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GEOMORPHS AND VARIABLE RESOLUTION CONTROL
OF PROGRESSIVE MESHES

ABSTRACT OF THE DISCLOSURE

An efficient, lossless, continuous-resolution
representation (the "PM representation") of highly
detailled geometric models for computer graphics
specifies a succession of progressively more detailed
polygonal meshes (i.e., "progressive meshes") as a base
polygonal mesh and a sequence ofi complete mesh
refinement transformations (e.g., the vertex split
transformatioh) that approximate the model at
progressively finer levels of detail. Procedures for
storing and transmitting geometric medels using the PM
representation address several practical problems in
computer graphic¢s: smooth geomorphing of
level -of-detail approximations, progressive
transmission, mesh compression, and selective
refinement. An optimized mesh simplification procedure
constructs the PM representation of a model from an
arbitrary polygonal mesh, while preserving the geometry
of the original mesh as well as its overall appearance
as defined by i1ts discrete and scalar appearance
attributes such as material identifiers, color values,
normals, and texture coordinates. In particular, the
PM representation and these procedures preserve
discontinuity curves such as creases and material

boundaries of the geometric model.
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GEOMORPHS AND VARIABLE RESOLUTION CONTROL
OF PROGRESSIVE MESHES

COPYRIGHT AUTHORIZATION
A portion of the disclosure of this patent document contains
material which is subject to copyright protection. The copyright owner has
no objection to the facsimile reproduction by anyone of the patent
document or the patent disclosure, as it appears in the Patent and

Trademark Office patent file or records, but otherwise reserves al|

copyright rights whatsoever.

FIELD OF THE INVENTION
This invention relates generally to geometric modeling using
polygonal meshes for computer graphics, and more particularly relates to

techniques for optimizing display, storage and transmission of varying level

of detail polygonal mesh models.

BACKGROUND AND SUMMARY OF THE INVENTION
Models in computer graphics are often represented using

triangle meshes. Geometrically, a triangle mesh (e.g., example portion of a
triangle mesh 82 of Fig. 6) is a piecewise linear surface consisting of
triangular faces joined together along their edges. In the following
discussion, the geometry of a triangle mesh is denoted by a tuple (K,V),
where K is a'simplicial complex specifying the connectivity of the mesh
simplices (i.e., the adjacency of the vertices, edges, and faces), and
V={v1,...,vm} is the set of vertex positions vj=(x;y; z) defining the shape of
the mesh in R”. More precisely, a parametric domain, |K|cR™, is
constructed by identifying each vertex of K with a canonical basis vector of
R", and the mesh is defined as the image, ¢,(|K|), where ¢,;R"-R°is a
linear map. (See, e.g., H. Hoppe et al., Mesh Optimization, 1993

Computer Graphics Proceedings 19-26, Special Interest Group on
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Computer Graphics and Interactive Techniques (SIGGRAPH), Association
For Computing Machinery (ACM), 1515 Broadway, New York, NY, 10036,
USA.) The vertices of a triangle mesh (e.g., vertices 82-89 of the mesh 80
of Fig. 6) are denoted as v,,...,v,, the edges (e.g., 92-95) denoted by pairs
of adjacent vertices as e={v,v,}; and the faces (e.g., faces 100-107)
denoted by triples of interconnected vertices as f={v,v,,v}}.

In typical computer graphics applications, surface appearance
attributes other than geometry (i.e., the above described simplicial complex
and vertex positions tuple (K, V)) are also associated with the mesh. These
attributes can be categorized into two types: discrete attributes and scalar
attributes. Discrete attributes are usually associated with faces of the
mesh. A common discrete attribute, the material identifier, determines the
shader function used in rendering a face of the mesh, as well as some of
the shader function's global parameters. As an example, a trivial shader
function may involve simple look up within a specified texture map. (See,
e.g., S. Upstill, The RenderMan Companion (Addison-Wesley 1990).)

Many scalar attributes are often associated with a mesh,
Including diffuse color (r,g,b), normal (n,,n,n,), and texture coordinates
(u,v). More generally, these attributes specify the local parameters of
shader functions defined on the mesh faces. To capture discontinuities in
the scalar fields, and because adjacent faces may have different shading
functions, it is common to associate scalar attributes not with vertices of a
mesh, but with its corners. (See, e.g., Apple Computer, Inc., 3d Graphics
Programming with QuickDraw 3d (Addison-Wesley 1995).) A corner is
defined as a (vertex,face) tuple. Scalar attributes s, , at a corner c=(v,f,)
specify the shading parameters for face f at vertex v. As an example, to
model a crease (a curve on the surface across which the normal field is not
smooth), one identifies a curve (sequence of edges) in the mesh; at each
vertex along its path, the curve partitions the corners into two sets; two
normals are associated with the vertex, one for each of these sets. ‘A

mesh with scalar and discrete surface attributes is thus denoted as a tuple
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M=(K,V,D,S) where D is the set of discrete attributes d; associated with the
faces f={v,v,,v}e K, and S is the set of scalar attributes S..n associated with
the corners (v,f) of K.

In the continuing quest for realism in computer graphics,
highly-detailed geometric models are rapidly becoming commonplace.
Using current modeling systems, authors can create highly detailed
geometric models of objects by applying versatile modeling operations
(e.g., extrusion, constructive solid geometry ("CSG"), and free-form
deformations ("FFD")) to a vast array of geometric primitives (e.g., non-
uniform rational B-spline ("NURBS") and implicit surfaces ("Blobbies")).
(See, T. Sederberg and S. Parry, Free-form Deformation of Solid
Geometric Models, 1986 Computer Graphics Proceedings, Special Interest
Group on Computer Graphics and Interactive Techniques (SIGGRAPH),
Association For Computing Machinery (ACM), 1515 Broadway, New York,
NY, 10036, USA [FFD]; Rockwood, Real-time Rendering of Trimmed
Surfaces, 1989 Computer Graphics Proceedings, Special Interest Group
on Computer Graphics and Interactive Techniques (SIGGRAPH),
Association For Computing Machinery (ACM), 1515 Broadway, New York,
NY, 10036, USA [NURBS]; and J. Blinn, A Generalization of Algebraic
Surface Drawing, 1982 ACM Transactions on Graphics 1(3)235-256,
Special Interest Group on Computer Graphics and Interactive Techniques
(SIGGRAPH), Association For Computing Machinery (ACM), 1515
Broadway, New York, NY, 10036, USA [Blobbies].) For display purposes,
these authored models are usually tessellated into triangle meshes of the
type previously described. Detailed models can also be rapidly obtained
by scanning physical objects with structured light systems, for instance
laser range scanners, to also create meshes. In either case, the resulting
complex meshes are expensive to store, transmit, and render, thus
motivating a number of practical problems.

