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Abstract

Selective segmentation is an important application of image processing. In contrast to global segmentation in which all objects
are segmented, selective segmentation is used to isolate specific objects in an image and is of particular interest in medical
imaging—permitting segmentation and review of a single organ. An important consideration is to minimise the amount of user
input to obtain the segmentation; this differs from interactive segmentation in which more user input is allowed than selective
segmentation. To achieve selection, we propose a selective segmentation model which uses the edge-weighted geodesic
distance from a marker set as a penalty term. It is demonstrated that this edge-weighted geodesic penalty term improves
on previous selective penalty terms. A convex formulation of the model is also presented, allowing arbitrary initialisation.
It is shown that the proposed model is less parameter dependent and requires less user input than previous models. Further
modifications are made to the edge-weighted geodesic distance term to ensure segmentation robustness to noise and blur. We
can show that the overall Euler—Lagrange equation admits a unique viscosity solution. Numerical results show that the result
is robust to user input and permits selective segmentations that are not possible with other models.

Keywords Variational model - Partial differential equations - Image segmentation - Additive operator splitting - Viscosity
solution - Geodesic

1 Introduction Approaches to image segmentation broadly fall into

two classes: region based and edge based. Some region-

Segmentation of an image into its individual objects is one
incredibly important application of image processing tech-
niques. Segmentation can take two forms: firstly, global
segmentation for isolation of all foreground objects in an
image from the background and secondly, selective segmen-
tation for isolation of a subset of the objects in an image
from the background. A comprehensive review of selective
segmentation can be found in [7,19] and in [44] for medical
image segmentation where selection refers to extraction of
single organs.
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based approaches are region growing [1], watershed algo-
rithms [39], Mumford and Shah [29] and Chan and Vese [11].
The final two of these are partial differential equations
(PDEs)-based variational approaches to the problem of seg-
mentation. There are also models which mix the two classes
to use the benefits of the region-based and edge-based
approaches and will incorporate features of each. Edge-based
methods aim to encourage an evolving contour towards the
edges in an image and normally require an edge detector
function [8]. The first edge-based variational approach was
devised by Kass et al. [22] with the famous snakes model and
further developed by Casselles et al. [8] who introduced the
geodesic active contour (GAC) model. Region-based global
segmentation models include the well-known works of Mum-
ford and Shah [29] and Chan and Vese [11]. Importantly,
they are non-convex and hence a minimiser of these mod-
els may only be a local, not the global, minimum. Further
work by Chan et al. [10] gave rise to a method to find the
global minimiser for the Chan—Vese model under certain con-
ditions.

This paper is mainly concerned with selective segmenta-
tion of objects in an image, given a set of points near the
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object or objects to be segmented. It builds in such user input
toamodel using aset M = {(x;, yi) € 2,1 <i < k} where
2 c R?is the image domain [4,5,17]. Nguyen et al. [30]
considered marker sets M and A which consist of points
inside and outside, respectively, the object or objects to be
segmented. Goutetal. [17] combined the GAC approach with
the geometrical constraint that the contour passes through
the points of M. This was enforced with a distance func-
tion which is zero at M and nonzero elsewhere. Badshah
and Chen [4] then combined the Gout et al. model with [11]
to incorporate a constraint on the intensity in the selected
region, thereby encouraging the contour to segment homo-
geneous regions. Rada and Chen [35] introduced a selective
segmentation method based on two-level sets which was
shown to be more robust than the Badshah—Chen model.
We also refer to [5,23] for selective segmentation models
which include different fitting constraints, using coefficient
of variation and the centroid of M, respectively. None of
these models have a restriction on the size of the object
or objects to be detected, and depending on the initialisa-
tion, these methods have the potential to detect more or
fewer objects than the user desired. To address this and to
improve on [35], Rada and Chen [36] introduced a model
combining the Badshah—Chen [4] model with a constraint
on the area of the objects to be segmented. The refer-
ence area used to constrain the area within the contour is
that of the polygon formed by the markers in M. Spencer
and Chen [38] introduced a model with the distance fit-
ting penalty as a stand-alone term in the energy functional,
unbounding it from the edge detector term of the Gout et al.
model.

All of the above selective segmentation models discussed
are non-convex, and hence the final result depends on the
initialisation. Spencer and Chen [38], in the same paper,
reformulated the model they introduced to a convex form
using convex relaxation and an exact penalty term as in [10].
Their model uses Euclidean distance from the marker set
M as a distance penalty term; however, we propose replac-
ing this with the edge-weighted geodesic distance from M
(we call this simply the geodesic distance). This distance
increases at edges in the image and is more intuitive for
selective segmentation. The proposed model is given as a
convex relaxed model with exact penalty term, and we give
a general existence and uniqueness proof for the viscosity
solution to the PDE given by its Euler-Lagrange equation,
which is also applicable to a whole class of PDEs arising in
image segmentation. We note that the use of geodesic dis-
tance for segmentation has been considered before [6,33];
however, the models only use geodesic distance as the
fitting term within the regulariser, so are liable to make seg-
mentation errors for poor initialisation or complex images.
Here, we take a different approach, by including geodesic
distance as a stand-alone fitting term, separate from the

regulariser, and using intensity fitting terms to ensure robust-
ness.

In this paper, we only consider 2D images; however, for
completion, we remark that 3D segmentation models do
exist [25,43] and it is simple to extend the proposed model
to 3D. The contributions of this paper can be summarised as
follows:

e We incorporate the geodesic distance as a distance
penalty term within the variational framework.

e We propose a convex selective segmentation model using
this penalty term and demonstrate how it can achieve
results which cannot be achieved by other models.

e We improve the geodesic penalty term, focussing on
improving robustness to noise and improving segmen-
tation when object edges are blurred.

e We give an existence and uniqueness proof for the viscos-
ity solution for the PDEs associated with a whole class
of segmentation models (both global and selective).

We find that the proposed model gives accurate segmentation
results for a wide range of parameters and, in particular, when
segmenting the same objects from the same modality images,
i.e. segmenting lungs from CT scans, the parameters are very
similar from one image to the next to obtain accurate results.
Therefore, this model may be used to assist the preparation
of large training sets for deep learning studies [40,41] that
concern segmentation of particular objects from images.

The paper is structured as follows: in Sect. 2, we review
some global and selective segmentation models. In Sect. 3,
we discuss the geodesic distance penalty term, propose a
new convex model and also address weaknesses in the naive
implementation of the geodesic distance term. In Sect. 4, we
discuss the nonstandard AOS scheme, introduced in [38],
which we use to solve the model. In Sect. 5, we give an
existence and uniqueness proof for a general class of PDEs
arising in image segmentation, thereby showing that for a
given initialisation, the solution to our model is unique. In
Sect. 6, we compare the results of the proposed model to other
selective segmentation models and show that the proposed
model is less parameter dependent than other models and
is more robust to user input. Finally, in Sect. 7, we provide
some concluding remarks.

