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Variational Image Segmentation Model Abdul K. Jumaat

Abstract

Image segmentation is a fundamental task in image analysis that aims at partitioning
an image into sub-regions or at representing the image into something that is more
meaningful and easier to analyse. Variational image segmentation models have become
very popular in recent years, especially global image segmentation models which aim
to segment all objects in an image. Given a set of user-defined prior points, selective
variational models aim to segment selectively one object only. Time marching methods
with semi-implicit schemes (gradient descents) or additive operator splitting (AOS)
are used frequently to solve the resulting partial differential equation (PDE) of Euler
Lagrange equations derived from these models. For images of moderate size, such
methods are effective. However, to segment images of large size, urgent need exists to
develop fast iterative solvers.

We first propose an optimisation based multilevel algorithm for efficiently solving a
class of nonconvex selective segmentation models. In literature, the models are originally
solved based on optimise-discretise scheme where the PDE derived from the models
are numerically solved using AOS method. The multilevel method we use is based
on discretise-optimise scheme where minimisation of a variational problem is solved
directly without using a PDE. Numerical results on synthetic and real medical data
show that good segmentation quality is obtained and, as expected, excellent efficiency
is observed in reducing computational time compare to AOS method.

Secondly, we propose a new convex selective segmentation model, allowing a global
minimiser to be found independently of initialisation. The existing convex segmentation
model however is expensive to solve and suffers from parameter sensitivity due to
existence of a highly nonlinear term in the formulation. Our new formulation using
primal-dual framework is able to reduce the complexity of the existing model. To speed
up the segmentation process, we also develop a multilevel algorithm for the new convex
segmentation model. Experiments using synthetic and real medical data shows that
the new model is less sensitive to parameters compared to the existing convex model
and an optimal computational time is achieved.

Many application fields such as medical imaging, geological surveying and com-
putational fluid dynamics can greatly benefit from 3-D selective segmentation as a
3-D representation carries more information compared to 2-D representation. This
information is highly useful for example in medical surgery planning. However, there
exist little literature addressing selective segmentation in 3-D and their formulations
are nonconvex. Hence, we present an extension of the multilevel algorithm and convex
selective variational image segmentation model above into 3-D framework. Numerical
tests show that the proposed model is effective and the algorithm is efficient in locally
segmenting 3-D complex image structures.

Due to natural complexity of real images, the targeted objects might be occluded
by other ones or some parts of them may not be distinguished from the background.
For example, in medical image analysis, targeted tumour might be blended by other
ones or some part of them may be occluded by other organs or tumour or some object



boundaries even missing due to imaging conditions. The grey intensity selective based
segmentation models might not be well suited to do the segmentation task as the
models heavily rely on grey intensity values of the given image. In the final study, we
develop two new selective segmentation models which impose curvature constraints
on the formulations to restore those boundaries that are missing or not well defined
by the grey intensity images. On top of that, we develop multilevel algorithms to
solve these higher order minimisation problems. Numerical tests demonstrated that
the models give satisfactory results in optimum computational time when compared to
other existing models.
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Chapter 1

Introduction

This thesis will focus on a specific branch of computer vision called image segmentation.
The objective of image segmentation is to obtain meaningful partitions of an input
image into a finite number of disjoint homogeneous regions. This task is obviously
very difficult to achieve and there exist many methods to realize it. The definition of
meaningful depends on the problem setting, and the possible application. For example,
it could mean identifying the boundary of an organ or tumour in medical imaging field.
From a security perspective, it might mean selecting certain objects such as vehicles or
people from the image.

Different models and techniques have been developed so far, including histogram
analysis and thresholding [88, 121], region growing [I], edge detection and active
contours [7, [38]. Of all these techniques, variational techniques [38] [102] have proven
to be very efficient for extracting homogeneous areas compared with other models such
as statistical methods [45] [44] 58] or wavelet techniques [90].

Segmentation models can be classified into two categories, namely, edge based and
region based models; other models may mix these categories. Edge based models refer
to the models that are able to drive the contours towards image edges by influence of
an edge detector function used. The snake algorithm proposed by Kass et al. [77] was
the first edge based variational models for image segmentation. Further improvement
on the algorithm with Geodesic Active Contours and the level-set formulation led to
effective models [25], 123].

Region based segmentation techniques try to separate all pixels of an object from its
background pixels based on the intensity and hence find image edges between regions
satisfying different homogeneity criteria. Examples of region-based techniques are
Region growing [69] [16], Watershed algorithm [69], Thresholding [69} 143], and Fuzzy
clustering [126] and variational models such as Mumford-Shah [102] model and the
Chan-Vese (CV) [38] model.

The most celebrated and efficient variational model for the images with and without
noise is the Mumford-Shah [I02] model, that reconstructs the segmented image as a
piecewise smooth intensity function. Since the model cannot be implemented directly
and easily, it is often approximated. The Chan-Vese (CV) [38] model is simplified

and reduced from [102], without approximation. The simplification is to replace the



piecewise smooth function by a piecewise constant function and, in the case of two
phases, the piecewise constant function divides an image into the foreground and the
background.

Segmentation models described above are used for global segmentation due to the
fact that all features or objects in an image are to be segmented. This thesis is concerned
with another type of image segmentation models, namely selective segmentation models.
They are defined as the process of extracting one object of interest in an image based
on some known geometric constraints [65], 1111, [129].

Two effective models are Badshah-Chen [12] and Rada-Chen [ITI] which use a
mixture of edge-based and region-based ideas in addition to imposing constraints.
Recently, a convex selective variational image segmentation model called as Convex
Distance Selective Segmentation was successfully proposed by Spencer and Chen [129].
The convex model allows a global minimiser to be found independently of initialisation
[129] 34]. The additive operator splitting (AOS) method was proposed to solve the
models which is suitable for image of moderate size. However, to process images of
large size, urgent need exists in developing fast methods.

The multigrid and multilevel method have been developed using the idea of hierarchy
of discretisations to solve problem with huge data. A multilevel method is based on
discretise-optimise scheme where minimisation of a variational problem is solved directly
without using a PDE. In contrast, a multigrid method is based on optimise-discretise
scheme where it solves a resultant PDE generally from Euler Lagrange equation derived
from the objective functional. The two methods are inter-connected since both can
have geometric interpretations and use similar inter-level information transfers.

The multigrid methods have been used to solve a few variational image segmentation
models in the level set formulation [78| 108, 109} 10, 11]. While the practical performance
of these methods is good, however, they are sensitive to parameters and hence not
effective, mainly due to non-smooth coefficients which lead to smoothers not having an
acceptable smoothing rate and behave like the cascadic multigrids [I00] where only one
multigrid cycle is needed.

Here we pursue multilevel optimisation methods, based on a discretise-optimise
scheme where the minimisation is solved directly (without using PDEs). The idea has
been applied to other image problems in denoising and debluring [33], 29} [30], but not

yet to selective segmentation problems.

1.1 Thesis Outline

The remaining chapters of this thesis are organised as follows.
Chapter 2 - Mathematical Preliminaries

In this chapter, we introduce some mathematical tools which will be used throughout
this thesis. A brief review is given on definitions, theorems and examples of some

important and relevant mathematical topics including normed vector spaces, convex



sets and functions, calculus of variations, and functions of bounded variations. In
relation to variational methods, we also discuss inverse problems and regularisation,
discretising partial differential equations, image representation, level set method and

iterative solutions to equations.
Chapter 3 - Review of Variational Models in Image Processing

In this chapter, the most important segmentation models in variational setting are
reviewed. These are useful and closely related to our work. The models include
Mumford-Shah model [I02], Snake model [77], Geodesic Active Contour [25] , Chan and
Vese model [38], global minimisation model [34], Geodesic Aided CV Model [41], and
lastly the selective segmentation model namely Geometrical Constraint Segmentation
Model [67].

Chapter 4 - An Optimisation based Multilevel Algorithm for Variational

Image Segmentation Models

In this chapter we develop an optimisation based multilevel algorithm for efficiently
solving two nonconvex selective segmentation models. Moreover, we propose the
modified localised version of these models to exploit the local nature of segmentation
contours in order to speed up the computation time, solved using multilevel algorithm.

Experiment is done using synthetic and real medical data.

Chapter 5 - A Reformulated Convex and Selective Variational Image Seg-
mentation Model and its Fast Multilevel Algorithm

The existing convex segmentation model is expensive to solve and suffers from param-
eter sensitivity due to existence of highly nonlinear term in the formulation, hence
reformulated version of the model using primal-dual framework is done in this chapter.
In addition, we also develop a multilevel algorithm to solve both the original and
the new model. To get a stronger decaying property, a new variant of the multilevel
algorithm to solve the new model is introduced where we can prove the convergence of

the multilevel algorithm.

Chapter 6 - A Three-dimensional Convex and Selective Variational Image

Segmentation Model and Its Fast Algorithms

Developing a reliable 3-D segmentation model is important to many fields of study as it
can produce results with much information for further analysis compare to 2-D model.
We introduce a 3-D convex segmentation model in this chapter. Localised version of
the model is introduced to deal with large 3-D data, solved using a new develop 3-D
multilevel framework to ensure the computational speed is optimum. A new variant
for 3-D multilevel algorithm to solve the 3-D model is proposed and its convergence is

proven.



Chapter 7 - Euler’s Elastica based Selective Segmentation Model and Its
Fast Algorithm

Some objects in images might be occluded by other ones or some parts of them may
not be distinguishable from the background. Consequently, the segmentation task is
extremely hard and may not be possible for grey intensity based segmentation models.
To do this segmentation task, we propose two new Euler’s Elastica based selective
segmentation models which impose curvature constraints on the formulation. These
restore those boundaries that are missing or not well defined. Multilevel algorithm is

proposed to solve these higher order minimisation problems efficiently.
Chapter 8 - Conclusion and Future Research

In the final chapter, we discuss our conclusions and outline possible future research

directions arising from the work presented in this thesis.



Chapter 2

Mathematical Preliminaries

In this chapter we provide a summary of relevant mathematical preliminaries that will
be used in later chapters. We first introduce some concepts of normed linear space
and some background for functions of bounded variation. Then, the idea about inverse
problem and the theory of calculus of variations are introduced before moving on to
discretisation of partial differential equations (PDE) related to inverse problem and
concepts on interface representation. Next, we provide an overview of conventional
methods for iteratively solving equations, both in the linear and nonlinear case. We
end this chapter with an introduction to multigrid and optimisation based multilevel

algoritms.

2.1 Normed Vector Spaces

We first introduce the vector space (also called a linear space), a basic mathematical

structure formed by a collection of elements
u=(up,....,up), v=(v1,..,0p)
called vectors. Literature can commonly be found in either linear algebra or advanced

calculus literature such as [5, [79, [118].

Definition 2.1.1. (Vector Space). Let V be a vector set on which two operations,
addition and scalar multiplications, have been defined. For u,v € V, the sum of u and
v is denoted by u + v, and if ¢ is a scalar, the scalar multiple of u by c is denoted by
cu. If the following axioms hold for all u,v,w € V and for all scalars c,d, then V is

called a vector space and its elements are called vectors.

1. Closure under addition: If u,v € V, thenu+v € V.
2. Commutativity under addition: If u,v € V, thenu+v =v 4+ u.
3. Associativity under addition: If u,v,w € V, then (u+v)+w=u+ (v+w).

4. FExistence of an identity element of addition: There exists an element 0 € V,

called a zero vector, such that u+ 0 =1u for allueV.



10.

. Existence of additive inverse: For each u € V|, there is an element —u € 'V such

that u + (—u) = 0.
Closure under scalar multiplication: If ¢ is a scalar, and u € V | then cu € V.

Distributivity: If u,v € V and c is a scalar then ¢c(u+v) = cu+cv.

. Distributivity under scalar multiplication: If u € V and c,d are scalar then

(c+d)u=cu+du.

Associativity under scalar multiplication: If uw € V and c,d are scalar then

¢ (du) = (ed) u.

Existence of an identity element of scalar multiplication: There exists an element

scalar 1 called the scalar multiplicative identity, such that lu =u for allu € V.

Example 2.1.2. Ezamples of vector spaces include:

e The space C* (Q) of all functions on the domain Q C R whose partial derivatives

of order up to k are continuous.

e The space R® for all d € N.

Definition 2.1.3. (Norm and Seminorm). A norm ||| on a vector space V is a

real-valued function ||-|| : V. — R that satisfies the following properties:

1.

2.

3.

Faithfulness: ||[u|| =0 if and only if u =0 and ||jul| > 0 if u # 0.
Absolute homogeneity: [|Au|| = |A| [|ul| for all scalars A.

Triangle inequality: |[u+ v|| < [jul| + ||v||

for allu,v € V.

A seminorm is defined similarly as above but the first property is replaced by
[[uf| = 0.

Example 2.1.4. (p-norm). Consider x € R? | then for any real number p > 1 the

p-norm of x is defined by

1
n »
1xll, = (ZI%V’) :

i=1

where for p = 2 we have the Fuclidean norm. The infinity norm is defined as

HXHoo = max(|x1| 3 ":U2| PRREY ‘xn‘) .

Example 2.1.5. (LP-norm). Consider a continuous function f defined on a domain
Q such that

/ F@)Pdx < oo,
Q
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with 1 < p < oco. Then the LP-norm of f on § is defined as

Hfmﬂup:<AQf@M%m)?

The special case of p = oo is defined as

1F () llo = sup |f (x)] -

Definition 2.1.6. (Inner Product). Let u,v,w € V with a scalar A\. An inner
product on the vector space V is a function (-,-)y, defined on 'V x V which satisfies

1. Positive definiteness: (u,u)y, > 0 when u # 0.
2. Linearity under scalar multiplication: (Au,v)y, = A(u,V)y, -
3. Linearity under vector addition: (u+ v, W)y = (U, V)y + (V, W)y
4. Symmetry: (0, v)y = (V,u)y.
Example 2.1.7. Ezamples of inner products are

o The standard inner product

d
(x,¥)a = Zl’zyz
i=1

for all x,y € R?

e For real-valued continuous functions f(x) and g(x) defined on the interval [a,b]
b
(9) = [ 7)) i

When given a complex vector space, the last property above is replaced by conjugate

symmetry: (u,v)y = (v, u)y .

Definition 2.1.8. (Normed Vector Space). If a vector space V is equipped with a
norm ||-|| defined on it, then 'V is called a normed vector space (also called a normed

linear space).

Remark 2.1.9. A relevant example is Euclidean n-space (or Cartesian space), where
the space of all n-tuples of real numbers x,y € R™ is equipped with the Fuclidean metric

(distance between two elements x,y € R™)

d(x,y) = (Z (i — yz‘)) -

i=1

Any inner product defined on a vector space V induces a norm defined by |lully, =

(u, u)i,/2 , 18 a special type of normed vector space. When a vector space is equipped

with a seminorm, then it is called a seminormed vector space.



Definition 2.1.10. (Cauchy Sequence and Completeness). A sequence {x;},cy
in a normed vector space V is called a Cauchy sequence if for any real number ¢ >
0, there exists M € ZT such that for every natural number m,n > M , we have
|xm — xnl] < e . A normed vector space V is said to be complete if every Cauchy

sequence {xi}ieN € Vconverges to an element x € V which implies that lim;_,cx; = x.

Note that Cauchy sequence is a sequence where all terms, except a counted number,

become arbitrarily close to one another.

Definition 2.1.11. (Banach Space). A complete normed vector space is called

Banach space.

Example 2.1.12. The space of all continuous functions f in an interval [a,b], denoted

C ([a,b],R), is a Banach space if we define the supremum norm of such function as

IF]l = sup{[f(2)] : = € [a, 0]} .

It is a well-defined norm since all continuous functions on a compact interval are
bounded.

Definition 2.1.13. (Hilbert Space). A Hilbert space is a vector space V with an
inner product defined on it such that every Cauchy sequence converges to an element of

the vector space V.

Example 2.1.14. Two relevant examples of Hilbert space are the space R?® together
with the Euclidean inner product and the space L*(Q) together with the inner product
defined by

<f?g>L2(Q) Z/Qf(x)g(x)dx.

Definition 2.1.15. (Lipschitz Continuous Function). A function J is called
Lipschitz continuous with Lipschitz constant Ly on R if there is a nonnegative constant
Ly such that

19(y) = Il < Ly Iy — x|l for all x,y € R

for any given operator norm.

Definition 2.1.16. (Convex Set). A set S in a vector space V is said to be convex
if, for allu,v € S and all X € [0,1] , the point

(I-XNu+Avebs.

In other words, every point on the line segment connecting u and v is in S.

Definition 2.1.17. (Convex Function). Suppose that f is a real-valued function

defined on a convex set S € R% . Then the function f is convex on S if

fQu+[1=Alv) <Af(u)+[1-Af(v) (2.1)



for all u,v € S and all X with A € [0,1]. The function f is strictly convez if the

inequality is always strict for u # v.
Example 2.1.18. Examples of convex functions are

o cxponential: e*, for any a € R on domain R.
e affine function: f(x) = Ax + b where f : R?> = R.

e the linear combination function h = af + Bg for o, 5 > 0 , given that f and g

are convex.

2.2 Calculus of Variation

Calculus of variations is a field of mathematical analysis that is concerned with the
problem of extremising a functional (a function which depends on one or more functions)
using variations, which are small changes in functions and functionals. This problem
is a generalisation of the problem of finding extrema of functions of several variables.
Details about this field can be found for example in [57, 611 [60].

Functionals are often expressed as definite integrals involving functions and their
derivatives. Functions that maximise or minimise functionals may be found using the
Euler-Lagrange equation of the calculus of variations. Consider a general functional
J(u): Q=R

J(u) = /QF(X,U(X),VU(X)) dx (2.2)

where 2 represents some normed vector space (for example, Q) = R d>1 ) that is a
solution space for the unknown function u(x). Here, the functional J depends upon the
independent variable x = (21, %2, .., xq), Vu(x) = (0u/0x1,0u/0z2, ...,0u/dx4) denotes
the gradient of u, and dx is the n—differential element defined as dz = dz1dzs...dxg .
We are concerned with the problem of minimising the functional J(u) using calculus of

variation:

muin J (u). (2.3)

The necessary condition to be satisfied by any minimiser of a variational integral is

the vanishing of its first variation d.J defined as:

0J (u) = d%J(u + €p) L, =0 (2.4)

Here ¢ € ) represents a test function and ¢ is a real parameter. If u is a minimiser of
J(u), then (2.4) must be satisfied for all . We call 6.J(u) the first variation of J at u

in the direction of .

Definition 2.2.1. (Gateauxr Derivative). Suppose X and Y are Banach spaces,
U C X is open, and J : U = Y. The Gateauz differential derivative (or directional
derivative or first variation) of J at uw € U in the direction of ¢ € X is defined as



d . Jutep)—J(u
ST (uig)= Cruteg)| = lim T I
e=0

If the limit exists for all ¢ € X, then J(u) is Gateauz differentiable at u.

Definition 2.2.2. (Stationary Point). Let J: U — R be a functional with solution
space U C X. For someu € U , suppose J is Gateaux differentiable for all test functions
p € X. Then u € Uis said to be a stationary point of J if §J(u) =0 for all p € X.

Definition 2.2.3. (Local Minimiser). A functional J : U — R is said to have a
local minimiser at the point 4 if there exists some € > 0 such that
J(u) < J(u),Vu € B (a),
with Bo(t) :={u e U : ||Ju—al <e}.
Definition 2.2.4. (Global Minimiser). A functional J : U — R is said to have a
global minimiser at the point @ if
J (@) < J(u),VueU.

The equation 6.J(u) = 0 is called the Euler-Lagrange equation for the minimisation
problem in . If J(u) is a convex functional, and U is a convex set, then every local
minimiser of J(u) is also a global minimiser.

In order to finalise this short section, we present an example of how to compute the

first variation of a functional of our interest.

Example 2.2.5. Consider the problem of finding the first variation of the functional

J (u) :/ |Vu| dzdy
Q

defined on a domain Q@ C R? . We first introduce the small variation ep composed of
the parameter € — 0 and the continuously differentiable function ¢ in ) . Then we

compute,

d
d _

=0
V (u+ep) (
= [ ————" . Vpdady
/Q\gmwﬂ L TN
u
= | —  Vedzdy.
o [Vul

Now taking v = ¢ and w = Vu/ |Vul| in Green’s first identity, i.e.

/(W‘VU—FUV'W) dx:/ VW - nds
Q o0N

where 9S) is the boundary of 1 , ds indicates integration with respect to surface area on

092, and n is the unit outward normal vector for each point x € Q. We obtain

10



/Vv'wdmdy:/vu'Vgodazdy
Q Q u

U Vu
= -nds—/V-() dxdy
/ms”\wr o \IVul)?

we further require

= ()’
e=0

d
d—eJ (u+ )

for all test function ¢ then the following partial differential equation known as the FEuler

Lagrange equation must be satisfied:
Vu
Vil—=—]=01in Q
<|Vu|> "

With Neumann boundary condition Vu-n =0 on 0.

2.3 Functions of Bounded Variation

In this section, we define the space of function of bounded variation (BV) which is an
important type of function to many variational methods in imaging. Details can be
found in [55, 56, 62] [80].

Let © be a bounded open subset of R? and let u € L'(Q) . Define

/Q|Du| dX:sgp{/Qu(X)V.(pdx}

where V is the set of test functions

V={p= (01,02, 02) € C3 (2:R') : [|p(0)l| (e < 1, ¥x € 0}
the divergence

d
0p;
v.(p: ai)

i=1

and C} is the space of continuously differentiable functions with compact support in

Q. As describe in [62] for a particular case u € C1(£; R?), integration by parts gives

for every ¢ € C}(Q;R?), so that

/ | Du| dx:/ |Vu| dx
Q Q

Definition 2.3.1. (Function of Bounded Variation). A function u € L*(Q) is
said to have bounded variation in Q if [, |Du| < co. The notation BV () denotes the

space of all functions in L' () with bounded variation.

11



A basic property of BV functions is the coarea formula which provides a connection
between the total variation of a function and the perimeter of its level sets. For
u € BV(Q) defined in Q we define the level set in R as

E,={xeQ:u(x) <~} (2.5)

Definition 2.3.2. (Perimeter). The perimeter of E, € Q is defined as

Per (E,) :/ |Dxg, | :sup{/ V~g0dx}
0 v | JE,

where xg s a characteristic or indicator function of the set E , defined as

)1 ifxzekFE
XEZY 0 ifre0\E.

Definition 2.3.3. (Coarea formula). Let u = u(x) and f = f(x) be two scalar
functions defined on R? . Assume that u is Lipschitz continuous and that for almost
every A € R, the level set L = {x € R? : u(x) = A} is a smooth (n — 1)-dimensional

hypersurface in R . Suppose also that f is continuous and integrable. Then

/Rd]Vu\fdx—/o; (/Lfds> dA.

For a particular case when f =1 and the region of integration is a subsetQ C RY we get

/Q|Vu dx:/C: </L d5> d)\:/o;Per(L,Q)d)\.

This shows that the total variation of a given function u is just the sum of every length
of all its \-level sets.

2.4 Inverse Problem and Tikhonov Regularisation

An inverse problem is one where the target is to recover the model parameter from
some unknown observed data from a physical system. Mathematically, the inverse

problem can be defined as below.

Definition 2.4.1. (Forward and Inverse Problem). A forward (direct) problem is the
process of computing the data y from the parameter x using a measurement operator f.
The operator f maps the parameter in a function space X to the space of data Y. We

denote

y=f(z), forre XandyeyY (2.6)

as the connection between the parameter x and the data y. An inverse problem is the

process to find the parameter x € X from the information of the data y € Y such that
(2.6) or an approzimation of (2.6) holds.

12



A common consideration with the inverse problems is that they are often ill-posed.
According to the famous French mathematician, Hadamard [68] a problem is ill-posed

if one of the following conditions does not hold

e a solution exists
e the solution is unique

e the solution depends continuously on the data (i.e. a small change in the data

does not lead to a large change in the solution

and the problem is classified as well-posed if all conditions are satisfied.

Many problems in real life applications are ill-posed inverse problems. For example,
given two data sets P and () , we may need to compute the value of R = P + @) which
is an example of a forward problem. The problem becomes an inverse problem if we
are asked to calculate the values of Pand @ given the value of R. Ill-posed problems
usually result from a lack of precise mathematical formulation and typically violate the
stability condition where small changes in the given data lead to large changes in the

solution [71]. To illustrate this, consider the following example.

a3 ]3]
3 4+e 0

The forward problem is to compute K = K(y) = Ay, for e = 0, which has solution

Example 2.4.2. Given

K = [9,9]T. Meanwhile, the associated inverse problem is to compute y given this
K. However for ¢ = 0, A is not invertible. As a result, there is no solution to the
problem. If we change € = 1075, then A becomes invertible and has a unique solution
fory = [3,O]T. Perturbing K slightly to K = 9,9 — E]T, the solution to the inverse
problem is § = [13/3,—1]T which is considerably different from y since lyl, =9 and
|g] = 178/9.

In 1963, the Russian mathematician Andrei N. Tikhonov [I35] introduced the
foundations of the theory of ill-posed problem solutions and developed the concept
known as regularisation which transform an ill-posed problem into a well-posed problem.
Basically, a new constraint is introduced in the problem which enforces the solution to
belong to a specific set of solution.

Consider a given A : F(A) C X — Y operator between X and Y such that Au = b.
If the solution u does not satisfy the well-posed criteria, Tikhonov [135] proposed to

solve the following minimisation problem:

ngwAu—m@+anmm§ (2.7)

Here, the first term is the data, fedility or fitting term, the second is the regularisation
term where L is a regularisation operator and o > 0 regularisation parameter which

determines the trade-off between regularisation and data fitting.
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2.5 Discretisation of Partial Differential Equations

A continuous model is often transferred to a discrete version through discretisation
mainly because the equation involved cannot be solved analytically or because only
discrete data is available. For image processing tasks, the domain  C R? is normally
rectangular and the values of a given function are known at uniformly distributed
points in the domain. Therefore, the finite difference method is frequently used to
discretise the domain.

We proceed by considering a 2-D problem with domain Q = (a,b) x (¢,d) for
a,b,c,d € R on which we impose a (ng; + 1) x (ny + 1) Cartesian grid with spacing
hy = (b—a)/n, and hy = (d — ¢)/ny for the x and y direction respectively. We may
consider vertex-centred discretisation where points are placed on the vertices of the

grid mesh giving (n; + 1) x (n, + 1) grid points (z;,y;) located at

(wi,y5) = (a4 thg,c+ jhy), for 0 <i<ngand0 < j < ny,.

In a cell-centred discretisation, grid points are placed at the centre of the grid cells

giving n, x n, grid points (x;,y;) located at

2t —1

25 —1
(:Ei,yj):<a—{— hz,c+‘72hy),forlgignxandlgjgny.
Operators such as derivatives in the PDE can be approximated using the Taylor

expansions

— hid'f (z, > WO f (z,
u(x+h,y):zi!J;)(;y)andu(m—h,y):Z(—l)“‘g(;y).

=0 i=0

Then, the approximation of the derivative df/0u at the point (i, j) called forward

difference operator is given as

’LL(CC + h) — u(ﬂ;, y) Uil — Ui
h N h ’

The backward difference operator is defined as

Vi (uij) ~

T ’U,(LU, y) B ’UJ(I' - h7 y) Uj5 — Uj—1,5
v7 (uz,]) ~ h = J h J

and the central difference operator can be given as

c u(x + hv y) — U(.%’ - hvy) Ui41,5 — Ui—1,5
Vi (uig) » 2h =

where w;; = u(x;,y;) is the value of u(x,y) at the point (7,j). The higher-order

derivatives can be approximated in a similar way. For instance, the second-order

approximation of 9%u/dz? is defined as follows

14



Uit Ui-1,j
h

Similar definitions can be given for partial derivatives with respect to .

Us ;
A" (uig) = V= (V5 (ui ) =~

2.6 Image Representation

In this section, we look at some of the most frequent ways of representing images.
Computationally, a grey scale images is a 2-D array (matrix) U = [u; jlmxn. Each
entry of the array is called a pixel of the image and represents the level of brightness or
intensity at that point. These values will be referred to as intensity values. The values
typically either [0,255] or [0,1] depending upon if the image has been normalized or not,
respectively. For colour or multi-channel images, the images are represented as multi-
dimensional arrays U = [t; j klmxnxp for an m x n pixels image. Here, p represents the
number of channels of the image. For example, if an image U representing RGB colour
scheme (Red, Green, Blue) than we have U = [u; j k]mxnx3. At an arbitrary pixel of the
image, the intensity value is a vector u; ; = (ui7j71, Ui §,2, ui,jyg) where each of the entries
represent the intensity level at that pixel from each channels. In this thesis, however
we just consider grey scale images for the experimental works in coming chapters.

To represent a grey scaled image mathematically, we characterised the image by a
smooth function v = u(x,y) : @ — R whose domain is given by a subset Q2 C R . Based
on this, images can be seen as the level sets or isophotes of the function u. For each

real value \ define the A-level set of u as

m={(z,y) € Q:ulr,y) = A} (2.8)

Then, the classical level set representation of u is the one-parameter family of all the

level sets

Ly ={7:XeR}.

Figure shows a grey scale image and some of its level set.

An image also can be represented as surface where the height is the grey scale
value. The representation is obtained by considering an image as the induced 3-
D surface or graph characterised by z = w(z,y) which defines the image surface
(z,y,u(z,y)). As the level set function ¢(z,y, z) = u(z,y) — 2z, we see that its zero level
set {(z,y,2) : ¢(x,y,z) = 0} corresponds to the surface z = u(z,y). In Figure , We

show the surface representation of the image shown in Figure [2.1

2.7 The Level Set Method

The level set method is a numerical technique devised by Osher and Sethian [I07] for
computing and analysing the motion of an interface in two or three dimensions. This

method has been widely used in variety of problems including image segmentation,
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Figure 2.1: (a) Original grey scale image of size 256 x 256 with intensity values on the
interval [0,1]. (b) Level sets of the image in 2-D view.

Figure 2.2: Two different views of the surface representation of the image in Figure [2.1

16



6<0
(b)
Figure 2.3: TIllustration of the interface I" using the level set method: (a) shows a level

set function ¢(x) and its intersection with ¢ = 0, (b) shows the corresponding interface,
I" implicitly represented by the zero level set of ¢.

computational geometry, fluid dynamics flows, visualization, computer vision, control,
visibility, restoration and many others [89, [123], 124, [125]. In this section we provide
a brief overview of this method. We refer the reader to the original paper [107] and
other work [123, [124], 125] for further details.

For a given interface (curve) I' € Q | the level set method amounts to implicitly

represent I' with the zero level set of a Lipschitz function ¢ :  — R such that

¢(x) >0 insideI
¢ (x) <0 outside I’
¢p(x)=0 onl.

By defining the interface implicitly, topological changes of I' are dealt with automatically.
As the function ¢ evolves, the interface I' can split or merge easily, as it is defined by
the zero level set of ¢. The interface for a corresponding level set function is illustrated
in Figure [2.3

As we are dealing with curve evolution, we will adjust the level set as a function of

time t denoted by:

¢ (x(t),t) >0 inside T
¢ (x(t),t) <0 outside I’
¢ (x(t),t)=0 onT.

Formally, we want to track the zero level set of ¢ that is ¢ (x(t),t) = 0 . That means

we need to derive the equation of motion of ¢ defined as

Using chain rule we obtain

or in compact form,



Vé

The motion direction of the curve is normal, which is val and there would also be a
force, F' that moves the curve. Hence, the speed is given by x; = F %. The previous

motion equation can be written as:

Vo L4 —
VOF g b =0

FIVe|+ ¢ =0
¢ = —F |Vl

The initialisation is given as ¢(x,t = 0) = d(I'g) = ¢p where d(-) is generally a signed
Euclidean distance function, whose zero level set is the initial contour I'g. Large
variations in V¢ for general function F' might increase the numerical computation error.
Furthermore, as the interface evolves, ¢ generally drift away from its initialised level
set and the level set function ¢ becomes too steep or too flat [I31]. Therefore, it is
common in practice to re-initialise the level set function as a signed distance function.
This can be achieved by solving the following PDE for ¢

¢t —sgn (¢) (L —[Ve]) =0
¢ (x,0) = ¢o

where ¢g is the function which is supposed to be re-initialised. The procedure will

(2.9)

convert the level set function to the unit distance function. We refer the reader to the

work Sussman et al. [I31] and the references therein, for further details.

2.8 Iterative Solutions to Equations

In this section, we discuss the methods to solve the problem that arise in later chapters.
These methods are divided into three classes, which require different techniques. The
first class is the basic iterative methods for solving linear equations. Here, we introduce
the Jacobi method, followed by the Gauss-Seidel method and Kaczmarz method. The
second class is iterative methods for nonlinear equations where we discuss Newton’s
method, gradient descent method, and additive operator splitting (AOS) method.
Finally, the third class is multiresolution methods where the methods under discussion

are multigrid method and multilevel method.

2.8.1 Basic Iterative Methods for Linear Systems

We introduce two well-known iterative methods for finding solutions to linear system

of equations

Ax=b (2.10)

where A is n X n matrix, b is an n X 1 vector and x is the n x 1 vector of unknowns
such that
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For a square system of equations that is when the number of equations m is the same as
the number of variables n , it is possible to have a solution. Hence, the following we will
consider m = n. If A~ exist, direct methods such as Gaussian Elimination can be used
however they can be computationally very expensive especially when dealing with real
application problems which require a lot of memory. Iterative methods such as Jacobi,
Gauss-Seidel, and Kaczmarz can be very useful for solving a general linear system in
in terms of implementation and are computationally cheap. The process starts
with an initial approximation x(© that generates a sequence of vectors {x(k)};;ozo which
gradually approximates the true solution x of the linear system . Such methods

involve iterations of the form

x® = x*-D 4 ¢, (2.11)

for each iteration step k = 1,2,3... . In this way the system Ax = b is converted
into an equivalent system in (2.11)) for some fixed matrix T and a vector c, neither of
which is dependent on the iterative step k. How T and c are defined depends on the

technique used which we will now address.
The Jacobi Method

The Jacobi method is an iterative method which is simple to implement and often
forms the basis for other methods. Given a system of liner equations (2.10f), the i th

equation is given by

n
Zai,jxj = bi. (2.12)
7=1

Solving ([2.12)) now for z;, we get the equation

b "o g
zi= by Yy TR (2.13)
(7% (7%
PV
()

Then given all the components of x*~1) for k& > 1, x;’ is generalised by

1 - _
eV ==+ Y —aal V|, fori=1,2,.0. (2.14)
i =L

This method also can be implemented using parallel computation for speed gain. We

Ekﬂ) requires the values of each element of x(*¥)
(k) (k+1)

% 7

may note that the computation of x

except itself whereas the Gauss-Seidel method requires the entry x;’ with x as
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discussed below.
The Gauss-Seidel Method

Unlike the Jacobi method, Gauss-Seidel method uses the values of the current step
(k) (k) (k)

rather than the previous step, i.e. to calculate x;’, Gauss-Seidel uses x;"’, ..., ;"
while Jacobi method uses xl(k*l), s :rgljl) . This fact explains why the Gauss-Seidel

method yields a better approximation than Jacobi method. In this way, Gauss-Seidel

iterations can be written as

1 i—1 n B
e = = o+ —aigel? + Y —aiaV ) fori=1,2,.,m (2.15)
Fisi =1 =i+l

From (2.15]) we can easily notice that each new entry :L‘Z(k) in the Gauss-Seidel method is

very dependent on previously updated entries l'g-k) for all j < ¢ , meaning the ordering
of the equations is vital. As with Jacobi, this method also can be implemented in

parallel to speed up computation.
The Kaczmarz Method

The Kaczmarz method is a technique that solve the problem one row of A at a time.
In 2-D, each row of A can be thought of as defining a line given by Ax while in 3-D
Ax is a plane, and above that it is called hyperplane. Given an initial guess xy = 0,
Kaczmarz’s algorithm steps through each row of A moving to the point on the A;x
hyperplane closet to the current estimate of x. If Ax = b has a unique solution, this
approach will converge.

For the implementation, consider the hyperplane defined by A;;11x = b;41. Because
the vector AzTJrl is perpendicular to this hyperplane, the update to x(® from the
constraint due to row 7 + 1 of A will be proportional to AZ-TJrl and the update is given
as

xH) = x() 4 aAl . (2.16)

Using the fact that Ai+1X(i+1) = b, to solve for «, we obtain

Apn (x +aAll) =bin

Aiix® — b = —aA; AL
Ai1x — by
a=— 7
Az’+1Ai+1

Thus the update formula is

L4 _ ) Aveax? _Tbi“A?ﬂ.
Ai+1Ai+1
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2.8.2 Iterative methods for Nonlinear Equations

We now consider the problem of finding solutions to systems of nonlinear equations.
Such equations arise in many variational imaging problems. Let say that we want to

solve the following nonlinear system

F1 (xl,xg,...,a?n) =

0
FQ (ml,xg,...,xn) =0 (2 17)
. 0 *

Fn (xla T2y ey xn)

I
o

which may arise from discretisation of a nonlinear PDE or nonlinear optimisation
problem
min J (1,22, ..., Tp) (2.18)

We can represent the system as F(x) = 0 where

F=(F,F,...F)", x= (21,29, ..,2,)", (2.19)

and F; : D ¢ R* - R, i = 1,...,n are nonlinear operators which are continuously
differentiable on RY. We need to find x* € R? a solution to the equation (2.17).
We begin by introducing the Newton method, before discussing the gradient descent
method and the AOS method.

The Newton Method
Let B denote the Jacobian matrix of F

OF;(x)

Bij = Ox;j
j

and assume that B is Lipschitz continuous. Given the initial approximation x(©) | the

method attempts to evaluate F(x) = 0 using the following recurrence relation

x(F) = x(b=1) _ (B (X(k_l)))ilF (x(k_l)) . (2.20)

The aim here is to find successively closer approximation to the solution x* . Computing

the inverse of the Jacobian can however be a difficult task and can be avoided by
rewriting (2.20) in a linear form as

B (x0) x1) = (x1)

for the unknown r*=Y and then setting x*) = x(*=1 4 p(*=1  Agsuming that the
initial estimate is sufficiently close to the true solution, Newton’s method can offer fast

convergence.

The Gradient Descent Method
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Similar to Newton’s method, the descent method requires an initial approximation

x(0) € RY of the solution and then iteratively approximate the solution using the scheme

xk) = x(b=1) _ qk=Dgk=1) =1 2 3.,

where the positive scalar o= is called the step length which is not fixed and may
take different values at each iteration, and s*~1 is a pre-defined search direction which
we use to find the new iterate x(*). If the search direction is given as the opposite
direction to the gradient VF(x*~1), the descent method is called as Steepest Descent
(or Gradient Descent) method since the function F' decreases fastest in this direction.