Mesh Simplification. The meshes created by modeling and

scanning systems are typically not optimized for display performance. In
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most applications, these initial meshes can usually be replaced by nearly

Indistinguishable approximations with far fewer faces, thereby improving

rendering efficiency. At present, the computer user (e.g., graphical artist or

designer) is often responsible for this hand-tuning of meshes, much the
same way programmers tinkered with assembly code before the advent of
optimizing compilers. A far better approach is to develop mesh
simplification tools to automate this painstaking task. As another benefit,
such tools allow porting of a single model to platforms of varying

performance.

Level-of-Detail Approximation. When a detailed mesh is far

from the viewer, it may occupy only a small region of the screen.
Significant work must be expended to render the mesh only to have it
affect a small number of pixels. Instead, a far coarser mesh (i.e., one with
fewer vertices and faces) would look almost identical. To address this
problem, many applications use several versions of a model at various
levels of detail. A fully detailed mesh is used when the object is close:
coarser approximations are substituted as the object recedes. (See, T.A.
Funkhouser and C.H. Sequin, Adaptive Display Algorithm for Interactive
Frame Rates During Visualization of Complex Virtual Environments, 1993
Computer Graphics Proceedings 247-254, Special Interest Group on
Computer Graphics and Interactive Techniques (SIGGRAPH), Association
For Computing Machinery (ACM), 1515 Broadway, New York, NY, 10036,
USA). Further, instantaneous switching between two levels-of-detail of a
given model can lead to a perceptible "popping" display effect. For this
reason, the capability of constructing smooth visual transitions--called
geomorphs--between meshes having different levels-of-detail is desirable.

Progressive transmission. A complex mesh consumes

considerable time to transmit over a communication line, often many times
longer than it takes to visually render images with views on the mesh.
When a mesh is transmitted over a communication line, one would like to

render views that show progressively better approximations to the model
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as data is incrementally received. The simplest known approach is to
render the individual triangles as they are received, but of course this looks
extremely poor. Another prior approach is to transmit successive
level-of-detail approximations, but this requires additional transmission

time.

Mesh compression. A model should be stored in the smallest

amount of memory or disk space. There have been two orthogonal
approaches to dealing with this problem. One is to use mesh
simplification, as described earlier, to reduce the number of faces in the
model as much as possible while preserving its appearance. The other is
mesh compression: minimizing the space taken to store the model given
that a particular mesh has been selected.

Selective refinement. When switching to a more detailed mesh

of a level-of-detail representation, detail is added uniformly over the
model’'s surface. For some models, it is desirable to refine the mesh only
In selected regions. For instance, as a user flies over a terrain model, one
would like to show the terrain in full detail only near the viewer, and only
within the field of view.

There exist a number of mesh simplification technidues that
address these problems with varying success. A technique described in G.
Turk, Re-Tiling Polygonal Surfaces, 1992 Computer Graphics Proceedings
55-64, Special Interest Group on Computer Graphics and Interactive
Techniques (SIGGRAPH), Association For Computing Machinery (ACM),
1515 Broadway, New York, NY, 10036, USA [hereafter "Turk92"], sprinkles
a set of points on a mesh, with density weighted by estimates of local
curvature, and then retriangulates based on those points.

Both W.J. Schroeder et al., Decimation of Triangle Meshes,
1992 Computer Graphics Proceedings 65-97, Special Interest Group on
Computer Graphics and Interactive Techniques (SIGGRAPH), Association
For Computing Machinery (ACM), 1515 Broadway, New York, NY, 10036,
USA [hereafter "Schroeder-etal92"] and A. Varshney, Hierarchical
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Geometric Approximations, PhD thesis, Department of Computer Science,
University of North Carolina at Chapel Hill (1994) [hereafter "Varshney94"]
describe techniques that iteratively remove vertices from the mesh and
retriangulate the resulting holes. The technique in Varshney94 is able to
bound the maximum error of the approximation to a user-specified
tolerance by defining two offset surfaces to the original mesh and using
combinatorial searching.

H. Hoppe et al., Mesh Optimization, 1993 Computer Graphics
Proceedings 19-26, Special Interest Group on Computer Graphics and
Interactive Techniques (SIGGRAPH), Association For Computing
Machinery (ACM), 1515 Broadway, New York, NY, 10036, USA [hereafter
Hoppe93] describes a technique, referred to as mesh optimization, which
simplifies an arbitrary original mesh by applying successive
transformations selected from a set including edge collapse, edge split and
edge swap so as to minimize an energy function. As shown by a graph 25
of Fig. 2 having an accuracy axis 26 and a conciseness axis 27. this
energy function explicitly models the competing goals of accuracy and
conciseness by sampling a dense set of points from the original mesh, and
using these points to define a distance metric between a more simplified
mesh resulting from a selected transformation and the original mesh.

More specifically, the goal of the mesh optimization method
described in Hoppe93 is to find a mesh M=(K, V) that both accurately fits a
set X of points x; € R’ and has a small number of vertices. This problem is

cast as minimization of an energy function

E (M) = Edist(M) + Erep(M) + E spn'ng(M) (1)

of accuracy and conciseness: the distance energy term

Edist(M) = Z: dz(xi:(pv(l K’)) (2)
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measures the total squared distance of the points from the mesh (i.e., a
measurement along the accuracy axis 26), and the representation energy

term
E.ep(M) = Cpep, m (3)

penalizes the number m of vertices iIn M (i.e., a measurement along the
conciseness axis 27).

The third term, the spring energy E.

pring

(M) is introduced to
regularize the optimization problem. It corresponds to placing on each

edge of the mesh a spring of rest length zero and tension «:

E sporgM) = Zygerc V- viF @)

Hoppe 93 describes minimizing the energy function £(M) using
a nested optimization method having an outer loop and an inner loop. In
the outer loop, the method optimizes over K, the connectivity of the mesh,
by randomly attempting a set of three possible mesh transformations: edge
collapse, edge split, and edge swap. This set of transformations is
complete, in the sense that any simplicial complex K of the same

topological type as K can be reached through a sequence of these

transformations. For each candidate mesh transformation, K — K’, the

continuous optimization described below computes E,., the minimum of E

subject to the new connectivity K'. If AE=E,-E is found to be negative, the

mesh transformation is applied (akin to a zero-temperature simulated
annealing method).

In the inner loop performed for each candidate mesh
transformation, the method computes E,=min E (V)+E,.,(V) by

optimizing over the vertex positions V. For the sake of efficiency, the

. . . . . .. . e eces =g s oSe . -t oo sses o o« . . e el el A vl e LRI S 1 Y Gav Y e RN B ted It s o v ey S st M kAl e L o Hgai3a p
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algorithm in fact optimizes only one vertex position v, and considers only

the subset of points X that project onto the neighborhood affected by K —
K’

The regularizing spring energy term E,,..(M) is found in
Hoppe93 to be most important in the early stages of the optimization. The
optimization method therefore achieves best results by repeatedly invoking

the nested optimization method described above with a schedule of

decreasing spring constants x.