2 Review of Variational Segmentation
Models

Although we focus on selective segmentation, it is illumi-
nating to introduce some global segmentation models first.
Throughout this paper, we denote the original image by
z(x, y) with image domain £ C R2.
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2.1 Global Segmentation

The model of Mumford and Shah [29] is one of the most
famous and important variational models in image segmenta-
tion. We will review its two-dimensional piecewise constant
variant, commonly known as the Chan—Vese model [11],
which takes the form

Fev(I', c1, ¢2)
= - length(I") + A /

2

+x2/ 2(x. y) — 2 A2 (1)
§2)

lz(x,y) —c1]*d2

where the foreground £2; is the subdomain to be segmented,
the background 2, = $£2\$2; and wu, A1, Ay are fixed non-
negative parameters. The values c¢; and ¢, are the average
intensities of z(x, y) inside £21 and §2;, respectively. We use
a level set function

>0, (x,y) € £y,
$(x,y) =10, (x,y)eTl,
< 0, otherwise,

to track I' = {(x,y) € 2 |¢(x,y) = 0} (an idea popu-
larised by Osher and Sethian [31]) and reformulate (1) as

Fev (@, c1, ¢2)
=M/Q|VH8(¢)|(19 +)»1/Q(Z(X7y)—61)2Hs(¢)d9

+22 /Q(z(x, y) —2)*(1 — He(4)) de2, @

with H,(¢) a smoothed Heaviside function such as H.(¢) =
% + % arctan(qg) for some ¢, we set ¢ = 1 throughout. We
solve this in two stages, first with ¢ fixed we minimise Fcy
with respect to ¢1 and ¢, obtaining

Jo He(®) - z(x, y)d$2
cl1 =
[o He(¢)dS2
o Jo(l = He@) - 2(x, ) d2
’ To(— Ho(¢)de2

’

; 3

and second, with ¢ and ¢; fixed we minimise (2) with respect
to ¢. This requires the calculation of the associated Euler—
Lagrange equations. A drawback of the Chan—Vese energy
functional (2) is that it is non-convex. Therefore, a minimiser
may only be a local minimum and not the global minimum
and the final segmentation result is dependent on the ini-
tialisation. Chan et al. [10] reformulated (2) using an exact
penalty term to obtain an equivalent convex model—we use
this same technique in Sect. 2.2 for the Geodesic Model.

@ Springer

2.2 Selective Segmentation

Selective segmentation models make use of user input, i.e.
a marker set M of points near the object or objects to be
segmented. Let M = {(x;, ;) € £2,1 <i < k}besucha
marker set. The aim of selective segmentation is to design an
energy functional where the segmentation contour I is close
to the points of M.

Early work An early model by Caselles et al. [8], commonly
known as the geodesic active contour (GAC) model, uses an
edge detector function to ensure the contour follows edges,
and the functional to minimise is given by

/ g(IVz(x, y)hdrI".
r

The term g(|Vz(x, y)|) is an edge detector; one example is
g(s) = 1/(1+4 Bs?) with B a tuning parameter. It is common
to smooth the image with a Gaussian filter G, where o is
the kernel size, i.e. use g(|V (G4 * z(x, ¥))|) as the edge
detector. This mitigates the effect of noise in the image, giving
a more accurate edge detector. Gout et al. [25] built upon
the GAC model by incorporating a distance term D(x, y)
into this integral; i.e. the integrand is D(x, y)g(|Vz]|). The
distance term is a penalty on the distance from M, and this
model encourages the contour to be near to the set M whilst
also lying on edges. However, this model struggles when
boundaries between objects and their background are fuzzy
or blurred. To address this, Badshah and Chen [4] introduced
a new model which adds the intensity fitting terms from the
Chan—Vese model (1) to the Goutet al. [35] model. However,
their model has poor robustness. To improve on this, Rada
and Chen [36] introduced a model which adds an area fitting
term into the Badshah—Chen model and is far more robust.

The Rada-Chen model [36] We first briefly introduce this
model, defined by

Frc(e, c1, c2) =/L/QD(x,y)g(IVz(x,y)I)IVHs(@IdQ
+A1[(2<z(x,y)—c1>2Hs<¢>d9

0 /Q (2(x, ) — 0?1 — Ho(@)) A2

2
+V[(/Q Hg(d))d-Q—Al)

2
+(/9(1—Hs(¢))d9—A2) } “

where , A1, A2, y are fixed nonnegative parameters. There
is freedom in choosing the distance term D(x, y); see [36] for
some examples. A is the area of the polygon formed from
the points of M and A, = |§2| — Aj. The final term of this
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functional puts a penalty on the area inside a contour being
very different to Aj. One drawback of the Rada—Chen model
is that the selective fitting term uses no location information
from the marker set M. Therefore, the result can be a contour
which is separated over the domain into small parts, whose
sum area totals the area fitting term.

Nguyen et al. [30] This model is based on the GAC model
and uses likelihood functions as fitting terms, it has the energy
functional

Fro(@) =4 fg ¢(IV2(x. VDIV H ()] 42

+/\/Qa(PB(x,y)—PF(x,y))

+(1—-a)(1-2P(kx,y))¢ds2

where Pg(x, y) and Pr(x, y) are the normalised log-likeli-
hoods that the pixel (x, y) is in the foreground and back-
ground, respectively. P(x, y) is the probability that pixel
(x, ¥) belongs to the foreground, @ € [0, 1] and minimi-
sation is constrained, requiring ¢ € [0, 1], so Fng(¢) is
convex. This model is good for many examples, see [30],
and however, fails when the boundary of the object to seg-
ment is non-smooth or has fine structures. Also, the final
result is sometimes sensitive to the marker sets used.

The Spencer—Chen model [38] The authors introduced the
following model:

Fsc(é, 1, ¢2) =M/Qg(|VZ(x,y)|)|VHa(¢)|d9
+A1/Q(z(x,y>—c1>2Hs<¢)d9
-H»z/Q(Z(x, ) —e?(1 — Ha(¢)) d2

+9/QDE(x,y>HS<¢)d:2, )

where u, A, A2, 6 are fixed nonnegative parameters. Note
that the regulariser of this model differs from the Rada—
Chen model (4) as the distance function D(x, y) has been
separated from the edge detector term and is now a stand-
alone penalty term Dg(x, y). The authors use normalised
Euclidean distance D (x, y) from the marker set M as their
distance penalty term. We will discuss this later in Sect. 3 as
it is one of the key improvements we make to the Spencer—
Chen model, replacing the Euclidean distance term with a
geodesic distance term.

Convex Spencer—Chen model [38] Spencer and Chen use
the ideas of [ 10] to reformulate (5) into a convex minimisation
problem. It can be shown that the Euler—Lagrange equations
for Fsc(¢, c1, c2) have the same stationary solutions as for

485
Fsci(u, c1, c2)
— i [ gVztr. pDIVul a2
+ [ [ = = rae ) o] wde
+9/QDE(x,y)ud.Q, 6)

with the minimisation constrained to u € [0, 1]. This is a
constrained convex minimisation which can be reformulated
to an unconstrained minimisation using an exact penalty term
v(u) := max{0, 2|u— % | —1} in the functional, which encour-
ages the minimiser to be in the range [0, 1]. In [38], the
authors use a smooth approximation v () to v(u) given by

ve(u) = H, (\/(zu ")l ye— 1) [\/(214 )2 ge— 1] ,
)

and perform the unconstrained minimisation of

Fsca(u, ¢y, c2)

=Mfgg(|Vz(x,y)|)|W|d9
+ [ [t = e = rae ) - e ude
2

+9/ DE(x,y)udQ+otf Ve (1) dS2. ®)
2 2

When o > 5 |[[A1Gz(x,y) —c1)? — ha(zx, y) — c2)?]

+0DE(x, y)|| o, the above functional has the same set of
stationary solutions as Fsc1(u, c1, ¢2). It permits us to choose
arbitrary u initialisation to obtain the desired selective seg-
mentation result due to its complexity.

Convex Liu et al. model [26] Recently, a convex model was
introduced by Liu et al. which applies a weighting to the data
fitting terms, and the functional to minimise is given by

FL(u) =uf |Vu|d2 +M2/ |Vul*d$2
2 22
)
+/\f o*(x, y) |z —ul? ds2,
2

where w, (o, A are nonnegative parameters and w(x, y) =

1-D(x, y)g(|Vz|) where D(x, y) is adistance function from
marker set M (see [26], e.g.).

