(p), F(p)
satisfying (36). Let G be the graph with weights as in G, with
the exception c(vp,1,vp2) =0Vp € P! andc(Vp 2, Vp,1) =
0Vp e P

Assume the maximum flow has been computed on the
graph G. If

Ra(p) + Rp(p) = —E(p), Vpe P!
and Rp(p) + Rc(p) = —F(p), VpeP? (40)

then min-cut (G) = min-cut (G).

Proof We will create a graph G of only positive edge weights,
such that the minimum cut problem on § is a relaxation of
the minimum cut problem on G. The graph § is constructed
with weights as in G with the following exceptions

c(vp1,1) = A(p) — Ra(p), ¥peP'
c(s,vp2) = D(p) — Rp(p). VpePl,
c(vpo.t) = B(p) — Rp(p). VpeP?
c(s.vp1) = C(p) — Re(p),  ¥pe P

We first show min-cut(§) < min-cut(Gg) < min-cut(G).
The right inequality follows because all the edges in the
graph G have greater or equal weight than the edges in the
graph G. To prove the left inequality, observe that only data
edges for p € P; U P, differ between G and G. For each
p € Pp there are 4 possibilities for the cut (Vy, V;). Since
Ra(p), Rp(p), Rc(p), Rp(p) > 0, the cost of all the 3 cuts
Vp,1,Vp2 € Vi, p1,0p2 € Viand vp 1 € Vi,vp0 € Vg
are lower in G than in G. The lastcut v, 1 € Vi, v,2 € V;
has the cost A(p) + B(p) + E(p) in the G and the cost
A(p)+ D(p) — (Ra(p) + Rp(p)) < A(p)+ D(p)+ E(p)
in the graph §. The same argument shows that all possible
cuts have a lower or equal cost in G than in G for p € P».

Both G and G have only positive edge weights. Since all
the edges have greater or equal weightin G thanin G it follows
that

max-flow(G) < max-flow(G).

Hence, since the max flow on G is feasible on G itis also opti-
mal on G. Therefore, by duality min-cut(G) = min-cut(G)
which implies min-cut(G) = min-cut(G). O

Therefore, by computing the max flow on G and examining
the residual capacities for criterion (40), it can be checked
whether the solution is optimal on G.

4 Exact Convex Formulation of 4-Region Chan—Vese
Model in the Continuous Setting

Recall that the energy functional of the optimization problem
(13) is non-convex in ¢!, $2. In this section we derive a
formulation of (13) which is convex under the same condition
(64) that made the discrete energy function (23) submodular,
and hence allows for the computation of global minimizers.
The convex formulation allows to deal with the rotationally
invariant total variation (18), which cannot be handled by
discrete algorithms.

Foreachx € £2,let A(x), B(x), C(x), D(x), E(x), F(x)
be a solution to the linear system

A(x) + B(x) = folx) +o(x)
C(x)+ D(x) = f3(x) +o(x) @n
AX)+ EXx)+D(x) = filx) +o(x)

B(x) + F(x) + C(x) = falx)+0(x)

where o (x) can be an arbitrary finite number. This is the
same linear system as (36). Define the weights

1 2
Cs(x) =Cx), Ci(x)= D),
C/(x) = A), Ci(x) = B), (42)
C2%(x) = E(x), C*(x)=F(x).
The above functions are uniformly bounded, since { fi}f'z 1
are assumed to be uniformly bounded. It can be checked that

the following problem is equivalent to the original problem
13)

min £ (@', ¢%) = /{(1 = ¢NCy + (1= ¢*)CTY(x) dx
¢ 5
+ / ¢! ()G () + ¢ () CP(x) dx
2

+/max{¢‘ (x) — ¢%(x), 0}C"(x) dx
2
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- / min{g! (v) — ¢2(x), 0)C2 (x) dx
2

+v/|D¢1| +v/|D¢2|, 43)
2 2

such that ¢1 , ¢>2 € BB, where B is the set of binary functions
defined in (7).

Proposition 1 Let ¢!, ¢* be aminimizer of (43), then ¢, ¢>
is a minimizer of (13).

Proof For any ¢!, ¢ € B, E(¢',¢*) = EF (¢!, ¢?) +
f o 0 (x) dx. Therefore @', »? is a minimizer of (43) if and
only if ¢!, 2 is a minimizer of (13). o

The energy functional of (43) is convex if and only if
C2(x), C?(x) > 0forall x € 2, ie.iff E(x), F(x) >0
for all x € £2. The weights C!(x), C2(x), C!(x) and C?(x)
can be negative without influencing the convexity of (43).
Asin Sect. 3, by comparing the sum of row 1-2 and row 3—4
and requiring E(x), F(x) > 0 we get the condition

L&)+ f3(x) = A(x) + B(x) + C(x) + D(x)
<AX)+Bx)+Ckx)+ D)+ F(x)+ E(x)

= [1(0) + fa(x) (44)

for all x € §2. By inserting the usual data term (2), we get
the condition

lea—u® () 1P +1c3 —ul ()P < Jer—u® () 1P +]ca—ul (x) 1P,
(45)

for all x € £2. This is exactly the same condition (38) that
made the discrete energy function submodular. In Sect. 5
we derive and analyze a sufficient condition that (45) holds
for any possible input image. Analogously to the discrete
setting, we provide here the explicit expression for one of
the solutions of (41)

A(x) = max{ f2(x) — fa(x), 0},
C(x) = max{ fa(x) — f2(x), 0},
B(x) = max{fa(x) — f3(x), 0},
D(x) = max{f3(x) — fa(x), 0},

E(x) = fi(x) + fa(x) — fo(x) — f3(x), F(x)=0.

where fi(x),i = 1, ...4 are normally given by (2).

As in the discrete case, 3 region segmentation can be han-
dled by putting infinite cost on one of the four assignments.
In this case there are no restrictions on the data term and the

problem can always be made convex. See Note 1 in Sect. 3.3
for details on how to set the coefficients.
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Consider now the convex relaxed problem, where the
binary constraints ¢!, > € B are replaced by the convex
constraints ¢!, ¢> € B’ defined in (11), i.e.

B ={¢ €BV(R) : ¢(x) €[0,1]aex € £2).

A solution to the minimization problem (43) with the above
constraints exists in BV(£2) since the energy functional is
convex, lower semi-continuous, coercive, bounded below
and the constraint set is a closed convex set. The next theorem
shows that a global minimizer of the binary constrained non-
convex problem can be obtained by thresholding the solution
of the convex relaxed problem.

Theorem 2 Assume the data term of (13) satisfies the con-
dition (44), such that Clz(x), C21(x) > 0 forall x € 2
in (43). Let qbl*, qbz* be any solution of (43) subject to the

binary constraints ¢, ¢*> € B'. Denote by ¢>f 2 {0,1}
the binary function

1 if ¢ () >¢
=1, 1 O= (46)

o, if o) <t

Then for any £ € (0, 1], (qﬁf, qbf) is a solution of (43) and
(13) subject to ¢!, p* € B.

This theorem shows two important things. First, the convex
relaxation (43) subject to (11) is exact, the minimum energy
of the relaxed problem always equals the minimum energy of
the original problem. Secondly, the thresholding technique
allows to convert solutions of the relaxed problem into binary
solutions of the original problem, in case of non-uniqueness.

Proof Forany x € 2,if ¢/ (x) € [0, 1] then [} ¢f(x)dt =
¢’ (x) and fol 1 - q)f(x) d¢ = 1 — ¢ (x). Furthermore, if

¢! (x) > ¢*(x) then ¢{(x) = ¢5(x) and if ¢! (x) < ¢?(x)
then qbf(x) < ¢§ (x) for all £ € (0, 1]. Therefore

1
/ max (¢ (x) — ¢3(x), 0) d¢ = max(¢' (x) — ¢*(x),0)
0
and
1
— / min(¢{ (x) — ¢5(x), 0) d¢ = —min(¢' (x) — ¢*(x), 0).
0

By the coarea formula

1

//|D¢>f|d€=/|D¢"|.
2 2

0



J Math Imaging Vis (2015) 51:71-97

81

Combining the above properties we obtain that for any
¢1’ ¢2 enB

1

/ EP (g7, ¢3) dt

0
1
=/{/(1 — LCL ) + (1 — L) C2 ()
0 2

+ ¢l () CH (x) + S () CE ()

+ max{g{ (x) — ¢5(x), 0}C"?(x)

— min{g! (x) — ¢S (x), 0}C?! (x) dx

+v|Df| + v|Dg5| }de

=E" (9", ¢?. (47)

For a pair ¢!, ¢? that minimizes the energy, clearly EP (¢!,
¢?) < EP (¢}, ¢%) forany € € (0, 1]. However, equality (47)
can then only be true provided E (¢!, $*) = EP (d)f, ¢§)
for almost every £ € (0, 1]. In other words, ¢f, ¢§ also min-
imizes the energy for almost every £ € (0, 1].