Hoppe93 also demonstrates use of this mesh optimization
method as a mesh simplification tool. Given an initial mesh M (e.g.,
example initial arbitrary mesh shown in Fig. 1(a)) to approximate, a dense
set of points X is sampled both at the vertices of M and randomly over its
faces. The optimization method is then invoked with initial mesh M as the
starting mesh. By varying the setting of the representation constant c,,,
the optimization method takes different paths 34-36 through a space of
possible meshes 38 and thereby can produce optimized meshes M,, M.,
and M, with different trade-offs of accuracy and conciseness. For
example, Figs. 1(b-d) show views of three example optimized meshes M,,
M., and M, respectively, produced from the example original arbitrary
mesh (Fig. 1(a)) by the prior mesh optimization method of Hoppe93 for
different values of the representation constant c,,.

J. Rossignac and P. Borrel, Multi-resolution 3D Approximations
for Rendering Complex Scenes, Modeling in Computer Graphics 455-465
(Springverlag, New York 1993) [hereafter "Rossignac--Borrel93"] describes
a technique of merging vertices of a model using spatial binning. A unique
aspect of their approach is that the topological type of the model may
change In the process. Their scheme is extremely fast, but since they
ignore geometric qualities like curvature, their approximations are far from

optimal.
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The above-described mesh simplification techniques create a
discrete hierarchy of simplified models by successively applying their
simplification method several times. Both Turk92 and Rossignac--Borrel93
are able construct geomorphs between the discrete set of models thus
created.

More recently, M. Lounsbery et al., Multiresolution analysis for
surfaces of arbitrary topological type, Technical Report 93-10-05b,
(Department of Computer Science and Engineering, University of
Washington, January 1994) [hereafter Lounsbery-etal94] have generalized
the concept of muitiresolution analysis to surfaces of arbitrary topological
type. M. Eck et al., Multiresolution Analysis of Arbitrary Meshes, 1995
Computer Graphics Proceedings 173-182, Special Interest Group on
Computer Graphics and Interactive Techniques (SIGGRAPH), Association
For Computing Machinery (ACM), 1515 Broadway, New York, NY, 10036,
USA [hereafter "Eck95"] describes how this wavelet-based multiresolution
approach can be applied to the approximation of an arbitrary mesh. They
first construct a parameterization of the mesh over a simple domain, and
then expand that parameterization on a wavelet basis. They are able to
bound the maximum error between the original mesh and any
approximation.

In the present invention, the above problems are addressed by
methods and apparatus for storing, transmitting and rendering views of an
arbitrary polygonal mesh M using a format, referred to herein as a
progressive mesh ("PM") representation, that represents the arbitrary
polygonal mesh as a much coarser mesh M’ together with a sequence of n
detail records that indicate how to incrementally refine M° exactly back into
the original mesh M=M". In an illustrated embodiment of the invention,
each of these records stores information associated with a vertex split, an
elementary mesh transformation that adds an additional vertex to the
mesh. The PM representation of M thus defines a continuous sequence of

meshes M°,M',....M" of increasing accuracy from which level-of-detail
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approximations with any desired complexity can be efficiently retrieved.
Moreover, smooth visual transitions (geomorphs) can be efficiently
constructed between any two such meshes. In addition, the PM
representation naturally supports progressive transmission, offers a
concise encoding of M itself, and supports efficient selective refinement. In
short, the PM representation offers an efficient, lossless,
continuous-resolution representation.

The present invention also provides a new simplification
procedure for constructing a PM representation from a given mesh M.
Unlike previous simplification methods, this procedure seeks to preserve
not just the geometry of the mesh surface, but also its overall appearance,
as defined by the discrete and scalar attributes associated with its surface.

Of the prior mesh simpilification techniques discussed above,
the multiresolution analysis (MRA) approach of Eck95 has some
similarities with the PM representation. The MRA approach also stores a
simple base mesh, together with a stream of information that progressively
adds detail back to the model. The MRA approach likewise produces a
continuous-resolution representation from which approximations of any
complexity can be extracted. However, the PM repre'sentation of the
present invention has a number of differences from and advantages over
the prior MRA approach.

First, the MRA approach utilizes detail terms in the form of
wavelets that specify transformations which recursively split the faces of a
base mesh. This requires the detail terms or wavelets to lie on a domain
with subdivision connectivity. As a result, each level of detail
approximation, including the highest, must belong to a restricted class of
meshes (those with subdivision connectivity). An arbitrary initial mesh M
(with arbitrary connectivity) can only be approximately recovered to within
an ¢ tolerance, and never exactly.

In contrast, the PM representation of the present invention is

lossless. Each detail record is a complete mesh refinement transformation

# vt vl AN Y RTINS MM AT I LI h 1 T4 e Aol l T T Tt e LA R Y P R RIERHARI 14 1 | ARG £ A 0 BRI A A 34 A8 e T AT R e 1T W Tandn e T e T



10

15

20

25

30

CA 02194836 2000-07-21

-11 -

which can produce progressive meshes (M,i<n of the PM representation)
having any arbitrary connectivity. As a result, the progressive meshes can
be much better approximations geometrically of the original arbitrary mesh
M than the counterpart approximating meshes of the MRA approach.
Furthermore, the highest-detailed model in the continuous-resolution
family, M", is exactly the original arbitrary mesh M. (Compare, e.g., the
llustrative MRA approach meshes shown in Figs. 4(a-d) to the illustrative
PM representation meshes shown in Figs. 7(a-d).)

Additionally, the MRA approach cannot deal effectively with
surface creases (curves on the surface across which the surface is not
smooth), unless those creases happen to lie parametrically along edges of
the base (least level of detail) mesh. The progressive meshes constructed
according to the invention, however, can introduce surface creases
anywhere on the mesh surface and at any of the levels-of-detail.

Additionally, the PM representation can capture both
continuous, piecewise-continuous, and discrete appearance attributes
assoclated with the surface. Such attributes include diffuse color, normals,
texture coordinates, material identifiers, and shader parameters. To
represent functions with discontinuities, prior MRA schemes can use
piecewise-constant basis functions, but then the resulting approximations
have too many discontinuities since none of the basis functions meet
continuously. (See, e.g., P. Schroder and W. Sweldens, Spherical
Wavelets: Efficiently Representing Functions on the Sphere, 1995
Computer Graphics Proceedings 161-172, Special Interest Group on
Computer Graphics and Interactive Techniques (SIGGRAPH), Association
For Computing Machinery (ACM), 1515 Broadway, New York, NY, 10036,
USA (the Haar wavelet basis).) Furthermore, it is not presently clear how
MRA could be extended to capture discrete attributes.