3 Proposed Convex Geodesic Selective
Model

We propose an improved selective model, based on the
Spencer—Chen model, which uses geodesic distance from the
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Normalised Euclidean Distance
[

Image & Marker Point

(a) (b)

Normalised Geodesic Distance

Edge Map, f(x)

(d)

Fig. 1 Comparison of distance measures. a Simple binary image with marker point; b normalised Euclidean distance from marker point; ¢ edge
map function f(x) for the image; d normalised geodesic distance from marker point

marker set M as the distance term, rather than the Euclidean
distance. Increasing the distance when edges in the image are
encountered gives a more accurate reflection of the true sim-
ilarity of pixels in an image from the marker set. We propose
minimising the convex functional

Fcg(u, c1, ¢c2)

— i [ sVetr DIVl 42
# [ [t = e = rae ) - et
2
+9/ Dy (x, y)uds2 +a/ Ve (u) ds2, (10)
2 ko)

where Dy (x, y) is the edge-weighted geodesic distance from
the marker set. In Fig. 1, we compare the normalised geodesic
distance and the Euclidean distance from the same marker
point (i.e. set M has one point in it); clearly, the former gives
amore intuitively correct distance penalty than the latter. We
will refer to this proposed model as the Geodesic Model.

3.1 Computing the Geodesic Distance Term Dy (x, y)

The geodesic distance from the marker set M is given
by Dy(x,y) = 0 for (x,y) € M and Dy(x,y) =

0
HD@’&% for (x, y) ¢ M, where D% (x, y) is the solution

of the following PDE:

VDY, (x, )| = f(x, ),
DY, (x0, y0) = 0, (x0, yo) € M. (11)

where f(x, y) is defined later on with respect to the image
contents.

If f(x,y)=1(.e. |VD9V[(x, y)| = 1), then the distance
penalty Djys(x, y) is simply the normalised Euclidean dis-
tance D (x, y) as used in the Spencer—Chen model (5). We
have free rein to design f(x, y) as we wish. Looking at the

@ Springer

PDE in (11), we see that when f(x, y) is small, this results
in a small gradient in our distance function and it is almost
flat. When f(x, y) is large, we have a large gradient in our
distance map. In the case of selective image segmentation,
we want small gradients in homogeneous areas of the image
and large gradients at edges. If we set

[, y) =ep+ Bl Valx, I, 12)

this gives us the desired property that in areas where
[Vz(x,y)| = 0, the distance function increases by some
small ep; here, image z(x, y) is scaled to [0, 1]. At edges,
[Vz(x, y)|is large and the geodesic distance increases here.
We set value of fg = 1000 and ep = 1073 throughout. In
Fig. 1, we see that the geodesic distance plot gives a low dis-
tance penalty on the triangle, which the marker indicates we
would like segmented. There is a reasonable penalty on the
background, and all other objects in the image have a very
high distance penalty (as the geodesic to these points must
cross two edges). This contrasts with the Euclidean distance,
which gives a low distance penalty to some background pix-
els and maximum penalty to the pixels furthest away.

3.2 Comparing Euclidean and Geodesic Distance
Terms

We briefly give some advantages of using the geodesic dis-
tance as a penalty term rather than Euclidean distance and a
remark on the computational complexity for both distances.

1. Parameter robustness. The Geodesic Model is more
robust to the choice of the fitting parameter 6, as the
penalty on the inside of the shape we want segmented
is consistently small. It is only outside the shape where
the penalty is large. However, with the Euclidean dis-
tance term, we always have a penalty inside the shape
we actually want to segment. This is due to the nature
of the Euclidean distance which does not discriminate
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on intensity—this penalty can also be quite high if our
marker set is small and does not cover the whole object.

2. Robust to marker set selection. The geodesic distance
term is far more robust to point selection; for example,
we can choose just one point inside the object we want
to segment and this will give a nearly identical geodesic
distance compared to choosing many more points. This
is not true of the Euclidean distance term which is very
sensitive to point selection and requires markers to be
spread in all areas of the object you want to segment
(especially, at extrema of the object).

Remark 1 (Computational complexity) The main concern of
using the geodesic penalty term, which we obtain by solving
PDE (11), would be that it takes a significant amount of time
to compute compared to the Euclidean distance. However,
using the fast marching algorithm of Sethian [37], the com-
plexity of computing Dy (x, y) is O(N log(N)) for an image
with N pixels. This is only marginally more complex than
computing the Euclidean distance which has O(N) complex-
ity [28].

3.3 Improvements to Geodesic Distance Term

‘We now propose some modifications to the geodesic distance.
Although the geodesic distance presents many advantages for
selective image segmentation, we have three key disadvan-
tages of this fitting term, which the Euclidean fitting term
does not suffer.

1. Not robust to noise. The computation of the geodesic
distance depends on |Vz(x, y)|2 in f(x,y) [see (11)].

Noisy Image and Marker Set

Geodesic Distance Based on Noisy Image

1

08

0.6

04

02

CT Image with Markers

So, if an image contains a lot of noise, each noisy pixel
appears as an edge and we get a misleading distance term.

2. Objects far from M with low penalty. As the geodesic
distance only uses marker set M for its initial condition
[see (11)], this can result in objects far from M having a
low distance penalty, which is clearly not desired.

3. Blurred edges. If we have two objects separated by a
blurry edge and we have marker points only in one object,
the geodesic distance will be low to the other object, as
the edge penalty is weakly enforced for a blurry edge. We
would desire low penalty inside the object with markers
and a reasonable penalty in the joined object.

In Fig. 2, each column shows an example for each of the
problems listed above. We now propose solutions to each of
these problems.

Problem 1: Noise robustness

A naive solution to the problem of noisy images would be
to apply a Gaussian blur to z(x, y) to remove the effect of
the noise, so we change f(x, y) to

fx,y) =ep + B6IVGs * 2(x, y)I? (13)

where G, is a Gaussian convolution with standard devia-
tion o. However, the effect of Gaussian convolution is that
it also blurs edges in the image. This then gives us the same
issues described in Problem 3. We see in Fig. 3 column 3 that
the Gaussian convolution reduces the sharpness of edges and
this results in the geodesic distance being very similar in
adjacent objects—therefore, we see more pixels with high
geodesic distance. Our alternative to Gaussian blur is to con-
sider anisotropic TV denoising. We refer the reader to [9,32]

Zoomed CT Image and Markers

1

0.8

0.6

0.4

0.2

0

Fig. 2 Examples of images showing the problems discussed and
the resulting geodesic distance maps. Column 1 shows the lack of
robustness to noise, column 2 shows that outside the patient we have

0
unreasonably low distance penalty and column 3 shows how the blurred

edge under the aorta leads to the distance term being very low through-
out the heart
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10% Gaussian Noise

Clean Image

Edge Map

Geodesic Distance Map

Fig.3 Edge maps and geodesic distance maps. Left to right: the clean
image, the image with 10% Gaussian noise, the noisy image with Gaus-
sian convolution applied (¢ = 5) and the noisy image with 100 iterations

for information on the model; here, we just give the PDE
which results from its minimisation:

RV - (g(IVZ(x, A1) ) Fiuzx,y) —u) =0, (14

IVule,
where [i,t are nonnegative parameters (we fix throughout
f=1073,1=5x107%). It is proposed to apply a relatively
small number of cheap fixed point Gauss—Seidel iterations

(between 100 and 200) to the discretised PDE. We cycle
through all pixels (i, j) and update u; ; as follows:

Aj juit1,j+ Bijui—1,j + Ci jui jy1 + Dj jui j—1

Ui =
" Aij+ Bij+Cij+Dij+1

(15)

where A;ij = Eg(Vi(r.Dipi2j. Bij = g

(Vz(x, Y)Di-1/2.j> Ci,j = %g(IVZ(x, MDi j+1/2 and

D;; = h%g(le(x, Y)i,j—1/2. We update all pixels once

per iteration and solve the PDE in (11) with f (x, y) replaced
by
fix,y) =ep + B6IVS 2 (x, I? (16)

where S represents the Gauss—Seidel iterative scheme and
k is the number of iterations performed (we choose k =
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Gaussian Convolution with o =5 Aniso-TV Gauss-Seidel Smoothed

ho- =

Edge Map

Geodesic Distance Map

Geodesic Distance Map
- 1 ,

a

1

(4 0.8 0.8
,

' 0.6 0.6
/

(e~ 0.4 0.4
o p— /'

‘ | 0.2 0.2

- 0 ‘ o

of anisotropic TV Gauss—Seidel smoothing. The set M is shown on the
top row, which is the same for each image

100 in our tests). In the final column of Fig. 3, we see that
the geodesic distance map more closely resembles that of
the clean image than the Gaussian blurred map in column
3, and in Fig. 4, we see that the segmentation results are
qualitatively and quantitatively better using the anisotropic
smoothing technique.

