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ABSTRACT

This report has been written as part of Olivier Rousseau PhD project. It is
presented as a Comprehensive Examination.

The main goal of this PhD project is to construct a precise 3D geometrical
model of the human heart. Geometrical characteristics are to be extracted from
high resolution medical images such as CT or MRI scans. The main challenge
is to denoise and segment these images. The segmentation process consists in
extracting the contours of the heart from the images. PDE methods will be
prefered.

This report is a survey of the main PDE techniques in image processing.
It focuss on the denoising problem and the segmentation problem. First, the
type of data to process is presented in Chapter 1. The large size of the data
sets restricts the type of methods of resolution to be used. Chapter 2 presents
some background of Measure Theory and Calculus of Variations. These notions
will help getting a fair understanding of the variationnal formulations of both
denoising and segmentation problems, which are presented in Chapter 3 and
Chapter 4 respectively. Examples of numerical computations on CT images of
the heart are shown for each method. There are many known extensions that
are not presented here. Emphasis is put core concepts rather than on technical

refinements.
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INTRODUCTION

0.1. THE PROJECT

The main goal of this PhD project is to build a precise and complete model
of the human heart. This may include:

(1) An accurate and properly refined mesh of the heart muscle, the cavities,

the lunges and the rest of the thorax.

(2) Information about fine anatomic details such as

(a) Orientation of cardiac fibers (which are necessary to perform electro-
physiology or mechanical deformation computations),
(b) Geometry of the valves (for blood dynamic).

Medical images are about the most reliable source of data on which to base
our construction. The challenge is to extract the heart boundaries and other
geometrical characteristics from these images. This is called the segmentation
process. In a 2D scenario, a human eye can easily detect the contours of objects,
then draw these contours. It is quite difficult hhowever to get a computer to do
the same thing, but this step is necessary in a 3D context. Indeed, a human
would have a lot of trouble to find a boundary surface in 3D images. Moreover,
an automation of this process would be a very powerful tool for physicians. Even
though automation is not our primary goal, we do favor processes which require
little human interaction.

Several PDE-based simulations would benefit from a good heart model:

(1) Difference of potential computations between the interior and the exterior

of the cells which propagates, forcing the contraction of the muscular cells.

(2) Electrocardiograms simulations.



(3) Blood flow and mechanical deformations simulations.
(4) Human organs interaction. A complete model of the thorax and the organs

allows for interaction computations.

0.2. THE METHODS

We will focus on PDE-based methods for image analysis. In many cases,
the given PDE is the Euler-Lagrange equation of a minimization problem. The

solution is the minimum of some function
E . V—R,

where V' is an appropriate vector space.

An image can be seen as a function
g: QCRY—0,1],

where g(x) represents the grey tone of the image at the pixel z. Medical images
contain noise, a preprocessing step is therefore necessary before attempting to
segment the image.

A celebrated noise removal model is the one proposed by Rudin, Osher and

Fatemi |19]. This result states that a function which minimizes the functional

E(u) —/Q]Vu]d:c—l—/g(g—u)de

is a clean version of the image g. In order to define the functional E properly,
one needs to decide on a space V' of admissible functions. This choice must be
performed carefully since clean images can contain non trivial discontinuities, and
Vu may not be well defined. For this reason, the space of functions of bounded

variations is introduced.



Using a gradient descent method, one deduces that a steady state of the

following equation

uy = pdiv (|§—“u|> +(g—u), Q

9u — o0 (0.2.1)
u(z,0) = g.

is a local minimum of E.
For the segmentation problem, Mumford and Shah [16] proposed to consider
pairs (u, K), formed of an image u and a compact set of edges K. They state

that the pair (u, K) which minimizes

F(u,K) = / |Vul*dx + / (g9 — u)*dz + length(K)
O\K 0

gives a good segmentation of the image g. In this context, ehe set K represents
the contours of the objects in g. Moreover,the function u should be such that Vu
is well defined on © \ K. Once again, the use of the space of bounded variations
functions is necessary.

It is a difficult task to prove that this functional has indeed a minimum.
To compute this minimum numerically, the problem has to be expressed in a
simplified form through a level set formulation. This leads to the PDE, proposed
by Chan and Vese [6],

o= 10(9) (div () + (g = e(9)), ©

9 — 0, a0 (0.2.2)
Cb(x? 0) = ¢,

which is very similar to 0.2.1. The steady state solution splits the domain into
two regions, namely {¢ < 0} and {¢ > 0}. These two sets represent regions of
interest of the image g. It is then possible to consider one of these regions as a
new domain, and split it again. This iterative process gives an efficient way to

segment images.



The structure of this report is as follow. In Chapter 1, we briefly talk about
the available sources of data, and their acquisition process.

In Chapter 2 we present results from measure theory, functional analysis and
calculus of variations required to state and solve the minimisation problems that
arise in image processing and image segmentation. This includes main properties
of the space of functions of bounded variation, which play a central role in these
problems.

In Chapter 3 we present the most popular PDE techniques in image denoising.
This is followed in Chapter 4 by the PDE techniques for image segmentation,
such as the celebrated Mumford-Shah problem [16] and its simpler version Active

Contours without edges [6].



Chapter 1

DATA

Imaging the heart is a difficult task. The main reason for that is this the heart
is either constantly moving or, when it is dead, its shape is modified. When
the heart beats, the cells contract themselves and make the heart’s walls thiner.
There are two main types of heart imaging procedures: MRI and CT scans. The
Visible Human Project is another source of data but, as the subject is dead, the
shape of the heart is unreliable. In all cases, the images are given as series of 2D

slices.

1.1. MAGNETIC RESONANCE IMAGING (MRI)

In magnetic resonance imaging, there is a long sequence of operations that
are necessary in order to pass from the acquired data to a real image.

Briefly, the process is as follows: The patient is placed into a long thick tube.
A strong magnetic field, affecting hydrogen atoms of the body is produced inside
the tube. Hydrogen atoms are constituted of a proton and an electron which
makes it a dipole. Under the magnetic field, the dipoles all align in the same
direction.

A second device, often shaped like a donut, is placed in the scanner around
the region of interest. This device also produces a magnetic field that align
the hydrogen atoms in a different direction. Everything is then ready for data
acquisition: the second magnetic field is stopped and all of a sudden, dipoles come
back to their original orientation. When doing so, the atoms release some energy

that is captured by the second device. These data are then processed in order



to reconstruct an image representing the hydrogen density. Since hydrogen in
the human body mostly comes from water, organs can be colored with respect to
their water concentration. This is great for heart imaging. It allows to distinguish
between the muscle and the cavities of the heart. Figure 1.1 shows a slice of a

typical MRI data set.

Fia. 1.1. 3D & 4D images of an alive patient, 1.2mm x 1.2mm X
6mm. Courtesy of the Ontario Consortium of Cardiac Imaging,

Sunnybrook Health Sciences Center, University of Toronto

The MRI data set to which we have access has resolution 1.2mm x 1.2mm x 6mm
and size 256 x 256 x 14.

A drawback of MRI is that to be able to get high resolution data, it takes
a long time of acquisition, and during that time, the heart moves. Slices are
taken always at the same moment of the beating cycle, usually at the diastole.

Then one image is taken at each heart beat. Typically, resolution in the x and



y direction is between 1lmm. and 2mm., and the resolution in the z direction
between 2mm. and 6mm. This is really bad resolution if ones want to recover
fine anatomic details of the heart.

Some MRI scans can actually measure the diffusion of the water in a tissu.
The privileged direction for the diffusion of the water is the one of the fibers.
This is then a good way to compute the orientation of the cardiac fibers. The
downside is that the tissu needs to stay in the scan for a long time, about 50
hours, which is unbearable for a living person.

At Johns Hopkins University, they measured these diffusion tensors from the
heart of a dead person. As the heart was dead and it was hanged in some way into
the scanner, it does not have a very nice shape. But, this is certainely interesting
data since if one has a more realistic model of the heart, it may be possible to
reinterpret in some way the data of the fibers on this better model. A picture of

a slice can be seen in figure 1.2.

1.2. COMPUTED TOMOGRAPHY (CT)

Computed tomography uses X-ray technology. As for MRI, the patient is
placed into a tube. This tube emits X-rays toward the center of the cylinder.
They pass through the body and the intensity is measured on the other side.
Then a reconstruction work is done to actually obtain a 3D image.

A disadvantage of that method is that it distinguish better bones than organic
tissus. It makes a very small difference between the muscle and the cavities of
the heart. On the other hand, it offers precise data relatively fast.

The scan always take the pictures at the same moment of the heart beat. It
can capture up to 10 slices of 1.2mm per heart beat. On each slice, it is possible
to have a resolution of 0.5mm x 0.5mm., which is very good. Figure 1.3 shows a

slice of a typical CT scan.



FiG. 1.2. 3D image and fiber information of a dead heart,0.4mm x
0.4mm x Imm. The size is 256 x 256 x 134. Courtesy of the Center
for Cardiovascular Bio-informatics and Modeling, Johns Hopkins

University

Fia. 1.3. 3D image of an alive patient, 0.5mm x 0.5mm x 1.2mm.

Courtesy of the PET Center , Heart Institute, University of Ottawa



This CT scan has size 512 x 512 x 199 and is the best data set we have at our

hands for the moment.

1.3. VISIBLE HUMAN PROJECT

Another valuable source of data is the one provided by the Visible Human
Project. A men and a women (dead) have been frozen in an ice cube. Then they
have been thinly sliced (1mm for the men and 0.33mm) for the women. At each
slice, they took a color picture of the result. These data sets are very precise and
contain a lot of useful anatomic details. The drawback is that the patient were
dead, which changes the shape of the heart. The whole data sets are huge. We
selected parts of the thorax around the heart that are shown in figures 1.4 and

1.5. Their sizes are respectively 440 x 440 x 121 and 600 x 400 x 381.

Fia. 1.4. Visible Human Male, 0.33mm x 0.33mm x 1mm. Cour-

tesy of the United States National Library of Medicine



FiG. 1.5. Visible Human Female, 0.33mm x 0.33mm x 0.33mm.