Finally, the PM representation of the invention allows
geomorphs between any two levels-of-detail meshes with different discrete

attributes. This is not possible with prior MRA approaches.
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Additional features and advantages of the invention will be
made apparent from the following detailed description of an illustrated
embodiment which proceeds with reference to the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Certain of the drawings executed in color are images of
meshes created from a dataset entitied Cessna which was originally
created by Viewpoint Datalabs International, Inc. of Orem, Utah, U.S.A.

Figs. 1(a-d) are views of an arbitrary mesh (Fig. 1(a) with
12,946 faces) and a set of simplified approximating meshes at multiple
levels of detail (Fig. 1(b) with c¢,,=10 and 228 faces; Fig. 1(c) with Crep=107
and 370 faces; and Fig. 1(d) with ¢,,=10" and 1194 faces) produced
according to a prior mesh optimization method described in Hoppe93.

Fig. 2 is a graph of accuracy versus conciseness illustrating
the results of the prior mesh optimization method described in Hoppe93 for
the example approximating meshes shown in Figs. 1(b-d).

Fig. 3 is a block diagram of a software system for viewing level
of detail approximations of a mesh according to the illustrated embodiment
of the invention.

Figs. 4(a-d) are views of a set of meshes (with 192 faces and
¢=9.0 tolerance (Fig. 4(a)); 1,070 faces and ¢=2.75 tolerance (Fig. 4(b); and

15,842 faces and ¢=0.1 tolerance (Fig. 4(c-d))) constructed according to

the prior MRA approach to approximate an
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original arbitrary mesh M and illustrating that, in
comparison with the meshes constructed by the
illustrated embodiment of the invention which are shown
in Figs. 8(a-d), the prior MRA approach does not

recover the arbitrary mesh M exactly, cannot deal

effectively with surface creases, and produces inferior

quality level-of-detail approximations of the arbitrary
mesh M.

Fig. 5 1s a block diagram of a computer system
that can be used to implement a method and apparatus
embodying the invention for storing, transmitting and
rendering views on progressive meshes using a PM

representation.

"

Fig. 6 1s a block diagram of portions o:

example initial and resulting triangle meshes

illustrating two inverse mesh transformations, an edge

collapse operation and a vertex split operation.

Fig. 7 1s a block diagram of a PM
representation data structure for representing a
succession of level-of-detail approximations of an
arbitrary original mesh M according to the i1llustrated
embodiment of the invention.

Figs. 8(a-d) are views of three exemplary
meshes (M° with 50 faces in Fig. 8(a); M’ with 200
faces in Fig. 8(b); and M'° with 1000 faces in Figs.

8 (c-d)) out of a set of progressive meshes specified 1n

an exemplary PM representation according to the

" illustrated embodiment of the invention.

Fig. 9(a) is a flow diagram of a method for
creating geomorphs between two meshes 1n a PM
representation according to the illustrated embodiment.

Fig. 9(b) is a flow diagram of a method for
evaluating the geomorphs created by the method of Fig.
9 (a) .

Figs. 10(a-j) are views of exemplary geomorphs
M° (o) defined between two meshes, M (0)=M"> (with 500
faces) and M°(1)=M**° (with 1000 faces), specified in a
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PM representation of the progressive mesh sequence
shown in Fig. 24 and evaluated at «o={0.0, 0.25, 0.50,
0.75, and 1.0}.

Fig. 11 is a block diagram of a system

according to the illustrated embodiment of the

invention for progressively transmitting and displaying
views of a three dimensional object based on the PM
representation.

Figs. 12(a-b) are flow charts of a

transmitting method and a receiving method in the

system of Fig. 11 for progressively transmitting and
interactively displaying views based on the PM

representation.

Fig. 13 is a block diagram of a vertex split

transformation specified in a PM representation and

illustrating encoding of attributes in a vertex split
record with predictive and delta encoding for mesh
cCompresslon.

Fig. 14 is a flow chart of a method according

to the illustrated embodiment of the invention for

selective refinement of a mesh based on the PM
representation of Fig. 7.

Fig. 15 is a flow chart of an alternative
method according to the illustrated embodiment of the
invention for selective refinement of a mesh based on
the PM representation of Fig. 7 and using a closest
living ancestor condition.

Figs. 16 (a-b) are views of exemplary meshes
produced by selective refinement within a view frustum
according to the methods of Figs. 14 (with 9,462 faces
shown in Fig. 16(a)) and 15 (with 12,169 faces shown in
Fig. 16 (b)), respectively.

Fig. 17 is a flow chart of a further
modification of the methods of Figs. 13 and 14 for
selective refinement of a mesh based on the PM
representation of Fig. 7 which maintains more detail

near slilhouette edges and near the viewer.
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Figs. 18 (a-b) are views of an exemplary mesh

(with 7,438 faces) produced by selective refinement

within a view frustum according to the method of Fig.
17.

Fig. 19 is a flow chart of a mesh
simplification method according to the i1llustrated
embodiment of the invention for constructing the PM
representation of an arbitrary mesh.

Fig. 20 1s a graph of accuracy versus
conciseness illustrating the results of the mesh
simplification method shown in Fig. 19.

Figs. 21 (a-c) are views of a simplified mesh
(Figs. 21 (b-c)) produced from an exemplary arbitrary
mesh (Figs. 21(a) - a mesh with regular connectivity
whose vertex colors correspond to the pixels of an
image) according to the simplification method of Fig.
19 and illustrating preservation of a complex scalar
attribute field (i1.e., color).

Figs. 22(a-c) are views of a simplified mesh
(Figs. 22(b-c)) with 10,000 faces produced from an
exemplary arbitrary mesh (Fig. 22(a)) with 150,983

)

faces according to the simplification method of Fig. 19

illustrating preservation of a scalar attribute
(radiosity) .

Figs. 23(a-d) are views of a simplified mesh
(Figs. 23 (c-d)) with 3,000 faces produced from an
original arbitrary mesh (Figs. 23 (a-b)) with 19,458

illustrating preservation of overall appearance
(including both geometry and attributes).

Figs. 24 (a-d) are views of three exemplary
meshes (M° with 150 faces in Fig. 24 (b); M“ with 1000
faces in Fig. 24(c); and M"? with 4000 faces in Fig.
24 (d)) out of a sequence of progressive meshes formed
according to the simplification method of Fig. 19 from

an example initial arbitrary mesh M with 13,546 faces

(Fig. 24 (a)) .

faces according to the simplification method of Fig. 19

56
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Figs. 25(a-c) are views of exemplary
simplified meshes (each with 2000 faces) produced
according to variations of the simplification method of
Fig. 19 (Fig. 25(a) without E,..; Fig. 25(b) with
discontinuity curve topology fixed; and Fig. 25(c) with
Eg;s. and with discontinuity curve topology changing)
1llustrating preservation of the geometry of
discontinuity curves.