Problem 2: Objects far from M with low penalty

In Fig. 2 column 2, we see that the geodesic distance to
the outside of the patient is lower than to their ribs. This is
due to the fact that the region outside the body is homoge-
neous and there is almost zero distance penalty in this region.
Similarly for Fig. 3 column 4, the distances from the marker
set to many surrounding objects are low, even though their
Euclidean distance from the marker set is high. We wish
to have the Euclidean distance Dg (x, y) incorporated some-
how. Our solution is to modify the term £} (x, y) from (16) to
fx.y) =ep+ 6|V @, )P +9Dpx,y). (A7)
In Fig. 5, the effect of this is clear; as ¥ increases, the dis-
tance function resembles the Euclidean distance more. We
use value 9 = 10! in all experiments as it adds a reason-
able penalty to pixels far from the marker set.

Problem 3: Blurred edges
If there are blurred edges between objects in an image, the
geodesic distance will not increasesignificantly at this edge.
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10% Gaussian Noise

Non-Smoothed TC = 0.9192

Smoothed TC = 0.9417

20% Gaussian Noise

Non-Smoothed TC = 0.8538

Smoothed TC = 0.9055

30% Gaussian Noise

Non-Smoothed TC = 0.7321

Smoothed TC = 0.9151

Fig.4 Segmentation results and Tanimoto coefficients (see Sect. 6) for images with 10%, 20% and 30% Gaussian Noise with and without smoothing,

AM=A=50=3

0.8

(0}

Fig.5 Displayed is Dys(x, y) using f>(x, y) for various ¢ values. The marker set is the same as that used in Fig. 3

Therefore, the final segmentation result is liable to include
unwanted objects. We look to address this problem through
the use of anti-markers. These are markers which indicate
objects that we do not want to segment, i.e. the opposite of
marker points, and we denote the set of anti-marker points by
AM. We propose to use a geodesic distance map from the set
AM denoted by Dap(x, y) which penalises pixels near to
the set AM and does not add any penalty to those far away.
We could naively choose Day(x,y) = 1 — ﬁGAM(x, y)
where ﬁG AMm (x, y) is the normalised geodesic distance from
AM. However, this puts a large penalty on those pixels inside
the object we actually want to segment (as DG am(x, y) to

those pixels is small). To avoid this problem, we propose the
following anti-marker distance term:

exp (~aDgan (x. 1)) — exp (-@)

Dam(x,y) = 1 —exp (—&)

where « is a tuning parameter. We choose & = 200 through-
out. This distance term ensures rapid decay of the penalty
away from the set AM but still enforces high penalty around
the anti-marker set itself. See Fig. 6 where a segmentation
result with and without anti-markers is shown. As D (x, y)
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Original Image Marker and Anti-Marker Set

Segmentation Without Anti-Markers

Anti-Marker Distance Function Segmentation With Anti-Markers

Fig. 6 Left to right: original image, M (green) and AM (pink), segmentation result just using marker set, Dap (x, y) using anti-markers,
segmentation result using anti-markers. For these u = 1, A1 = X, = 5,6 = 25 (Color figure online)

decays rapidly from .AM, we do require that the anti-marker
set be close to the blurred edge and away from the object we
desire to segment.

3.4 The New Model and Its Euler-Lagrange Equation

The proposed Geodesic Model. Putting the above three ingre-
dients together, we propose the model

min {FGEO(M, 1, ¢2)
u,cr,c2

= [ [t —e0? = aar ) = e uag
+M/ g(IVZ(x,y)|)|Vu|d.Q+9/ Dg(x, y)uds2
2 2

+a/ vs(u)d.Q}, (18)
2

where Dg(x,y) = (Du(x,y)+Dam(x,y)) /2 and
Dy (x, y) is the geodesic distance from the marker set M.
We compute Dy (x, y) using (11) where f(x, y) = fa(x, )
defined in (17). Using Calculus of Variations, solving (18)
with respect to c1, ¢, with u fixed, leads to

Jou-z(x,y)ds2

c1(u) = Touds ,
L—u)-z(x,y)d2

o ol S
2

and the minimisation with respect to u# (with ¢ and ¢; fixed)
gives the PDE

v v Vu
iz '(g(l Z(x,y)l)wu'gz)

[Pty = en? =2 ) — ]
—0Dg(x,y) —av.(u) =0 (20)
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in §2, where we replace |Vu| with [Vule, = \[u3 +u3 + &

to avoid zero denominator; we choose g5 = 10°° throughout.
We also have Neumann boundary conditions g—z =0onas2
where n is the outward unit normal vector.

Next, we discuss a numerical scheme for solving this
PDE (20). However, it should be remarked that updating
c1(u), c2(u) should be done as soon as u is updated; practi-
cally, c1, c2 converge very quickly since the object intensity
c1 does not change much.

4 An Additive Operator Splitting Algorithm

Additive operator splitting (AOS) is a widely used method
[14,27,42] as seen from more recent works [2-5,36,38] on
the diffusion-type equation such as

2—? =uV-(Gm)Vu) — f. (21)
AOS allows us to split the two-dimensional problem into
two one-dimensional problems, which we solve and then
combine. Each one- dimensional problem gives rise to a
tridiagonal system of equations which can be solved effi-
ciently; hence, AOS is a very efficient method for solving
diffusion-like equations. AOS is a semi-implicit method and
permits far larger time steps than the corresponding explicit
schemes would. Hence, AOS is more stable than an explicit
method [42]. We rewrite the above equation as

0

and after discretisation, we can rewrite this as [42]

2 -1
uktl = % Z (I — ZTMAg(uk)> (uk + ‘L'f)
=1
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Fig.7 a Exact penalty function 2 2 2
v(u) and b, ¢ v (1) for different
& values. a v(u). b ve (u) for
e=1.cve(u)fore =0.1 1 1 1
0 — 0 0
-1 0 1 -1 0 1 2 -1 0 1 2
(a) (b) (c)
Fig.8 av/'(u) (discontinuities ‘ ‘
shown in red) and b, ¢ v/ (u) for 2 2 2
different & values. a v'(u). b
v, (u) for e = 1. ¢ v} (u) for
& = 0.1 (Color figure online) 0 E— 0 0
-2 -2 -2
-1 0 1 -1 0 1 2 -1 0 1 2
(a) (b) (c)

where t is the time step, A1 (#) = 9, (G (u)dy) and Ay (u) =
0y(G(u)dy). For notational convenience, we write G =
G (u). The matrix A (u) can be obtained as follows:

<A1(uk)uk+]> — <3x (Gaxukﬂ))
i,j ij

G- 1 - G 1 .
_ ( ’+2’/)uk+l + ( ’2’1>uk+1
- 2 i+1,j 2 i—=Lj
hx hx

Cird i TGt e
- 2 Ui
n2 -

and similarly to [36,38], for the half points in G, we take

the average of the surrounding pixels, for example G,

Git1,j+Gi,j
2

+30 7
. Therefore, we must solve two tridiagonal sys-
tems to obtain #**!, and the Thomas algorithm allows us
to solve each of these efficiently [42]. The AOS method
described here assumes f does not depend on u; however,
in our case, it depends on v/ () [see (20)] which has jumps
around O and 1, so the algorithm has stability issues. This
was noted in [38], and the authors adapted the formulation
of (20) to offset the changes in f. Here, we repeat their argu-
ments for adapting AOS when the exact penalty term v/ ()
is present (we refer to Figs. 7 and 8 for plots of the penalty
function and its derivative, respectively).

