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The present invention relates generally to computer graphics and solid modeling,

FIELD OF THE INVENTION

and more particularly, to methods and apparatus for representing and displaying

an object at multiple levels of resolution.
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BACKGROUND OF THE INVENTION 1 b
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In traditional modeling systems, detailed models are created by applying versatile
modeling operations (such as extrusion, constructive solid geometry, and freeform
deformations) to a vast array of geometric primitives. For display, these models
must usually be tessellated into polygonal approximations. Each of these
polygonal approximations typically contain millions of polygons. Enormous
computing power is required to render such complex polygonal surface models, in

real-time and at interactive frame rates.

In interactive visualization applications, realtime interactive manipulation of
viewing conditions is vital to the unders';anding of an object's geometry and its
relative position in the virtual scene. The delays in real-time graphic feedback and
the jerky object motion will lead to overshooting, reduced feeling of control, and

+thus make the user less productive.

" In order to accommodate complex polygonal models while still maintaining real-
’ time interactive frame rates, methods for approximating the polygonal models and
using multi-resoluton models have been proposed. Model simplification

algorithms can be used to generate multiple polygonal models at varying léSVé‘rs of
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position in the virtual scene. The delays in real-tine qraphiq f eedback and
approximation and the next must be barely noticeable in order to effectively reveal

details as objects approach the viewpoint.

One of these model simplification methods is disclosed in U.S. Pat. No. 5,448,686,
“Multi-Resolution Graphic Representation Employing At Least One Simpilified
Mode! For Interactive Visualization Applications” issued to Borrel and Rossignac.
Their method is also described in their paper titled “Multi-Resolution 3D
Approximations for Rendering Complex Scenes”, Modeling in Computer Graphics,
B. Falcidiena and T. L. Kunii, Eds. Springer-Verlag, pp. 455-465, 1993. This
method is very fast in generating simplified models compared to other model
simplification methods, and it is effective in achieving high data reduction rates. As
such, it is very suitable for use in large Computer Aided Design (CAD) applications
where designs are frequently edited and assemblies usually comprise hundreds of
thousands of parts. However, the models it produces may be visually very
different from the original models, and, moreover, the transitions between different

levels of simplification during interactive viewing may not be satisfactory.

It is thus one object of this invention to provide a method for simplifying a
polygonal surface model of an object such that (a) the simplified models have
image fidelity close to the original model when displayed on the display screen, (b)
the transitions between one level of simpilification to the next are barely noticeable
when the object is displayed using the simplified models, (c) the simplification
process requires low computational cost, and (dj the method is effective in

achieving high data reduction rates.

It is another object of this invention to provide methods and apparatus that employ
one or more simplified object models for display to a viewer, the simplified models
being stored and accessed as required. The aim is to provide real-time interactive

frame rates during interactive visualization of the objects in the scene.
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SUMMARY OF THE INVENTION

The invention described herein satisfies the above-identified needs and
overcomes the limitations of the prior invention by Rossignac and Borrel. The
present invention provides a method to construct a sequence of graphic models
for an object, one for each desired level of simplification. Then, as the object
moves in the object space during interactive viewing, the method successively
switches to graphic models of the object having the most appropriate simplification
resolutions. This results in a suppression of image detail, consequently with an
improvement in real-time performance. The inventors have determined that many

details in a displayed object can be eliminated, without a loss of visual information.

The method applies a basic principle both in the step of model simplification and
the step of selecting the most appropriate model (either the original model or one

of the simplified models) for displaying the object during interactive visualization.

The basic principle employed by the method is based on the following argument.
In a synthetic scene, when an object is far away from the viewpoint, its image size
is small. Due to the discreteness of the image space, many points on the object
are mapped onto the same pixel, and this happens often when the object's model
is complex and the image size is relatively small. For points mapped to the same
pixel, only one point appears on the image at the pixel, and the others are
eliminated by hidden-surface removal. This is a wastage in processing as many of
such points.are processed but never make their way to the final image-. A potential
solution to cutting down this wasteful processing is to identify those points that are
going to fall onto the same pixel and use a new point to represent them. Only this
new point is sent for rendering. Points that are most likely to be mapped to the
same pixel, regardless of the direction of the viewpoint, are those points which are

geometrically very close to one another in the object space.
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sizes, the definition of “closeness” will be different, and this allows the original

model to be simplified into models of different levels of detail.

During display of the object, the size of the object space covered by a pixel on the
display screen is determined, and the model selection step of the method selects
the most appropriate mod'el of the object for display. The model selection criterion
is based on the determined size of the object space covered by a pixel, and the

size of the clustering cells used in generating each of the simplified models.

More specifically, there is disclosed a method for execution by a data processor
that prepares an object for display during interactive visualization. The method
includes a step of preprocessing an original model, which is a polygonal boundary
representation of the object, so as to produce a plurality of simplified models with
each simplified model having fewer faces and vertices than the original model.

The step of preprocessing includes the following steps:

(1) Grading—a weight is computed for each vertex in the original model to reflect
the vertex’s visual importance. The value of the vertex’s weight is a function of the

angles between all pairs of edges incident to the vertex, and the lengths of these

incident edges.

(2) Sorting vertices—the vertices in the original model need to be sorted in non-

increasing order of their weights.
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required. The aimis to provide real-time interactive frame rates during
i nt er act | genaratign of pthersimplifiachmoddlsect s i n t he scene.

(4) Clustering—vertices are grouped into clusters based on geometric proximity.
The positions of the clustering cells are based on the positions of the original
vertices and the weights of the vertices.

(5) Thick-edge computation—for each group of triangles which are going to
degenerate into the same edge (due to Step (6) — synthesis), compute an

estimate for the thickness of the group of triangles.

(6) Synthesis—a representative vertex is computed to replace the vertices in each

cluster and thus simplify some triangles into édges and points.

(7) Reconstruction of normals—the vertex-normals of each ftriangle are
reconstructed.

(8) Elimination—duplicated triangles, edges and points in the simplified model are

removed.
(9) Storing the simplified model for subsequent use.

Subsequent generation of other simplified rﬁodels of the object requires execution
of only Step (4) to Step (9) for each simplified model with a new clustering cell size
for Step (4). A larger clustering cell size will generate a more simplified model
(less detailed) while a smaller clustering cell size will generate a less simplified
model (more detailed).

During display of the object, the method further includes a step of selecting either

the original model or one of the simplified models for display. The step of selecting
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clustering cells used in generating each of the simplified models.
The method achieves the objects of the present invention by using:

(a) weight-controlled vertex clustering in which the positions of the clustering cells
are based on the positions of the original vertices and the weights of the vertices.
This helps to preserve important features of the object, improves the
approximation quality, and thus leads to simplified models with higher image
fidelity to the original model. Using weight-controlled vertex clustering also results
in more consistent placements of important features from one simplified model to
the next. The more consistent placements of important features lead to smoother
transitions from one level of simplification to the next when object is displayed

using the simplified models;

(b) thick-edges to further improve the image quality of the displayed simplified
model. Each thick-edge is rendered as a multi-pixel-wide thick-line graphics
primitive on the display screen, and a dynamic normal is computed for the thick-

line to improve its shading and intensity;

(c) an appropriate clustering cell size to achieve the desired level of simplification

and data reduction rate;

(d) a model selection step to select either the original model or one of the
simplified models, for display of the object during interactive visualization, as a
function of at least the determined size of the object space covered by a pixel, and

the size of the clustering cells used in generating each of the simplified models.
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The net hod applies a basic principle both in the step of--nodel
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FIG. 4 is a flowchart that depicts the operation of the method of the invention;
FIG. 5a shows an exemplary object model;
FIG. 5b illustrates the data structure used to store the model in FIG. 52a;
FIG. 6 illustrates part of the computation used to derive the weight of a vertex;
FIG. 7a shows an exemplary polygon which is to be triangulated;
FIG. 7b shows a triangulation of the polygon in FIG. 7a;
FIG. 8a shows an exemplary two-dimensional object model whose vertices are
being clustered by cells;
FIG. 8b illustrates the resulting model after synthesizing the representative
vertices for the vertex clusters shown in FIG. 8a;
FIG. 8c shows an exemplary two-dimensional object model identical to that in
FIG. 8a, except that its vertices are being clustered by larger cells;
FIG. 8d illustrates the resulting model after synthesizing the representative
vertices for the vertex clusters shown in FIG. 8c;
FIG. 9 is a dataflow diagram that illustrates the operation of the preprocessing

step of the method of the invention.

DETAILED DESCRIPTION OF THE INVENTION
FIG. 1 illustrates an exemplary raster graphics system which includes a main
(Host) processor and a graphics subsystem. The Host processor executes an

application program and dispatches graphics tasks to the graphics subsystem.

The graphics subsystem includes a pipeline of several components that perform
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A Geometric Processor unit performs geometric and perspective transformations,
exact clipping on primitives against screen (window) boundaries, as well as
lighting computations. The resulting graphics primitives, e.g. points, lines,

triangles, etc., are described in screen space (integral) coordinates.

A Scan Conversion (Rasterization) unit breaks down the graphics primitives into
raster information, i.e. a description of display screen pixels that are covered by
the graphics primitives.

A Graphics Buffer unit receives, stores, and processes the pixels from the Scan
Conversion unit in accordance with the method of the invention. The most

common buffers associated to the Graphics Buffer unit are the image buffer and
the z-buffer.

A Display unit receives pixels from the Graphics Buffer unit and transforms these

pixels into information displayed on the output device, typically a raster screen.

Having described an exemplary graphics processing system that is suitable for
use in practicing the invention, a description is now provided of a presently
preferred method of model simplification.

For the purposes of describing the invention, it is assumed that objects are
described in polygonal boundary representations. Models with curved surfaces are
in general tessellated, i.e. approximated with planar polygons, for graphic

purposes and thus also benefit from the simplification technique of the invention.
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Buring display of the object, the size of the object space covered hy.a-
pi xel on the display screen is determned, and the nodel Sélection step of
the nethod selects the nost appropriate model of the obj 8¢ Shgéaﬁas(he&m ced

The nodel selection criterion is based on the determ ned
space covered by a pixel, and the size $f the clusteri ng
generati ng each of the sinplified nodels. More specifi c
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object for display during interactive visualization. The nethod includes a
step of preprocessing an original nodel, which is a pol ygonal boundary
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vertex's following steps: (1) grading, (2) sorting vertices, (3) triangulation, (4) clustering, (5)
thick-edge computation, (6) synthesis, (7) reconstruction of normals, (8)
elimination, and (9) storing the simplified model. Step (1) to Step (3) need only be
executed once for an object regardless of the number of simplified models to be
generated. FIG. 3 is a flowchart that depicts the flow of these steps of the

preprocessing step.

For the purposes of describing the preprocessing step, it is assumed that each
original model is described by a vertex table VT, a vertex-normal table VNT, and a
polygon table PT. The vertex table VT contains the supporting vertices used in the
model. Each entry of the vertex-normal table VNT contains a vector which will be
used by some polygon vertex as the normal at the vertex (vertex-normal). The
vertex-normal at each vertex of a polygon is used for lighting calculations at the
vertex during rendering of the polygon. The polygon table PT contains the
polygons used in the model with each polygon represented as an ordered list of
references (indices) to the vertex table VT (this list will be called the polygon’s
vertex list). Each polygon in PT also has another ordered list of references
(indices) to the vertex-normal table VNT, with each vertex-normal index for each

polygon’s vertex (this list will be called the polygon’s vertex-normal list).