Fig. 26 1s a block diagram of a geomorph data
structure for representing a geomorph between two
meshes of the PM representation of Fig. 7 which 1is
constructed according to the geomorph construction
method of Fig. 9(a).

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

Referring to Fig. 5, an operating environment
for an illustrated embodiment of the present invention
1s a computer system 50 with a computer 52 that
comprlses at least one high speed processing unit (CPU)
54, 1n conjunction with a memory system 56, an input
device 58, and an output device 60. These elements are
interconnected by at least one bus structure 62.

The i1llustrated CPU 54 is of familiar design
and includes an ALU 64 for performing computations, a
collection of registers 66 for temporary storage of
data and instructions, and a control unit 68 for

controlling operation of the system 50. The CPU 54 may

'be a processor having any of a variety of architectures

including Alpha from Digital, MIPS from MIPS
Technology, NEC, IDT, Siemens, and others, x86 from
Intel and others, including Cyrix, AMD, and Nexgen, and
the PowerPc from IBM and Motorola.

The memory system 56 generally includes
high-speed main memory 70 in the form of a medium such
as random access memory (RAM) and read only memory
(ROM) semiconductor devices, and secondary storage 72

in the form of long term storage mediums such as floppy
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disks, hard disks, tape, CD-ROM, flash memory, etc. and
other devices that store data using electrical,
magnetic, optical or other recording media. The mailn
memory 70 also can include video display memory for

displaying images through a display device. Those

skilled in the art will recognize that the memory 56

can comprise a variety of alternative components having
a variety of storage capacities.

The i1input and output devices 58, 60 also are
familiar. The input device 58 can comprise a keyboard,
a mouse, a physical transducer (e.g., a microphone),
etc. The output device 60 can comprise a display, a
printer, a transducer (e.g., a speaker), etc. Some
devices, such as a network interface or a modem, can be

used as input and/or output devices.

As 1s familiar to those skilled i1in the art,

the computer system 50 further includes an operating
system and at least one application program. The
operating system is the set of software which controls
the computer system’s operation and the allocation of
resources. The application program 1s the set otf
software that performs a task desired by the user,
using computer resources made available through the
operating system. Both are resident in the 1llustrated
memory system 56.

In accordance with the practices of persons

skilled in the art of computer programming, the present

invention is described below with reference to acts and

symbolic representations of operations that are
performed by computer system 50, unless indicated
otherwise. Such acts and operations are sometimes
referred to as being computer-executed. It will be
appreciated that the acts and symbolically represented
operations include the manipulation by the CPU 54 of
electrical signals representing data bits which causes
a resulting transformation or reduction of the

electrical signal representation, and the maintenance
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of data bits at memory locations 1n memory system 56 to
thereby recontigure or otherwise alter the computer

system’s operation, as well as other processing of

signals. The memory locations where data bits are
maintained are physical locations that have particular

electrical, magnetic, or optical properties

corresponding to the data bits. The term "specify" 1is
sometimes used herein to refer to the act of encoding
data bits as representations of physical objects,

activities, properties or characteristics, and

relationships.
Overview of Meshes.
Referring now to Fig. 6, the computer system

50 (Fig. 5) utilizes a progressive mesh ("PM")

representation to model three dimensional objects for
graphics imaging as polygonal meshes at varying levels
of detail. For simplicity, the PM representation 1in
the illustrated embodiment operates on triangle meshes
(see, discussion 1in the "Background and Summary of the
Invention" above). The PM representation of the
1llustrated embodiment can operate with more general

meshes, such as those containing n-sided faces and

faces with holes, by first converting the more general
mesh 1nto a triangle mesh using conventional
triangulation processes (e.g., edges are added to
subdivide polygonal faces of the mesh having more than

3 sides into triangle faces). Alternatively, edge

" collapse transformations (described below) can be

applied to the sides of polygonal faces having more
than three sides to produce a triangle mesh. It should

also be recognized that the PM representation can be

generalized in alternative embodiments of the i1nvention
to operate directly with more general meshes (1.e.,

without prior triangulation), at the expense of more

complex data structures.

Overview of Progressive Mesh Representation.
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Referring again to Figs. 1 and 2, Hoppe93

(see, Background and Summary of the Invention above)
describes a mesh optimization method that can be used
to approximate an initial mesh M by a much simpler one.
This mesh optimization method traverses the space of
possible meshes (as discussed above with reference to
the graph of Fig. 2) by successively applying a set of
3 mesh transformations: edge collapse, edge split, and
edge swap.

With reference to Fig. 6, the inventor has
since discovered that i1n fact a single one of those
transformations, edge collapse denoted herein as
ecol ({v,,v.}), is sufficient for the effective
simplification of a mesh. To 1llustrate, an edge
collapse transformation 110 unifies 2 adjacent vertices
v, 86 and v, 89 of the mesh 80 into a single vertex v,
86’ to form a resulting simpler mesh 112. The vertex v,
89 and the two adjacent faces {v,,v,,v;} 100 and
(v,,v.,v.} 101 of the original mesh 80 vanish in the
process. A position v, is specified for the new unified
vertex 86'.

Thus, an initial mesh M=M" can be simplified
(such as by the mesh simplification method described
more fully below) into a coarser mesh M’ by applying a

sequence of n successive edge collapse transformations:

(M=M") ecol, ,» M"1... ecol»> M ecol> M (5)
The particular sequence of edge collapse
transformations must be chosen carefully, since it
determines the quality of the approximating meshes M,
i<n. Where m, is the number of vertices in M’ the
vertices of mesh M' are labeled herein as
Vi={v,, ..., Vm.;}, SO that vertex v,,;,; is removed by

ecol;. As vertices may have different positions 1n the

different meshes, the position of vjjjlbf 1s denoted

herein as vfﬂ
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A key observation 1s that an edge collapse

transformation 1s i1nvertible. The 1inverse
transformation is herein referred to as a vertex split
116. A vertex split transformation, denoted herein as
vsplit(v,,v,,Vv,, v.,A), adds near vertex v, 86’ a new
vertex (i.e., previously removed vertex v, 89) and two
new faces (i.e., previously removed faces {v_, v,,v;} 100
and {v,,v,,v,} 101) according to the two side vertices v,
87 and v, 88. (If the edge {v,,v.} 92 is a boundary
edge, then v,=0 and only one face 1s added.) The
transformation also updates the attributes of the mesh
in the neighborhood of the transformation. This
attribute information, denoted by A, includes the
positions v, and v, of the two affected vertices, the
discrete attributes dj . . vy and dgng v vy 0 the two new
faces, and the scalar attributes of the affected
corners (S ys,e)ys S(ve, o)1 S(vi,{vs,ve,vi)r s BRA S(ur fvs,ve,vr)y ) -

Referring to Fig. 7, because edge collapse

transformations are invertible, an arbitrary triangle

mesh M therefore can be represented according to the

1llustrated embodiment of the i1nvention as a data

structure 130 contalning a base mesh record 132
specifying the simple mesh M’ (hereafter the "base
mesh"), together with a sequence 134 of n vsplit
records 136 specifying a sequence of vertex split

transformations that reconstruct the arbitrary mesh M

from the base mesh MY:

————

M vsplit,» M* vsplit,> ... vsplit,  ,» (M'=M) (6)

where the vsplit records are parameterized as
vsplit;(s,,1;,r;,4;). The data structure
(M°, {vsplit,, ...,vsplit, ;}) 130 is referred to herein as
a progressive mesh (PM) representation of the arbitrary
mesh M.

