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Preface

THESE PRINTED PROCEEDINGS CONTAIN the papers presented at the 15th Computer Graphics
International conference, CGI'97, of the Computer Graphics Society. CGI’'97 was held at
Limburgs Universitair Centrum, Diepenbeek-Hasselt, Belgium, June 23-27, 1997. Previous
conferences were held in Australia 1994, Japan 1983-1987 and 1992, Singapore 1990,
Switzerland 1988 and 1993, the United Kingdom 1989 and 1995, the United States of America
1991. Future Computer Graphics conferences are planned in Germany (1998) and
Canada (1999).

The truly international nature of these conferences is this year also reflected in the number of
countries represented among the accepted papers, submitted from 24 different countries. A total
of 31 contributions are included in the proceedings: one keynote presentation, 5 invited
presentations and 25 reviewed papers, selected from a total of 47 submitted papers. Peer review
of the submitted papers was undertaken by 70 reviewers; their invaluable time and expertise
resulted in the selection of the 25 high-quality papers included in these proceedings of CGI'97.

The names of the cooperating societies, the sponsoring and supporting partners, as well as the
committee members have been included in this volume. The much appreciated support and
devotion of these organisations and individuals is gratefully acknowledged.

John Vince
Frank Van Reeth
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An algorithm for polygon subdivision based on vertex normals

C.W.A .M. van Overveld

Department of Mathematics and Computing Science

Eindhoven University of Technology

Address: P.O.Box 513, 5600 MB, Eindhoven,

The Netherlands.
Email: wsinkvo@info.win.tue.nl

Abstract

In order to achieve the impression of a smooth surface
while rendering a polygon mesh, normal vector vectors may
be provided in the vertices of the mesh that are the average
of the surface normals of the adjacent polygons. Interpo-
lation of these normal vectors while rendering of the poly-
gons in the mesh, and using the interpolated normal vectors
in the shading computations, vields a smoothly varying in-
tensity distribution. There is an inherent mismatch, however,
between the smoothness of the shading thus achieved and the
non-smoothness of the geometry which is particularly visi-
ble at silhouettes, showing as straight edges and non-smooth
edge junctions at the silhouette vertices. In this paper; a
remedy for these artefacts is suggested. The remedy con-
sists of subdividing each input polygon into a mesh of poly-
gons prior to rendering. The shape of this resulting polvgon
mesh is controlled by the normal vectors that are provided
in the vertices of the original polygon, unlike other subdivi-
sion schemes that make use of adjacent polvgons. With our
method, polygons equipped with vertex normal vectors can
therefore be processed without further knowledge of neigh-
bour polygons. This makes the method well-suited in the
context of graphics libraries, such as OpenGl, that treat
polygons typically on a per-polygon basis. So the proposed
computation of the mesh which replaces the original poly-
goncan beviewed as a filter which may operate as a process
in front of a traditional polygon rendering pipeline.

Keywords geometric modelling, Bezier patches, subdivi-
sion, computer graphics

1. Introduction
Over the last years, efficient rendering algorithms, includ-

ing hidden surface elimination and shading have tound their

0-8186-7825-9/97 $10.00 © 1997 IEEE

B.Wyvill
Department of Computer Science
University of Calgary
Address: 2500 University Drive N.W.,
Calgary, Alberta,Canada, T2N 1N4
Email: blob@cpsc.ucalgary.ca

nomal - vectors

boundary vertex
mnrerior vertex

original polygon mesh which replaces the

original polygan

Figure 1. The original polygon; the resulting
mesh; corners; boundary vertices; and inte-
rior vertices

way into the graphics work stations with the advent of so-
phisticated graphics hardware. This has emphasised the dis-
tinction between modelling and rendering: modelling takes
place in the software domain, whereas rendering is taken
care of by the underlying hardware. The interface between
the two layers consists of a stream of data- and control sig-
nals. Several API's have been introduced recently, such as
OpenGl, in order to standardise the format of the transfer of
geometric modelling primitives. In particular, we will fo-
cus on polygons as modelling primitives in this paper: even
though curved surfaces have been extensively used in geo-
metric modelling, there is still a significant demand for vi-
sualisation of polygon models. Moreover, with the work of
e.g. Mallet ([9]), Allan, Wyvill and Witten ({1]) and others,
there even seems to be a revaluation for polygons in geomet-
ric modelling.

As far as geometry is concerned, the data that represents

For color plate see page 246



A cubic Bezier segment
divided into two
cubic Bezier segments

A cubic Bezier segment replaced
by two quadratic Bezier segments with
equivalent boundary conditions

Figure 2. Reducing from a cubic to a
quadratic subdivision scheme

polygons comprises vertex coordinates and vertex normal
vectors. This data 1s passed through the graphics library
API’s in a pipe-lined fashion, i.e. each polygon is trans-
formed, clipped and rendered in isolation without taking
other polygons into account. In particular, the topologi-
cal structure (neighbour relations) in the geometrical model
is not represented in such API's!', and hence not available,
within the data structures of the rendering hardware. As a
consequence, polygonal models will display straight silhou-
ctte edges and non-smooth edge junctions in silhouctte ver-
tices, even if their interior region is smoothly shaded. The
most conspicuous aspect of straight silhouette edges are the
non-G'! edge junctions in the silhouctte vertices.

Mecthods have been developed, such as the polygon sub-
division algorithm by Catmull and Clark ([4]) that replace
coarse polygon models by denser polygon meshes in or-
der to remove straight silhouettes. However, these methods
make use of the fact that for each polygon, its neighbours are
available.