FIG. 5a and FIG. 5b gives an example of a polygonal model and its vertex table
VT, vertex-normal table VNT and polygon table PT. FIG. 5a is a model made of
three polygons P,, P, and P;. The vertices in the model are V, V,, ..., Vg. The
small arrows at the polygon vertices indicate the vertex-normals at the polygon
vertices. The normals used in the model are N,, N,, ..., N5s. FIG. 5b depicts the

vertex table VT, vertex-normal table VNT and the polygon table PT which,
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wei ght is a function of the angles between all pairs of edges-incident—-te
the vertex, and the | engths of these incident edges. (2) Sorting
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ot her sinplified nodels.

(1) Grading

In this step, a weight is computed for each vertex in the original model, and it is
stored in a weight table WT for use in subsequent processing steps. The weight of
a vertex reflects the visual importance of the vertex. Two factors may be used to
determine the visual importance of a vertex. A vertex V is visually important if (1) it
has high probability of lying on the object’s silhouettes from an arbitrary viewing
direction, and (2) it bounds large faces that should not be affected by the removal
of small details. The first factor (Factor 1) may be estimated using cos(&/2) where
g is the maximum angle between all pairs of edges incident to V. The second
factor (Factor 2) may be estimated using the length of the longest among all of the

edges incident to V. Finally, the weight of V is the product of the two estimated

values.

The following is the reason why cos(&2) is used as an estimation for Factor 1.
With reference to FIG. 6, let V be the vertex to be assigned weight. Suppose & is
the maximum angle between all pairs of edges incident to V. Now, a sphere of
radius r is centered at V, and also let V be the apex of a cone with tip angle 8 and
the base of the cone touches the sphere. A point on the sphere to V will represent

a viewing direction from the pointto V.

The apex of the cone represents a corner of the object, and the inside of the lower
cone is the interior of the object. The only directions in which V cannot be seen
_are directions from the cap below the base of the cone, So, from any arbitrary

viewing direction, the probability of seeing V on the silhouettes is
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(4) Custering-vertices are grouped into clusters based on _Jgeorretri C

proximty. The positions of the clustering cells are based
of the original vertices and the weights of the vertices.
conput ati on-for each group of triangles which are going to d
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normal s-the vertex-normals of each triangle are reconstructed.
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In order to compute a weight for each vertex, it is necessary to con-struct (when
not given as part of the input) the vertex-edge adjacency information from the
vertex table VT and the polygon table PT of the original model. The following
describes one possible approach. First, a vertex-edge adjacency list is associated
to each vertex. The list associated to V is supposed to contain the indices of those
vertices adjacent to V, where each adjacent vertex represents an edge incident to
V. A single pass through the polygon table PT is sufficient to complete the task of
building all the lists. For each vertex V, the computation of the estimate for Factor
1 involves traversing its vertex-edge adjacency list to identify the maximum angle
@ between all pairs of edges incident to V. As for the estimate for Factor 2, just
one pass through the list of adjacent vertices is enough to find the longest length L
among all the edges incident to V. The weight W of V is the product of L and
cos(&2). W is then stored in the weight table WT for subsequent use. The ith
entry of the weight table WT contains the Weight of the vertex stored in the i-th
entry of the vertex table VT.

The vertex-edge adjacency lists constructed above may need to be stored for use
in subsequent step in the preprocessing. For this, a vertex-edge adjacency table
VEAT is created such that its i-th entry contains the vertex-edge adjacency list of
the i-th vertex in the vertex table VT.

(2) Sorting vettices

To prepare the model for Step (4) (clustering step), the vertices in the vertex table
VT need to be sorted in a non-increasing order on their weights in WT. An efficient
way to accomplish this is to use a temporary storage to store the required ordering

of the vertices without changing both VT and WT, and thus avoid changing the
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(8) Elimnation-duplicated triangles, edges and points |n t h_e sinplified
model are renoved. (9) Storing the sinplified nodel fofhis$hse&lasaqn Repineed

Subsequent generation of other sinplified nodels of the Oﬂjﬂﬂuﬁiﬂﬁm IHH :

execution of only Step (4) to Step (9) for each sinplifie new
clustering cell size for Step (4). A | &Zer clustering cell size wll
generate a nore sinplified nodel (less detailed) while a smaller clustering
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step of s¥heGith Ratry of VOT is supposed to contam the index of the vertex (in VT) which

has the i-th largest weight. Initially, VOT is initialized such that the ith entry of

VOT contains the index of the ith vertex in VT. An efficient in-place sorting
algorithm can be used to sort VOT. During sorting, to decide whether two VOT
elements need to be exchanged, the sorting comparison is done on the weights of

the vertices indexed by these two VOT elements.

(3) Triangulation

The triangulation step decomposes each polygon into one or more non-
overlapping triangles. Triangulation can be accomplished using various known
algorithms and need not introduce any new vertices into the original model. For
lighting calculations, it is often assumed that a polygon’s vertices are stored in an
order that corresponds to a counter-clockwise rotation around a normal to the
polygon’s plane. Triangulation does not affect the normal, and does not alter the
geometric object represented by the original model. After triangulation, the
resulting triangles are stored in a triangle table TT. Each triangle in the triangle
fable TT is represénted as an ordered list of three references (indices) to the
vertex table VT, and an ordered list of three references (indices) to the vertex-
normal table VNT.

FIG. 7a and FIG. 7b shows an example of triangulating a polygon. FIG. 7b

illustrates a triangulation of the polygon in FIG. 7a. Each resulting triangle has

three vertices associated therewith.

(4) Clustering

The clustering step uses one or more clustering cells to group vertices in VT into

one or more clusters. In this invention, the clustering is done as follows:

() Let V be the most highly weighted vertex in VT which has not been
assigned to any cell,
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si npl |f|ed nodel s. The met hod achi eves the objects of the present

i nventi on by(iiysifrig does (nm} liedn gny-edstingoteéle ther areateca @§We¢¢|hgef1tﬁf%ia€:rv t he
positions of the cI usterin ‘gmcells are based on the positions of the
ori gi nal verticagd 28896 tatNgAEY &l t he verti ces.

(iii) else if V lies in exactly one existing cell, then assign V to the cell,

(iv) else if V lies in the intersection of two or more existing cells, assign V to
one of these cells according to one of the following cell selection criteria:
(a) assign V to the cell which has the most highly weighted center vertex,
(b) assign V to the cell whose center is nearest to V, (c) assign V to the
cell C whose average length of the edges incident to V to the vertices
already as_signed to C is the shortest, and (d) assign V to the cell which
has the largest number of vertices adjacent to V (a vertex is adjacent to 14
if and only if there is an edge joining them),

(v) go to step (i) if there is unassigned vertex in VT.

All the vertices assigned to a cell form a cluster. The result of the clustering step is
a cluster table CT and a cluster-index table CIT. Each entry in CT corresponds to
a cluster and it stores the center position of the clustering cell, and a list of indices
of the vertices (in VT) which belongs to the cluster. As for the cluster-index table,
its ith entry contains the index of the cluster (in CT) which the i-th vertex in VT

belongs to. Therefore, the number of entries in CIT is the same as that in VT.

The clustering cell used can be some simple three-dimensional shape, such as

cube and sphere.

For each simplified model, the clustering step can be done in time linear to the
number of vertices in the vertex table VT. To achieve such efficiency, the object
space is first uniformly subdivided into cubical grids, each with width equal to the
longest side of the smallest three-dimensional minimax box bounding the
clustering cell used. For example, if the clustering cell used is an axis-aligned
cube, then the width of each cubical grid is just the width of the clustering cube,
whereas, if the clustering cell used is a sphere, then the width of each cubical grid
is the sphere’s diameter. For the purpose of describing this step of the method, it

is assumed that axis-aligned cube is used as the clustering cell.
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This helps to preserve inportant features of the object i roves the
approxi mation quality, and thus |eads to sinplified noddheS et laced
image fidelity to the original nodel. Using weight-contro

clustering also results in nore consistent placenments of ures

fromone sinplified nodel to the next. The nore consistent pl acerrents of
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From the vertex-order table VOT, it is possible to visit each of the vertices in the
vertex table VT exactly once in an ordered manner from the vertex with the
highest weight to the vertex with the lowest weight. For each vertex V being
visited, the grid it lies in can be known immediately. To find out whether V lies in
any existing cells, it is necessary only to check the cells associated to the grid
which contains V, and also to the other seven adjacent grids which are nearest to

V. Only the cells associated to these eight grids can contain V.

If V does not lie in any of these cells, a new cell is created with its center at V, and
associated to the grid which contains V. On the other hand, if V lies in exactly one
of the cells, then assign V to the cell. Otherwise, if V lies in more than one cell,
then assign V to one of these cells according to one of these cell selection criteria:
(a) assign V to the cell which has the most highly weighted center vertex, (b)
assign V to the cell whose center is nearest to V, (c) assign V to the cell C whose
average length of the edges incident to V to the vertices already assigned to C is

the shortest, and (d) assign V to the cell which has the largest number of vertices
adjacent to V.

qu selecting a cell using cell selection criterion (c) or (d), the vertex-edge
adjacency information can be obtained from the vertex-edge adjacency table

VEAT created in the grading step.

Besides using a three-dimensional array to represent the array of grids, it is
practical to use a hash table to store only those non-empty grids. The number of
entries in the hash table is proportional to the number of vertices in VT. The 3D

coordinates of a fixed corner of each grid is used as the key for hashing.
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(d) a nodel selection step to select either the original nodel--or-onre-of-
the sinplified nodels, for display of the object during interactive
visual i zation, as a function of at |east the determ ned S|z§mb$wﬁhhs
space covered by a pixel, and the size of the clustering cel

generating each of the sinplified nodel 45

7 BRI EF DESCRI PTI ON OF THE DRAW NG FIG 1 is a block diag ram

exenpl ary raster gr aphi cs syst ens; FIG 2 is a block dlagranrof the

Caster 9 ARrLAaneY Ui delh G the! BRIRIR Bpf. the cols THAR'Y veRlex Y ick"h,

rnstead of using a cubical grid the same size as the clustering cube, a cubical grid

one eighth of the volume is used. For the smaller grid, at most one cell can be
associated to it. To find out all the existing cells a vertex V lies in, it is only
necessary to check the cell associated to the grid which V lies in, and the cells
associated to the 26 adjacent grids.

In this clustering step of the invention, a weight-controlled vertex clustering
approach is used to position the clustering cells based on the positions of the
original vertices and the weights of the vertices. This helps to preserve important
features of the object, improves the approximation quality, and thus leads to
simplified models with higher image fidelity to the original model. Using weight-
controlled vertex clustering also results in more consistent placements of
important features from one simplified model to the next. The more consistent
placements of important features lead to smoother transitions from one level of

simplification to the next when object is displayed using the simplified models.