It can also be shown that the theorem is valid for every
£ € (0, 1]. The transition from “almost every” to ’every” was
proved for two regions in [41]. We use the same arguments
to prove our theorem involving four regions. For some fixed
£ € (0, 1], there exists a strictly decreasing sequence {£;}7°
converging to £ such that qbf" , qbg" is a minimizer of (43) for
every k =1, ... and ¢f" , ¢§" converges to ¢t, ¢4 for almost
every x € 2. By lower semi-continuity of the functional
(43), it follows that ¢{, ¢ is a minimizer of (43). o

Discretization In order to use the convex relaxation (43) in a
numerical algorithm, discretization is necessary. We assume
in general that ¢! and ¢? are defined over a discrete domain,
also denoted 2, containing finitely many grid points. For
example, a 2D rectangular image domain can be regarded as
aregulargrid 2 = {(i, j) : i=1,...,nx, j=1,...,ny}
where each grid point corresponds to a pixel. The notations
BB and B3’ denote the set of functions that are binary and con-
tained in [0, 1] respectively, at each grid point in §2. There
are many choices of discretization of the differential and inte-
gration operators. In this paper, we avoid dependency on a
particular choice of discretization and use the notations D, [
also for general discrete differential and integration opera-
tors acting on functions defined over the discrete domain £2.
Using these notations, we can refer to (13) as a discretized
model by specitying that all operators are discrete. An impor-
tant distinction from the discrete models in Sect. 3, is the use
of the 2-norm total variation (18), which has the advantage of
being rotationally invariant. It should be noted that the coarea
formula does not hold exactly for any known discretization
of the 2-norm total variation (but does so for the 1-norm),

therefore the thresholding theorem above only holds approx-
imately after discretization. Importantly, the approximation
error goes to zero as the discretization becomes finer. The
graph representable models (23) require that also the num-
ber of neighbors in the neighborhood system goes to infitinity
in order to converge to the rotationally invariant continuous
regularization.

4.1 Primal-Dual Model

In the following parts of this section, we build up primal—
dual and dual formulations of the primal model (43) in case
C'(x), C*'(x) > 0. The dual formulation eliminates the
problem of non-differentiability of the data term in (43), and
allows to build up very efficient algorithms which are pre-
sented in Sect. 7. Another reason for deriving the dual prob-
lem is to reveal connections between the convex relaxation
(43) and the discrete min-cut/max-flow approach developed
in Sect. 3. The dual model is inspired by our previous work
[18,19], where continuous max-flow and min-cut models cor-
responding to binary (two region) problems were derived.

Remark The dual and primal-dual formulations are pre-
sented with continuous notation. We keep the presentation
of the spatially continuous formulations somewhat informal.
Questions regarding existence of dual and primal—dual solu-
tions in the continuous setting are quite technical and left
open to future research. For spatially discretized problems,
these properties are proved by existing duality theory.

Define the functional
D(¢', 9%
= sup /{(1 —ohHpl + (1 - pHpH(x) dx
px,pz,p‘z,qg

- / ') p! () + ¢* (x) pF(x)
2

+(o' () — () p"* (x) dx
+/¢1(x)divq1(x)dx+/¢2(x)divq2(x)dx,
2 2

(48)
subject to
1 1 2 2
ps(x) = Ci(x), py(x) < Cix), (49)
pl) < Clw), p? <), (50)
— ) < p"(x) < C%(x), ae.xef (51)
q'ec,, q¢*ecC,, (52)

where in the continuous setting, pi, p!, p!> € L'(£2) and
C, is defined in (10). Observe that all the dual variables
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pi,pl, p'2,q',i = 1,2 in (48) are independent, and can be
optimized separately.

We will show that the minimization problem (43) with the
convex constraints ¢!, > € B’ can be reformulated as the
primal—dual model

inf D@',¢%). (53)
o192
For each x € £2, the integrand of the first 4 terms of (48) can
be rewritten fori = 1, 2 as

sup (1 —¢")pH(x)

pi(x)<Ci(x)
[ =¢HCH(x) if¢i(x) <1
a [ 00 if o' (x) > 1 (54
i i [ @CHx) ifdi(x) =0
Pi(xililc)‘i(x)(ﬁ (X)pt (0= [OO t if¢i (x) <O. (55)

Note that (53) is bounded above. To see this, define the zero
function f(x) = 0 Vx € £2. Then infy 4 D(¢', ¢?) <
D@, %) = fg CS1 (x) + Csz(x) dx due to constraints (49).
Since C! and C? are uniformly bounded, this expression is
finite. From (54) and (55) it therefore follows that optimal
variables ¢!, ¢> must satisfy the constraints
'(x), p*(x) € [0, 1] ae. x € 2. (56)
If this was not the case, the primal-dual energy (48) would
be infinite, contradicting boundedness from above.

The dual representation of total variation (9) can be used
to rewrite the two last terms of (48)

sup /¢idivqidx=u/|D¢"|, i=1,2. (57)
7€C g 7]
From (57) it follows that optimal variables o', p? satisfy
/, o |D¢'| < oo, otherwise the energy would be infinite, again
contradicting boundedness from above. Together with obser-
vation (56), it therefore follows that optimal variables ¢!, ¢>
are contained in the set 3.

The 5th term can also be optimized for p!? pointwise as
follows

sup @' (x) — $*(x) p'2(x)
—C2(x)<p'2(x)<C2(x)
= max{p' (x) — ¢*(x), 0}C"*(x)

— min{g' (x) — ¢?(x), 0}C*' (x). (58)

Therefore, combining (54), (55), (57) and (58), by maximiz-
ing the primal dual model (48) forp},, pf, ptl, ptz, 2.4, 4%
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we obtain the primal model (43) subject to the convex con-
straints ¢!, ¢ € B'.

Discretization We can also use the above notation for
the discretized problem. After discretization, the functions
p’Y p; i = 1,2 and p'? are defined over the same discrete
domain £2 as ¢!, ¢2, while the spatial flow functions ¢! and
g are defined between neighboring grid points. For exam-
ple, if £2 is a 2D regular grid, the flow functions are typically
defined on the middle points 2% = {(i — 1/2,j) : i =
L...,ny+1,j=1,...,nyyand 27 = {(i, j—1/2) : i =
L,....ny,j=1,...,ny+ 1} and div : Qj X .Qj — 24
maps g onto £24. The set C,, is in this case

Co=1(q" ¢> : 25 x 2]~ R*:
(|q1<i—%,j)+q1(i+%,j)|2
2
G j—D+q*G.j+3)
2

i=1,....nc, j=1,...,ny}.

+ 2)? <

(59)

There are several choices for the discrete divergence div, but
itmust satisfy div = — D* for the particular choice of discrete
gradient D, such that the defining identity |, o ¢ divgdx =
- f o D¢ - g dx is valid for all discrete ¢ and g. A simple
choice of discretization is a forward scheme for D : 2, —
.Qj x 2 ; and a backward scheme for div. In our experiments,
we use a mimetic discretization scheme [42]. Note that if £2
contains finitely many points, the expression a.e. x € £2 has
the same meaning as Vx € 2.

4.2 Dual model

The terms in the primal-dual functional (48) can be
rearranged as follows

D@'. ¢ ={ sup /pi(x) + p(x)dx

Ps,pr,p”,qﬂ

(60)
+ / ' (0 (divg' (0 — pl () + pl ) + p2 () dx
22

+ / ¢?(x)(div ¢ (x) — p2(x) + p2(x) — p'2(x)) dx},
2

subject to (49)—(52). Observe that since the variables o', p?
are unconstrained in the primal-dual model (53), they can be
interpreted as Lagrange multipliers for the constraints
divql(x) — ps1 (x) + p,l(x) + plz(x) =0, ae.xef
(61)
divg*(x) — p2(x) + p2(x) — p2(x) =0, ae. x € 2.
(62)

see e.g. [43] (0.0.13)-(0.0.14).
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Remark In the continuous setting, i.e. for variational prob-
lems, it is complicated to establish existence of Lagrange
mulipliers unless the constraints satisfy conservative condi-
tions. The nature of the open set C, makes it difficult to
apply well known theory, see discussion below more detail.
We therefore leave strict proofs of existence of solutions as an
open problem. The derivations in this section regarding con-
tinuous spatial domains must therefore be seen in an informal
sense. After discretization, the existence of Lagrange mul-
tipliers follows directly from the min-max theorem, more
details are given below.