Courtesy of the United States National Library of Medicine
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Chapter 2

BACKGROUND

In this chapter, we will present some of the background that is necessary to
correctly state and solve variationnal problems that arise in image de-noising
and segmentation. This will contain some measure theory, basic notions about
distributions and weak derivatives. For proofs, or more detailed exposition, we
recommend for example Rudin (|20] and |21]).

Next, we talk about some fine properties of functions, such as approximate
continuity and jump set and introduce spaces of functions of bounded variations,
state the main compactness results and go into some proof in order to get a feeling
of it. We recommend for this material the excellent and very complete book by
Ambrosio ([1]), althougth there are several other good references such as [9], [25],
[4] or [2]

At last, we present some basics of calculus of variations. A more complete

treatment can be found for example in Giusti ([10]) or Struwe (|23]).

2.1. LP SPACES

In this section Q denotes an open set of RY. By LP(Q), we mean LP(Q, LV .Q),
where £V is the Lebesgue measure on RY. wu, — u denotes weak convergence of
u, towards u. Standard theory of L” spaces is assumed. The statements below
are less known and of interest for variational problems in image processing.
Theorem 1. Let 1 < p < 0o. If (uy), € LP(QQ) is a bounded sequence, then there
exists a subsequence

Up, —u € LP(Q).
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If p = 1, the above theorem is not valid, we need an aditional condition
on the sequence to ensure the existence of a converging subsequence, namely
equiintegrability.

Definition 2. (u,), C L'(Q) is equiintegrable if and only if

(1) Ve > 0,3A C Q such that ji(A) < 0o and Vn, [q, , undz <,

(2) Ve > 0,30 > 0 such that LN(E) < 6 = Vn, [, |u,|dz < e.

Proposition 3. If Q is bounded, then (u,), C L'(Q) is equiintegrable if and only

' (un)a {feL /¢|f| <1}

for some increasing continuous function ¢ : [0, 00]—[0, 00| satisfying

limy o ¢(t)/t = o0
Theorem 4. A bounded sequence (u,), € L'(Q) has a weakly convergent subse-

quence if and only if (u,), is equiintegrable.

2.2. RADON MEASURES

In this section X denotes a locally compact separable metric space.

Definition 5. p: B(X)—R" is a Radon measure if

(1) 1(0) =

(2) Y(E,)n, C B(X), pairwise disjoint sets

(G E) = ZOM(E
The set of all Radon measures on X is denoted M(X).

Remark 6. For p € M(X), there is a decomposition pu = (uy,...,un). For

u € [Co(X)N, write
N
udp = / wid ;.

Definition 7. Let € M(X). The total variation of p

|pe|(E) = sup {Z \wE,| : E, € B(X) pairwise disjoint , E = OL:JJOE“}

n=0
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s a finite positive measure on X.

Proposition 8. Let u € M(X), then for all open set A C X,

() = sup { [ s € Al < 1

Remark 9. The set M(X) is a Banach space when equipped with the norm

el = 1 ().

The space M(X) can be identified with the dual of a space of functions. Write
Co(X) for the closure of C,(X) in the space C°(X) of continuous functions on X.
It corresponds to the continuous functions which vanish at the extremities of X.
Theorem 10 (Riesz). Let

L:[C(A)N—R

be a linear bounded functional. Then there exists a unique p € M(X) such that
vo e lCA)Y, Lo [ odn
X
Therefore M(X) = ([CC(A)]N)*. Moreover

p(X) =L = sup L(¢)

ll¢lleo <1
In view of this fact, it is possible to define a weak™ topology on M(X). This
topology turns out to be very useful for applications.

Definition 11. Let (p1,), € M(X). Then p, — p if

voe| / T / b

Theorem 12. Let (u,), € M(X) be such that sup,, |pn,|(X) < co. Then there
exists a subsequence (Un, )x —u € M(X). Moreover the map ju +— |u|(X) is lower

semicontinuous with respect to the weak™ convergence. That is
tim inf |1 (X) > |ul(X).
Theorem 13. Let (pi,), € M(Q) such that p, —u. If || =\, then

ul < A
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Definition 14. Let u be a positive measure on B(X), and v € M(X). Then
(1) v is absolutely continuous with respect to p (v < u) if

VE € B(X), wE)=0 = v(E)=0.
(2) v and p are mutually singular (v L p) if there exists E € B(X) such that
v(E)=0=p(E°).

Theorem 15 (Radon-Nikodym). Let p be a o-finite measure on B(X) and v €
M(X). Then there exists v*,v° € M(X) such that v* < p, v° L p and

v=uv"+1°.

Moreover, this decomposition is unique and there is a unique f € [L*(X,u)]V

such that

Remark 16. If u and v are mutually singular, then for any E € B(X)

[+ VI(E) = |ul(E) + [v[(E).

2.3. APPROXIMATE CONTINUITY

For functions in LP(2), it is still possible to define some kind of continuity
and differentiability.
Definition 17. Let u € L (). u has an approximate limit at x € Q if there

loc

exists z € R such that

lim lu(y) — z|dy = 0,
020 By (x)

where Bs(x) denotes the ball of radius 0 about x and f, f(x)dx denotes the mean
value of f over B. If there exists no z € R with this property, we say that x is an

approximate discontinuity point, and the approximate discontinuity set .S, s the
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set of such points. u has an approximate jump at x € § if there exits zt,27 € R
such that
lim lu(y) — z"|dy = 0 = lim u(y) — =~ |dy,
-0 ) gt (a) -0 ) B~ (a)
where Bgt denote half balls of radius § about x. J, is the set of such points is the
jump set. Then J, C S,.
The following theorem gather facts about S, and J, are important.
Theorem 18. Let u € L (Q). Then
(1) LY(S.) =0,
(2) HYH(Su\ Ju) =0,

where HN =1 stands for the (N — 1)-dimensional Hausdorff measure.

2.4. DIFFERENTIABILITY

Definition 19. Let D(Q2) be the set of C™ functions with compact support in €.
Then provide D()) the following topology: we say that ¢, 28 ¢ if there exists
a compact K € Q such that for all n, spté, C K and for all o« € NV, D%,
converge uniformely to D¢ on K.

Remark 20. The space D(Q) cannot be equipped with a norm. It has in fact a
sequence of semi-norms, namely the C* norms.

Definition 21. The space of distributions D'(Q2) is the dual of D(2), ie
D'(Q) ={L:D(Q)—R: L is a continuous linear functionnal}.

It is common to write (L, ¢)piy (or simply (L, ¢)) for L.
Example 22. Given f € L', define the distribution

L;: D(Q)—R,

6 (f )by = /Q fod.



16

Suppose f is C1, then by Green’s theorem and the fact that ¢lsq =0

(Duf. 6)oiey = /Q Difédr — /Q fDibdr = —(f, Db},

which suggests:

Definition 23. The partial derivative of a distribution L in the direction x; is
D;L : D(Q)—R,
¢ — —(L, Di®)p(a)-
The total derivative of L is DL = (D1L,..., DyL). For ¢ € [D(Q)]Y, we write
(DL, 9)ipyny = (DLi¢1)p) + ... + (DLid1) o).

Hence remark that
(DL, ¢)ipy~y = —(L,dive)pq.

Definition 24 (Sobolev functions). Let f € LP(S2). We say that f belongs to
the Sobolev space WLP(Q) if its total derivative Df in the sense of distributions
belongs to [LP(Q)]N. Which means that there exists g € [LP(Q)]N such that

Vo € [D(Q)]Y —/ fdiv¢da::/ g- ¢dx.
X X
WhP(Q) is a Banach space with the norm
1A 0y = 1120 +—:E: 1D Il ()
W12(Q) is even a Hilbert space with the dot product
(f, 9 wre2@) = (f, 9)r2) + Z(Difa D;g) 120,

and is often denoted by H'(Q).
Definition 25 (Functions of bounded variation). f € L' is of bounded variation

if there exists a finite signed measure | such that

Vo € [DQ)Y, - /ﬂ fdive de = /Q ddp.
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Write BV (Q2) for the space of functions of bounded variation and Dy = p =
(1, .., i) 18 the total derivative of f in the sense of distributions. The measure
;s the partial derivative of w in the direction x;. The space BV (L) is a Banach

space with the norm
1fllsviey = £l + [DFI(X),

where |Df| is the total variation of the Radon measure Df.

Remark 26. Let u € BV (QQ) and = Du. Then by Riez theorem,

|1|(E) = sup /udiwbd:v: sup /¢dudx.
¢»€D(Q) JE ¢eD(Q) JE
I¢lloo <1 I¢lloo<1

Example 27. Let u: (—1,1)—R be the function

0, x <0,
u(z) =
z?/2, x> 0.
Therefore
0, =<0, 0, <0,
u'(z) = u'(r) = u"(z) =96
x, x>0. 1, >0

Then we have

u' € CO(—1,1) — u€ CH—1,1)
u" € L'(-1,1) — u' € WH(—1,1)

u" =96e M(-1,1) — u' € BV(-1,1).
Example 28. Let E C Q. Define the perimeter of E in €2 to be

P(E,Q) = [Dxe|(2).
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It is said that E is of finite perimeter in Q if P(E,Q) < co. Now suppose OF is

C'. Then by Gauss-Green theorem and proposition 8,

|IDxg|(Q2) = sup /¢dDXE— sup /diV¢XEd$
#€D(Q2) $eD(Q) JQ
I9lloo<1 I9lloo<1
= sup /diwbdx: sup / ¢-vdHN "t = HNTHOE N Q).
¢eD(Q) JE ¢eD(Q) JoENQ
l¢lloo <1 [[¢lloo <1

The last equality seems obvious, but requires some work. The reult is still true in

a more general context: If E has finite perimeter, then

P(E,Q)=HN"YOENQ).