The iterative scheme of the gradient descent method is given as

<) — x(b=1) _ =Dy p (x(’H)) . k=1,2,3..

For the descent type methods, it is expected that the function value is decreased with

each iteration, that is

F (x(k)> <F <x(k_1)) .

If we fix the step length to be equal to some time step At, then we obtain the Time
Marching method. The iteration begins at time ¢ = 0 and proceed in time until a
solution is obtained. The time step must be chosen sufficiently small so that the method
remains stable at each iteration which consequently increase the number of iterations
required for convergence to a steady state solution, and hence VF = 0. The time

marching scheme is given as follows

<8 — 5 (=1) _ o p (X<k—1>> . k=1,2.3...

Despite its limitations in computational performance, its reliability and ease of imple-
mentation has made the time marching method very popular in solving many variational

problem in image processing such as [34] [115].
The Additive Operator Splitting Method

While the explicit scheme such as time marching require very small time steps which
leads to poor efficiency, the Additive Operator splitting (AOS) method introduced by
[85] T40)] is stable for larger time steps that result in improve computation time. The

scheme applies to the diffusion equation in the following form

u (t,x) = f (u(t,x)) + V- (gVu(t,x)) (2.21)

with initial and boundary condition

u(0,x) = u® (x) and gz:O on {2
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where ¢ is the diffusivity function while f denotes a reaction term. Letting x =

(z1, ..., 2p), we can rewrite (2.21)) as

n
u=F+ Y (Gua)y, =+ (GUay)y, + o+ (9U,),,
=1

In 1-D, the equation we consider is given as

After discretisation with respect to time, we get

ukJrl

s = () + (o),

Further discretisation with respect to space yields

uk+l_uk

\;
= f (ub) + Vo (99, (ul*!
_ k k1 [ k+l 1
= f(u) + Ve (977 (“z‘+1/2 B “¢—1/2))
_ k 1y Iy t9 1 (kg1 k+1
= f(u}) + Vs 2 Wirry2 = Yic1)2 (2.22)
_ k 1 ( k B\ (k1 k1 1 (ko ok k41 k1
= [ (uf) + g5z (9501 +0F) (with — — gz (0F + 9 1) (wi™h — ]
_ k 1k B\ (k1 k1 1k B\ [kl kel
—f(uz‘)‘*‘m(giﬂ"‘gz‘) Uiy — U +W(9i—1 +97) (uit —u;
Pt T (oot (s )

where (i) = {i — 1,7 + 1} is the set of neighbours of i. Equation (2.22)) can be

rearranged as

At
uf“ -5 <g§c i gf:) <u§+1 _ Uf“) _ Uf + ALf (uf) (2.23)
JEW(3)

Since we have the following relation

S (g +el) (=l ) = | X0 (abal) () | b XD (of k)

JjEY(3) JEY(3) JEY(3)
we can rewrite equation ([2.23]) in matrix form as
WhuF L =k 4 Aefh, wh =1 — 4F (2.24)
1,J

where the matrix AF = [ak ] is defined as
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=2 jeu(i) (9;6 + 95) if j=1
a; =19 g +gF if j € W(i)

0 otherwise.

Without loss of generality we drop the term f and this yields

-1
k+1 k k
ubtt = (I— WA ) u”. (2.25)

This tridiagonal system is solved using the Thomas Algorithm [141].
To demonstrate the reliability of the AOS, we will briefly discuss the established cri-
teria for nonlinear diffusion scale-space and the advantages of satisfying such conditions

[142, [140]. For a given discrete scheme of type

u’ = f (2.26)

bt = QuF)uF, Wk e Ny (2.27)
the following criteria must hold:
(D1) Continuity in its argument:
Q cC (RN,RNXN)

(D2) Symmetry:

%; = i, Vi, jeJ
(D3) Unit row sum:
Zqij =1, VielJ
jed
(D4) Nonnegativity:
Qz] Z 07 VZa] eJ

(D5) Positive diagonal:

¢i >0, VielJ

(D6) Irreducibility: For Vi,j € J there exist ko, ..., k, € J with kg = ¢, and k, = j such
that qg,k,, 20 for p=0,...,r — 1.

In Weickert et al. [I41], the AOS scheme is demonstrated to have fulfilled the criteria
for nonlinear diffusion scale-space above. This makes the scheme unconditionally stable

and it will not suffer from any time step size restriction.

24



The 2-D diffusion equation can be written in the form

J

2
g (%) = f (u(t, %) + Y (9j(wug, (t,%)), (2.28)
j=1

with initial condition u(0,x) = ug(x) and boundary condition du/dn = 0 for x € 99 .
To discretise, let At represent the step size. Then, the discrete time steps t;, = kAt, k €
N. We denote h, be the grid step size in the direction ¢. Denoting uf = u(w;, tx) and

g% = g(u(w;,t1)). Then, the equation in discreet form is given as

k—l—

WU Sy D ) g ()

=1 jeW,(3)

Without loss of generality we drop the reaction term f and we have

9 -1
k1 (I - AtZAL(u)> u®,
=1

The AOS scheme proposes

2 -1
1
k+1 § k
u = 5 (Ll (I 2AtAL)> u-,

solved efficiently using the Thomas algorithm [I4T].

Unlike the alternating implicit method (ADI) scheme, in which the subsystems
must be solved sequentially, the split equations can be solved concurrently in the AOS
scheme. In addition, the AOS method is well suited to be implemented in parallel

processors [144].

2.8.3 Multigrid method and Multilevel Optimisation Method

The multigrid method and multilevel optimisation method are developed using the
idea of hierarchy of discretisation where there is a pyramid of grids. The methods are
examples of a class of techniques called multiresolution methods which aim to accelerate
the convergence of a basic iterative method which efficient to handle problem with huge
data. The multigrid method is based on optimise-discretise scheme where it solves a
PDE that may arise from a variational problem numerically. In contrast, the multilevel
optimisation method is based on discretise-optimise scheme where minimisation of a

variational problem is solved directly without using PDE.
The Multigrid Method

This method was first introduced in the 1970s by Brandt [19]. It has two basic principles,
the error smoothing and coarsening principles. The relaxation or iterative techniques
discussed above have what is known as the smoothing effect on the error. These iterative
techniques reducing rapidly the high frequency components of the error of the solution

but may not be effective at reducing the low frequency component of the error. The
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Figure 2.4: Illustration of the standard coarsening strategy. (a) represents the fine
grid with 9 x 9 discretisation points. The coarse grid in (b) is obtained doubling the
mesh size in the z1-direction while in (c), the coarse grid is obtained by doubling the
mesh size in the zo-direction. Finally, the coarse grid (d) is constructed using these
standard procedures.

coarsening principle states that smooth error term have a good approximation on a
coarse grid.

To illustrate precisely the main idea of multigrid methods, let us now focus on the
linear system Apuj, = f;, resulting from an elliptic PDE on the fine grid Q" with grid
spacing (h, k). Let v, be an approximation solution computed by performing a few
steps with a smoother on the fine grid problem This step is known as pre-smoothing

step. Then, the residual or defect equation is defined as

Apen, = fr, — Apvp = 1, (2.29)

where e, = uy, — vy, is the error of the solution. We will now construct a course grid
Q' with grid spacing (H, K) for the grid Q". A typical standard coarsening is to
double the spacing i.e H = 2h, K = 2k . If Q" has (n + 1) x (m + 1) grid points
including boundary then Q=2 will have(n/2 4 1) x (m/2 + 1) including the boundary
points. The coarse grid will be a subset of the fine grid. Figure 2.4]illustrates standard
coarsening for vertex-centred discretisation points [71].

Since the high frequency components of the error in pre-smoothing step have already

been reduced by the smoother, we can transfer the following residual equation to the
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(a) Injection operator (b) Full weighting operator

Figure 2.5: TIllustration of restriction operators. (a) is the injection operator and (b) is
the full weighting operator for vertex-centred discretisation. The black points are the
coarse points. The points in circles are the active points used to compute the coarse
points for each operator.

coarse grid as follows

Apep, =15 — Agen :I}?T‘h:TH. (2,30)

Here Apr is assumed to be an appropriate approximation of Ay on the coarse grid and
1 f is the restriction operator i.e transfer operator from the fine to coarse grid defined

as

VH=2n — II?ZQhUh. (2.31)

The most obvious restriction operator is called injection operator defined as

o= = ol (2.32)

which is simple and fast, however not robust as it simply copies v2" from the values of
v at the same point on the fine grid. This ignores the odd-numbered fine grid values
ol 9j+1- An alternative is a smoothing map, also known as a full weighting operator
defines as
H=2h _ 171, h h h h
Ui = glugis10jo1 T V919501 T V%1051 + Vi1 0j41t

2.33)
h h h h h (
2 <U2i,,2j—1 T Uy 0541 T V2125 T U2i+1,2j> + dvgy; o).

We illustrate how both restriction operators are performed in Figure [2.5

After the residual equation system on the coarse grid have been solved
exactly, the coarse grid correction ey is then interpolated back to the fine grid e; by
the interpolation operator I I’?I iee,=1 ge g - The most commonly used interpolation

or prolongation operator is the bilinear operator
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Figure 2.6: Illustration of bilinear operator from the coarse grid to the fine grid. The
coarse point in black are used to obtain all the nine fine points surrounding it.

h
vp = If_opvH=2n

where
R _ .2k
V24,25 = Vi j
h _ 1. 2n 2h
V2it1,2) = 2 \Viyj T Vi1

2
v, 2j+1 = % “1,2131 + Uz'Q,?H
Ugi+1,2j+1 =3 (UE? + Uizﬁl,j + U?,?H + UiQJ}rbl,jJrl) .

The coarse grid point that coincides with the fine grid point is left unchanged, and the
surrounding fine grid points receive a contribution depending on the neighbourhood
relation. In addition, this operator is the adjoint operator to the full weighting operator.
We illustrate the bilinear interpolation operator in Figure [2.6

Now, we can update the approximated solution vy of the original linear system on
the fine grid by vy = vy + ej, . This step is called coarse-grid correction step. The
last step called post-smoothing step is to perform the smoother again to remove high
frequency part of the interpolated error. This procedure is similarly applied to the case
nonlinear PDE but with suitable nonlinear smoother like the ones discussed in Section
2.8.2.

The Multilevel Optimisation Method

In [33] Chan and Chen propose an alternative to multigrid PDE approach called
multilevel optimisation method which uses local optimisation and correction via coarse
grids. The method is applied to the discrete nondifferentiable functional of Total
Variation image denoising optimisation problem. A brief outline of the method is given

below.
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Figure 2.7: The illustration of C} = Py¢ reproduced from [33].

Given an optimisation problem

Jnin_f (u) (2.34)

with the assumption of n = 2% and let the standard coarsening be used giving rise to
L+1 levels: k =1 (finest),2, ..., L, L+ 1 (coarsest). The dimension of level k is denoted
as Ty X Ty with 7, = n/2F~1. Several steps of a local optimisation method are applied
to the local optimisation problem miny, ; f; ; (ui ;) which results from freezing all non
(7,7) component of u at their current value. This step is either solved analytically (if
possible) or via iteration to generate an approximation of problem .

Assume that @ € R™*™ is the current approximation to . We wish to find the

best piecewise constant function C' € R™*™ so that it is the solution of the following:

mcinf (G+c). (2.35)

The minimisation problem ([2.35)) is equivalent to the original problem (2.34)) and it

is solved on coarse levels:

¢ = argmin f (@ + Pxc), Cj = Pyé. (2.36)

CER‘rkXTk
Here, P, : R™*™ — R™*" ig the interpolation operator, so C} € R™*™. The illustration
of Cy = Py¢ is given in Figure

Once ¢ is obtained after few iterations, @ is updated by

u" = u + Pyc.

The method may get stuck to local minima due to non-differentiability of the energy
functional. The wrong solution is associated with flat patches. To overcome that
situation, Chan and Chen [33] have proposed the “patch detection” idea in the for-
mulation of the multilevel method for image denoising problems. The patch detection
idea searches the entire image for the possible patch size on the finest level after each
multilevel cycle and an extra coarse grid based on these patches are added and the

piecewise constant update is implemented as above.
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Chapter 3

Review of Variational Models in

Image Processing

3.1 Introduction

In this chapter we briefly review variational models for image denoising and image
segmentation, introducing relevant models of particular interest to our work in this
thesis. We begin with introducing variational models in image denoising in Section
3.2. A seminal approach to this imaging problem was introduced in 1992 by Rudin,
Osher, and Fatemi (ROF) [115]. This model that makes used the total variation (TV)
regularisation is important to our work, as it is closely related to many segmentation
models of our interest that also involve TV term. The segmentation models are discussed

in Section 3.3.

3.2 Variational Models for Image Denoising

Image denoising is a research topic that has drawn much attention within the last
decades for noise removal in signals and images. The noise in digital images is the
common cause of degradation to an image normally produced during image acquisition
such as using a scanner and digital camera [72]. The acquisition process which converts
an optical image into continuous electrical signal that is then sampled is the primary
source of noise [I137]. Practically, it is almost impossible to remove noise totally without
distorting an image. However, it is imperative that noise is reduced to a certain
acceptable level for further analysis of the image.

There are two most common types of noise, Gaussian noise and salt-and-pepper
noise. Gaussian noise is additive noise, occurs due to electronic noise in the image
acquisition system, while the salt-and-pepper noise is may cause by malfunctioning
pixel elements in the camera sensors. Faulty memory locations or timing errors in the
digitisation process [137]. Figure shows an image corrupted with Gaussian and
salt-and-pepper noise. Further details about types of noise can be found in [31] and

understanding this is vital to modelling suitable noise removal.
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(a)

(b)
Figure 3.1: (a) Original grayscale image. (b) Gaussian noise corrupted image. (c)
Salt-and-pepper noise corrupted image.

In variational framework, an edge preserving image denoising model with desirable
mathematical properties was introduced by Rudin, Osher, and Fatemi (ROF) in their

seminal work [I15]. The model proposes to minimise the following functional

1
min {a/ |Vu| dedy + ﬁ(u —2)? d:rdy} , (3.1)
u Q

Where the parameter a > 0 represents a trade-off between the quality of the solution
and the fit to the observed data z(z,y). The first term is the regularisation term using
the total variation of u(z,y) while the second term is a fidelity or data term to ensure
that the resulting denoised image u(x,y) will be close to the given image z(x,y). The
formulation is a well-posed problem so existence and uniqueness of its minimiser
is guaranteed [27].

Minimisation of is originally done using optimise-discretise scheme by solving
the associate Euler Lagrange equation, derived using calculus of variation as discussed

in previous chapter. The Euler Lagrange equation is given formally as follows

Vu
—aV: | —=— | +u—2=01in Q, 3.2
() 32

with Neumann boundary condition Vu-n =0 on 0f).
Notice that for equation (3.2)), singularity may exist when the nonlinear coefficient

|[Vu| = 0. A typical remedy is to approximate minimisation problem in (3.1)) by

min {oz/ VI|Vu| + Bdzdy + %(u —2)? dmdy} ) (3.3)
u Q

for small parameter 8 > 0 . Hence, the associate Euler Lagrange for (3.3)) is given as

—aV - o Vu +u—2z=0inQ,
VIVul + 5

g—;‘l:OonaQ.

Another way to solve the problem in (3.1)) is using discretise-optimise scheme as

done in [33] where the optimisation problem is solved directly without approximation.
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Of course, there exist many more solvers for the problem in literature, for instance
see [35], [116] 117, 139, 28, [63] and references therein. The main drawback with the TV
model is that it transforms piecewise smooth function into piecewise constant functions.
This phenomenon is known as staircase effect. This makes denoised images look blocky.

Many effort has been made (see for instance [42), [9T) [I17] and the references therein)
to reduce the staircase effect in second order models numerically. Moreover, some
researchers have turned to higher order models trying to reduce the staircase problem
[86] 87, [149] 22].

3.3 Variational Models for Image Segmentation

Image segmentation is defined as the process of dividing a digital image into multiple
regions (sets of pixels) of shared characteristics such as intensity, texture and colour, or
in other words it is a process to distinguish objects from the background [6] [3T], [98].
This field has broad applications, for example; in computer vision, fingerprints or face
identification, computer graphic, astronomy and medical image processing. Image
segmentation can be classified into two approaches: the non-equation (non-variational)
approach and the variational or energy functional-based approach. The non-variational
approach such as thresholding techniques, region merging algorithms, the watershed
techniques and so on are considered as a simple way to segment an image. However,
they are not defined in rigorous mathematical framework compared to variational
approach, for more details see [127]. In variational approach, the minimiser of the
energy functional corresponds to a meaningful representation of the image. The main
target is to find a closed contour I' that partitions a domain Q € R? into subregions
Qs, s = 1,2,...,N. In the following sections we introduce seminal works from the

subject that related to our work in this thesis.

3.3.1 Mumford-Shah Approach

Mumford and Shah [102] introduced a way to partition a given image z(z,y) by
piecewise smooth function. Let €2 be a bounded domain in R™. The n-dimensional

Mumford-Shah functional can be defined as

FMS (y,T) = aH" 1 () + u/

(u— 2)* daedy + / |Vu|? dzdy, (3.4)
Q O\T

where a and y are positive tuning parameter, H"~! is the (n — 1)-dimensional Hausdorff
measure (that is, the usual (n— 1)-dimensional Hausdorff measure is (n — 1)-dimensional
area in case of subsets of regular hyper surfaces, and the most relevant case n = 2 is
the length). The functional consists a data term on u € C!, forcing u to approximate z
and two regularity terms. The first regularity term imposes smoothness on u and the
other imposes regularity on I' which requires the boundaries to be as short and smooth
as possible. Theoretical results on the existence and regularity of minimizers of

can be found in [I02]. A reduced case of the above model is obtained by assuming u
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as a piecewise constant function inside each connected region €2; that is u = ¢; which
implies the average values of z in each region ;. Thus, the reduced (piecewise constant)

Mumford-Shah functional is given as

FMS2(, T) = a|T| + /”LZ/ (z — ¢;)? dady. (3.5)
i

In practise, the functionals (3.4)and (3.5) are difficult to minimise because of the
unknown set I' and also the functionals are nonconvex. A possible solution of these

problems will be addressed in Section 3.34.

3.3.2 Snake: Active Contour Model

Although the Mumford-Shah model aims is to extract all significant parts in an
image, some specific parts of the image can be more important than others depending on
applications. For example, in medical imaging radiologist aims to analyse a particular
organ or tumor in human body. The active contour model introduced by Kass et.al in
[77] aims at detecting a particular object in an image based on image edge.

Let 2 be a bounded and open set in R, with 0f2 its boundary. Let z be a given
image and denote C(s) : [0,1] — R™ a piecewise C''([0,1]) planar curve, represented
as C(s) = (z(s),y(s)) € Q, s € [0,1]. The snakes model amounts to minimise the

following energy functional

FEWT (C(s)) = a /

1
2
; ds—l—)\/ g(Vz(C))“ds. (3.6)

Here, «a, 8 and A\ are positive constant. The first term is the elasticity energy and
the second term is bending energy. Both energy terms is called internal energy and
responsible in determining the continuity and the smoothness of the curve. The third
term is the external energy and attracts the contours towards the edge of the object in

the image z. The function g(Vz)? is an edge detector given by

1

AR AT .

where v is a positive constant. The function G, is the Gaussian smoothing function
exp~| @R +y-1)?*|/20% g

_ 1
~ 2702
z* G4 is a smooth version of z. For a given image z, its gradient i.e Vz has high values

with standard deviation ¢ and mean p such that G,

in the neighbourhood of each objects in the image due to intensity change. An example
of this edge function for a given image can be seen in Figure

The equation tells us that it takes a near zero value on the edge. Thus, the
minimisation of functional will push the contour towards the edge. The associate
Fuler Lagrange equation for is given as

2 4
a ¢ 5 + Ba ¢ + AVg? = 0. (3.8)
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Figure 3.2: (a) is a given image z(z,y)and (b) is the edge detection function, g(z,y)
defined in equation ([3.7)).

The solution for using finite difference is not unique and strongly dependent on
initialisation contour due to nonconvexity of functional [77], hence it has local
minima. On top of that, it does not allow changes of topology as the initial and final
curve has the same topology, consequently this model is not possible to segment more
than one object in an image.

To overcome the limitation of the topology change, the level set method [106], 107,
[124] can be used. As we will show in the following section, the curve C' is implicitly
represented by a function of higher dimension ¢, called the level set function. Therefore,

the curve evolution equation can be rewritten in a level set formulation.

3.3.3 Geodesic Active Contours

V. Casselles et al. [25] proposed a new and improved model based on Kass et al. [77]

called geodesic active contour model defined below

L(c)
FGAC (0 (s)) = / g (V2 (C(s))) ds, (3.9)

where L(C') is the Euclidean length of the curve C'. The function g is the edge detecting
function defined in (3.7). The Euler-Lagrange equation of the functional and gradient
descent gives the following PDE

a(‘)f =gkn— (Vg-n)n, (3.10)
where k is the Euclidean curvature and n is the unit normal vector. The equation
shows how each point in the geodesic active contour should move in order to
decrease the length FEAC. The final solution that is the segmented object is then given
by the steady state solution of . In level set formulation, the evolution equation

is given as

96 Vo
a0 =170 (7 (orvg) +9). 34y
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where ¢ is a Lipschitz function representing C' as a zero level set. The term v g, v > 0
is added to increase the evolution speed and at the same time to ensure the curves is
attracted towards the object boundary.

Despite the success of Geodesic Active Contours in handling topological changes in
an image, it is limited in terms of applications in two senses. Firstly, the GAC model
rely on the edge function g which depends on the gradient of the image. This means
that images that either contains noise or have weak boundaries i.e not well defined
boundaries are not suitable for this model. If that is the case, the final contour may
segment the targeted object including the noise or may pass through the object with
weak boundaries [3§]. If the image is too noisy one may set the smoothing Gaussian
in the edge detector function to be strong, however this can smooth the edges too.
Secondly, the GAC model is nonconvex and is therefore highly sensitive to initialisation.
In the next section, we introduced another active contour model which is independent

of edge function to stop the contour at edges.

3.3.4 Chan-Vese Model

Chan and Vese (CV) model [38] proposed a new energy based model for image seg-
mentation without the use of the image gradient as a stopping criterion, instead the
stopping function depends on Mumford-Shah functional [I02]. This model also known
as known as Active Contour Without Edges [38] . The technique consider a special
case of the piecewise constant Mumford-Shah functional [I02] where the functional is
restricted to only two phases, representing the foreground and the background of the
image z (z,y).

The assumption behind the model is that the observed image z is formed by two
regions of approximately piecewise constant intensities of distinct (unknown) intensity
values c¢; and ca, separated by the curve or contour I'. Let the object to be detected is
represented by the region with the value c; inside the curve I' whereas outside I, the
intensity of z is approximated with the value cs. Then, the Chan-Vese model minimises

the following variational formulation as follows

FCV (¢1,¢9,T) = - Length (T') + v - Area (inside (I))

+\1 / (z — 1) dady + Ao / (z — ¢2)dady (3.12)
inside(T") outside(T")

Here, the fixed parameters are p > 0, v > 0, A1,A2 > 0. In general, the area constraint
is ignored by letting ¥ = 0 and the parameter for the fitting terms are evenly balanced

i.e, A1 = Ag. Then, the minimisation problem is given by

min F€V (¢1,¢2,T). (3.13)

017027F

In order to minimise (3.13)), the author applied the level set method, where the unknown

curve I is represented by the zero level set of the Lipschitz function ¢ such that
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I'=A{(z,y) € 2: ¢ (x,y) =0},
inside (T') = {(z,y) € Q: ¢ (z,y) > 0},
outside (I') = {(z,y) € : ¢ (z,y) < 0}.

Thus, the unknown lower dimensional variable curve I' is replaced by another
unknown higher dimensional variable ¢. To reformulate (3.12), they defined the

Heaviside function H and the Dirac delta function § concentrated at 0, respectively by

1, ifz>
Ha = P20l s = H ().
0, ifx<O

Expressing each term of the energy F' in terms of ¢ give

Length () — [ IVH @) dady = [ 5(0)[79] dady.
Area (inside (I")) = /QH(QS) dxdy

[ Gmapddy = [ () H (@) dudy
inside(T") Q
(2 — co)2dudy = /Q (2 — 1) (1 - H (6)) dudy.

outside(T")

In the level set formulation, equation (3.12)) is rewritten in the following way

FOV(¢,c1,00) = /5 |v¢ydxdy+v/H ) dady

(3.14)
Y /Q (2 — c1)H (6) dady + A /Q (2 — e2)? (1 — H () dady.

In implementation of CV model, both H and ¢ functions shall be regularised because

H is not differentiable at 0. Both regularised functions are given as

1 €

2 x
H.(x) = 3 (1 + - arctan (€>) and 0 (z) = H. (z) = oy g (3.15)
Then the regularised functional denoted FV by will be
FCV (¢, c1,c0) / 0 (9) |Vo| dxdy + v/ H. (¢) dzdy
(3.16)
+/\1/ (z — 1)?H, (¢) dady + )\2/ (z — 2)? (1 — H. (¢)) dady.
Q Q
with the new minimisation problem is given by
min FV (¢1,¢2,T). (3.17)

c1,c2,l’

Keeping the level set function ¢ fixed and minimizing equation ([3.16)) with respect to
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c1 and ¢y, we have

Joz (@, y) He (¢) dady /QZ (z,y) (1 — H: (¢)) dxdy
o(6) = )=
f

(6) dudy Au—mw»mw

(3.18)

After that, by fixing constants ¢; and ¢y and by first variations with respect to ¢ the

authors derive the following Euler Lagrange equation for ¢:

1le (¢) V - (’Ei\) — =M (@) (z— 1) +Xb(¢) (z—2)* =0, in Q
99 _ 0
on — 0 on

(3.19)

Details of the derivation of the Euler Lagrange equation and its solution using
gradient descent scheme are given in the original paper [38]. To prevent the level set
function ¢ becomes too steep or too flat, the re-initialise step of the level set function
as a signed distance function to its zero level set as discussed in Section 2.7 can be

done by solving the following PDE for ¢

¢r —sgn (@) (1 —[Ve|) =0
¢(X7 O) = o

The PDE is proposed by Sussman et. al [131] where ¢ is the function which is supposed

(3.20)

to be re-initialised and sgn(-) is a signed function. The solution of this equation, ¢ will
have the same zero level set as ¢y and away from this level set, |V¢| will converge to

1, as it should be for a distance function. The numerical approximation for equation

(3.20)) is given by

¢yt = o — Arsign (6 (w,y,1)) G (6F)

where G(¢}';) is defined by

G( ?9) = \/max ((af)2, (b+)2) + max ((c*)2, (d+)2> -1, ¢(zi,y4,t) <0

0, otherwise

Here,
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o = (Nh‘?ivj) _ (P =di)

y o— (Bi0is)  _ (diy — 0iy)
h h

. (ALdij) _ (big — bij-1)
yh h

g — ALy (i —¢i)
h h

and a* = max(a,0), a~ = min(a,0), and so on.

We remark that because the energy functional of CV is nonconvex (allowing therefore
many local minima) the solution may depend on the initial curve in some cases. To
avoid this drawback new variational models and techniques have been proposed, which

we will overview in the following section.

3.3.5 Global Minimisation of the Active Contour Model

To overcome the presence of local minima and dependence of initialisation issue of
CV model [38] due to nonconvexity of the functional, Chan et al. [34] proposed an
algorithm to find the global minimisation of the model. First, we recall the Chan-Vese

model

min FCV (¢, c1,c0) = /(5 ) |V dwdy—i—v/H ) dxdy

Qb,Cl,CQ

[ =) H () dedy+ [ (2= ) (1= He (0)) dady,

(3.21)

This minimisation problem is nonconvex due to the length term [, |VH(¢)| dxdy where
the minimisation is carried out over a nonconvex set of function [34]. The approximation
of the solution is obtained by a two step scheme where ¢; and ¢y are firstly computed

and the second step is to update the curve with the gradient descent equation

Zf =0 () [V' (%) —Ar (wvy)} : (3.22)

2 — (2 —c2)?. In [38], the CV algorithm used a noncompactly

where r(z,y) = (z — 1)
supported, smooth approximation H. of Heaviside function H. Thus the above gradient

descent equation (3.22]) has the same stationary solution for

0¢ Vo
e =V (W) —Ar(z,y). (3.23)

Consequently, the equation (3.23)) is the gradient descent equation of the following

convex energy functional

/ V| dedy + )\/ r(z,y) ¢ drdy. (3.24)
Q Q
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The functional (3.24]) in general does not have a minimiser because it is homogeneous of
degree 1 in ¢, unless the minimisation to ¢ is restricted such that 0 < ¢ < 1, V(z,y) € Q2

; see [34] for more details. Thus, the following minimisation problem is considered

: FGCV
min C1, C
0<p<1 (¢7 1 2)7

FGCV (¢, c1,c2) :/Q\Vgﬂ dxdy—f—)\/gr(fv,y)qbdxdy.

(3.25)

With the restriction of 0 < ¢ < 1, V(z,y) € © and following the work of Strang [130],
the minimisation (3.25)) leads to the global minimiser from the following theorem:

Theorem 3.3.1. For any given fived ¢, co € R, a global minimiser for FCCV (u, ¢y, co)

can be found by carrying out the following convex minimisation

min {/ |Vul dwdy—i—)\/ r(m,y)uda;dy}, (3.26)
Q Q

0<u<l

and then setting Z ={z:u(zr,y) > pn}, pel0,1] .

In contrast to CV model, the theorem shows that the minimisation of removes
the non-convex constraint of being binary and instead the minimisation is carried out
over functions that can take intermediate values. Chan et al. [34] further changed
the minimization into an unconstrained minimisation problem according to the

following theorem:

Theorem 3.3.2. Let r(z,y) € L>®(Q), for any given fized c¢1,co € R and A > 0. Then
the convex constrained minimisation (3.26)) has the set of minimisers as the following
convex unconstrained minimisation problem, a global minimiser for FGCV (u,c1,c2) can

be found by carrying out the following convex minimisation

min {/ |Vu| dedy + )\/ r(z,y)udxdy + a/ v (u) da:dy} , (3.27)
w Q Q Q

where v(¢) := max{0,2|( — 1/2| — 1}is an exact penalty function, provided that the
constant o > 3|r(x, Yl Lo )

The proof of the theorems and further details can be found in the paper [34]. The
associate Euler Lagrange equation is given by
9¢

9 _g. (Y _ r(z,y) —av/
=V () Al v o). (3.29

3.3.6 Geodesic Aided CV Model

The Geodesic active contour [25] in Section 3.33 is formulated based on gradient to
detect object boundary in which only local information of boundary is used. For images
with fuzzy, discrete edges, and very noisy, it is difficult to get desirable result. As the
CV model [38] depends on the image information derived from homogenous regions,
it can overcome the limitation of Geodesic active contour. However, despite these

advantages, CV model has an unavoidable limitation. First, the formulation is restricted
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to only two phases; the object and the background, resulting in problems in detecting
more than two objects or multiple objects with complex background. Moreover, the
precise boundary usually cannot be obtained as the method is based on information
of homogeneous regions instead of local information. Due to these behaviour of both
models, L. Chen et al. [4I] introduced a new method called Geodesic Aided CV Model
to address the above problems by combining Geodesic active contour and CV model in

the following formulation

- = |Vl [MV‘ (9%) — iz — 1)’ + Xz — @)’

Since we have

(490 gy (T9) gy YO
7 (owa) =7 (wa)

IVl V|’
after some manipulations and approximations, they solve the following PDE
9¢ Vo 2 2
— = == -M(z— Aoz — -Vz.
=01Vl 07 (195) = MG = e + (e - )| 4 Vg V2

The first term on the right is called the region detector that combined the global
and local information of an image in order to obtain accurate boundaries. The second
term is called the local detector which attracts the evolving curve to the real boundary

of object [41]. They also extended their method to colour images.

3.3.7 Geometrical Constraint Segmentation Model

It is common that the image data is missing or of poor quality or two objects are very
close to each other. This result in difficulty to clearly identify the interface between
them. The additional geometrical constraint added to the formulation can help the
segmentation process. C. Gout et al. [65] [67] propose a new model for segmentation of
an image under geometrical constraints to detect special features in an image. Due to
this attribute, this model is considered as a selective segmentation model.

They have combined the Geodesic active contour model [25] with additional of
geometrical constraints that is a set of points near the boundary of targeted object.
Let z(z,y) be a given image defined on . Let A = {(z},y}) € 2, 1 <i<n1} CQ
be the set of n; distinct points near the boundary of targeted object in z(z,y). The
objective is to determine an optimal contour I' C €2 that best approaches the points
from the set A and at the same time detecting the desired object in an image. The
functions required to stop the evolving curve is the function g that is the edge detector
function as in and the function d defined as

o _(@=e)? (w=v)?
Vr,y) € dzy) =][(1-e 2= e =2 | (3.29)

i=1
The function g is zero on edges in an image and is 1 in flat regions, while the

function d acts locally and will be approximately 0 in the neighbourhood of points of
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A. Then, a contour I' is expected to stop at local minima which has d ~ 0 or g =~ 0

along it. The following functional is proposed

FOC (T) = / d(,9)g (V2 (,y)]) ds. (3.30)
r

The level set formulation is used in order to extend the domain of integral in (3.30) to

the whole image other than I'. Hence, I' is considered as the zero level set of ¢ i.e

I['={(z,y) €Q:¢(z,y) =0},

with ¢ < 0 inside I and ¢ > 0 outside I'. Then, (3.30) is transformed into level sets

formulation as follows

FGC (¢) = /Q A(2,9) 9 (V= (@ 9)]) VH (6(z, )| dedy. (3.31)

Here H is the Heaviside function and / |\VH(¢)|dxdy is the length of I'. Thus we
Q

have the following minimisation problem

min FOC (¢(z,y)). (3.32)
d(@,y)

In practice, the regularised version of Heaviside function, H. is used because the original
Heaviside function is nondifferentiable at 0. Thus the following minimisation problem

is considered

. GC
Jnin, F7% (é(z,y)), (3.33)
where
FEC (¢) = /Q d(z,y) g (V2 (2,9)]) |VH: (¢(x,y))| dwdy. (3.34)

The following Euler Lagrange equation is derived and solved using AOS method

5 (Bl y) V- (d (z.9) g (IV= (z.9)) W) 0. (3.35)

3.4 Summary

In this chapter we mainly reviewed variational models for image segmentations. We
first discussed the seminal work of ROF model [I15] in image denoising mainly because
the ROF model [I15] provides the basis for the variational formulation of segmentation
models of our particular interest in this study. The ROF model used the total variation
(TV) regularisation in its formulation. Due to the effectiveness of TV regularisation, it is
widely used in the formulation of image segmentation models where we have introduced
seven image segmentation models in variational framework that related to our work;
Mumford-Shah model [102], Snake model [77], Geodesic Active Contour [25] , Chan and
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Vese model [38], global minimisation model [34], Geodesic Aided CV Model [41], and
lastly the selective segmentation model namely Geometrical Constraint Segmentation
Model [65], 67]. All the segmentation models are initially solved in optimise-discretise
scheme where the associate PDE (Euler Lagrange equations) derived from the objective
functionals are solved. This motivates us to develop an alternative numerical technique
in discretise-optimise scheme in the next chapter where the objective functional is

directly solved.
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Chapter 4

An Optimisation based
Multilevel Algorithm for
Variational Image Segmentation
Models

In this chapter we propose an optimisation based multilevel algorithm for efficiently
solving a class of selective segmentation models. In level set function formulation, our
first variant of the proposed multilevel algorithm has the expected optimal O(N log N)
efficiency for an image of size n x n with N = n?. However, modified localised models
are proposed to exploit the local nature of segmentation contours and consequently
our second variant after modification is up to practically super-optimal efficiency of
O(\/N log N). Numerical results show that good segmentation quality is obtained and

excellent efficiency is observed in reducing the computational time.

4.1 Introduction

In the previous chapters we mentioned different techniques developed for image segmen-
tation such as statistical methods [45] [44] 58], wavelet techniques [90], histogram analysis
and thresholding [88], 121], variational edge detection active contours [77, 25l 123 [7]
and region-based active contours [143], [102, [I8], 1], 69, [16, 126, B8]

Segmentation models described above are for global segmentation due to the fact
that all features or objects in an image are to be segmented. This chapter is concerned
with another type of image segmentation models, namely selective segmentation. They
are defined as the process of extracting one object of interest in an image based on some
known geometric constraints [65), 111, [129]. Two effective models are Badshah-Chen
[12] and Rada-Chen [111] which used a mixture of edge-based and region-based ideas
in addition to imposing constraints. The additive operator splitting (AOS) method
(suitable for images of moderate size, faster than gradient type methods) was proposed

for such models. However, to process images of large size, urgent need exists in
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developing fast multilevel methods.

Both the multilevel and multigrid methods are developed using the idea of hierarchy
of discretisations. However, a multilevel method is based on discretise-optimise scheme
(algebraic) where minimisation of a variational problem is solved directly without using
a partial differential equation (PDE). In contrast, a multigrid method is based on
optimise-discretise scheme (geometric) where it solves a PDE numerically. The two
methods are inter-connected since both can have geometric interpretations and use
similar inter-level information transfers.

The latter multigrid methods have been used to solve a few variational image
segmentation models in the level set formulation. For geodesic active contours models,
linear multigrid methods have been developed [78, [108] 109]. In 2008, Badshah and
Chen [10] have successfully implemented a multigrid method to solve the Chan-Vese
nonlinear elliptical partial differential equation. In 2009, Badshah and Chen [I1] also
have developed two multigrid algorithms for modelling variational multiphase image
segmentation. While the practical performance of these methods is good, however,
they are sensitive to parameters and hence not effective, mainly due to non-smooth
coefficients which lead to smoothers not having an acceptable smoothing rate (which in
turn are due to jumps or edges that separate segmented domains). Therefore the above
multigrid methods behave like the cascadic multigrids [100] where only one multigrid
cycle is needed.

Here we pursue the former type of optimisation based multilevel methods, based on
a discretise-optimise scheme where the minimisation is solved directly (without using
PDEs). The idea has been applied to other image problems in denoising and debluring
[33, 29, [30], not yet to selective segmentation problems. However, the method is found
to get stuck to local minima due to non-differentiability of the energy functional. To
overcome that situation, Chan and Chen [33] have proposed the “patch detection”
idea in the formulation of the multilevel method which is efficient for image denoising
problems. However, as image size increases, the method can be slow because of the
patch detection idea searches the entire image for the possible patch size on the finest
level after each multilevel cycle.