A significant property (referred to herein as

"completeness") of the vertex split transformation 1is
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that a mesh with any arbitrary simplicial complex K* can
be constructed from a mesh with a minimal simplicial

complex K" of the same topological type by a sequence of

one or more of the transformations. (The four to one

face split transformation used in the prior MRA

approach discussed above is not complete in thilis sense

because a sequence of these face split transformations
can only construct an approximation to any arbitrary
mesh from a minimal mesh of the same topological type
having subdivision connectivity.) Because the vertex
split transformation is complete 1n this sense, any
arbitrary mesh can be reprented exactly using the
illustrated PM representation. Similarly, a set of one
or more mesh transformations also 1s complete 1f a mesh
having any arbitrary simplicial complex K* can be
constructed from a minimal simplicial complex K" of the
same topological type by a sequence of transformations
from the set. Accordingly, although vertex split
transformations are specified in the sequence of
records in the PM representation of the 1llustrated
embodiment, the records in a PM representation can
alternatively specify a set of mesh transformations
that is complete other than the vertex split
transformation. For example, a set including the 4-to-
1 face split transformation plus a vertex split
transformation is complete and can be specified 1n the

sequence of records in a PM representation of an

alternative embodiment of the invention.

In the PM representation 130 of the
illustrated embodiment, the base mesh record 132
comprises a simplicial complex table 140, a vertex
positions table 142, a discrete attributes table 144,
and a scalar attributes table 146 which contain
information of the tuple M°= (K%, V’,D° S°) that defines
the base mesh M°. The vertex positions table 142
contains m, position records 150-151 for each vertex of

the base mesh M° with that vertex’s coordinate values
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(x,v.2z). In the illustrated vertex positions table
142, the position records 150-151 are 1ndexed according

to vertex i1ndices associated with the indices of the
base mesh M.

The simplicial complex table 140 contains face
records 154-155 for each face in the base mesh M’ with
the indices of that face’s vertices {v,,v,,v;}. This
vertex information in the face records explicitly
defines each face of the base mesh M’, and also
implicitly defines the edges and corners of the base
mesh M’. In alternative embodiments, the base mesh
record 132 can contain information which explicitly
defines the edges and corners, such as records
containing indices of pairs of adjacent vertices to
define the edges and records contailining indices of
vertex index, face index tuples to define the corners.
In the illustrated simplicial complex table, the face
records 154-155 are indexed according to face indices

associated with the faces of the base mesh M.

The discrete attributes table 144 contains

records 158-159 with information (i.e., an attribute

value and a face 1ndex) that defines the discrete

attributes asscociated with the faces of the base mesh

M°. The scalar attributes table 146 contalins records
162-164 with information (1.e., an attribute wvalue and
a vertex index, face index tuple) that define scalar

attributes associated with corners of the base mesh M.

Although illustrated with a single discrete attributes

table 144 and a single scalar attributes table 146, the
base mesh record 132 can contain separate attributes
tables for each of multiple different discrete and
scalar attributes (e.g., material identifilies, shader
function parameters, diffuse coloxr, normal, texture
coordinates, etc.) of the base mesh M°.

The vertex split records 136 1n the sequence
134 specify vertex split transformations that

reconstruct the arbitrary original mesh M from the base
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mesh M’. In general, the information in each of the
vertex split records comprises indices of the vertices
v, 86, v; 87 and v, 88 (Fig. 6); the position
coordinates v.,” and v.” of the vertices v, 86 and v, 89
(Fig. 6); the discrete attributes di, .. v} 30d dps, ve,vr)
of faces 100 and 101 (Fig. 6); and the scalar

attributes S(vs,.)dr s(vt,.)f s(vl,{vs,vt,vl})! and s(vr, {vs, vt,vr)) of

the corners of the faces 100 and 101. In alternative
embodiments, the vertex split records can specify the
vertices v,, Vv;, and v, indirectly, such as by the 1index
of a neighboring face (e.g., one including the vertices
v, and v;) and bits i1dentifying the vertexes from those
adjacent that face (e.g., i1dentifying v, and v,; out of
the face’s vertices, and identifying v, out of the
vertices neighboring the face).

As an example with reference to Figs. 8(a-d),

the example initial arbitrary mesh M of Fig. 1{(a) (with
12,946 faces) was simplified down to the coarse mesh M
170 of Fig. 8(a) (with 50 faces) using 6448 edge
collapse transformations. The PM representation of M
(Fig. 1(a)) consists of a base mesh record specifying M°
together with a sequence of n=6448 vsplit records.

From this PM representation, one can extract
approximating meshes with any desired number of faces
within +1 by applying to M’ a prefix of the vsplit
sequence. For example, Figs. 8 (b-d) shows two

approximating meshes with 200 and 1000 faces out of the

progressive meshes sequence.

In the illustrated embodiment, the data
structure of the PM representation 130 described above
where the simplicial complex table 140 lists face
records 154-155 containing the vertex indices of each
face is used for storage purposes (e.g., storage of the
progressive meshes on the hard disk of the computer
system 50 of Fig. 5). At run time, the illustrated
embodiment utilizes an edge based data structure for

the simplicial complex table 140 to also encode the
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adjacency of faces. This allows for efficient
processing of queries, such as which faces are adjacent
to face f,;, and which faces are adjacent to vertex vj.
Suitable edge based data structures are well known, and
include the winged-edge data structure described 1in K.
Weiler, Edge-based Data Structures for Solid Modeling
in Curved-surface Environments, IEEE CG&A 5(1) :21-40
(January 1985) .