The clustering step, in another embodiment, includes a clustering approach which
is capable of greatly reducing the cases of thin triangles in the original model
becoming much wider triangles in the simplified model. Such effect is very
noticeable during display of the object and can degrade the approximation quality
of the simplified model significantly. The clustering approach is described as
follows:

(i) Let Vbethe 'most highly weighted vertex in VT which has not been visitéd,
(i) if V does not lie in any existing cell, then create a new cell centered at V

and assign V to this new cell,
(i) go to step (i) if there is unvisited vertex in VT,
(iv) for each vertex V in VT which has not been assigned to any cell, assign it

o the cell whose center vertex is nearest to V.
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FIG 3 is a flowhart that depicts the steps of the preproce55| ng step of
t he met hod of the invention; FIG 4 is a fl owch&lksShe¢tHas

t'he operation of the nethod of t he i nventi on; FI G 5a lem m“ ary
obj ect nodel ; FIG 5b illustrates the data structure u

model in FIG 5a; FIG 6 illustrated®part of the corrp:JtatlonI used \tAﬁ )
derive th ht of a vertex; FIG 7a shows an exenplary polygon I C
is to be §W\A§%{& tha edbical gridscised abavasan beremnlpyedtin dhissusterng orsthod i n
FIG 7a; g0 FIG 8a shows an exenplary two-di nmensional object nodel whose

vertices are bei ng clustered by cells; FIG 8b illustrates the
resulting nodel after synthesizing the representative vertices for
the verteyx cl usters shovvn in FIG 8a; FIG 8c shows an exenpl ary

t wo- di nene ! PHEERION] dentical to that in FIG 8a except

that its : | u red Iar C
i |l ustrat Meh&gﬁgé’{?ﬁté}%&nﬁ%@& gélg?te?re %ﬁf"ﬁ% i"f?S q(ﬁgs r(gBP%é'é rﬁ%ﬁ’ (k-
vertices &mithédis), tRsY Maydbatngs fesshAvible oh tﬂé?uusﬁﬁg scre&h Wheh r‘e?ad%ré’qﬁééf | ow
diagramthat illustrates the operation of the preprocessing
t he met hoenepixehwidelisesi #nthe actual thickness of an elongated part in the object
space is known, its pixel-width on the screen can be deduced. Then, by rendering
the edge using thick-line primitive with varying pixel-width, the actual visual effects

of the elongated part can be approximately reproduced.

Thickness of an edge can be estimated as follows. Let S be a set of triangles
where each triangle has its vertices falling in clusters A and B only. These
triangles will degenerate into edges in the synthesis step. Let V, be the set of
vertices that belong to cluster A and each is used by at least a triangle in S. Let P,
be the average position of all the vertices in V4. And, V; and Py are similarly
defined. Let L be the straight line passing through P, and P, Let D, be the
average perpendicular distance of all points in V,, to the line L, and likewise for Dp.
Then, the thickness of the edge, formed by collapsing triangles in S, is estimated
by (2D, +2Dg)/2 =Dy + Dy

To begin the computation of thickness for all thick-edges, it is necessary to find all
the cluster-pairs which have triangles, which are going to degenerate into edges,
using the vertices in them. For this purpose, one efficient way is to use a hash
table whose number of entries is proportional to the number of triangles in the
triangle table TT. For each triangle T in the triangle table TT, if the three vertices
of T belong to exactly two distinct clusters, then T will degenerate into an edge
after Step(6) (synthesis step). The information about which cluster a vertex
belongs to can be obtained from the cluster-index table CIT. Let C, and C, be the
indices of the two clusters, where C, < C,. Then the pair (Cy, Cy,) is used as the
key for hashing. The hash table element which (C,, C,) is being hashed to,

contains Cy, C; and a list of indices of triangles where each of them, like T, has
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON FIG 1 illustratgs shik B8R repiced

raster graphics systemwhich includes a main (Host) proce
graphi cs subsystem The Host processor executes an appli CH“MHI“ Hmmuland
di spat ches graphics tasks to the graphics subsystem

8 The graphics subsystemincludes a pilfeline of several conponents that
erform .
P vertices belonging to only the two clusters indexed by C, and C,. The index of T is

then added to the list.

After all the triangles in TT have been visited, a pass through the hash table is
needed to visit the triangle-index list associated to each non-empty hash table
element. For each triangle-index list, an estimate of the thickness of all the
triangles indexed in the list is computed as described above. This thickness is
then associated to each triangle indexed in the list. A temporary storage, called
the edge thickness table ETT, is used to store these thickness. The i-th entry of
ETT contains the thickness associated to the i-th triangle in the triangle table TT.

(6) Synthesis

In this step, a representative vertex is computed to replace the vertices in each
cluster which has more than one vertex. A cluster which has only one vertex will
have that vertex as the representative vertex of the cluster. For each cluster C
which has more than one vertex, the vertices which belong to it can be readily
found out from the cluster table CT. Then the representative vertex of the cluster
C can be computed using one of these vertex synthesis criteria: (a) select the
center of the clustering cell as the position of the representative vertex, (b)
compute a weighted-average position of all the vertices in the cluster using their
weights stored in the weight table WT, so that the representative vertex is located
at the weighted-average position, and (c) select the position of the vertex which is

nearest to the weighted-average position of all the vertices in the cluster.

The weighted-average position of vertices V,, V,, ..., V,, with positions P,, P,,
P, and weights W,, W,, ..., W, is computed as follows

(WyPy + WyPy 4 o+ WP ) T (W + Wy + .+ W,)

The new representative vertices are stored in a new vertex table SVT, where the /-
th entry of SVT contains the representative vertex of the i-th cluster in the cluster
table CT. The triangle table TT is copied to a new triangle table NTT, and the
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operations necessary to prepare geonetric entities for display on a raste

evice. For the purposes of describing the inventi onfnis Sh ePlaced
i cs subsystemis enployed that contains the foll ow n “II

display d
t-he graph
units. It
construed
Ceonetric

t r ansf or miefteR Ndicssget eQCFh Biangle tn

boundari e
primtive
space (in

shoul d be realized that this particular nodel is no
inalimting sense upon the {)ﬂactlce of the invention.
Processor unit perforns |%eometrl c and perspective

Pliisiupdated usjag the clusterdndexmtakieGiT

fo ik Bicrefites (i FRRBKIMR VT, . 77 deccr Tbed 1 ser een

tegral ) coordi nat es. A Scan Conversion (Rasterization) un| t

breaks down the graphics primtives into raster information, i.e.

descripti
primtive
pi xels fr

Yvhen pdeww magyeebjiegts«farsdisplay, ane Qfom@d)fdyetﬂomegplagmar&x

Buf f er unt recei {aa%Vestores anchJs?cesses t he

verteX for er may be

%Wt[l'lﬁglssgﬁﬁnac?or computing a represen
employed, depending on the geometry of the particular object being prepared. For
each object, it is more preferable to use the same vertex synthesis criteria for
generating all its simplified models. This will result in more consistent positions of
the representative vertices across different levels of simplified models of the
object, and this helps in improving the smoothness in transitions between different

levels of simplified models when the object is displayed.

FIG. 8a, FIG. 8b, FIG. 8c and FIG. 8d illustrate two examples of clustering a two-
dimensional object and synthesizing the representative vertices. FIG. 8a and FIG.
8c show the original model, which has already been graded and triangulated, but,
for the sake of a simple illustration, the weights of the vertices and the triangles
are not shown in the figures. The vertices in the model are intentionally labeled in

such a way that vertex V; has higher weight than V;,,.

Referring to FIG. 8a, which shows clustering cells centered at some of the model’s
vertices. These cells are created in an order according to the order of the weights
of their center vertices. In this example, when a vertex V lies in more than one cell,
the cell selection criterion used during clustering is to assign V to the cell with the
most highly weighted center vertex. As for the vertex synthesis criterion used
during synthesis, the center of the clustering cell is selected as the position of the
rebresentative vertex. When vertices in the cells are. replaced by their

representative vertices, the result is the model in FIG. 8b.

The example illustrated in FIG. 8¢ and FIG. 8d is the same as that in FIG. 8a and
FIG. 8b, except, now, the clustering cells used are larger. The model in FIG. 8d is

the result of applying the clustering step and the synthesis step to the model in
FIG. 8c.
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Conversion unit in accordance with the nethod of the invention—The wost
common buffers associated to the Graphics Buffer unit are the imge buff 3!
and the z-buffer. A Display unit receives pixels from t h&hi 3d
unit and transforns these pixels into |§fornat|on dlsplayed

device, typically a raster screen. I ng described an ex

processing systemthat is suitable for use in practicing the invention,
description is now provided of a presently preferred nmethod of nodel

sinplifi R¥tonstri®ior dEndidioses of describing the invention, it is

S

assuned t ] S are described in pol ygonal boundary representations.
Model s wi Ihrthtmstepd tise vEdernomMalsi of mi'enaw trianglel hatecth be.recorstpucied imt ed
wi th planar g %gons for graphic oses and t hus als&bfeneflt fr?mthe
sinplific@Ridne Enie RIESSVe ke R ings on smoo aces and

discontinuities in shading at sharp edges and corners of the original model. The
reconstruction requires, first, the construction of the vertex-normal information of
the triangulated original model. The information from the clustering step is then
used to update the vertex-normal information which is in turn used to compute

new vertex-normals for each new triangle.

To construct the vertex-normal information, a vertex-normal set is initially
associated to each vertex V in the vertex table VT of the original model. Each
member of a vertex-normal set is a set of indices of the triangles in the triangle
table TT. This set of indices of triangles will be called a triangle-index set. In each
triangle-index set of V, the indexed triangles use the same vertex-normal (in the
vertex-normal table VNT) at the triangle vertices that use V. So, intuitively, each
triangle-index set of V represents a vertex-normal that is shared by the indexed
triangles at V, and the number of triangle-index sets in the vertex-normal set

associated to V corresponds to the number of different vertex-normals at V.

The vertex-normal information constructed is then updated using the information
(in the cluster table CT and the cluster-index table CIT) from the clustering step.
Assuming that vertices V,, V5, ..., V in the vertex table VT are in the same cluster,
and their respective vertex-normal sets are Sy, S,, ..., S, , the vertex-normal

information can be updated as follows:

(i) letS«S,uS,u..US,
(i) if3X, Ye SsuchthatX=Yand XN Y =Jthen
S« (S-{X-{YhHHuixuy}
(i) go to step (ii) if S is changed.
The set S is the new vertex-normal set which must be associated to the

representative vertex, computed in the synthesis step, of the cluster. The above

_=--~_._
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Preprocessing Step The preprocessing step is the nodel si rrpl |f|cat|or‘kﬁ

eplaced

it

step. The preprocessing step constructs one or several si npt
(with decreasing |level of detail) for each object in a scene
visual i zed. The step of preprocessing includes the follomnng
grading, (2) sorting vertices, (3) tria#ulation, (4) clusterlng, (5)

h 7 onstruction of nornals
o' i nat § GAnSRRprRg) flor t%s»gwﬁ i plep (s iorbaonesngs oreach AL evea)

need only ch@t eSH&e@l?EHC?Ie{APrvéﬂéxoﬁérﬁféI 6603591 585ci8led B qfénbrgspgctlve

sinplified nodeéls
representative vertex of the cluster.

For those new triangles (in triangle table NTT) which degenerate into edges and
points, as a result of the synthesis step, their indices must be removed from all
triangle-index sets in the new vertex-normal sets. If any triangle-index set
becomes empty, the empty set is removed from the corresponding new vertex-

normal set.

Now, for each vertex V in the vertex table SVT created in the synthesis step, there
is a new vertex-normal set associated to it. The next step is to compute the vertex-
normals for each new triangle from the new vertex-normal sets. For each triangle-
index set in the new vertex-normal set of V (in SVT), an average vector is
computed using the unit vectors normal to the indexed triangles (in the triangle
table NTT). This average vector is added to the new vertex-normal table SVNT,
and the appropriate vertex-normal index in each indexed triangle’s vertex-normal
list is updated to reference this new average vector. The updated triangle table
NTT is called NTT' in FIG. 9.

