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Topology-based Simplification for Feature Extraction from 3D Scalar Fields
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Figure 1: Topology simplification applied to spatial probability distribution of electrons in a hydrogen atom. The input has a large number of

critical points, several of which are identified as being insignificant and removed by repeated application of two atomic operations. Features are

identified by the surviving critical points and enhanced in a volume-rendered image, using an automatically designed transfer function.

ABSTRACT

In this paper, we present a topological approach for simplifying
continuous functions defined on volumetric domains. We introduce
two atomic operations that remove pairs of critical points of the
function and design a combinatorial algorithm that simplifies the
Morse-Smale complex by repeated application of these operations.
The Morse-Smale complex is a topological data structure that pro-
vides a compact representation of gradient flow between critical
points of a function. Critical points paired by the Morse-Smale
complex identify topological features and their importance. The
simplification procedure leaves important critical points untouched,
and is therefore useful for extracting desirable features. We also
present a visualization of the simplified topology.
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1 INTRODUCTION

Scientific data are becoming increasingly complex and require so-
phisticated hierarchical representations for their effective explo-
ration. In the process of creating such a hierarchy, it is highly
desirable that important features be identified and preserved while
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insignificant features be removed early. Note that noise in the data
can also be interpreted as a feature, albeit one with relatively low
importance. A crucial ingredient of any hierarchy building process
is the ordering of features based on significance. Current methods
typically adopt a geometric approach where the numerical error as-
sociated with the simplified model is used as the measure of ap-
proximation quality. Any removal of topological features caused
by these methods is incidental and not always controlled. We adopt
a more direct approach by explicitly identifying the topological fea-
tures, ordering them, and finally removing them in order of increas-
ing significance.

Related work. Scientific data is usually represented as a set of dis-
crete samples of a function defined on a two- or three-dimensional
domain. A continuous function is obtained by interpolating the
samples within an underlying mesh of the domain. In order to effi-
ciently handle the increasingly large data sets for visualization pur-
poses, several methods have been proposed to simplify them i.e.,
reduce the domain size and complexity. These methods typically
decimate the mesh by repeated application of a fundamental oper-
ation, the most successful one being edge contraction [13]. The
error introduced by edge contraction is computed as the sum of dis-
tances to planes that are associated with end points of the contracted
edge [10]. Originally developed for surface meshes, edge contrac-
tion has been successfully extended to tetrahedral meshes [4, 16]
and higher-dimensional meshes [11]. A purely geometric approach
to simplification is able to remove small features but does not pro-
vide the desired level of control and hence cannot replace topology
simplification. Naturally, there has been considerable work done
on topological simplification of scalar functions. In the case of a
real-valued function defined on a 3D domain, the topological fea-
tures are created/destroyed by critical points of the function. Two
data structures have been proposed in the literature for storing these
topological features: Reeb graphs and Morse-Smale complexes.
The Reeb graph [17] traces components of isocontours/isosurfaces
as they sweep the domain. In the case of simply connected domains,
the Reeb graph has no cycles and is called a contour tree. Reeb
graphs, contour trees, and their variants have been used quite suc-
cessfully to guide the removal of topological features [3, 12, 20, 22].
The Morse-Smale complex [19] decomposes the domain of a func-
tion into regions having uniform gradient flow behavior. It has been
used recently to perform controlled simplification of topology for
functions defined on 2-manifolds [2]. The use of Morse-Smale
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