In some alternative embodiments of the
invention, the vertex split records 136 can encode
information to specify the attributes of the mesh both
before and after the vertex split transformation is
applied. This allows traversal of the progressive
meshes sequence in both directions. In other words, a
given mesh in the progressive mesh sequence can be
either further refined by applylng vertex split
transformations specified in subsequent (not yet
applied) vertex split records, or the mesh can be
simplified by reversing the vertex split
transformations specified in preceding (previously

applied) vertex split records as desired. At a

minimum, the added information specifies the vertex

position v, in the mesh before the vertex split

transformation is applied. Other attributes of the

faces 102’-107' (Fig. 6) and corners that are present
before the vertex split transformation 1s applied also

can be encoded in the vertex split records i1if they are

" changed by the vertex split transformation.

Geomorphs.
A beneficial property of the vertex split
transformation (and its inverse, edge collapse) 1s that

a smooth visual transition (a geomorph) can be created

between the two meshes M' and M*! in M vsplit,»> M1,
With the assumption that the meshes contain no
attributes other than vertex positions, the vertex
split records 136 (Fig. 7) are each encoded as

'  + 1 '+ 1
vsplit,(s;,1;,,xr;,A;=(vy""" , Vi )), where s; 1;, r; are

8BS

(L

Cr~
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the indices of the vertices v, Vvy;, and v,
respectively. (In other words, the vertex split record
136 contains the vertex indices and position values,
but not the discrete and scalar attribute wvalues shown
in Fig. 7.) A geomorph M°(x) is created with blend
parameter 0 s o = 1, such that M°(0) looks like M' and
M:(1) looks like M **!--in fact M°(1)=M **'--by defining a

mesh

Me(a) = (K*, Vo (o) ) (7)

whose connectivity is that of M**! and whose vertex
positions linearly interpolate from v,€ M to the split

vertices V., Vo,.;..€ M':

n

v,itt=v.*® j & {s;,, m+1i+1

ij () = / (a)vji”.-&» (1-a)v . , J € si,m0+i+lf
7 j

Using such geomorphs, an application can

smoothly transition from a mesh M' to meshes M or M’

without any visible "snapping" of the meshes, by
varying the value of «.

Moreover, since each individual vsplit/ecol
transformation can be transitioned smoothly, so can the
composition of any sequence of them. Thus, given any
two meshes, a coarser mesh M and a finer mesh M!, 0 =< c

< f = n, in the sequence of meshes M’... M encoded by

the PM representation, a smooth geomorph M°(a) can be

defined such that M°(0) looks like M° and M°(1) equals
M. To obtain M°, each vertex v, of M is associated
with its ancestor in M°; the index A°(j) of this
ancestor vertex is found by recursively backtracking
through the vsplit transformations that led to the

creation otf Vi

{

A€ (7) / 5, J s my+c

A (84 mp.1) ] > My+C (9)

7z
J

/
J
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(In practice, this ancestor information A° 1s gathered
in a forward fashion as the mesh 1s refined.) The
geomorph M°(a) is defined by M°(a)=(K",V°(x)) to have the

connectivity of M’ and the vertex positions
vil(a) = (a)vy® + (1-a)vy.;)© (10)

So far, the above discussion has outlined the
construction of geomorphs between PM meshes containing
only position attributes. In fact, geomorphs can be
constructed for meshes containing both discrete and

scalar attributes.

Discrete attributes by their nature cannot be
smoothly interpolated. Fortunately, these discrete
attributes are associated with faces of the mesh, and
the "geometric" geomorphs described above smoothly
introduce faces. In particular, observe that the faces
of M° are a proper subset of the faces of M, and that

those faces of M missing from M° are invisible in M°(0)

because they have been collapsed to degenerate (zexro
area) triangles. Thus, as o 1s varied from 0 to 1,
these triangles grow from zero area triangles in M°(0)
to their full size in M°(1)=M'. Prior geomorphing
schemes (such as those described in J. M. Lounsbery,
Multiresolution Analysis for Surfaces of Arbitrary
Topological Type, PhD thesis, Department of Computer
Science and Engineering, University of Washington,
(1994) ; Lounsbery-etal94; and Turk92} define
well-behaved (invertible) parametrizations between
meshes at different levels-of-detail. Such
parametrizations do not permit the construction of
geomorphs between meshes with different discrete

attributes. In contrast, geomorphs of the PM

representation meshes define non-invertible maps from M

to M°, in which all faces of M’ missing from M° are

mapped to edges oxr vertices of M. This mapping makes a



10

15

20

25

30

35

2194856

_27 -

smooth visual transition of meshes with discrete
attributes possible.

Scalar attributes defined on corners also can
be smoothly interpolated much like the vertex
positions. There is a slight complication in that a
corner (v,f) present in a mesh M cannot be associated
with any "ancestor corner" in a coarser mesh M° 1f f 1is

not a face of M. The attribute wvalue that the corner

(v,f) would have in M° can be inferred by examining the
mesh M**! in which f is first introduced, locating a
neighboring corner (v,f’) in M**! whose attribute value
is the same, and recursively backtracking from it to a
corner in M°. If there is no neighboring corner in M**!
with an i1dentical attribute wvalue, then the corner
(v,f) has no equivalent in M° and its attribute 1is
therefore kept constant through the geomorph.

The interpolating function on the scalar
attributes need not be linear; for instance, normals

are best interpolated over the unit sphere, and colors

may be best interpolated in Hue-Saturation-Value
("HSV") space (although, in the illustrated embodiment,
colors are interpolated in Red-Green-Blue ("RGB") space

for efficiency).

The interpolating function for vertex
positions also need not be linear. In some embodiments
of the invention for example, the vertex positions of

the geomorph can be defined as

W

vé(a)=(a(a))vi+(l-a(a))ve,

where the function a(o)=0.5+0.5s8in({(x-0.5)7) (1.e., a

non-linear function in o as opposed to a linear

function such as a(a)=«). This non-linear function
a (o) provides interpolation for 0Osasl, but has a zero
valued derivative at 0 and 1. This results i1n a slow-

in, slow-out interpolation behavior.
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Referring to Fig. 9(a), the 1llustrated

computer system 50 (Fig. 5) performs a method 190 for
constructing geomorphs to display smooth transitions
between any two progressive meshes 1n a PM

representation. The method 150 can be i1mplemented as a

module of code, which for example forms a component of
a software application run on the computer system 50 to
display 3D graphics. The method 190 generally 1s a
preprocess for the geomorph evaluation and display
method shown in Fig. 9(b).

The method 190 begins at steps 192-193 with
selecting the coarser mesh M° and finer mesh M out of
successive level of detail meshes specified in a PM
representation. This selection can be made by the
software application itself. For example, when
transitioning between level-of-detaill approximations
due to a change i1n viewing distance, the software
application selects the coarser and finer meshes to
correspond to the starting and ending level-of-detail

approximations. Alternatively, the software

application can provide user 1interface controls (e.g.,
a value entry box, or a list selection box) for
selection of the coarser and finer meshes by the
computer user. Fig. 3, described below, 1llustrates a
software system with user i1nterface controls for
selecting the coarser and finer meshes.