The main consideration is to extract a linear part out of
the nonlinearity in f = f(u). If we evaluate the Taylor
expansion of v.(u) around # = 0 and 4 = 1 and group
the terms into the constant and linear components in u, we
can, respectively, write v, (u) = ao(e) + bo(e)u + O®w?)
and v (u) = aj(e) + bi(e)u + O®u?). We actually find that

bo(e) = b1 (e) and denote the linear term as » from now on.
Therefore, for a change in u of u aroundu =0 and u = 1,
we can approximate the change in v, (u) by b - $u. To focus
on the jumps, define the interval in which v/, () jumps as

Ip:=[0—-¢,04+C]Ul —¢, 1+¢]
and refine the linear function by

k
Ek _ b, ui’j € I{
- 0, else.

Using these, we can now offset the change in v, (u*) by
changing the formulation (21) to

2_? =uV - (G)Vu) — ab’u + [ab*u — f]

or in AOS form u*t! = uk + tuV - (GWF)Vurtl) —
rabfuFt! + [rabkuk — fk] which, following the deriva-
tion in [38], can be reformulated as

2 —1
1 -
=2 <1 + BF —2tpa, (:/‘))

=1

01
(4 8)ut 07

where B = diag(ral;k). We note that Q is invertible as
it is strictly diagonally dominant. This scheme improves on
(21) as now, changes in f* are damped. However, it is found
in [38] that although this scheme does satisfy most of the
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discrete scale-space conditions of Weickert [42] (which guar-
antee convergence of the scheme), it does not satisfy all of
them. In particular, the matrix Q1 does not have unit row sum
and is not symmetrical. The authors adapt the scheme above
to the equivalent

-1

uktt = %i (1 -2t (1 + §k>_l Ay (uk))
- 02
(uk Y (1 n Bk)_l fk> , 22)

where the matrix Q> does have unit row sum; however, the
matrix is not always symmetrical. We can guarantee conver-
gence for ¢ = 0.5 (in which case, Q> must be symmetrical)
but we desire to use a small ¢ to give a small interval /.
We find experimentally that convergence is achieved for any
small value of ¢, which is due to the fact that at convergence
the solution u is almost binary [10]. Therefore, although ini-
tially Q» is asymmetrical at some pixels, at convergence all
pixels have values which fall within /; and I + B is a matrix
with all diagonal entries 1 4+ tab. Therefore, we find that at
convergence Q- is symmetrical and the discrete scale-space
conditions are all satisfied. In all of our tests, we fix ¢ = 0.01.

Algorithm 1: Solution of the Geodesic Model

Set w, &, 6. Compute g(|Vz(x, y)|) =
0
D (x, y) = —po)

1D (v, 9 oe

with DY (x, y) the solution of (11). Initialise u‘® arbitrarily.
for iter = 1 tomax_iterations do

Calculate ¢ and c> using (19).

Calculate r = A1 (z — ¢1)? — Aa(z — ¢2)> + 6Dg.

Seta = ||r||pe.

Calculate f* =r + av;, wh).

Update u* to u**! using the AOS scheme (22).
end for

u* < uk.

1
Tcvaa e 2nd

5 Existence and Uniqueness of the Viscosity
Solution

In this section, we use the viscosity solution framework and
the work of Ishii and Sato [20] to prove that, for a class
of PDEs in image segmentation, the solution exists and is
unique. In particular, we prove the existence and uniqueness
of the viscosity solution for the PDE which is determined
by the Euler-Lagrange equation for the Geodesic Model.
Throughout, we will assume §2 is a bounded domain with
C! boundary.

@ Springer

From the work of [12,20], we have the following Theorem
for analysing the solution of a partial differential equation of
the form F(x, u, Du, D*u) = 0 where F : R” x R x R" x
M" — R, A" is the set of n x n symmetrical matrices,
Du is the gradient of u and D?u is the Hessian of u. For
simplicity, and in a slight abuse of notation, we use x := x
for the vector of a general point in R”.

Theorem 2 (Theorem 3.1 [20]) Assume that the following
conditions (C1)—(C2) and (I1)—(17) hold. Then, for each ug €
C(2) thereisa unique viscosity solutionu € C([0, T) x 2)
of (23) and (24) satisfying (25).

2—”; + F(t,x,u,Du,D*u) =0 in Q=(0,T) x £,
(23)

B(x,Du)=0 in §=(0,T) x 082, (24)

u(0, x) = up(x) for x € £2. (25)

Conditions (C1)—-(C2)

(Cl) F(t,x,u,p,X) < F(t,x,v, p,X) foru <v.
(C2) F(t,x,u,p,X) < F(t,x,u,p,Y) for X,Y € 4"
and Y < X.

Conditions (I1)-(I7) Assume £2 is a bounded domain in R”
with C! boundary.

(1) F eC([0,T] x 2 x R x (R"\{0}) x .#").

(I2) There exists a constant ¥y € R such that for each
(t,x,p, X) €[0, T] x 2 x (R"\{0}) x .#" the func-
tion u — F(t,x,u, p, X) — yu is non-decreasing on
R.

(I3) F is continuous at (¢, x,u,0,0) for any (¢, x,u) €
[0, T] x £2 x R in the sense that

—00 < Fo(t,x,u,0,0) = F*(t,x,u,0,0) < o0

holds. Here, F* and F, denote, respectively, the upper
and lower semi-continuous envelopes of F, which are
definedon [0, T] x 2 x R x R" x .#™.

(14) B e C(R" x RHNCHT(R" x (R*\{0})), where C!!
is the Holder functional space.

(I5) For each x € R", the function p — B(x, p) is posi-
tively homogeneous of degree one in p,i.e. B(x, Ap) =
AB(x, p) forall A > 0 and p € R*\{0}.

(I6) There exists a positive constant ® such that (n(x), D,
B(x, p)) > © for all x € 952 and p € R"\{0}. Here,
n(x) denotes the unit outward normal vector of §2 at
x € 0S52.

(I7) For each R > 0, there exists a non-decreasing con-
tinuous function wg : [0,00) — [0, 00) satisfying
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wgr(0) = O such that if X,Y € .#" and uy, ur €
[0, co) satisfy

X0 I —1I 10
[0 Y:|SM|:—I I]Jruz[(”} (26)

then

F(ta-xvuypv X)_F(tvyyan1_Y) 2
—wze(m (Ix —y|2+p(p,q)2> +u2+1p—q|

+ I = vl (max(pl. lgh) + 1) )

forallr € [0,T],x,y € £2,u € R, with |[u| < R,
p.q € R'\(0} and p(p. g) = min (htls 1),

5.1 Existence and Uniqueness for the Geodesic
Model

We now prove that there exists a unique solution for the PDE
(20) resulting from the minimisation of the functional for the
Geodesic Model (18).

Remark 3 1t is important to note that although the values of
c1 and ¢, depend on u, they are fixed when we solve the PDE
for u and therefore the problem is a local one and Theorem 2
can be applied. Once we update ¢ and c¢3, using the updated
u, then we fix them again and apply Theorem 2. In practice,
as we near convergence, we find c¢; and ¢, stabilise so we
typically stop updating c; and c» once the change in both
values is below a tolerance.