In practice, a vertex-normal set may be represented by a list (will be called a
vertex-normal set list), in which each element is again a list (will be called a
triangle-index set list) of indices of triangles in the triangle table TT. Also, three
pairs of pointers (or three pointer-pairs) are created for each triangle in TT, such
that in each pair, the first pointer points to a triangle-index set list which has an
element that contains the index of the triangle, and the second pointer points to

this element in this triangle-index set list.

The updating of the vertex-normal set lists for a cluster of vertices Vi, Vo, ..., V,is
done as follows. Let Q be the new vertex-normal set list associated to the
representative vertex U of this cluster, and it is initially empty. For each triangle T
which is any triangle indexed in the triangle-index set lists associated to Vi, Vs, ..,

Vi, the triangle-index set lists pointed to by the first pointers in the three pointer-
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generated. FIG 3 is a flowhart that depicts the flow of thleise ste

f
t he preprocessing step. For the purposes of describing 3
step, it is assuned that each original nodel is described H
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VT, a vertex-normal table VNT, and a pol%/gon tabl e PT. The
contains the supporting vertices used il the nodel. Each entry of the
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olygon in PT will make a reference tq. t in the.materi al b
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a new triangle-index set list, and add the new list to Q. Otherwise, if exactly one of
the three triangle-index set lists is associated to some of U, Vy, V,, ..., Vj, then
move the list out from its vertex-normal set list, and add it to Q. Note that one of
the three pointer-pairs of each triangle indexed in the list must be updated after a
triangle index set list is added to Q. All these, however, can be done efficiently in a

depth-first manner in exploring triangles in the same cluster.

The above operations are repeated for the cluster until every vertex-normal set list

associated to V,, V>, ..., V, is empty.

When the above step is done for every cluster, the new vertex-normal set lists are
used to compute the new vertex-normals (in SVNT) for each new triangles, as

described in a previous paragraph.

(8) Elimination

As a result of merging of vertices in a cluster into one vertex, some triangles
degenerate into edges and points. A triangle with three identical vertices will
degenerate into a point, while a triangle with exactly two identical vertices will
degenerate into an edge. These degenerated triangles are identified from NTT'
and for each such triangle, its duplicated vertex indices and the corresponding

vertex-normal indices are removed.

The next thing to do is to remove those duplicated triangles, edges and points in

the updated NTT'. More specifically, these are removed: (a) duplicated triangles,
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I s assuned that a pol ygon can only have one colored materi al

t hroughout its whol e surface area. FI G 5a and Fl GweGins Beevi®Sp.

VNT and pol ygon table PT. FIG 5a is a nodel made of thre

and P[err]. The vertices in the 2%del are V[err], err

The small arrows at the ({ gon vertices indicate the
e

ver t ex- notiglupligatedredges, ;(gbﬂunlmam

Plerr]
V[err].

Nerr],

exanpl e of a polygonal nodel and its vertex table VT, vergjm

vert ex- nor na
t he nodel verticés of some triangles.

A hash table may be used to efficiently identify duplications of primitives (triangles,
edges and points). The number of entries in the hash table is proportional to the
number of primitives stored in NTT'. For each primitive P in NTT’, if P is a triangle,
then its three vertex indices V;, V, and V;, where V; < V, < V;, are used as a key
for hashing. If the triangle (V;, V,, V3) is found in the hash table, then P is deleted
from NTT'. On the other hand, if the triangle (V;, V,, V,) is not found in the hash
table, then (Vy, V,, V;) is added to the hash table and P is retained, and each of
V1, V), (Va, V), (Vy, V), (Vy), (V,) and (V;) is also hashed and added to the hash
table if it is not already inside. If P is an edge, then its two vertex indices V, and
V,, where V; < V,, are used as a key for hashing. If the edge (V;, V,) is found in
the hash table, then P is deleted from NTT". On the other hand, if the edge Vi, Vo)
is not found in the hash table, then (V,, V,) is added to the hash table and P is
retained, and each of (V;) and (V,) is also hashed and added to the hash table if it
is not already inside. If P is a point, then its vertex index V, is used as a key for
hashing. If the point (V;) is found in the hash table, then P is deleted from NTT".
On the other hand, if the point (V;) is not found in the hash table, then (Vy) is
added to the hash table and P is retained.

The use of the above algorithm requires NTT’ to be pre-sorted in such a way that
all the triangles come before all the edges, and all the edges come before all the
points, so that, during the identification of duplicated primitives, all triangles are

visited before all edges, and all edges are visited before all points.

The retained triangles in NTT" are transferred to a triangle table STT, the retained
edges, together with their edge thickness from the edge thickness table ETT, are
transferred to a edge table SET, and the retained points are transferred to a point
table SPT. The primitives in STT, SET and SPT all make references to the vertex
table SVT created in Step (6) (synthesis step).
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(1) Gading In this step, a weight is conputed for each vertex in the .
original nodel, and it is stored in a weight table W f6r Use in subsequent
processi ng steps. The weight of a vertex reflects the vi %I sl R EAIEpaRE

the vertex. Two factors may be used to determ ne the visua
vertex. A vertex Vis visually inporta®3if (1) it has hig IHI\M““MMEf
| ying on the object's silhouettes froman arbitrary viewn s d
(2) it bounds Iarge faces that should not be affected by the renoval of
smal | det gi,! The fi rfst fagt (Factor 1) may be estimated using
cos([err] e maxi mum angl e between all pairs of edges

i nci dent  Re éimplifecAraBfisl dssciibed ByahaveRkx Table BV e Sthic RirR -l tableher

(a) the length of the longest edge anong all the edges incident to V, or
(b) the aBd¥iNigahe drigngle dablalSTT HbeatigestablecSHEmNd the\poift tabile ﬁP‘E Fidhesei ght

O e B Gt e S P Bl a2y 5 a4 e Bl
for Factop,dn o‘fﬁ%ﬂbtbf‘dg"eﬁﬁ@ %fo?sﬁﬂ) rﬁ,fént ek V be the vertex to be assigned

wei ght. Suppose [err] TI's the maximum angle between all pairs of edges
incident to V. Now, a sphere of

Q

No reconstruction of normals

In another embodiment of the preprocessing step, a simplified model is generated
without the reconstruction of vertex-normals (Step (7)). In this case, the simplified
model does not have the new vertex-normal table SVNT, and for each triangle in
the triangle table STT, the triangle’s vertex-normal list makes references to the
normals stored in the vertex-normal table VNT of the original model. The vertex-
normal table VNT is thus shared between the original model and the simplified

model.

Next simplified model

For the next level of simplified model of the same object, only Step (4) to Step (9)
need to be executed with a new clustering cell size for Step (4). The vertex table
VT, the triangle table TT, the weight table WT, the vertex-edge adjacency table
VEAT, and the vertex-order table VOT can be reused.

Having generated a plurality of simplified models for the object, the object’s
original model and the simplified models are stored within a database of graphic
models. FIG. 2 illustrates a memory that is coupled to the CPU of FIG 1. The
memory stores a piurality of object models (MODEL 1 to MODEL n) and,. in
accordance with the invention, also stores one or more simplified models (S, ;,
S1,2, etc.) for each of the object models. The cell sizes (C, 4, C, ,, etc.) used for the

generation of the simplified models are also stored together with the simplified

models.
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radius r is centered at V, and also let V be the apex of a cone W|th

t|
angle [err] and the base of the cone touches the sphere. et eplaced
sphere to Vwill represent a viewing direction fromthe p0| n
apex of the cone represents a corner of the object, and the

| ower cone is the interior of the objec24 The only directions |n V\:hIC
cannot be seen 11 are

di recti on_ﬁ)lfuosirlgcblesteeiggmu@izeshe base of the cone. So, fromany arbitrary
viewng OIL|Io ctéoosré thtehgeIPSIzle)eg1 t*or geXeratlngetﬁlens%q\tlje%Qeto esir%'p iﬁ]eot'}l Bddels 'of an

object, a simple method can be adopted. A minimax box bounding the object is

computed first. Then, the clustering cell widths can be some fractions of the length
of one of the side of the object’s bounding box. For example, if the length of a side
of the bounding box is L, the cell widths can be kq-L, k'L, k3L, ... and kyyL, where
each k; is a constant of value between 0 and 1 and k; < k;4, and m is the number
of simplified models to be generated. These constant fractions can be adjusted by
the user to suit the complexity of the original model, the number of objects in the
scene, and the rendering power of the graphics display apparatus. For instance,
very often, for a very complex original model with many small features, a relatively
small cell size is enough to significantly reduce its complexity. If there are many
objects in the scene or the rendering power of the display apparatus is low, it is

more preferable to use some cell sizes which are relatively much bigger.

FIG. 9 shows the dataflow between the steps of the preprocessing for the

generation of a single level of simplified model.

Model Selection Step

The method of the invention further includes a step of selecting either the original
model or one of the simplified models for displaying an object. For example, when
an object is very far away from the viewpoint, it may be sufficient to choose a very
simplified model to display the object. This will save some time in displaying the
object compared to always displaying the original model. Whereas, if the object is
near to the viewpoint, a more detailed model (or a less simplified model) may be

required to reveal the details on the object.

The step of selecting a model includes a step of determining the size of the object
space covered by a pixel on the display screen, and this will be called the object-
space-to-pixel-space-ratio or R for short. The value of R of an object with a

distance D from the viewpoint is




area of sphere - area of bottomcap - area of topcap
area of sphere [err] In order to

conpute a weight for each vertex, it is necessary to CORgf EhdGlial WG RefiRLq

given as part of the input) the vertex-edge adjacency inf t he
vertex table VT and the pol ygon table F5 of the original Jmmmﬂﬂ ﬂﬂlll

foll ow ng descri bes one possi bl e approach. First, a vert cy
list is associated to each vertex. The list associated to V is supposed to

contain the ingjc t rtjces adjacent to V, where each adjacent
vert ex represe%'é?gp){%‘gmgﬁéh}t to V. A single pass through the polygon
table PT is sufficient to conplete the task of building all the lists. For

each vertex V, the conputation of the estimate for Factor
where FOV is the vertical field of view angle of the camera, and H is the height of

the viewing window in pixels. The distance D of an object from the viewpoint can
be readily estimated using the shortest distance between the viewpoint and a pre-
computed simple bounding volume enclosing the object. An enclosing sphere of
the object is a convenient bounding volume for computing D. If the object or the
viewpoint moves, such that D changes, or FOV or H is changed, then R has to be

recomputed.

For displaying the object, the model with the largest clustering cell width which is
less than or equal to R will be chosen. Here, it is said that the original model has
clustering cell of width 0. Let M be the model chosen. There is no benefit in
choosing a model more detailed than M for display, since at this distance from the
viewpoint, each cell width in the object space will be mapped to approximately one
or less pixel width. This model selection is done independently for each object,

and each has its own value of R.

However, to maintain real-time interactive frame rates, a model less detailed than
M may need to be selected for display. Thié model is the most detailed model of
the object whose rendering time, including the caiculation of perspective
transformation, lighting computation, scan conversion, etc., is consistent with

providing smooth motion of the object on the display.