By removing the Lagrange multipliers, we obtain the dual
problem

sup ED(ps,pz,plz,q)=/psl(x)+pf(X)dx
Ps:Di.p'2.q o

(63)

subject to the constraints (49)—(52), (61) and (62). The dual
problem (63) can be interpreted as a maximum flow prob-
lem over a continuous generalization of the graph proposed
in Sect. 3.3. The dual variables pi, pi, p'2, ¢' i = 1,2 are
interpreted as flow functions on the edges and the constraints
(61) and (62) are flow conservation constraints. The inter-
ested reader can find the details in Appendix 1.

Discussion on existence of primal-dual solutions In the
spatially continuous setting, the above functional spaces are
not reflexive, therefore one cannot directly apply the mini-
max theorem to prove existence of a primal—dual solution. As
established under (55), the dual problem is bounded above.
This guarantees the existence of a maximizing sequence
{pék},fil, {pik},fil, {plzk},‘zil, {qik},‘z‘;l inside the constraint
set (10) such that limy_, oo EP (p, ¢%) is equal to the supre-
mum in problem (63). In the classical definition of existence,
there must exist a maximizing subsequence converging to a
point within the constraint set. However, this is not true for
this problem, because the supremum with respect to the flow
variable ¢ may be attained for a discontinuous flow field ¢,
which is in the closure of the constraint set of smooth ¢ (10)
and not contained in the set itself. When we speak of a dual
solution, we shall mean a solution where ¢ may be discon-
tinuous.

After discretization, the functional spaces become finite
dimensional Hilbert spaces. One can therefore directly apply
the minimax theorem, Prop. 2.4 of [44] Chapter VI, to con-
clude that a primal—dual solution exists to the problem (48)
and the duality gap between the primal and dual problems is
zero.

4.3 Comparison to Product Space relaxation [14]

It is interesting to compare our convex model (43) to the con-
vex relaxation (17) derived from [14]. The data term of the

relaxation (17) is based on the convex envelope of the data
term of the original problem, which is the tightest convex
relaxation of the data term that theoretically exists (meaning
it has at least as high value as any other convex relaxation for
each feasible ¢!, $2). However, after the regularization term
is added, there is no guarantee that an exact solution will be
produced. In the last section it was established that our convex
model with regularization term exactly represents the original
problem: It has the same minimal value and minimizers of the
original problem can be obtained by thresholding the solu-
tion to the convex problem. This indicates that the relaxation
(17) is also exact in case of submodular data terms with regu-
larizer, since the relaxation of the data term must be at least as
tight as the proposed relaxation. Therefore (17) should also
satisfy the coarea formula and thresholding theorem under
these conditions. If the data term is not submodular, one can-
not guarantee that (17) will give a global minimizer. If this
was true in general, one would have a polynomial algorithm
for solving an NP-hard problem, which is unlikely to exist.

In fact, our primal—dual problem (60) has a closer resem-
blance to (17). An important distinction is that the dual con-
straints in our problem are all separable, which allows us to
prove the coarea formula for our model. This also implies that
for a fixed qbl, ¢2, our model can be maximized for all dual
variables simultaneously, by maximizing in terms of each
dual variable separately. This important property allows us
to design very efficient algorithms, which are presented in
Sect. 7. In contrast, the dual variables are coupled through
the dual constraints in (17), which makes projection more dif-
ficult. Since no closed form solution exists, a more expensive
inexact iterative algorithm for projecting onto the constraint
set of pé, p(z), pll, p% each iteration would be required.

5 Analysis of Submodularity/Convexity Condition

We give an analysis of the condition (44) for making the opti-
mization problems submodular/convex in case of data terms
of the form (2). By assuming the input image contains all
gray values I € [0, L], we get from (38) or (45) the follow-
ing sufficient condition on the distribution of the constant
values ¢y, ..., ¢4

leo—11P+les—11P <ler—11P+lca—11P, VI €0, Ll

(64)

If (64) holds, the problem is submodular for any input image
u". This condition says something about how evenly {ci}f: 1
are distributed. The following two results show that (64)
becomes less strict as 8 increases

Proposition 2 Let 0 < ¢1 < 2 < ¢3 < cq. If (64) is satis-
fied for some By > 1, then (64) is satisfied for all B > By.
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Proposition 3 Ler 0 < ¢1 < ¢2 < ¢3 < c4. There exists a
C € N such that (64) is satisfied for any B > C.

The proofs of all propositions in this section can be found
in Appendix 1. It can also be observed that the condition
can only be violated if 7 is closer to c¢] or ¢4 than the other
variables

Proposition 4 Let 0 < ¢] < c2 < ¢3 < ca. (64) is satisfied
forall I € [—02'561, —C“;Q ] for any B > 1.

And lastly, if the constants are perfectly symmetrically dis-
tributed around their mean, the condition is satisfied for any

B =1

Proposition 5 Let 0 < c] < 2 < ¢3 < c4. (64) is satisfied
forany B> 1lifco —c1 =cq4 —c3.

For B > 1, greater assymetry is tolerated by Prop 2. These
propositions suggest that the condition can only be violated
if the assymetry of the distribution of ¢, . . ., ¢4 around their
mean becomes too ’bad”.

Examples where the condition is satisfied and may fail are
depicted in Fig. 4. Prop. 2 is illustrated in Fig. 4b, c. Figure
4d shows the possibility in which (64) may be violated, i.e.
c1, ¢2, c3 are clustered compared to ¢4 (the opposite version
where ¢3, c3, ¢4 are clustered would also be a problem).

We are mostly interested in the case that § = 2 and are
interested in knowing how often the condition is expected to
be satisfied. To get a raw empirical estimate, we have picked
the constant values cy, . . ., c4 randomly in the interval [0, 1]
and investigated how often the condition (64) is violated for
I € [0, 1]. The condition was satisfied in 39.6 percent out of
10000 random selections of ¢y, . . ., c4. In cases that the con-
dition was violated, the constants were distributed unevenly
around their mean as illustrated in Fig. 4d. However, such
distributions of the constants are not expected in practice,
because when minimized over the region parameters, the
model (13) will favor solutions where the data functions (2)
corresponding to each region are dissimilar. In fact, when the
model (13) was optimized over the constants cy, ..., c4 in
addition to the regions, the condition was satisfied on all 100
images in the Berkeley image segmentation database [45].
More details will be given in Sect. 8.3.
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6 Convex Relaxations of NP-Hard Data and
Regularization Terms in Continuous Setting

In this section, we develop convex relaxations which can be
applied on a broader set of variational problems than the
models in Sect. 4. We start by considering data terms where
the convexity/submodularity condition (44) is not satisfied
in Sect. 6.1. Section 6.2 deals with some other regularization
terms such as the Potts’ regularizer. In contrary to the mod-
els in Sect. 4, it cannot be guaranteed in advance that exact
solutions will be produced. Instead, conditions are derived
which can be checked after computation whether a global
minimum has been attained. Especially for problems with
non-submodular data terms, it is our observation that these
hold in practice. If they do not hold exactly, the relaxations
will provide good approximate solutions. The relaxation (17)
could also be used to approximately solve the problem in case
of non-submodular data terms. The advantage of the follow-
ing approach is that the thresholding operation (2) can be
applied for producing a global binary minimizer in case the
conditions on the computed solution holds. The relaxed prob-
lem is also easier to deal with computationally than (17) for
the same reasons described in Sect. 4.3.

6.1 Convex Relaxation of Non-convex Data Term

Recall that if E(x) or F(x) are negative for some x € £2,
the variational problem (43) is non-convex, hence any mini-
mization algorithm based on steepest descent may get stuck
in a local minimum. We propose a convex relaxation for this
problem, inspired by the submodular relaxation from Sect.
3.4 and derive a condition for determining whether the com-
puted solution is globally optimal.

For all points x € £2 where (64) is violated, let
A(x), B(x), C(x), D(x), E(x), F(x)beasolution to the lin-
ear system with £ (x) < Oor F(x) < 0. Asdiscussed in Sect.
3.4, there always exists a solution where either £(x) = 0 or
F(x)=0.

Let 2! be the set of points where E(x) < 0 and 22 the
set of points where F(x) < 0, i.e.

R2’={xeR: Fx) <0}
(65)

R'={xeR: Ex) <0},

Let P denote the original primal problem (43) with weights
set to

Clix) =Ccw),
Clx) = A®x),
C(x) = E(x),

Ci(x) = D(x),
C7(x) = B(x), (66)
C?'(x) = F(x), Vxe®
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as before. Since C12(x) or C2!(x) are assumed negative for
some x € £2, the minimization problem (43) is nonconvex.