To apply the above theorem to the proposed model (20),
the key step will be to verify the nine conditions. First, we
multiply (20) by the factor |Vul,, obtaining the nonlinear
PDE

Vu
— /,L|Vu|gzv . <G(x, VZ) |Vu|€2>
+ Ve, [M(z(zc, y) =)t =, y) —)*  27)

+60Dg(x,y) + av;(u)] =0

where G(x, Vz) = g(|Vz(x, ¥)|). We can rewrite this as

F(x,u, p, X) = —ptrace (A(x, p)X) — u(VG(x, Vz), p)
+lplku) + |plf(x) =0 (28)

where f(x) = A1(z(x) — c1)? — ha(z(x) — )% k(u) =
av.(u), p = (p1, p2) = |Vulg,, X is the Hessian of u and

2
G(x,Vz)ﬁ —G(x, Vz)i2

A(x, p) = i 1aF (29)
—G(x, Vz)llj[’)—lpz G(x, Vz)lpﬁ

Theorem 4 (Theory for the Geodesic Model) The parabolic
PDE 3% + F(t,x,u, Du, D*u) = 0 with ug = u(0,x) €
C(2), F as defined in (28) and Neumann boundary condi-
tions has a unique solution u = u(t, x) in C([0, T) x Q).

Proof By Theorem 2, it remains to verify that F satisfies
(C1H)—(C2) and (I1)—(I7). We will show that each of the con-
ditions is satisfied. Most are simple to show, the exception
being (I7) which is non-trivial.

(C1): Equation (28) only has dependence on u in the
term k(u); we therefore have a restriction on the choice of
k, requiring k(v) > k(u) for v > u. This is satisfied for
k(u) = av}(u) with v (1) defined as in (7).

(C2): We find for arbitrary s = (s1,s2) € R? that
sTA(x,p)s = 0 and so A(x,p) > 0. It follows that
—trace(A(x, p)X) < —trace(A(x, p)Y); therefore, this con-
dition is satisfied.

(I1): A(x, p) is only singular at p = 0; however, it is
continuous elsewhere and satisfies this condition.

(I2): In F, the only term which depends on u is k(u) =
ol (u). With v/ (u) defined as in (7), in the limit ¢ — O this
function is a step function from —2 on (oo, 0), 0 on [0, 1]
and 2 on (0, c0). So we can choose any constant ¢ < —2.
With ¢ # 0, there is smoothing at the end of the intervals;
however, there is still a lower bound on L for v/ () and we
can choose any constant y < L.

(I3): F is continuous at (x, 0, 0) for any x € §2 because
F*(x,0,0) = Fy(x,0,0) = 0. Hence, this condition is sat-
isfied.

(I4): The Euler-Lagrange equations give Neumann bound-
ary conditions

9
B(x,Vu):a—uzn-Vuz(n,Vu)zo
n

on 052, where n is the outward unit normal vector, and we
see that B(x, Vu) € CL1 (R" x R"\{0}) and therefore this
condition is satisfied.

(I5): By the definition above, B(x, AVu) = (n, A\Vu) =
A{n, Vu) = AB(x, Vu). So this condition is satisfied.

(I6): As before, we can use the definition, (r(x),
DyB(x, p)) = (n(x),n(x)) = |n(x)|2. So we can choose
® = 1 and the condition is satisfied.

(I7): This is the most involved condition to prove and uses
many other results. For clarity of the overall paper, we post-
pone the proof to ‘Appendix A’.
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5.2 Generalisation to Other Related Models

Theorems 2 and 4 can be generalised to a few other models.
This amounts to writing each model as a PDE of the form
(28) where k(u) is monotone and f(x), k(u) are bounded.
This is summarised in the following corollary:

Corollary 5 Assume that c¢1 and cy are fixed, with the terms
f(x) and k(u), respectively, defined as follows for a few
related models:

e Chan—Vese [11]: f(x) = fov(x) := A1 (z(x) —c1)? —
Ma(z(x) = €2)% k() = 0.

e Chan-Vese (Convex) [10]: f(x) = fcv(x), k(u) =
v, (u).

o Geodesic active contours [8] and Gout et al. [25]:
f(x) =0, k(u) =0.

e Nguyen et al. [30]: f(x) = « (Pp(x, y) — Pr(x, y)) +
(1—a)(d —=2P(x,y)), k(u) =0.

e Spencer-Chen (Convex) [38]: f(x) =
0Dk (x), k(u) = av,(u).

fov(x) +

Then, if we define a PDE of the general form

Vu
|Vu|82

—uv - <G(x) ) +k(u) 4+ f(x) =0

with

(i) Neumann boundary conditions g—z = 0 (n the outward
normal unit vector)
(i) k(u) satisfies k(u) > k(v) ifu > v
(iii) k(u) and f(x) are bounded; and

(iv) G(x) =1dor G(x) = f(|Vz(x)]) = l+|Vi(x)|2’

we have a unique solutionu € C ([0, T) x 2) fora given ini-
tialisation. Consequently, we conclude that all above models
admit a unique solution.

Proof The conditions (i)—(iv) are hold for all of these models.
All of these models require Neumann boundary conditions
and use the permitted G (x). The monotonicity of v/ («) is
discussed in the proof of (C1) for Theorem 4, and the bound-
edness of f(x) and k(u) is clear in all cases.

Remark 6 Theorem 4 and Corollary 5 also generalise to cases
where G (x) = W and to G(x) = D(x)g(|Vz|) where
D(x) is a distance function such as in [15-17,38]. The proof
is very similar to that shown in Sect. 5.1, relying on Lipschitz
continuity of the function G (x).

Remark 7 We cannot apply the classical viscosity solution
framework to the Rada—Chen model [36] as this is a non-
local problem with k(1) = 2v (fQ H,(u)d$2 — Al).
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6 Numerical Results

In this section, we will demonstrate the advantages of
the Geodesic Model for selective image segmentation over
related and previous models. Specifically, we shall compare

M1 —the Nguyen et al. [30] model;

M2 —the Rada and Chen [36] model;

M3 —the convex Spencer—Chen [38] model;

M4 —the convex Liu et al. [26] model;

MS —the reformulated Rada—Chen model with geodesic

distance penalty (see Remark 8);

e M6 —the reformulated Liu et al. model with geodesic
distance penalty (see Remark 8);

e M7 —the proposed convex Geodesic Model (Algo-

rithm 1).

Remark 8 (A note on M5 and M6) We include M5-M6
to test how the geodesic distance penalty term can improve
M2 [36] and M4 [26]. These were obtained as follows:

e we extend M2-MS simply by including the geodesic dis-
tance function D¢ (x, 1) in the functional.

e we extend M4-M6 with a minor reformulation to include
data fitting terms. Specifically, the model M6 is

min {FCVw(M» 1, c2)
u,ci,c2

:/sz(x,y) [11GzCx, y) —c1)?
— Ma(z(x,y) — ) ud2 + ufg g(1Vz]))|Vu| d$2

+9/ Dc(x,y)ud9+a/ vg(u)d.Q} (30)
2 2

for w, A1, X» nonnegative fixed parameters, o and v, ()
as defined in (7) and w as defined for the convex Liu
et al. model. This is a convex model and is the same
as the proposed Geodesic Model M7 but with weighted
intensity fitting terms.

Four sets of test results are shown below. In Test 1, we
compare models M1-M#6 to the proposed model M7 for two
images which are hard to segment. The first is a CT scan
from which we would like to segment the lower portion of
the heart, the second is an MRI scan of a knee and we would
like to segment the top of the Tibia. See Fig. 9 for the test
images and the marker sets used in the experiments. In Test
2, we will review the sensitivity of the proposed model to
the main parameters. In Test 3, we will give several results
achieved by the model using marker and anti-marker sets. In
Test 4, we show the initialisation independence and marker
independence of the Geodesic Model on real images.
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Fig.9 Test 1 setting: a Image 1; b Image 1 with marker and anti-marker set shown in green and pink, respectively; ¢ Test Image 2; d Image 2

with marker set shown (Color figure online)

Fig. 10 Visual comparison of M1-M7 results for Test Image 1. M1
segmented part of the object, M2-M4 failed to segment the object, M5
gave a reasonable result (though not accurate) and, M6 and M7 cor-
rectly segmented the object. a M1 (Left to right:) Test Image 1 with
markers (red) and anti-markers (blue), foreground segmentation and

For M7, we denote by u the thresholded u > y at some
value y € (0, 1) to define the segmented region. Although
the threshold can be chosen arbitrarily in (0, 1) from the work
by [10, Theorem 1] and [38], we usually take y = 0.5.

