Numerical aspects in nonlinear diffusion equations for 2D/3D image and image sequence analysis

S. Morigi^� F. Sgallari^y

Unità operativa di Bologna

Automatic image sequence restoration is a very important problem. Due to the fact that image sequence restoration is an emerging domain, the literature is not so abundant than the one related to the problem of restoring just a single image. Application areas include, for example, image surveillance, digital film restoration and medical image processing. We are particularly interested in two-dimensional (2D) and three-dimensional (3D) echocardiography, these are currently imaging modalities most frequently used in cardiology due to their simplicity, lack of ionizing radiation and a relative low cost. The correct visualization and interpretation of echo images is often affected by the high amount of noise intrinsically linked to the acquisition method. It is absolutely necessary to submit the data to pre-processing in order to improve their legibility from a clinical point of view. The application of traditional pre-processing algorithms (moving average, median and gaussian filtering) reduces the noise superimposed to the image but does not preserve a good definition of the details. Partial Differential Equation (PDE) models and methods have recently emerged in image processing as an alternative to traditional transform and statistically based methods [1],[3],[11],[12]. The PDEs are designed to possess certain desirable geometrical properties and allow a more systematic approach to both restoring images with sharp edges and image segmentation. The PDE formulations call for new computational techniques which are different from the traditional frequency domain and algebraic approaches. Among the computational difficulties that the new approach presents, there are the highly nonlinear and singular nature of the PDEs and the need to invert linear and nonlinear differential-integral operators efficiently.

The aim of this review is to present some properties of numerical schemes for nonlinear diffusion equations arising in image processing and computer vision. For this reason we have chosen two representative geometry driven diffusion models [5], namely the regularized Perona-Malik anisotropic diffusion equation [9], [3], the nonlinear degenerate diffusion equation of the mean curvature flow type [2] and three new models we have recently presented [10],[7], [6].

Our proposed nonlinear PDEs, representing the multiscale analysis, filter the sequence while keeping of the space-time coherent structures [10]. They combine the ideas of regularized Perona-Malik anisotropic diffusion [9] and Galilean invariant movie multiscale analysis of Alvarez, Guichard, Lions and Morel [1],[4]. The considered algorithms are able to distinguish the noise from the contours of the different structures by using in a distinct way spatial and temporal coherence.

The models present different properties and performances, hence they require different numerical techniques in order to derive stability properties, error estimates or convergence. However, all the models represent a similar view on image selective smoothing with keeping edge positions during multiscale analysis. The presented methods are based on semi-implicit approximation in scale and finite volume or finite elements in space and lead to the solution of linear systems of equations for each frame of the sequence at each discrete scale step. This can be done efficiently by using preconditioned iterative methods. It is clear that processing either highresolution 2D/3D image sequences or very long sequences via PDE methods usually requires a significant number of iterations and memory resources. For example, for a 2D sequence with frame of 256x256 pixels, we have to compute quantities and solve linear systems involving 65536 unknowns and store many arrays of these dimensions. Furthermore, the development of 3D models would lead to problems of dimensions 256x256x256 that is 16777216 unknowns for each frame [10]. This precluds real-time processing without the use of parallel architectures. A preliminary parallel experimentation has been performed on Cray MPP T3E/1200 at CINECA Supercomputing Center using the Cray Message Passing Interface [8]. Computational results with artificial and real (echocardiographic) images are presented and discussed.

�Dipartimento di Matematica, Università di Bologna, morigi@dm.unibo.it. yDipartimento di Matematica, Università di Bologna, sgallari@dm.unibo.it.

References

[1] L. Alvarez, F. Guichard, P.L. Lions, J.M. Morel, Axioms and Fundamental Equations of Image Processing, Arch. Rat. Mech. Anal. 123, pp. 200–257 (1993).

[2] L. Alvarez, P.L. Lions, J.M. Morel, Image selective smoothing and edge detection by nonlinear diffusion II, SIAM J. Numer. Anal. 29, pp. 845–866 (1992).

[3] F. Catté, P.L. Lions, J.M. Morel, T. Coll, Image selective smoothing and edge detection by nonlinear diffusion, SIAM J. Numer. Anal. 129, pp. 182–193 (1992).

[4] F. Guichard, Axiomatisation des analyses multi-échelles dímages et de films, PhD Thesis University Paris IX Dauphine (1994).

[5] A. Handlovicova, K. Mikula, F. Sgallari, Numerical methods for nonlinear diffusion equations arising in image processing, (1998/99), submitted.

[6] K. Mikula, A. Sarti, F. Sgallari, Models and numerical methods for nonlinear multiscale analysis of 3D image sequences, Proc. 4th SIMAI Conference, Messina, pp. 389 –393 (1998).

[7] K. Mikula, A. Sarti, F. Sgallari, Models and numerical methods for nonlinear multiscale analysis of 3D image sequences, (1998/99), submitted.

[8] S. Morigi, A. Sarti, F. Sgallari, Parallel Multiscale Analysis of 2D Image Sequences, in Proc. Fifth European SGI/CRAY MPP Workshop, Bologna, September 1999.

[9] P. Perona, J. Malik, Scale space and edge detection using anisotropic diffusion, IEEE Trans. Pattern Anal.

Mach. Intell. 12, pp. 629–639 (1990).

[10] A. Sarti, K. Mikula, F. Sgallari, Nonlinear multiscale analysis of 3D echocardiographic sequences, IEEE Trans. Medical Imaging 18, pp. 453–466 (1999).

[11] J. Sethian, Level Set Methods, Cambridge University Press, Cambridge, UK, 1996.

[12] J. Weickert, A review of nonlinear diffusion filtering, in Scale-Space Theory in Computer Vision (B.T.H. Romeny, L. Florack, J. Koenderink, M. Viergever eds.), Lecture Notes in Computer Science 1252, Springer, pp. 3–28 (1997).