2.5. THE SPACES BV () AND SBV(2)

In this section €2 denotes a bounded open set of RY with Lipschitz boundary.
It turns out that the BV (2)-norm is too strong for most of the applications. The
weak™® convergence is then very useful.
Definition 29. Let (u,), € BV (). Then u, —u € BV (Q) if

(1) unw)u, and

(2) Du,, = Du as Radon measures.

It has the following nice properties:

Theorem 30. Let (u,), € BV (Q2) and u € BV (). Then
; L@
Up —U = U, —u and sup||u,|| v < 0.
Theorem 31 (Compactness in BV (Q2)). Let (u,), € BV () be such that

sup HunHBV(Q) < 00,
n

then there exists u € BV (Q) and a subsequence u,, such that u,, —u.

Using Radon-Nikodym theorem, there exists a unique g € [L*(€2)]" such that

Du = D%+ D*u = gLV + D*u.
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So for ¢ € [D(Q)]Y,

/Qfdivgbdx:/xg(bda:—k/gqﬁstu.

This suggest the notation Vu = g, which represents the Sobolev part of derivative
Du of the function w.

Theorem 32 (Decomposition of derivatives). Let u € BV (£2), then
Du = D"+ Diu+ D = gL~ + (u™ — u" v, HV '), + D"

Where J, is the set of approached discontinuities of u, v, s a normal vector to
the discontinuity set, HV ! is the Hausdorff measure and u*, u~ stand for the
limits of u on both sides of J,. D’u is the jump part of the function w. Du is
called the Cantor part and has Hausdorff dimension d € (N — 1, N).

Remark 33. The notation Du is motivated by the fact that the Cantor-Vitali
function w € BV(0,1) is such that Du = D and suppDu is included in the

Cantor set. We will consider functions that don’t have derivatives of this type.

Cl CZ C3

FiG. 2.1. The Cantor-Vitali function C' is the limit of the above
sequence of functions. It is continuous, monotonely increasing,
|Du|(0,1) = 1, but C" = 0 almost everywhere. In fact, the support
of DC'is exactly the Cantor set.

Remark 34. Let u € BV (Q)), then |Du|(Q2) < oco. From remark 16, it follows
that
|Dul(Q) = [Vul™[(Q) + | D*ul(Q) < cc.
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Hence both terms on the right side are finite.

Definition 35 (Special functions of bounded variation). Let u € BV (Q2), then
u € SBV(Q) if Du = 0. Or equivalently uw € SBV () if and only if D%u has
support in a measurable o-finite set with respect to HN™1.

Example 36. Let uy,us € WH(Q)NL>®(Q) and E € Q a subset of finite perime-
ter in ). Then

u = uixg + usxo\r € SBV ().

Example 37. An image is some function g : Q—R, that is smooth inside the
boundaries of the objects and discontinuous on their boundary which have HY -
finite measure. If ||g]|e < 00, then g € SBV(Q).

Proposition 38. The space SBV () is closed with respect to the BV () norm.

BV(Q . C . .
PROOF. Let u, —(>)u. If Du,, is concentrated on B,, which is o-finite with respect

to HV~!, then by the fact that |D(u, — u)|—0, we have that Du is concentrated
on U, B,, which is o-finite with respect to H™ L. O

However the closure of SBV(2) with respect to the weak* convergence would
be more interesting. In fact SBV () is not closed with respect to the weak*
topology, but it is possible to find sufficient conditions for the limit of a sequence
of functions in SBV () to be in SBV(Q2). These will come from the following
result about chain rule in BV (Q).

Theorem 39 (Chain rule in BV (Q)). Let u € BV(Q) and ¢ € C*(R) such that
¥(0) =0, then 1 ou € BV(Q) and

Dy ou) = ¢/ (u)Vul® + ((u*) — o(u”) ) H Ly + 9/ (@) Deu,

where U denotes the approzimate limit of u. If Q is bounded, then the hypothesis
¥(0) =0 can be removed.
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So if u € SBV (), for all v» € C1(R) N W1°°(R), we have

| D) — ' () Vul™| = () — b )pH |
< 2|l ol D7

Where v < p as measures means that for every measurable set E, we have
v(E) < p(E). Tt turns out that the reverse holds in the following sense:
Theorem 40. Let u € BV (). If there exists a € [LY(Q)|Y and u a finite positive
measure on Q such that Vi) € C(R) N W (R)

(D (u) = ¢ (w)al™] < [|9]locp,

then u € SBV (). Moreover a = Nu and p > HN " J,.

It is then possible to prove the following closure property of SBV(£2).
Theorem 41 (Closure of SBV(Q2)). Let Q@ C RY be a bounded domain and
(Un)n € SBV(Q) such that u, —~u € BV (Q) and

sup {/ |V, | de + HN_I(JM)} < 00.
n Q

Then u € SBV(Q) and

(1) Vu, — Vu in [LY(Q)]Y,

(2) D, = Diu.
Moreover

/|Vu|2d:c§1iminf/ |Vu,|* dx
Q n Q

and

HN(J,) < liminf HY ().
PROOF. Note that
Du,, = Vu, LN + D’u, = Du.

One need to show that Vu, — u, Diu, — Diu and Du = 0.

First take a look at the jump part. By hypothesis, if p, = HV~!LJ,, then

sup pin(X) = sup H¥1(J,,) < oo.
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Therefore by compacteness of M(2) (theorem 12), we can suppose that
fin — 11 € M(Q) (up to a subsequence).
For the absolutely continuous part, note that

Sup/ |Vu,|? dr < oo.
n Jo

Since € is bounded, proposition 3 with ¢(¢) = t? ensure equiintegrability of (Vu,,).
Therefore by theorem 4, it has a weakly convergent subsequence (denoted again
Vu,,). So

Vu, —a € [L'(Q)].

ie Vg € [L=(Q)]Y, [, Vu, - gdv— [, a - gdz. Therefore Vu, LY —aL™ in the
sense of Radon measures. Theorem 40 is used to establish that ¢« = Vu and

p > Diu. Let v € WH(R) N CY(R). First note that
Y (un)Vu, = ¢ (u)a.

Indeed, let € > 0 and § > 0 be such that |z —y| < § = |¢/(z)—¢'(y)| < €/2LN(Q).

. LY(Q . .
Now since u,, — u, u,, converges in measure to u, and then there exists a M > 0

such that
€

Aflelloe

n>M= LY ({z:|u,(2) — u(z)]* > 0}) <
Set As = {x : |u,(z) — u(z)|* > §}, then

/Q |9 (un) = ' (u)| da = A ¥ (un) = (u)| do + » ¢ (un) = ' (u)| da

< 2|0 LV (Asg) + .cN<Ag)2£+(Q) <e/2+¢/2="c

2
Lﬁ}z//(u). For any g € L*>(Q),

So V' (uy)
/ Y (up)Vupgde = / Vun,g(¥' (u,) — ' (u)) da +/ Vu, (¢ (u)g) dx.
Q Q Q
But by Cauchy-Schwartz inequality

/QVung(w’(un) —¢'(w)) dz < [[Vungll 219 (un) — ¢ ()| 2(0)—0,
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since ||Vu,gl/z2() is bounded. Also since ¢'(u)g € L>®(2),
/QVun(@b’(u)g) dx— /Q al’(u)g dz.
Hence Vg € L>(Q),
[ v Vwgdi— [ avigds,

ie ¥/ (u,)Vu, —¢'(u)a.

From theorem 39 (chain rule formula), it is clear that

sup ||un||Bv(Q) <00 == sup Hw(un)HBV(Q) < 00.

n n

1
Moreover @Z)(un)ﬂ)d)(u), so by theorem 30, ¥(u,) — 1 (u), ie. Di(u,) — Dip(u),
which implies that

Dp(un) — V' () Vu LY 2 Dap(u) — o' (u)al”.

What is needed is a relation between the absolute values of these measures.

Note that
sup [ Dyp(un) — Y () Ve LY(2) = sup [ D4 (un)|(Q) < sup | Dej(un)[(2) < oo.
Hence, there is a subsequence (that may depend on v) such that
Dip () — U (tn, ) Vitn, LY N
Hence theorem 13 asserts that
|Dy(u) — ' (w)al™| < A,

Now for every k > 0

|D¢(unk) - wl(unk)vunkﬁN{ < QHwHOO:unk
A < 2[[¢][ oot

since weak™ convergence preserves inequalities. Therefore

D () = ¢’ (w)al™] < X < 2[Y]loope.
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Then by theorem 40, u € SBV (Q2). Moreover a = Vu and pu > HY~'LJ,. Hence
Vu, LN 2VulY and Du, = Du, — Vu, L = Du— Vulh = Diu.

The inequality
/ |Vul* dz < liminf/ |Vu,|* dx
Q " Q
will follow from the lower semi-continuity of the functionnal v — [, |v]*dz on
L*(2), which is garantied by theorem 55 below.
Finally,

HY1(1,) < p() < p(X) < Timinf g, (X) = lminf 7Y~ (J,,.),

where the inequality p(X) < liminf, u,(X) comes from lower semi-continuity of

total variation of Radon measures (see theorem 12) O

Theorem 42 (Compactness in SBV (). Let Q C RY be a bounded domain and
(un)n € SBV(Q) such that sup,, |||l < 00 and

sup{/ Vu,|? dw+HN_1(Jun)} < 00.
n Lo

Then there exists a subsequence u,, —u € SBV(Q).