Quantitative comparisons. To measure the quality of a
segmentation, we use the Tanimoto coefficient (TC) (or Jac-
card coefficient [21]) defined by

background segmentation (we used published software, no parameter
choice required). PM2 A =1,y = 10.cM3 A =5,0 = 3.d M4
A=1/4eM5L =5y =3,60=5.fM6L=150=3gM7
A = 10,0 =1 (Color figure online)

|ii N GT]

where GT is the ‘ground truth’ segmentation and u is the
result from a particular model. This measure takes value one
for a segmentation which coincides perfectly with the ground
truth and reduces to zero as the quality of the segmentation
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Fig. 11 Visual comparison of M1-M7 results for Test Image 2. M1 segmentation and background segmentation (we used published soft-
segmented part of the object, M2-M4 failed to segment the object, ware, no parameter choice required). b M2 A = 1, y = 15. ¢ M3
MS5, M6 and M7 correctly segmented the object. a M1 (Left to right): A=560=1.dM4xr=1/8eM5r =1,y =150 = % f M6
Test Image 2 with markers (red) and anti-markers (blue), foreground A=150=1.gM7 x = 10,6 = 1 (Color figure online)

Theta

N9 s X 6 0 A% 9 0 e D

I T T U T S P S I T T R O I
Lambda Lambda Lambda
() () (e)

Fig. 12 Parameter maps for M3, M6 and M7. a Original image. b Ground truth segmentation. ¢ M3 TC values for various A and 6 values. d M6
TC values for various A and 0 values. e M7 TC values for various A and 0 values
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Fig. 13 Parameter maps for M3, M6 and M7. a Original image with marker set. b Ground truth segmentation. ¢ M3 TC values for various A and
6 values. d M6 TC values for various A and 6 values. e M7 TC values for various A and 6 values

gets worse. In the other tests, where a ground truth is not
available, we use visual plots.

Parameter choices and implementation. We set © = 1,
7 =102 and vary A = A1 = A and 6. Following [10], we
leta = ||[A1(z = c1)® = 22(z = ©2)” + DG (x, Y| To
implement the marker points in MATLAB, weuse roipoly
for choosing a small number of points by clicking and
also freedraw which allows the user to draw a path of
marker points. The stopping criteria used are the dynamic
residual falling below a given threshold; i.e. once ||u*t! —
uk)/||u¥|| < tol, the iterations stop (we use tol = 1076 in
the tests shown).

Test 1—Comparison of models M1-M?7. In this test, we
give the segmentation results for models M1-M?7 for the
two challenging test images shown in Fig. 9. The marker and
anti-marker sets used in the experiments are also shown in
this figure. After extensive parameter tuning, the best final
segmentation results for each of the models are shown in
Figs. 10 and 11. For M1-M4, we obtain incorrect segmen-
tations in both cases. In particular, the results of M2 and
M4 are interesting as the former gives poor results for both
images, and the latter gives a reasonable result for Test Image
1 and a poor result for Test Image 2. In the case of M2, the
regularisation term includes the edge detector and the dis-
tance penalty term [see (4)]. It is precisely this which permits
the poor result in Figs. 10b and 11b as the edge detector is

Table 1 Tanimoto coefficient for various &, values, segmenting the
images in Figs. 12 and 13

&) Knee segmentation Circle segmentation
(Fig. 12) (Fig. 13)

10-10 0.97287 1.00000

10-8 0.97287 1.00000

106 0.97235 1.00000

1074 0.96562 1.00000

1072 0.94463 1.00000

10° 0.90660 1.00000

102 0.89573 1.00000

10* 0.89159 1.00000

zero along the contour and the fitting terms are satisfied there
(both intensity and area constraints)—the distance term is not
large enough to counteract the effect of these. In the case of
M4, the distance term and edge detector are separated from
the regulariser and are used to weight the Chan—Vese fitting
terms [see (9)]. The poor segmentation in Fig. 11(b) is due
to the Chan—Vese terms encouraging segmentation of bright
objects (in this case), and weighting @ enforces these terms
at all edges in the image and near M. In experiments, we
find that M4 performs well when the object to segment is of
approximately the highest or lowest intensity in the image;
however, when this is not the case, results tend to be poor.
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Fig. 14 Three further test
results obtained using our
Geodesic Model M7, all with
parameters 6 = 5, A = 5. The
first row shows the original
image with the marker set (plus
anti-marker set), the second row
shows the final segmentation
result and the final row shows
the residual history

a0
5’-2
T -4
3

a _6 I
[0

c.g

0 1000 2000
Iteration

We see that, in both cases, models M5 and M6 give much
improved results to M2 and M4 (obtained by incorporat-
ing the geodesic distance penalty into each). The proposed
Geodesic Model M7 gives an accurate segmentation in both
cases. It remains to compare M5, M6 and M7. We see that
M35 is anon-convex model (and cannot be made convex [38]);
therefore, results are initialisation dependent. It also requires
one more parameter than M6 and M7, and an accurate set M
to give a reasonable area constraint in (4). These limitations
lead us to conclude M6 and M7 are better choices than MS.
In the case of M6, it has the same number of parameters as
M7 and gives good results. M6 can be viewed as the model
M7 with weighted intensity fitting terms [compare (18) and
(30)]. Experimentally, we find that the same quality of seg-
mentation result can be achieved with both models generally;
however, M6 is more parameter sensitive than M7. This can
be seen in the parameter map in Fig. 12 with M7 giving an
accurate result for a wider range of parameters than M6. To
show the improvement of M7 over previous models, we also
give an image in Fig. 13 which can be accurately segmented
with M7 but the correct result is never achieved with M6
(or M3). Therefore, we find that M7 outperforms all other
models tested M1-M6.

Remark 9 Models M2-M7 are coded in MATLAB and use
exactly the same marker/anti-marker set. For model M1, the
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software of Nguyen et al. requires marker and anti-marker
sets to be input to an interface. These have been drawn as
close as possible to match those used in the MATLAB code.

Test 2—Test of M7’s sensitivity to changes in its main
parameters. In this test, we demonstrate that the proposed
Geodesic Model is robust to changes in the main parame-
ters. The main parameters in (20) are u, A1, Az, 6 and &5.
In all tests, we set u© = 1, which is simply a rescaling of
the other parameters, and we set A = A1 = Ap. In the first
example, in Fig. 12, we compare the TC value for various
A and 0 values for segmentation of a bone in a knee scan.
We see that the segmentation is very good for a larger range
of 6 and X values. For the second example, in Fig. 13, we
show an image and marker set for which the Spencer—Chen
model (M3) and modified Liu et al. model M6 cannot achieve
the desired segmentation for any parameter range, but which
can be attained for the Geodesic Model for a vast range of
parameters. The final example, in Table 1, compares the TC
values for various e values with fixed parameters A = 2
and 6 = 2. We use the images and ground truth as shown in
Figs. 12 and 13 : on the synthetic circles image, we obtain
a perfect segmentation for all values of ¢, tested, and in the
case of the knee segmentation the results are almost iden-
tical for any &, < 107°, above which the quality slowly
deteriorates.