A problem is now defined where all the negative terms are
removed. Primal-dual and dual formulations of this problem
can be derived as in Sect. 4.2. We denote the primal problem
as P, primal—dual problem as P D and dual problem as D
and define them as the optimization of (43), (48) and (63)
respectively, with weights constructed as

Ci(x) =C(x), Ci(x)=D(x),
Clx) =AM, C?(x)=B®x), (67)
C"%(x) = max(E(x),0), C*'(x) = max(F(x),0), Vx € L.

Since all the weights are non-negative, the problem P is con-
vex and can be minimized globally. We are interested to know
when a solution to the convex problem P is also optimal to
the problem P. This can be answered by investigating the
solution of the dual problem D.

In the following theorem and proof it is assumed for sim-
plicity that the problems are discretized such that ¢/, p, pi,
i =1,2and p12 are defined over a discrete domain §2 con-
taining finitely many grid points. The spatial discretization is
denoted D, div = — D™ and can be arbitrary, see Sect. 4 for
a more detailed discussion about discretization. In this case,
the existence of primal—dual solutions and a zero duality gap
follows by the minimax theorem. If one assumes a continu-
ous spatial domain, the following derivations are carried out
in an informal way.

Theorem 3 Let&i; PP P2, g i = 1,2 be asolution of
PD, ie. al,q_ﬁz is a solution of P and ﬁi, ,ﬁi, 512, qi; i =
1, 2 a solution of D. Define the residual capacities as
RI(x) = C{(x) = Pi(x), R}(x)=Ci(x)—prx),
R/ (x) = C/(x) =P} (x), R} (x)=C}(x)—P;(x).

(68)
If
R!(x) + R?(x) > —E(x), Vxe 2! (69)
and
R*(x) + R!(x) = —=F(x), Vx e 22, (70)

then (51, 52) is optimal to the original problem P.

Proof Let ET denote the energy functional of the primal
problem (43) with original weights (66), and let E” denote
the energy functional of (43) with weights (67). Then for
any functions ¢!, ¢? such that ¢! (x), $*(x) € [0, 1] for all
xes

ET (¢, Y = EP (9, 97, (71)

Define a new problem P as the minimization of (43) with
weights (67) for all x € £2\(22' U £2?) and

Clx)y=Cx), Cix)=7p(),

Cl(x) =Pl (x), C>(x)=B(), Vxel (72)
Cl(x) =Ppi(x), Cl(x)=D(x),

Cl(x) = A(x), C}(x)=7p (x), Vxe Q2 (73)
C?x)=0, C?'x)=0, vxe'un? (74)

Let EP denote the energy functional of (43) with the above
defined weights. We will show that

EP@'. 0" <EP(¢'. ¢ <E (¢'.¢%). Vo' .¢*eB.
(75)

The right inequality is just a repetition of (71). To show the
left inequality, observe that for each x € £2!

(1= ¢'(X)C@) + (1 — ¢* () P()
+¢' ()P, (x) + ¢*(x)B(x)
=(1-¢'(@)CHE + 1 —¢? (D) — R (x))
+ ¢! () (AWX) — R} (x)) + ¢*(x) B(x)
=1 —-¢'()CE) + (1 —¢*(x)Dx) +¢' (V)A(x)
+¢*()B(x) + ¢ () (=R} (%)) + (1 — ¢* () (=R} (x)).

The last two terms can be bounded by

¢ () (=R} (x) + (1 — ¢*(x))(— R} (x))
< ¢' ()1 — ¢* () (—R} (x))
+¢' ()1 = ¢*(0))(—R?(x))
= ¢! (x)(1 — $> () (—R} (x) — R} (x))
< max(¢' (x) — ¢*(x), 0)(—R/ (x) — R}(x))
< max(¢' (x) — ¢*(x), 0)E(x).

Therefore the integrand of the the data term of E” is
lower than E for any x € £2!. Exactly the same argu-
ment can be used to show that this is also true for any
x € 22 For any x € £2\(£2' U 2?), the integrand of
the data term is identical in E¥ and E”. The regulariza-
tion term is identical in E P and E?, hence it follows that
EFP (¢!, 9% < EP (¢!, ¢?) for any ¢!, ¢?> € B'. Observe
that since the maximum flow 7, p'2,g%;i = 1,2 in prob-
lem D is feasible in D, it is by (75) also optimal on D.
It follows that EP(¢',¢°) = E' (&', $°), which by (75)
implies EX 3. ) =E (@ .. o
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6.2 Convex Relaxation of Potts’ Regularizer and Some
Other Regularizers

In this section we show that the convex reformulation (43)
can be used as the basis of a new convex relaxation of Potts’
regularization term (4) and some other regularization terms
with four regions.

In [11,46] it was observed that multiple countings of
boundaries in the model (15) with linearly ordered labels,
could be suppressed by introducing additional constraints on
the dual variables of the total variation term of (15). The
number of constraints grow quadratically in the number of
regions. In particular, 3 dual variables and 6 dual constraints
are necessary to represent four regions. The resulting con-
vex relaxation is not guaranteed to produce a global binary
solution, but as shown in [11,46], such an approach may pro-
duce good approximations after thresholding. Furthermore,
as shown in [11], Prop 4, the relaxation is strictly tighter
than other recently proposed approaches [7,10,12]. In sect.
4 it was shown that the model (43) could be optimized glob-
ally by relaxing the binary constraints of ¢! and ¢?. As dis-
cussed in Sect. 2.3, this model approximates Potts” model
more closely than the model (15). Two of the boundaries are
measured twice in (43), while all the remaining four bound-
aries are measured once. In contrast, the model (15) over-
counts the boundaries much more severely, see e.g. Fig. 1.
This motivates us to use (43) as a starting point for a new
convex relaxation of Potts’ model.

Consider first the convex model (43), expressed in terms
of the dual formulation of total variation (57). We then obtain

inf_sup E”(¢‘,¢>2)=/ (1—¢')Clx)
o.? g1 g2 2
+(1 = P> () CZ(x) + ¢' () CHx) + ¢*(x)CH(x) dx
+ / max{p' (x) — $*(x), 0}C?(x) dx
2

- / min{g! (x) — ¢2(x). 0}C2! (x) dx
2

+/¢1divq1dx+/¢2divq2dx, (76)
2 2

subject to qbl , ¢>2 € B and q1 , q2 € C,, where C, is defined
in (10).

The distributional derivative D¢ can be decomposed as
[46-48] D¢ = Vo dx + Ch + (o4 — ¢_)npdHN =1y,
where V@dx is the part which is continuous with respect to
the Lebesgue measure and C¢ is the Cantor part. Here Jy
is the discontinuity set of ¢ and ¢4 and ¢_ are the values
of ¢ at the upper and lower side of the discontinuity respec-
tively, such that ¢ > ¢_. The vector ng(x) € SV~ is the
normal vector at point x of the discontinuity Js pointing in
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the direction of the lower side of the discontinuity. A more
formal definition of the jump set and normal vector can be
foundin [46] page 1118. By integration by parts, we have that
for a g with compact support or which satisfies the boundary
conditions in (10) that

/¢diqux=—/q~D¢
Q 2
=—/q-V¢dx—/q-Cu

2 2

- / q(x) - npx)dHN " (x)

Jo

The Cantor part can be shown to vanish for N — 1 dimensional
subsets of finite measure [46]. Assuming that ¢ € B, the two
first terms of the above expression therefore disappear. If
¢!, ¢* € B, the regularization term can therefore be written

/d)l divq1 + ¢? divq2 dx
Q

2
= —Z/qi(x)~n¢i(x)dHN_l(x)

i=1j,

which is maximized over ¢!, ¢> € C, by picking ¢’ (x) =
—Vhgi (x)forx € J¢i,i = 1, 2. Observe first that the integral
can be decomposed as

2
- / D g @) ngi(x) dHN " (x)
J¢1ﬁf¢2 i=1
- / q'(x) - ngr(x) dHN " (x)

J¢1\J¢1ﬂj¢2

- / q*(x) - ng () dHY 1 (x).
Jy2\Jy1 N2
The set J¢1 N ./¢2 can be decomposed as Jt U J—, where
Jt={xelunNly: nypx)=npxland)” ={xe

Jpr N Jy2 0 ngi(x) = —ny2(x)}. Then the first integral can
be written as follows

2
- / > q'x) ngi(x) dHN " (x)