An adaptive model selection technique can be integrated to select a model for
each object in the scene for display such that the total display time of all the
objects is consistent with providing a good frame rate. An example of such
adaptive model selection technique is described by Funkhouser and Séquin in
“Adaptive Display Algorithm for Interactive Frame Rates During Visualization of
Complex Virtual Environments”, Computer Graphics (SIGGRAPH ‘93
Proceedings), pp. 247-254, 1993.
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1 involves traversing its vertex-edge adjacency list to identify t he 4
maxi mum angle [err] between all pairs of edges incident tpﬂis\SheeAﬁas‘HyPn\Tiﬁ°

estimation for Factor 2, just one pass through the |ist of ﬂ“‘ u
vertices is enough to find L, which is either (a) the | engt

edge anong all the edges incident to V,26r (b) the average 'I'eng of all
the edges incident to V. The weight Wf V is the product of L and _
cos( [ er r] /Jguallyy ivhamdherst @re dmany t templeixgbbjectsblire thé Sﬁenes?ﬁmﬁqeedenmge.
The i-th ent f the weight table contaj ns. the_wei ght of {he verfex
stored i n%\’?fk%la-%t W'IEHFF'?rag'V Q%ZII%@Y%Qstt a@ﬁbe\ﬁme- T‘Ph%lgﬁ%’r tiexthey gdaptive
adj acency rhb@élSsefevtih'step £4n %ﬁ@?‘@t Wa@%qg rﬁ&ué@tl’g RuGBef Bf nib?fe(ljé 8f each
subsequent step in the preprocessing. For this, a vertex-edge ad] acency

t abl e VEADbjectcthahtrepds tatbet bansidered by hthenbptimizatioai aigotithen Vi thex rexdiae

' ist. of the_j-th vertex in the vertex table VT. ]
adj acency slellésétlo% step.e Thls is done by choosing a model which is not more detailed than

st

M where M is the model with the largest cell width less than or equal to R-X, and
X >1. X can be adjusted, automatically by the adaptive model selection algorithm
or manually by the user, according to the general rendering workload. Note that
the use of X > 1 does not stop the most detailed model of an object from being
selected.

Referring again to FIG. 2, the system includes user input devices such as a
keyboard, mouse or trackball. During use, an entire scene may be moved
according to a user's command. The user inputs these commands using the input
devices. In response, the CPU may access a simplified model to be used for each
object within the scene. The system automatically switches to the simplified
models when the user initiates the motion of the objects in the scene. When
motion ‘stops, the system returns to the full resolution mode, triggered by an
explicit user action, or by itself if there is no user intervention for a predefined
interval of time. The goal is to select from the memory the most detailed model for
each object, while also permitting real-time interactive motion to be achieved. As
the model selection step requires the clustering cell size used for generating each

simplified model, the clustering cell size is kept together with the simplified model
in the memory.

Rendering a model
When a model is to be displayed, the Host processor will send the necessary

commands and data from the model to the graphics subsystem.

To display a triangle, its vertices and its vertex-normals are sent to the graphics
subsystem. For rendering a thick-edge using a thick-line, besides the vertices at

the two endpoints, the pixel-width of the thick-line primitive must also be sent to




12 "Before introducing the next enbodi ment for estimating Facto t he
followng definitions are first nade: (i) the edge vector RePlaced
iFncident to Vis a vector in the direction fromV to the o
the edge, (ii) the average edge of a vertex V is defined a
i nci dent to V and whose edge vector is2fhe average of the unlt edge vectors

of all edges incident to V. In this second enbodi nent of thg@gradl ng_st ep,
as a m)réh%fg"a@hléﬁtSl@BV%tﬁﬁatT%pl)@d)-!\(kﬂ*bmﬂ thecthickoline, e gomputed peml d Ract or

angl s bAIRET FHnERRaaE Bligkes® <16k Ek oulR SRR et oRgeE | '
(b) the w%%céiraﬁé bf’tH%.eoIé’jBGi &5 desdrieanabide. aver age edge of V and all the

edges incident to V. [err] is greater than 90[err], then let [err] be
90[err]. More forrrally, [err] can be defined as foIIovvs Let (Verr]

v Cant v Tt Sidding oF itehatty of a gk fhe WhigEHerier? B Biciosdts ST dehgral™ *°
., Plergd; rr?&wsatﬂaﬂﬁémg g?ggprsnbrﬁﬁﬂ(ﬁ(ste\éhedﬂa Fix6& dnléefoa\tﬁéftai%kﬂﬂa.e of

'V' and V[er has pdsiti ]
This dynamic normal is only computed during rendering. The improvement is

particularly good if that the elongated part approximated by the edge is cylinder-
like. The dynamic normal is the vector perpendicular to the edge, in the plane
containing the edge and the camera, and the angle it makes with the vector from
any point on the edge to the camera is acute. The dynamic normal is calculated
using the formula (V; - C) x (V, - C) x (V, - V,) where V,, V, are the edge's

endpoints and C is the camera’s position.
Operation Of The Method Of Invention

FIG 4 is a flowchart that depicts the operation of the method of the invention. First,
the system loads or generates a database of objects appearing in a scene to be
displayed. These objects may be elements of, for example, a CAD database or a
virtual environment. For each of these object, one or more simplified models are
generated by the preprocessing step depicted in FIG 3. The original models and
the simplified models of all objects are stored in the memory as shown in FIG 2. At

this point, the system is ready to begin an interactive display session with a user.

In response to a com.mand from the user to change the position of the displayed
object, the system accesses the memory to obtain a suitable model. As wés
previously described, it is within the scope of the invention for the system to select
an appropriate simplified model for display. The selected model is passed to the
graphics subsystem, resulting in the display of the selected model on the display

screen.
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[err] and (a) [err] = mn { 90[err], max[err] { angle between
(P[err] - P) and (P[err]- P) } }, or (b) Jerr] =mn { 90[err],
(1/n) [err] ( angle between (P[err] - P) and (P[err] - P) ) } The

i npl enentation for conputing cos([err]) for each vertex is straightforward.
The vertex-edge adjacency information, as described before, has to be
constructed before the conputation of tihe wei ght for each vertex. The

wei ght of EBKgh! vertex is then stored in the weight table WI for subsequent
use. In the third enbodi nent of the grading step for estinmating Factor 1,
the estimation for Factor 1 for a vertex Vis done as follows. A snal
enough sphere is first centered at V. Assum ng the 3D object is a solid,
then the intersection of the solid and the sphere is a spherical polygon on
the sphere. The area of this_spherical polygon can be readily conputed by
appl yi ng sone basic geonetry. FM#&N@PU he|estimation for Factor 1 is

conputed as
configurations
& commands
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commands

GEOMETRIC
PROCESSING

primitives

v

SCAN
CONVERSION
HOST

pixels BUS
7
GRAPHICS
BUFFERS

pixels

¥

DISPLAY

DISPLAY
DEVICES

Y.

GRAPHICS
SUBSYSTEM

This Sheet Has Been Replaced

(U




13 (area of sphere - 2 *A )/area of sphere where A=mn {
area of spherical polygon, area of sphere - area of spherical pol ygon
}. (2) Sorting vertices To prepare the nodel for Step (4) (clustering
step), the vertices in the vertex table VT need to be sorted in a
non-increasing order on their weights in WI. An efficient way to acconplish
this is to use a tenporary storage to atore the required ordering of the
vertices WIGhaut changi ng both VT and WI, and thus avoi d changi ng the

INPUT PG GRAPHICS
DEVICES > I | SUBSYSTEM
MODEL 1 DISPLAY
MODEL S, , CELL SIZE C, , DEVICES
MODEL S, , CELL SIZEC,,
MODEL S, , CELL SIZE C,
MODEL 2
MODEL S, , CELL SIZE C,
MODEL S, , CELL SIZEC,,
MODEL S, , CELL SIZE C,
MODEL n
MODEL S,, , CELL SIZEC,,,
MODEL S,,, CELL SIZEC,,,
MODEL S,,, CELL SIZE C,,,

MEMORY




pol ygon table PT. The tenporary storage is a table which wll be called the
vertex- order table VOI. The nunber of entries in VOT is the sane as that
in VT and WI. The i-th entry of VOT is supposed to contain the index of the
vertex (in VT) which has the i-th largest weight. Initially, VOT is
initialized such that the i-th entry of VOI contains the index of the i-th
vertex in VI. An efficient in-nmenory sprting algorithmcan be used to sort
VOT. DurifgGsgerting, to decide whether two VOT el enents need to be
exchanged, the sorting conparison is done on the weights of the vertices

i ndexed by these two VOT el enents. (3) Triangulation The triangul ation

st ep deconposes each pol ygon into one or nore non- overlapping triangles.
Triangul ati on can be acconplished using various known al gorithnms and need
not introduce any new vertices into the original nodel. For lighting
calculations, it is often afgemALMODE. Y PeIESr vertices are stored in
an order that corresponds to a counter-clockw se rotation around a nor nal
to the polygon's plane. Triangulation es not affect the normal, and does
not alter the geometric [objeCt Tepg CERANGY TIe oriqi nal nodel. After
triangul ati on, the resulltinrgtriangles—atre-stored.in d triangle table TT.
Each triangle in the triangle

v
2. SORTING VERTICES

\'4
3. TRIANGULATION

¥

FOR SIMPLIFIED MODEL 1 TO
SIMPLIFIED MODEL i

3]
Y

4. CLUSTERING

X

,
5. THICK-EDGE COMPUTATION

v

6. SYNTHESIS

Y

7. RECONSTRUCTION
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\'4
8. ELIMINATION

Y
9. STORING SIMPLIFIED MODEL

NEXT SIMPLIFIED MODEL




table TT is represented as an ordered list of three references (indices) to
the vertex table VT, and an ordered list of three references (indices) to
the vertex- normal table VNI.

14 FIG 7a and FIG 7b shows an exanple of triangulating a polygon. FIG
7b illustrates a triangulation of the polygon in FIG 7a. Each resulting
triangle has three vertices associ at ed4t herewi t h. (4) Custering The
clusteringli&4p uses one or nore clustering cells to group vertices in VT
into

LOAD OR GENERATE DATABASE
OF OBJECTS IN SCENE

h74

FOR OBJECT 1 TO OBJECT n

—

4
GENERATE AND STORE
SIMPLIFIED MODELS

NEXT OBJECT
v
IN RESPONSE TO A COMMAND

N
ACCESS MEMORY TO OBTAIN
SUITABLE MODELS




one or nore clusters. In this invention, the clustering is done as follows:
(i) Let V be the nost highly weighted vertex in VT which has not been

assigned to any cell, (ii) if V does not lie in .any existing cell, then
create a new cell centered at V and assign V to this new cell,
(iti) elseif Vlies in exactly one existing cell, then assign Vto the

cel |, (iv) elseif Vlies in the inbersection of two or nore existing
cells, asskighdato one of these cells according to one of the
following cell selection criteria: (a) asR,i gn Vto the cell which
has the nost highly weighted cd@ter vertex, 2 (b) assign Vto the
cell whose center is nearest toTV, (c) assign V taq _tshe, cell C whose
average | ength of the edges i Yeldent—t CTAR al ready

assigned to Cis the shortest,
has the | argest nunber of ver tfi ces A vertex is adjacent to V

FIG. 5b

INDEX 1 2 3 4 5 6

VERTEXTABLE, VT |V, | v | V|V, | v |V

INDEX i 2 3 4 5

VERTEX-NORMAL [y [ o [ w. [ w
TABLE, VNT 1| Mo | Mo | Ma| Ns

INDEX 1 2 3

POLYGON
TABLE, PT

o 21 41| 58| 6 | vertex list

> 4 | 3| 3| 5 | vertex-normal list

> 2 3 4 | vertex list

L 3 2| 2 { 2 | vertex-normal list

— 1 2 6 | vertex list

— 1| 4| 5 | vertex-normal list




Al'l the vertices assigned to a cell forma cluster. The result of the
clustering step is a cluster table CT and a cluster-index table CIT. Each
entry in CT corresponds to a cluster and it stores the center position of
the clustering cell, and a list of indices of the vertices (in VI) which
bel ongs to the cluster. As for the cluster-index table, its i-th entry
contains the index of the cluster (in 6T) which the i-th vertex in VT

bel ongs toFlderefore, the nunber of entries in CIT is the same as that in
VT. The clustering cell used can be sonme sinple three-di nensional shape,
such as cube and sphere. 15




For each sinplified nodel, the clustering step can be done in tine |inear
to the nunber of vertices in the vertex table VI. To achi eve such

ef ficiency, the object space is first uniformy subdivided into cubi cal
grids, each with width equal to the |ongest side of the small est

t hr ee- di nensi onal m ni max box bounding the clustering cell used. For
exanple, if the clustering cell used i® an axis-aligned cube, then the

wi dt h of dd@h7aubical grid is just the width of the clustering cube,
whereas, if the clustering cell used is a sphere, then the width of each
cubical grid is the sphere's dianeter. For the purpose of describing this
step of the nethod, it is ass} \hat axi s-aligned cube is used as the
clustering cell. The naj gxer a neM/cIusterlng cell is
created, it is associ NS the cell's center
vertex. Though cl us nother, a cell's center
vertex can never be | to a maxi mum of ei ght
cells (or other upper B pes) that can be
associated to each grid.