Journal of Mathematical Imaging and Vision (2019) 61:482-503

499

(b)

Fig. 15 Test 4 on M7’s initialisations (¢ = 5,A = 5). a The origi-
nal image with marker set indicated; b initialisation 1 using the image
itself; ¢ segmentation result from Initialisation 1; d Initialisation 2 away

(d)

from the object to be segmented; e segmentation 2 from Initialisation
2. Clearly M7 gives the same result

Fig. 16 Test 4 on M7’s marker set (9 = 5, A = 3). Row 1 shows the
original image with three marker points, the normalised geodesic dis-
tance map and the final segmentation result. Row 2 shows the original

Test 3—Further results from the Geodesic Model M7. In
this test, we give some medical segmentation results obtained
using the Geodesic Model M7. The results are shown in
Fig. 14. In the final two columns, we use anti-markers to
demonstrate how to overcome blurred edges and low- con-
trast edges in an image. These are challenging, and it is
pleasing to see the correctly segmented results.

Test 4—Initialisation and marker set independence. In the
first example, in Fig. 15, we see how the convex Geodesic
Model M7 gives the same segmentation result regardless
of initialisation, as expected of a convex model. Hence, the
model is flexible in implementation. In our experiments we
find that the algorithm converges to the final solution faster
when we initialise using the polygon formed from the marker
points rather than an arbitrary initialisation. In the second
example, in Fig. 16, we show intuitively how Model M7 is

image with one marker point, the normalised geodesic distance map
and the final segmentation result. Clearly, the second and third columns
are the same for different marker points. Thus, M7 is robust

robust to the number of markers and the location of the mark-
ers within the object to be segmented. The Euclidean distance
term, used in the Spencer—Chen model M3, is sensitive to the
position and number of marker points; however, regardless
of where the markers are chosen, and how many are chosen,
the geodesic distance map will be almost identical.

7 Conclusions

In this paper, a new convex selective segmentation model has
been proposed, using geodesic distance as a penalty term.
This model gives results that are unachievable by alterna-
tive selective segmentation models and are also more robust
to the parameter choices. Adaptations to the penalty term
have been discussed which make it robust to noisy images
and blurry edges whilst also penalising objects far from the
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marker set (in a Euclidean distance sense). A proof for the
existence and uniqueness of the viscosity solution to the PDE
given by the Euler-Lagrange equation for the model has been
given (which applies to an entire class of image segmenta-
tion PDEs). Finally, we have confirmed the advantages of
using the geodesic distance with some experimental results.
Future works will look for further extension of selective
segmentation to other frameworks such as using high-order
regularizers [13,45] where only incomplete theories exist.
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Appendix A: Proof that Condition (I17) Holds
in Theorem 4

Using the assumption in (26), we write

(Xr,r)+ (Ys,s) = rTXr+sTYs

v 7]
#al”o ] 1
=l =P+ uz (Ir2 + 1s1)

Note that matrix A from (29) is a real symmetrical matrix and
decomposes as A = oDQOT = QD1/2D1/2QT = BBT
with Q orthonormal and B = QD!'/2. Successively define
r = B(p)ej and s = B(p)e; for all (¢;), an orthonormal
basis, and obtain

(Xr.r)=r"Xr=> (Be)" X(Be;) = e/ BT XBe;
i i

= trace(BTXB) = trace(A(x, p)X).
Therefore, we can write

trace(A(x, p)X) + trace(A(y, q)Y) = (XB(p)ei, B(p)ei)
+ (YB(q)ei. B(g)ei)
< w|B(p)e; — B(@)ei|*
+ 2 (1Bl + B@el?)
— jutrace ((B(p) — B(@)" (B(p)
—B(@))) + 12 (G(x) + G(y)) .

@ Springer

We now focus on reformulating the first term, and we start
by decomposing A(x, p) as follows:

ri_ P2 0 0 P
Ax.p) = [ﬁz' P_l’l"} [o G(xJ [_"%_z

[pl Ip
1

Siesl =Rl
[ J SS—

S

B -Gilfo o 0 0 il
o |pﬂ Ip7l| 0/Gx)|[|04/G(x) _I%z\
so we have A = BBT where

B = 0 —£2/G(x)
P)=1p G |

Using this, we compute

trace ((B(p) — B@)" (B(p) - B(@))

= ‘i Gx)— L J/G(y)
Pl gl

2

Substituting this in the overall trace sum, we have

trace(A(x, p)X) + trace(A(y, q¢)Y)

2
%\/G(x) - |Z"]—P/G(y)’ 2000,

= M1

as G(x) < 0 (G is bounded) for all x € £2. Focussing on the
first term in this expression, we compute

2
‘i G(x)—iw(y)‘ =‘ﬁ G — /Gy
|pl lq| [Pl [P

+ 260 - L /G0

q
[Pl lq1
2 2
=2(V6@ - VG6(») +26(» '% - |Z_|
2
=2(Vew -vGWw)

‘ 2

+86p(p, 9)*

where p = min (%, 1). This uses inequality
2

’% - %‘ < 20(p. q) (see [15-18,24,34]). We now note

that g(s) = H—;rz is Lipschitz continuous with Lipschitz con-

stant %.

Note. In the Geodesic Model, we fix G(x) = g(|Vz|).
Therefore, assuming G (x) and /G (x) as Lipschitz requires
us to assume that the underlying z is a smooth function [16].
Thankfully, z is typically provided as a smoothed image after
some filtering (e.g. Gaussian smoothing) and we can assume
regularity of z.
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Remark 10 1t is less clear that /G (x) is Lipschitz, we now
prove it explicitly. Firstly, it is relatively easy to prove that

2
VGx) =y G(y) = EWE IVz(x)| = [Vz(y)l

by letting K (s) = +/g(s) and we find sup |K'(s)| = %

We now need to prove that [Vz(x)| is Lipschitz also. Take
h(x) = |Vz(x)|; then, by a remark in [16], we can conclude
3¢ < oo such that

' IVz(x)| = [Vz()I | < ¢lx — ]

and so /G (x) is Lipschitz with constant %g’ .

After some computations, we obtain
p q 2
'—\/ G(x) — —+/ G(Y)‘
[P g
5 2
52(— ) lx = yI> + 80p(p. q)°
3V3
8 2 2
= — - 80 , .
27;“ lx — y|” +80p(p. q)

Following the results in [15-18,24,34] we have

IVG(x) = VG| Ipl < klpllx — vl
=< kmax(|pl, lgDlx — yl.

so overall

(VG(x), p) —(VG(),q)
<« max(|pl, lgD|x =yl +nlp —q|

where |VG(y)| < n < oo.Finally, wenote that — (|p| — |¢])
= lqI = 1P| < |lal = IpI[ = Ip — g1. 1t we now write

—(F@t, x,u,p,X)—F(t,y,u,q,-Y))
= (trace(A(x, p)X)
+trace(A(y, ¢)Y))
+ 1 ((VG(x), p) = (VG(y). )
—(Ipl = IgD) k@) — |plf(x) + gl f(y)

< 82 yp 80 2) 4 2uu00
< 27;“ lx — | +80p(p,q)” | +2uu2
+ pr max(|pl, lgDlx — y| + unlp — ql

—(pl—=1lqD (k(u) +2max f(X)>

8
< up (Eﬁx — yI* +86p(p, q)z) +2u 00

+ wie (max (|pl, lg]) + 1) |x — y|
+unlp —ql+ Cilp —ql.

where C; = max (k(u) + 2max f (x)) (we must assume
xesf2 xesf?

k(u), f(x) are bounded). Hence, we have

F(tv-xvu’pvx)_ F(tsy’uvqs_y) Z
8
—max{ﬁf,u, 8ub, 26, un —I—Cl,;uc}

[m (Ix — 1>+ p(p. q)z) + 112

+1p—ql+ ¥ = vl (max(Ipl. lg) + 1) |

and setting wg = max {%Czu, 8ub, 20, n+ C],,LLK} R,
this is anon-decreasing continuous function, maps [0, co) —
[0, 00) and wg (0) = 0 as required. We have proven that con-
dition (I7) is satisfied.
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