In this work, we will consider a differentiable form of variational image segmentation
models and develop the multilevel algorithm for the resulting models without using a
“patch detection” idea. We are not aware of any similar work on multilevel algorithms
for selective segmentation models in the level set formulation. The key finding is that
the resulting multilevel algorithm converges, while not very sensitive to parameter
choices, unlike geometric multigrid methods [11] which are known to have problems in
convergence.

The rest of the chapter is organised in the following way. In Section 4.2, we briefly
review two selective segmentation models which are Badshah-Chen model [12] and
Rada-Chen model [I11]. In Section 4.3, we present an optimisation based multilevel
algorithm for the selective segmentation models. In Section 4.4, we propose localised

segmentation models and further present multilevel methods for solving them in Section
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4.5. In Section 4.6, we give some experimental results to test the presented algorithms.
We compare the new methods to the previously fast methods from the literature namely
the AOS method for Badshah-Chen [12] and Rada-Chen [I11] models (since multigrid
methods are not yet developed for these models). However, a multiscale AOS method
(for Badshah-Chen [12] and Rada-Chen [IT1I] models) based on the pyramid idea is
implemented and included in the comparison.

The main idea of this chapter has been published by me as the main author together
with my supervisor Prof. Ke Chen as the co-author in [73]. The multilevel algorithm
and the multiscale AOS method for the selective segmentation models were developed
and implemented in MATLAB by the author. The localised segmentation models were
derived by the author. The multilevel algorithm for the localised models was jointly
developed by us while the algorithm was implemented in MATLAB by the author.

4.2 Review of three existing models

In this section we will first briefly introduce the global segmentation model [38] because
it provides the foundation for the selective segmentation models as well as a method
for minimising the associated functional, details can be found in Chapter 3. Next, we
will discuss two selective segmentation models by Badshah-Chen [12] and Rada-Chen

[111] before we address the efficiency issue for these models.

4.2.1 The Chan-Vese model

The Chan and Vese (CV) model [38] considers a special case of the piecewise constant
Mumford-Shah functional [102] where it is restricted to only two phases (i.e. constants),
representing the foreground and the background of the given image z (x,y).

Assume that z is formed by two regions of approximately piecewise constant
intensities of distinct (unknown) values ¢; and ¢y , separated by some (unknown) curve
or contour I'. Let the object to be detected be represented by the region 2; with
the value ¢; inside the curve I' whereas outside I', in Q9 = Q\Qy, the intensity of z
is approximated with the value c3. Then, with Q = Q1 U 25, the Chan-Vese model

minimises the following functional

min Foy (T, e1,c2) = p length (T) + g / (z — ¢1) dxdy
1951

F’chCQ (41)
+/\2/ (z — c2)*dady.
Q2
Here, the constants ¢; and ¢y are viewed as the average values of z inside and outside
the variable contour I'. The fixed parameters u, A1, and A9 are non-negative but to
be specified. In order to minimise equation (4.1), they applied the level set method

[38], where the unknown curve I is represented by the zero level set of the Lipschitz
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function such that

I'={(z,y) €Q: ¢ (x,y) = 0},
Q; = inside (T') = {(z,y) € Q: ¢ (z,y) > 0},
Qs = outside (I') = {(z,y) € Q: ¢ (x,y) < 0}.

To simplify the notation, denote the regularised versions of the Heaviside function

and the Dirac delta function, respectively, by

™

2
H (¢ (z,y)) = % (1 + — arctan <f)> and  6(¢(z,y)) = PRI
Thus equation becomes

min Foy (¢, c1,cs) = / VH (¢)] dedy + A / (2 — e1)2H (¢) dady
Q

@,c1,C2

(4.2)
—i—)\g/g(z—cQ)Q(l— (¢)) dzdy.

Keeping the level set function ¢ fixed and minimising (4.2)) with respect to ¢; and

¢y, we have

L)) dedy ) )0 16) dey
fQ ¢) dedy 2 fQ 1 - ) dedy

c1(¢) = (4.3)

After that, by fixing constants ¢; and ¢y in Foy (¢, ¢1, ¢2), first variation with respect

to ¢ yields the following Euler-Lagrange equation:

18 ($)V - (w) M6 (6) (2 — e1)? + Aod (6 )(6 —e)?=0, in Q )
v

¢)‘g—:ﬁl: , on Of.

Notice that the nonlinear coefficient in equation (4.4) may have a zero denominator,
so the equation is not defined in such cases. A commonly-adopted idea to deal with
V| = 0 was to introduce a small positive parameter 5 to (4.2]) and (4.4), so the new

Euler Lagrange equation becomes

16 (6)V - (%) MG (6) (2 — ) £ Mb (6) (2 — )P =0, in ©Q
%%: , on Of.

where corresponds to minimise the following differentiable energy function, instead of

=)
¢mln Foy (¢, c1,c2) = /\/ IVH (¢)[* + B dzdy
c1,c2 (4.5)
[ (e = H () dedy+ % [ (= ) (1= H(0)) dod.
Q Q
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4.2.2 The Badshah-Chen model

The selective segmentation model by Badshah-Chen (BC) [I2] combines the Geo-
metric Constraint model of Gout et al [65, [67] (reviewed in Chapter 3) with in-
tensity fitting terms of Chan-Vese [38]. For image z (z,y) with a marker set A =
{w; = (z7,y7) € Q,1 <i<n1} C Q of n; geometrical points on or near the target
object [I11], 152], the selective segmentation idea tries to detect the boundary of a
single object among all homogeneity intensity objects in €2 closest to A; here ny > 3.
The geometrical points in A define an initial polygonal contour and guide its evolution
towards I" [152].

The BC minimisation equation [12] is given by

min Fpc (T, c1,c2) = ,u/d(a:,y)gﬂVz (z,y)]) dvdy
T

[ye1,c2

+A1 (z — 01)2 dxdy + Ao / (z — 02)2 dxdy.
inside(T") outside(T")

(4.6)

In this model, the function ¢ (|Vz|) = m is an edge detector which helps to
stop the evolving curve on the edge of the targeted object. The strength of detection is
adjusted by a parameter 1. The function g (|Vz|) is constructed to take small values
near to 0 near object edges and large values near to 1 in flat regions. The d (z,y) is a
marker distance function which is close to 0 when approaching the points from marker

set, given as:

e (e==7)? (v—v7)”
d (z,y) = distance ((z,y),A) = H (1 R B ), V(z,y) € Q

=1

where k is a positive constant. Alternative distance functions d (z,y) are also possible
[111l [152]. Using a level set formulation, the functional (4.6) becomes

min Fpe (6,c1,c0) = p /Q A2, )9 (IV= (2,9)]) [VH (¢)| ddy

$e1,e2 (4.7)
+A1 / (z — 01)2H (¢) dxdy + /\2/ (z — 62)2 (1 - H (¢))dxdy.
Q Q
Keeping the level set function ¢ fixed and minimising (4.6|) with respect to ¢; and co,
we have
H (¢) dxdy - (¢)) dxdy
i (9) = 122 : af) = 024
fQ @) dxdy fQ 1 - )) dxdy

Finally keeping constants ¢; and ¢y fixed in Fpe (¢, c1,c2), and the following Euler-

Lagrange equation for ¢ is derived:

+220 (¢) (2 — e2)* =0,

6(6) du _
dgqu\ 37 =0, on

(4.8)
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The small positive parameter § is introduced to avoid singularities in (4.8) which

corresponds to minimise the following differentiable form of the BC model in replace of

(.7)
min Fpe (¢, c1,02) = u/ﬂG(x,y)\/ |VH (¢)|* + B dxdy

@,c1,c2

+)\1/Q(z—cl)2H(¢) dmdy+)\2/ﬂ(z—02)2(1—H(gb)) dudy

(4.9)

where G = d(z,y)g(x,y).

4.2.3 The Rada-Chen model

The Rada-Chen (RC) model [I11] imposes a further constraint on €; to ensure that
its area is closest to the internal area defined by the marker set. From the polygon
formed by the geometrical points in the set A, denote by A; and A, respectively the
area inside and outside the polygon. They compute A; and As to approximate the
area of the object they try to capture. The RC model also incorporates the similar
edge detection function as in the BC model into the regularisation term. The energy

minimisation problem is given by

min Fro (T c1,02) = u/ g(|Vz(z,y)|) dedy + /\1/ (z — ¢1)?dzdy
heves r o (4.10)

2 2
+As / (z — C2)2d$dy + V</ dxdy — A1) + 1/(/ dxdy — A2> )
Qo Q1 (92

Rewriting (4.10) in level-set formulation as in (4.2), we arrived at the following

Euler-Lagrange equation for ¢:

o (p) V- g <¢%) — M6 () (2 —c1)?
+2268 (9) (2 — 2)? — V6 () in )
[(/QH(cb) drdy — A1> - (/Q (1—H (¢)) dzdy — AQH —0,
dg% % =0, on €

As with the BC model, in the actual implementation of the RC model, the small
positive parameter [ is introduced to avoid singularities in (4.11]) where corresponds to

minimise the following differentiable form of the RC model

min Fre (6, c1,c0) = p /Q 9 (V2 (@, 0))  IVH ()2 + B dudy +

®,c1,c2

/\1/ (z—¢1)* H (¢) dzdy + Ao /Q (z —c2)* (1 — H (¢)) dudy + (4.12)

V<ZH(¢>) dxdy—A1>2—|—1/</Q (1 - H (¢)) dxdy—A2>2.

We will use the term BCO and RCO to refer the AOS algorithm previously used
to solve BC model and RC model in [12] and [111] respectively.

Of course, it is known that such AOS method is not designed for processing large
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image. To assist AOS, a pyramid method can be used. The basic idea in a pyramid
method is, in the process of curve evolution, the pyramid scheme is used to decompose
an image into different scale images and then coarse segmentation is performed on the
coarse-scale image using the AOS method instead of directly using the original-size
image. Then, the segmentation result is interpolated and adopted as an initial contour
for the fine-scale image, thus gradually optimising the contour and reaching the final
segmentation result. We refer the pyramid method for BC and RC models as BCP
and RCP respectively.

The above forms of variational models, the BC model , the RC model
respectively, will be conveniently solved by our new proposed multilevel scheme shortly.
The BCO, RCO, BCP, and RCP will be used as comparison methods to our method
in segmenting large images.

As remarked before, the reason for seeking alternative optimisation based multilevel
methods instead of applying a geometric multigrid method is that there are no effective
smoothers for the latter case and consequently there exist no converging multigrid

methods for the Euler-lagrange equations for our variational models.

4.3 An O(Nlog N) optimisation based multilevel algorithm

The main objective of this section is to present the first version of our multilevel
formulation for two selective segmentation models: the BC model [12] and the RC
model [I11]. This section provides the foundation for the development of our main
multilevel algorithm for the localised versions of these models. For simplicity for a
given image of size n x n, we shall assume n = 2°. The standard coarsening defines
L+ 1 levels: k =1 (finest) ,2,...,L, L+ 1 (coarsest) such that level k has 7, x 7%
“superpixels” with each “superpixel” having pixels by x b, where 7, = n/ 2k=1 and
b = 2F~1. Figure a-e) show the case of L = 4, n = 2% for an 16 x 16 image with 5
levels: level 1 has each pixel of the default size of 1 x 1 while the coarsest level 5 has a
single superpixel of size 16 x 16. If n # 2%, the multilevel method can still be developed

with some coarse level superpixels of square shapes and the rest of rectangular shapes.

4.3.1 Multilevel algorithm for the BC model

Our goal is to solve (4.9), i.e. the BC model [12] , using a multilevel method in a
discretise-optimise scheme.

Before we proceed further, one may question how to discretise the total variation
(TV) term in the form

TV (u) = / |Vu| dzdy

Q

TV is most often discretised by
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n—1ln—1

TVa(w) = 33/ (Vdu)), + (Vi)

=1 j=1
n—1ln—1

2
=3 \/uz+1,a i) 4 (uigr — i)

i=1 j=1

There are other ways to define discrete TV by finite difference, but the above form is
the simplest one according to [97]. Furthermore, central differences are undesirable for
TV discretisation (in a discretise-optimise approach) because they miss thin structure

[59] as the central differences at (4, j) does not depend on u; ; :

n—1n—1
Vi (w) = 3 YV [(VEu) 2+ (Vau) /2 + (Vi) /2 + (Vyu) /2]
nl 1171] 11
= S Vlwierg — i) /2P + g — i) /21
=1 j5=1

To avoid the problem, one sided difference can be used. More discussion on discretising
TV can be found in [59] and [97] and the references therein.
Using the above information, the discretised version of (4.9)) is given by:

min Fpc (¢, ¢1,¢2) = min Fo (01,1, 02,15 - - - Gim1,4, Gijr Pit1,4s - - - > Prns €1, C2)
¢,c1,c2 ®,c1,c2
n—1n—1
2 2
—MZZG,J\/ Hijy1)" + (Hij — Hiv15)" + 0
i=1 j=1
n n
+MZZ%rQZﬁMZZ%r@1*W
i=1 j=1 i=1 j=1

(4.13)

where ¢ denotes a row vector, i = ﬁ, , €1 = ZZ’ZWHJ/ZZHJ’ Gij; =

=1 j=1 =1 j=1

n
G(xi,y5), co= . 2z (1—H;;) Z (1—Hj) and H;j = 5 + farctan(qs”)
5,5=1 5,5=1
As a prelude to multilevel methods, consider the minimisation of (4.13)) by the

coordinate descent method on the finest level 1:

Given ¢(0) — (¢§3)> with m = 0,
¢§ZLH) = argmin FXS (¢i j,c1,¢2) fori,j =1,2,..n, (4.14)
®i,jER

Repeat the above steps with m = m + 1 until stopped.

Solve

Here equation (4.14)) is obtained by expanding and simplifying the main model in (4.13|)
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i.e.

loc (¢l,]7 C1, 62)

= F4, <¢11 ’¢21 ,...,QSZ(mlj,qzbz,],(bZ“J,...,¢nn,C1,62) —Fé%)
m 2 m
= M[Givj\/(H@j - Hi(+1),j) + (Hiy Hz(y+1) +58
m 2 m m 2
+Gi_1’j\/(Hl‘7j — Hi(—l),j) + (Hi(—l),j — Hi(_l),j—&—l) + 4

+Gz’,j—1\/<Hi,j — HZ.(?7)1> (Hfm21 HZ(TI] 1) + 5:|
+ M(zig— ) Hiy + Xalzij —c2)” (1 — Hyj)

)

with Neumann’s boundary condition, where Fgg denotes the sum of all terms in F3~
that do not involve ¢; ;. Minimisation of c1, cz follows as before. Clearly one seems
that this is a coordinate descent method. As such the method will exhibit a functional
decay property Fgc(¢(m+1)) < Fgc(qﬁ(m)) from one substep to the next. It should be
remarked that the formulation in is based on the work in [24] [33].

Using , we illustrate the interaction of ¢;; with its neighboring pixel on the
finest level 1 in Figure We will use this basic structure to develop a multilevel
method.

i—-1,j+1 ij+1
o)
o—: L 2 .
i-1,j 1J i+1,j
«——9
,j—1 i+1,j7-1

Figure 4.1: The interaction of ¢;; at a central pixel (7,j) with neighboring pixels
on the finest level 1. Clearly only 3 terms (pixels) are involved with ¢;; (through

regularisation).

The one-dimensional problem from (4.14) may be solved by any suitable optimisation

method — here from ¢(™) — ¢ — ¢(™T1)  we solve its first order condition

G (2Hi,—HT) —HT) V1 G-, (Hiy—H™) ) JH':

s Yo () v () ) (1, - ) s

aGijo1 (Hij—HY ) H i
(s )i +H'ij (’\1(Zi,j —a1)? = Xa(zi - @)2) =0

i,j—1

\/(Hi,ijfj}’L)QJr( o u) ) s

_.I_

o1



As an example, if using the Newton iterations, one gets the form

ij — old Told/Bold (415)
where
Told _ AGi j (2H°ld HZ(_TBJ Hfzn_‘)_l)H’OZdi,j nGi_1,5 (Hioyljd—Hi(:nl)’j)H’Oldi,j
() D + E
/]G','fl Hold H'm HIOZd .
+—= ( A ) + H' <>\1(Zm —c1)? = a2 — 02)2)
Bold RGi— 1]<H0ld Hz( 1>3)H”Oldi,j+(H/Oldi,j)2 AGi— IJ(HOZd Hfml)j) (Hmldi,j)2
E E3
G (2H—H  —HIT) )V E 2 (B0)" Gy (280 -R —H) ()
D D3
+ﬂGi,j—1<HOld qu?l )HIIOZdi,j+(Hl0ldi’j)2 ﬂGi,jfl(HDld Hz(T)1> (Hmldi,j)Q

F F3
+ ()\1(21',]' — 01)2 — )\Z(Zi,j - 02)2> H//Oldi,j

and

D= \/<H;jld H,(Tfjf G HzT+)1> +h
E = \/(Hfljd - Hi(fll),j) + (Hz‘(Tl),j - Hz‘(Tl),jJrl)Q 5
P (- ) (B, - 0, ) s

To develop a multilevel method of this coordinate descent method, we may interpret
solving for a new iterate qﬁ( i mH) o looking for the best update (on an old iterate

qﬁz j > here a scalar constant) that minimises the local merit functional Fl"c (¢ij,c1,C2).

On level 1 the local minimisation for ¢ takes the form

FlOC ((;51,]) C1, 62) FlOC (Qb,le) + C, 61702> .

Hence, we may rewrite (4.14)) in an equivalent form:

Given ¢ = (gb@> with m = 0,

2Y)

Solve ¢ = arg min Floc (qf)g?) + ¢, c1, 02) fori,j =1,2,..n,
ceR ’ (416)
Update {7 = ¢ 1¢,
Repeat the above steps with m = m + 1 until stopped.
Now consider how the update is done on a general level £ = 2,..., L + 1. Similarly

to k = 1, we derive the simplified formulation for each of the 7, X 7, subproblems,
in a block of pixels by x by e.g. the multilevel method for k=2 is to look for the
best correction constant to update this block so that the underlying merit functional,
relating to all four pixels (see Figure [1.2[b)), achieves a local minimum.

For levels k =1, ..., 5, Figure illustrates the multilevel partition of an image of
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size 16 x 16 pixels from (a) the finest level (level 1) until (e) the coarsest level (level 5).

0 e e e e e e e e e e e e

00 e e e e e e e e e e e 0 8

0800 e 0 e e e e e 0 0 0 8 @@xxxxxx
00808 e 88 e e e e 8 e 8

000 e e e e e e e 0 0 8 x@;xi&;x%x%
00 00 e e e e e e e e e e 8

0000 e 0 e e e e e e 8 0 8 @@@@@@2@@
000 e 0 e e e e e e 8 0 8

o R I MR MR MR MR M)
00808 8 08 8 8 8 8 8 8 0 8

O o e e e e e e e
00000 e 0 e e e e e e e o 0 8

0800 e 0 e e e e e e 8 0 8 @@@fﬁi@@@@
00808 e 8 e e e e e e 8 e 8

o G MO M NI NN )

Level 1: 72 = 162 variables b) Level 2: 72 = 82 variables

1 2
X X X XX X X XX X X X[X X X X XX XXX XX KX XK KX K KX
x@gxx x| X x@@?K XX XXX XX XX XX XXX XX
X XX XX XX X XX XXX XX XIXXXXXXXX
XX XXX XX XX XX X/XXXX XXX;%Y(XXXXXX;Q;XXX
XX XXX XX XIXXXX/XXXX X X X X X XX X X X X X
X X| X X| X X| X X XX XXX XXXIXXXXXXXX
X%XX@;XX@XX%X XX XXX XXXIXXXXXXXX
XX XXX XX XIXXXX/XXXX XX XXX XXXIXXXXXXXX
XX XXX XX XIXXXX/XXXX XX XXX XXXIXXXXXXXX
X x| X x| X XX X XX XXX XX XX XX XXX XX
Xxxxxxxxxxxx XX XXX XXXIXXXXXXXX
X X X XX X X XX X X XX X X X >ww?§xxxxxx?§xxx
XX XXX XX XIXXXX/XXXX X X X X X X|X X X X X X
X XX XX XX X XX XXX XXXIXXXXXXXX
xxxxxxx@xxxx XX XXX XXXIXXXXXXXX
X X X X[X X X XX X X XX X X X XX XXX XX XX X X X XX X X
(c) Level 3: 7'?? = 42 variables (d) Level 4: Tf = 22 variables
XXXXXXXXXXXXXXXX . . . .
XXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXX
XX XXX XX XX XX XXX XX . .
XXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXX . .
XXXXXXX%XXXXXXX
XX XXX XX XX XXX XX . .
XXXXXXXXXXXXXXXX
XX XXX XXX XXX XXX XX . .
XXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXX
XX XXX XXX XXX XXX XX
XX XXX XX XX XX XXX XX ...
XXXXXXXXXXXXXXXX
(f) Level 3 block with b3 = 16

(e) Level 5: 72 = 1 variable pixels but only 12 effective terms

in local minimization Floc

Figure 4.2: Tllustration of multilevel coarsening. Partitions (a)-(e): the red “x” shows
image pixels, while blue e illustrates the variable c. (f) shows on coarse level 3 the
difference of inner and boundary pixels interacting with neighboring pixels o. The
middle boxes ® indicate the inner pixels which do not involve ¢, others boundary pixels
denoted by symbols <1, >, A, V involve ¢ as in via FZOC

Observe that by, = n on level k, where 7, is the number of boxes and by, is the block
size. So from Figure 1(a), by = 1 and 71 = n = 16. On other levels k = 2,3,4 and 5, we
see that block size by, = 28! and 7, = 2L11F since n = 2L, Based on Figure we
illustrate a box ® interacting with neighboring pixels o in level 3. In addition, Figure
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(f) illustrates that fact that variation by ¢; ; inside an active block only involves its
boundary of precisely 4b, — 4 pixels, not all bz pixels, in that box, denoted by symbols
<, >, A, V. This is important in efficient implementation.

With the above information, we are now ready to formulate the multilevel approach
for general level k. Let’s set the following: b = 271 k) = (i —1)b+ 1, ko = ib,
6y =(j—1)b+1, ly = jb, and ¢ = (¢;j) . Then, the computational stencil involving ¢

on level k can be shown as follows

¢’k171,(2+1 +Ciju ¢k1.£;+1 +C g ¢k2.62+1 +Ci ¢’k;+1,{l+1 + G ju
¢ic,71.£1 tC, ¢k1,(l Gy ¢kl.{l +C; ¢k1+1=51 TG,
Goore, TGy | G TGy P tay | Peag TGy

¢k171.[,71 +Cia ¢k,:[171 TCia ¢kl:{171 +Ca ¢kl+1:£171 + G a

(4.17)

The illustration shown above is consistent with Figure (f) and the key point is
that interior pixels (non-boundary pixels) do not involve ¢; ; in the formulation’s first
nonlinear term. This is because the finite differences are not changed at interior pixels

by the same update as in

\/(&kl +¢ij — sgk+1,z - Ci,j)2 + <<l~5kl + ¢ — ﬁf;k,z+1 - Ci,j)2 +
= \/((ngl - ng+1,l>2 + (ngl - Gf;k,l+1)2 + B.

Then, as a local minimisation for ¢, the problem (4.16|) is equivalent to minimise the

following

- _ 2 N 9
Fpei (cij) =p Z Gri-14 [Ci,j — (Phy—1,0 — ¢k1,£)} + (Pky—1,6 — Pki—1,041) + 8
=t
ko—1 N N 5 N _ 5
+ Z Gk,ég\/[%j — (Phpot1 — ¢k,42)} + (Pheo — Prr1,5) + B

k=k1

2

~ ~ 2 ~ ~
+ ﬂGkQ,ZQ\/[Ci,j - (¢k22,f2+1 - ¢k22,f2):| + [ci,j - (¢k’2+1,f2 - ¢k’2,€2)i| + B
lo—1

+ U Z Gkg,f\/[ci,j — (qgkﬁu - QBkQ,e)] i + (qgkg,z - <f~>k2,e+1)2 + 5

=0

ko - - 2 - -
+ 1 Z Gk,él—l\/[cz’,j — (Ph0—1 — ¢k,z1)} + (Prei—1 — ¢k+1,£1—1)2 +
k—k1
ks fo )
+ A2 Z Z (1= H(re+ i) (2he — c2)
——y
ks fo

+ A1 Z Z ¢ke+czg))(2’kz,£—01)2- (4.18)

k=k1 {=l1
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For the third term, we may note

\/(C—a)2+(c—b)2+5:\/2 <c—a;b>2+2<a;b>2+ﬁ

Further we conclude that the local minimisation problem for block (7, ) on level k

with respect to ¢; ; amounts to minimise the following equivalent functional

Fper (eiy) =p Z Gry—1 K\/ Ciyj — iy —1,0)% + Ul%ﬁl,f +8
=ty
ka—1
B 2
+ 0 Z G.p, \/(Cz‘,j —Ukey) F hz,m +5
k=k;
lo—1
+ 0 Z kaé\/(ci,j - hk27f>2 + U]%%g +8
=ty

2
+ 1 Z Gre—1 \/(Cz’,j — Ue-1)” + hg,_1+ 5

k=k;
iV2G = Thyty)” + B2 5
+ i ka,lo (Cm Uk?%b) + ko062 + 9
ko 2
7 2
F MDD H (G + cig)(2he — 1)
k=ky (=0,
ko 02
2
+h )Y (1 — H(fpe + cw)) (2he — C2) (4.19)
k=ky =0,
where we have used the following notation (which will be used later also):
hie = Qri1,0 — Pk, Ukt = Pror1 — Pkt Ukg by = Pho b1 — Pho s
7 7 _ Vky to ThEgy 0 7 Ukg,to —Pkq
hkg,fg = ¢k2+1,42 - ¢k27627 Vko by = %7 hk27€2 = %’
Py 10 = Qki o — Pky—1,6,  Vky—1,0 = Pkyi—1,041 — Phk1—1,6,  Ukty = Phlo+1 — Pkots)
higy = Oki1,00 — Phrns Nyt = Pkot1,6 — Pkt Ukot = Qo i1 — Pho,ts
Vkty—-1 = Qkyty — Phtr—15 Pk —1 = Pkr1,6-1 — Pkyty—1-

On the coarsest level, we look for a single constant update for the current approxi-
mation qg that is Fpe ((5 + c) ,

n—1n—1

mmFBCI MZ Z G; ,j\/ ¢z,j +c— éi,j—i—l - 0)2 + (éz‘,j +c— &z‘—i—l,j - C)2 +
=1 j=1

+MZZH i + ) (zig — 1) +>\QZZ(1— ¢ke+cu))(zi,j—61)2

i=1 j=1 i=1 j=1
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which is equivalent to

min Fpc1 (¢ +c) = Ay S S H(gij+ )z — 1)

i=1 j=1

A2 > (1= H(bre + i) (25 — 1)

i=1 j=1

(4.20)

The solutions of the above local minimisation problems, solved using a Newton
method as in or a fixed point method for ¢ iterations (inner iteration), defines the
updated solution gg = qg—i- Qrc. Here Q) is the interpolation operator distributing c; ;
to the corresponding by X by block on level k£ as illustrated in . Then we obtain a
multilevel method if we cycle through all levels and all blocks on each level until the
solution converges to the prescribe tolerance, tol or reach the prescribe maximum cycle
(outer iteration).

So finally our implementation of the proposed multilevel method is then summarised

in Algorithm |1} Here Steps 2 — 3 simply update 6 from the finest to the coarsest level

Algorithm 1 BC1 — Multilevel algorithm for the BC model

Given z, an initial guess qg and the stop tolerance tol with L + 1 levels,

1) Iteration starts with ¢oq = gg (QE contains the initial guess before the first iteration
and the updated solution at all later iterations)

2) Smooth for t iterations the approzimation on the finest level k = 1 that is solve

ming, | oc (¢ijyc1,c2) or [{14) fori,j=1,2,..n

3) Iterate for t times on each coarse level k = 2,3,...L,L +1 :
» If k < L, compute the minimiser ¢ of or solve min, . Fpo1(cij);
» Ifk=L+1, solve or min, FB(;l(& +¢) on the coarsest level.
Add the correction ¢ = qz~5+ Qrc where Qy, is the interpolation operator distributing
cij to the corresponding by, x by block on level k as illustrated in .

4) Return to Step 1 unless H¢||~°ld”2 < tol or until the prescribed mazimum of cycles
2

is reached. Otherwise exit with ¢ = ¢.

k=1,2,...,L, L+ 1 so they might be viewed as a single step. We will use the term
BC1 to refer the multilevel Algorithm

In this algorithm, we recommend that we start updating our multilevel algorithm
in a fast manner is to adjust the fine structure before the coarse level. We found in
a separate experiment that if we adjust the coarse structure before the fine level, the

convergence is slower.
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4.3.2 Multilevel algorithm for the RC model

Generalisation of the above algorithm to other models is much similar. For the RC
model, the discretised version of in (4.12)) takes the following form

min FRC (¢7 C1, 02)

70176721—1 n—1
=0Y .Y 9 \/(Hi,j — Hij1)* + (Hij — His15)" + 5
i=1 j=1
n n ) n n ) (421)
MY Dz =) Hig+ XY Y (25— c2)* (1 - Hiyj)
=1 j=1 =1 j=1
+V(—A1 + Z Z Hi,j) + I/(—A2 + Z Z (1 — HZ‘J')) .

i=1 j=1 i=1 j=1

Consider the minimisation of (4.21) by the coordinate descent method on the finest

level 1:

Given ¢ = (¢(0)> with m = 0,

i7j
Solve ngZH_l) = arg min F]l%oé (¢ij,c1,c2) fori,j=1,2,..n, (4.22)
’ ¢i,;ER

Repeat the above steps with m = m + 1 until stopped.

Here,

F6 (¢ij,c1,02) =Fpe — Fo =

fi {gi,j\/(Hi,j - Hi(+1),j) + (Hij — Hi(,jJ)rl) + 8

(m) |2 (m) (m) 2
+9i-1\| (Hiy — Hi -y ;) +(H; 2y, — H;—{ ;1) +8

) g g™ g _gm o y?
+ gij—1\/ (Hi; i) T (H 2 it1j-1) T8
+ M (zij —c1)?Hij + Aa(zij — c2)*(1 — Hij)

+ I/(HZ'J‘ — A1)2 + I/((l — H@j) — A2)2.

The term Fy refers to a collection of all terms that are not dependent on ¢; ;. For ¢; ;
at the boundary, Neumann’s condition is used. In order to introduce the multilevel
algorithm we first rewrite (4.22)) in an equivalent form:

¢ = arg min F%, (¢§7> + ¢, e, Cz), ¢§’}L+1) = ¢§’}‘) +éforij=1,2,...,n.  (4.23)
ceR ’ ’ ’
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Similar to BC1, we arrive at the following local functional for ¢ on a general level:

2 2
FRCI CZ,J = Z 9k1—1 Z\/ Cl,j - hkl—l,f) + ) + 3
=l

lo—1

> gkz,ﬁ\/(ci,j k) + 0}, + B

=l

+ i Z Gk, 011 \/(Ci,j — Uk,grl)Q + hlefl +4
k=k1

_ _ 7 B
+ AV20k, 6, \/(Cm’ — Uk )"+ B, + 5

ko 2
+ A Z Z H(bnye + cig)(zne — 1)’
j————
ko L2
Ao Y D (1= Hdpe+ cig))(zre — 2)?
k=kq £=¥1
ko—1
+u Z Ik b2 \/(Ci,j — g g,)? + hi’@ + A
k=k1
ko 1)

303 (CAr+ (1 H(dpe+cig)) (4.24)

k=k1 (=01

A single constant update on the current ¢ on the coarsest level is given by solving

mlnFRCl qZ)—I—c )qZZH gbm—l—c 25— —l—I/ZZ( A+ H ¢z,3+c))2

i= 19 1 i=1 j=1

IS (1 HGoy +0) (2 — )
i=1 j=1

—|—I/Zn:zn: (—A2+ (1 —H(qf;i,j+6)>)2. (4.25)
i=1 j=1

Our implementation of the proposed multilevel method is then summarised in Algorithm
which will be referred to as RC1.

Before we conclude this section, we give a brief convergence analysis of BC1 and
RC1. Let N = n? be the total number of pixels (unknowns). First, we compute the

number of floating point operations (flops) for BC1 for level k as follows:
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Algorithm 2 RC1 — Multilevel algorithm for the RC model

Given z, an initial guess qg and the stop tolerance tol with L + 1 levels,

1) Iteration starts with ¢oq = gg (QE contains the initial gquess before the first iteration
and the updated solution at all later iterations)

2) Smooth for t iterations the approzimation on the finest level 1 i.e. solve
ming, ; Flc(¢ij,c1,c2) or (E22) fori,j=1,2,..n

3) Iterate for t times on each coarse level k = 2,3,

LLoL+1

» If k < L, compute the minimiser ¢ of (4.24) or solve min, ; Frc1(cij);

» Ifk=L+1, solve (4.25) or min, Frei(¢+¢) on the coarsest level .
Add the correction ¢ = ¢ + Qrc where Qy, is the interpolation operator distributing
¢;i,j to the corresponding by x by, block on level k as illustrated in (4.17]).

14

4) Return to Step 1 unless ﬁg"ld”? < tol or until the prescribed mazimum of cycles

2

is reached. Otherwise exit with ¢ = ¢.

Quantities Flop counts for BC1
h, v 4bk7',?
A1 term 2N
Ay term 2N
s smoothing 5
38by ;s

steps

L+1

Then, the flop counts for all level is {pe1 = D (4]\7 + 4bk7',§ + 38bk7',§s) where

k=1

k =1 (finest) and k = L + 1 (coarsest). Next, we compute the upper bound for BC1

as follows:

L+1

AN
=4(L+1)N

Epcr = 4(L + +Z<bk

L
38N
8) = A(L + 1)N + (4 + 385) NZ( )
k=0

< 4Nlogn + 12N + 76Ns ~ O (N log N)

Similarly, the flops for RC1 is given as

Quantities Flop counts for RC1
h, v 4bk7']3
A1 term 2N
Ay term 2N
v term 4N
s smoothing 9
31bk7—]€ S
steps
L+1
Hence, the total flop counts for RC1 is {re = D (8N + 4bk7',§ + 31bk7',38). This
k=1

gives the upper bound for RC1 as
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Figure 4.3: New modelling setup: replacement of domain {2 by a smaller domain (2.

L+1

AN 31N

ror =8(L+ )N+ > [+~ + i
=\ e Or

< 8Nlogn + 16N + 62Ns ~ O (N log N)

Lo/
=8(L+1)N + (4+31s)N kZ:O <2k>

One can observe that both BC1 and RC1 are of the optimal complexity O(N log N)
expected of a multilevel method and £rc1 > Epen -

It may be remarked that both algorithms BC1 and RC1 are easily paralellisable
and hence there is much potential to explore parallel efficiency. However below we

consider how to improve the sequence efficiency in a simple and yet effective manner.

4.4 The new localised models

The complexity of the above presented algorithms is O(N log N) per cycle through all
levels, for an image sized n x n with N = n2. As this is optimal, for most problems, there
is no need to consider further reduction for many problems e.g. for image denoising.
However, segmentation is a special problem because evolution of level set functions ¢ is
always local in selective segmentation. Below we turn this locality into reformulations
and explore further reduction of the O(N log N) complexity, consequently achieving
the super-optimal efficiency.

Motivated by developing faster solution algorithms than Algorithms and by
methods using narrow band region-based active contours, localised models amenable to
fast solution are proposed in this section respectively for the BC model [12] and the
RC model [I11] . It is followed by developing the corresponding multilevel algorithms
to solve them. As expected, the complexity of the new models will be directly linked
to the length of segmented objects at each iteration; at the discrete level, this length is
usually O(v/N). Our use of narrow band regions is fundamentally different from active
contours in that we apply the idea to a model, not just to a numerical procedure.