PROOF. It is sufficient to show that sup,, ||u,| sy < oo and apply theorem 31 to
obtain a converging subsequence u,, S

First note that

sup |[un || 1) = sup/ | dz < sup ||t || £V () < 0.
n n 0 n

sup{/ \Vun|dx+/ |u,f—un\dx}
n Ua Tu

n

< sup {/ (1Vun |2 + 1) d + 2||un||ooHN_1(Jun)}
Q

Also

sup | Du,|(£2)

< sup {/ |V, | dr + EN(Q) + 2Hun|]ooHNl(Jun)} < 0.
n Q

Therefore sup,, ||u,| By (@) < 0o as needed. O
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2.6. CALCULUS OF VARIATIONS

In the Calculus of Variations, one tries to determine the existence of some
critical points. Historically, mathematicians were interested in minima, since the
functionals of interest were deduced from laws of physics where the critical points
represent “real” physical solutions.

Definition 43. Let E be a Banach space and F : V—R be a continous func-
tional. The problem

inf F'(u) (2.6.1)

ueV
18 @ minimisation problem. The goal is to determine the existence and the possible
unicity of a solution.

If it is possible to define a derivative for F', it is natural to think that at a
minimum u*

DF(u*) = 0.

This is the Euler-Lagrange equation of the functionnal F'. This gives a necessary
condition for u* being a local minimum. Note that a priori DF(u*) = 0 only
implies that u* is a critical point of F. It can be minimum, a maximum or a
saddle point. Even, if it is a minimum, it may be only a local one.

Example 44. Let QCR, V = {u € C*(Q) : ulpo = h} and
F:V—R

u»—>/L(x,u,u'),
Q

where L : Q x R x R is a C? function. Suppose u is a minimum for F. Then for

any ¢ € C3°(2), g4(t) =u+top € E, and the real function

t = F(gs(t))

has a critical point at t = 0. Using differentiation, integration by parts and

the fact that this is valid for all ¢, everything boils down to the Euler-Lagrange
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equation of F':

o0 ()

ou Oz \ ou

In general, if F is a space of functions, the Euler-Lagrange equation DF' = 0
will have the form of a partial differential equation. A classical idea is that if
you follow the gradient flow, you must end at a critical point, ie. a solution of
the Euler-Lagrange equation (under some compactness assumptions). Since min-
imums are of great interest, one consider flow lines in the directions of the nega-
tive gradient. These are given by the partial differential equation u; = —DF(u).
Therefore, to find a local minimum, one picks an initial function ug, and solve
the problem
uy = —DF(u),

u(z,0) = ug

iteratively to obtain a sequence u,, that could converge to a local minimum. This
approach is very convenient to find explicitely a critical point. Note that if we can
prove the convergence of such an algorithm, then using numerical computations,
there is no choice that to end at a local minimum, since other critical points are
unstable, however the minimum may not be the global minimum. An important
issue is the one of the existence of a solution, that will ensure that the sequence
fn converges. A standard way to tackle the existence problem is to use the direct
method.

Definition 45. To solve (2.6.1) by the direct method, first pick a minimizing
sequence (Tp)n, i.e.

Jim 20 = ff F@) =

Then choose a suitable topology T on E, in the sense that the following steps are
feasible.

(1) Show that (x,) admits a convergent subsequence
T
Tp, ——

for the topoloy 7.
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(2) Show that
F(z) =c.

(This step is non trivial because F' may not be continous with respect to

T.)
The way to achieve this highly depends on the space E and on the functionnal

F. A common hypothesis is coercivity.

Definition 46. A fonction F': E—R is coercive if

lim F(z)= oc.

|z| p—o0

Proposition 47. Let F': R"—R be continuous and coercive. Then the problem

inf F(x)

zel

admits a solution.

PROOF. Let (z,), be a minimising sequence. By coercivity (z,), is bounded. It

admits a converging subsequence x,, — for the usual topology. Then

F(z)=F <lim xn> = lim F(z,,) = inf F(z).

ng ng el

O

In many case, it is too restrictive to consider only continuous functions. We
can relax this assumption by considering lower-semi-continuous functions.

Definition 48. F' is T-lower-semi-continuous (I.s.c.) if
Vo,——x, limF(z,) > F(z).

Equivalently

fis Ls.c. = Ve € R, {F > c} is open

Remark 49. If E = R" and 7 denotes the usual topology on R™, then

F is l.s.c. and coercive & Ve e R, E. = {F < ¢} is compact.
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Proposition 50. Let F': R"—R be l.s.c. and coercive. Then the problem

inf F'(x)

zel

admits a solution.
PROOF. Let (z,), be a minimising sequence and ¢, = F(z,). Then
Ee 2 B 2 By 2 ..

is a decreasing sequence of compacts. There must exists + € E that belongs to

each F. , which leads to
Vn, F(z) < cp,.

O

In these examples, it has not been necessary to pick an other topology because
the space E was of finite dimension. But it appears that in most situations, a
weaker topology is needed. Indeed, if the functionnal is coercive, then minimizing
sequence are bounded, but in general one cannot hope that a bounded sequence
admits a convergent subsequence. Hence, it is necessary to choose a coarser
topology 7, that has bigger compacts. At the same time 7 must be fine enough
to have lower semicontinuity of F'.

Theorem 51. Let E be a reflerive Banach space (that is E** = E). Then a

bounded sequence (), in E admits a weakly convergent subsequence

Ty, — T.

This leads to
Theorem 52. Let E be a reflexive Banach space and F : E—R be a coercive

functionnal, which is weakly l.s.c., then the problem
inf F'(x)

admits a solution.

Weak l.s.c. may be hard to prove. The following criterion is often used.
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Theorem 53. Let F': E—R be a conver functionnal, then
F s ls.c. & F us weakly l.s.c..

Then Theorem 52 becomes

Theorem 54. Let E be a reflexive Banach space and
F:FE—R
be a coercive convex l.s.c. functionnal, then the problem
irxlf F(z)

admits a solution.

But this result does not hold for functionals on L' (), since it is not a reflexive
space. It is possible to prove the following results for functional on L'(€).
Theorem 55. Let F(z,u) : Q x R*—R be a C! function and u,,u € L*(Q). If
one of the following holds

L' (@)
(1) u, —u or
1
(2) unLQ)u and for all x € Q, the function F(x,-) is conver,

then

/Q Fla,u(x)) dz < liminf /Q Fla,un(z)) da.

k—oo
Example 56 (Poisson equation). A solution of the Poisson equation with homo-

geneous Dirichlet boundary conditions
Au=f Q, feL*N)
u=20 091,

is a minimum of the following functional defined on H}(S)) = D(Q)H @

F(u):%/ﬂ\Vu\Qda:—/qudx.

First, this functional admits a minimum. Indeed, |Vu|* — fu is conver, so that

1
F(u) is a convex functional. Moreover if unw)u, then || V|72 = Vull 2 ().
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so that

| F'(un) = F(u)]

IN

1
3 IV alBay = IVl | + [ 17— )it

n—~oo

1
190y = 1Vl | + 1170t = wlls20) =0,

IN

The last inequality comes from Hélder inequality. Hence the functional F' is con-

tinuous, therefore l.s.c. To prove that the functional is coercive, recall that
F(u) = [ Vulfsg, — | fud.
It will be necessary to use Poincare inequality to get
IVullr2@) > Cllull g o)

Hence the term ||Vu||%2(m is more than quadratic in ||ul| g1 (o). On the other side,

by Holder,
/ fudzx
Q

which gives that the second term is less than linear in ||ul| gy (q). Therefore

< C||U||L2(Q) < CH”HH&(Q)a

lim  F(u) = .
”uHHé(Q)‘)OO

So that F is continuous convexr and coercive. Since H}(QQ) is reflexive, theorem
54 ensures that F' admits a minimum.
To actually find the minimum, we first find the Euler-Lagrange equation of F

by computing directional derivatives of F. If u s a minimum, all the directionnal
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derivatives should vanish. Let v € D(S2), then
oF d

—(u) = —=F t
5 (u) o (u+ tv) .
d1 9
=—— | [Vu+tVo|"de + | f(u+tv)de
dt 2 Q I¢) =0
1 / d 9 d
=— [ —=|Vu+tVy| dm—l—/—f(u—irtv) dx
2 Jqdt -0 q dt -0
:/(Vu—l-th)-Vv dx—l—/fv dx
Q t=0 Q t=0
= / Vu - Vvdx+/ fudz
Q Q
= (Vu, Vv)p@)(f,v)pe)
= (=Au,v)p@) + (f,v)p@)
= (—Au+ f, U)D(Q)
=0, YveD).
Hence Au = f in the sense of distributions. The solutions of that equation

correspond to critical points of the functional. In order to solve numerically, it is

possible to do a gradient descent which amounts to solve the initial value problem
u = —Au+ f
U(ZE, 0) =9,

where g 1s some initial guess.
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Chapter 3

IMAGE DENOISING

An image is seen as a function
g: Q—10,1]

representing the grey tones (0 for black and 1 for white). The domain 2 is in
general a rectangle or a cube. The domain is bounded and there is a finite number
of pixels in the image, hence it is natural to assume that ||g|/cc < co. The main
goal of this work is to extract the heart geometry from the medical image g.
such images usually contain a lot of noise, coming from actual measurements
imprecisions and errors in the image reconstruction process. Hence, the work has
two parts:

(1) Image denoising,

(2) Segmentation.
But it turns out that both problems may be solved using similar techniques.

Denoising is a complex task that is very image dependant. Many types of
noise can be found in images and they require different methods of denoising. The
typical noise found in CT or MRI images is that some pixels, or small packets of
pixels, will have a value slightly off the real value it should have. These errors
can be big enough to lead to irrelevant segmentation. To repair these pixels, a
common strategy is to apply a smoothing algorithm to the noisy image.

We present here several denoising techniques that admit PDE formulations,
since they seem well adapted to our images and it turns out that the PDE’s

involved are very close to the ones that appears in the segmentation process.
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There are several good references on the subject, let us only mention the book

by Chan and Shen (|8]) and the one by Aubert and Kornprobst (|2]).