With the finer and coarser meshes selected,

the computer system 50 creates a geomorph

(M° (o) =(KF, V() )) with a connectivity (K°) equal to that
of the selected finer mesh at step 194. The positions
of the vertices of the geomorph vary between their
position in the coarser mesh to thelr position in the
finer mesh according to the value of the blend
parameter o. At step 195, the discrete attributes
associated with the faces of the selected finer mesh

are then mapped to the corresponding faces of the

geomorph.
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Referring to Fig. 26, the geomorph created by
the method 190 preferably 1s realized as a geomorph

data structure 200 (with some similarities to that of

the base mesh record 132 (Fig. 7)) that can be stored
in the memory system 56 of the 1llustrated computer
system 50 (Fig. 5). The illustrated geomorph data
structure 200 comprises a simplicial complex table Kf
table 202, a vertex positions Ve (a)={v,°(a), ..., v,f(a)]
table 203, a discrete attributes table 204, and a
scalar attributes table 205. The simplicial complex
table 202 comprises face records 206-207 representing
the faces of the geomorph. As in the simplicial
complex table 140 of the i1llustrated PM representation
130 (Fig. 7), the face records 206-207 encode indices
of the three vertices {v;,v,,v;} that define each face.
The vertex positions table 203 comprises
vertex position records 208-209 representing the
positions of the vertices of the geomorph. Since the
positions of the vertices of the geomorph are
interpolated between the vertex positions 1n the fine
and coarse meshes according to the blend parameter «,
the vertex position records 208-209 encode these vertex
positions in the fine and coarse meshes, (x,% y;°, 2;) and
(x5°, ¥5" 0 257) .
The discrete attributes table 204 and the
scalar attributes table 205 comprise records 210-213

which represent the scalar and discrete attribute

“values of the faces and corners of the geomorph,

respectively. The scalar attribute records 212-213
each encode two scalar attribute values (s;°) and (s/%)
of the corners from both the coarse and fine meshes,
for interpolating the value of the scalar attributes
according to the blend parameter «.

Referring to Fig. 9(b), the i1illustrated
computer system 50 (Fig. 5) performs a method 200 for
evaluating and displayling the geomorphs constructed by
the method 190. The method 200 typically evaluates the
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geomorph at a sequence of values of the blend parameter
o so as to effect a smooth visual transition between
the coarse and fine meshes selected at steps 192, 193
of the method 190 (Fig. 9(a)). The method 200 thus
repeats a loop of steps for each value of the blend
parameter.

At step 202 of the method 200, the value of

the blend parameter o is selected. Again, this value

can be selected by the software application or by the

computer user. In the case of the software

application, o 1s generally stepped through a sequence
of values that smoothly transition the geomorph between
the coarser and finer meshes (e.g., 0, 0.25, 0.5, 0.75,
and 1.0 in the example geomorph shown 1in Figs. 10 ({(a-
7)) . For selection by the computer user, the software
application provides a user interface control which
sets the value of o. Preferably, a sliding control
(e.g., a scroll bar or rotating knob type control) 1is
used to permit the user to smoothly vary the value of
. Alternatively, the software application can select
values 1n a pre-defined sequence.

With the value of o selected, the computer
system 50 then interpolates the vertex positions v, («)
of the geomorph M° according to the selected value of «
at step 203 as described by the expression (6) above.
At step 204, the scalar attributes of the geomorph also

are interpolated according to the selected value of «

as described above. The computer system 50 then

regenerates and displays a view based on the geomorph
at step 205. As indicated at step 206, the steps 202-
205 are then repeated for other selected values of the
blend parameter c.

As an example, Figs. 10 (a-d) demonstrate views
of an exemplary geomorph constructed according to the
illustrated embodiment between two meshes M°(0)=M"°
(with 500 faces) and M°(1)=M*" (with 1000 faces)

retrieved from the PM representation of the example
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original mesh M shown in Fig. 24 (a), which 1ncludes the
example progressive meshes shown in Figs. 24 (b-d).
Referring to Fig. 3, a software system 420
according to the illustrated embodiment of the
invention utilizes a number of geomorphs constructed
from the PM representation by the methods 190 (Fig.
9(a)) and 220 (Fig. 9(b)) for viewlng continuously

variable level-of-detail approximations of a mesh. The
software system 420 comprises a user 1nterface 422, a
graphics application 424, a level of detail
approximator 426, and a display driver 428. With the
user interface, a user of the computer system 50 (Fig.
5) controls the level of detail of a mesh output by the
level of detail approximator 426. The graphics
application 424 and display driver 428 then render and
display a view of the mesh.

For setting the level of detail of the mesh,
the user interface 422 comprises two user 1interface
controls, a D slider control 432 and a T slider control
434. The slider controls 432, 434 preferably are
implemented as sliding user interface controls, such as
a scroll bar, but alternatively may be i1mplemented as
other user interface controls which allow selection of
values from a range, such as spin controls and text

entry boxes. The D slider control 432 has a single

tab, knob or button (shown by the outline arrow 1n Fig.

3) which can be slid by a user along a bar by

"manipulating an input device 58 of the computer system

50 (Fig. 5) to thereby vary the value of a detail
variable D along a range between 0 and 1. The T slider
control 434 has multiple tabs, knobs or buttons which
likewise can be slid by a user along a bar by
manipulating the input device 58 to thereby vary the
values of a set of geomorph complexity variables T,

., T,, along a range between 0 and n, where n is the

number of meshes in the PM representation of the mesh.

The user interface outputs the detail and geomorph
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complexity variables D and T,,...,T,, to the graphics
application 424 to control the level of detail of a
mesh produced by the level of detaill approximator 426.
Preferably, the range of the T slider control 434 is on

a logarithm scale so that the complexity of the
geomorphs 1ncreases exponentially for a linear movement
of the control. In some alternative embodiments of the
invention, the T slide control 434 can be omitted and

the values of the set of geomorph complexity wvariables

Ty, ..-,T,,, set by the graphics application 424.
The output variables D and T, ...,T,; are in

turn passed by the graphics application 424 to the
level of detail approximator 426. In the level of
detail approximator, the geomorph complexity wvariables
Ty, ..., T,, determine the complexities of a set of coarse
and fine meshes out of the progressive meshes in a PM
representation from which a set of geomorphs G%, ...,G7
1s constructed. The detail variable D selects a
geomorph out of the set of geomorphs and the value of
the blend parameter at which to evaluate the geomorph
to produce an approximation of the mesh at a desired
level of detail.

The level of detaill approximator 426 comprises
an interpolator 436, a PM representation block 438, and
a geomorphs table 440. The i1nterpolator 436 converts
the value of the detail variable D to an index j for a

geomorph G’ out of the set of geomorphs G% ...,& and to
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