FIG. 7b




Fromthe vertex-order table VOT, it is possible to visit each of the
vertices in the vertex table VT exactly once in an ordered nanner fromthe
vertex with the highest weight to the vertex with the | owest weight. For
each vertex V being visited, the grid it lies in can be known i mredi ately.
To find out whether Vlies in any existing cells, it is necessary only to
check the cells associated to the gridwhich contains V, and also to the
ot her sevdiGa8Bpacent grids which are nearest to V. Only the cells
associated to these eight gr1ds ctan-contain V. If V does not lie in any
of these cells, a newcell i cq?ated withlirtscent’ér at V, and associated
to the grid mhlch contains V. O hd-Otﬁer“handv if:Viies in exactly one
of the cells, then dassign V. | . Pt-herwy e, !if Vlies in nore than
one cell, then assign Vie di:ng to one of these cel
selectlon crlterlv' i Has the nost highly

RSse center is nearest to

the edges incident to
N

FIG. 8b




16 the shortest, and (d) assign V to the cell which has the | argest nunber
of - vertices adjacent to V. For selecting a cell using cell selection
criterion (c) or (d), the vertex-edge adjacency information can be obtai ned
fromthe vertex-edge adjacency table VEAT created in the gradi ng step.

Besi des using a three-dinensional array to represent the array of grids, it
Is practical to use a hash table to st®re only those non-enpty grids. The
nunber of KRt Bces in the hash table is proportional to the nunber of

as the key for hashing.

e e e dan-a
[
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I n anot her enbodi nent of the nethod to find the cells that a vertex V lies
in, instead of using a cubical grid the sane size as the clustering cube, a
cubical grid one eighth of the volune is used. For the smaller grid, at

nost one cell can be associated to it. To find out all the existing cells a
vertex Vlies in, it is only necessary to check the cell associated to the
grid which Vlies in, and the cells adfociated to the 26 adjacent grids.

In this clRSt8ring step of the invention, a weight-controlled vertex
clustering approach is used to position t he clustering cells based on the

positiong of the orrgrnal Verti ghts of the—vertites—]This

hel ps to] preserve inportant fea Rﬁ@@“@km@ﬁgwﬁbject | nproves the

approxiwatlonpquaflty, and thus | ga %Ffo si nplified nodel s m&Q? T ghler
Us Ve

image fifellity to|the original nodel ijng wei ght- contro]l t gx
clusteripg al 40 res I n_nore NSI ST eq | acenent s of importamt fleatures
fromone sinpllified node e mext. T e consi stent placenents of
i nportant featlures lead to 0 transiti ons~N(rom one | evel of
sinplification to the n when/obj ect™ | spl ayethusing the sinplified
nodel s. 4
1. Grading 2. Sorting 3. Triangulation
Vertices
Y
VEAT WT VOT T \\\\
4. Clustering 5. Thick-Edge 6. Synthesis
. Computation/v
. /T |
CIT CT ETT SVT NTT
7. Reconstruction
of Normals
SPT SET STT SVNT NTT’
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Thus, while the invention has been particularly shown and described with respect
to preferred embodiments thereof, it will be understood by those skilled in the art
that changes in form and details may be made therein without departing from the

scope and spirit of the invention.

Having thus described our invention, what we claim as new, and desire to secure

by Letters Patent are:

1. A method for execution by a data processor to prepare an object for display on
a display means wherein the object is represented by an original model which is
described by a plurality of vertices and planar faces each having boundaries
defined in terms of the plurality of vertices, the method comprising the steps of:
preprocessing the original model to produce one or several simplified modeis
with each simplified model having fewer faces and vertices than the original
model;
model selecting to select either the original model or one of the simplified

models for display.

2. A method as set forth in claim 1 wherein the step of preprocessing to produce
the first simplified model comprises the steps of:
grading each vertex in the original model by computing a weight for the vertex
to reflect its visual importance;
. sorting vertices in the original model by ordering them according to the order of
their weights;
triangulating each face in the original model by partitioning it into one or more
non-overlapping triangles;
clustering vertices in the original model by using a first plurality of clustering
cells to group vertices into a plurality of clusters;

computing the thickness of each group of triangles which are to be

REPLACEMENT SHEEﬂ
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. . HEDT AR AT
(i) Let V be the nost highly weighted vertex in VT whi ch‘%&é‘-’%ﬁﬂ/f

visited, (i) if V does not lie in any existing cell,{then create
cell centered at V and assign Vto this new cell,
(i) if there is unvisited vertex in VT, (iv) for each viertex Vin VT
whi ch has not been assigned to any cel I:’-9 assi gn It to the ce

center vertex is nearest to V. Simla , cubi cal j above
can be enpl cyEdhesizipgarepreseniative,versn e?SB clustergreaad i ﬂggs?ﬁ%dmfaTTBn
Wh I t ed | t
(6" Covntnes: Stidngbto raBiERY) aF ind Verf i i the Biddter, FbRILS SRBI MG ™

rendered as onsomedﬂbngleskenide’@s arid poiatsact ual thickness of an el ongated
part in the object space is known, .its pixel-width on the screen can be

deduced. Therﬁcoﬁ'?t“l‘@mﬂe‘fqﬁﬁj‘ @W%ﬂ&%’ eRGhNEW HiaNg!®Sine prinitive with
varying i el diicAEH 19kndies lacE e in'the sFhAMRE FlaBREhaan be

approximatel y repro
storing the f rst simplified model for subsequent use.

a

3. A method as set forth in claim 2 wherein the step of grading includes a step of
using the value of cos(8/2) as the estimate, for each vertex, of the probability of
seeing the vertex on the silhouettes of the object from any arbitrary viewing
direction, where @is the maximum angle between all pairs of edges incident to the
vertex.

4. A method as set forth in claim 2 wherein the step of grading includes a step of
u;ing the product of L and cos(&2) as the weight of each vertex where L is the
length of the longest among ail of the edges incident to the vertex and @ is the

maximum angle between all pairs of edges incident to the vertex.

5. A method as set forth in claim 2 wherein the step of clustering comprises:

letting the candidate vertex V be the most highly weighted vertex in the
original model which has not been assigned to any cell,

determining if V does not lie in any existing cell, then creating a new cell
centered at V and assigning V to this new cel,
else if V lies in exactly one existing cell, then assigning V to the cell,
else if V lies in two or more existing cells, assigning V to one of these

cells according to a cell selection criterion, and

repeating the above step if necessary, until all the vertices have been

assigned .t(.) some cells where the vertices assigned to each cell form a

cluster.

6. A method as set forth in claim 5 wherein the cell selection criterion includes a

step of selecting the cell with the most highly weighted center vertex.

I i



associ ated thi cknesses, are cal I'ed thi ck-edges. The UEFEHJ;"@EMENP% an

i nprove the i melhes Steseililds ByenReglided | cantly, especially for jobjects—wttrnany

el ongated parts. f an edge can be estimatled as.fqllaws; Uetl S
be a set of tri a“"ﬂ%l”ﬂ[gﬂwch triangle has its vertiqeg’?a‘ﬂfrihﬁ%ﬁ n
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Plerr]. Let Derr] be the average perpendicul ar distance of all points in

VA to theg i RGnbthodnss SétovthSA didifn Blvitidrkin the cell selection criterion includes a

step of selecting the cell C whose average length of the edges incident to the

candidate vertex to the vertices already assigned to C is the shortest.

9. A method as set forth in claim 5 wherein the cell selection criterion includes a
step of selecting the cell which has the largest number of vertices adjacent to the
candidate vertex.

10. A method as set forth in claim 5 wherein the step of identifying the cells the
candidate vertex lies in includes the step of using a plurality of three-dimensional
grids to partition the object space, so as to identify the cells the candidate vertex

lies in.

11. A method as set forth in claim 10 wherein the plurality of the three

dimensional grids containing some vertices are stored in a hash table.

12. A method as set forth in claim 2 wherein the step of clustering, in another
embodiment, comprises:
letting the candidate vertex V be the most highly weighted vertex in the
original model which has not been visited,
determining if V does not lie in any existing cell, then creating a new cell
centered at V and assigning V to this new cell,
repeating the above steps when there is still unvisited vertex in the original
model, thereafter
for each vertex V in the original model which has not been assigned to any
cell, assigning it to the cell whose center vertex is nearest to V,

so that all the vertices assigned to a cell form a cluster.

13. A method as set forth in claim 12 wherein the step of identifying the cells the
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156. A method as set forth in claim 2 wherein the step of computing the thickness
includes a step of finding each cluster-pair which contains vertices which are used

by a group of triangles that are to be degenerated into the same edge.

16. A method as set forth in claim 15 wherein those cluster-pairs containing some
triangles are stored in a hash table.

17. A method as set forth in claim 2 wherein the step of computing the thickness
includes a step of estimating the thickness of each group of triangles in a cluster-
pair as a function of the perpendicular distances of all the vertices of these
triangles to the line joining the two average positions of these vertices in the two

clusters of the cluster-pair.

18. A method as set forth in claim 2 wherein the step of synthesizing includes a
step of selecting the center of the clustering cell as the position of the

representative vertex.

19. A method as set forth in claim 2 wherein the step of synthesizing includes a
step of computing the weighted-average position of the vertices within a cluster,
and a step of selecting the weighted-average position as a position of the

representative vertex.

20. A method as set forth in claim 2 wherein the step of synthesizing includes a
step of computing the weighted-average position of the vertices within a cluster,

and a step of selecting as the representative vertex the vertex in the cluster that is
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‘bel ongs to cafy, sa}_;’ene fromthe cluster-index table CIT. lLet Clerr] and

Clerr] be the i "” ®lwo clusters, where C[REDM@‘% W&IETT”‘ t he

pair (Cerr], as t he key for hashi ng
el enent whi ch i s being _hashed to, cc nt aj ns q;?%ﬁ C[ err]
and a list of indices of tri angl es wher? each of them 4% ki SN vertices

bel onging to o t he t | usters i dexed by (ern] jand Clerr]. Thelindex
of Tis tﬂ%q{egf;{%@et%elgﬁ%ch\éqrage pRF BR-all the trijangies in TT have!been

visited, a pass through the hash table is needed t@-wvi-sit-the
triangle-index |list associated to each non-enpty hash table el enent. For
each tri a2yl eAimethed| assset forthest claih & wheréin thaistéped secdnstructingevartéxangl es
i ndexed in the |i i s _conput ed as descri bed above. This thickness is then
associ at eBO"t"éa'éé’Niu@ thesters Rllexed in the list. A tenporary storage,

call ed the edge thi ckness table ETT, is used to store these thickness. The
i -th entry @ONETTCtinghthe vertaxsromal infagpation sheach vertexinthe ariginalmedelyl e i n

the triangl g td%?'ng tf\re vertex-normal information to derive the vertex-normal information

of representative vertices; and
computing new vertex-normals for each new triangle using the vertex-normal

information of representative vertices.