The key notation used below is the following, as shown in Figure Given a level
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set function ¢ (intended to represent 2;), a local function b defined by

b(¢(z,y),v)=H(¢(z,y) +7) (1 — H(d(z,y) —7)) (4.26)

characterises the narrow band region domain Q, = Q; (y) UT' U Q () surrounding
the boundary T, with €1 () and 5 (v) denoting the v band inside and outside region
from T" respectively. Similar notation is also used by [96}, 152]. Note b = 1 inside €,
and 0 outside, and similarly b (¢ (z,y),7v) H (¢) = 1 inside €4 () and 0 outside i.e.
b(¢(z,y),v) (1 —H(¢)) =1 inside Q9 () and 0 outside. Further after discretisation,
we define the notation for the set falling into the y-band where b = 1:

B(¢) = {(Zvj) ’ -7 S ¢i,j S Y ie. qZS(.CU,y) +’Y > 0 and ¢(xay) -7 < 0} (427)

We propose a localised version of the BC model [12] by the following

F761702

min {FBL (Tye1,09) = ,u/ dgds + F},; (T, 01,02)} (4.28)
I

where the refinement is seen in

Fl, (Dyer,e) =X\ / (z — ¢1) dedy + )\2/ (z — ¢o) dxdy.
Q1 (v) Qa2(v)

In level set formation,

min Fip (6,c1,02) = / dor/IVH (§)P + B dedy + A / (= — e1)%b (6 7) H (¢) dedy
C1,C2

Y /Q (2 — 2% (67) (1 - H () ddy. (4.29)

Next, we propose a localised RC model of the form

min Frp (6,c1, ¢0) = /Qg(|Vz(:L‘,y)]) VH (6)] + B dudy +

®,c1,C2

Al /Q (z = c1)’b (¢, ) H (¢) dwdy + X / (z—c2)*b(¢,7) (1 — H (¢)) dzdy

Q
s [ 066, H (@) dody~ ) 4 v( [ 500) (1= 1 () dody -~ A2)’
(4.30)

4.5 Multilevel algorithms for localised segmentation mod-

els

We now show how to adapt the above Algorithms to the new formulations (4.29))

and (30).
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Multilevel algorithm for the localised BC model. Discretise functional (4.29))

as

n—1ln—1

Fpr(¢,c1,e2) = 1YY Gij \/(Hi,j — Hyj)? + (Hij — Hip15)° + 8

i=1 j=1

MDD (705 — 1) Hijbi (4.31)

i=1 j=1

n n
A2 Y Y (zig — )’ (1= Hij) bi
i=1 j=1
where G = dg, G;; = G(xi,y;), (i,j) € B(¢). Minimisation of (4.31)) by the coordinate
descent method on the finest level 1 leads to the following local minimisation for only

(i,5) € B(¢™):

Fi(digic1,ca) =i [Gm‘ \/(Hz',j —H )+ (Hig— HL) +8

m 2 m m 2
+Gi1j \/(Hm - Hi(—l),j) + (Hi(—l),j - Hi(—l),j+1) +

+Gij \/(H ™ emm g g
3,j—1 2y 2,7—1 3,7—1 i+1,7—1
+ )\1(22',]' — Cl)QHi,jbi’j + )\Q(Zm' — 02)2 (1 — Hi,j) bi,j (4.32)

where b; j = 1 if (i, ) € B(¢™) else b; ; = 0.
Further, the multilevel method for the localised BC model (4.29)) at a general level

for updating block [k, k2] X [¢1, 2] amounts to minimise the following local functional

Ly

FBCQ (C’i,j) :[L Z le—l,ﬂ\/(cizj - hkjl—l,é)2 + Ulalf].,g + ﬂ
=0
ko—1
+ii Y G, \/ (cij = Vka)” + W g, +
k=k,
lo—1
+ it Z Gk2,€\/(ci7j - hk214)2 + U]%2,z +5

(=0

ko
+ Z Gk,el—1\/(cz',j — vpe-1)” + W1+ 5
k=Fk1
+/j\/§Gk2,52 \/(Ci,j - 6762,52)2 + E%%@ +8/2
ko 4o

Y

k=k1 (=01
ko 0o

SN

k=k1 =01

. H(¢re + i) (zre — Cl)2b(€5k,é + cij,7)
(k.0)EB()

(1= H(bpe +cij)) (2 — 2)2b(pr + i gy )
(k,0)€B()

(4.33)
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Algorithm 3 BC2 — Multilevel algorithm for the new local BC model
e Input v and the other quantities as in Algorithm
e Apply Algorithm [I] to new functionals from replacing

min FX&(¢ij, c1,c2)  on the finest level by rqr}in FRE (i 4, c1,c2)
i, i,
min Fpci(c;j) on coarse levels by min Fpea(c )
Ci,j Ci,j

All other steps are identical.

similar to Algorithm [1} where (i,5) € B(¢). The difference is that ¢ := ¢ + ¢; ; only
needs updating if the set [k;, ko] x [(1,42] N B(¢) is non-empty. We will use the term
BC2 to refer the multilevel Algorithm

Multilevel algorithm for the localised RC model. Functional is dis-

cretised as

n—1n—1
Frp(¢icr,c0) = [ Y ng\/ — Hij1)* + (Hij — Hip15)° + 8

=1 ] 1

+)\122 (zij — H”b,]—i—)\gzz (2i5 —c2)” (1 — H;j5) bij

i=1 j=1 =1 j=1
+I/(*A1 +ZzHi’jbi’j> +V<7A2+ZZ(17Hi’j) ) .
i=1 j=1 i=1 j=1
(4.34)
Further at a general level, whenever a block [k1, k2] x [¢1,{2] overlaps with B (¢) (i.e
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Algorithm 4 RC2 — Multilevel algorithm for the new and local RC model
e Input v and the other quantities as in Algorithm
e Apply Algorithm [2] to new functionals from replacing

min F]lfé(¢i7j, c1,¢2) on the finest level by I;lin Fffﬁ((bi’j, c1, o)
& ij
min Frci(cij) on coarse levels by min Frea(ci )
i Ci;

All other steps are identical.

the set [k1, ko] X [(1,¢2] N B(¢) is non-empty), the multilevel method minimises

Lo
Frea(cij) = Z gkl—l,é\/(ci,j - hk1—175)2 + Ul%1fl,f +6
=0

ko—1
Y rta(Cig — v + g, + B
k=k1
lo—1
+aYy gkg,ﬂ\/(ci,j — hig)® + 07,0+ B

{=0y

. _ z g
+ Mﬂng,fg \/(Cl,j - Uk27€2)2 + th,ZQ + 5

ko
+0 Y G \/(Ci,j — k1) I+ B
k=k1
ka £
+A Y
k=ky (=
ko o

PP

k=k1 (=0l

ky
DI

k=k1 £=0l1

ky
DI

k=k1 (=1

b (dN)ké + ¢, ’7) H(rp + cij) (250 — c1)”

(k,0)€B(¢)

e (1 — H(¢pye + ci,j)> b (&M + i, ’y) (210 — c2)?

(—A1 +b (ék,e + i 7) H (‘ZBW + %))2

(k,0)EB($)

(k,0)€B(¢)

<_A2 + (1 -H <<73k,e + Ci,j>> b <<]3k,e + Cijs 7))2

(4.35)

and then updates ¢~> by QE—F cij. We will refer this Algorithm 4| as RC2.

For a single object extraction, Algorithms [3|- 4| have a complexity of O(ynlog N) =
O(vVNlog N) where log N refers to the number of levels. However they are only
applicable to our selective models; for global models such as the CV model, the band

idea promotes local minimisers and is hence not useful.
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4.6 Numerical experiments

In order to demonstrate the strengths and limitations of the proposed multilevel
method for both the original and the localised segmentation models, we performed

several experiments. The main algorithms to be compared are

Name Algorithm Description

BCO Old : The AOS algorithm [12] for the original BC model [12].
BCP Old : The Pyramid scheme for BCO.

BC1 New : The multilevel Algorithm [I] for the BC model.

BC2 New : The multilevel Algorithm [3| for the localised BC model.
RCO Old : The AOS algorithm [I11] for the original RC model [I11].
RCP 01d : The Pyramid scheme for RCO.

RC1 New : The multilevel Algorithm [2] for the RC model.

RC2 New : The multilevel Algorithm [4] for the localised RC model.

Our aims of the tests are
i) to verify numerically the efficiency as n increases — is an algorithm faster or slower
than or of the same magnitude as O(N log N) where N = n?;

ii) to compare the quality, we use the so-called the Jaccard similarity coefficient (JSC)
and Dice similarity coefficient (DSC):
|Sn N Sy
15C= 508 PO s8]
where 5, is the set of the segmented domain € and S, is the true set of €2y. The
similarity functions return values in the range [0,1]. The value 1 indicates perfect
segmentation quality while the value 0 indicates poor quality.

The test images used in this paper are listed in Figure They are four images
used which include 3 real medical images and 1 synthetic image. The synthetic image is
created manually in Matlab in binary format so that the true set solution S, is known
to aid computing JSC and DSC. The markers set also are shown in Figure [£.4] The
initial contour is defined by the markers set. We remark that for an image of size n x n
the number of unknowns is N = n? which means that for n = 256, 512, 1024, 2048,
the respective number of unknowns is N = 65536, 262144, 1048576, 4194304; we are
solving large scale problems. Our algorithms are implemented in MATLAB R2017a on
a computer with Intel Core i7 processor, CPU 3.60GHz, 16 GB RAM CPU. All the
programs are stopped when tol = 10~* or when the maximum number of iterations,

maxit = 1500 is reached.

4.6.1 Comparison of BC2 with BC0, BC1, and BCP

In the following experiments, we take the parameters Ay = Ay = 1, o = 0.01, f = 1074
and kK = 4. Through the experiments it was observed that the parameters € and n can

be in a range between ¢ = 1/n to 1 and = 1073 and 102,
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Problem 1

Problem 3

Figure 4.4: Test images with the markers set.

Table 4.1: Comparison of computation time (in seconds) of BC1 with BC2 for Problems 1-3.
Note BC2 is about 2 times faster than BC1.

Problem BC1 BC2
1 12.1 8.4
2 11.7 6.8
3 11.9 9.3

First, we compare BC1 and BC2 using test Problems 1-3. All the images are of size
256 x 256. We take i = 0.05n2 (Problem 1) and ji = 0.1n? (Problems 2 — 3). For BC2,
v is between 30 to 100.

By visual evaluation, Figure (a) and (b) show the successful selective segmen-
tation results by BC1 and BC2 respectively for capturing one object in Problems 1-3.
We see that that the results from BC1 are quite similar to BC2. The times needed by
BC1 and BC2 to complete the selective segmentation task are tabulated in Table
where we can observe that BC2 is about 2 times faster than BC1.

Second, against BC2, we test BCO that is based on additive operator splitting
(AOS) [12], the pyramid scheme BCP based on BCO and BC1. For this purpose, we
segment Problem 1 with different resolutions using p = i = 0.05n2. The segmentation
results for image size 1024 x 1024 are shown in Figure 4.6 and the results for all sizes
in terms of quality and computation time needed to complete the segmentation tasks
are presented in Table Columns 5 (ratios of the CPU times) show that BCO, BCP,
and BC1 are of complexity O(N log N) while BC2 of the ‘super’-optimal efficiency
O(V/'Nlog N).
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Figure 4.5: Segmentation of Problems 1-3: Column (a) BC1 and (b) BC2.
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Figure 4.6: Segmentation of Problem 1 of size 1024 x 1024 for BC0O, BCP, BC1, and
BC2.
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Table 4.2: Comparison of computation time (in seconds) and segmentation quality
of BCO, BCP, and BC1 with our BC2 for Problem 1. The ratio close to 4.4 for time
indicates O(N log N) speed while a ratio of 2.2 indicates O(v/N log N) “super-optimal”
speed, where the number of unknowns N = n?. Here and later, “**’ means taking too
long to run (> 24 hours).

Number of Time
Algorithm |  Sizen xn | iteration . | JSC | DSC
(outer) "

256 x 256 1293 227.8 1.0 1.0
BCO 5912 x 512 1276 898.5 3.9 1.0 1.0
1024 x 1024 1234 4095.5 4.6 1.0 1.0

2048 x 2048 *ok *k - - -
256 x 256 4 61.0 1.0 1.0
BCP 512 x 512 2 180.0 3.0 1.0 1.0
1024 x 1024 2 812.3 4.5 1.0 1.0
2048 x 2048 2 3994.0 4.9 1.0 1.0
256 x 256 2 11.6 1.0 1.0
BC1 5912 x 512 2 43.7 3.8 1.0 1.0
1024 x 1024 2 173.2 4.0 1.0 1.0
2048 x 2048 2 736.9 4.3 1.0 1.0
256 x 256 2 10.5 1.0 1.0
BC2 512 x 512 2 21.6 2.1 1.0 1.0
1024 x 1024 2 42.5 2.0 1.0 1.0
2048 x 2048 2 80.5 1.9 1.0 1.0

Clearly BCO (the AOS method for the BC model ) provides an effective acceleration
for images of moderate size n < 256. Significant improvement can be seen by BCP
which shows that the pyramid method together with AOS is better than BC0. However,
we can see that our BC1 and BC2 are faster than BCO and BCP, while BC2 is faster
than the other 3 algorithms. The computation time differences between BC2 with
other 3 algorithms become significant as the image size increases to n > 512. The BCO0

result with « **”

indicates that a very long time is taken to complete the segmentation
task (> 24 hours). One can see for example BCO needs almost 100 times more time
compared to BC2 to complete segmentation in case of 1024 x 1024. We also see that

all algorithms provide high segmentation quality, from JSC and DSC values.

4.6.2 Comparison of RC2 with RC0, RC1, and RCP

In the following experiments, we fixed the parameters Ay = Ao = 1, @ = 0.01 and
B = 10~*. Through the experiments it was observed that the parameters v, ¢ and 7
can be in a range between v = 0.001 to 0.01 ¢ = 1/n to 1 and n = 1073 to 1072

We first compare RC1 and RC2 using Problems 1-3. All the images are of size
256 x 256. We take ji = 0.05n2 (Problem 1) and p = i = 0.1n? (Problems 2-3). For
RC2, ~ is between 30 to 100. Figure [4.7|(a) and [4.7(b) show the successful selective
segmentation results of RC1 and RC2 respectively for capturing one object for Problems
1-3.
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Table 4.3: Comparison of computation time (in seconds) and segmentation quality of
RCO, RCP, and RC1 with RC2 for Problem 1. Again, the ratio close to 4.4 for time

indicates O(N log N) speed while a ratio of 2.2 indicates O(v/N log N) “super-optimal”

speed, where the number of unknowns N = n?.

Number of Time
Algorithm | Size n x n iteration . 7 | JSC | DSC
(outer) "

256 x 256 1500 260.5 1.0 | 1.0
RCO 512 x 512 1385 975.0 3.7 1.0 | 1.0
1024 x 1024 1404 4735.0 | 4.9 1.0 | 1.0

2048 x 2048 Hox ok - - -
256 x 256 4 62.5 1.0 | 1.0
RCP 512 x 512 2 187.2 3.0 1.0 | 1.0
1024 x 1024 2 822.3 4.4 1.0 | 1.0
2048 x 2048 2 3996.3 | 4.9 1.0 | 1.0
256 x 256 2 13.0 1.0 | 1.0
RC1 512 x 512 2 48.4 3.7 1.0 | 1.0
1024 x 1024 2 189.9 3.9 1.0 | 1.0
2048 x 2048 2 819.0 4.3 1.0 | 1.0
256 x 256 2 115 1.0 | 1.0
RC2 512 x 512 2 24.0 2.1 1.0 | 1.0
1024 x 1024 2 46.9 2.0 1.0 | 1.0
2048 x 2048 2 87.6 1.9 1.0 | 1.0

We then compare RC2 with RC0, RCP, and RC1 using Problem 1. Here = i =
0.05n2 for all algorithms. The segmentation results for image size 1024 x 1024 shown
in Figure [4.8] and the quality measures and the computation time presented in Table
show that RC2 can be 100 times faster than RCO0, 17 times faster than RCP and 4
times faster than RC1 for the case of 1024 x 1024: In particular, ratios of the CPU
times verify that RC0, RCP, and RC1 are of complexity O(N log N) while RC2 of
the ‘super’-optimal efficiency O(v/N log N). Furthermore, the RCO result with “ ** ”
indicates that too much time is taken to complete the segmentation task (> 24 hours).
The high values of JSC and DSC show that RC0, RCP, RC1, and RC2 provide high
segmentation quality.

For the benefit of readers, in Figure 4.9, we demonstrate a convergent plot based
on Tables and of our proposed multilevel based models (BC2 and RC2) in
segmenting Problem 1 of size 2048 x 2048. Omne can see that the models are fast,
converging to tol in 2 iterations that is before the prescribed maxit.

Furthermore, we have extended the number of iterations for BC2 and RC2 up to 6
iterations and plot the residual history in the same Figure We can observe that
BC2 and RC2 keep converging.

4.6.3 Sensitivity tests on the algorithmic parameters

Sensitivity is a major issue that has to be addressed and tested below. We shall pay

particular attention to the regularising parameter [ that was known to be sensitive to
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Figure 4.7: Segmentation of Problems 1-3. (a) and (b) show the segmentation using

RC1 and RC2 respectively.
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Figure 4.8: Segmentation of Problem 1 of size 1024 x 1024 for RC0, RCP, RC1, and
RC2. For the same segmentation result, RC2 can be 100 times faster than RCO0, 17
times faster than RCP and 4 times faster than RC1; see Table [4.3]
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Table 4.4: Dependence of BC2 and RC2 on ¢ for heart shape in Problem 1 (Figure

1),

] Number
t : inner
. : of
Algorithm | itera- . . CPU | JSC | DSC
. 1teration
tion (outer)

1 2 8.1 1.0 1.0
BC2 2 6 22.4 1.0 1.0
3 7 26.7 0.9 1.0
1 2 8.8 1.0 1.0
RC2 2 9 35.3 0.9 1.0
3 7 28.7 0.9 1.0

convergence of a geometric multigrid method [10]; it turns out that our Algorithms
are more advantageous as they are not very sensitive to 3.

Tests on parameter ¢. The inner iteration ¢ indicates the number of iterations
needed to solve the minimisation problem in each level. We test several numbers of ¢
required by BC2 and RC2 to segment heart shape in Problem 1 and record the outer
iteration needed to achieve tol, the CPU time and the quality of segmentation. The
results are tabulated in Table [4.4l

We can see that BC2 and RC2 work in efficiently and effectively using only 1 inner
iteration i.e t = 1. As we increase ¢, the quality of segmentation for BC2 and RC2
reduce and need more CPU time and outer iteration as well.

Tests on parameter . The band width parameter v is an important parameter
to be tested. Its size determines how local the resulting segmentation will be. Below
we will demonstrate the effect of applying different values of v to BC2 and RC2. We
aim to segment an organ in Problem 4 by for BC2 and RC2 with varying v and the
results are presented in Figure Columns 2 and 3 of Figure show the results
using 3 v values (more spread out) for BC2 and RC2. Clearly, unless the value is too
small (that results in an incorrect segmentation), in general, both BC2 and RC2 are
not much sensitive to «y choice.

Tests on parameter 8. Finally, we examine the sensitivity of BC2 and RC2 on this
important parameter 3. 7 different 3 are tested: g =1, 107, 1072, 1074, 1076, 1078
and 10719 in segmenting the heart shape in Problem 1. For a quantitative analysis, we
evaluate the energy value Fpr (¢, c1,c2) in equation , Fgrr (¢, c1,c2) in equation
and the indexes JSC and DSC. The values of Fgy, (¢, c1,c2), Frr (¢, c1,c2), JSC
and DSC are tabulated in Table One can see that as 8 decreases, the functional
Fpr (¢,c1,c2) and FRryr, (¢, c1,c2) gets closer to each other. The segmentation quality
measured by JSC and DSC increases as 3 decreases. This finding shows that BC2 and
RC2 are only sensitive to (unrealistic) large 5 but less to a very small 3. In separate
experiments, we found that BC2 and RC2 algorithms are not much sensitive to n, a, ¢,
and v (involve in RC2 only), although there exist choices what give the optimal quality

of segmentation.

71



Image size: 2048 x 2048, tol: 1.0e-4
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Figure 4.9: The number of iterations needed by BC2 and RC2 to achieve a set tol
(residual) in segmenting an image of size 2048 x 2048. With tol = 10~%, BC2 and RC2
need 2 iterations. The extension up to 6 iterations shows that residuals of BC2 and
RC2 keep reducing.

(c) BC2 v = 100 (f) RC2 v = 100

Figure 4.10: Dependence of algorithms BC2, RC2 on parameter v for Problem 4.
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Table 4.5: Dependence of our new BC2 and RC2 on  for heart shape in Problem 1
(Figure [4.4).
B BC2 RC2

Fpr (¢,c1,¢2) | JSC | DSC | Fre (¢,¢1,¢2)| JSC | DSC

1 2.461759e4+09 | 0.6 | 0.7 | 5.177135e+10| 0.6 0.7
10-1 | 2.258762e+09 | 0.9 | 1.0 | 5.168056e+10| 0.9 1.0
10-2 | 2.197002e+09 | 1.0 1.0 | 5.164663e+10 1.0 1.0
10-4 | 2.178939%+09 | 1.0 | 1.0 | 5.163375e+10| 1.0 1.0
10-6 | 2.177950e+09 | 1.0 | 1.0 | 5.163266e+10| 1.0 1.0
10-8 | 2.176280e+09 | 1.0 | 1.0 | 5.163252e+10| 1.0 1.0
10-10 | 2.175254e+09 | 1.0 | 1.0 | 5.163243e+10| 1.0 1.0

4.7 Summary

In this chapter, we presented an optimisation based multilevel method to solve two
variational and selective segmentation models (BC and RC), though the idea is applicable
to other global and variational models. Firstly, we presented 2 algorithms (BC1, RC1)
for solving the respective models with each algorithm having the expected optimal
complexity of O(Nlog N) for segmentation of an image of size n x n or N = n?
unknowns (pixels). These algorithms can be adapted to solve other segmentation
models. Secondly, we reformulated the models so that they became localised versions
that operate within a banded region of an active level set contour, and consequently
obtained 2 further algorithms (BC2, RC2) with each algorithm having the ‘super’-
optimal complexity of approximately O(\/N log N) depending on the objects to be
segmented. These algorithms are only applicable to our selective segmentation models.
Numerical experiments have verified the complexity claims, and comparisons with
related algorithms (BC0, BCP, RC0, RCP for the standard models) show that the new
algorithms are many times faster than BC0, BCP, RC0, RCP, in achieving comparable
quality of segmentation. All the aboves models are nonconvex. In the next chapter, we

will address convexified selective variational models and explore their advantages.
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Chapter 5

A Reformulated Convex and
Selective Variational Image
Segmentation Model and its Fast
Multilevel Algorithm

In the previous chapter, we have proposed a fast solver for a class of selective models.
However, they would find local minimisers (sensitive to initialisation) because nonconvex
minimisation functionals are involved. Recently, Spencer-Chen [129] has successfully
proposed a convex selective variational image segmentation model (named CDSS),
allowing a global minimiser to be found independently of initialisation. However, their
algorithm is sensitive to the regularisation parameter p and the area parameter 6
due to nonlinearity in the functional and additionally it is only effective for images of
moderate size. In this chapter, a stabilised variant of CDSS model through primal-dual
formulation is proposed and an optimisation based multilevel algorithm for the new
model is introduced. Numerical results show that the new model is less sensitive to
parameter p and € compared to the original CDSS model and the multilevel algorithm

produces quality segmentation in optimal computational time.

5.1 Introduction

Selective image segmentation aims to extract one object of interest in an image based
on some additional information of geometric constraints [65], 111],[129]. This task cannot
be achieved by global segmentation. Some effective models are Badshah-Chen [12]
and Rada-Chen [ITI] which used a mixed edge based and region based ideas, and area
constraints. Both models are nonconvex. A nonconvex selective variational image
segmentation model, though effective in capturing a local minimiser, is sensitive to
initialisation where the segmentation result relies heavily on user input.

While the above selective segmentation models are formulated based on geometric

constraints in [65] [67], there are another way of defining the geometric constraints that
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can be found in [I03] where geometric points outside and inside a targeted object are
given. Their model make use the Split Bregman method to speed up convergence.
Although our paper based on geometric constraint defining in [65] [67], later, we shall
compare our work with [103]. We called their model as NCZZ model.

In 2015, Spencer-Chen [129, [128] has successfully designed a Convex Distance
Selective Segmentation model (named as CDSS). This variational model allows a global
minimiser to be found independently of initialisation, given knowledge of ¢1, cs. The
CDSS model [129] is challenging to solve due to its penalty function v (u) being highly
nonlinear. Consequently, the standard addition operator splitting method (AOS) is not
adequate. An enhanced version of the AOS scheme was proposed in [129] by taking the
approximation of v/ (u) which based on its linear part [129] 128]. Another factor that
affects the [129] model is how to choose the combination values of the regularisation
parameters p and 6 (other parameters can be fixed as suggested by [129, 128]). For a
simple (synthetic) image, it is easy to get a suitable combination of parameter p and 6
which gives a good segmentation result. However, for other real life images, it is not
trivial to determine a suitable combination of p and 6 simultaneously; our experiments
show that high segmentation accuracy is given by the model in a small range of u and
f and consequently the model is not ready for general use. Of course, it is known that
an AOS method is not designed for processing large images.

We remark that a most recent convex selective variational image segmentation was
introduced by Liu et al. [83]. in 2018. The work is based on [12} 23] 111]. We named
their model as CMT model. Although our work is based on [129] [128], we shall compare
our work with CMT model [83] later.

This chapter investigates both the robust modeling and fast solution issues by
making two contributions. Firstly, we propose a better model than CDSS. In looking
for possible improvement on the selective model CDSS, we are inspired by several

works 20}, 8, @, 26], 35, 24] on non-selective segmentation. The key idea that we will

¢ i

employ in our new model is the primal-dual formulation which allows us to “ignore’
the penalty function v (u), otherwise creating problems of parameter sensitivity. We
remark that similar use of the primal-dual idea can be found in D. Chen et al. [40] to
solve a variant of Mumford-Shah model which handles the segmentation of medical
images with intensity inhomogeneities and also in Moreno et al. [99] for solving a four
phase model for segmentation of brain MRI images by active contours. Secondly, we
propose a fast optimisation based multilevel method for solving the new model, which
is applicable to the original CDSS [129], in order to achieve fast convergence especially
for images with large size. We will consider the differentiable form of variational image
segmentation models and develop the multilevel algorithm for the resulting models
without using a “patch detection” idea. We are not aware of similar work done for
segmentation models in the variational convex formulation.

The rest of this chapter is organised in the following way. In Section 5.2, we first
briefly review the convex selective segmentation models. These models are NCZZ
model [103], CDSS model [129], and CMT model [83]. In Section 5.3, we give our
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new primal-dual formulation of the CDSS model and in Section 5.4 we present the
optimisation based multilevel algorithm. We proposed a new variant of the multilevel
algorithm in Section 5.5 and discuss their convergence in Section 5.6. In Section 5.7 we
give some experimental results before concluding in Section 5.8.

The work presented in this chapter has been published by me as the main author
together with my supervisor Prof. Ke Chen as the co-author in [74]. The new
primal-dual formulation and its multilevel algorithm were developed and implemented
in MATLAB by the author. The new variant of the multilevel algorithm and its
convergence were jointly developed by us while the algorithm was implemented in
MATLAB by the author.

5.2 Convex selective segmentation models

As discussed, there exist many variational segmentation models in the literature
on global segmentation and few on selective image segmentation models in convex
formulation. For the latter, we will review three segmentation models below that are

directly related to this work.

5.2.1 NCZZ model

This interactive selective segmentation model is proposed by Nguyen et al. [103]. Given

an image z = z(x,y), this model has the energy functional

Fyezz () = u /Q g (IV=(z,))) [V d2

5.1
+ /Q a(Pp(z,y) — Pp(z,y)) + (1 — a) (1 - 2P(z,y)) ¢ d€, oy
where Pp and Pp are the normalized log-likelihoods that the pixel (x,y) is in the
foreground and background respectively. The function P(z,y) is the probability that
pixel (z,y) belongs to the foreground and «a, ¢ € [0,1]. In this model g(s) = ﬁ is an
edge detector function which helps to stop the evolving curve on the edge of the objects
in an image. The strength of detection is adjusted by parameter v. Another type of
edge detector function considered is g(s) = Bg. + (1 — B)ge where g. and g. are the
results of applying the edge detection to Pr and the original image, respectively and
B € [0,1]. This model is good for many examples, see [I11}, [103], however fails when
the boundary of the targeted object is non-smooth or has fine structure. As explained
by the authors, these limitations of the model lie in its underlying assumption that
the shape of the object is smooth and can be well described by the weighted shortest
boundary length. In addition, the model is essentially a hard segmentation method

where a pixel is assigned to exactly one class [103].
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5.2.2 CMT model

Recently, a selective convex model was introduced by Liu et al. [83] which applies a

weighting to the data fitting terms. The functional is given by

FCMT(U):/ |Vl dQ+/ |vu|2d9+/w2(x,y)|z—u|2d9. (5.2)
Q Q Q

Here, w(z,y) =1 —d(x,y)g(|Vz|) where d(z,y) is a distance function from marker set
A. This model is based on Mumford-Shah model [102] and contains two stages. The
first stage is to obtain a smooth approximation related to the Mumford-Shah model.
The second stage is to use this smooth approximation and perform a thresholding

procedure to obtain the object of interest.

5.2.3 Convex Distance Selective Segmentation model

Assume that an image z = z (x,y) comprises of two regions of approximately piecewise
constant intensities of distinct values (unknown) ¢; and ¢, separated by some (unknown)
curve or contour I'. Let the object to be detected be represented by the region §2;
with the value ¢; inside the curve I" whereas outside I, in Qs = Q\Qy, the intensity of
z is approximated with value co. In a level set formulation, the unknown curve I' is

represented by the zero level set of the Lipschitz function such that

I'={(z,y) € Q: ¢ (z,y) =0},
0y = inside (T') = {(x,y) € Q: ¢ (x,y) > 0},
Qs = outside (I') = {(z,y) € Q: ¢ (z,y) < 0}.

Let n; geometric constraints be given by a marker set
A={w;=(z],y;) e [, 1 <i<n} CQ

where each point is near the object boundary T", not necessarily on it [111), 152]. The
selective segmentation idea tries to detect the boundary of a single object among all
homogeneity intensity objects in Q close to A; here ny (> 3). The geometrical points in
A define an initial polygonal contour and guide its evolution towards I' [152].

The Distance Selective Segmentation (DSS) model [129] was proposed by Spencer
and Chen [129] in 2015. The formulation is based on the special case of the piecewise
constant Mumford-Shah functional [102] where it is restricted to only two phase (i.e.
constants), representing the foreground and the background of the given image z (z,y).

Using the set A, construct a polygon @) that connects up the markers. Denote the

function Py (x,y) as the Euclidean distance of each point (z,y) € Q from its nearest

point (zp,yp) € Q:

Pala.y) = /(@ = ) + (5 = ) = min 2,3) — (20,30) |
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and denote the regularised versions of a Heaviside function by

H. (¢ (z,y)) = % (1 + %arctan (f)) .

Then the DSS in a level set formulation is to minimise a cost function defined as follows

min D (¢,c1,c2) = p /Q g (IV2]) [VH.(6)] d2 + /Q H. (6) (= — ¢1)2d9)

b,c1,c2
+ / (- H.(6)) (= — e2)2d2 + /Q H. (¢) Py d

Q

(5.3)

where p and 6 are nonnegative parameters. The addition of new distance fitting term
is weighted by the area parameter 6. Here, if the parameter 6 is too strong the final
result will just be the polygon P which is undesirable.

The above model from was relaxed to obtain a constrained Convex Distance
Selective Segmentation (CDSS) model [129]. This was to make sure that the initialisation
can be flexible. The CDSS was obtained by relaxing H. — u € [0, 1] to give:

min CDSS (u,cq,c2) = u/ |Vul dQ—i—/ ru dQ—I—H/ Pyu dQ (5.4)
0<u<l1 Q g Q Q
and further an unconstrained minimisation problem:

muinC'DSS(u,cl,cQ) = /J,/Q |Vl dQ—l—/ﬂru dQ—l—G/ﬂPdu dQ—#—oz/QV(u) dQ
(5.5)
where r = (¢; — 2)*—(c2 — 2)* and |Vul, = g (|Vz]) [Vul, v (u) = max {0,2|u—3| -1}
is an exact (non-smooth) penalty term, provided that a > 3|r + 6P|« (see also
[34]). For fixed ¢, c2, p, 0, and k € [0, 1], the minimiser u of is guaranteed to be
a global minimiser defining the object by > = {(z,vy) : u(x,y) > x} [129, 34, 20]. The
parameter x is a threshold value and usually x = 0.5.
In order to compute the associated Euler Lagrange equation for u they introduce

the regularised version of v (u):

I/(u):[ (2u—1)2+5—1]H( (2u—1)2+5—1), H(m):%—&—%arctan(g).

Consequently, the Euler Lagrange equation for u in equation (5.5)) is the following

Vu ou
VI|g—= =0, in® — =0 o0 5.6
A (5:)
where f = —r — §FP; — av/ (u). When wu is fixed, the intensity values ¢, co are updated
by
_ Jquz dQ ~ Jo (L —u)zdQ

cl(u)—w, CQ(U)—W.

Notice that the nonlinear coefficient of equation (/5.6)) may have a zero denominator
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where the equation is not defined. A commonly adopted idea to deal with this is to

introduce a positive parameter 3 to (5.6, so the new Euler Lagrange equation becomes

—" ) if=0 in o %:
VIVul® + 8 "

which corresponds to minimise the following differentiable form of (5.5

min CDS'S (u,cy,c :,u/g Vu2+ﬁd9+/rudQ+G/PdudQ+a/1/ ) dSQ.
i (werca) = [ ay/IVu [ [ v

(5.7)
According to [129, [128], the standard AOS which generally assumes f is not

dependent on u is not adequate to solve the model. This mainly because the term

uV 0, on 09

V' (u) in f does depend on u, which can lead to stability restriction on time step
size t. Moreover, the shape of v/ (u) means that changes in f between iterations are
problematic near v = 0 and v = 1, as small changes in u produce large changes in f.
In order to tackle the problem, they proposed a modified version of AOS algorithm to
solve the model by taking the approximation of v/ (u) which based on its linear part.

A successful segmentation result can be obtained depending on suitable combination
of parameter u, # and the set of marker points defined by a user. For a simple image
such as synthetic images, this task of parameters selection is easy and one can get a
good segmentation result. However, for real life images, it is non-trivial to determine
a suitable combination of parameters p and 6. It becomes more challenging if a
model is sensitive to p and 6 where only a small range of the values work to give
high segmentation quality. Hence, a more robust model that is less dependent on the
parameters needs to be developed. In addition, to process images of large size, fast
iterative solvers need to be developed as well. This paper is motivated by these two
problems.

We refer to the CDSS model solved using the modified AOS as SCO.

5.3 A reformulated CDSS model

We now present our work on a reformulation of the CDSS model in the primal-dual
framework which allows us to “ignore” the penalty function v (u), otherwise creating
problems of parameter sensitivity. We remark that similar use of the primal-dual idea
can be found in [40] and [99]. To see more background of this framework, refer to
the convex regularisation approach by Bresson et al. [20], Chambolle [26], and others
I8, 9] 35, 24].

Our starting point is to rewrite as follows:

min J (u, w) = u/\Vu|ng+/rwdQ+0/PdwdQ
Q Q

7w 1
+a/u(w) A+ — [ (u—w)? dQ
Q 2p Jo
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where w is the new and dual variable, the right-most term enforces w =~ u for sufficiently
small p > 0 and [Vu|, = g(|Vz])[Vu|. One can observe that if w = u, the dual
formulation is reduced to the original CDSS model [129].

After introducing the term (u — w)2, it is important to note that convexity still holds
with respect to u and w (otherwise finding the global minimum cannot be guaranteed).
This can be shown below. Write the functional as the sum of two terms:

J(u,w)zS(u,w)—kQ(u,w),S(u,w):/Q;p( w)2dQ, TV, ( /|Vu| 4o
Q(u,w):TVg(u)+/Q(r—|—9Pd)wdQ—|—a/Qu(w)dQ.

For the functional @ (u,w), we can show that the weighted total variation term 7'V, (u)
is convex below. The remaining two terms (depending on w only) are known to be
convex from [129] [12§]. By definition of convex functions, showing that the weighted
total variation is a convex can be done directly. Let u; # us be two functions and
¢ € [0,1]. Then

TV, (our + (1 — @) us) /\v (pur + (1= p) us)], 42
/’@Vul—i-(l— ) Vus|, dS2
¢Aﬁmwd9+ﬂ—¢%LWWbﬂ2

= oTVy (u1) + (1 — @) TVg (u2).

Similarly, for the functional S (u,w), let u,w : Q@ C R? — R and u; # ug # u3 # ug.
Then

Slp (w1, u2) + (1 — @) (us, uq)] = S [pur + (1 — ) uz, puz + (1 — @) u4]
= [ low+ (1= p)ua = g — (1= ) a0
z/Q[so(U1—U2)+(1—¢) (ug — ug)]*dQ)
— ug)? — ug — ug)?
S@ﬂ/(“l 2)"d2 + (1 w)/ﬂ( 3 — uq)"dS
= @S (ur,u2) + (1 — ) S (us, uaq) .
2

-2
are A =2, Ay =0 which indicates that the Hessian[(u — w)?] is positive semidefi-

-2
Alternatively, the Hessian [(u - w)Q} = ( ) . Clearly the principal minors

nite and so S (u,w) is convex.
As the sum of two convex functions @, S is also convex, thus J (u,w) is convex.
Using the property that J is differentiable, consequently, the unique minimiser can
be computed by minimising J with respect to v and w separately, iterating the process

until convergence [20} 26]. Thus, the following minimisation problems are considered:

1
i). when w is given: min Jj (u,w) = M/ |Vul,dS + / (u — w)2dS;
u Q 2p Jo
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ii). when w is given: min Js (u,w) = /
w Q
1

2p Jo

Next consider how to simplify Jo further and drop its « term. To this end, we make

rwdQ+9/PdwdQ+a/u(w)dQ+
Q Q

(u — w)? d.

use of the following proposition:

Proposition 5.3.1. The solution of miny, Jy is given by:

w = min {max {u(x) — pr — pP;,0} ,1}. (5.9)

Proof: Assume that o has been chosen large enough compared to || f|| ;- so that
the exact penalty formulation holds. We now consider the w-minimisation of the form
Irllli}n Jo (oa/ (w) + z—lp(u —w)* +wF (x)) dQ), where the function F' is independent of w.
We use the claim made by [20].

Claim [20]: If u(x) € [0,1] for all z, then so is w (z) after the w-minimisation.
Conversely, if w (z) € [0, 1] for all z, then so is u (x) after the u-minimisation.

This claim allows us to “ignore” the v (w) terms: on one hand, its presence in
the energy is equivalent to cutting off w(z) at 0 and 1. On the other hand, if
w (z) € [0, 1], then the above w-minimisation can be written in this equivalence form:

m[ionu Jo (i(u —w)? +wF (w)) dQ. Consequently, the point-wise optimal w (x) is
we|0,

found as %(u —w) = F(z) = w = u— pF (z). Thus the w-minimisation can be
achieved through the following update:

w = min {max {u (z) — pF (x),0},1}. For min,, Jo, let F'(z) = r + 0F;. Hence, we
deduce the result for w. g

Therefore, our new model is defined as

1
min J(u,w)—,u/ ]Vu|ng+/rw dQ—i—H/Pdw dQ—i—/ (u —w)? dS.
uwel0,1] Q Q Q 2p Jo

In alternating minimisation form, the new formulation is equivalent to solve the following

1
min Jy (u, w) = u/ Va0 + / (1 — w)2d9, (5.10)
u Q 2p Jo

1
min  Js (u, w) :/Tw dQ+0/ Pyw dQ—l—/ (u —w)? d. (5.11)
we0,1] Q 0 2p Jo

Notice that the term v (w) is dropped in (5.11) and the explicit solution is given in
(5.9) that is hopefully the new resulting model becomes less sensitive to parameter’s
choice. Now it only remains to discuss how to solve ([5.10).

5.4 An optimisation based multilevel algorithm

This section presents our multilevel formulation for two convex models: first the CDSS

model (5.7)) (for later use in comparisons) and then our newly proposed primal-dual
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model in (5-10)-(5.11).

For simplicity, we shall assume n = 2¥ for a given image z of size n x n. The
standard coarsening defines L + 1 levels: k=1 (finest) ,2,...,L, L+ 1 (coarsest) such
that level k£ has 7, X 7, “superpixels” with each “superpixels” having pixels by X by
where 7, = n/2¥1 and b, = 271, See Figure (a—e) of Chapter 4 for the details

illustration.

5.4.1 A multilevel algorithm for CDSS

Our goal is to solve (5.7) using a multilevel method in discretise-optimise scheme
without approximation of v/ (u). The finite difference method is used to discretise (5.7
as done in related works [24], 33]. The discretised version of (5.7)) is given by

mgn CDSS (’LL7 c1, 62) = mgn CDSS (ul,l, U215 -4y ui,lyj, um, Ui+1,j, -eey Un n, C1, C2)

n—1ln—1

_ 2 2
ZMEZE:%JVWM—UMH)+%WJ—UHM)+5
i=1 j=1
(5.12)
n n n n n n
+ «q—%QQ—@m—%ﬂﬁUM+ﬂ§:§:RmWJ+a§:§:WJ
i=1 j=1 i=1 j=1 i=1 j=1
n n n n n n n n
where fi= R, c1= 3 3 ziguig/ 3o 3 uig, 2= 30 3 zig (1 — i)/ (1= i),
i=1j=1 i=1j=1 i=1j=1 i=1j=1

2
1 1 (2u;; — 1) +e—1
Vij = [\/(2ui,j - 1)2 +e— 1] (5 + p arctan \/ I ),

3

gij = 9(xi,y;) and Py, = (%,y5).