J¢1ﬁf¢2 i=1

_ / (@' @) +20)) - 1 (1) dHY 1 (x)
J+

- / (@' () = g2(0)) - g (1) AHV 1 (),
J
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From Table 1 it follows that J T is the boundary between £2,
and £23. J~ is the boundary between §2; and £24. By inserting
the maximizer ¢’ (x) = —ngi(x), it can be seen that the
integrals over J* and J~ are valued twice their total length
(weighted by v): 2v [, dHN"'(x) and 2v [,- dHN ' (x).
In order to count the length of the boundary between 2, and
£23 only once, we add the constraint

sup |g' (x) + ¢*(x)|2 < v. (77)
xX€ES2

Similarly, to count the boundary between 2| and £24 only
once, add the constraint

sup lg' (%) — g*(x)]2 < v. (78)

xXeN

The integral is maximized over ql, q2 e C,, (77) and (78)
by picking ¢! = —ngt in Jyi\Jy1 N Jy2, g’ =
Jp\Jp1 N J¢z,q1 +4¢% = —ng1in J* and q' —¢* = 11

—ng2 in

in J . If one inserts these values for ¢! and ¢ one obtains

= u/dHN*I(x)Jrv/dHN*l(x)

J* J-

+v / dHN ') + v / dHN 1 (0),

1 1 2 2 1 2
VAVHeV VAVHaY

which is the total length of each boundary.
Observe thatforany ¢!, g € C, which satisfy |¢'+¢2| =
v, it must hold that |q1 — q2| < v, for the following reason

lg" +q%15 = Zlq,+q, Z(q,>2+2q, ?+ (@)’
i=1 i=1
N N

5= la —a’lF =D (4 —2q}q} + (¢}
i=l i=1

therefore
g +q2I§ +lg' — 4’13

= Z(q, 2+ @hH? =19"3 + 14713 < 2%

If|g'+4%|3 = v?, this can only be true provided |¢' —¢?|5 <
2. Vice versa, if |¢! —g?|> = v then |¢' +¢?|» < v. There-
fore, the measure of the transition £2; — §24 is not influenced
by adding the constraint (77) and vice versa for £2, — £23
regarding the constraint (78). By adding both constraints
(77) and (78) to the optimization problem, we obtain the
length/area of each boundary weighted by v, i.e. Potts’ reg-
ularization term (4). It is also possible derive different seg-
mentation models by only adding some of the constraints.

Table 2 Number of variables and constraints in relaxation of Potts’
model, N is the dimension of the image domain

Primal Primal Dual Dual

variables constraints variables constraints
Pock et. al. 3 3xN (+4) 6(+4)
Simplex [12] 4 4% N (+5) 4 (+4)
Proposed 2 2% N (+3) 4(+3)

Each variable is regarded as a scalar function defined over the image
domain. The numbers in parentheses indicate additional dual variables
and constraints, in case the data term is represented in primal—dual form
(which is used in the algorithms in the experiment section)

This can be an advantage if one knows in advance that cer-
tain regions are not supposed to share a common border.
Examples will be given in the experiment section to illustrate.
Non-standard regularization terms were also investigated in
[9], but in the context of the simpler simplex constrained
relaxation [10,12].

In order to derive a completely convex problem, the
non-convex binary constraints ¢!, ¢> € B are replaced by
¢>1, ¢2 € B'. In contrast to the model (43), the threshold-
ing Theorem 2 is not generally valid if the additional con-
straints on the dual variables are introduced. However, if the
computed solution ¢!, ¢? is binary everywhere, it is also a
global solution to the original problem. Otherwise, thresh-
olding of ¢!, ¢* will result in good approximate solutions.
In the same manner, the relaxation for Potts’ model [11] is
not generally exact either, but will provide good approximate
solutions after thresholding. To analyze theoretical relations
between our relaxation and [11] is quite involved and is out
of the scope of this paper. Some experimental comparisons
are given in Sect. 8, which indicate our relaxation performs
as least as well as [11]. Our approach involves significantly
less primal and dual variables and constraints than [11] and is
consequently easier to handle computationally. The number
of primal and dual variables and constraints are summarized
in Table 2.

7 Algorithms

Algorithms for the convex formulations and relaxations
in Sects. 4 and 6 are presented based on the augmented
Lagrangian method. In [17-19] the augmented Lagrangian
method was applied on continuous max-flow formulations
of minimization problems with binary and linearly ordered
labels. The algorithms were shown to be very efficient and
outperform alternative approaches. We derive similar algo-
rithms based on the max-flow formulations of the prob-
lems (43) and (76). Observe that the Lagrange multipliers
qbl , ¢>2 are unconstrained in (60). However, by construction
optimal ¢!, ¢? will satisfy the relaxed binary constraints
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Algorithm 1 Multiplier-Based Algorithm

Choose some initialization for p’, pi, ¢’ and ¢', set k = 1 and repeat
until convergence:

— Optimize pi,i = 1,2 by fixing other variables
1

= arg max
PLE)=Ci(x)

‘=arg max / pi. dx
ps(0)=Ci(x) J 2

5|

2

et ik ok gk
i Le(pl pl, p'™ g™, 65

. -k . k . -k 2
ph— (! + (=D p12" 4 divgl) + ¢f /CH .

— Optimize p'? by fixing other variables

12k+1
)4 .

ik—+1 ik ik
=ar Le(pi™ ", pit, p' g, 9b)

max
—CH (@) =p?(0)=C2(x)

= arg max
—CH (@) =p(0)=C(x)

c i 133 ko ik ik, |12
— Z E H(_l)l+1p12 _ Pé + p; + div ql _ ¢)l /CH .
i=12

— Optimize ¢/, i = 1, 2, by fixing other variables

k+1 k
(q'.q¢» " =arg max Lo(pkt pk p'?" g, 60
(q'.q>)eK
‘= arg max
(¢'.q>) ek

2
c L ik+1 ik i k+1 k)2
=52 Jaiva' = p g T g
i=1
(79

for i = 1,2. The above problem can either be solved iteratively
by Chambolle’s projection algorithm [49], or approximately in one
step through

ikt

~i -k . ; 1 -k ; k+1 ik
§ = (q’ FeVidivg' — pit T plt (DI T g /c)),

(5]17512)kJrl = H(ql,qZ)EK(glaqz)a (80)

where 7,1 4k is the projection operator onto K.
— Optimize p;, i = 1,2 by fixing other variables

k1 Kl gk kel gk
pi =arg max  Le(ph L pl.p'™ g o)
pi(x)=<Cf(x)
;= arg  max
pr(0)=Ci(x)
c ik+1 i k+1 . k1 ik, |12
=S |p = o i g — g e
— Update multipliers ¢/, i = 1,2, by
Kt & Lkl Gkl ket ; k1
¢ = ¢ —cdivg™ T =i 4 pl T (DT

— If not converged, set k = k + 1 and repeat.
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(11). In this section it is assumed that §2, the unknowns
piopl p'2,q, i = 1,2 and the differential and inte-
gration operators are discretized, but we stick with the con-
tinuous notation for simplicity. The augmented Lagrangian
functional can be formulated as

L(ps, pr. p'%.q,0) = /Q pl(x) + p(x)dx (81)

2
£ /S{;zf' divg’ — pi + pl + (~1F i) () d
i=1

2
c . i i i
=5 2 I1divg’ = pl+ pr+ (=D,

i=1

An algorithm for optimizing (60) is constructed based on the
alternating direction method of multipliers [50], see Alg. 6.2.
The set K in (79) consists of the unit disks

K={q".q¢>: 2~ RY xRV :
g lloo <v. ghlag =0 i=1,2}.

Here ||g||co = max,cgp |g(x)|2. Note that the optimization
problems in (79) and (80) decouple and can be solved sep-
arately for ¢! and ¢2. The optimization for p!, p'? and p!
can be easily computed in closed form pointwise at each
x € 8.

7.1 Algorithm for Convex Relaxed Potts’ model

The algorithm for the convex relaxed Potts’ model does not
change, except the variables ¢! and ¢ in step (79) are opti-
mized over the set

K:{(ql,q2) : 2RV xRV :
19"l < V. gulae =0, i=1.2,
llg" +¢*llo < v. 117" = %lloc < v}
There are no closed form solution for such a projection, but it

can be computed approximately by a few iterations of Dyk-
stra’s algorithm [51] in the same way as [11].

8 Experiments

In most experiments, we choose the data term (2) and set 8 =
2 or B = 1. In order to estimate the optimal constant values
{ci}?zl, an alternating minimization algorithm is applied as
follows:

Find initialization {c?
convergence

¥, and solve for k = 1, ... until
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1L {¢F)E, = argmin E({g" )P, (cF 1)),
{01,

2. (M l—arggnnE<{¢"}l e,
{Cl},71

Step 1. is solved by the algorithms developed in this paper.
The optimization problem in step 2 is simple and has a closed
form solution: ¢; is the mean intensity value within region
QIk when 8 = 2 and median intensity when 8 = 1. Con-
vergence means that the partition does not change from one
iteration to the next, and will usually occur in around 10 iter-
ations. The constant values can be initialized efficiently by
the isodata algorithm [52]. In all experiments reported, the
condition which guarantee submodularity/convexity was sat-
isfied during each iteration of the algorithm unless otherwise
specifed. We have used a mimetic spatial discretization [42]
of the differential operators in Algorithm 1.