3.1. HEAT EQUATION

The most well known smoothing PDE is certainly the heat equation:

uy = pAu, 2
(P1) u—p, 90
Ug = G-

The physical interpretation of this equation is that {2 can be seen as a body with
conductivity p and that has a heat distribution given by g at time 0. The solution
u(z,t) represents the heat at pixel « at time ¢. The heat diffuses in the body and
smooths pixels that are different from their neighbours. To solve the equation,
it is necessary to specify a boundary condition. A common choice is to impose
% = 0 on 0f2, which means that no heat leaves the domain.

It is easy to solve (P1) by finite differences when the domain has a rectangular
shape. The domain is naturally discretized at each pixel. Let u;'; denote the value

of the approach solution solution u at pixel z;; at time nAt. As the spacing

between pixel is constant here, we can take Az = Ay = 1. Then

+1
(u )n ~ Zj B qu
tig At

The Laplacian discretized by central differences gives

n__ . n n n n n
(Au)" =y +uy +ul +ugy o —dug;

To solve the equation, it is necessary to choose at what time the Laplacian is
to be evaluated. There are 3 main schemes:

(1) Au =~ (Au)™ (explicit)

(2) Au = (Au)" (implicit)

(3) Au = w (Crank-Nicholson)
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The first scheme is called explicit since it is possible to solve u™! explicitely
in term of " from the discretized equation

n+l _ n n n n n n
U = U+ NAt<Ui+1,j T Uy Uy T U — 4ui,j)-

The other schemes need the resolution of a linear system of the form
Bu"' = Au" = "= BTAW,

provided B is invertible. These schemes are less sensitive to instabiblity, however,
due to the size of the 3D medical images (about 50 000 000 voxels), it would be
a huge challenge to solve such linear systems.

The desired image is the solution u(z,7) for some time 7 not too large. At

steady state (u; = 0), we have u; = ul/" = u; j, thus Au = 0 leads to

C Uigr t U1 U jn Uy

u’i,J 4

This means that the value at a pixel is the mean of the values of the neighbouring
pixels. This is a discrete version of the property of harmonic functions which says

that

f u(y)dy = u(x)
B (x)

for any ball B,(z) C Q about x.

One of the problem of that method is that it has the tendency to smooth edges.
An other important issue is to determine the stopping time 7 that gives the best
smoothed image. That will be discussed later on. Changing the conductivity will
make the solution to converge to steady state in less time, but the explicit scheme
will need smaller time steps to remain stable, giving the same computation time.

Figure 3.1 shows results of smoothing via the heat equation.
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20 iterations

100 iterations 200 1terations

F1G. 3.1. Smoothing via heat equation with At = 0.1. The white
dotted line in the last 3 images is the obvious contour in the initial
image. It is possible to see that with many iterations, the contours

have the tendency to go away from the initial one.

3.2. ANISOTROPIC DIFFUSION

A possible alternative to the preceding method is to consider that the domain’s

conductivity is not constant. It could more conductive away from edges, and less
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on edges. The heat equation in divergence form is

up = div(pVu),

(P2) bu =0, o9
Up =9

where now g is some function. Perona and Malik (|18]) initially proposed

_vu?

n=e o2

for some constant ¢ that depends on the actual image. A finite difference dis-

cretization of (P2) gives

n+l _  n n n n n n n
Uy j— =W+ At(ci—l—l,j(ui—I—Lj - u”) —Ci14 (U” - ui—l,j)
n n n n n n
+ Cz‘,j+1(“z‘,j+1 - u”) - Ci,j—l(ui,j - Ui,j—1)-
At steady states, this gives

Cit1,jWit1,j + Cim1,jUi—1,5 T Cijp1Uiga1 + Cij—1Uij—1
Cit1,j t Cim15 + Cijp1 + Cij—1

Uij =

)

that is each pixel becomes a weigthed average of its neighbours. The diffusion is
anisotropic. If there is a jump between the pixels z; ; and ;1 j, then ¢; 1, ; will be
small and u; ; will depend mostly on other pixels. It is possible that the steady
state is a good smoothing. In practice, this will have the tendency to smooth
too much, except edges that are very clear. Figures 3.2 and 3.3 show results of
anisotropic diffusion with 0 = 10 and ¢ = 20. Figure 3.4 shows the steady state

when o = 20.



100 iterations 200 1terations

FiG. 3.2. Smoothing via anisotropic diffusion with At = 0.1 and
o = 10. The parameter o is slightly too small, some noise is kept

while the rest gets smoother.

50 iterations 200 iterations

FiG. 3.3. Smoothing via anisotropic diffusion with At = 0.1 and
o = 20. Now, noise is removed, but some edges tend to disappear

as the one between the cavity of the heart and the muscle.

37
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FiG. 3.4. The steady state when o = 20. Most details have disapeared.

3.3. SOBOLEV SMOOTHING

In this section, we start to investigate variationnal formulations of the denois-
ing problem. The idea behind this is that the ideal image will minimize a certain

functional.

E:V—R,

where V' is the vector space of admissible images, that has to be well chosen in
order for £ to admit a minimum. The choice of function al will be very image
dependant.

Example 57 (Sobolev smoothing).

E: H'(Q)—R,

U|—>/ |Vu|2dx+/(u—g)2dx.
Q Q
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The functional is coercive, conver and continuous (hence l.s.c.) on Wh2(Q).

Therefore E reaches its minimum at some u € WH(Q). We compute the direc-

tional derivatives of & at u:

oF d

t=0

d
= a/ ]Vu+th|2dx+/(u+tv—g)2dx
0 0

t=0

dx
t=0

d 2
pu— _— t
/thWu—i— V|

d
d:zc—I—/ —(u+tv — g)?
0 q dt

dx

t=0

:2/(Vu—|—th)«Vv
0

dx—i-Q/(u—i-tv—g)v
t=0 Q

:2[/Qvu-wda:+/g(u—g)vdx]

=2 [(Vu, Vv)p@) + (u — g,0)p@))

2 [—(Au,v)p@) + (v — g,v)p@)]

= 2( — Au+ (u— g),v)D(Q)

=0, YveD).

Hence

Au=u—g

i the sense of distributions, which is the Fuler-Lagrange equation of E.

equation associated to the gradient descent is

u=Au+ (g—u), Q

(P3) § 2= =0, o0
u(z,0) =g.

The

In principle, the initial condition could be any function, but it is reasonable to

take g as initial guess. The steady state of that equation will be a solution of

Au = u — g that correspond to a local minimum of the functional. This is the

desired image.
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However, in this ideal image, sharp edges have disapeared. For example, let
Q=R and g = x@0,1)- g 5 an ideal image that do not need to be cleaned. To
estimate [, |Vg|*dx, approach g by functions f,(See figure 3.5). :

(
nx + 1, x € [—1/n,0)

1, z € [0,1]

—nr+n+1l,ze (1,1+1/n]

0, else.
(

09

0.8

0.7F

0.6

05

04

0.3

0.2f

0.1f

Fic. 3.5. The function f5

Now, compute
2 21 n—00
|V ful? = 2n°— = 2n— 00,
Q n

which yields E(f,)—o00. Hence the minimum of E will be far form g.
This calculation suggest that it would be more natural to consider the L!-
norm of the derivative instead of the L?-norm. This leads to Total Variation

functional.
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3.4. TOTAL VARIATION

Introduced by Osher, Fatemi and Rudin[19], the idea is to minimize the func-

tional
E: BV(Q)—R,
w— pu|Dul|(2) + / (u — g)*dz.
Q

Note that if u € W1(Q), then

\Du](Q):/d|Du|:/|Vu]dx.
Q Q

An obvious advantage is that discontinuous functions are admissible as long as
their approximate discontinuity set is of finite H~~! measure. In the last example,
the image g = X(o,1) is certainly a minimum of F.

Let’s compute the Euler-Lagrange equation of E. Let v € D({2), then formally

OE d
50 = ,ualDu—i-th](Q) » +2(u — g)
Du +tVwv
= 0 2y —
(P 7) @) +2u-a)
Du
= | pe=— Vv) Q +2(u—g
(rpep vv) @] +20u-0)
D
= (u—u,W) +2(u—g)
| Dul D()
Du
= —ﬂdiV(—),U) +2(u —g)
( | Du| D(Q)
Du
= | —pdiv <—)+2(u—g),v)
( | Dul D(Q)
=0, YveD)

Hence
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in the sense of distributions, which is the Euler-Lagrange equation of E. The

equation associated to the gradient descent is

wy = pdiv (IVu|> +(g—u), Q

(P4) 4 2u = 0, BIY)
u(z,0) =

Again, the initial condition could be any function, but it is reasonable to take g
as initial guess. The steady state of that equation will be the desired image. Note
that for a function v : Q—R, |§—“| is a unit normal vector to the level curves
and then div <|§“"> is simply the mean curvature of the level curves. Therefore
the Total Variation algorithm will smooth the level curves of the initial image g.
The greater pu is, the more regular the steady state will be.

The Euler-Lagrange equation is non-linear and exhibits unstable numerical
behaviour, which force us to take very small time steps. Especially, when an
explicit time scheme is used. An implicit scheme would be better, but we would
have to use Newton’s method to solve at each time step, which requires solving
several linear systems and that is too demanding for large 3D images. Moreover,
an explicit solver is easily parallelizable.

Another challenging part is to discretize the curvature term div (\V |) This

term is highly non linear and behaves badly when u is nearly flat. There are

several ways to discretize this term. A first approach is to compute

di ( Vu > 0 Uy N 0 Uy
V — — — —
|Vul Ox \ \Ju2 +u2 Oy \ \JuZ +ul
U Uig — 2y Ugy + Uy
(u2 + u2)3/2

Then each of u,, Uy, Uzy, Uyy, Uzy can be discretized by centered differences. It

Vu

Vu ‘> is a diffusive term,

is a natural choice to use central differences since div <

there is no prefered direction.
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Recall that the curvature of a curve at a point x is 1/r, where r is largest

radius of a tangent circle to the curve at z. Then it seems natural to impose that

. Vu
div (w)

since we cannot hope to resolve curvature in the image at points where the given

- 1
Az’

]

radius is smaller than the size of a pixel. It turns out that imposiong this condition
stabilizes the scheme.

