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controlled by two forces, an adaptive driving force and a total variation (TV)-based regular-
izing force that smoothes the level set function. Due to the adaptive driving force, the
evolving level set function can adaptively move up or down in accordance with image
information as the evolution proceeds forward in time. As a result, the level set function
can be simply initialized to a constant function rather than the widely-used signed distance
function or piecewise constant function in existing level set evolution models. Our model
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Variational method completely eliminates the needs of initial contours as well as re-initialization, and so
Partial differential equation avoids the problems resulted from contours initialization and re-initialization. In addition,
Total variation the evolution PDE can be solved numerically via a simple explicit finite difference scheme

with a significantly larger time step. The proposed model is fast enough for near real-time
segmentation applications while still retaining enough accuracy; in general, only a few
iterations are needed to obtain segmentation results accurately.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Image segmentation has been, and still is, an important area in image analysis and computer vision. For a given image, its
goal is to separate the image domain into a set of regions which are visually distinct and uniform with respect to certain
properties, such as grey level, texture or color.

To perform the image segmentation task, many successful techniques including geometric active contour models using
the level set method [1] have been presented. The use of level set method allows us to handle complex geometry and even
changing topology, without the need of user-interaction [2]. According to the way representing the surface, applications of
the level set method in image segmentation can be typically divided into two classes: the standard level set method [3-9]
and the piecewise constant level set method [10-12]. The surface is represented by the zero level set of a Lipschitz function
in the standard level set method, while it is represented by discontinuities of a piecewise constant function in the piecewise
constant level set framework. In this paper, we confine our discussion to the standard level set method for image
segmentation.

In the standard level set method [1,3,4], the level set function can develop shocks, very sharp and/or flat shape during the
evolution, which makes further computation highly inaccurate. To avoid these problems, a common numerical scheme is to
initialize the level set function to a signed distance function to initial contour before the evolution, and then to periodically
re-initialize the level set function to be a signed distance function to the evolving curve during the evolution. Indeed, such
initialization and re-initialization are crucial and cannot be avoided in the standard level set method. From the practical
viewpoints, however, such initialization and re-initialization are fraught with its own problems, such as the determinations

* Corresponding author. Tel.: +86 023 65678618; fax: +86 023 65678196.
E-mail address: chuanjianghe@sina.com (C. He).

0307-904X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2011.10.023


http://dx.doi.org/10.1016/j.apm.2011.10.023
mailto:chuanjianghe@sina.com
http://dx.doi.org/10.1016/j.apm.2011.10.023
http://www.sciencedirect.com/science/journal/0307904X
http://www.elsevier.com/locate/apm

3218 Y. Wang, C. He/Applied Mathematical Modelling 36 (2012) 3217-3228

of where to define the initial contour and when and how to re-initialize the level set function to a signed distance function
[13]. Recently, Li et al. [6,7] proposed a novel level set evolution model without re-initialization. It employed a deviation
penalization energy to preserve the level set function close to a signed distance function, thus not only the re-initialization
is entirely eliminated, but also the level set function can be initialized to a piecewise constant function. Unfortunately, the
initial piecewise constant function also needs to be computed from an initial contour or several initial contours that partition
the image domain into different regions; it still has the problems resulted from contours initialization, such as how and
where to define the initial contours.

In this paper, we propose a new level set evolution model in a partial differential equation (PDE) formulation. According
to the evolution PDE, the level set evolution is controlled by two forces, an adaptive driving force that ensures the level set
function to adaptively move up or down according to image information, a TV (total variation)-based regularizing force that
smoothes the level set function. Due to the adaptive driving force, the level set function can be simply initialized as a positive
constant function rather than the signed distance function [3-5,9] or piecewise constant function [6-8], and thus completely
eliminates the need for initial contours. Also, re-initialization is not necessary in our model because the level set function is
no longer required to keep as a signed distance function. In addition, a simple explicit finite difference scheme with a sig-
nificantly larger time step can be used for solving the evolution PDE numerically.

The remainder of this paper is organized as follows. Section 2 reviews an early geometric active contour [3], the level set
evolution model without re-initialization [6,7] and their limitations. The idea of TV-based regularization [14] in image res-
toration is also summarized in this section. The proposed model is introduced in Section 3. Section 4 presents numerical
algorithm and validates our model by experiments, followed by the discussions of the parameters in Section 5. This paper
is summarized in Section 6.

2. Related works
2.1. An early geometric active contour

An early geometric active contour, introduced by Caselles et al. [3], is based on the theory of curve evolution [15] and the
level set method [1].

Let ¢(x,y,t) be a Lipschitz function whose zero level set defines the evolving curve C(x,y,t). In the level set method, the
evolution of the curve ¢(x,y,t) along its normal direction with speed F is implicitly defined via the following nonlinear evo-
lution PDE [1]:
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with initial condition ¢(x,y,0) = ¢o(x,y), where ¢o(x,y) is the initial level set function corresponding to the initial curve
C(x,y,0).
A particular case is the motion derived by mean curvature, where F = div (V¢/|V¢|) = k is the curvature of the level curve
of ¢ passing though (x,y). The Eq. (1) becomes
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An early geometric active contour model [3] based on Eq. (2) is given by the following evolution equation:
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where v > 0 is a constant serving as a balloon force, and g(|VI|) = m is an edge-stopping function derived from the
image. In Eq. (3), the term g(|VI|)(x + v) determines the overall evolution speed of level sets of ¢(x,y,t) along their normal
direction. The use of curvature x has the effect of smoothing the contour, while the use of v has the effect of shrinking or
expanding contour at a constant speed. The speed of contour evolution is coupled with the image data through a multipli-
cative stopping term g(|VI|).

In implementing this model via the level set method, it is necessary to initialize the level set function to a signed distance
function and periodically reshape it during the evolution by the following PDE [16]:
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e = Siegn(¢)(1 - [Vel), 4)
with initial condition ¢(x,y, 0) = $(x,y), where ¢ is the function to be re-initialized, and sign(-) is the signum function. When
the steady state of the initial value problem (4) is reached, ¢ will be a distance function having the same zero level set as ¢.
This is commonly known as the re-initialization procedure in the level set formwork.

The initial signed distance function is defined by an initial contour or several initial contours in the image domain. Nat-
urally, the problem of contour initialization arises; we have to choose suitable initial contours to correctly detect objects of
interest in a given image, e.g., the initial contour must encircle all the objects to be detected or several contours must be
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