Abbreviations: We have used the following abbreviations
in the comparison experiments:

GT: ground truth
CVI: Chan—Vese model (13) solved with level set method
CVg: Chan—Vese model (13) solved by graph cut
CVC: convex Chan—Vese model before thresholding
CVCt: convex Chan—Vese model after thresholding
AE: Alpha expansion algorithm [6]
ABS: Alpha—beta swap algorithm [6]
SR: Simplex relaxation [12]
SRt: Simplex relaxation [12] after thresholding
PR: Pock relaxation [11]
PRt: Pock relaxation [11] after thresholding
NR: New relaxation of Potts’ model
NRt: New relaxation of Potts’ model after thresholding

On the relatively simple image in Fig. 5, the level set method
finds a good local minimum. If the initialization is bad, the
level set method gets stuck in an inferior local minimum also
for this simple image as shown in Fig. 6, courtesy of [3].
White points indicate the zero level set of ¢! and dark points
indicate the zero level set of ¢ (Fig. 6).

More difficult images are presented in Figs. 7, 8, 9, 10,
11. The different methods are compared by keeping the same
optimal constant values {c} }4 | and regularization parameter
v fixed, while minimizing in terms of the regions. We depict
the results of the relaxed problems ¢!, ¢ before thresholding
in one single image / as

I=¢'¢*cr+¢' (1 —¢P)er + (1 — ¢Hg’cy

+(1 =1 = ¢P)cs
In the same way, the results of relaxations [12,53] before
threshold are depicted in a single image using the integrand

of the data terms of their convex energy functionals. As seen
in the figures, the convex Chan—Vese model tends to favor

89
ON ON ONX OW
(a) Input (b)CVl  (c) AE/ABS  (d)CVg
ON OV O ON
(e) SRt (f) PRt (8) NRt (h) NRt

Fig. 5 L7 data fidelity. a Input, b level set method gradient descent, ¢
alpha expansion/alpha beta swap, d Chan—Vese model graph cut eight
neighbors (global minimum). 2nd row Convex relaxations after thresh-
old: e simplex, f Pock et al. g proposed Potts’, h proposed special

°3 23

Fig. 6 Level set method: a bad initialization, b result

(b) GT (¢) CVI (d) AE

el el

(e) ABS f) CVg (g) CcvC (h) CVCt

| I I
". . ' .

i) SR

» ) npt

(j) SRt (k) PR (1) PRt
Fig. 7 L) dataterm,v = 0.245. a Inputimage, b ground truth, ¢ Chan—
Vese model level set method, d alpha expansion Potts’ model, e alpha—
beta swap alpha expansion Potts’ model, f graph cut for Chan—Vese
model (global minimum), g convex Chan—Vese model before threshold,
h convex Chan—Vese model after threshold, i simplex relaxation [12],
j simplex relaxation [12] after threshold, k relaxation [53], 1 relaxation
[53] after threshold

solutions that are closer to binary than the other relaxations
[12,53] for Pott’ model on difficult images with high levels
of noise. The percentage of misclassified pixels compared to

@ Springer



90

J Math Imaging Vis (2015) 51:71-97

(a) Input

(c) CVC

(d) CVCt

(e) SRt

(f) PRt

Fig. 8 L, data fidelity: a Input; b graph cut for discrete Chan—Vese
model four neighbors (global minimum); ¢ convex Chan—Vese model
before threshold; d convex Chan—Vese model after threshold; e special
relaxation after threshold; f Potts relaxation after threshold

ground truth, depicted in subfigures b, are shown in Table 3
and indicate that our approach performs favorably. Note that
it is not so relevant to compare energies, since the regularizer
in the Chan—Vese model is slightly heavier for some bound-
aries than the Potts’ model and therefore has a higher energy
value.

In subfigure 8, 9, and 10b the computed global minimum
of the discrete energy is shown. In subfigures 8, 9 and 10c
the computed global minimizer of the convex reformulation
of the Chan—Vese model are shown, which takes values in
[0, 1], but is binary at most points. The binary result after
thresholding ¢1*, ¢2* at the level ¢ = % are shown in sub-
figures d. Observe that the continuous version is rotationally
invariant and, in contrast to the discrete approach, produces
results that are not biased by the discrete grid.

In Fig. 12, the problem (13) with non-convex data term
(14) is solved simultaneously for ¢! and ¢? by the gradient
descent method. For simplicity, we have removed the noise
and set the regularization parameter to zero. Both initial-
izations lead to incorrect results. The recent inexact convex
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(0

(d)

Fig. 9 Chan—Vese model with L? data term: a Input, b graph cut
approach 4 neighbors, ¢ convex formulation before threshold, d convex
formulation after threshold

(¢) CVC (d) CVCt

Fig. 10 Chan-Vese model with L? data term. a Input, b graph cut eight
neighbors in discrete setting, ¢ convex formulation before threshold,
d convex formulation after threshold

relaxation for the Chan—Vese model [8] was demonstrated to
almost find a global minimum on Fig. 5 (except for a few pix-
els), but differed more substantially on more difficult images
like the brain image. Our approach finds exact solutions and
is more computationally efficient, since [8] involves more
unknown variables in a higher dimensional space.

8.1 Experiments on L, data Fitting Term: Submodularity

In Sect. 5 we gave theoretical insights on how submodular-
ity of the energy function was related to the distribution of
the values ¢;, i = 1,...,4. It was shown that the condi-
tion becomes less strict as B increases. In this section, the
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Ol* 0

) PRt ) CVCt

) SRt

Fig. 11 L; data term and v = 0.19. a Input image, b ground truth, ¢
Chan—Vese model level set method. 2nd row discrete algorithms eight
neighbors, d alpha expansion Potts’ model, e alpha—beta swap Potts’
model, f discrete Chan—Vese model proposed (global minimum). 3rd
row convex relaxations before threshold: g simplex relaxation [12],
h relaxation [53] i convex Chan—Vese model. 4th row Convex relax-
ations after threshold: j simplex relaxation [12], k relaxation [53], 1
convex Chan—Vese model

O N

(a) (b) (c)

Fig. 12 Coupled gradient descent minimization of non-convex energy
(13) over constraint ¢1(x), d)z(x) € [0,1] Vx € £2 and regulariza-
tion v = 0: a Input image, b result initialization ¢!, $> = 0, ¢ result
initialization ¢!, $? = 1

Table 3 Percentage of misclassified pixels compared to ground truth
for experiments in Figs. 7 and 11

a-exp «-B-swap Simplex  Pock [11] Convex
relaxation relaxation Chan—Vese

Figure 11 21.7 9.75 8.45 8.04 4.54

Figure 7 5.24 9.30 4.19 4.11 3.57

condition is analyzed empirically and experimentally for the
L, data fitting term (8 = 2 in (2)).

In Sect. 5 the constant values cq, ..., c4 were sampled
randomly in the interval [0, 1]. The condition (5) was satis-
fied for all 7 € [0, 1] in 39.6 percent out of the 10000 ran-
dom selections of ¢y, ..., c4. In cases that the condition was
violated, the constants were clustered asymetrically around
their mean. However, such distributions of the constants are

(@ (b) (c) (d)

Fig. 13 Chan Vese model L' data fidelity. Note that the constant values
c1, c2, c3 are close to each other compared to c4: ¢y = 36, ¢ = 60,
c3 = 110, ¢4 = 230. a Input image, b set of pixels Pl U P? where
the submodularity condition was violated, ¢ set of pixels where the
residual capacity criterion (40) is not satisfied (empty set), d output
image (global minimum)

not expected in practice, because when minimized over the
region parameters, the model (2) will favor solutions where
the data functions (2) corresponding to each region are as
dissimilar as possible. We have run the alternating optimiza-
tion algorithm described at the beginning of this section for
optimizing the parameters ¢;,i = 1, ..., 4 on all 100 images
from the image segmentation data base [45]. In all experi-
ments, the submodularity condition (45) was satisfied during
each iteration of the algorithm.