An other approach is to discretize directly

~

9 Uy ( ) (uz’+1,2*uz‘,j)
— | —/—=| (@i,) =
Ox vV u? + u?, ’ \/(U¢+1,rui,j)2 + (i, jr1—u4,5-1)° +6

h? 4h?

(i 5 —ui—1,5)

h
)
Ui j—Ui—1,5)> Ui 1 jp1—Ui—1,j—1)>
\/( i Li)® Litl—tin1 V2 45

where ¢ is some small parameter (typically § = 107'%) that avoids divisions by

zero. With the introduction of this parameter, it is not necessary to test wether
1
< Rz or not.

: Vu
div ( [Vl ) .
2,

The partial derivatives are discretized sometimes via forward, sometimes via

centered differences. This choice may seem strange, but a completely centered
scheme would involve values that are two pixels away from the center z; ;, which
is a too wide window. Moreover, it is computationnaly more expansive to check
boundary conditions in this case.

To avoid the use of a non centered scheme, it is possible to introduce middle

points T;+1/2; and x; j11/2, together with values

Wij + Wik1,j

B q U T Uit
Uit1/2,5 = —2 an Ui j+1/2 = — 5 -

2
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Then a centered scheme would be

(Wit1,5—Uij5)
0 Uy (it —vi)
ox \ /u? + u? (i) ~ (wit1 j—ui;)? | (Wip1j2j41—Uis1/25-1)2
T Y \/UZ-H,;LQUW i+1/2,5+1 " %i+1/2,5—1 5

4h?

(i 5 —ui-1,5)
h

j— Uj— j+1 " Ui— i—1)?
\/(u” ;:21 1,5)% ( 1/2,J+14h2 1/2,j—1) +45

We couldn’t determine experimentally if one of these schemes is better than

the others. The performance of each of these is really image dependant. However,

Yu
=di
v (w)

with the second scheme and a forward Euler scheme in time, we get

if we discretize the equation

UZ;H = uzj + At(,u(C’i,ju?H’j + Ci_ld‘uzj + Di,ju?,jﬂ + Did‘_luzj_l (341)

—(Cij+ Cicaj+ D+ Dij1)uiy)), (3.4.2)

where

.7
’ (“z+IJ i) ( ul i uli1)?
4h?

and similarly
1

(Wi —uig)? | (U =i y)?
HZ + nz

Chan and Vese [24] suggested that replacing ¢}'; by qzﬁ”“ in the right hand side of

—
Divj o

3.4.1 improves the stability of the algorithm. This can still be solved explicitely,
indeed

n+1l __

n n n n n
irj C (“zg + At(pu(Cijuiyy j + Cimaguily + Diguily o + Di,j—lui,j—l) ,

where

C=1+ At,u((oi,j + Ci—Lj + Di,j + Di,j—1)~
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They called this a semi-explicit scheme. Experimentally, this scheme has proven
his superiority over the others, but to our knowledge, there is no rigorous justifi-
cation of that fact. It will be the prefered scheme for discretizing curvature terms.

Figure 3.6 shows the result of applying this equation for smoothing images.

initial image 100 iterations

F1G. 3.6. Smoothing via total variation with @ = 100

Remark 58. The variational appropach suggest a criterion for what would be
a good stopping time when an image 1S smoothed via the heat equation or by
anisotropic diffusion: one should stop when either the Sobolev energy, or the total
variation energy 1s minimal. This correspond to minimizing the corresponding
energy on a one dimensional family of images, namely the solution u(z,t) of the
problem (P1) or (P2).

Total variation method is very efficient for wipe noise on relatively uniform
objects. There is currently a lot of research that is done in order to improve this
method. The main goal is to be able to use it on objects with texture, see for

example [3] or [14].
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Chapter 4

SEGMENTATION PROBLEM

Once the medical image is cleaned appropriately, it is possible to tackle the seg-
mentaton problem, that is to separate the image into its “significant” components.
Here, the meaning of “significant” relies on the goal pursued by the segmenters.
To segment the image, it is possible to look for regions or edges. Of course,
one defines the other, but the underlying principles and techniques may be quite

different.

4.1. ACTIVE CONTOURS (SNAKE)

We begin by describing the Active contour model introduced by Kass et al.
[12]. In the active contours algorithm, we seek for the edges of an image. The
set of admissible edges is the set V' of closed continuous curves in €2 (often called

snakes). For simplicity, we will assume that it has one connected component.
V={v:S"—0Q}.

To know which one approximates best the boundaries we define a curve energy.

The energy of v : S'—Q is defined as
Esnake(v) = Eint(”) + Eext (U)

Ei(v) is the internal energy, which decreases as v gets more regular. Typically

By (v) = /sl

The first term is an elasticity term, that penalizes long curves. The second is a

2

ds.

2

2
d
ds—l—a/ Y
Sl

dv

ds ds?

rigidity term, that penalizes high curvature regions.
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The external energy Fey(v) must be related to the underlying image. It must
be small if v is on the edges of g, which are characterized by pixels with large

gradient. There are many possibilities for Fe(v). A common one is

Eei(v) = —p . IVg(v(s))|*ds,

but it could be — [, ~(|Vg(v(s))|)ds, for any increasing positive function .
Remark 59. The energy functional is non convez. It does have minimizers, but
they need not be unique.

It is then possible to compute the Euler-Lagrange equation of this minimiza-
tion problem. The problem is usually solved by a gradient descent method, start-
ing from an iniatial curve vy. In general, if the initial curve is closed to the the
curve we seek, this approach will give interesting results, since the initial curve is
close to the global minimum of the functional.

On the other end, when the initial curve is relatively far, many problems may
appear. First, the curve can get stuck in a local minimum. An other problem is
that we may want the curve to change topology or to avoid overcrossings. These
operations are hard to do with a parametrized curve. The algorithm to evolve a
parametrized curve usually goes as follows

(1) Discretize the curve

(2) Advance the front by an explicit or implicit scheme

(3) Reparametrize the curve.

The reparametrization is very important since the curve may be stretched or
compressed at some places. Figure 4.1 shows how this can be complicated when

there is a possibility for a change of topology.

4.2. LEVEL SET METHOD

The Level Set method was introduced in the 90’s by Sethian and Osher [17].

This method give tools to evolve a curve and manage topology changes, which
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Advance and reparametrize the curve Reconnecting problems

Fi1G. 4.1. Active contours with a parametrized curve

was hard with the classical Active Contours approach. The idea is simple: instead
of describing the curve via an explicit parametrization C' = {v(s),s € S'}, the

curve is described implicitely via a function
¢ Q—R,

such that
C ={z:¢(zx) =0}

The curve evolution can then be describe as a function
¢ Q) x RT—R,
such that the curve Cy at time ¢ is simply

Cy=A{z: ¢(x,t) = 0}.

Example 60 (Level set formulation of active contours of Kass et al.). We can

describe the curve in the active contour of Kass et al. [12] via a level set function

¢ Q—R.
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v

Fi1G. 4.2. The level set method can handle topology changes of the
curve. Different slices, that correspond to different times in the

curve evolution process are shown.

Then

s (g5 )

The first term in the energy computes the length and the second integrates the

Eu(v) = HY ({6 =0}) + 0 /

Q

mean curvature of the curve (the 0 level curve of ¢). Now remark that if H =

X[0,00) denote the heavyside function

HY ({6 = 0}) = |DH($)|() = / d|DH(3)| = / 5(6)| Vo dr.

Hence

B (v) = /Q 5(9)|Véldz + /dew (éf;)

is the level set formulation of the internal energy. As it will be noted in section 4.5,
the term associated to fQ ®)|Vo|dx in the Euler-Lagrange equation has the form
Vo
s (1557
which accounts for the rigidity term. Hence minimizing length gives rise to a
curvature term in the curve evolution process. This suggests some dependance
between the two terms in the internal energy. It has been suggested to take only

the first one |5].
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Using the level set formulation, it is also possible to devise a curve evolution

that does not necessarily come from a minimization problem. For example

t — —Vn V
(P5) ¢ Vol

¢(m7 0) = o
evolves the curve described by ¢q in the normal direction at a speed V,,. Indeed,

if v(t) is a parametrisation of the curve at time ¢, then

0= Lou(t).1) = 60+ Vo(u(t), 1) -v(1)

But as noted before the normal to the curve is n = % and since the normal

speed is v'(t) - n =V, we get
0= ¢+ Vo(u(t), 1) v'(t) = ¢ + [VeIn - v'(t) = ¢ + Val V4.

The normal speed V,, can depend on various things such as
(1) Position in space
(2) External parameters (e.g. medical image g)
(3) Curvature of the curve.
Example 61. Let h: RT—R™" be an edge stopping function, ie. such that
(1) h is monotonely decreasing,
(2) h(0) = 1,
(3) h(z) == 0.

Now, consider the problem

¢ = h([Vg])|IVel,
Cb(‘, O) = ¢O-
This will evolve the initial curve Cy = {¢9 = 0}, that moves in the normal

direction with constant speed in objects with uniform colors, and stops when it
reaches points of high gradient of g (a boundary point). It is possible to reffine

the model, by adding a curvature term

V., = h(|Vyg]|) + ex.
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This will prevent the curve to form sharp corners. This process is local: it may
get stucked into closed regions. In such a case, it may not detect features over
these boundaries.

There are now many books available on that method, since it revealed itself
as a very efficient and robust way to model the evolution of curves and fronts.
The main ones are the book by Sethian |22| and the one by Osher [19].

One of the main advantages of this method is that it handles topology changes.
However, it may happen that in some circumstance, we have to control the topol-
ogy of the regions {¢ > 0} and {¢ < 0}. [11] proposes a way of doing so. When
a pixel changes sign, ie. changes region, we need to know if this changes the

topology. A simple criterion for that comes from digital topology [13].