Here u denotes a row vector.
As a prelude to multilevel methods, minimise ([5.12)) by a coordinate descent method

(also known as relaxation algorithm) on the finest level 1:

Given u® = <u(0)) with m =0,

4,
Solve ug?ﬂ) = arg min C DS S'¢ (uij,c1,c2) fori,j=1,2,..n, (5.13)
’ ui,jGR

Repeat the above steps with m = m + 1 until stopped.

Here equation (5.13)) is simply obtained by expanding and simplifying the main model
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in ie.

CDSSZOC (Uija C1, 62)

=(CDSS (ug"}),uén}), ugml)j,um,ugfl)ﬁ ...,Umr)l,Cl,CQ) — CDSSm™)

= [ [Qi,j\/@i,j - UETBJ)Q + (uu - UZ(TJ)A)Q + 8
+gi1,j\/(ui,j - UZ(Tl)J>2 + (ugﬁ)] - ugi”f,jH)Q +

2 2
+9z‘,j—1\/<ui,j - u1(711> + (uE’?ll - 1) + 5]
+ w5 ((01 —215)% — (c2 — Zi,j)2> + 0Py, juij+ (Vi)

with Neumann’s boundary condition applied where C'DSS(™) denotes the sum of all
terms in C'DSS® that do not involve u; ;. Clearly one seems that this is a coordinate
descent method. It should be remarked that the formulation in is based on the
work in [24] and [33].

The Newton method is used to solve the one-dimensional problem from by
iterating u(™ — u — w(m+1);

(m) (m) (m)
_ 2u j—u; —U; 541 _ Wi j—U;_q
K0 (m) - ]+(m> T RgL (m) (m) : m )2
\/(“i,j_ui-ﬂ,j) +(ui’j m+1) +8 \/(ui»j_ui—l,j) ""( i—1,j " Yi— 1,g+1> +6
m)
- Wi, g — Ui 51 2 2
tAgi -1 Y o v ((01 —zij)" = (2 = zig) )
\/(u@j U= 1) +< i1 Wit1,j— 1) +8
+0Py, ; —I—aI/” =0
giving rise to the form
urf;w _ old Told/Bold (514)
where
Told _ (Rg, ])(Zufljd—ux_”i] u<?_>,_1) 4 (Agi—1,5) (gt — 1 1,])
2 2 2 2
N R T SN ey R Mg g O
_ m)
(7igi,j—1) (ugd—u{D) ) 9 5
+ : )17 : (j ; Ui j (1 ; . —+ ((Cl — Zz,]) — (02 - Zz,]) )
\/(uiol]d 7,]71) +< 1,7 — 17u1+1] 1) +ﬁ
+0Py, , + av; ! (old)
2ugtd— ) ™) 2
pBold — 219, . ugw( Ui G — U1, Uy ]+1>
\/(ué’lti (m) )2+(u<?l‘.i (m) )2—1—6 a_, (m) \? ., (m) \?2 2
i, Yitl,j i i+l ((“f,j z+1,J) +<u‘?7j 7]+1) +6>
N A IO
+ Agi—1,j . Kgi-1,j (“g,j Wi 1,J>

[N

\/(11%{1 u”_”f,j) +(u 57'L1>J_ufm1>,]+1)2+5 \/((ug}f Emfj>2+( ) =™ ) +B)

4 Agi,j—1 _ F9i,j-1 (ug’lﬂd (?) 1>2
\/<uo,lgd u§?>_1) +( 577) I_UEZL1>7J 1)2+5 \/((uo’ljd U(ZL) 1)2+( 5’;) 1 ugrl)’j_l)Q-f—ﬁ)%
‘|‘06Vi,j// (old)
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To develop a multilevel method for this coordinate descent method, we interpret

solving (|5.13)) as looking for the best correction constant ¢ at the current approximation
(m)

u; ;> on level 1 (the finest level) that minimises for c i.e.

min CDSS* (uij,c1,c2) = min CDS S (u(m) + ¢, e, 02) i
’ c€R bJ

ui,jER

Hence, we may rewrite (5.13)) in an equivalent form:

Given u® = (ui?) with m = 0,

Solve ¢ = argmin C DS S (ufT) + ¢, 01,02> fori, 7 =1,2,..n,
( )CER (m) ’ (515)
m—+1 m ~
i Wy T
Repeat the above steps with m = m + 1 until stopped.

Update u

Let’s set the following: b = 2871 k) = (i —1)b+ 1, kg = ib, £y = (j —1)b+ 1,
¢y = jb, and ¢ = (¢; ;) . Denoted the current @ then, the computational stencil involving

c on level k£ can be shown as follows

Uy a1 T C et [y gy 11 TG Uy 101 T Uy, T Cgn
uklfl.(z +C1*l.j ulq,{: +Cz,] T uk:.lz +Cl.j uk:ﬂ./.: +cl+l.]
U, TCry | M, TGy 0 Uiy TG, | Uy H Gy
U i TC U TC 0 U T Uy T Crn
(5.16)

The illustration shown above is consistent with Figure (f) and the key point is
that interior pixels do not involve ¢; ; in the formulation’s first nonlinear term. This is

because the finite differences are not changed at interior pixels by the same update as

in

\/(&k,z +cij — Upprg — Cig)° + (g + cij — g1 — cij)’ + 6

= \/(ﬂk,z — Gip1)” + (g — 1)’ + B.
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Then, minimising for ¢, the problem (|5.15)) is equivalent to minimise the following

Fsci(cij) =t Z Gy —1 12\/ [cij — (k1.0 — Ty 0)]* 4 (kg 10 — kg —1.001)° + B

=0
ko—1
0> Grey \/ leij = (gt 1 — Tk e))” + (g gy — Gki1,6,)” + B
k=k,
_ . . 2 N . 2
UGk 0o \/[ci,j - (uk27@2+1 - ukmfz)] + [Ci,j - (uk2+1,fz - uk2,52)] + B
lo—1
+a) gkg,é\/[cz',j — (lkgr 1,6 — Ty, 0))” + (Tikg 0 — Ty 01)” + B
0=0
ko
I G- \/[Cm‘ — (01 = W) + (U1 — Wrrr,6-1)° + B
k=k1
ko /)
+ )0 (ke + i) ((01 — 20)” = (c2 — Zk,é)Q)
k=ky £=¢;
kg 52 k2 62
0> > (et cig) Pag, + oy Y v (e + i)
k= kl (= Zl k= kl l= él

(5.17)
where 1:2he third term may be simplified using (¢ — a)? + (¢ — b)* + § = 2 (c— “TH’)Z +
2(%(’) + (8. Further the local minimisation problem for block (i, 7) on level k£ with

respect to ¢; ; amounts to minimising the following equivalent functional

Fsci(cij) =1 Z Ik1—1 e\/ (cig — hi—1.0)" + Vi1t B

=01
ko—1
+i Z kb2 \/(Ci,j — Ukty)? + Mgy +
k=k1
lo—1
+/-_L Z gkz,f\/(ci,j - hkz,f)z + UI%‘Q,E + B
=0
Y g1 \/(Ci,j — k1) gy + B (519
k=k1
-~ _ - B
V28, 8, \/ (Cij = Tkots)” + B, + 5
ko Lo
303 () (e = 200 = (e2 = 200)?)
k=k1 (=1
kg ZQ k2 82
0353 o) P+ 3o 3w i )
k= kl /= [1 k= kl = Zl
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where we have used the following notation (which will be used later also):

hip = Upy1,0 — Uy, Uk,o = Uk, o1 — U0, Uko ly = Uky fot1 — Uky lo)
Pky oy = Uy 1,00 — Uko by, Vkp,ty = w, Py 0y = %,

Py —1,0 = Upy 0 — Uky—1,05  Vky—1,0 = Uhy—1,041 — Uky—1,0, Ukty = Uk o1 — Uk fo,
hkoy = Uky1,0, — Uk by Py o = Ukyy1,0 — Uky 0, Ukt = Uky 041 — Uky 0,

Uty —1 = Uk gy — Uk gy —1, Nk —1 = Uks1,0,—1 — Uk f1—1-
(5.19)

For solution on the coarsest level, we look for a single constant update for the

current approximation @ that is

mln {FSCI u + C Z Z Ujj + ( 1 — zi,j)Q - (C2 - Zivj)Q)

=1 j=1
n—1n—1
iy Zgi,j\/(ﬁi,j +e—Tijr1 — ) + (T +c—Tiprg —c) + 5
z lj 1
I NCIET R 5p SHICHRE)
i=1 j=1 i=1 j=1

which is equivalent to

min {FSCI u + C Z Z Uz,] +c ( Zi,j)2 - (02 - Zi,j)2>

el - (5.20)
40> > Py, (gt o) +aY Y v+ )}
i=1 j=1 i=1 j=1

The solutions of the above local minimisation problems, solved using a Newton
method as in or a fixed point method for ¢ iterations (inner iteration), defines
the update solution v = u + Q¢ where (), is the interpolation operator distributing c; ;
to the corresponding by x by block on level k as illustrated in . Then we obtain
a multilevel method if we cycle through all levels and all blocks on each level until
the relative error in two consecutive cycles (outer iteration) is smaller than tol or the
maximum number of cycle, maxit is reached.

Finally our proposed multilevel method for CDSS is summarised in Algorithm
We will use the term SC1 to refer this multilevel Algorithm

In order to get fast convergence, it is recommended to start updating our multilevel
algorithm from the fine level to the coarse level. In a separate experiment we found
that if we adjust the coarse structure before the fine level, the convergence is slower.
In addition, we recommend the value of inner iteration ¢ = 1 is used to update the

algorithm in a fast manner.
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Algorithm 5 SC1 — Multilevel algorithm for the CDSS model
Given z, an initial guess u, the stop tolerance (tol), and mazimum multilevel cycle
(mazit) with L 4+ 1 levels,

1) Seta = u.

2) Smooth for t iteration the approximation on the finest level 1 that is solve ([5.13)
fori,j=1,2,..n

3) Iterate fort times on each coarse level k = 2,3,...L,L +1 :
> If k < L, compute the minimiser ¢ of
> Solve (5.20)) on the coarsest level k =L + 1
> Add the correction u = u+ Qrc where Qg is the interpolation operator distributing
cij to the corresponding by, x by, block on level k as illustrated in .

4) Check for convergence using the above criteria. If not satisfied, return to Step 1.
Otherwise exit with solution u = 4.

5.4.2 A multilevel algorithm for the proposed model

We now consider our main model as expressed by f. Minimisations of J is
with respect to u in (5.10)) and w in respectively. The solution of can be
obtained analytically following Proposition It remains to develop a multilevel
algorithm to solve (|5.10)).

Similar to the last subsection, the discretised form of the functional J; (u,w) of

problem (/5.10) is as follows:

min J; (u,w), (5.21)
u
where
n—1n—1 1 n o n
_ 2 2 2

Ji(u,w) = f Z Z Yij \/(Uz‘,j = Uij1)” + (Uiy — wip15)” + 5+% Z Z (uij — wi;)
=1 j=1 =1 j=1

(5.22)

Clearly this is a much simpler functional than the CDSS model (5.12]) so the method
can be similarly developed.
Consider the minimisation of ((5.22)) by the coordinate descent method on the finest

level 1:

Given u® = (u(o)) with m = 0,

Z?]
Solve ug?ﬂ) = arg min JI° (u; j, ¢1,¢c0) fori,j =1,2,..n, (5.23)
’ uiij]R

Repeat the above steps with m = m + 1 until stopped.
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where,

2 2
T (i gy 1, 00) = Ji — Jo = Mgm\/(“m uz(Tl)J> + (“u - “Eﬁl) + 8
2
LM uzmz,]

m) )2 (m) _ (m) 2
+:u.gz,j 1 uz,] 17] 1) + Ujj—1 — Wig145-1 + 68

+ 2p (uij — wm

The term Jy refers to a collection of all terms that are not dependent on wu; ;. For u; ;
at the boundary, Neumann’s condition is used. Note that each subproblem in (5.23)) is
only one dimensional, which is the key to the efficiency of our new method.

To introduce the multilevel algorithm, it is of interest to rewrite (5.23) in an

equivalent form:

¢ = arg min J!°¢ (ug?) + ¢, cq, 02)7 Z(TH) Z(Zl) +cfori,j=1,2,...,n. (5.24)
ceR ’ ’

Using the stencil in ((5.16|), the problem ([5.24)) is equivalent to minimise the following

2 (cij) = It Z Gk ¢ \/ [ei — (i, —1,0 — Ty 0)]° + (kg 1,0 — Gk, —1,01)° + B

=0y
ko—1
iy gk,zz\/ i = (Tkt1 — T + (T, — pr,e,)” + B
k=k1
+ Gk b \/ (65 = (T ty1 = ko )]+ [Cij = (Whyt1,05 — Tkoy0,))* + B
lo—1
Y Ghot \/ [ei = (@rat1,6 = g )] + (k0 — T e1)” + B
{=0
k2
+u Z 9k, 0, — 1\/[CU (ﬂk&—l - ak,fl)]Q + (&k7£1—1 - ﬂk+1,£1—1)2 +
k=k1
ka L2
Z Z Uk + Cij — wie).
k k1 =1

(5.25)
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After some algebraic manipulation to simplify (5.25)), we arrive at the following

2 (cij) =1 Z Gk1—1 e\/ (cij — hkrl,@)Q + Ul%ru +8

=0y

ko—1
Y Ghts \/(Ci,j —Ok)° Wy + B

k=k1

lo—1
+ay ng,z\/(Ci,j — by ) + Uiy + B

=t (5.26)
> gk,él—l\/(ci,j — k1)’ B,y + B

k=h1

3 L 8
+V 20k, 0] (€6 = Dhant)” + B g, + 5
ko l2
+— SN (ure + iy —wie)®.
k k1 0=£;

On the coarsest level (L + 1), a single constant update for the current @ is given as

mln{Fg (i +c) ZZ (uij + ¢ —wij)°} (5.27)

zlgl

which has a simple and explicit solution.

Then, we obtain a multilevel method if we cycle through all levels and all blocks on
each level. The process is stopped if the relative error in two consecutive cycles (outer
iteration) is smaller than tol or the maximum number of cycle, maxit is reached.

The overall procedure to solve the new primal-dual model is given in Algorithm [6]
We will use the term SC2 to refer this algorithm to solve the proposed model expressed
in (5.10) and (5.11)).

Again, in order to update the algorithm in a fast manner, we recommend to adjust

the fine level before the coarse level and to use the inner iteration ¢ = 1.

5.5 A new variant of the multilevel algorithm SC2

Our above proposed method defines a sequence of search directions based in a multilevel
setting for an optimisation problem. We now modify it so that the new algorithm has
a formal decaying property.

Denote the functional in by g(u) : R" — R and represent each subproblem
by

¢ = argming(ue + cpe), ut =t et pf = — gtmod )+ , £=0,1,2,...

ceR

where K = ) 5:0 Z—i = (4n? — 1)/3 is the total number of search directions across all

levels 1,2,..., L 4+ 1 for this unconstrained optimisation problem. We first investigate
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Algorithm 6 SC2 — Algorithm to solve the new primal-dual model

Given image z, an initial guess u, the stop tolerance (tol), and mazimum multilevel
cycle (maxit) with L + 1 levels. Set w = u,

1) Solve (5.10)) to update u using the following steps:

i). Set u = u.
ii). Smooth for t iteration the approzimation on the finest level 1 that is solve
(5.23) fori,j=1,2,..n

iii). Iterate fort times on each coarse level k =2,3,..L,L+1 :
> If k < L, compute the minimiser ¢ of
> Solve on the coarsest level k=L + 1
> Add the correction u = u + Qrc where Qy is the interpolation operator
distributing c; ; to the corresponding b x b block on level k as illustrated in

(.16).
2) Solve (5.11) to update w:
i). Set w = w.
ii). Compute w using the formula (5.9)).

3) Check for convergence using the above criteria. If not satisfied, return to Step 1.
Otherwise exit with solution u =4 and w = W

these search directions {&} and see that, noting by, = 2¥~1, 7 = n/by,
level £ =1, éj:ej, j=1,2,...,n?
24 . 2
level k = 2, et = €sj + €sj4+1 + €sjtn + Esjtnt1 J=12,.. nT
sy—bk[ }n—l—(]—T[J 1}—1)bk+1;
2 3
level k = 3, gV = Z S Csjttnims =120

S T (5o r 2] ) mer

n—1 n—1 n?

levelk=L+1 &= Y Esjttntm = ) €0 J=
£=0 m=0 =1

s]—bk[ } —i—(j—T[%}—l)bkﬁ-l:l;

R
I
—_

where e; denotes the j-th unit (coordinate) vector in R", and on a general level k, with
T X Ty pixels, the j—th index corresponds to position (j —7[(j —1)/7%], [( —1)/7] +1)
which is, on level 1, the global position ([(j —1)/7k|bx + 1, (j —7[(j —1)/7%] — 1)bx + 1)
which defines the sum of unit vectors in a by, X by, block — see Figure [.2(a-¢). Clearly
the sequence {p’} is essentially periodic (finitely many) and free-steering (spanning
R™) [105).

Recall that a sequence {u‘} is strongly downward (decaying) with respect to g(u)

Le.
g(ut) > g(v") > g(u), o' =1 -t 4+ttt e Dy, Vtel01]. (5.28)
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This property is much stronger than the usual decaying property g(u’) > g(u‘*1) which
is automatically satisfied by our Algorithm SC2.
By [105, Thm 14.2.7], to ensure the minimising sequence {uy} to be strongly

downward, we modify the subproblem min J{oc(ug + ept, e, ¢2) to the following

u ™t =t + ¢t ¢* = argmin{c > 0 | VJT¢" =0}, >0 (5.29)

where the /-th search direction is modified to

qé — pE’ if VJTPZ S 07
—pt, if VJTpt > 0.

Here the equation VJ7¢f = 0 for ¢ and the local minimising subproblem i.e.
min, Jfoc(ﬁi,j + ¢, c1,c2) are equivalent. Now the new modification is to enforce ¢ > 0
and the sequence {¢’} is still essentially periodic.

We shall call the modified algorithm SC2M.

5.6 Convergence and complexity analysis

Proving convergence of the above algorithms SC1-SC2 for

min g(u)

would be a challenging task unless we make a much stronger assumption of uniform
convexity for the minimising functional g. However it turns out that we can prove the
convergence of SC2M for solving problem without such an assumption. For
theoretical purpose, we assume that the underlying functional g = g(u) is hemivariate
ie. glu+t(v—u)) = g(u) for t in [0,1] and u # v.

To prove convergence of SC2M, we need to show that these 5 sufficient conditions

are met
i) g(u) is continuously differentiable in Dy = [0, 1]”2 c R?,
ii) the sequence {q‘} is uniformly linearly independent;
iii) the sequence {u‘} is strongly downward (decaying) with respect to g(u);
iv) lim ¢'(u")q"/|l¢"|l =0,
{—00
v) the set S ={u € Dy | ¢'(u) = 0} is non-empty.

Here ¢'(u) = (Vg(u))T. Then we have the convergence of {u‘} to a critical point u*
[105, Thm 14.1.4]

lim inf [|u® —u*| = 0.
£—ro0o uesS

We now verify these conditions. Firstly condition i) is evident if 5 # 0 and condition

ii) also holds since ‘essentially periodic’ implies ‘uniformly linearly independent’ [105,
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§14.6.3]. Condition v) requires an assumption of existence of stationary points for
g(u). Below we focus on verifying iii)-iv). From [105, Thm 14.2.7], the construction
of {u'} via ensures that the sequence {u’} is strongly downward and further
limy_,o ¢’ (u%)q"/||¢*|| = 0. Hence conditions iii)-iv) are satisfied.

Note condition iii) and the assumption of g(u) being hemivariate imply that
limy_so0 |ufT! — uf|| = 0 from [I05, Thm 14.1.3]. Further condition iv) and the fact
limy oo ||uf*! — || = 0 lead to the result limy o ¢'(u’) = 0. Finally by [105, Thm
14.1.4], the condition limy_,. ¢'(u’) = 0 implies limy_,o, inf,cg ||u’ — v*|| = 0. Hence
the convergence is proved.

Next, we will give the complexity analysis of our SC1, SC2 and SC2M. Let N = n?
be the total number of pixels (unknowns). First, we compute the number of floating

point operations (flops) for SC1 for level k as follows:

Quantities Flop counts for SC1
h, v 4bk7',3
0 term 2N
data term 2N
o term 2N
ssmoothing 9
38by i
steps
L+1

Then, the flop counts for all level is Wgo1 = > (6N + 4ka,? + SSka,?s) where

k=1

k =1 (finest) and k = L + 1 (coarsest). Noting by = 2871, 7, = n/by, N = n?, we
compute the upper bound for SC1 as follows:

L+1 AN
Wscr =6(L+1)N + Y (
k=1

38Ns

T "

) :6(L+1)N+(4+383)NZL: <21k>

k=0

< 6Nlogn+ 14N + 76Ns~ O (Nlog N)

Similarly, the flops for SC2 is given as

Quantities Flop counts for SC2
h, v 4bk7' ]3
pterm 2N
w term 6N
ssmoothing 9
31b,7is
steps

L+1

Hence, the total flop counts for SC2 is Wgeoo = 6N + > (2N + 4bk7',§ + 31b;€7',§s).

This gives the upper bound for SC2 as

L+1
Wsca = 6N +2(L+ )N + > (
k=1

L
=6N +2(L+1)N + (4+31s)N > (
k=0

k=1

31Ns
by,

) <2Nlogn+ 16N + 62Ns ~ O (Nlog N)
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Finally, the approximate cost of an extra operation VJT ¢’ in SC2M is 2N that
L+1
results to the total flop counts for SC2M as Wgcanr = 6N+ > (4N + 4ka,? + 31bk7',?8).
k=1
This gives the upper bound for SC2M as

~

+1
Wsconr = 6N +4(L +1 N+Z
1

31Ns>

-

k=
= 6N +4(L+1)N + (4 +31s)N (ik) < 4Nlogn + 18N + 62Ns ~ O (N log N)

One can observe that both SC1, SC2 and SC2M are of the optimal complexity
O(N log N) expected of a multilevel method and W1 > Wscans > Wseo.

5.7 Numerical experiments

This section will demonstrate the performance of the developed multilevel methods

through several experiments. The algorithms to be compared are:

Name Algorithm Description
The selective segmentation model proposed by Liu et al. [83]

CMT Old . .
solved by a multilevel algorithm.
The interactive image segmentation model proposed by
NCZZ  Old .
Nguyen et al. [I03] solved by a Split Bregman method.
BC ol The selective segmentation model proposed by Badshah and
d Chen [12] solved by an AOS algorithm.
. ol The selective segmentation model proposed by Rada and
R d Chen [I11] solved by an AOS algorithm.
SCo Old : The modified AOS algorithm [129] for the CDSS model [129].
SC1 New : The multilevel Algorithm [5{for the CDSS model [129].
The multilevel Algorithm [6] for the new primal-dual model
SC2 New
(5.10)—(5.11)).
SC2M  New : The modified multilevel algorithm for SC2.

There are five sets of tests carried out. In the first set, we will choose the best
multilevel algorithm among SC1, SC2 and SC2M by comparing their segmentation
performances in terms of CPU time (in seconds) and quality. The segmentation quality

is measured based on the Jaccard similarity coefficient (JSC):

15, N S|

JSC = 2n 1o
1S, U S, |

where S, is the set of the segmented domain u and S, is the true set of w (which is only
easy to obtain for simple images). The similarity functions return values in the range
[0,1]. The value 1 indicates perfect segmentation quality while the value 0 indicates
poor quality.

In the second set, we will perform the speed, quality, and parameter sensitivity

test for the chosen multilevel algorithm (from set 1) and compare its performance with
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Figure 5.1: Segmentation test images and markers.

SCO. In the third, fourth, and fifth set, we will perform the segmentation quality
comparison of the chosen multilevel algorithm (from set 1) with CMT model [83], NCZZ
model [103], and BC model [12] and RC model [111] respectively.

The test images used in this paper are listed in Figure[5.1] We remark that Problems
1-2 are obtained from the Berkeley segmentation dataset and benchmark [92], while
Problems 3-4 are obtain from database provided by [47]. All algorithms are implemented
in MATLAB R2017a on a computer with Intel Core i7 processor, CPU 3.60GHz, 16
GB RAM CPU.

As a general guide to choose suitable parameters for different images, our experi-
mental results recommend the following. The parameters fi = p can be between 107°
and 5 x 10°, 3 = 1074, p in between 107> and 107!, and ~ in between 1/2552 and 10.
Tuning the parameter 6 depends on the targeted object. If the object is too close to a
nearby boundary then 6 should be large. Segmenting a clearly separated object in an

image needs just a small 6.

5.7.1 Test Set 1: Comparison of SC1, SC2, and SC2M

In the first experiment, we compare the segmentation speed and quality for SC1, SC2
and SC2M using test Problem 1-4 with size of 128 x 128. Here, we take fi = 1, 8 = 1074,
p=1073, 6 = 1000 (Problem 1-3), § = 2000 (Problem 4), ¢ = 0.12, v = 10, tol = 102
and mazxit = 10%.

Figure shows successful selective segmentation results by SC1, SC2 and SC2M
for Problem 4. The segmentation quality for all algorithms is the same (JSC=0.96).
However, SC2 performs faster (4.9 seconds) than SC1 (10.5 seconds) and SC2M (6.3
seconds).

The remaining results are tabulated in Table We can see for all four test

94



Table 5.1: Test Set 1 — Comparison of computation time (in seconds) and segmentation quality
of SC1, SC2, and SC2M for Problem 1- 4. Clearly, for all four test problems, SC2 gives the
highest accuracy and performs fast segmentation process compared to SC1 and SC2M.

. CPU time
Algorithm | Problem | Iteration (s) JSC
1 6 7.0 0.82
SC1 2 12 20.0 0.82
3 15 24.4 0.91
4 6 10.5 0.96
1 5 5.9 0.82
SC2 2 8 8.7 0.82
3 4 4.9 0.91
4 4 4.9 0.96
1 5 7.9 0.79
SC2M 2 8 11.7 0.82
3 5 7.9 0.85
4 4 6.3 0.96

problems, SC2 gives the highest accuracy and performs the fastest compared to SC1
and SC2M.

Next, we test the performance of all the multilevel algorithms to segment Problem 5
in different resolutions. We take i = 1, = 1074, p = 1075, § = 5000, £ = 0.12, v = 10,
tol = 10~ and maxit = 10%. The segmentation results for image size 1024 x 1024 are
shown in Figure The CPU times needed by SC2 to complete the segmentation
of image size 1024 x 1024 is 413.2s while SC1 and SC2M need 690.6s and 636.1s
respectively which implies that SC2 can be 277s faster than SC1 and 222s faster than
SC2M. All the algorithms reach equal quality of segmentation.

The remaining result in terms of quality and CPU time are tabulated in Table
Column 6 (ratios of the CPU times) shows that SC1, SC2 and SC2M are of complexity
O (NlogN). Again, we can see that for all image sizes, all algorithms have equal
quality but SC2 is faster than other algorithms.

To illustrate the convergence of our multilvel algorithms, we plot in Figure the
residuals of SC1, SC2 and SC2M in segmenting Problem 5 for size 128 x 128 based on
Table There we extend the iterations up to 10. As we can see, the residuals of
the algorithms keep reducing. The residuals for SC2 and SC2M decrease more rapidly
than SC1.

Based on the experiments above, we observe that SC2 performs faster than the
other two multilevel algorithms. In addition, for all problems tested, SC2 gives the
higher segmentation quality than SC1 and SC2M. Therefore in practice, we recommend

SC2 as the better multilevel algorithm for our convex selective segmentation method.

5.7.2 Test Set 2: Comparison of SC2 with SCO

The second set starts with the speed and quality comparison of SC2 with SCO in
segmenting Problem 5 with multiple resolutions. We take i = p = 1, f = 1074,
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Figure 5.2: Test Set 1 — Segmentation of Problem 4 using our multilevel algorithms SC1, SC2,
and SC2M with same quality (JSC=0.96) achieved. However, SC2 performs faster (4.9 seconds)
compared to SC1 (10.5 seconds) and SC2M (6.3 seconds).

200 400 600

SC1

il 200 400

SC2

200 400

SC2M

800

Figure 5.3: Test Set 1 — Segmentation of Problem 5 of size 1024x1024 for SC1, SC2, and
SC2M. SC2 can be 277 seconds faster than SC1 and 222 seconds faster than SC2M : see Table
All algorithms give similar segmentation quality.

Table 5.2: Test Set 1 — Comparison of computation time (in seconds) and segmentation quality
of SC1, SC2 and SC2M for Problem 5. The time ratio, ¢, /t,—_1 close to 4.4 indicates O(N log N)
speed. Clearly, all algorithms have similar quality but SC2 is faster than SC1 and SC2M for all

image sizes.

Algorithm N :S1:Lex n Unk?\;)wns Iteration T;:le’ t:zl JSC
128 x 128 16384 6 10.6 1.0

SC1 256 x 256 65536 7 43.5 4.1 1.0
512 x 512 262144 7 173.7 4.0 1.0

1024 x 1024 1048576 7 690.6 4.0 1.0

128 x 128 16384 8 8.7 1.0

SC2 256 x 256 65536 7 23.7 2.7 1.0
512 x 512 262144 8 103.9 4.4 1.0

1024 x 1024 1048576 8 413.2 4.0 1.0

128 x 128 16384 8 11.6 1.0

SC2M 256 x 256 65536 7 36.5 3.1 1.0
512 x 512 262144 8 156.7 4.3 1.0

1024 x 1024 1048576 8 636.1 4.1 1.0
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Image size: 128 x 128, tol: 1.0e-3 Image size: 128 x 128, tol: 1.0e-3 . Image size: 128 x 128, tol: 1.0e-3
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Figure 5.4: Test Set 1 — The residual plots for SC1, SC2, and SC2M to illustrate the convergence
of the algorithms. The extension up to 10 iterations shows that the residual of the algorithms
keep reducing. The residual for SC2 and SC2M decrease rapidly compared to SCI1.

Table 5.3: Test Set 2 — Comparison of computation time (in seconds) and segmentation quality
of SCO and SC2 for Problem 5 with different resolutions. Again, the time ratio, t,/t,,_1 ~ 4.4
indicates O(N log N) speed since Ni, = n2 = (2)2 = 4% and kN log N, /(kNp—1log Ni_1) =
4L/(L — 1) = 4.4. Clearly, all algorithms have similar quality but SC2 is faster than SCO for all
image sizes. Here, (**) means taking too long to run. For image size 512 x 512, SC2 performs
33 times faster_than SCO.

. Size Time, [
Algorithm Ne—nxn £ - JSC
128 x 128 243.5 1.0
SCo 256 x 256 872.7 3.6 1.0
512 x 512 3803.1 4.4 1.0
1024 x 1024 *ok *ok *ok
128 x 128 8.6 1.0
SC2 256 x 256 27.2 3.2 1.0
512 x 512 112.0 4.1 1.0
1024 x 1024 453.6 4.1 1.0

p=107% 60 = 5000, e = 0.01, v = 10, tol = 10~ and mazit = 5000.

The segmentation results are tabulated in Table The ratios of the CPU times
in column 4 show that SCO and SC1 are of complexity O(N log N). The symbols (**)
indicates that too much time is taken to complete the segmentation task. For all image
sizes, SCO and SC2 give the same high quality.

Next, we shall test parameter sensitivity for our recommended SC2. We focus on
three important parameters: the regularisation parameter p, the regularising parameter
8 and the area parameter . The SC2 results are compared with SCO.

Test on parameter p. The regularisation parameter p in a segmentation model
not only controls a balance of the terms but also implicitly defines the minimal diameter
of detected objects among a possibly noisy background [152]. Here, we test sensitivity
of SC2 for different regularisation parameters p in segmenting an object in Problem 6
and compare with SCO in terms of segmentation quality. We set § = 1074, p = 1072,
e =0.01, v = 1/255%, = 5000, tol = 10~° and mawit = 10*.
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Figure 5.5: Test Set 2 — The segmentation accuracy for SCO and SC2 in segmenting Problem
6 using different values of parameter p in (a) and parameter 6 in (b). The results demonstrate
that SC2 is successful for a much larger range for both parameters.

Table 5.4: Test Set 2 — Dependence of our SC2 on 3 for segmenting Problem 6 in Figure

B JSC Energy

1 0.95 -5.342264e+06
101 0.95 -5.341634e+06
10~° 0.95 -5.342115e+06
10710 | 0.95 -5.342146e+06
10715 | 0.95 -5.342102¢+06

Figure shows the value of JSC for SCO and SC2 respectively for different values
of pu. Clearly, SC2 is successful for larger range of p than SCO. This finding implies
that SC2 is less dependent to parameter p than SCO.

Test on area parameter . As a final comparison of SC0O and SC2, we will test
how the area parameter 6 effects the segmentation quality of SCO and SC2. For this
comparison, we use Problem 6 and set i = u = 100, 8 = 1074, p = 1073, ¢ = 0.01,
v = 1/2552, tol = 10~ and maxit = 10*. Figure shows the value of JSC for SC0
and SC2 respectively for different values of 8. We observe that SC2 is successful for a
larger range of 6 than SC0. This finding implies that SC2 is less sensitive to parameter
0 than SCO.

Test on parameter 5. Finally, we examine the sensitivity of our proposed SC2 on
parameter 5. The parameter S is used to avoid singularity or to ensure the original cost
function is differentiable and it should be as small as possible (close to 0) so that the
modified cost function (having ) in is close to the original cost function in (5.10).
We have chosen to segment an object (organ) in Problem 6. Six different values of
B are tested: B =1, 107!, 107°, 107, and 107'°. Here, i1 = 100, p = 1073,
6 = 5500, v = 1/2552, tol = 10~3 and maxit = 10*. For quantitative analysis, we
compute the energy value in equation (5.10)) (that has no ) and the JSC value. Both
values are tabulated in Table[5.4] One can see that as 3 decreases, the energy value
gets closer to each other. The segmentation quality measured by JSC values remain

the same as 8 decreases. This result indicates that SC2 is not very sensitive to f.
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5.7.3 Test Set 3: Comparison of SC2 with CMT model [83]

The CMT and SC2 models contain two stages. The first stage is to get an approximation
solution aided by the markers set. The second stage is to use the approximation
solution and perform a thresholding procedure to obtain the object of interest in binary
representation. In this test set 3, we investigate how the number of markers and
threshold values will effect the segmentation quality for CMT model [83] and our SC2.
For this purpose, we use the test Problem 4. We set i = 1075, 8 = 1074, p = 20,
6 = 3.5, v = 20, tol = 1073 and maxit = 10*. The first row in Figure shows the
Problem 4 with different number of markers. There are 4 markers in (al), 6 markers in
(b1) and 9 markers used in (c1). The results given by CMT and SC2 using the markers
with different threshold value are plotted respectively in the second row.

We observe that CMT performs well only when the number of markers used is large
while our SC2 is less sensitive to the number of markers used. In addition, it is clearly
shown that the range of threshold values that work for SC2 is wider than CMT.

To explain this, we can see the formulation of CMT and SC2 models. In one hand,
the minimisation of functional of CMT model in the first stage gives a piecewise
smooth intensities approximation of the targeted object. As result, a suitable range
of threshold value in the second stage can be small. One can increase the number of
markers used in CMT model to get a good approximation, hence increase the suitable
range of the threshold value. On the other hand, the formulation of SC2 in ({5.10)
and assumes that an image comprises of two regions of approximately piecewise
constant intensities of distinct values ¢; and cg, separated by some contour I'. The
object to be detected (foreground) is represented by the the value ¢; and the value
co represents the background. This assumption allows a wide suitable range of the
threshold value for SC2 and less marker set is needed compared to CMT model.

We remark that another possible comparison is to compute the area under the
curves (a2), (b2), and (c2). The higher the area under the curve, the less dependent

the method towards number of markers.

5.7.4 Test Set 4: Comparison of SC2 with NCZZ model [103]

The NCZZ model uses two types of markers to label foreground and background region
while SC2 uses only one marker set to label foreground region. To avoid bias, we ensure
that the foreground markers for both models are placed inside or as near as possible
to the targeted object while the background marker for NCZZ is placed outside the
targeted object. For almost all of the test images in Figure [5.1] we see that the NCZZ
model [103] gives same satisfactory results as our SC2. For brevity, we will not show too
many cases where both models give satisfactory results; Figure shows the successful
segmentation of an organ in Problem 7 of size 256 x 256 by NCZZ model. The markers
used to label foreground region (red) and background region (blue) for the NCZZ model
[103] are shown in Figure [5.7((a) and a markers set used to label foreground for SC2 is
shown in Figure Successful segmentation results (zoom in) by NCZZ model [103]
and our SC2 for Problem 7 are shown in Figure [5.7[(b) and [5.7|(c) respectively using
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Figure 5.6: Test Set 3 — Comparison of SC2 with CMT model [83]. First row shows different
numbers of markers used for Problem 4. Second row demonstrates the respective results (a2),
(b2) and (c2) for (al), (bl) and (c1) with different threshold values. Clearly, CMT performs

well only when the number of markers used is large while our SC2 seems less sensitive to the
number of markers used. Furthermore, the range of threshold value that works for SC2 is wider

than CMT.

the following parameters; i = 0.01, 8 = 1074, p = 1073, § = 3000, v = 10, tol = 1072
and mazxit = 10*. However, we can observe that our SC2 gives more details of features
inside the organ compare to NCZZ model. This extra information may be beneficial to
the medical practitioners for further diagnostic process.