. 22. A method as set forth in claim 2 wherein the step of eliminating includes a

step of identifying duplications of triangles, edges and points with hash table.

23. A method as set forth in claim 2 further including the steps, as set forth in the

preceding claims, of:

clustering vertices in the original model by using a second plurality of clustering
cells, wherein said second plurality of clustering cells has a larger
dimension than a corresponding dimension of said first plurality of
clustering cells, to group vertices into a plufality of clusters;

computing the thickness of each group of triangles which are to be
degenerated into the same edge;

synthesizing a representative vertex for each cluster created in the step of
clustering to replace all the vertices in the cluster, and thus simplifying
some triangles into edges and points;

reconstructing vertex-normals for each new triangles;

eliminating duplicated triangles, edges and points in the simplified model; and

storing the second simplified model for subsequent use.

24. A method as set forth in claim 23 wherein the steps of:
clustering vertices in the original model;

computing the thickness of each group of triangles which are to be
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usi ng one of t%%@%%%ﬁﬁ@@é%%ﬁ?ggghteria: (a) se ~the—center of| the
clustering gyhthesizihde posrebenatioé Vdmex Rpresmhnthisterecreatsdin thé)steprgfut e a
wei ght ed- average position of all the vertices in the cluster using their

wei ght s st or edcliugtering tagepiace@lithe vepticesdn thexelustes; r epresent ative vertex is
| ocated at t | ght ed-aver osition, and. sel ect the position of
the vertex \XE&%%*@'H%’F@? 'ﬁ%eéwgﬁpgﬁ@@éﬁg& position of all the
vertices in diffingintgp86plicated triangles, edges and points in the simplified model, and

storing the second simplified model for subsequent use;

may be repeated as many times as needed provided each time the clustering step
is done using a plurality of clustering celis with dimension larger than the

preceding one.

25. A method as set forth in claim 1 wherein the step of model selecting includes
a step of determining the object space covered by a pixel on the display means,
and wherein the step of model selecting selects either the original model or one of
the simplified models as a function of at least the determined size of the object
space covered by a pixel, and the size of the clustering cells used in generating

each of the simplified models.

26. A method as set forth in claim 1 further including the step of computing the
pixel-width of each thick-line primitive which renders a thick-edge, during display

of the object using one of the simplified models.

27. A method as set forth in claim 1 further including the step of computing the
dynamic normal for each thick-line primitive which renders a thick-edge, during

display of the object using one of the simplified models.

28. Graphics display apparatus for displaying at least one object, comprising:
memory means for storing an original model of an object and for storing at
least one simplified model of the object, the original model having a first
plurality of vertices and at least one simplified model having a second
plurality of vertices that is less than the first plurality of vertices;
means, responsive to a command from a user of the apparatus, for indicating

that a motion of displayed object is to occur; and
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th entry of t i
the cluster pfg%sg%%éll%e %ﬁ“@ﬁ‘%{ gg?{.\l@a tés\f)?ﬁﬁ C pl'g% rﬁéo]‘?%ﬁr}i\%'é% té
table NTT, andaddesivgltheXmemeng Rfedtis teasfélbdtffbnadigbléy' dithklf the én?i?@ﬁhﬂﬂjellls' ng
the cluster index table CIT to nake references to the new vertex table SVT.
VWhen pr epar i ngofitheyobjgnt et onefafthe sitpplified mnéelerofrdm ebject.t he foregoi ng
vertex synthesis criteria for conputing a representative vertex for a
cluster may be enpl oyed depending on the geonetry of the particul ar object
bei ng prepar raphRs A8 Ch?ip%?étus'és $6t foRhan RIAMEL8 Miferbih s58 P rB§e§§|'_?%

vert ex syntheS|s crlterla or generating all its sinplified nodels S

wi | | resuimeans includes omesnst fontpreprocessing thé original model of the object, as set

forth in claim 2, claim 23 and claim 24 so as to produce said at least one simplified
model.

30. Graphics display apparatus as set forth in claim 29 and further including

means for storing an array data structure containing vertices of each model.

31. Graphics display apparatus as set forth in claim 28 and further including
means for storing clustering cell sizes used in generating the said models, and
wherein said processing means is responsive to a determined size of object space
covered by a pixel on the display means, and to said stored clustering cell sizes,

to select one of the said models for display.

32. Apparatus for displaying an object represented by an original model which is
described by a plurality of vertices and planar faces each having boundaries
defined in terms of the plurality of vertices, comprising:
means for preprocessing the original model to produce at least one simplified
model with each simplified model having fewer faces and vertices than the
original model; and
means for model selecting to select either the original model or one of the

simplified models for display.
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Having thus described our invention, what we claim as new, and desire to secure

by Letters Patent are:

1. A method for execution by a data processor to prepare an object for display on
a display means wherein the object is represented by an original model which is
described by a plurality of vertices and planar faces each having boundaries
defined in terms of the plurality of vertices, the method comprising the steps of:
preprocessing the original model to produce one or several simplified models
with each simplified model having fewer faces and vertices than the original
model;
model selecting to select either the original model or one of the simplified

models for display.

2. A method as set forth in claim 1 wherein the step of preprocessing to produce
the first simplified model comprises the steps of:
grading each vertex in the original model by computing a weight for the vertex
to reflect its visual importance;
sorting vertices in the original model by ordering them according to the order of
their weights;
triangulating each face in the original model by partitioning it into one or more
non-overlapping triangles;
clustering vertices in the original model by using a first plurality of clustering
cells to group vertices into a plurality of clusters;
computing the thickness of each group of triangles which are to be

degenerated into the same edge; T S e e e
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during clusteriing is to assigthothQSceII Wth t 0 wei ght ed
center vertex. ‘synthesis criterion used during syntt
t he center (syntheslzmwatrepresgantaﬂvle vertexe‘beeaehicbxste;rtweatedun itle said step of

representatlve r es | the cells e repl gaced by their
represent ati ve© {e{'f‘get.? r‘? é’él'uﬁ'le V§ fcgs 'Hnﬁ\g c§u§{qf‘ é"% ﬁ‘ us s'ﬂh"@?ﬁrrpl e
il lustrated ingd; 8 I sane as that in FIG 8a and FIG
8b, except, ngsvmgtr|&q?lu§?1e'trglér§ ecce;ﬂ S (ﬂﬂg’d are larger. The nodel in FIG 8d

is the resulrecmistapmhglvegtekhmrmmfowraang remefriangkbst he synthesis step to the

del FI G construction of nornuals
model in Ilmmatlng éugllca?e(? trfén es Iedges an pomts in the simplified model; and

storing the first simplified model for subsequent use.

3. A method as set forth in claim 2 wherein the step of grading includes a step of
using the value of cos(d/2) as the estimate, for each vertex, of the probability of
seeing the vertex on the silhouettes of the object from any arbitrary viewing

direction, where @is the maximum angle between all pairs of edges incident to the
L vertex.

4. A method as set forth in claim 2 wherein the step of grading includes a step of
using the product of L and cos(#2) as the weight of each vertex where L is the
length of the longest among all of the edges incident to the vertex and & is the

maximum angle between all pairs of edges incident to the vertex.

5. A method as set forth in claim 2 wherein the step of clustering comprises:
letting the candidate vertex V be the most highly weighted vertex in the
original model which has not been assigned to any cell,

determining if V does not lie in any existing cell, then creating a new cell

PN
\ ,
o’

centered at V and assigning V to this new cell,
else if V lies in exactly one existing cell, then assigning V to the cell,
else if V lies in two or more existing cells, assigning V to one of these
cells according to a cell selection criterion, and
repeating the above step if necessary, until all the vertices have been

assigned to some cells where the vertices assigned to each cell form a
cluster.

6. A method as set forth in claim 5 wherein the cell selection criterion includes a

step of selecting the cell with the most highly weighted center vertex.
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8. A method as set forth in claim 5 wherein the cell selection criterion includes a
step of selecting the cell C whose average length of the edges incident to the

candidate vertex to the vertices already assigned to C is the shortest.

9. A method as set forth in claim 5 wherein the cell selection criterion includes a
step of selecting the cell which has the largest number of vertices adjacent to the
candidate vertex.

( 10. A method as set forth in claim 5 wherein the step of identifying the cells the
candidate vertex lies in includes the step of using a plurality of three-dimensional
grids to partition the object space, so as to identify the cells the candidate vertex

lies in.

11. A method as set forth in claim 10 wherein the plurality of the three

dimensional grids containing some vertices are stored in a hash table.

12. A method as set forth in claim 2 wherein the step of clustering, in another
embodiment, comprises:
oo ~letting the candidate vertex V be the most highly weighted vertex in the
‘ original model which has not been visited,
determining if V does not lie in any existing celi, then creating a new cell
centered at V and assigning V to this new cell,
repeating the above steps when there is still unvisited vertex in the original
model, thereafter
for each vertex V in the original model which has not been assigned to any
cell, assigning it to the cell whose center vertex is nearest to V,

so that all the vertices assigned to a cell form a cluster.

13 A method as set forth in claim 12 whereln the step of ldentlfylng the cells the
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15. A method as set forth in claim 2 wherein the step of computing the thickness
includes a step of finding each cluster-pair which contains vertices which are used

by a group of triangles that are to be degenerated into the same edge.

16. A method as set forth in claim 15 wherein those cluster-pairs containing some

triangles are stored in a hash table.

17. A method as set forth in claim 2 wherein the step of computing the thickness
includes a step of estimating the thickness of each group of triangles in a cluster-
pair as a function of the perpendicular distances of all the vertices of these
triangles to the line joining the two average positions of these vertices in the two

clusters of the cluster-pair.

18. A method as set forth in claim 2 wherein the step of synthesizing includes a
step of selecting the center of the clustering cell as the position of the
representative vertex.

19. A method as set forth in claim 2 wherein the step of synthesizing includes a
step of computing the weighted-average position of the vertices within a cluster,
and a step of selecting the weighted-average position as a position of the
representative vertex.

20. A method as set forth in claim 2 wherein the step of synthesizing includes a
step of computing the weighted-average position of the vertices within a cluster,

and a step of selectmg as the representatlve vertex the vertex in the cluster that is

ThlS Sheet Has Been Re laced
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triangl e-i ndex Seitj ~of v The Tnheked triangl es use the sane vertex-nor nal
(in the vertex-no | goyNT) @t the triangle vertices that use V. So,
intuitively, eadh trlang e-1 ndek et of V represents a vertex-normal that
i s shared by the itndexed—-t++angles at V, and the nunber of triangle-index
sets in the vertlex-normal set assbciat88 to V corres rof
different verte ormalrs at v. For exanple, if Vis i At SHREHIAS BRENS
snoot h smestgégﬁmlghfeﬁeavqrmeos%!oem y one triangl e-i ndERLAEED in the
vertex-normal set of V, however if Vis at a corner Of a cube, then there
are 3 triangle-index sets in the vertex-normal set of V. The

vertex- ngrelA hidtRodRis! 6t foPthsin’ s16ine 2 Whetdi® the! Rt ©f reécordructiag i virigxaat i on
fromthe clustering step. Assumng that vertices V[ferr], Vferr],

V[ err] i marmalsy inclugdestthelstepsiofire in the same cluster, and thei r respectlve
vertex-normal sets are Serr], Serr], ..., Yerr], the vert ex- nor nal

i nformati on coastrthmmgndet\mmatmdrmal in:fsrmation of each vertex in the original model;

updating the vertex-normal information to derive the vertex-normal information
of representative vertices; and
computing new vertex-normals for each new triangle using the vertex-normal

information of representative vertices.