4.3. MUMFORD-SHAH FUNCTIONAL

Now, let’s go back to a promising minimization problem. Mumford and Shah

|16] proposed that minimizing the functional
J(K,u):/ ]Vu|2+/(u—g)2+HN1(KﬂQ)
O\K Q
over all admissible pairs (K, u) € A, where
A= {(K,u): K CQ compact ,u € W,.2(Q\ K)},

should give a good segmentation of the image g € L*>°(2). To prove that this
problem admits a solution is really non trivial.

Let’s try to solve this problem by the direct method. Take a minimizing
sequence (K, u,). We can suppose that [|u,|| is uniformely bounded, say by
lg]|00, otherwise, we can just truncate the sequence. The first thing we have to
do is to provide the space X = {K C Q, K compact} a topology.

Definition 62. (1) For K CQ, we define K. = {x € X : dist(x, K) < €}.

(2) The Hausdorf distance between two compacts K and K' is

OK,K')=1inf{e: K CK! and K' C K.}.
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Theorem 63 (Blashke). (X, ) is a compact metric space.

Now, we have the tools to show that the minimizing sequence (K, u,) admits
a converging subsequence. Since any sequence in X is bounded (2 is bounded),
we can suppose that our sequence K, converges to some K. Now we wonder if
u, is converging to some function u € W-*(Q). Let AC B C Q, with A open, B
closed such that BN K = (). Then clearly there exists N such that for n > N,
BN K, =10. Then for n > N, u, € W"?(A). Now since |[u,|| is uniformely
bounded, there exists a subsequence converging weakly to u € W%?(A). By a
diagonal argument, ranging over open subsets A of {2, we can conclude that there
is a subsequence of u, converging weakly to u € W,22(Q2) [1].

So the sequence (K, u,) has a subsequence that is converging to some pair
(K,u). The problem is that we cannot show that this pair actually minimizes

the functionnal, since the functional is not lower semi-continuous with respect to

this convergence. This comes from the fact that the function
K — HYY(K)

is not l.s.c. In fact, any K can be appoximated in an obvious way by discrete
sets, which have H™ ~l-measure 0.
To bypass this, we have to go through a weak formulation of the problem. We

search for v € SBV(£2) that minimizes the functional

F(u) :/Q]Vu]2~l—/9(u—g)2+HN1(Su),

where now Vu is the approximate gradient of u, ie. Du = VuL" + D7u, and S,
is the set of approximate discontinuities of u.

Remark 64. It is a fact that Cantor functions (Du = D) are dense in L*(Q).
Those functions have S, = ) and have no derivatives almost everywhere. There-

fore

inf F(u) =0;
u€BV(Q)

This suggests that we really need to minimize over SBV ().
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The following theorem is crucial (see |1] for details). It shows the equivalence
of the two formulations.

Theorem 65.

inf F(u)= inf J(K, u).
ueSBV () (Ku)eA

The next important step is to prove that the weak formulation admits a
solution.
Theorem 66. Let g € L>°(2). Then there exists u € SBV () such that
F(u)= inf F(v).
() veSBV(Q) (v)
PROOF. F'is bounded from below. So take a minimizing sequence u,, for F'. We
can suppose without loss of generality that ||u,|lec < ||g]/oo, since otherwise the
sequence of functions u!, = min(||g/eo, n) is such that F(u!,) < F(u,). Therefore
u, is also a minimizing sequence and satisfies the given property.

Since u,, is a minimizing sequence for F', clearly

sup {/ |Vu,|?dr + HN_l(Su)} < 0.
n Lo

Then, using theorem 42, there exists v € SBV(2) and a subsequence u,, of u,
such that w,, —u. Now the map v — [,(g — v)*dz is strongly Ls.c. in L'(Q) by
theorem 55. This, together with the second part of the theorem 41 ensures that

F(u) < limkinf F(uy,).

Thus u € SBV(£2) is a minimizer of F'. O

4.4. PIECEWISE CONSTANT MUMFORD-SHAH PROBLEM

In practice, it is often necessary to simplify the problem to be able to com-
pute the minimum numerically. One way is to to minimize the Mumford-Shah
functional over piecewise constant functions in SBV (). It will produce good

segmentation results only if the image is close to be constant inside the objects
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of interest. First, the concept of a piecewise constant function has to be defined
carefully (see [1] for details).
Definition 67. A partition { Ex}ren of Q0 is a Cacciopoli partition of € if

> P(E, Q) < 0,
k

where P(Ex,Q) denotes the perimeter of Ey in 2. The partition is said to be
ordered if the sequence (|Ex|) is decreasing.
Definition 68. A function u : Q—R is said to be piecewise constant if there

exists a Cacciopoli partition {Ex} of Q and a sequence {t;} of real numbers such

that
U = Z thEk‘
k

Let PC(Q2) the set of piecewise constant functions over Q.
Remark 69. The numbers t; need not be distinct. But, they can be made distinct
by ordering the set of values {t,,,tn,,...} of u and taking the Cacciopoli partition
{F} of Q given by
F=u(ty,).
We call the {F}} the level set Cacciopoli partition of Q0 associated to u.
It is important to understand how the discontinuity set of a piecewise constant

function u can be. It turns out that H™¥ ~!-almost everywhere, S, C U dE, N Q.
(2

Therefore
2HNN(8,) <) P(E, Q).
k

It is clear that the equality need not be attained when the values t; are not
distinct. It turns out that this is the only possibility.

Theorem 70. Let u be piecewise constant function with level set Cacciopoli par-

tition {Ex} of Q. Then
2HV(S,) = > P(E Q).
k

Cacciopoli partitions have nice compactness properties.
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Theorem 71. Let {Ey,,}n be a sequence of Cacciopoli partitions of Q such that
sup Z P(Ej., ) < o0.
"ok

Then there exists a Cacciopoli partition {Ex} of Q0 and a subsequence n; such that

for all k
Ll
XEgn, — " XEg-
With that in mind, it is possible to prove the existence of a minimizer for the
piecewise constant Mumford-Shah problem.
Theorem 72. Let g € L>®(Q)). Then there exists u € SBV(Q) N PC () such
that

F(u) = inf F(v).
veSBV (Q)NPC(Q)

4.5. ACTIVE CONTOUR WITHOUT EDGES

Introduced by Chan and Vese [6] in 2001, this approach provides a way to
find numerical solutions, at low computational cost of a simplified Mumford-Shah

model. The idea is to describe the discontinuity set J, by a level set function ¢,
J, ={¢ =0}.

Now, they proposed two approaches, that are to minimize over

(1) functions differentiable on {¢ # 0}

(2) binary functions (u : Q—{cy, ¢}, for ¢1,c € R.
The last one is certainly simpler. To describe a binary function, it is needed ¢,
that specifies the interface and the two values of the function ¢; and cy. The
Mumford-Shah functional then becomes

F(u) =HYN"1(J,) +/

Q

(g — 1) H(6)d + / (g — e2)*(1 — H())dz,

Q

where H = X|o,0) stands for the Heavyside function. Now provided ¢; # ca, we

have that J, = {¢ = 0}. Also, remark that

DH(¢) = 6(¢)|V¢l,
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so that
HN-1(J,) = | DH(6 /5 [V de.

Then

Flu) = G(¢, 1, ) = / 5(6)|Volda+ / (g—2) H(d)da+ / (g—c2)2(1—H(6))da.

Q

It is now possible to compute the Euler-Lagrange equation associated to F'. We
can compute the partial derivatives with respect to c¢;, co and ¢ and set them to

0. Let’s first compute gTF
1

oF 8 ,
o = 5 [0 P H (o))

_ —2/Q<g — ) H(6)dz = 0.

Hence

o _ JogH(9)du Jag(1 = H(¢))dx
1 JoH Jo1—H '

Now, let’s compute the directional derivative of £ at ¢ in the direction ¢ €

D).

and similarly ¢y =

(925 + )|V + tVi| dx
dt o
\V4 \V4
- / 56+ LO)IVS + 19| + 5(6 + w>% Vi de
t=0
vo

d
A

/5’ YOIVE| + 6()

Remark that

Vo

div (5< N ) = 5(9)I Vo[ + 3(g)div ( o

Vol

Vo

2

)w+ ()=l
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in the sense of distributions, so that

Vo

[ 5@pivel + s 5o Vods

= [ (worgg) = [ s (o) v

Moreover

[ (somg) = [ sy mae=r =0

if we impose % = V¢ -n = 0, which seems a reasonable boundary condition,

since this forces the level curves to be transverse to the boundary 9€2. Therefore

—/Q(S(gb)div (%) n

d
afga(mw)wmtvwdx -

For the second term, we have

d
dt J,,

- / (9 — )26 — (g — c2)8(B)da

(g — e H( + t)de + / (g — c2’(1— H(6 + 1)) da

Q t=0

- / 5(B)0l(g — 1)’ — (g — o))

Therefore

<3¢ ) ¢> /95(@5)(11\’ (m) Y+ /95(@1#[(9 — 1) = (9 — e)?|dz
( ¢
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in the sense of distributions. In gradient descent form, this gives the initial value

problem
6 =0(0) |div (Z2) = (9 — e+ (g - )], @
(P6) | 52 =0, 990
(-, 0) = ¢o,
that is tight to the conditions
_JogH@)dz o Jog(L = H(9))dw

T H(Gdr NPT [ 1-H(p)dx

This equation is very close to the one obtained from the Total Variation algorithm
of Osher. The main difference is that in this one we evolve a curve while with
Osher algorithm it is the initial image g that is evolved. Also, in the last equation,
there’s a coefficient §(¢) so that only the 0 level set of ¢ moves. In practice, we

will use a regularization o, of 9.

1 €

0(r) = —5
seems a good choice in many cases.

The algorithm for computing the solution then goes as follows: At each time
step

(1) Compute ¢; and ¢y from ¢™

(2) Compute ¢" from ¢", ¢; and cs.