However, according to the authors [103], the model unable to segment semi-
transparent boundaries and sophisticated shapes (such as bush branches or hair in a
clean way due to its underlying assumption that the shape of the object is smooth
and can be well described by the weighted shortest boundary length and as a hard
segmentation, a pixel is assigned to only one class [103]. In Figure we demonstrate
the limitation of NCZZ model using Problems 1 and 8. The set of parameters are
i = 0.01, 8 =107 p = 1073, = 2000 (Figure [5.§(a)), 6§ = 400 (Figure [5.§(d)),
v = 10, tol = 1072 and maxit = 10*. The markers used to label foreground region
(red) and background region (blue) for the NCZZ model [103] for Problem 1 and 8 are

shown in Figure [5.8(a) and [5.8|(d), respectively. A markers set used in SC2 to label
foreground of Problem 1 and 8 are shown in Figure
Zoomed segmentation results in Figure [5.§(b) and (e) demonstrate the limitation of

NCZZ model [103]. As comparison, our SC2 gives cleaner segmentation as illustrated

in Figure [5.8|c) and (f) for the same problems. We remark that SC2 is also a hard
segmentation method, however the Fuclidean distance from polygon region, @ used in

the formulation of SC2 is helpful to provide a good estimation as the function allows
the solution to be constrained by values associated with (), associated with the marker

set A.
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(b) NCZZ (c) SC2

Figure 5.7: Problem 7 in Test Set 4 — Two types of markers used to label foreground region
(red) and background region (blue) for NCZZ model [I03] in (a). Successful segmentation result
(zoom in): (b) by NCZZ model [103] and (¢) by our SC2 (only using foreground markers).

(e) NCZZ (f) SC2

Figure 5.8: Problems 1,8 in Test Set 4 — (a) and (d) show the foreground markers (red) and
background markers (blue) for NCZZ model [I03]. Zoomed segmentation results in (b) and (e)
demonstrate the limitation of NCZZ model [103] that is unable to segment semi-transparent
boundaries and sophisticated shapes (such as bush branches or hair as explained in [103]) in a
clean way. Our SC2 gives cleaner segmentation for the same problems as illustrated in (c¢) and

(f)-
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(g) RC model (h) SC2

Figure 5.9: Test Set 5 — Performance comparison of BC, RC and SC2 models using 2 different
initialisations. With Initialisation 1 in (a), the segmentation results for BC, RC, and SC2
models are illustrated on second row (c-e) respectively. With Initialisation 2 in (b), the results
are shown on third row (f-h). Clearly, SC2 gives a consistent segmentation result indicating
that our SC2 is independent of initialisations while BC and RC are sensitive to initialisations
due to different results obtained.

5.7.5 Test Set 5: Comparison of SC2 with BC [12] and RC [111]

Finally, we compare the performance of SC2 with two non-convex models namely BC
model [12] and RC model [I11] for different initialisations in segmenting Problem 3.
We set i = 128 x 128 x 0.05, B = 1074, p = 1074, § = 1000, v = 5, tol = 10~* and
mazit = 10%. Figures a) and (b) show two different initialisations with fixed
markers.

The second row shows the results for all three models using the first initialisation
in (a) and the third row using the second initialisation in (b). It can be seen that
under different initialisations, our SC2 will result in the same, consistent segmentation
curves (hence independent of initialisations) showing the advantage of a convex model.
However, the segmentation results for BC and RC models are heavily dependent on
the initialisation; a well known drawback of non-convex models. In addition, the

segmentation result of non-convex models is not guaranteed to be a global solution.
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5.8 Summary

In this chapter, we presented a new primal-dual formulation for CDSS model [129] and
proposed an optimisation based multilevel algorithm SC2 to solve the new formulation.
In order to get a stronger decaying property than SC2, a new variant of SC2 named as
SC2M is proposed. We also have developed a multilevel algorithm for the original CDSS
model [129] called as SC1. In Test Set 1 of the experiment, we found that all the
multilevel algorithms having the expected optimal complexity O(N log N). However,
SC2 converges faster than SC1 and SC2M. In addition, for all tested images, SC2
gives high accuracy compared to SC1 and SC2M. Practically, we recommended SC2
as the better multilevel algorithm for convex and selective segmentation method. In
Test Set 2, we have performed the speed and quality comparisons of SC2 with SCO.
Results show that SC2 performs much faster compared to SCO. Both algorithms deliver
same high quality for the tested problem. We also have run the sensitivity test for our
recommended algorithm SC2 towards parameters 1 and 6. Comparison of SC2 with SC0
shows that SC2 is less sensitive to the regularisation parameters p and 6. Moreover, SC2
also less sensitive for parameter 8. In Test Set 3, we compare the segmentation quality
of SC2 with a recent model namely CMT. The result demonstrates that SC2 perform
better than CMT even for few markers. Moreover, the range of threshold value works for
SC2 is wider than CMT. In Test Set 4, the segmentation quality of SC2 is compared
with NCZZ model. For the tested problem, it is clearly that SC2 is successfully reduce
the difficulty of NCZZ model that is unable to segment semi-transparent boundaries
and sophisticated shapes. The final Test Set 5 demonstrate the advantage of SC2
being a convex model (independent of initialisation) compare to two non convex models
(BC and RC). We will extend SC2 to 3D formulation and develop an optimisation

based multilevel algorithm in 3-D framework in the next chapter.
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Chapter 6

A Three-dimensional Convex and
Selective Variational Image
Segmentation Model and Its Fast
Algorithms

This chapter presents a new three-dimensional (3-D) convex selective segmentation
model. In order to process 3-D images of large size associated with high resolution,
an optimisation based multilevel algorithm in 3-D framework are proposed. This will
be an extension of the 2-D model and 2-D multilevel algorithm already discussed in
Chapter 5. Numerical tests show that the proposed model is effective and the algorithm

is efficient in locally segmenting 3-D complex image structures.

6.1 Introduction

Various models, algorithms and techniques in 2-D may be generalised to the 3-D case,
e.g. methods based on 2-D level set active contours may be generalised to 3-D level set
active surfaces [39] 146, [I51]. These methods have been widely used and successful for
many applications where all features (objects) in a given image have to be segmented.
However, as shown in Chapter 4 and 5 there are some other applications where the
selection of one feature among many is required. This kind of problem leads to a new
and challenging task of selective segmentation. Many application fields such as medical
imaging, geological surveying and computational fluid dynamics can greatly benefit
from 3-D selective segmentation, however there exist only a few works for selective
segmentation in 3-D.

Some effective selective segmentation 3-D models are 3-D version of [12] that
is implemented in [113] and 3-D selective model by [113]. A recent 3-D work by
[150] applied the narrow band idea of [96] into [I52]. All the 3-D models mentioned
are non-convex. A 3-D non-convex selective variational image segmentation model,

though effective in capturing a local minimiser, is sensitive to initialisation where the
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segmentation result relies heavily on user input.

A recent 2-D convex selective models is introduced by [129] named CDSS, allowing
a global minimiser to be found independently of initialisation. However, the model
is sensitive to regularisation and area parameters. A stabilised version of the model
named SC2 that is less sensitive to the parameters is introduced in [74]. In this chapter
we will generalise the 2-D SC2 model [74] into 3-D formulation.

Another class of fast algorithm in 2-D framework is called Chambolle’s projection
algorithm [26]. This popular algorithm is considered as powerful [33] and fast method
[20, 26, [40]. This is mainly because the algorithm able to solve the original convex
variational functional (non-differentiable) without introducing parameter 5 (to avoid
singularity). In 2-D global and convex variational image segmentation problem, the
algorithm is used by D. Chen et al. [40] to solve a variant of Mumford-Shah model
which handles the segmentation of medical images with intensity inhomogeneities and
also in Moreno et al. [99] for solving a four phase model for segmentation of brain MRI
images by active contours.

We will solve the new 3-D formulation of the SC2 model [74] using a new developed
3-D multilevel algorithm. Besides, we will apply Chambolle’s projection algorithm in
3-D framework to solve the 3-D model.

The rest of the chapter is organised as follows. We shall first review some 3-D
selective segmentation models in Section 6.2. Then in Section 6.3 we develop a 3-D
formulation of SC2 model [74]. In Section 6.4, we present the 3-D optimisation based
multilevel algorithm to solve the 3-D version of SC2 model. To speed up the convergence,
we proposed a new localised version of 3-D SC2 model and solved using multilevel
algorithm in Section 6.5. New variants of multilevel algorithms are presented in Section
6.6 and we discuss their convergence in Section 6.7. Section 6.8 shows experimental

results. The last Section 6.9 concludes the chapter.

6.2 Review of existing 3-D segmentation models

In this section we will first introduce the extension of 2-D global segmentation model
[38] into 3-D version by [I51], 113] because it provides the foundation for the selective
segmentation models as well as a method for minimising the associated functional.
Next, we will discuss a recent 3-D selective segmentation models by Zhang-Chen [150]

before we address the non convexity issue for these models.

6.2.1 The 3-D Chan-Vese model

The Chan and Vese (CV) model [38] considers a special case of the piecewise constant
Mumford-Shah functional [I02] where it is restricted to only two phases (i.e. constants),
representing the foreground and the background of the given image z (z,y). We now
review the CV model [38] in the 3-D framework.

Let x = (z,y, 2), hence define a given 3-D grey level image as z (x) : Q@ € R? — R.

Assume that the 3-D image z is composed by two 3-D regions of approximately
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piecewise constant intensities of distinct (unknown) values ¢; and co , separated by
some (unknown) 2-D surface I'. Let the object to be detected be represented by the 3-D
region {2 with the value ¢; inside the 2-D surface I' whereas outside I, in Qo = Q\Qy,
the intensity of z is approximated with the value co. Then, with Q = Qq U Q9, the

Chan-Vese model minimises the following functional

min F25 (T, c1,c2) = p surfacearea () + Ay / (2(x) — ¢1)?dx

bz th (6.1)
—i—)\g/ (2(x) — 2)%dx.
Qo

Here, the constants ¢; and co are viewed as the average intensities values of z inside
and outside the I'. The fixed parameters p, A1, and Ay are non-negative but need to
be specified. In order to minimise equation , the level set method [38] is applied,
where the unknown surface I' is represented by the zero level set of the Lipschitz

function such that

I'=A{(z,y,2) € Q: ¢(z,y,2) = 0},
Oy = inside (T') = {(z,y,2) € Q: ¢ (z,y,2) > 0},
Qg = outside (I') = {(z,y,2) € Q: ¢ (z,y,2) < 0}.

To simplify the notation, denote the regularised versions of the Heaviside function

and the Dirac delta function, respectively, by

€

H(6(y,2) = 5 <1 + 2 arctan (‘f)) wd  5(0(02) =~

™

Thus equation (6.1)) becomes

min PP (6.cv,ce) = | [VH @) dx+Ar [ (a(x) = 1)H (0) dx

®,c1,c2

+A2/Q(z(x) — )2 (1 — H (9)) dx.

(6.2)

Keeping the level set function ¢ fixed and minimising (6.2)) with respect to ¢; and

c2, we have

fQ ) dx - fﬂ ( ) dx'

Cl(¢) - fQ ) 02(¢) = fQ 1 — dX (6'3)

After that, by fixing constants ¢; and ¢y in Fge (¢, c1,c2), first variation with respect
to ¢ yields the following Euler-Lagrange equation:

1 () V- (%) MO (B) (2 — )2+ Xab (9) (2 — e2)> =0, in Q

\(S(qb)\%:’ on Of.

(6.4)

Notice that the nonlinear coefficient in equation (6.4) may have a zero denominator,

so the equation is not defined in such cases. A commonly-adopted idea to deal with
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|V¢| = 0 was to introduce a small positive parameter 3 to (6.2]) and (6.4), so the new

Euler Lagrange equation becomes

wo (¢) V - (\/Ivﬁlﬁ%ﬂf) — M0 (0) (z—c1)? + X6 (d) (2 — ) =0, in Q

(¢) ou _
W o = Y on aQ

where corresponds to minimising the following differentiable energy function, instead of

52
min F2Y (¢, c1,c2) = /\/|VH )P + Bdx

¢,c1,¢2

+>\1/ (> — c1)2H (6) dx+>\2/ (2= )2 (1— H(4)) dx.

Q Q

(6.5)

It should be remarked that applying a global segmentation model first and selecting
an object next amount provide an alternative to selective segmentation. However this
approach would require a secondary binary segmentation and is not reliable because the
first round of segmentation cannot guarantee to isolate the interested object often due to
non-convexity of models. Thus, urgent need exist in developing selective segmentation

model.

6.2.2 The 3-D Zhang-Chen-Gould model

The 3-D selective segmentation model by Zhang-Chen-Gould (3DZCG) [150] improves
the selective model [12] which combines the edge based model of [65] [67] with intensity
fitting term similar to 3-D CV [39]. On 3-D image z (x) defined on the cubic domain €,
the selective segmentation idea can be described as the detection of the boundary of a
single target object among all homogeneity intensity object that are defined in a closed
domain to the geometrical points in a set A = {w; = (z],y}, %) € Q,1 <i<n;} C Q,
consisting of n; (> 3) points on or near the target object [12]. The marker set or the
geometrical points in the set A can be used to define an initial solution and to guide
its evolution towards I'. The 3DZCG model takes the form

min {F (I',c1,¢2) = pEg () + Ep (T, ¢1,¢2)} (6.6)

Lyer,c2

where Eg (I') = [ G (x)ds with G (x) = g(x)d(x). Here the function g(x) =
m is an edge detector function which helps to stop the evolving curve on the
edge of the targeted object in an image. The strength of detection is adjusted by a
parameter q. The function g (x) is constructed to take small values near to 0 near
object edge and large values near to 1 in flat region. The function d (x) is a marker
distance function, which is close to 0 when approaching the points from marker set A

given as:

d (x) = distance ((x),A) = ﬁ (1 - ef(x;j?)Q >, V(x) e

i=1
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where & is a positive constant. Alternative distance functions d (x) are also possible

[150]. The new local fitting energy EF (', c1, c2) is

{Al / b1 (6 (%) 1 7im) (2 (%) — e1)2dx + Ao / ba (6 (%) s Your) (= () — CQ>2dx}
Qin(T) Qout (T)
Where by (¢ (X) 7'71'71) =B (¢ (X) y Yin, 0) and bo (¢ (X) 7'70ut) =B (¢ (X) ,0, ’Yout) with

B (¢ (X) s Yins '70ut) =H (d) (X) + 'Yin) (1 —H (¢ (X) - '70ut)) (67>

characterizes the domain ., ... ={x € Q: —vyip < ¢ (%) < Your} = Ly, () UT'U
Q.. (I') which is a narrow band region surrounding the local boundary I'. They assume
that ¢ is negative inside I' and positive outside it. Using the level set formulation, the

model is rewritten as:

min ,u/ G (x)|VH (¢)|dx + )\1/ (z = c1)’b1 (6 (%) ,7in) (1 — H (¢)) dx
Q

®,c1,C2

+Xo /Q (z — 2)%by (¢ (X) , Yout) H (¢) dx (6.8)

Note that by (¢ (x),Vin) (1 — H (¢)) = B (¢ (X),Vin, 0) and ba (¢ (X) , Yout) (H (¢)) =
B (¢ (x),0,7ut). Keeping the level set function ¢ fixed and minimising with

respect to ¢; and ¢y, we have

oz (gzﬁ)) by dx Jo 2 @) by dx
alg) = QfQ 1 —H($)by dx a(f) = QfQ b2 dx

Finally keeping constants ¢; and cofixed yields the following Euler-Lagrange equation

Mav-G(ﬂ)—Al [bla—u—H)% (z—c1)? + Ao [b25+H8b2](z—C2)2:0, inQ

Vol 09
§ O¢ __
GW o Y on Q

The above PDE is solved numerically by a multigrid method.

6.3 A 3-D convex and selective segmentation model

Recently, we have developed a new stabilised version of 2-D convex selective segmenta-
tion model [129] through primal-dual formulation called SC2 [74].
First, using the set A, construct a polygon () that connects up the markers. Denote

the function Py (x) as the Euclidean distance of each point (x) € Q from its nearest

point (7p, yp, 2p) € Q:

Pa(x) = (o = 2,)" + (= )+ (2 = 2)" = min (@9 2) = (24,95 ) |
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The 3-D version of SC2 has the following form:

1
min J (u,w) :/ ]Vu|gdx+/ rw dx+9/ Pawdx+ — [ (u—w)? dx.
uwe0,1] 0 0 0 2p Ja
(6.9)

Here, w is the new and dual variable, the right-most term enforces w ~ wu for
sufficiently small p > 0, r = (¢1 — 2)? — (c2 — 2)* and [Vul, = g(|Vz]) |[Vul. The
similar edge detector function in [I2, [I50] is also used in the formulation to assist
stopping the evolving curve on the edge of the object in an image. The area parameter
0 is used to control the strength of the new addition distance fitting term. This means
that if the parameter 6 is too strong the final result will just be the polygon @ and if it
is too weak the final result is potentially includes the nearby object.

The unique minimiser of J can be computed by minimising J with respect to u and
w separately, iterating the process until convergence as done in [26] 20]. In alternating

minimisation form, the new formulation of is equivalent to solve the following

functional
. 1 2
min Ji (v,w) = [ [Vu|dx+ — [ (u—w)7dx, (6.10)
u Q0 2p Ja
1
min J3 (u, w) :/ rw dx+9/ Pyw dx—l—/ (u—w)*dx. (6.11)
wel0,1] Q Q 2p Jo

The explicit solution of (6.11]) is given as

w = min {max {u(x) — pr — pdP;,0},1}. (6.12)

Now it only remains to discuss how to solve (6.10)).

6.4 3-D optimisation based multilevel algorithm

This section presents our 3-D multilevel formulation to solve . For simplicity,
we shall assume n = 2 for a given image z of size N = n x n x n. The standard
coarsening defines L + 1 levels: s =1 (finest) ,2,...,L, L+ 1 (coarsest) such that level
s has 75 X 75 X 75 “superpixels” with each “superpixels” having pixels bs X bs X bs where
7o =n/2°7 1 and by = 2571 . If n # 2%, the multilevel method can still be developed
with some coarse level superpixels of cube shapes and the rest of cuboid shapes.

We now consider our main model as expressed by f. Minimisation of J
is with respect to u in (6.10) and w in respectively. The solution of can
be obtained analytically following equation It remains to develop a multilevel
algorithm to solve in discretise-optimise scheme. The finite difference method is
used to discretise as done in related works [24, [33]. The discretised version of
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(6.10)) is given by

. T
min J; (u) = min J (W1,1,15 U2, 1,15 +vey Ui ko> Wi ko> Wik ks -3 Unymm)

n—1ln—1n—1

= Z Z Zgi,j,k\/(ui,j,k - Ui,j+1,k>2 + (Wi — ui+l,j,k)2 + (wi gk — Ui,j,k+1)2 + B

i=1 j=1 k=1

1 n n n 2
2, SO (wigk — wijin)

i=1 j=1 k=1

(6.13)
where g; ;1 = g(xi,y;,%;). Here u denotes a row vector.
As a prelude to multilevel methods, minimise (6.13)) by a coordinate descent method

(also known as relaxation algorithm) on the finest level 1:

Given u(® = (ufg)’k) with m = 0,

Solve u(?:l) = arg min J!°¢ (uij,c1,co) fori,j,k=1,2,..n, (6.14)

? k)
uijj’kER

Repeat the above steps with m = m + 1 until stopped.

The equation ([6.14)) is obtained by expanding and simplifying the main model in (6.13])

i.e.

I (wijin)
= g1 (T oyl (m) ) — 2

L1, U2 1 10 oo Uy g Wig ks Wy g j gy +oor Unynyn 1
= gi,j,k\/ (uwk’ - uz('Tl),j,k>2 - (uuk - UETJ)rlk)Q T (“wk - uﬁf}fiﬂf +8
+9i—17jvk\/<ui,j,k - UETl)jk‘>2 + (%@]k - uETl),j+1,k)2 + (u’ETl)jk - “ﬂ,j,kﬂf + 8
+9i,j—1,k\/(“i,j,k - “1(7;311@)2 + <“z(7ﬁ1k - uz('Tl),jfl,k>2 + (“ETEM - “5321,1@“)2 + 5

(m) \? (m) (m) 2 (m) (m) 2
+gi7jyk—1\/(“i,y‘,k - ui,j,k—l) + (“i,j,k;—l - ui—f—l,j,k:—l) + <ui,j,k—1 - ui,j+1,k—1> +

+ o (ke — wigr)”

1

P
with Neumann’s boundary condition applied where Jl(m) denotes the sum of all terms
in Ji' that do not involve u; ;. Clearly one seems that this is a coordinate descent
method.

The Newton method is used to solve the one-dimensional problem from ((6.14) by
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iterating u(™ — u — w(m+D);

(m) w™ (m)
gi,j,k(2u1',j,k—ui+1,j, Wi gk “',j,k+1)
(m) \? (m) 2 (m) )2
\/(“i,j,k_ui-;-l,j,k) T Ui k= 541 k) T %5k 5 +5
(m)
Ji—1,5,k \ Wi, g,k —U;_1 j k
m) \? (m m) 2
\/(ulvﬂ kU1 1,7, k) +(’U,7(, 1,5,k U171 ,J+1, k) (ul 1,5,k uzf 1,7, k+1) +6
9i,j—1,k (ul 3k~ ul”) i,j—1 k)
(m) 2 (m m) 2
\/(ui7j7k_ui,j—1,k) H%ii-1,6— “z+1 -1,k Ui j—1,k— “ ii—1k+1) T8
o (m)
Giyg k—1\ Wi g,k —U; 51

2 2
\/(“wk’“g})kfl) +(“idvk*1 §+1 ik 1) Wi,j k=174 ]J)rl k— 1) +5
+ 5 (Ui — wigk) =0

+

+

_.|_

giving rise to the form

new __ . old old old
where wlm (m) (m)
1d m m m
Told _ 9i,j.k (2 R R “',j+1,k*“i,j,k+1>
id (m) 2 id (m) 2 id (m) 2
\/(u?,j,k—uiiﬁ,j,k) (gt i)+ (el ) 8
(m)
+ Ji—1,5,k (ufl]dk_ m1,3,k)
o (m) %, ([ (m) (m) ™l 2
\/(“Zj,k*“iq,j,k) +(“1'71,1',1@ Ui 1,541, k) ( Ui1j, k+1) +B
Id (m)
n gij—l,k( ug g~ ,gfl,k)

\/( O,Z_jdk “(T;Lllk) +( (,T;) 1k~ £+1 g-1, k) +(“(?Zl kW ,j) 1 k+1)2+5
old _,,(m) )

givjvk_l( ij_ i,5,k—1

sl ) (5l

+ L (Wi — Wi k)

+

m m 2
(,7,)1c 1~ (,erlk 1) +B

=
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Bold — 29,5,k
id (m) 2 Id (m) 2 id (m) 2
\/(“z‘o,j,k_“wrl 7, k) ‘*‘(“fj k_“',j+1,k> +(“0,J,k_ i, k+1> +5

2
o old (m) (m) (m)
9i,5,k <2uz 7, kiuzﬁ»l sk U ,J+1,k U k41

3
ld _y,(m) 2 1d _yy(m) 2 1, (m) 2
\/(( U7 5 e T Wit g, k) +( UGk T 1, k) +< U7 g a],k+1) +5)
9i—1,5.k
(m)  \%, ([, (m) (m) 2 () (m) 2
\/(u?,lg{i,k*“iill,j,d +<“iT1,j,k*“iT1,j+1,k) +<uiTl,jk W™ k+1) +8
2

o old _, (m)
9@71,1,16(“1',3',1@ ui—l,j,k)

3
(G ) () () )
gz,jfl,k
\/(“O,l]d,k_ (Zl) 1 k>2+( ET) 1,67 5?1),1'—1,1@)2'1'(“(?) 1,6 Y% ,T;L> 1 k+1)2+6

2
o old _, (m)
gw—l,k< Ui gk ui,j—l,k)

3

\/((uo,l]d,k_ (ZL) 1 k)2+( (,7;1) 1 k_u§+1),] 1 k)2+(u<,77) 1,k “(,J) 1 k+1) +B> ?
9i,j,k—1

V) () () 4

2
o old __, (m)
91,1,k71<”i,j,k ui,j,k71>

st bt ol ) )

1
+1.

To solve this coordinate descent method using multilevel method, we interpret

solving ((6.14)) as looking for the best correction constant ¢ at the current approximation
(m)

u.:

i onlevel 1 (the finest level) that minimises for c i.e.

. loc loc (m)
min  J{° (u; 1) = min J; ( S+ c) .
u; ;, ,ER o k) = ceR Yijik

Hence, we may rewrite (6.14)) in an equivalent form:

Given u® = (ug(;)k) with m = 0,
Solve ¢ = arg min Jl"C ( (m kTG 01,02> fori,j=1,2,..n

ceR (616)

(m+1) _ (m)
igk Uik 6

Repeat the above steps with m = m + 1 until stopped.

Update

The remaining task is to derive the simplified formulation for each of the subproblems
associated with these blocks on level s. Figure [6.1] illustrates multilevel method for
level 3 of image size 16 x 16 x 16. (a) shows one of 75 = 43 superpixel in level 3. Each
superpixel contains b3 = 43 pixels. (b) represents the top surface of (a). Using equation
(6.13), the interaction of a pixel with neighbouring pixel (red e) is illustrate in (c). (d)
shows the interaction of pixels in (b) based on equation and (c).

We set the following: b= 2571 ky = (i — 1)b+1, kg = ib, €1 = (j — 1) b+ 1, lo = jb,
m1 = (k—1)b+ 1, my = kb, and ¢ = (¢; j 1) . Denoted the current solution @ then, a
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Figure 6.1: Tllustration of level 3 for image size 16 x 16 x 16. (a) shows one of 75 = 43
superpixel in level 3. Each superpixel contains b3 = 43 pixels. (b) represents the top surface of
(a). Using equation , the interaction of a pixel with neighbouring pixel (red e) is illustrate
in (c). (d) shows the interaction of pixels in (b) based on equation and (c).
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general computational stencil involving ¢ on level s can be illustrated as follows

Wy gyt TCinjong” Wity atmy T Cijorg =t U rpapm TGy Uy 1 pyrm TG g
U —103,m, +Ci—le.l:q Uy, p.m, +Cllj=q e M TG, ”k:—l-! m TCiyg
H}.1 -1.£,.m, +cx -1.j.q ukl £y + Ci.j.q lf’\) £y.my +Ci.j.q llk3+1:(1:m3 + Cz—:l_,j.q
Ut TG g “k,?(, “Lm, +cx gt U pam TG Uy pamy G jag
Uty TCg0g /" Wity erm T Cijurg = U ppam TGy Up gy +Coatoig
U 1,65 m, + CiLjg H’ﬁlz,-m: +Ct-m kamn +Cuq Zlk’—l o TCh1yg
Hkl =LEy.my + C'1 J.q l’kl £1.my +Ci-feq u’\ Ly + Ci-j-q llk:‘i’l:l«l:ml + c"‘l:j:q
ll;"l_l‘ll_lfml +e "11 Lq Hkl L—Lmy +C’ Jj-Lq ukz L1=Lmy + C!J‘l»q ]’lk;+l.l1—lm +cz+l,]—l.q

(6.17)

Then, minimising for ¢, the problem [6.16]is equivalent to minimise the following

ko —1
Fspsca(Cijr) = D GktomiVI1+ B+ Z Gk b VL2 + B+ iy b0.mi VI3 + B
kly ket
o—1 ko—1

+ Z 9k1 ,6,maV Ty + B + Z 9k lo,maV 15 + ﬂ + ko la,maV 16 + /8
=0 k=k1

lo—1 ko—1 mo—1

+ Y GhotmeVIT + 5+ Z Ik trmeVIZ8+F B+ > G omVIo+ B
=0 m=mi+1
ma—1 mao—1

+ D GtV +B+ Y Gkeem VIS

m=mj+1 m=mi+1
ko—1 lo—1 lo—1 ma—1

+ 2 2 GkemeVTi2 H B+ Y . GkotmVTi3+
k=k1+1 4= Kl-‘r]. (=01+1m=m1+1
k?2— mz— k‘z Kz

+ > Yo GktemVTia+ B+ D0 D Gkemi—1vV s+ 5

k=ki1+1m=mi+1 k=kq £=¥1

12 me ko mo
+ > > Gh-temVTis+B8+ > Y gku—1mVTir+ 5
(=01 m=m1 k=k1 m=m
ko o mo

+o 2 > S (kg + ik — Whem)
k=k1 =01 m=m
(6.18)

where
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~ ~ 2 ~ ~ 2
Ty = (Uktymy + Cijke — Uk tot1,m1)” + (Uk g my — Ukt1,60,my)
~ ~ 2
+(uk,€2,m1 - uk,fz,m1+1)
~ ~ 2 ~ ~ 2
Ty = (Ukgt.my + Cijike — Ukgt1,6m1) + (ko tmy — Uk f+1,m1)
- - 2
A (Tkg, 0,m1 — Wk 0,1 +1)
~ ~ 2 ~ ~ 2
T = (Tigy 02,m1 + ik — Ukot1,00,m1) "+ (kg 0,m1 + Cigike — ko br+1,m1)
. _ 2
+(uk2,52,m1 - uk2,527m1+1)
N N 2 - . 2
Ty = (uk’h&mz + Cigk — uk17£»m2+1) + (ukhf,mz - uk‘1+17€7m2)
_ N 2
+(Uk1,£,m2 - uk17€+1,m2)
~ ~ 2 ~ ~ 2
Ts = (Ukty,ms + Cijk — Uk tot1,ms) + (Ukto,me + Cijle — Uk ts,mo+1)
_ N 2
+(uk752,M2 - uk+1,52,m2)
~ ~ 2 ~ ~ 2
T = (ks t3,my + Ciyjk — Ukot1,03,ma)" + (Uksmo T Cijk — Uk by+1,ms)
_ _ 2
+(uk2,52,m2 + Cijk — uk2,52,m2+1)
T — (1 .. 7 2 7 .. 7 2
7 = (Uky,ms + Cijk — Uy limy+1)" + (Ukgtms + Cigik — Ukyt1,0,ms)
- ~ 2
+(uk2,€,m2 - uk27@+1,m2)
~ ~ 2 ~ ~ 2
T3 = (Uk,ty mo + Cijik — Uk by mot1)” + (Uk,tr mo — Ukty+1,ms)
~ ~ 2
+(uk,€1,m2 - uk+1,f17m2)
~ ~ 2 ~ ~ 2
Ty = (Uky 03,m + Cik — Uky eot1,m)” + (Uky by,m — Uky bym+1)
- ~ 2
+(uk1,€2,m - Uk1+1,€2,m)

T1o = (kg 0,m + Cij — Wkyt1,tam)” + (kg tam + Cije — Wkatp+1,m)
+ (T t9,m — kg o mt1)”

Ti1 = (g trm + Cijik — kgt 1,00,m)° + (They 0r.m — Ty 1 +1,m)°
(kg 01, — kg trmt1)”

Tio = (k ey + Cijk — Wktmat1)” + (Wktms — Ukt1.6ms)’
(Ut my — Uk ot 1ms)’

Tis = (g tm + Cij — Ukyt1,00m)° + (kg tm — kg 01,m)°
+(Tikg m — Uky bms1)”

Tia = (g tym + Cijk — Uktot1m)” + (Whtym — Ut1.om)’
+ (T 03,m — Uk tymt1)”

Tis = (k tmy + Cijik — Uktmy—1)° + (ktimy 1 — U100y —1)°
(ke tmy -1 — T ps1my—1)°

Ti6 = (iky tm + Cijk — kg —1.00m)° + (Uky—1.0m — Uky—1.0+1.m)°
(T —10m — Ty —1.0mt1)°

Tir = (Ukty.m + Cijik — Uty —141.m)° + (Thty—1m — Uty —1mt1)
(kg —1,m — Wt 1,01 —1,m)

On the coarsest level (L + 1), a single constant update for the current @ is given as

n n n

1
mln{FgDSCQ (W+c) = ZZZ um’k—i-c wwk) } (6.19)

171] 1 k=1

which has a simple and explicit solution.

The solutions of the above local minimisation problems, solved using a Newton
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method as in (6.15)) or a fixed point method for ¢ iterations (inner iteration), defines
the update solution u = v + Qsc where @, is the interpolation operator distributing
¢;,j,k to the corresponding bs x by x bs block on level s as illustrated in (6.17). Then we

obtain a multilevel method if we cycle through all levels and all blocks on each level
la—ull, [lo—wll,
lally > [loll,

Finally our proposed multilevel method for 3-D SC2 is summarized in Algorithm [7]
We will use the term 3DSC2 to refer this 3-D multilevel Algorithm

until max ( ) < tol or the maximum number of cycle, maxit is reached.

Algorithm 7 3DSC2 — Algorithm to solve the new primal-dual model
Given image z, an initial guess u , the stop tolerance (tol), and mazimum multilevel
cycle (mazit) with L 4+ 1 levels. Set w = u ,

1) Solve (6.10)) to update u using the following steps:

i). Setu = wu.

ii). Smooth for t iteration the approximation on the finest level 1 that is solve
(6.14) fori,j,k=1,2,..n

iii). [lterate for t times on each coarse level s =2,3,...L,L+1 :
> If s < L, compute the minimiser ¢ of (6.18))
> Solve (|6.19) on the coarsest level s = L + 1
> Add the correction u = u + Qsc where Qg is the interpolation operator
distributing c; j to the corresponding bs x bs X by block on level s as illustrated

in (6.17).
2) Solve (6.11) to update w:
i). Set w = w.
ii). Compute w using the formula (6.12)).

3) Check for convergence using the above criteria. If not satisfied, return to Step 1.
Otherwise exit with solution u =4 and w = W

We recommended to start updating our multilevel algorithm from the fine level to
the coarse level in order to get fast convergence. In a separate experiment we found
that if we adjust the coarse structure before the fine level, the convergence is slower.
In addition, the value of inner iteration ¢ = 1 is recommended to update the algorithm

in a fast manner.

6.5 A new localised model

Solution of (6.10) and (6.11)) can be expensive in the whole 3-D domain 2. Here, we
introduce our approach for reducing the computation time for the type of problem.

Given a level-set function ¢, local functions b; and by defined by

bi(¢(x),7) =1 = H (¢(x) =)
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characterizes the domain of narrow band region €2, = Q1(v) UT' U Q2() around the
2-D surface I' where we assume ¢ is positive inside the surface I' and negative outside
it. Here, Q1(y) and Q9() represents the y-band region inside and outside of the
surface I' respectively. Inside the domain €2, , the value of by = by = 1 while outside
Qy, by = by = 0. Similarly, b1H(¢) = 1 inside Q1(y) and 0 outside and we have
b1(1 — H(¢)) =1 inside Q5() and 0 outside.

We first modified the fitting term of our 3-D SC2 model as follows

| e=araxs [ - ahea)me) ax
of) Q
| emaax s [ - alhomn - He)dx

Qo Q
This notation is almost similar to [I52], 150] except for each integral in level set
above, our approach use only two heaviside functions, H(¢) while there are three
H(¢) used in [152, 150]. Consequently, our formulation is less complex than [152} 150].
Next, the term H(¢) € {0, 1} is relaxed to u € [0, 1] as used in [34]. As a common
practice in image segmentation, the final solution u(x) defining the targeted object by
Y- ={(z) : u(z) > n} and usually n = 0.5. With the above connection, we set ¢ = u—n.
Consequently, the local functions b; and by are defined by

bi(u(x),v) =1—H (u(x) —n—7)
ba(u(x),7) = H (u(x) —n+7)

Using the above information, the new localised version of 3D-SC2 model is defined

below
min Jz(u, w) :/ |Vu\gdx+/ (z — c1)*wby dx—|—9/ Pywdx
u,we(01] Q Q . Q (620)
+ / (2 — ¢2)%(1 — w)by dx + / (u — w)?dx
Q 2p Jo
Minimisation with respect to v and w yields the following functional
1
min Jz; (u, w) = / |Vu|, dx + / (z = c1)?wby dx + — [ (u—w)’dx
v ! 9 2p Jo (6.21)
+ [ (z=c2)*(1 — w)by dx
Q
min Jra(u,w) = / (z — c1)?why dx +/ (z — 2)*(1 — w)by dx
wel01] Q . Q (6.22)
+ 0/ Pjwdx + / (u — w)?dx
0 2p Ja
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For (/6.22)), the explicit solution is given as

w = min {max {u - ((z —¢1)%b; — (2 — 62)2b2) p— pOPy, ()} ,1} (6.23)

In order to apply multilevel algorithm to solve (6.21)), we introduce (after discreti-
sation) the notation for the set falling into the y-band where by = by =1 :

D(u) - {(27.77 k) ’_7 < Ui 5,k < 7}

All the steps to solve using multilevel algorithm are identical except u =
u + ¢; j; only needs an updated if the set [ki, ko] x [1, la] X [m1,ma] N D(u) is non-
empty. We will call 3DSC3 to refer the multilevel algorithm to solve localised version
of 3D-SC2 model.

6.6 New variant of the multilevel algorithms 3DSC2 and
3DSC3

Our above proposed method for an optimisation problem defines a sequence of search
directions based in a multilevel setting . In this section,we modify it so that the new
algorithm has a formal decaying property.

Denote the functional in by g(u) : R™ — R and represent each subproblem
by

+1 ((mod K)+1 {=0,1,2,...

¢ =argming(u’ + cp), uTl=ul+pt, pP=e

ceR

where € and K will be defined below, mod(-) denotes modulo operator. Noting that
bs =251 and 75 = n/bs .

Now we investigate the search direction {€};
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level 1 : 1 x 1block’s index (i,5,k), 1<i,5,k<n
&f = er, f=1,2, ..n?

level 2 . 21 x 2! block’s indices (ky : ko, 01 : lo,my :mg), 1<4,5,k<m
ko o mo

éKO+(k_1)722+(j_1)T2+i: Z Z Z €n2(g1—1)+n(j1—1)+i1

i1=k1 j1=01 (1=
ki =2%i— 1)+ 1, ko = 2%; 01 =21(j — 1) + 1, £y = 215;
my =24k — 1)+ 1, my = 2%

level 3 . 22 x 22 block’s indices (ky : k2,1 : o, m1 :mo), 1<i,j k<73
ko 12 mo

~K+K+k—172+j—lr+i_zz Z ) )
glot Kt (k-Drg+(—1)s+i — €n2(g1—1)+n(j1—1)+i

i1=k1 j1=£1 (1=m1
ky =22(i— 1)+ 1, ko =2%; 05 =2%(j — 1) + 1, £y = 2%j;
my =2%(k — 1)+ 1, mo = 2%k

level L+1 : 2L x 2L block’s indices (1:n,1:n,1:n)

n n n n3
=K _ —
=330 D ettt = D ev
V=1

n=ln=1q=1
where e, € ™’ is the +-th unit (coordinate) vector,
L L
K-Sk -3
Y=0

78713—1
T

M=
e
%‘5w©

>~<

=0
Here K represents the total number of search direction across all levels 1,2, ...L, L+1
for this unconstrained type optimisation problem. As shown above, the sequence {p‘}
is clearly essentially periodic (finitely many) and free-steering (spanning R"s) [105].
Recall that a sequence {u’} is strongly downward (decaying) with respect to g(u)

ie.
g(uf) = g(v!) = g(u™), ol = (1—tp +tult €Dy, Ve[l (6.24)

This property is much stronger than the usual decaying property g(u) > g(u‘*!) which
is automatically satisfied by our Algorithm 3DSC2 and 3DSC3.
By [105, Thm 14.2.7], to ensure the minimising sequence {uy} to be strongly

downward, we modify the subproblem min Ji¢(u’ + ¢p®) to the following

u' ™t = ut + ¢t ¢ = argmin{c > 0| VJ¢’ =0}, £>0 (6.25)
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where the ¢-th search direction is modified to

q( — pf’ if VJTPe S 07
—pt, if VJTpt > 0.