8.2 Non-submodular Data Terms

The purpose of this section is to demonstrate the relaxation
approaches from Sect. 6 for minimization the energy in case
the data term is not submodular/convex. For that reason, we
have used L data term and fixed the constant values ¢ in
such a way that the submodularity condition is violated.
One such example is shown in Fig. 13, which is a mod-
ified version of the example in Fig. 5, where the average
intensity values of 3 of the objects are close compared to the
4th object. Some more natural examples are shown in Fig.
14. Subfigures (b) show the set of pixels p € P; UP,, where
the submodularity condition was violated. In all experiments
B = 1. Subfigures (c) show the set of pixels where the resid-
ual capacity conditions (40) ((69) and (70) in continuous
setting) were violated, which is the empty set in all cases.
Therefore, the solutions obtained by the cut on the graphs G
and the solutions obtained from the convex relaxations, are
also global solutions to the original problems. If the regular-
ization parameter v is set to a very large number, the residual
capacity condition may be more easily violated. An example
is shown in Fig. 14g, h). The set of pixels where it is violated,
shown in (g), is small and constitutes 0.2 percent of the pixels
in the image. It cannot be concluded whether the solution of
the relaxed problem, shown in (h), is also a solution of the
original problems, but is in any case a good approximation.
These examples are typical: if the regularization parameter
v is not set extremely high, the residual capacity condition
tends to be satisfied. In cases the condition is violated, it only
happens for a very small set of the pixels, which means the
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(® (h)

Fig. 14 Chan—Vese model with L' data term: a input, b set of points
where submodularity condition (64) was violated, ¢ set of points where
the residual capacity conditions ((40) for graph cut and (69), (70) for
convex model) were not satisfied (empty set), d graph cut method eight
neighbors (global minimum), e convex formulation before threshold,
f convex formulation after threshold. g—h High regularization parameter
v: g set of points where residual capacity condition (69) was violated
(0.2 % of pixels), h resulting partition (approximate solution)

results are good approximations. To save space, only a subset
of our experiments are shown.

8.3 Experiments with Other Data Terms

In this section, we demonstrate the global minimization
methods on some other data terms. The data term in the
Chan—Vese model (2) can be derived via the maximum a
posteriori estimate

1 (I (x) —c)?
H{‘Zlnxegizm_exl)( )~ ) (82)
1 l

The above expression can be maximized by minimizing its
negative logarithm. By adding regularization, one ends up
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e L]

() (b) (c)

Fig. 15 a Input image: the square in the middle is divided into two
regions of the same mean, but different variances. Segmentation with
data term involving mean and variance (83). b A1, ¢ A2 (white: A; =1,
dark: A; = 0)

(a) (b)

Fig. 16 Segmentation with data term (83). The optimal
mean and variance were estimated by the altenating algo-
rithm. a Result Fig. 8a, ¢ = (0.0078, 0.2158, 0.5808, 0.7935),
o = (0.0079,0.1152,0.0779,0.0551). b Result Fig. 9a,
¢ = (0.2188, 0.4909, 0.7390, 0.9950), o = (0.0563, 0.0783, 0.0578,
0.0066)

with the the general model (1) with data term

(I (x) —c;)?
2

1

fikx) = —log(2may) . (83)
The Chan—Vese model involves minimizing (1) with data
term (83) with respect to {.Q,-};‘:1 and {c; };‘:1 while keep-
ing the standard deviations o; = 1/2 fixed. In the more
advanced model, (83) is minimized with respect to all vari-
ables {£2; }?Zl, {ci }?Z | and {U,-}?zl. The minimization prob-
lem can be solved numerically by a modification of the alter-
nating algorithm described in the beginning of this section,
by updating both ¢; and o; for the given £2; in step 2. each
iteration. An illustrative example is given in Figure 15. The
square in the middle is divided diagonally into regions of
the same mean, but different standard deviations. The more
advanced model is able to separate these regions based on
the differing standard deviations as shown in (b) and (c). The
submodularity condition (44) was satisfied for all points in
this example. Results on the other more natural images are
shown in Fig. 16. Also in this case the submodularity con-
dition was satisfied during each iteration of the alternating
algorithm. The final parameters ¢ and o are shown in the
caption of the figure.

We have repeated the experiments on the 100 images in
the segmentation data base [45], by iteratively optimizing in
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Table 4 Relaxations for Potts’ model, final energy after binarization -
Simplex relaxation ~ Relaxation [11] New relaxation
Figure 8 1.8938 x 10° 1.8897 x 103 1.8897 x 103
Figure 5 60.9827 60.9686 60.9686

terms of regions and updating ¢, o. The submodularity con-
dition (44) was satisfied in 65 % of the experiments. In the
remaining experiments, we can check whether the condition
on the residual capacities (69) and (70) are satisfied. As men-
tioned, this depends on the strength of the regularization. In
our case we used the moderate value of v = 0.12 and the
condition held in all cases. For high values of v this cannot
be expected in general as discussed in Sect. 8.2, in which
case the solutions are approximate.

8.4 Convex Relaxation of Other Regularization Terms

The convex relaxation of the Potts’ model and other regular-
ization terms from Sect. 6.2 are demonstrated and compared
with other recent relaxations. Table 4 depicts the energy of
the final binary results after thresholding, i.e. lower energy
means better approximation of the global minimum. The
curve lengths on the discrete grid have been calculated by
the Cauchy—Crofton formula of integral geometry [33] with
an 8 neighborhood system. The images are scaled between
Oand I, v = 0.05 in Fig. 5 and v = 0.026 in Fig. 8. As we
see, our approach performs on par with [11] and better than
the simplex relaxation [12].

In some applications, one know in advance that certain
regions are not supposed to share a common border. In brain
MRI imaging, for example, the white matter should only
border with gray matter and cerebrospinal fluid, but not the
background. Therefore, the transition £21 — §£24 can favorably
be given a higher penalty in the regularization term. As a new
segmentation model for brain imaging, we therefore propose
to optimize (76) over ¢', > € B', ¢q',¢> € C, and the
extra dual constraint (77). Finally, a binary (approximate)
solution is obtained by thresholding ¢!, ¢ as in Theorem 2.
The result is depicted in Fig. 8e. In Fig. 5, region 1 and 4 are
not supposed to share a common border, therefore the same
constraint set also makes sense in this application.

The special regularization term can also be used to enforce
uniqueness in applications where the Potts’ model suffer
from multiple global minima. In the inpainting experiment
depicted in Fig. 17, one would like to fill in the middle dark
area in (a). The partition problem is solved with data term set
to zero in the dark area and the maximum double precision
value elsewhere. With Potts’ regularizer, this problem has
two solutions of equal energy, shown in Fig. 17 ¢, d respec-
tively. Therefore, a convex relaxation for Potts’ model can

(@) (b) (0 (a)

Fig. 17 a Input, all data terms are set to zero in the dark region.
b Result of relaxation [10,12] and [7] and Chan—Vese model (13).
c—d Convex relaxation (76) over (10), ¢1 s ¢2 € B’ and extra dual con-
straint (77) (¢) and (78) (d)

at best obtain a convex combination of these two solutions,
which is certainly not binary. By instead using the relax-
ation from Sect. 6.2 with either constraint (77) or (78), we
are able to obtain the correct two solutions of minimal curve
lengths. It was reported in [11] that one of the solutions could
be obtained on a similar example via their Potts relaxation.
However, this is due to asymmetry of their underlying dis-
cretized problem, which results in a bias towards one solution
over the other.

8.5 Analysis of Runtime and Efficiency

A major advantage of the proposed algorithms is the simple,
compact and convex representation of the partition problem
which results in a significant speedup over state of the art
approaches. Table 5 summarizes the number of iterations
and flops (floating point operations) of our algorithms com-
pared to two other convex relaxations. We have calculated
the number of flops manually, by direct counting in the code
taking into account the number of pixels, in order to avoid
operating system and compiler specific uncertainties.

The tight convex relaxation [11] was implemented with the
primal—dual algorithm of [11] and the simplex constrained
relaxation [12] was implemented with the algorithm of [54],
which is the fastest for this problem in our experience. As
stopping criteria, we estimate the minimal energy E* using a
huge amount of iterations and determine the iteration k when

the relative energy precision £ kE_*E ~ falls below 1073.