This algorithm separates the given image g in 2 distinct parts. In general,
that might not be sufficient to segment the image. Chan and Vese [6] proposed

to evolve several curves instead of only one. n curves will separate the domain €2

in 2" distinct regions. Each of these curve is represented by a level set function

i

They managed to get some interesting results using 2 curves by solving the

problem implicitely.
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FiG. 4.3. The 4 regions determined by two level set functions ¢
and gbg.

However, if we solve explicitely, the process become very unstable and as the
3D images are too big to solve implicitely, we proceeded in the following way. We
first segment €2 with one curve, which separates €) in 2 parts. Then we choose on
of the two regions (for example the set {¢ > 0}), and segment it again, taking
that region as the new domain 2. This iterative segmentation process appears to
work pretty well. An other alternative is to evolve a function that has more than
2 values. It has been proposed in [15].

As an initial image, it is a common choice to take the signed distance function
to a given initial curve. That is ¢o(x) = Zdist(x,Cy) with ¢(z) > 0 (resp.
¢(x) < 0) if x is in the exterior (resp. interior) of Cy. The initial curve is often
a circle, since the signed distance function is then easy to compute. However, it
turns out that taking Cj as a collection of equidistributed small circles accelerates
the convergence (see figure 4.4). Also, this kind of initial curve allows us to use the
same initial curve for each successive segmentations, since the curve will intersect
almost each connected component of the new domain. Such a choice of initial

condition is not necessary, but it speeds up the algorithm.
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F1G. 4.4. An initial curve that has several connected components
and that is equidistributed over the domain will help the algorithm
to converge faster and it has more chances to actually find a global

minimum.

Chan et al. [7] remarked that the algorithm often get stuck in local minimums.
We also observed this problem, but we notice that it rarely happens when we
take as initial curve a large set of small circles as described above. They recently
proposed a way to bypass this problem. Basically, it is the term d(¢) in the
equation that can block the evolution of the curve. They proposed to solve

instead for
¢ = div (%) —(g—a)P+(g—c)? Q
(P7) 4 22 =, o9
¢('7 O) = ¢0-

A problem is that there will not be a steady state for that equation. The function

¢ will tend to oo outside the curve and to —oo inside. The idea is that for ¢ large
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enough, the level curve
Cr={o(t) =}

will be a good contour for almost every choice of r.

Remark 73. A signed distance function ¢ satisfies the equation
Vo] =1
over §2. Hence the level set equation becomes
¢ =A¢ — (g — 1) + (g — ),

for which numerical schemes are less unstable than the scheme of the problems
(P6) or (P7). The problem is that after a few time steps, the function ¢ may
move far from a signed distance function. It is generaly suggested to reinitialize
¢ to a signed distance function to its 0 level set frequently, to prevent it from
distorting too much. However, we remarked that in our problem, instabilities
(e.g. solution blows up) arise in the very first time steps, when ¢ is still very

closed to a signed distance function. So we did not try to reinitialize the function.

4.6. NUMERICAL RESULTS

In this section, we show some numerical results obtained with the method
of active contour without edges (problem (P6)) applied to a CT scan. We use
iterative segmentations instead of evolving several curves at the same time since
as we noted earlier, there is less stability problems, and the computational time
is then dramatically decreased. The curvature term is discretized as described
in section 3.4. As the spacing is constant, we set Ax = Ay = 1. For the
regularization 0. of §, we take ¢ = 1 as suggested in [6]. At each time step,
we compute the number of pixels that changed side of the curve. This gives an
simple stopping criterion for the algorithm: stop when there is almost no pixels

changing sign.
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4.6.1. 2D results

We try to segment one slice shown in figure 4.5 (a) of a CT scan. It happens
that to get a nice segmentation it is necessary at some stage of the segmentation to
use a smoothed version of the given image. We simply applied the total variation

algorithm for a small number of time steps.

(a) medical image (b) smoothed version

F1G. 4.5. Initial images

The first two segmentation steps don’t give any problem (see figure 4.6). The first
step finds the external contour of the image (a circle), then we segment again the
interior region of that circle (the red region in figure 4.6). These two segmentatoin

are made with the original image.

For the next segmentation, it is necessary to use the smoothed image, otherwise,
the noise influences too much the results, as can be seen in figure 4.7 (a). The
same segmentation made with the smoothed image yields the result shown in

figure 4.7 (b).
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(a) First step (b) Second step

FiG. 4.6. First step finds the boundary of the image. The second
isolates the lunges. The region in green has value 0. It is the region

that has been rejected by the last step.

(a) Third step (original image)  (b) Third step (smoothed image)

FiG. 4.7. Third step: it is necessary to smooth the image to have

a good segmentation

Finally, a last segmentation step is performed to obtain the muscle of the heart.
Figure 4.8 (a) shows the result of that segmentation and (b) is a clean version of

(a), where only the heart is kept.

A summary of the different parameters and cpu time at different steps is

shown in figure 4.6.1.
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(a) Last step (b) Last step (cleaned)

Fic. 4.8. The final result

Step | time step (At) | u | Number of iterations | cpu time | cumulative cpu time
1 0.1 1 10 2.828s. 2.828s.
2 0.1 1 ) 1.612s. 4.440s.
3 0.002 1 80 17.497s. 21.937s.
4 0.01 1 50 10.260s. 32.197s.

FiG. 4.9. Summary of 2D segmentation parameters

4.6.2. 3D results

We apply the same techniques to the 3D CT scan. Figures 4.10 to 4.12 show

the several steps.

The 3D segmentation is not fully completed at the stage shown in figure 4.12.
There remains parts that do not belong to the heart but that the level set function

cannot separate.
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F1G. 4.10. First step: the cylinder boundary of the image is found.

We will next segment its interior

F1G. 4.11. Second step: the lunges are now segmented

A summary of the different parameters and cpu time at different steps is

shown in figure 4.6.2.
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F1G. 4.13. Two views of the segmented heart

4.6.3. Computational remarks

In order to read and treat various formats of medical images, we use the C+-+
librairies named ITK. They have been developped by Kitware, under the cover of

the National Libray of Medicin and was designed to vizualise and process images
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Step | time step (At) | u | Number of iterations | cpu time | cumulative cpu time
1 0.1 1 10 20s. 50s.
2 0.1 1 50 209s. 259s.
3 0.1 1 13 52s. 311s.
4 0.1 1 200 703s. 10148.—16mb4s.

FiGg. 4.14. Summary of 3D segmentation parameters. For each
computation, there is a reading and writing time of approximatively

50s. This time is not included in the cpu time above.

from the Visible Human Project. It has nice and compact formats for images.
Many algorithms are already implemented within ITK and they use about the
smallest possible amount of memory. On the down side, it turns out to be very
slow for 3D algorithms.

The main equation we have to solve is

u; = Du
Ug = ¢,

for some differential operator D. Again, this is solved explicitely at each time
step since the size of the images does not allow to solve implicitely.

All 2D codes have been written within the ITK librairies, but for 3D al-
gorithms, the ITK code was too slow (about 2min./iteration for an image of
50,000,000 voxels). Instead, we have written parallel C++ codes for solving un-
steady equations, which are far more efficient. Running on 6 processors, runtime
is now fairly small (about 3sec./iteration, depending on the complexity of the
differential operator D). Below is a graph of the speed up as a function of the

number of processors.

The computation time decreases dramatically by taking more processors. The

images are split into layers that are distributed over the processors. At each time
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FiG. 4.15. The speed up of the algorithm. The speed up is calcu-
lated as follows: (time with one processor) divided by (time with
n processors). The perfect speed up would be the function y = n.

As we can see on the graph, the parallel gain is otpimal in this case.

step, the processor computes the update of its layer and send the updated top
and bottom slices to the corresponding processors. The communication is then
very small. As the number of processors increase, there is more waiting time and
the ratio of the number of slices that need to be exchanged and the total number
of slices gets smaller. But this effect is not visible with 6 processors or less. The
parallel gain is optimal.

The computing time at the second step of the segmentation process is obvi-
ously smaller. Also, the code becomes less and less parallelizable as we do more
steps in the iterative segmentation process, since the domain to segment may
become small, and can be contained in a region of the image that belongs to less
processors. However, since the computing times are more than reasonable, we

did not fix that issue.
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Active contour model, 45
Active Contour without edges, 54
Active Contours, 45

Anisotropic diffusion, 35

Cacciopoli partition, 53

Direct method, 26
Distribution
Partial derivative, 16

Total derivative, 16

Euler-Lagrange equation, 25

Function
LrP 11
Approximate discontinuity, 14
Approximate jump, 14
Approximate limit, 14
Bounded variation, 16
Bounded variation

Chain rule, 20

Coercive, 26
equiintegrable, 12
Lower-semi-continuous, 27
Piecewise constant function, 53
Signed distance, 59
Weak derivative, 16
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Heat equation, 33

Image, 32
Imaging
CT, 8
MRI, 5
Visible Human Project, 9

Level Set method, 47

Measure
Absolutely continuous, 14
Mutually singular, 14
Radon Measure
Compacity, 13
Definition, 12
Total variation, 12
Weak™ convergence, 13
Minimization Problem, 24

Mumford-Shah functional, 50

Poisson equation, 29

Rudin, Osher, Fatemi model, 42

Scheme
CrankNicholson, 33
Explicit scheme, 33
Implicit scheme, 33
Semi-explicit, 44

Set
Approximate discontinuity set (.S,), 14
Finite perimeter, 17
Jump set (Jy,), 14
Perimeter, 17

Snake, 45

Sobolev smoothing, 38

Space
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LP 11

Bounded variation
BV(Q), 16
Cantor part, 19
Compactness, 18, 24
Jump part, 19
Sobolev part, 18
weak*-convergence, 18

Distributions (D'(Q)), 15

Reflexive, 28

Sobolev W1?(Q), 16

Theorem
Radon-Nikodym, 14
Riesz, 13

Weak derivatives, 16
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