Here the equation VJT ¢ = 0 for ¢ and the local minimising subproblem 1’ that is
min, Ji%(d; j + ¢) are equivalent. Now the new modification is to enforce ¢ > 0 and

the sequence {q‘} is still essentially periodic.
We shall call the modified algorithm 3DSC2 and 3DSC3 as 3DSC2M and
3DSC3M respectively.

6.7 Convergence and complexity analysis

The convergence of the algorithms 3DSC2-3DSC3 for

min g(u)

is challenging to prove unless a stronger assumption of uniform convexity for the
minimisation of functional ¢ is made. However there is another approach to prove
the convergence of 3DSC2M-3DSC3M for solving problem without such an
assumption. We first assume the functional g = g(u) is hemivariate i.e. g(u+t(v—u)) =
g(u) for ¢ in [0,1] and u # v (for theoretical purpose).

There are five sufficient conditions that must be met in order to prove the convergence
of 3DSC2M-3DSC3M,

i) g(u) is continuously differentiable in Dy = [0,1]"" ¢ R™’;
ii) the sequence {¢‘} is uniformly linearly independent;
iii) the sequence {u‘} is strongly downward (decaying) with respect to g(u);
iv) lim ¢'(u)q"/¢[ = 0,
{—00
v) the set S ={u € Dy | ¢'(u) = 0} is non-empty.

Here ¢'(u) = (Vg(u))T. Then we have the convergence of {u‘} to a critical point u*
[105, Thm 14.1.4]

lim inf ||u’ —u*| = 0.
{—ooues

The condition i) is met since we set f # 0 and condition ii) also holds since
‘essentially periodic’ implies ‘uniformly linearly independent’ [105, §14.6.3]. We make
an assumption of existence of stationary points for g(u) to verify condition v). Next,
we now focus on verifying condition iii)-iv). From [105, Thm 14.2.7], the construction
of {u’} via ensures that the sequence {u’} is strongly downward and further

limy_soo ¢'(u®)q"/|l¢%|| = 0. Hence conditions iii)-iv) are satisfied.
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Note condition iii) and the assumption of g(u) being hemivariate imply limg_, o ||u‘F!—

u|| = 0 from [105, Thm 14.1.3]. Further condition iv) and the fact limy_, [[u‘™! —uf|| =
0 lead to the result lim_,o ¢’ (u’) = 0.

Finally by [105, Thm 14.1.4], the condition limy_,+, ¢'(u’) = 0 implies limy_, o inf g ||u’—
u*|| = 0. Hence the convergence is proved.

Next, we will give the complexity analysis of our 3DSC2, 3DSC3, 3DSC2M and
3DSC3M. Let N = n? be the total number of pixels (unknowns). First, we compute
the number of floating point operations (flops) for 3DSC2 for level s as follows:

Quantities Flop counts for 3DSC2

p term 2N
w term 6N
s smoothing 3
125bs1yr
steps
L+1
Then, the flop counts for all level is Wspgsco = 6N + > (2N + 125[)37'537') where

s=1

s = 1 (finest) and s = L + 1 (coarsest). Noting by = 2571 7, = n/bs, N = n3, we
compute the upper bound for 3DSC2 as follows:

sy (125Nr

L
1
Wspsce = 6N +2(L+ )N + ) ) = 6N +2(L+1)N + (125r)N (2>
s=1 s=0

S

< 2Nlogn + 8N + 250Nr ~ O (N log N)

The complexity of the new 3DSC3 is directly linked to the length of the segmented
objects at each iteration; at the discrete level, this length is usually O (f’/ﬁ ) Similarly
the upper bound for 3DSC3 is computed as follows:

& (1350 YN
Wspscs = 6VN +2(L+1)VN + ) <b> =6V N +2(L+1)VN
s=1 $

L
+(1351) VN 3 () < 20/Nlogn +8YN +270r /N ~ 0 (I/N1og N
s=0

The approximate cost of an extra operation V.J7 ¢’ in 3DSC2M and 3DSC3M

is 2N that results to the total flop counts for 3DSC2M as Wipsconr = 6N +
L+1
>~ (4N + 125b,73r). This gives the upper bound for 3DSC2M as

s=1

&2 /125N
Wapscam = 6N +4(L+ )N + > ( ; > = 6N +4(L+1)N+
s=1 §
L
(125r)N Y- (55) < 4Nlogn + 10N + 250Nr ~ O (Nlog N)..
s=0
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Finally, for 3DSC3M, the upper bound for 3DSC3M is computed as follows:

G, (1357«W

Wapscam = 6VN +4(L+1)VN+) b) =6VN +4(L+1)VN
s=1 s

L
+(1351) VN 3 (3) < 2V/Nlogn +10V/N +270r YN ~ O (VN log N
s=0

One can observe that 3DSC2, 3DSC3, 3DSC2M and 3DSC3M are of the
optimal complexity expected of a multilevel method and Wipgscs < Wipsosy <

W3psc2 < Wapscom -

6.8 Numerical experiment

This section will demonstrate the performance of the developed multilevel methods

through several experiments. The algorithms to be compared are:

Name Algorithm  Description
The 3-D multilevel Algorithm [7] for the 3-D version

of SC2 mqadel ] . .
The multilevel algorithm for localised version of

3DSC2 New

3DSC3 New

3DSC2
3DSC2M New :  The modified multilevel algorithm for 3DSC2
3DSC3M New : The modified multilevel algorithm for 3DSC3.

The 3-D Chambolle’s Algorithm for the 3-D version

of SC2 model, see Appendix [A]
3DZCG Old : The 3-D selective segmentation model by [150].

3DCHB Old

There are four sets of tests carried out. In the first set, we will compare the
performance of algorithm 3DSC2, 3DSC3, 3DSC2M, and 3DSC3M in segmenting 3-D
artificial geometrical image with some noise added in different resolutions. We record
their segmentation performances in terms of CPU time (in seconds) and quality. The

segmentation quality is measured based on the Jaccard similarity coefficient (JSC):

15, N S|

ISC =g

where S, is the set of the segmented domain u and S, is the true set of v (which is only
easy to obtain for simple images). The similarity functions return values in the range
[0,1]. The value 1 indicates perfect segmentation quality while the value 0 indicates
poor quality.

Our second test are conducted on segmenting harder and more challenging 3-D
medical data using 3DSC2, 3DSC3, 3DSC2M, and 3DSC3M. We will choose the best
multilevel algorithm based on the tests in first set and second set. The choosen
multilevel algorithm will be compared with 3DCHB (see Appendix A) and 3DZCG
[150] in the third and fourth set respectively.

Figure [6.2|(a) shows the image used in test set 1,[6.2b) and (c) are for test set 2
while [6.2](d) is used for test 3. The images in Figure[6.7(a) and (b) are used in test
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Figure 6.2: (a) is an image used in test set 1, (b) and (c) for test set 2 and (d) for test set 3.
Markers set are in red and the green polyhedral surface constructed based on the position of
markers set are the initial solution.

set 4. The images in Figure [6.2] are of interest because they involve both real medical
and synthetic images. The markers set are in red and the green polyhedral surface
constructed based on the position of markers set are the initial solution. In case for
an object that is difficult to be distinguished from the background, the idea of using
the edge detector before segmentation process can be used to determine the suitable
position of markers and initialisation. The targeted objects used in [6.2b) and (c)
have small separation gap, however the objects are still can be distinguished from
the background. The location of markers and initialisations for the objects in Figure
[6.2[a) and (d) are easy to determine as they are synthetic images. Thus, the idea of
applying edge detector before segmentation process is not implemented in this chapter.
In addition, we have added the edge detection function in our formulation which help
to stop the evolving curve on the edge of the object. All algorithms are implemented
in MATLAB R2017a on a computer with Intel Core i7 processor, CPU 3.60GHz, 16
GB RAM CPU.

In the following experiment, we used parameter 3 = 10~%, p in between 7 x 1074
and 1073, 7 in between 1 and 10, ¢ in between 1/n? and 0.01, ¢ in between 1 and 10
and mazit = 8000 to get a successful segmentation result. Tuning the parameter 6
depends on the targeted object. If the object is too close to a nearby boundary then 6

should be large. Segmenting a clearly separated object in an image needs just a small
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Table 6.1: Test Set 1-Comparison of computation time (in seconds) of 3DSC2, 3DSC3,
3DSC2M, and 3DSC3M for image Figure a) with different resolutions. Again, the time
ratio, t,, /t,_1 close to 8.8 indicates O(N log N) speed while the ratio 2.2 indicates O(v/N log N)
speed for that particular test image. All algorithms successfully segmenting the image with
additional noise but 3DSC3 is up to 23.3, 29.5 and 1.5 times faster than 3DSC2, 3DSC2M and
3DSC3M respectively.

. Size Time, iy
Algorithm N =3 JSC ¢ T
323 1.0 17.2
3DSC2 643 1.0 67.2 3.9
1283 1.0 481.5 7.2
2563 1.0 3690.6 7.8
323 1.0 15.3
3DSC3 643 1.0 39.1 2.6
1283 1.0 70.8 1.8
2563 1.0 158.2 2.2
323 1.0 24.3
3DSC2M 643 1.0 84.7 3.5
1283 1.0 565.1 6.7
2563 1.0 4668.5 8.3
323 1.0 28.3
3DSC3M 643 1.0 61.7 2.2
1283 1.0 108.5 1.8
2563 1.0 234.9 2.2

6.8.1 Test Set 1: Segmentation on artificial geometrical objects.

In the first experiment, we compare the performance of 3DSC2, 3DSC3, 3DSC2M,
and 3DSC3M in segmenting problem in Figure [6.2|(a) with multiple resolutions. The
problem is an artificial geometric constraint with some noise added. Here, we take
tol = 1072 and 6 = 30/(n x 1074).

The first column of Figure shows successful results from 3DSC2, 3DSCS3,
3DSC2M, and 3DSC3M for image size 128 x 128 x 128. The second and third columns
show the respective slice representation given by each algorithm. The CPU time needed
for our algorithm 3DSC3 is 68.3s ( 1.1 min) which is about 5, 6.5 and 1.3 times faster
than 3DSC2, 3DSC2M and 3DSC3M respectively. The segmentation results for other
images size are tabulated in Table The ratios of the CPU times in column 5,
tn/tn—1 close to 8.8 indicates that 3DSC2 and 3DSC2M are of complexity O (N log N)
while the the ratio 2.2 illustrates the complexity of O <{°’/N log N ) for both 3DSC3 and
3DSC3M for the particular test image. In addition, 3DSC3 is up to 23.3, 29.5 and 1.5
times faster than 3DSC2, 3DSC2M and 3DSC3M respectively. All algorithms give high
segmentation accuracy, indicated by JSC values.

To illustrate the convergence of our multilvel algorithms, we plot the residual of
3DSC2, 3DSC3, 3DSC2M, and 3DSC3M in segmenting image in Figure [6.2)(a) for size
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Figure 6.3: Test Set 1 —Successful results from 3DSC2, 3DSC3, 3DSC2M, and 3DSC3M for
image size 128 x 128 x 128 in the first column. The second and third columns show the respective
slice representation given by each algorithm. The CPU time needed for our algorithm 3DSC3

is 70.8s ( 1.2 min) which is about 6.8, 8.0 and 1.5 times faster than 3DSC2, 3DSC2M and
3DSC3M respectively .
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Figure 6.4: Test Set 1-The residual plots for 3DSC2, 3DSC3, 3DSC2M, and 3DSC3M to
illustrate the convergence of the algorithms. The extension up to 10 iterations shows that the
residual of the algorithms keep reducing.

64 x 64 x 64 based on Table[6.1] The plots are shown in Figure[6.4] In Figure[6.4] we
extend the iteration up to 10 iterations. As we can see, the residual of the algorithms
keep reducing.

6.8.2 Test Set 2: Segmentation on real medical data

Next, we test 3DSC2, 3DSC3, 3DSC2M, and 3DSC3M in segmenting medical data in

Figure[6.2b) (blood vessel) and [6.2|(c) (kidney). We take § = 11200 for Figure [6.2|(b)
and 6 = 7000 for Figure [6.2(c). Both images are size of 128 x 128 x 128. The programs

stop when tol = 1072, We tabulate the CPU time needed to segment both problems in
Table [6.21

Clearly, 3DSC3 is faster than 3DSC2, 3DSC2M and 3DSC3M. By visual evaluation,
Figure [6.5] shows the successful result form 3DSC3 in segmenting both medical images.
Figure [6.5[(a) and [6.5|(b) show the 3-D plots of objects extracted from Figure [6.2)(b)
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Table 6.2: Test Set 2-The computation time (in seconds) of 3DSC2, 3DSC3, 3DSC2M, and
3DSC3M for segmenting Problem in Figure [6.2[b) (blood vessel) and Figure ¢)(kidney).
Notice that 3DSC3 is faster than other algorithms.

Algorithm Figure [6.2)b) Figure [6.2fc)
3DSC2 560.1 682.2
3DSC3 265.3 373.6

3DSC2M 702.0 855.3

3DSC3M 396.2 520.7

Table 6.3: Test Set 3-Comparison of computation time (in seconds) of 3DCHB with 3DSC3
for Problem in Figure d) for different stopping accuracy. Note 3DSC3 can be up to 56 times
faster than 3DCHB for tol = 10~°.

Stopping CPU

Algorithm Accuracy Time I8¢
10! 8.9 1.0

3DSC3 1073 10.3 1.0
10— 11.8 1.0

1079 13.5 1.0

101 12.1 1.0

3DCHB 1073 99.2 1.0
106 103.7 1.0

10~ 757.8 1.0

(blood vessel) and [6.2f(c) (kidney) respectively. The slice representation of the extracted
object is shown in the second and third columns. Here, we can observed that the
targeted object has a small separation gap and has a complex shape especially for
kidney case. Notice that all algorithms required more CPU time to segment the larger
organ (kidney) compare to the small targeted object (blood vessel).

Based on the experiments in Test Set 1 and Test Set 2, we observe that 3DSC3
performs faster than the 3DSC2, 3DSC2M, and 3DSC3M. Therefore, in practice we
recommend 3DSC3 as the better multilevel algorithm for our selective segmentation

model.

6.8.3 Test Set 3: Comparison of 3DSC3 with 3DCHB

In this second last experiment, we compare the 3DCHB with 3DSC3 in segmenting
an object in Figure [6.2(d) of size 256 x 256 x 256. Here, we used = 70/(256 x 10~%)
and vary the stopping accuracy, that is tol = 10~!,1073,107% and 10=°. The CPU
time is recorded for each degree of accuracy. Table show the CPU time taken by
both algorithms in segmenting the image. One can observe that 3DCHB is almost has
similar efficiency with 3DSC3 for tol = 10~!. However, as the stopping accuracy is
getting smaller, the efficiency of 3DSC3 is better than 3DCHB. This implies that the
convergence of 3DCHB is more slower than 3DSC3 when degree of stopping accuracy

used is smaller. We visualize the segmentation output from both algorithms using

tol = 1075 in Figure
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Figure 6.5: Test Set 2-Sucessful segmentation result for 3DSC3 in segmenting medical images.
Figure a) and [6.5(b) show the 3-D plots of objects extracted from Figure [6.2b) (blood
vessel) and [6.2)(c) (kidney) respectively. The figures 1(a)-4(a) and the figures 1(b)-4(b) show
the slice representation of the blood vessel and kidney, respectively.

125

3DCHB 3DSC3

Figure 6.6: Test Set 3-Segmentation of image in Figure [6.2(d) by 3DCHB and 3DSC3 using
tol = 1075, 3DSC3 is about 9 times faster than 3DCHB (see Table .
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Initialisation 3DZCG [150] 3DSC2M

2(a)

(b) 2(b)

Figure 6.7: Test Set 4-Segmentation performance of 3DZCG and 3DSC3 using 2 different
initializations. With initialisation 1 in (a), the segmentation results for 3DZCG and 3DSC3 are
illustrated in 1(a) and 2(a) respectively. With initialisation 2 in (b), the segmentation results
for 3DZCG and 3DSC3 are illustrated in 1(b) and 2(b) respectively. Clearly, 3DSC3 gives a
consistent segmentation result indicating that our 3DSC2M is less dependent on initialisation
while 3DZCG is sensitive to initialisation as indicated by different results obtained.

6.8.4 Test Set 4: Comparison of 3DSC3 with 3DZCG [150]

Finally, we compare the performance of our 3DSC3 with 3DZCG [150] in segmenting
MRI medical data that contains breast disease using different initialisation. Here,
tol =102 and 6 = 10*. Figure a) shows the data with initial solution is constructed
based on the location of marker points while Figure (b) shows the initial solution is
located slightly away from the marker. Figure|6.7|1(a) and 2(a) illustrate the successful
result by 3DZCG and 3DSC3 respectively using initial solution in Figure (a). For the
second initialisation in (b), our 3DSC3 gives a consistent segmentation curve as shown
in Figure 2(b), showing the advantages of our model. However, the segmentation
results of 3DZCG are inconsistent which implies that 3DZCG is heavily dependent on

the initilization due to highly non-convex terms involve in the minimisation problem.

6.9 Summary

In this chapter, we have successfully developed a 3-D convex and selective segmentation
model and solved using a new 3-D optimisation based multilevel algorithm called 3DSC2.
Using the local property of a targeted object in an image, we modified the 3DSC2
algorithm and name it as 3DSC3. In order to get a stronger decaying property, new
variant for 3DSC2 and 3DSC3 are proposed, called 3DSC2M and 3DSC3M, respectively.

Experiments carried out both on artificial geometric images and medical images show
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that 3DSC3 performs much faster than 3DSC2, 3DSC2M and 3DSC3M. We also applied
Chambolle’s projection algorithm to solve our 3-D segmentation model and name it as
3DCHB. Comparison of 3DSC3 with 3DCHB shows that for smaller stopping accuracy
value, 3DSC3 performs much faster than 3DCHB. The comparison of 3DSC3 with a
recent 3-D selective segmentation model called 3DZCG is also conducted. Results show
that 3DSC3 is consistent with different initial solution (less dependent of initialisation)
compare to 3DZCG which is sensitive to initial solution. In next work, we will develop
a new formulation for higher order selective segmentation model as well as developing

multilevel algorithm to solve the model.

130



Chapter 7

Euler’s Elastica based Selective
Segmentation Model and Its Fast
Algorithm

In this chapter, we propose two new selective segmentation models called ES1 and ES2
that apply the Euler’s elastica energy term as boundary regularisation. The energy
term provides curvature information of a level curve in an image that may effect the
final segmentation boundary. The ES1 model uses relaxed binary curve representation
to compute the curvature while ES2 applies level set of continuous signed distance
function curve representation to calculate curvature. The minimisation of the objective
functions are challenging to solve due to nonsmooth, nonconvex, nonlinear and involves
higher order derivatives. We propose a simple and efficient way to solve the Euler’s
elastica optimisation problems by treating both models as a weighted total variation
type selective segmentation problem and we propose multilevel algorithms to solve
them. Experimental results show that the ES2 performs better than ES1. Numerical
test on ES2 also demonstrated that the model give a satisfactory result especially in
segmenting an object with missing or incomplete boundary when compared to other

existing models.

7.1 Introduction

One of the most important global image segmentation models is Mumford-Shah model
[102], where all features in an image are required to be segmented. The model aims to
find a piecewise smooth function which approximates a given image. The methodology
has brought forth numerous variational models in many topics of image processing,
including segmentation, denoising, and inpainting. An interesting case of the Mumford-
Shah’s model is the Chan-Vese’s model [3§]. The Chan-Vese’s model [38] approximates
a given image using binary piecewise constant representation via level set functions.
Chan-Vese model [38] has proved to be an effective global segmentation model in many

applications which aim to segment all features in a given image. It also has been
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modified in a variety of contexts [37, [82] [13§].

The task of segmenting a particular object in an images known as selective segmen-
tation model, is a new subject developed in recent years and not yet been widely studied.
As mentioned in the previous chapters, there have been a few variational selective
segmentation methods [2] 103, 15 12, [64], 65, 66}, 67, 114, 110, 11T, 112, 113}, [83, 129} [74].

In summary, Gout-Guyader- Vese [65, 64, 67] firstly proposed an edge-based method
for modelling selective segmentation. Later, it was improved by a mixed edge-based
and region-based selective model by Badshah-Chen [12]. In literature, there were other
approaches such as Random Walks [66], Geodesic [I5] and GrabCut [I14] that uses the
distributions probability, edge-based function or graph-cut theory respectively. Nguyen
et al. [103] improved these models by introducing an interactive image segmentation
algorithm that is less sensitive to the user inputs and sensitivity to small variations that
is able to produce an accurate boundary with a small amount of user interaction. This
robust method is considered as the state-of-the-art method for selective segmentation,
but with a limitation in segmenting semi-transparent boundaries [I03]. The later work
by Rada-Chen [110] in formulating dual level set model in 2-D framework as well
as in 3-D [I13] framework has shown to give satisfactory results for cases where the
other methods would produce spurious objects (i.e. fail the selection) in some hard
cases where the objects are near to each other or the intensity difference is small. The
drawback of the Rada-Chen model [110] is that it is slow to implement, hence they
improved the model by introducing one level set formulation in [I11]. For the case in
dealing with selecting an object with irregular and oscillatory object boundaries, they
proposed a variational model for selective image segmentation of features with infinite
perimeter [112].

The works of Rada-Chen in [110} ITT), 112} [113] are all in non-convex environment,
hence sensitive to initial solution. In 2015, Spencer and Chen [129] proposed a convex
selective model that more robust in locating initial solution. Recently in 2018, Liu et al.
[83] proposed a new convex selective segmentation model based on the work [12] and
[102]. In Chapter 5 and [74], we have reformulate the Spencer and Chen [129] model
called SC2, so that it is less sensitive to parameters and has cheaper computational cost
compared to [129]. The SC2 is also more robust compared to [83] in terms of number
of markers used. Moreover, SC2 is able to reduce the limitation of the state-of-the-art
model of [103].

The above mentioned selective segmentation models are all grey intensity based
models where the segmentation result heavily relies on grey intensity values of the
given image. However, due to the complexity of real images, the targeted objects might
be occluded by other ones or some parts of them may not be distinguished from the
background by the contrast. For example, in medical image analysis, target organs may
be blended with other ones, and some parts of them may be occluded by other organs
or even missing due to imaging conditions. Therefore, those grey intensity selective
based segmentation models might not be well suited to segment those goal objects from

given images.
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To overcome this issue, one possible way is to incorporate shapes of those targeted
objects into the segmentation procedure. Extensive work has also focused on this
research topic-segmentation using prior shape knowledge [32], 43], 46, 1) 128]. Another
possible way is to overcome this issue is to impose curvature constraints on the
segmentation contours to restore those boundaries that are missing or not well defined
by the grey intensity gradient of the images. This type of segmentation approach makes
use of Euler’s elastica energy term in the formulation. It can interpolate the missing
boundaries automatically without using prior shape knowledge.

A regular 2-D curve C is said to be Euler’s elastica if it is the equilibrium curve of

the elasticity energy functional

E(C)= /C (a + bk?) ds (7.1)

where ds represents the arc length of the curve C, & (s) the scalar curvature C' at point
s and a, b are two positive constant parameters. By setting b = 0, the energy functional
E(C) measures the total length of the curve. If a = 0, the E(C) measures the total
curvature of the curve.

It was first introduced by Euler in 1744 in studying the physics of thin rods [84].
Euler’s elastica energy minimisation model has a long history in image processing. Some
of the works using equation include segmentation of objects with different depth
[53, 104], [155], 134], region-segmentation [156], 51, 119, 120} 132, 14], illusory contour
[95] [75], [154], [76] and image denoising and inpainting problems [17], 27, [36], 52| 54 [3], 4]
93, [04], [13, 10T, 120, (133}, 145, 148, 147, 21].

Let u(z) denotes the gray level of an image u at point x . The level lines are defined
as boundaries of upper level sets, define at each gray level ¢ by X, = {z,u(z) > ¢}.

The Euler’s elastica of all level curves of u(x) can be expressed as

Q
/ / (a+ bHQ) dsdq (7.2)
q=0 J Xq:u=q

where () is the maximum value of u. Furthermore, in terms of function « , the curvature

k(u) =V - <‘§Z|> (7.3)

as shown in [I3]. Therefore, we can express (7.2) more simply as

E (u) :/Q <a—i—b(v . |§Z’>z> |Vu| dx (7.4)

(see [13], 148 and the reference therein). Fuctional ([7.4]) represents the Euler’s elastica
energy of all level curves of u defined on the domain §2.
For the Chan-Vese type Euler’s elastica energy models [156, [132] [14], equation (|7.4))

is used as the regulariser. The modification allows the models to connect broken or

Kk can be expressed as

missing part of objects. In addition, it can capture objects of large size while ignoring

the objects of small size in a given image. Moreover, the models also less sensitive to
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image with intensity inhomogenity compare to the original Chan-Vese model [3§]. Note
that, if b =0, is reduced to TV regulariser.

The segmentation models above ([156, 132} [14]) are global segmentation. Although
they have ability to capture object of large size and ignoring the ones with smaller size,
the selective segmentation model is still need to be developed in case if the targeted
object (foreground) in the given image is smaller than the others (background). To
this end, in this chapter, we will develop two new selective segmentation model called
ES1 and ES2 that employ Euler’s elastica in as a new regularisation.

The minimisation of the resulting objective functions for both ES1 and ES2 are
challenging to solve due to nonsmooth, nonconvex, nonlinear and involves higher-order
derivatives. We will show a simple and efficient way to solve the Euler’s elastica selective
segmentation problems by treating the problems as a weighted total variation type
selective segmentation problems, inspired by the related work in [132] [148], [14]. We
solved the models using optimisation-based multilevel algorithm developed in Chapter
4 and 5.

We conclude the introduction part with the organisation of this chapter. In Section
7.2 we first review the global Chan-Vese Euler’s elastica-based segmentation models. We
propose two new formulations of selective segmentation models based on Euler’s elastica
energy called ES1 and ES2 in Section 7.3. Then, we develop the multilevel algorithms to
solve both models in Section 7.4. Section 7.5 presents numerical experiments conducted
to determine the better selective segmentation model. Then, the chosen model is

compared with other models. We conclude this chapter in Section 7.6.

7.2 Review on Euler’s elastica based Chan-Vese’s global

segmentation model

Recall from Section 3.34 that the Chan-Vese model [38] is written as

min Fov (¢,c1,c2),

®,c1,C2
Fov @.cren) = [ [VH@] a2+ A | (=) H (o) d0 (7.5)
X | (2 —¢2)*(1 — H(¢))d

Q
Here, the level set function ¢ is defined as a signed distance function from the unknown
segmentation boundary I' where outside I' the sign of ¢ is negative while inside I"
the sign of ¢ is positive. The zero level set function ¢ is used to represent I' that is
I'={(z,y) € Q: ¢(z,y) = 0}. The function H(¢) is the Heaviside function of ¢ , the
constants c¢; and co are viewed as the average values of a given image z inside and outside
the unknown curve I'. The fixed parameters i , A1 , and Ao are positive parameters.
The Chan-Vese model [38] has proved to be an effective global segmentation model. As
discussed in Chapter 3, the model also has been modified in variety of context such as
multiphase segmentation [I38], vector-valued image segmentation [37], and selective

image segmentation [12] [TT1].
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However, the length regularisation term is insufficient to segment an image with
missing or broken boundary. In 2003, Zhu et al. [156] proposed to modify the Chan-Vese

model [38] by employing Euler’s elastica energy term as

min Ecvg (¢,c1,c2),
@,c1,c2

2
ECVE(¢761702)=/Q<a+b‘v.W

) IVH(¢)| dQ + A\ / (z = c1)*H(¢) dQ

Q

e [ (o= e - H(g)do
? (7.6)
where a and b are positive parameters. The parameter a controls the length term and
b controls the curvature of the segmentation boundary. Here, the length term of the
Chan-Vese model [3§] is still needed to avoid excessive segmentation contours.
To reduce the complexity of the model (7.6), Zhu et al [I56] relaxed the model as

done in [34] and proposed to solve

min ECVE (’U, C1, CQ)
u€(0,1]

ECVE(U,Cl,CQ)Z/ a+b'V Vu
0 V|

+A2/Q(Z—CQ)2(1—u) o

) |Vul dQ+/\1/Q(Z—01)2UdQ (7.7)

Experiments showed that the model [I56], solved using Augmented Lagrangian
Method (ALM) is able to connect broken parts of objects to form meaningful objects.
In addition, the model can capture objects of large size while ignoring the ones of small
size [156]. Note that the work from [I56] employ the L2-Euler’s elastica energy. There
is also work from [T4] that employ the L'-Euler’s elastica energy for image segmentation
and the comparisons are made in [70].

Due to difficulty in solving Euler’s elastica energy related models that involve
highly nonlinear and higher order terms, Tai and Duan [132] proposed to combine both
functionals and and produced the following model

min Eys (u, ¢, c1,c2) ,

u,

By (n,rer,e) = [ 9(0) [Vl dQ+A1/<z—c1>2udQ (78)

- Jyoo Q
fz—@ (1— u)dQ

under constraint:
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with

2

ve " (7.9)

9(¢)_@+b‘v'w

The functional is viewed as a weighted total variation type which is more easy
and efficient to solve compared to functionals and [132]. Here, the binary
function w is used to express the length term and the signed distance function (SDF)
¢ to compute the curvature values. By representing a curve using the SDF function
¢, the geometric features of the curve such as normal and curvature can be computed
more naturally than the relaxed binary representation used in [132].

The minimisation of involves two unknowns u and ¢. Hence, the alternating
minimisation procedure is done to solve it. First, ¢ is fixed and solution for u is obtained

by minimising the following functional

u = argmin/ g(gb) |Vu| dQ) + M\ / (Z — 01)2u dQ)
ue{0,1} JQ Q

+A2/Q(z = e2)(1— ) d.

(7.10)

The functional (7.10)) is relaxed following the idea by Chan et al in [34] and it is

equivalent to the following problem:

u:argmin/g(qbﬂVu] dQ+)\1/ (z — c1)*udQ
Q Q

u€(0,1] (7.11)

—i—)\g/ﬂ(z— e)2(1 — u) d©

in the sense that a threshold of a solution w in ((7.11]) by a value n € (0,1) (usually
7 = 0.5) gives a minimiser for (7.10). They adopted the Split Bregman method

[63, 48], 49|, 50] to solve ([7.11)).

After u is obtained, then w is fixed to solve for ¢ from

w=H($).

Given a binary function u, there is a unique SDF of ¢ satisfying the above relation that

is denoted by

¢ = SDF(u) (7.12)

as shown by [132]. The function ¢ in is iteratively solved by re-distance process
using the fast sweep method [136, [I53] to the n-level set of w. Fast marching methods
[122] [123] are also suggested to solve . The alternating minimisation procedure
above is done until convergence of the system achieved. The efficiency and effectiveness
of the proposed approach are validated through extensive experiments done.

In the same paper, Tai and Duan [132] also minimised the Euler’s elastica based
image inpainting model, and illusory shape reconstruction model by simplifying the

problem as a weighted TV based model. Papers in other image processing applications
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from [148] and [I3] also used the similar idea which simplifies the Euler’elastica based
image registration model and Euler’elastica based image denoising model into a weighted

TV-type registration model and denoising model, respectively.

7.3 Euler’s elastica based selective segmentation model

Selective image segmentation can be defined as the task of extracting one object of
interest in an image based on some additional information of geometric constraints.
The segmentation models that we have reviewed in the previous section [156], [132] [14]
are for global segmentation due to the fact that all features or objects in an image are
to be segmented. Although they have the ability to segment an object of large size and
ignore the other objects of smaller size in a given image, the selective segmentation
model is still need to be developed in case the targeted object in a given image is
smaller than the other objects.

The selective segmentation models of [12), 111], [129] based Chan-Vese have proven
to be effective. As these models are based on Chan-Vese formulation [38] that heavily
relies on grey intensity values of a given image and length regularisation term, they are
not well suited to segment images with incomplete boundary or object that might be
occluded by other objects. To perform the job, we will proposed two new formulations
of selective segmentation models that employ Euler’s elastica energy and we will call
them ES1 and ES2. This energy gives information about the image curvature which is
hope that both ES1 and ES2 can accomplish the task.

As in Chapters 4 and 5, let n; geometric constraints be given by a marker set
A={w;=(z},y;) e Q1 <i<n} CQ

where each point is near the object boundary I', not necessarily on it [111), 152]. The
selective segmentation idea tries to detect the boundary of a single object among
all homogeneity intensity objects in image domain €2 close to A; here n; (> 3). The
geometrical points in A define an initial polygonal contour and guide its evolution
towards ' [152].

Using the set A, construct a polygon (Q that connects up the markers. Denote the
function Py (x,y) (as used in [129]) the normalized Euclidean distance of each point

(x,y) € Q from its nearest point (xp,yp) € Q:

Pae) = TRr2 Po@n) = /o= a)+ =) = min o) = (0]
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Then the ES1 formulation minimising a cost function defined as follows

min ES1 (u),
u€(0,1]

BS1()  | (m]v.'gg,
9]

—l—)\Q/ (2—02)2(1—u)d(2+9/PdudQ
Q Q

2
) |Vul dQ+/\1/ (z — 1) udQ (7.13)
Q

Note that if 8 = 0, (7.13) reduces to (|7.7)) of [I56]. The functional ([7.13]) which

involves Euler’s elastica energy term is challenging to solve due to nonconvexity,
nonlinearity and involves higher order derivatives. As explored in some applications
previously mentioned such as [132] [13] [148], it is often more efficient to consider
computing the curvature term separately from an optimisation functional. Motivating
from the work in [132), 13 [148], the curvature term in is computed separately
and we solve the Euler’s elastica selective segmentation model as a weighted

TV based optimisation model and proposed to solve the unconstraint minimisation as

follows
min ES1 (u),
ES1(u) = / V(k) |Vu| dQ + )\1/ (z —c1)?udQ + )\2/ (2 — ¢2)*(1 — u) dQ
Q Q Q
+60 [ PaudQ + a/ v(u) dQ
Q Q
(7.14)
with
V(k) = a+bs[%,
V(u) (7.15)

<=V S)

The term v(u) in enforces the solution u to be constrained in [0, 1]. One may
consider using the formula for v(u) as in [129]. However, it increases the computational
complexity of the model. We propose to use splitting or alternating minimisation
approach idea as used in Chapter 5. Now, by introducing an artificial variable w,

takes the following form

min ES1 (u,w),

uU,W

ES1 (u,w):/V(ﬁ) Yl dQ+>\1/ (z—cl)2wdQ—|—)\2/ (2 — e)°(1 — w) d2
Q Q Q
1
—|—«9/PdwdQ+a/ v(w)dQ+ — [ (u—w)*dQ
Q Q 2p Ja

(7.16)
The right-most term in ([7.16|) enforces w ~ u for sufficiently small p > 0 as used in
[20, 140, [99]. The minimisation problem (7.16)) now has two unknowns and we shall use
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an alternating minimisation-like procedure to solve it. First, we fix w and solve the

following functional

min ES11 (u, w),
u

. B 1 Y (7.17)
ES1! (u,w)—/QV(/i) |Vul dQ—I—Qp/Q(u w)“dS.

We propose to solve (7.17)) using optimisation based multilevel algorithm that we
developed in Chapters 4 and 5. The implementation details are discussed in the next
section.

Then w is fixed to solve

min ES1' (u, w),
wel0,1]

ES1'Y (u,w) = \ /Q (z — c1)wdQ + Ao /Q (z — c2)*(1 — w) d (7.18)

1
—|—9/ PywdQ + — / (u — w)?dS).
Q 2p Jo
Functional ([7.18) can be solved directly and the analytical solution is defined as

w = min{max{u — p(A1(z — ¢1)? — Xa(z — ¢2)?) — pfP;,0},1}. (7.19)

After u and w are updated from ([7.17) and (|7.19)) respectively, we go back to update
V (k) from ([7.15) again. This procedure is repeated until convergence is achieved. As a
common practice, the final segmented image is defined by ¥ = {(z,y) : u(z,y) > n}

where the threshold value n € (0,1), usually n = 0.5.

The ES1 model above uses the relaxed binary curve representation to compute
curvature. Another approach to evaluate curvature is to use the level set of continuous
SDF. Let ¢ to be the SDF, the formulation of our second selective segmentation based

Euler’s elastica called ES2 is given as

in ES2(u,¢),
w7520

ES2(u)—/Q<a+b‘V Ve

Vel

2
) |Vl dQ—i—)\l/ (z — ¢1)*ud (7.20)
Q
—i—)\g/ (2—02)2(1—u)dﬂ+0/ PyjudQ
Q Q

under constraint:

w=H(9).

We remark that if § = 0, the ES2 reduces to the model of [I32]. To solve ES2, we shall
try to use similar ideas as were used for ES1 where the curvature term in ([7.20) is

computed separately and we solve the Euler’s elastica selective segmentation model
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(7.20) as a weighted TV based optimisation model and proposed to solve

min  ES2(u, ¢),

ue{0,1},¢
ES2(u) = / S(k) |Vu| dQ + )\1/ (z —c1)?udQ + 9/ PyudQ (7.21)
Q Q
+o [ (2 =) (1 —u)dQ

Q

such that v = H(¢) with

S(k) = a +b|s|?,

B V(o) (7.22)
"=V @

Following further the work of [I132], alternating minimisation procedure to solve ([7.21))
is used. Let us denote 7 = (z — ¢1)? — (2 — ¢2)2.
Firstly, we fix ¢ in (7.21)) and solve

min {ES2(u,<Z>):/S(/£) |Vul dQ+/rudQ+0/PdudQ.} (7.23)
Q Q Q

ue{0,1}

It is known from [34] that functional ([7.23)) is equivalent to the following problem

min {ESQ (u,d)):/QS(K;) |Vul dQ—}—/QrudQ—f—H/QPdudQ} (7.24)

u€(0,1]

where a threshold of a solution ([7.24) by a value n € (0,1) gives a minimiser for ((7.23)).
That means the segmented image is defined by ¥ = {(z,y) : u(z,y) > n}. Like ES1, we

change in unconstrained form and introduce an auxiliary variable w as follows
Iillur)l ES2 (u,w, ¢)
ES2 (u,w,¢) = /QS(K)) |Vu| dQ —|—/Qrw dQ + H/QPdw aQ (7.25)
—i—a/ﬂy(w)dﬂ+21/ﬂ(u—w)2d§2

p
To solve ([7.25]), we fix w and solve

min {E522“ (u, 0, 6) = /Q S (%) |Vl dQ+21p /Q (u—w)de} (7.26)

using multilevel algorithm that will be discussed in next section. Then, we fix u and

solve

min {ES2% (u,w,gb):/

1
rw dS) + 0/ PywdQ+ — / (u — w)? dQ} (7.27)
wel0,1] Q Q 2p Ja
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which has an analytical solution as follows

w = min{max{u — pr — pfPy,0},1}. (7.28)

Secondly, we fix u in (7.21)) to solve for ¢. Following the work from [132], ¢ is
updated using

¢ = SDF (u). (7.29)

The solution for is computed using any reinitialisation procedure. In this work
we employ Sussman method [I31] as discussed in Section 3.34 of Chapter 3. The
reinitialisation of ¢ done in to be the SDF of n-level set u obtained from
prevents the level set function of ¢ from becoming too “flat” which causes inaccuracy
in computing the curvature term.