In this paper, we study the problem of removing straight-
silhouctte edges, and more in particular the non-G'! edge

junctions for geometric models that are communicated to the

rendering hardware by means of a stream of isolated poly-
gons. The only geometric information that is available, apart
from the vertex coordinates, therefore, comprises the normal
vectors in these vertices. Section 2 lists the requirements of
the solution and reports on related work. A basic solution
to the problem, which works for closed manifold polygon
meshes, 1s presented in section 3. When the input polygons
do not originate from a closed manifold mesh, but from a
manifold mesh with one or more holes, a shortcoming of the
mcthod becomes visible, and we discuss a partial solution
to this problem in section 4 (this solution is parual in the
sense that it requires additional geometric information in the
polygon vertices that should be provided by the application).
Section 5 summarises the conclusions.

2. Requirements and conditions; Previous
work.

An algorithm will be developed that converts a polygon,
equipped with normal vectors in the vertices, into a trian-
gle mesh. Assuming that the vertex normals of the input
polygon are such that smooth shading of the original model
would be achieved, the angles between adjacent triangles in
the resulting mesh will be more obtuse than the angles be-
tween adjacent polygons in the ornginal polygonal model.

In some cases. regular neighbouhood structures such as triangle strips
are supported for increased efficiency. In our study, however, we do not
make any assumptions of the neighbourhood structure of the polygon to be
rendered.



Therefore, the piecewise straight silhouettes in the resulting
mesh will be less conspicuous. Also, the meshes of adjacent
polygons will fit together in a C'° fashion. The algorithm
may operate recursively, by applying it again to this result-
ing mesh of triangles. A precondition for the algorithm is
that normal vectors in shared edges of adjacent polygons are
the same; this precondition is implied by conventional mod-
elling techniques or post-modelling normal vector averag-
ing, based on the neighbour relations between the polygons.
The algorithm guarantecs that the same condition holds for
the output polygons.

Before listing the requirements and conditions for this algo-
rithm, some nomenclature will be introduced (see also figure

1).

the polygon is the input polygon, i.e. a cyclic list of 3-D ver-
tices with normal vectors (normalised). It is assumed that
this polygon is part of a manifold polygon mesh, and for a
given edge e in this mesh, the two polygons that share € have
equal normal vectors in the two common vertices.

the mesh results from the polygon; the mesh vertices consist
of the polygon vertices and additional new generated ver-
tices. The locations of the ncw vertices are computed by
taking the original vertices and normal vectors into account.
The method for achieving this comprises the crucial aspect
of the algorithm. In the sequcl, polygons in the mesh will
be called sub-polygons. After construction of the mesh, the
sub-polygons will be triangulated.

the corners are those mesh vertices that equal the vertices of
the polygon.

the boundary vertices are those mesh vertices that defing, to-
acther with the corners, the boundaries of the mesh.

the interior vertices arc the mesh vertices that are neither
corners nor boundary vertices.

2.1. Requirements

The requirements that hold for a uscful algorithm can be
classified in three categories: architecture, functionality, and
performance. Below we give these requirements; also, be-
fore explaining the algorithm in detail, some intuitive con-
siderations are given as to how these requirements will be
realised.

1. architecture: a pipeline-based, optional filter

1.1 pipeline-based: the algorithm should deal with ev-
ery polygon in isolation;

1.2 optional filter: the algorithm should be a filter with
congruent input- and output formats, 1.e. both input
and output should be a stream of polygons. equipped
with normal vectors. This means that, e.g. for fast

f—

previewing, the filter can be passed by. Moreover it
may be uscful to have several instantiations of the fil-
ter in a row. This means that all sub-polygons that re-
sult after the first pass are replaced by sub-meshes of
sub-sub-polygons alter the second pass, etcetera.

functionality: continuity, consistency, affine invari-
ance

2.1 continuity: the filter’s main purpose is to make the
angles between adjacent triangles in the mesh more
obtuse than the angles between the original polygons.
This means:

2.1.1 C'° continuity: no cracks;
2.1.2 GY normal vectors: no shading discontinuities;

2.1.3 the shape of the mesh will be such that its per-
iferal triangles will be (close) to perpendicular to the
vertex normals of the original polygon, whereas the
mesh will be ’smooth’ in between (i.e. obtuse angles
between adjacent triangles). Therefore, assuming that
the normal vectors in the vertices of the input poly-
gon resulted from averaging the surface normal vec-
tors of this polygon and its neighbours, the meshes for
adjacent input polygons will together form a *smooth’
mesh as well.

2.2 consistency: the normal vector field in combina-
tion with the generated mesh is consistent with the ge-
ometry. This means the following. Lincarly interpo-
lating normal vectors over a polygon gives a shading
pattern that suggests a monotonous curvature (either
totally convex or totally concave) over this polygon.
Such a monotonously curved surface, however, does
not always exist (sce e.g. figure 16.24 on page 741 in
(16]). Indeed, sometimesa curved surface that is per-
pendicular to the given vertex normals has to posses a
curve of inflection (=the collection of points where the
curvature changes sign). In this case, linear interpola-
tion of normal vectors, suggesting a monotonous cur-
vature is said to be inconsistent. The mesh generated
by our algorithm, together with the vertex normals it
provides, are such that each triangle represents either
atotally convex or a totally concave surface fragment.
2.3 affine invariance: the algorithm is transparent for
lincar transformations of the input vertices and normal
vectors and for translations of the input vertices.

performance: generality, adaptiveness

3.1 generality: the algorithm should work irrespec-
tive of the number of vertices in the input polygons.
This means that the subdivision scheme used should
be compatible both for triangles, quadrilaterals, and
polygons with >4 sides, thereby taking into account
continuity requirements as listed under 2.1.1-2.1.3,



