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ABSTRACT

We present a class of PDE-based algorithms suitable for a wide range of image processing applications. The
techniques are applicable to both salt-and-pepper grey-scale noise and full-image continuous noise present in
black and white images, grey-scale images, texture images and color images. At the core, the techniques rely
on a level set formulation of evolving curves and surfaces and the viscosity in profile evolution. Essentially, the
method consists of moving the isointensity contours in a image under curvature dependent speed laws to achieve
enhancement. Compared to existing techniques, our approach has several distinct advantages. First, it contains
only one enhancement parameter, which in most cases is automatically chosen. Second, the scheme automatically
stops smoothing at some optimal point; continued application of the scheme produces no further change. Third,
the method is one of the fastest possible schemes based on a curvature-controlled approach.
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1 INTRODUCTION

The essential idea in image smoothing is to filter noise present in the image signal without sacrificing the useful
detail. In contrast, image enhancement focuses on preferentially highlighting certain image features. Together,
they are precursors to many low level vision procedures such as edge finding,'? shape segmentation, and shape
representation.?*%7 In this paper, we present a method for image smoothing and enhancement which is a variant
of the geometric heat equation. This technique is based on a min/max switch which controls the form of the
application of the geometric heat equation, selecting either flow by the positive part of the curvature or the
negative part, based on a local decision. This approach has several key virtues. First, it contains only one
enhancement parameter, which it most cases is automatically chosen. Second, the scheme automatically picks
the stopping criteria; continued application of the scheme produces no further change. Third, the method is one
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of the fastest possible schemes based on a curvature-controlled approach.

Traditionally, both 1-D and 2-D signals are smoothed by convolving them with a Gaussian kernel; the degree
of blurring is controlled by the characteristic width of the Gaussian filter. Since the Gaussian kernel is an
isotropic operator, it smooths across the region boundaries thereby compromising their spatial position. As an
alternative, Perona and Malik!® have used an anisotropic diffusion process which performs intraregion smoothing
in preference to interregion smoothing. A significant advancement was made by Alvarez, Lions, and Morel
(ALM),! who presented a comprehensive model for image smoothing.

The ALM model consists of solving an equation of the form
L =g(IVG*I|) & |VI|, with I(z,y,t=0)=I(z,y), 1

where G I denotes the image convolved with a Gaussian filter. The geometric interpretation of the above diffusion
equation is that the isointensity contours of the image move with speed g(|VG * I|)k, where s = divl—%—}l is the
local curvature. One variation of this scheme comes from replacing the curvature term with its affine invariant
version (see Sapiro and Tannenbaum'®). By flowing the isointensity contours normal to themselves, smoothing is
performed perpendicular to edges thereby retaining edge definition. At the core of both numerical techniques is
the Osher-Sethian level set algorithm for flowing the isointensity contours; this technique was also used in related
work by Rudin, Osher and Fatemi.l*

In this work, we return to the original curvature flow equation, namely I; = F(k) | VI |, and Osher-Sethian!17
level set algorithm and build a numerical scheme for image enhancement based on a automatic switch function
that controls the motion of the level sets in the following way. Diffusion is controlled by flowing under max(x, 0)
and min(k,0). The selection between these two types of flows is based on local intensity and gradient. The
resulting technique is an automatic, extremely robust, computationally efficient, and a straightforward scheme.

To motivate this approach, we begin by discussing curvature motion, and then develop the complete model
which includes image enhancement as well. The crucial ideas on min/max flows upon which this paper is based
have been reported earlier by the authors in®; more details and applications in textured and color image denoising
may be found in Malladi and Sethian.® The outline of this paper is as follows. First, in Section II, we study the
motion of a curve moving under its curvature, and develop an automatic stopping criteria. Next, in Section III,
we apply this technique to enhancing binary and grey-scale images that are corrupted with various kinds of noise.

2 MOTION OF CURVES UNDER CURVATURE

Consider a closed, nonintersecting curve in the plane moving with speed F(x) normal to itself. More precisely,
let 7(0) be a smooth, closed initial curve in R?, and let v(¢) be the one-parameter family of curves generated by
moving v(0) along its normal vector field with speed F(x). Here, F(x) is a given scalar function of the curvature
k. Thus, n - z; = F(x), where z is the position vector of the curve, ¢ is time, and n is the unit normal to the
curve. For a specific speed function, namely F(x) = —«, it can be shown that an arbitrary closed curve (see
Gage,® Grayson*) collapses to a single point.

2.1 The Min/Max flow

We now modify the above flow. Motivated by work on level set methods applied to grid generation'® and
shape recognition,” we consider two flows, namely F(x) = min(k,0.0) and F(x) = max(k,0.0). As shown in
Figure 1, the effect of flow under F(x) = min(x, 0.0) is to allow the inward concave fingers to grow outwards,
while suppressing the motion of the outward convex regions. Thus, the motion halts as soon as the convex hull is
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