After the solutions u, w, and ¢ are updated from , , and respec-
tively, we go back to update S(k) in . This iteration is repeated until the system

converges.

7.4 Minimisation using optimisation based multilevel al-

gorithm

An optimisation based multilevel method is based on a discretise-optimise scheme where
minimisation is solved directly (without using PDEs). This method is an alternative
to multigrid method where the multigrid method is based on an optimise-discretise
scheme which solve the resulting Euler Lagrange PDE derived from the variational
problem. The original multilevel method applied to image denoising [33] used the
“patch detection” idea. However, as image size increases, the method can be slow
because of the patch detection idea searches the entire image for the possible patch
size on the finest level after each multilevel cycle [73].

This section proposes to develop a multilevel algorithm without the “patch detection”
idea for our new Euler’s elastica based selective segmentation models: first the ES1
model described in and then the ES2 model in .

As detailed in Chapter 4 and 5, we shall assume n = 2¥ for a given image z of size
n x n. The standard coarsening defines L + 1 levels: k =1 (finest) ,2,...,L, L +1
(coarsest) such that level k has 7, x 7 “superpixels” with each “superpixels” having
pixels by x b, where 7, = n/28"! and b, = 2*~1, see Figure in Chapter 4.

7.4.1 Computation of V(x(u)) and S(k(¢)) terms in discrete form

The terms V(k(u)) in (7.15) and S(k(¢)) in (7.22) contain a curvature, x. We first
show the computation of x(u) in (7.15) of ES1 in discrete form. Let Q = {(4,7)]1 <

i <n,1 <j<n} be the discretised image domain and each point (7, j) correspond to a

Y

pixel point of the image. The discrete gradient Vu = (u Uy

T is given by the central

difference scheme
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(wig1,j —ui—15)/2 if 1<i<n
ui ;= Ugj — Ul if 1=

L Un,j — Un—1,j if i=n
(ui,jﬂ — ui,j_l)/Q if 1 <j <n

um- = U3 2 — Ug 1 if j =1

Ui — Uin—1 if  j=n.

We thus give the discretisation of x(u) in (7.15) of ES1 by

r Y

Y

x u

U 5 1,

ki j(Wij) = - - + - -
(u%) +(u?jj) +e (u%) +(u?jj) +e

Consequently, the term V(x(u)) in (7.15)) is compute in discrete form as follow

Vij(kij(uig)) = a+ bk (ui )] (7.30)

Similarly, the discretisation of k(¢) in (7.22)) of ES2 is defined by

T Y

. @7
1, 3
ki (Big) = 2 + 2

Jeo) s (o) ve)  \Jlen) () +

Hence, the computation of S(k(¢)) in (7.22)) in discrete form is given as

Si.j(kij(6i5)) = a+ blrij(¢i)| (7.31)

where € > 0 is a relatively small value based on machine epsilon is added to make the

problem well-posed, i.e., to avoid division by zero in the evaluation of curvature.

7.4.2 A multilevel algorithm for ES1

The minimiser for the proposed ES1 model in (7.14)) shall be found by iterating (7.17)),

(7.18)), and ([7.15) until the system converges. Note that, the solution of ([7.18)) is

obtained analytically following (7.19)) while ([7.15]) (equivalent to ((7.30))) is updated by
the most recent update of u from ([7.17)). Now, it remains for us to develop a multilevel

algorithm to solve (7.17)).
Firstly, we discretise the functional F.S1' (u,w) of problem (7.17) as follows:

HlulIlES1 a(u,V,w):HgnESlaa(uLl,uQ’l,.. Uj— 17j,uij,ui+1j,.. unn,Vw)

n n
=> D Vi \/(uz‘,j — 1) + (uig = uirrg)’ + 6 + o ZZ uij — wiz)®

i=1 j=1 i=1 j=1

(7.32)
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Consider the local minimisation of (7.32]) by the coordinate descent method on the

finest level 1:

Given u® = (u(0)> with m =0,

i’j
Solve ug?ﬂ) = arg min ESlllgc (u, V,w) fori,j =1,2,..n, (7.33)
’ ui,jGR

Repeat the above steps with m = m 4+ 1 until stopped.

where

ES}e = ES1} — ES1L

loc —
Vi (s — ™ N+ (s — ™) 1 8
2,7 ’U/ZJ ul+1,j + Uz,] ul,j+1 +

‘H/%Lj\/(ui,j - UETE]>2 + (“ETl)g - ung),j+1>2 + 8

(m) \? (m) (m) )2
+W,j1\/<ui,j - ui,j—l) + (ui,j—l - “i+1,j—1> + 5
2
+ap (i — wig)".
The terms ES 1%{‘ refers to a collection of all terms that are not dependent on u; ;. For u; ;

at the boundary (the total variation term), Neumann’s condition is used. Minimisation
of £S11% in (7.33) is achieved using Newton method by iterating wm — = M+ .

i+1,j i+l

) (a0 08 (g ulm) (1) 8
(m)

Vig—1(wij—u; ;24

%7j(2u17j—u(m) —u{™ ) Vi_l,]-(ui,j—u(.m),v)

+ 5 (ugj —wig) =0

\/(“i,jfugf?)fl)2+(“£,7?11*“§T1),171>2+B g

giving rise to the form

new __ ,,old old old
ulst = uly =T/ B (7.34)
where
(m) (m) (m)
Told _ Vi (2“3,2d_ui+1,j_“i,j+1> Vi1, (uf,lad_“z’—l,j)

Vot ) (o) e (st (i) 00
(‘::;jIQ(ug’Zd(?ET?)lg — 1 (uqld _ wi,j)
\/(”?,ljd*“i,jA) +<“¢Z‘£1*“¢Tl,j71> +8

143



. 2
2V, j V; j <2u.o£d—u(.m) —u(nb) )

pold _ _ g (2uf -l e
\/ (ugtd—ulr) ) 4 (ustd () ) 48 \/ ((ufl]d ) () +/3)3
+ Vi _ Vi (ueli ™)
sz ) )+ (ol () )
Vi Vi g (ud—ul™ )

_|_
=
|
(S

weld—y §7>1>2+( m ) 1>2+,3 \/ ((uzz]d 57;>1)2 +(um —ulm) ) +/3)

1
+1.

To introduce the multilevel algorithm, it is of interest to rewrite (7.33)) in an

equivalent form:

( Given ) = (ugg)) with m = 0,
Solve ¢ = argmin £S11% ( (m) + ¢, Vw)
us ;R toc \ %05 (7.35)
Update u(;nH) (m) + ¢,
Repeat the above steps with m = m + 1 until stopped.

The problem in can be interpreted as finding the best correction constant ¢ at
the current approximate ugrjn) on level 1 (the finest level).

As detailed in Chapters 4 and 5, to formulate the multilevel approach for general
level k, we set the following: b =21 ky = (i —1)b+ 1, ko = ib, £y = (j — 1) b+ 1,
¢y = jb, and ¢ = (¢; ;). Denoted the current %, the minimisation of ¢ in problem ([7.35)

is equivalent to minimise the following

Fgsi (cij) Z Vi e \/ (cij — (Tigy 1,0 — Gy 0))° + (g 1.0 — Uy —1.041)° + B

=t
ko—1
+ > Vi \/ [eig — (T pp1 — Tk p))” + (T, — Tgre,)” + B
p—
+Vk2,€2 \/[CiJ - (ak2,€2+1 - ak2752)]2 + {Ci,j - (ﬂkz-i-l,fz - ﬂk2,42)]2 + 08
-1
+> VkQ,e\/[Ci,j — (likgr1,6 — kg 0)]” + (fikg 0 — Gy 01)” + B
=ty
+ ) Vea- \/[Cz’,j — (tiey 1 — )] + (kg1 — Tr1,0-1)° + B
K=k
ke 0o
722 uk4+6” wkg).
g —,

(7.36)
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which can be simplified further using (5.19) as

2
Frsi (¢ ) Z Viei—1 z\/ (Cij—hiy—10)" + Ugl,w + 3

=t

ka—1
+ Z Vi o \/(Ci,j - Uk:,ﬁz)2 + hz,eg +6

k=k1

lo—1
+ Z sz/\/(cid - hk21€)2 + UI%M +5

=0 (7.37)

ko

+ Z | \/(Ci,j - Uk,21—1)2 + h%,ﬁl—l + 8

k=k1

_ 2 7 B
+V2Viy 0, \/ (Cij = Vaa)” + 13, 0, + 5
ks fo
+7Z Z uk£+cz,] wk@) .
L

On the coarsest level (L + 1), a single constant update for the current @ is given as

min {FE51 (t+c ZZ (uij + ¢ —wi )?} (7.38)

i=1 j=1
which has a simple and explicit solution.
Then, we obtain a multilevel method if we cycle through all levels and all blocks on
each level. The overall procedure to solve our first model ES1 is given in Algorithm

Again, in order to update the algorithm in a fast manner, we recommend to adjust the

fine level before the coarse level and to use the inner iteration ¢t = 1.

7.4.3 A multilevel algorithm for ES2

We now consider our model ES2 as expressed by ([7.21). The minimiser is obtained
by minimisation of FS2 with respect to u in (7.26)) and w in (7.27)) respectively. The
solution of ([7.27)) can be obtained analytically following ([7.29)). After the solution of

u and w are obtained, we update ¢ in ([7.29) by reinitilisation procedure solved using

Sussman method [131]. Lastly, we update S(x) using (7.31) (equivalent to (7.22])).

The iteration is done until convergence achieved. Now, we discuss how to develop a

multilevel algorithm to solve (|7.26)).
The discretised form of the functional FS522® (u,w) of problem (7.26) is as follows:

H 2 — mi 2
mJnESQ “(u,S,w) :mdnESQ “(ul 1, U215 «nvy Uj— 17j,uij,ui+1j,.. unn,S w)

n n
=>.> 5 \/(ui,j — ij1)” + (i — uir1g)” + B T3, Z Z - wig)’

i=1 j=1 i=1 j=1
(7.39)
Consider the local minimisation of ((7.39) by the coordinate descent method on the
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Algorithm 8 ES1 — Algorithm to solve the new ES1 model
Given image z, an initial guess u = a, an initial guess w = W, the stop tolerance (tol),
and mazimum multilevel cycle (mazit) with L + 1 levels. Compute V', c1, and ca.

1) Solve (7.17)) to update u using the following steps:
i). Set uy = a.

ii). Smooth for t iteration the approzimation on the finest level 1 that is solve

fori,j=1,2,..n
iii). On each coarse level k =2,3,..L,L+1 :
> If k < L, compute the minimiser ¢ of
> Solve on the coarsest level k= L + 1
> Update u = U + Qrc where Qy, is the interpolation operator distributing c; ;
to the corresponding b X b block on level k as illustrated in of Chapter 5.

2) Solve (7.18) to update w:

i). Set wy = w.

ii). Compute w using the formula (7.19)).
3) Update V' using ((7.30))

4) If max (Hu voll, ) < tol or maxit is reached, stop the cycle or return to Step

\
szthu—u andw:w

finest level 1:

Given u(® = (u(o)) with m = 0,

Z?]
Solve uyyﬂ) = arg min ES2ZOC (u, S,w) fori,j=1,2,..n, (7.40)
’ u;,j€ER

Repeat the above steps with m = m + 1 until stopped.

where

ES? = £S22e — F§22a

loc —
= Si,j\/(ui,j - UET%;)Q + <uw - UET;?J)Q +8
+Si—1,j\/<ui,j - UET_nl)]>2 + (um] - uET_”f,jH)Q +p
+5i,j—1\/<uz',j - Uz(?ll)Q + (ul -l 1)2 +8

+21p(uu wz}j)Q-

The terms ES22% refers to a collection of all terms that are not dependent on w; ;.
For u;; at the boundary (the total variation term), Neumann’s condition is used.
Minimisation of E.S 21 o in is achieved using Newton method as similarly done in
solving ES1.

To introduce the multilevel algorithm, it is of interest to rewrite in an
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equivalent form:

( Given 9 = (ugg)) with m =0,
Solve ¢ = argmin £.522¢ < (m) +c S, w)
us ;R foe \7hd (7.41)
Update u(;nH) (m) + ¢,
Repeat the above steps with m = m + 1 until stopped.

The problem in can be interpreted as finding the best correction constant ¢ at
the current approximate ug J) on level 1 (the finest level).
For general level k, the minimisation of ¢ in problem ([7.41]) is equivalent to minimise

the following

Fpss (i) Z Ska \/ [eij = (k1,0 = Ty ) + (T 1,0 = @hy—1,001)° + B

=t
ko—1
+ > Sks \/ leig — (liyey1 — Gk ey)]” + (lygy — Ting1e,)” + B
k=Fk
+Sk2,f2 \/[Ci,j - (ﬂkm@-‘rl - ﬁk2/2)]2 + [cl}j - (ak2+1,52 - ak27€2)]2 +p
lr—1
+> Skz,z\/[cz‘,j — (gt 1,6 — Tty )]” + (kg — Ukge1)” + B
(=t
+ > Ske \/[Cm — (01 — e, + (k-1 — Tpg1,0-1)° + B
=k
ke  fo
-i-f Z Z (upe + cij — wie)®.
P j=h =,
(7.42)
Using (5.19)), the functional (7.42)) can be simplified further as
Lo
Fgss (cij) =Y Sk e\/(cu hiy—1,0)" + v, 1, + 8
=t
ka—1
+> Sk,e2\/(0i,y k) + BE gy + B
k=K1
-1
+ZS]€2£\/(C’L] hkgf) +’Uk2£+/3
(=0, (7.43)
2
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On the coarsest level (L + 1), a single constant update for the current @ is given as

mln{FEsg w4+ c) ZZ Ui +c— w”) } (7.44)
=1 j=1

which has a simple and explicit solution.

The overall procedure to solve our second model ES2 is given in Algorithm [9}

Algorithm 9 ES2 — Algorithm to solve the new ES2 model
Given image z, an initial guess u = a, an initial guess w = W, the stop tolerance (tol),
and maximum multilevel cycle (mazit) with L 4+ 1 levels. Compute ¢, S, c1, and cs.

1) Solve ([7.26)) to update u using the following steps:

i). Set uy = a.
ii). Smooth for t iteration the approzimation on the finest level 1 that is solve
(7.40) fori,j=1,2,..n
iii). On each coarse level k =2,3,..L,L+1 :
> If k < L, compute the minimiser ¢ of ([7.42))

> Solve (7.43)) on the coarsest level k =L+ 1
> Update u = U + Qrc where Qy, is the interpolation operator distributing c; ;

to the corresponding b x b block on level k as illustrated in ((5.16]) of Chapter 5.

2) Solve (7.27) to update w:
i). Set wy = w.

ii). Compute w using the formula (7.28)).
3) Reinitialise ¢ of (7.29).
4) Update S wvia (7.31]).

5) If max (W;:ﬁ)“, Hq“ﬁi}?ﬁf“) < tol or mawxit is reached, stop the cycle or return to Step

1 with w =u and W = w.

7.5 Numerical experiment

In this section, we provide several numerical experiments conducted to show the
performance of the proposed algorithms, ES1 and ES2. There are 6 sets of tests carried
out. In the first set, we will compare the performance of ES1 and ES2 and chose the
best method. The chosen method will be compared with other variational segmentation

models. The models are:
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Name Description
A selective segmentation model by Spencer and Chen [129]

SC1 : that is solved using multilevel algorithm developed in

Chapter 5 and [74].
A reformulated model of SCT, solved using multilevel

algorithm developed in Chapter 5 and reported in [74]. We
compare ES with SC1 and SC2 in the second set of the

SC2

tests
Igbthe third set, we compare ES with the latest selective
CMT : segmentation model by Liu et al [83], called CMT model. We

solve the model using multilevel algorithm.
A state-of-the-art interactive selective segmentation model by

Nguyen et al, called NCZZ [103], solved using Split Bregman
method. The comparison of ES with NCZZ is done in the

g g]oga segmentation model based on Euler’s elastica energy

by X.C.Tai & J.Duan [I33], solved using Split Bregman
method. We named the model as JX and compare with ES in
the fifth set of tests.

NCZZ

JX

In the final test (test six), we perform the speed test of the chosen method with an
image of different resolutions.

We provide a general guide to choose suitable parameters used in ES1 and ES2 for
different images based on our experimental result as follows: parameters A\ = Ay =
1,p=1073, and B = 10~* are fixed throughout the experiments unless stated otherwise.
Parameter a ensures the final segmentation curve is smooth and the suitable range for
a is 500 < a < 900 . Parameters b gives more curvature information and connect the
broken image boundary. A good range for b is 900 < b < 1500. Parameter 6 takes large
value if the targeted object is too close a nearby object and small 8 for well separated
object. The standard image size used is 128 x 128, otherwise if another size is used it
will be stated. All algorithms are implemented using MATLAB R2018a on a computer
with Intel Core i7 processor, CPU 3.60GHz, 16 GB RAM CPU. The algorithms are
stopped when maxit = 300 or tol = 1072.

7.5.1 Test Set 1: Comparison of ES1 and ES2

In this test, we consider a synthetic image with different markers set used. The first
marker set is shown in Figure [7.1(a) and [7.1[d) shows the second markers set. The
final segmentation results by ES1 and ES2 using the markers in (a) are illustrated
in [7.1[(b) and [7.1}(c) respectively. To complete the segmentation task, ES1 needs 11.5s
while ES2 needs 7.6 seconds. The accuracy given by the Jaccard similarity coefficient
(JSC) value is the same, that is JSC=0.84. Next, we segment the targeted object using
the second markers set in[7.1(d). Figures[7.1](e) and [7.I(f) demonstrate the results by
ES1 and ES2 respectively. ES1 needs 23.1 seconds with JSC=0.82 while ES2 needs 7.6
seconds with accuracy, JSC=0.86. Clearly, ES2 is faster than ES1 for both markers set.
On top of that, ES2 gives a better final segmentation results compared to ES1. This
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Figure 7.1: Test Set 1—Figure (a) and (d) show the same targeted object with different
markers set used. Images (b) and (c¢) demonstrate the result of ES1 and ES2 respectively using
markers in (a). ES1 needs 11.5 seconds while ES2 needs 7.6 seconds with the same accuracy,
JSC=0.84. Images (e) and (f) illustrate the result of ES1 and ES2 respectively using markers
in (d). ESI needs 23.1 seconds with JSC=0.82 while ES2 needs 7.6 seconds with accuracy,
JSC=0.86. Here, a = 6 = 500 and b = 900.

implies that ES2 is less dependent to the markers set used. Based on these findings,
ES2 is a better algorithm than to ES1. We also plot the initial and final distance
function ¢ of equation as shown in Figure for both marker sets used. The
distance function remain a smooth SDF, consequently help in computing an accurate
curvature value of a curve. This preservation is important for the success of ES2.

To see how the Euler’s elastica affects the final segmentation results of ES2, we fix all
other parameters while only varying the curvature parameter b. For this illustration, we
use ES2 to segment a real medical image as shown in Figure (a). The targeted organ
occupied with inhomogeneous intensity is marked by the markers. Images (b) and
c) show the effect of the curvature parameter b = 1 and b = 900 respectively. With
the aid of the Euler’s elastica, one can observed that we able to produce a satisfactory
segmentation result for such image for a suitable value of b. As our model formulation
is based on the the two-phase (piecewise constant) intensity based segmentation models
in [38] 129, [74], notice that, for small value of b = 1, all the final segmentation curves
inherit the limitation characteristics of the two-phase segmentation models which are
unable to restore the broken image boundary and have difficulty in segmenting an
image with inhomogeneous of intensity. We show the comparison with other selective

segmentation models in the next test set.

7.5.2 Test Set 2: Comparison with SC1 and SC2 models

The aim of this test is to show clearly the comparison of ES2 with other close related

two-phase intensity based selective segmentation models namely SC1 and SC2. The
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Figure 7.2: Test Set 1-—(a) and (c) show the initial distance function ¢ of ES2 in equation
7 computed from the corresponding contour generated by the first marker set in a)
and second markers set in [7.1](d) respectively. Images (b) and (d) illustrate the final distance
function ¢ , calculated from the final contour of ES2 in ¢) and [7.1{f) respectively. The color
bar indicates the value range of ¢.

Figure 7.3: Test Set 1— Images (b) and (c) show the effect of the curvature parameter b = 1
and b = 900 respectively for real medical image in (a) with intensity inhomogenity. Here, ES2
reads a = 500 and 6 = 1500.
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SC1 and SC2 models were reported in the Chapter 5 and in [74]. Figure [7.4(a) and
[7.4(b) show the targeted objects with markers used. The image [7.4|(a) is the synthetic
image with damaged boundary while [7.4{b) is the cap of a mushroom with intensity
inhomogenity. Images[7.4(d), [7.4(g), and [7.4[j) demonstrate the segmentation results
of the targeted object in (a) for SC1, SC2, and ES2 respectively, while images (e),
7.4(h), and [7.4|k) illustrate the segmentation results of the targeted object [7.4|(b) for
SC1, SC2, and ES2 respectively.

For completeness, we provide in [7.4|c) and [7.4(f) the result of SC1 in segmenting
objects in Figure [7.1fa) and [7.3|(a) used in test set 1 respectively, while in [7.4{i) and
7.4(1) we demonstrate the results of using SC2 in segmenting objects in Figure (a)
and (a) of test set 1 respectively. Obviously, SC1 and SC2 are unable to recover the
missing boundary of the circle object of images in Figure (a) and Figure a). In
addition, SC1 and SC2 also unable to give a good result in segmenting the organ used in
Figure a) and the cap of the mushroom in (b) due to intensity inhomogenity of the
image. In contrast, the new ES2 which has the additional image curvature information
able to fill in the gap of the circle object of image (a) and give satisfactory result in

segmenting the mushroom’s cap.

7.5.3 Test Set 3: Comparison with CMT model [83]

In the third experiment, we compare ES2 with the latest selective segmentation model
by Liu et al [83], called CMT model. The CMT model is formulated based on the
famous Mumford and Shah global segmentation model [102], that assumes piecewise
smooth variation of the intensities in an image, suitable for segmentation of images
having intensity inhomogeneity. Figure (a) shows the targeted object with markers
used. The final segmentation results by CMT [83] and ES2 are demonstrated in [7.5{(b)
and [7.5((c) respectively. For completeness, in [7.5(d) we show the result of CMT [83]
in segmenting object of Figure (a) with intensity inhomogenity as used in test set
1. Observed that the CMT model [83] able to deal with image with inhomogenious
intensity, the advantage evidence of using piecewise smooth formulation. However it’s
limitation is that it is unable to segment an object with missing boundary and the
model basically needs more number of markers to get a better segmentation results as
reported in [74]. For the given synthetic problem in Figure [7.5[a), our ES2 is able to

recover the missing boundary.

7.5.4 Test Set 4: Comparison with NCZZ model [103]

In this set, we compare ES2 with the state-of-the-art interactive selective segmentation
model by Nguyen et al, called NCZZ [103]. The model is well-known for its robustness
in selecting a feature in an image in an interactive way. We acknowledge that the NCZZ
model [103] gives satisfactory result in segmenting object with intensity inhomogeneity
in Figure [7.3(a) and Figure [7.4b). For briefness, we will not show the results that
both models (NCZZ [103] and ES2) give satisfactory results. This test set will show the
performance of NCZZ [103] and ES2 in segmenting object with incomplete boundary.
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Figure 7.4: Test Set 2—Images (a) and (b) show the targeted objects with markers used.
Images (d), (g), and (j) demonstrate the segmentation results of object (a) for SC1, SC2, and
ES2 respectively. We used b = 900, @ and 6 equal 500. Images (e), (h), and (k) illustrate the
segmentation results of the targeted object (b) that is the cap of the mushroom for SC1, SC2,
and ES2 respectively using A\; = 0.3, a = 900, b = 1500 and 6 = 3500. For completeness, in (c)
and (f) we show the result of SC1 in segmenting objects in Figure[7.1(a) and [7.3|a) used in test
set 1 respectively, while in (i) and (1) show the result of using SC2 in segmenting objects in

Fugure a) and a) of test set 1 respectively.

153



(c)

Figure 7.5: Test Set 3—Image (a) shows the targeted object with markers used. Images (b) and
(c) demonstrate the segmentation results of CMT [83] and ES respectively. For completeness,
in (d) we show the result of CMT [83] in segmenting object of Figure [7.3|a) with intensity
inhomogenity as used in test set 1. Here, we used a = 900, b = § = 500.

Figure [7.6{a) and [7.6{b) show the targeted object with markers used for NCZZ model
[103] and ES2 respectively. The targeted object is to segment the hat of the kid.
However, the hat is partially occluded by the kid. Notice that the NCZZ [103] used
both foreground (red) and background (blue) markers while our ES2 just used the
forground markers information. The final segmentation result for NCZZ [103] is
demonstrated in [7.6[c) while the result of ES2 in binary form is shown in [7.6{(d),
see also Figure (b) for the generated segmentation curve by ES2. With only the
boundary length regularity information, NCZZ model [103] able to partially segments
the hat. In contrast to NCZZ [103], our new model ES2 gives the “prediction” of the
occuled part of the hat, closer to the disocclusion of human perception due to the
additional curvature regularity information in the ES2 formulation. We remark that the
performance of ES2 in segmenting the ellipse shape hat is better than its performance
in segmenting ellipse object in Figure and [T.If. This is due to the different position
and number of markers set used. Notice that ES2 uses more markers in Figure [7.6p
compare to Figure and [T.If. In general, the performance of ES2 is better when
more markers are used and the position of markers are placed near or on the targeted
object. For a hard problem, for example an object with many incomplete boundaries,
it is difficult to determine the position of markers and ES2 may gives unsatisfactory
result. To overcome this limitation, one can consider to apply prior shape knowledge
idea [32] [43], 46], 811, [128] in the formulation of ES2 and this is worth exploring.
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(¢) (d)

Figure 7.6: Test Set 4—Images (a) and (b) show the targeted object with markers used for
NCZZ model [I03] and ES2 respectively. Image (c) demonstrate the segmentation result of
NCZZ [103] and in (d) we show the result of ES2 respectively. Here, we used a = 500, b = 900,
6 = 3000 and A; = 0.01.

7.5.5 Test Set 5: Comparison with JX model [132]

We remark that our formulation for selective segmentation model ES2 is based on the
formulation of global segmentation model by Tai and Duan [I32]. We named the model
as JX. Both ES and JX [I32] models used Euler’s elastica energy. We compare the
performance of JX [I32] with ES2 in the test set 5 as follows. First, we segment a
single targeted object as marked in each Figure [7.1|(a), Figure [7.4[a) and Figure [7.4(a)
using JX model [132]. The JX model [132] gives the same segmentation result as in
7.7((a) for that segmentation task. This is an expected result because the JX model
[132] is not design to select one feature assign by user, except if the targeted object
is relatively larger in size compare to other objects appear in a given image. This is
a special advantage of JX model [132] where it is able to capture object of large size
while “ignoring’ the ones of small size [132]. We validate this attribute by a task in
segmenting a relatively small incomplete rectangle shape object as marked in [7.7|(b).
The result is demonstrated in [7.7)(c). One can see that the JX model [I32] unable to
segment the targeted rectangular shape, but it segments a relatively large object that is
the incomplete circle object in the image and ignored smaller objects. The satisfactory
result delivers by ES2 as shown in (d) The ES2 also able to segment the largest
object (the incomplete circle) in the image. The result is demonstrated in f) using

markers set in [7.7|(e).
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Figure 7.7: Test Set 5—The JX model [132] gives the same segmentation result as in (a) for
the task to segment an object in Figure [7.I|a), Figure [7.4(a) and Figure [7.5(a). Image (b)
shows the targeted object with marker to be segmented by JX model [132] and ES2. Images (c)
and (d) display the result of JX model [I32] and ES2 respectively in segmenting image in (b).
For completeness of experiment, (f) demonstrates the result of ES2 in segmenting object in
(e), the markers are marked by the green boxes. Here, the ES2 reads a = 900, b = 1500. The
parameter § = 500 for (b) and # = 800 for (e) with image of size 256 x 256.
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Table 7.1: Test Set 6—CPU time (in seconds) of ES2 in segmenting object in Figure [7.6{(b)
with different resolutions. The time ratio, close to 4.4 indicates O(N log N) optimal speed.

Size CPU Time o
64 x 64 43
128 x 128 9.2 2.1
256 x 256 29.8 3.2
512 x 512 96.7 3.2

7.5.6 Test Set 6: Speed and Convergence of ES2

In the final test, we perform the speed test of ES2 in segmenting the targeted object
used in Figure [7.6[b) with different image resolutions. All the CPU time (in seconds)
are recorded in Table Notice that, the ratio of the CPU time in the last column
illustrates the optimal complexity of O(N log N) for multilevel algorithm to solve our
model for the image. For the visual quality purpose, the final segmentation curve using
image of size 64 x 64 is demonstrated in Figure [7.8[(a) while [7.8|(b) is the result for
image size of 128 x 128. Images [7.§|c) and [7.8|d) show the results using image size
256 x 256 and 512 x 512 respectively. In addition, to illustrate the convergence of
our multilevel algorithm numerically, we give an example of residual curve for ES2 in
segmenting image of size 64 x 64 to reach tol = eps as shown in (e). Here, eps is

relatively small based on a machine epsilon that is, eps ~ 2.2204 x 10716,

7.6 Summary

In this chapter, we have presented two Euler’s elastica based selective segmentation
models called ES1 and ES2. The ES1 model uses the relaxed binary curve representation
to compute curvature while ES2 uses the level set of continuous SDF to compute
curvature. Comparison carried out between ES1 and ES2 show that ES2 gives more
accurate and fast result than ES1. This implies that curve representation using level
set of continuous SDF allows to calculate the geometric features of a curve such as
normal and curvature more accurate than relaxed binary representation. Consequently,
we have chosen ES2 to compare with other related models namely SC1 and SC2. The
result indicate that ES2 aided with curvature information is more robust in segmenting
object with intensity inhomogenity and abject with incomplete boundary. In the next
experiment, we compare ES2 with a new published model in 2018 called CMT by
[83]. Result show that both model able to segment object with intensity inhomogenity.
However, CMT model [83] unable to restore the missing boundary of targeted object.
We also compare ES2 with state-of-the-art interactive selective segmentation model
called NCZZ model [103] and the result demonstrated that both models successful in
segmenting object with intensity inhomogenity but for object with broken boundary,
the NCZZ model [I03] unable to give satisfactory result. We also compared ES2 with
JX model [132]. In the case where the targeted object is larger than the surrounding
object, both JX model [132] and ES2 deliver satisfactory result. When the targeted
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Figure 7.8: Test Set 6—Final segmentation curve of ES2 in segmenting targeted object in
Figure [7.6|b) with different resolution: Images (a) is size of 64 x 64, (b) 128 x 128, (c) 256 x 256,
and (d) 512 x 512. See Table 1 for the CPU time. The residual curve for image size 64 x 64 to
reach tol = eps is shown in (e). Here, eps is relatively small based on a machine epsilon that is,
eps &~ 2.2204 x 10716,
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object is smaller than other objects, JX model [132] is unable to segment the object.
In final experiment, we demonstrated that the ES2 model solved using developed

multilevel algorithm yields optimum speed of O(N log N).
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Chapter 8

Conclusion and Future Work

This thesis presented new algorithms for solving selective segmentation models. There
are four classes of variational segmentation models solved using the optimisation based
multilevel algorithm; the nonconvex models, convex models, 3-D convex models, and

higher order (Euler’s Elastica) models.

8.1 Conclusion

In Chapter 4, we first developed a multilevel algorithm for class of nonconvex selective
segmentation models; Badshah-Chen [12] and Rada-Chen [111] model with each algo-
rithm reach the expected optimal computation of O(N log N') complexity for image of
size n x n = N. The models were further modified to be the localised version of the
original models. This modification allows our multilevel algorithm to compute only
within a banded region of an active level set contour and consequently each algorithm
having the improve complexity of approximately O(v/N log N).

A second class to consider is convex variational selective segmentation model. There
is a way to improve the existence model [129] so that it becomes computationally
less expensive and less sensitive to parameters and we discussed the process through
primal-dual framework in Chapter 5. We developed multilevel algorithms to solve both
the original and the modified model. Experimental results confirmed that the modified
model solved using multilevel algorithm is faster and less sensitive to parameters
compared to the original model. In order to get a stronger decaying property, a
new variant of multilevel algorithm for the modified model was proposed and its
convergence was proved. Experiment shows that all the multilevel algorithms reach
optimal O(N log N) complexity.

Next, we developed a new 3-D convex selective segmentation model and 3-D
multilevel algorithm in Chapter 6. We also proposed the localised version of the model
in order to speed up the computation time. To prove the convergence, we proposed
the new variant of multilevel algorithm to solve both the new model and its localised
version. Numerical tests show that the proposed models are effective and the multilevel
algorithm is efficient in locally segmenting 3-D complex image structures.

Finally, we proposed two new higher order selective segmentation models that apply
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Euler’s Elastica energy term as boundary regularisation which allow the models to
restore those boundaries that are missing or not well defined by the grey intensity images.
These models are difficult to solve directly, hence we proposed to treat the models as
weighted TV type selective segmentation models and developed multilevel algorithms
to solve them. Numerical results demonstrated that the models give satisfactory results
to restore the missing object’s boundary compared to existing models. Furthermore,
the model which used level set information to compute the curvature performed better

than the model that used binary relaxation concept in computing the curvature.

8.2 Future Work

There are many different future directions that can be taken from the work presented

in this thesis. We mention some of them here:

e All the works in this thesis are based on two-phase selective segmentation problems
aided by a foreground marker set . The extension works are to formulate multi-
phase selective model with two set of markers that represent foreground and
background of the targeted object. In addition, develop multilevel algorithm to

solve it would be interesting to explore.

e The Euler’s Elastica based selective model gave us a promising result in a 2-D
setting. Possible future research is to extend the model in 3-D framework, that

could be solved using 3-D multilevel algorithm.

e The development of multilevel algorithm for other imaging problem such as
image inpainting and image registration still has not been done and this is worth

exploring.

e Another possible future direction is to develop a multilevel algorithm to solve

joint selective image segmentation and image registration.

e We will develop other possible smoothers that can be used in the multilevel

framework.

e Another interesting future research is to work on modelling selective segmentation

model in machine learning framework.
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Appendix A

A 3-D Chambolle’s projection
algorithm for the proposed 3-D
SC2 model

Another class of fast algorithm is called Chambolle’s projection algorithm [26]. This
popular algorithm is considered as a powerful method [33] and a fast method [20, 26, [40].
Here, we propose to extend the Chambolle’s projection algorithm [26] into 3-D framework
to solve our 3-D selective and convex variational image segmentation problem in ([6.10)).
Again, note that the problem in (6.11)) is explicitly solved using To develop 3-D
Chambolle’s method, first define the gradient operator:

(Va)igie = (V)b (Va2 (V) )

Uit1jh =~ Wik <N

Vu)l ., =
(u) 0 ifi=N

(N

if j =N

Ui j.k+1 — Ui gk if k<N

(Vu)? { u(;,j—i—l,k —ujk ifj<N

0 if k=N.

The divergence operator:
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1 1 . .
Pijk — Pic1jk if 1<i<N

(V 'p)i,j,k: = p},j,k if =
D1k if i=N
Plix—piiqy if 1<j<N
+9 Pk if j=1
i1k if j=N
{ Plig =Dl if 1<k<N
+9 P2ix if k=1
P} ik if k=N.

We proceed exactly as in [26], 20]. As shown in [26] 20], equation (6.10) can be
written with the dual variable p = (p1, p2):

. 1 2
minmax [ vV -p + —(u —w)"dx. Al
u pISg/ 2P( ) (A1)

One can now switch the min and max to obtain the equivalent

) 1 2
maxmin [ uV-p + —(u — w) dx. A2
lpl<g / b ZP( ) (8-2)

The inner minimization in ((A.2])) is point-wise in u. Carrying it out gives:

1
V'p+;(u—w):0:>u:w—pv-p. (A.3)
Substituting the expression ((|A.3])) for minimal u into the max — min problem ((A.2))
gives
max/ (w—pV-p)V-p+ B(V - p)2dx. (A.4)
Ipl<g 2
Simplifying a bit:
max/wv “p— B(V -p)dx. (A.5)
Ipl<g J 2

Variation of energy in (A.5) with respect to the vector field p give:

/(—Vw +pV(V-p))-dpdx. (A.6)
Q

Along with the point-wise constraint \p|2 — g% <0, one gets the optimality condition:

—V (V- p— w)+ 1 (x) p = 0. (A7)

Where the Lagrange multiplier ¢ (x) > 0 for all x. As Chambolle shows in [26], it can

be determined and eliminated as follows: if the constraint is not active at a point x,
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that is if |p (x)|* < g2 (x), then ¢ (x) = 0. Otherwise, if the constraint is active at a
point x, that is, if |p (X)|2 = g% (x), then

IV (pV - p—w)|* — ¢?g* (x) =0 (A.8)

which leads to the conclusion that in either case, the value of ¢ (x) is given by:

1
wzm!V(W-p—w)!- (A.9)

Substituting (A.9) into (A.7) gives:

—V(pV - p—w)+ IV (pV - p—w)|p=0. (A.10)

1
9 (%)
We can use a semi-implicit gradient descent algorithm, as proposed by Chambolle in

[26], to solve (|A.10]) as

nt1_ P" OtV (V-p" —w/p)
L+ 505 [V (V-9 —w/p)

P (A.11)

We call the 3-D Chambolle’s projection algorithm [26] to solve our 3-D convex and

selective segmentation problem as 3DCHB.
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