The convex formulation of the Chan—Vese model is the
fastest and significantly outperforms relaxations [11,12,54]
in terms of total number of flops and iterations. The relax-
ation for Potts” model, the special relaxation and [11] are
bottle necked by Dykstra’s algorithm for projecting dual vari-
ables onto the feasible set every iteration. We have used five
iterations of Dykstra’s algorithm in all these relaxations, as
we found that to be the most optimal balance between effi-
ciency and accuracy. This is reflected in a larger number of
flops each iteration in the table. Our relaxations involve the
least number of variables and dual constraints and are conse-
quently faster than [11]. Overall, our algorithm runs on par
with the algorithm [54] for the simpler simplex constrained
relaxation [12].
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Table S Number of iterations k, number of flops per iteration and total number of flops to reach energy precision

k _ g _
EE*E <10 3

Figure 5 Figure 8

Iterations Flops/iteration Total flops Iterations Flops/iteration Total flops
Chan-Vese convexification 11 9.94 % 105 1.09 % 107 60 4.20 % 10° 2.52 %108
Special relaxation 12 3.92 % 109 4.70 % 107 60 1.65 % 107 9.93 108
Potts relaxation 12 5.07 % 10° 6.09 x 107 60 2.14 % 107 1.29 % 10°
Simplex relaxation [54] 60 1.96 % 10° 1.18 % 108 190 8.21 % 10° 1.56 % 10°
Relaxation [11] 295 1.12 % 107 3.31 % 10° 1020 4.71 % 107 4.79 % 1010

The discrete graph cut method in Sect. 3 is also very effi-
cient, particularly due to the relatively low number of nodes
and edges. Comparatively, alpha expansion is an iterative
algorithm, which solves a sequence of graph cut problems
until convergence. Our algorithm only needs to solve one
graph cut problem and consequently converges around 5-7
times faster than alpha expansion in the experiments. Over-
all, the graph cut method was slightly faster than our matlab
implementation of the convex algorithms. However, the con-
vex algorithms consist mainly of floating point matrix and
vector operations, which are much better suited for parallel
implementation on GPU. We expect a GPU implementation
of our algorithms to beat the graph cut method in terms of
speed.

9 Conclusions

We have presented an exact global optimization frame-
work for certain image segmentation models involving four
regions, such as the Chan—Vese model, both in a discrete
setting and a variational setting. If a condition on the data
term was satisfied, a global minimum was guaranteed. A
theoretical analysis of the condition was given and it was
shown experimentally that the condition tends to hold for L?
type of data terms for p > 2. It also often holds for statisti-
cal data terms taking into account the means and variances
the regions. If the condition was violated, relaxations were
proposed for producing either exact or approximate solu-
tions. Conditions on the “residual capacities” of the com-
puted solution could be checked to verify whether a global
minimum of the original problem had been obtained. Exper-
iments showed that these relaxations could produce global
minima in practice provided the strength of spatial regular-
ization was not too high. A new convex relaxation of Potts’
regularization term and some other regularization terms were
also proposed. Experiments demonstrated results on par with
[11] for Potts’ model energy wise. Algorithms were pro-
posed for the new energy minimization problems. Experi-
ments demonstrated a significant speed up over alternative
convex relaxations, which is mainly explained by the com-
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pactness and simplicity of our convex minimization prob-
lems.

In this work, we have restricted our attention to four (or
less) regions. The results can be generalized to 2" regions
by using m binary functions. In case of m = 3 and 8 regions,
the linear system which determines the data term contains
12 unknowns (edges) and 8 equations. In general, we expect
the conditions which guarantee submodularity to be more
strict as m increases, therefore it will be valueable to derive
relaxations as in Sect. 6. However, the case of four regions
is important and deserves special attention: It is possible to
obtain exact binary solutions, both in a discrete and continu-
ous setting; Important practical problems, such as brain MRI
segmentation involve four distinct regions; Four regions suf-
fice in theory to segment any 2D image by the four color
theorem, therefore it would be interesting to attempt for-
mulating the overall problem in term of four disconnected
regions, where different data cost functions are assigned
to each disconnected component. Some developments have
already been made in this direction recently [20-22].
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Appendix 1: A Proofs of Prop 2-5

Appendix 1.1: Proof of Prop 4

Proof Let CZJZ“" <] < "4;”3 . Then
2= 1P <fer =11 and fes — 1P < Jea — 1P,
for any B > 1. Therefore, adding these two inequalities

leo = 1P ez = 11P < ey = I1P + |ea — 11F.
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Appendix 1.2: Proof of Prop 2

When % <1< %, the result follows from Prop 4.
Consider I < @ then

11—l < |1 — ol < |1 =3P < T —cqlP.
Together with (64), this implies
0<|I—colfo— I —cF < |1 — eyl — |1 =31
Therefore, there exists 8 > 6, > 1 such that
11 —calfo =011 —c3® and |1 — o] = 65|11 — 1.
For g > Bo
1T —calf =611 —c3)# and
11—l =65 — ey P

where G{S_ﬁo > Gf_ﬁo > 1, hence

_ 1
=l + 11 —c3)f =00 P —c1)f + —— |1 —calf
ef_ﬂo
_ 1 _
<0/ — el + ol —calf <0 =)
0, 0
1
—cqlB
+957ﬁ0|1 cal”,

1

where the last inequality follows from |/ — ¢} 1B < |I—calP.

Exactly the same argument can be used to show Prop 2 when
1> ada,

Appendix 1.3: Proof of Prop 3

Proof Assume first I > c3, then
letr =1 > |co — 1| > |c3 —1].
Therefore, there exists a6 > 1 s.t.
[I —ci|=0lca— 1.

Pick C} € Ns.t.

0/ =2, VvB=cCl
Then

ley = I1P +lea = 11F > |ey — 1P > 2]cy — 11P
>lea— 1P+ s = 11F VB =]

If I < ¢y, then
lca =11 > le3 —I| > |c2 — 1]

and thus the same argument can be used to show there exists
C? € N such that

lea—=11P +ler =11 > e =11 + |3 — 1P, VB =CF.

In case c» < I < c3, the existence of such a C was proved in
Prop4,e.g.C = 1.

Therefore the condition (64) is satisfied for any I € [0, L]
by choosing B > C = maxje|o,1] max{C}, C%}. O

Appendix 1.4 Proof of Prop 5

We will show the condition holds for § = 1, which by Prop
2 implies it holds for all B > 1. Observe that if ¢y, c; and
c3, ¢4 are equidistant it follows that ¢; + ¢4 = ¢ + ¢3. For
I <o
[ —co|+ 1 —c3l=(c2—=1)+(c3—1)
= =21+ (c2 +¢3)
=2+ (cit+ca)=(1—I)+(s—1)
< —cil+ I —cql.
For I > c3
[l —c|+ I —c3l=UT—c2)+UT—c3)
=21 —(c2+¢3)
=2 —(c1tc))=U—c)+U—ca)
<I|I —ci|+|I —c4l.

Appendix 2: Relation Between Dual Problem (63) and
Discrete Max-flow Problem

Recall that for each p € P the data term was represented
by the six edges (31). The flow on each of these edges are
constrained by the capacities defined in (35) and (34), i.e.

Pl (p) < c(s,vp,1)
P2(p) < c(s,vp2)
P (p) < cupi, 1)
P2(p) < c(upp, 1)
P2(p) < c(up1,vp2)

PZI(P) = C(Up,2, 1)p,l)

flow < capacity on (s, vp 1)
flow < capacity on (s, vy 2)
flow < capacity on (vp 1, t)
flow < capacity on (vp 2, 1)
flow < capacity on (vp,1, Vp,2)

flow < capacity on (vp 2, Vp,1).

For notational convenience, we use capital letters P, Q to
denote flow on discrete edges. The dual variables p 3 , pf, pt1 ,
ptz, p'2, p?! over the continuous domain £2 are inspired by
these discrete flow functions. They are constrained by the
capacities C/ (x), C2(x), C}(x), C?(x), C'?(x) and C?!(x)
respectively. Note that 5'2 and p?! should satisfy

0<p2@) <), 0<p*@x) <)

for all x € £2, but can be merged in p'? = p'> — p?!. The
above two constraints then transform into (51).

For each pair of neighboring pixels (p, g) € NV, two edges
were constructed in the discrete graph G: (v, 1, v4,1) and
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(Vp,, vg,2). Let Q1 denote the flow function on (vp 1, vg,1)
and Q2 the flow function on (vj 2, vg4,2). These flows are
constrained by

1 2
0<0 (Up,lv Uq,l) = Wpg, 0<0 (Upz, Uq,Z) = Wpgq»

for all (p,q) € N. In the same vein, the two spatial flow
fields ¢! € (C®(£2))N i = 1, 2 are defined in the continuous
setting, and should satisfy (52). Observe that the continuous
counterpart allows to measure the magnitude of ¢!, g> with
2-norm, which in turn produces rotationally invariant results.

Flow conservation should hold at each v, ; and v, 2, i.e.

D 0 Wp1,v4.1) = P (p) + P (p) = PP(p) + P* (p)
qeNk

:07

D Q% (Wp2.v40) = PHp) + PA(p) + P (p) = PP (p)
qeN}

=0,

Vp € P. Here NT(v) is defined as all w € V such that
(v, w) € £ and N~ (v) is defined as all w € V such that
(w, v) € &. The final two constraints (61) and (62) are gen-
eralizations of discrete flow conservation to the continuous
setting. The total amount of discrete flow in the graph is in
this case

> Plp)+ PAp).
peP

The objective functional (63) is a generalization of the above,
and measures the total amount of flow that originates from
the source.
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