22. A method as set forth in claim 2 wherein the step of eliminating includes a

step of identifying duplications of triangles, edges and points with hash table.

23. A method as set forth in claim 2 further including the steps, as set forth in the
preceding claims, of:

clustering vertices in the original model by using a second plurality of clustering
cells, wherein said second plurality of clustering cells has a larger
dimension than a corresponding dimension of said first plurality of
clustering cells, to group vertices into a plurality of clusters;

computing the thickness of each group of triangles which are to be
degenerated into the same edge;

synthesizing a representative vertex for each cluster created in the step of
clustering to replace all the vertices in the cluster, and thus simplifying
some triangles into edges and points;

reconstructing vertex-normals for each new triangles;

eliminating duplicated triangles, edges and points in the simplified model; and

storing the second simplified model for subsequent use. TS

This Sheet Has Been Replaced
24. A method as set forth in claim 23 wherein the steps of: l |||| I I“I" III' III

clustering vertices in the original model;
computing the thickness of each group of triangles which are to be
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it.

The next step is to conpute t

reconstructing vertex-normals for each new triangles;

eliminating duplicated triangles, edges and points in the simplified model, and

storing the second simplified model for subsequent use;
may be repeated as many times as needed provided each time the clustering step
is done using a plurality of clustering cells with dimension larger than the
preceding one.

25. A method as set forth in claim 1 wherein the step of model selecting includes
a step of determining the object space covered by a pixel on the display means,
and wherein the step of model selecting selects either the original model or one of
the simplified models as a function of at least the determined size of the object
space covered by a pixel, and the size of the clustering cells used in generating
each of the simplified models.

26. A method as set forth in claim 1 further including the step of computing the
pixel-width of each thick-line primitive which renders a thick-edge, during display

of the object using one of the simplified models.

27. A method as set forth in claim 1 further including the step of computing the
dynamic normal for each thick-line primitive which renders a thick-edge, during
display of the object using one of the simplified models.

28. Graphics display apparatus for displaying at least one object, comprising:
memory means for storing an original model of an object and for storing at
least one simplified model of the object, the original model having a first
plurality of vertices and at least one simplified model having a second
plurality of vertices that is less than the first plurality of vertices;

means, responsive to a command from a user of the apparatus for mdlcatlng

that a motion of displayed object is to occur; and
e is Sheet Has Been Replaced
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vert ex- nor mal spffthemBbjédt drithel &fitAE SiredlificddAsddsiof thdebject.angl e- i ndex set are
sumed together to obtain an average vector. This average vector is the new

vertex-nornmal and it is added to the new vertex-nornal table SVNT, and the
. [ - | ind ' i.nd d tr | e. art ex- I
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tabl e NTTmbﬁp&%élgﬁleméadﬂd?'r@%@gessi gltﬁe raﬁbﬁaﬂ _n%degfafrfﬁé dtﬁé&[‘%&ﬁ&t ion

I s capabl e of han ng non- mani surfaces. Is able to very we
preserve fonth inmlaim2 stiaith 23 andrelainp24 sofasctespraddes baiddatdeasttoneusimiplifiedn
shadi ng a%oggftrp edges and corners of the original

30. Graphics display apparatus as set forth in claim 29 and further including

means for storing an array data structure containing vertices of each model.

31. Graphics display apparatus as set forth in claim 28 and further including
means for storing clustering cell sizes used in generating the said models, and
wherein said processing means is responsive to a determined size of object space
covered by a pixel on the display means, and to said stored clustering cell sizes,

to select one of the said models for display.

32. Apparatus for displaying an object represented by an original model which is
described by a plurality of vertices and planar faces each having boundaries
defined in terms of the plurality of vertices, comprising:

{1 means for preprocessing the original model to produce at least one simplified
model with each simplified model having fewer faces and vertices than the
original model; and

means for model selecting to select either the original model or one of the
simplified models for display.
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nmodel . 23 In practice, a
vertex-normal set may be represented by a list (called a vertex- nornal set
list), in which each--node.-contains g list (called a triangle- |a€

list) of indices of triangles-in the tr'gngle table TT. The gétlng of
the vertex-normal set lists for a clust of vertices V[err], V[err], :

V[err] is do?ﬁéﬁg‘ﬁom. First, a new vertex-normal set Iist Qis created
t

by concat ena he vertex-nornmal set lists associated to V[err],
Vierr], ..., Vlerr]. Then, for each triangle

MULTI-RESOLUTION GRAPHIC REPRESENTATION GENERATED BY
WEIGHT-CONTROLLED VERTEX CLUSTERING FOR INTERACTIVE
VISUALIZATION APPLICATIONS

A method for execution by a data processor that prepares an object for display
during interactive visualization. The method includes a step of preprocessing
an original model, which is a polygonal boundary representation of the object,
so as to produce a plurality of simplified models with each simplified model
having fewer faces and vertices than the original model. The step of
preprocessing includes the steps of grading, sorting vertices, triangulation,
clustering, thick-edge computation, synthesis, reconstruction of normals,
elimination, and storing the simplified model. During display of the object, the
method further includes a step of selecting either the original model or one of

the simplified models for display so as to achieve real-time interactive motion
of the object.

Fig 8a & Fig.8b are to be published.
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index J in each triangle-index set list L, | St é&eﬂ@ff 5 _{ csi@wed by
Jlerr]~and associate to T a pointer to the node of Q contain ?

triangle can only be associated with one to tfre')edguc%ifp%l n{ e s For
conveni ence, each of such pointers is called & _Q node point =rL In the

next step of the updating, a head-to-taill tfaversal of eac I angl e-i ndex
set list in Qis done. For each tri ex—d-w_% ndex set
list L, let T MYLTRESOLION ﬁ%@dﬂ%BE&’R%ENTﬁJl%&@ TEPRY then
delete J from nor e
t han one Qnodclawggﬁﬁthem%gggg&VEﬁt her m%'ﬁﬁy'fﬂ‘é@?kﬁﬁ' romthe
Q s nodes pointed by the Q NnYWSUALIZATION APPEICATIONS |ists to L and mark
T visited . Once all the triangle-index set |lists have been traversed and
updat ed, those Qs nodes which contain enpty triangle-index set lists are
deleted fromQ and the resulting vertex-normal set list Qis associated to
the representative vertex of ‘the cluster.

FIELD OF THE INVENTION

The present invention relates generally to computer graphics and solid modeling,

and more particularly, to methods and apparatus for representing and displaying

an object at multiple levels of resolution. T REPLACEMENT SHEETS SG
| -/'f."'-“:lgtmn paged ... to paged R..
Claiv(a) @ paged A to paged 42,
# Snvwing(s) paged o paged .7,
[B/;‘l bstract  : paged .. to paged 1:4,

BACKGROUND OF THE INVENTION _
'DATE OF RECEIPT ol

In traditional modeling systems, detailed models are created by applying versatile
modeling operations (such as extrusion, constructive solid geometry, and freeform
deformations) to a vast array of geometric primitives. For display, these models
must usually be tessellated into polygonal approximations. Each of these
polygonal approximations typically contain millions of polygons. Enormous
computing power is required to render such complex polygonal surface models, in

real-time and at interactive frame rates.

In interactive visualization applications, real-time interactive manipulation of
viewing conditions is vital to the understanding of an object's geometry and its
relative position in the virtual scene. The delays in real-time graphic feedback and
the jerky object motion will lead to overshooting, reduced feeling of control, and

thus make the user less productive.

In order to accommodate complex polygonal models while still maintaining real-
time interactive frame rates, methods for approximating the polygonal models and
using multi-resolution models have been proposed. Polygonal model simpilification

algorithms can be used to generate multiple polygonal models at varying levels of
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vertex- nornmals are stored in a new vertex-normal tlabl \/leE, Hitd t]hg
appropriate vertex-normal index in each jndexed trijarigle's vertex-nofnal

list is updated to reference this new vex t ex- nor malf tabl e.
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resemble the original models from all directions, and the transitions between one

approximation and the next must be barely noticeable in order to effectively reveal

details as objects approach the viewpoint.

One of these model simplification methods is disclosed in U.S. Pat. No. 5,448,686,
“Multi-Resolution Graphic Representation Employing At Least One Simplified
Model For Interactive Visualization Applications” issued to Borrel and Rossignac.
Their method is also described in their paper titled “Multi-Resolution 3D
Approximations for Rendering Complex Scenes”, Modeling in Computer Graphics,
B. Falcidiena and T. L. Kunii, Eds. Springer-Verlag, pp. 455-465, 1993. This
method is very fast in generating simplified models compared to other polygonal
simplification methods, and it is effective in achieving high data reduction rates. As
such, it is very suitable for use in large Computer Aided Design (CAD) applications
where designs are frequently edited and assemblies usually comprise hundreds of
thousands of parts. However, the models it produces may be visually very different
from the original models, and, moreover, the transitions between different levels of

simplification during interactive viewing may not be satisfactory.

It is thus one object of this invention to provide a method for simplifying a
polygonal surface model of an object such that (a) the simplified models have
image fidelity close to the original model when displayed on the display screen, (b)
the transitions between one level of simplification to the next are barely noticeable
when the object is displayed using the simplified models, (c) the simplification
process requires low computational cost, and (d) the method is effective in

achieving high data reduction rates.

It is another object of this invention to provide methods and apparatus that employ
one or more simplified object models for display to a viewer, the simplified models
being stored and accessed as required. The aim is to provide real-time interactive

frame rates during interactive visualization of the objects in the scene.



degenerate into an edge. These degenerated triangles are identified from

NTT" and for each such triangle, its duplicated Vet %ppp@xﬁe AAd] t he
correspondi ng vertex-normal indices are renoved. ! ¥ o do is
to Tenove those duplicated triangles, edges and oLnts i n the up ed NTT .

More specifically, these are renoved: (é% dupl i cat ed bﬁ'r:aﬂghe% )
duplicated edges, (c) duplicated points, (d) edgési__t__bg:t_m_gre t he j[sgme as
some triangles' edges, and (e) points that fall on the en“a"‘pm of some
edges or on the vertices of sone triangles. | fi-t-he—primtives (t{riangl es,
edges and points) are of different colored materials, then they have to be
handl ed se3INHRARY QFATHERINYVENTEONI y. To determne if a primtive is
duplicated, it is only conpared with primtives of the same col ored

mat eri al . A hash table may be used to efficiently identify duplications

of primt i'I"'he@? H/%hﬁ&gl Q8scribed herein satisfies the above-identified needs and

overcomes the limitations of the prior invention by Rossignac and Borrel. The

present invention provides a method to construct a sequence of graphic models
for an object, one for each desired level of simplification. Then, as the object
moves in the object space during interactive viewing, the method successively
switches to graphic models of the object having the most appropriate simplification
resolutions. This results in a suppression of image detail, consequently with an
improvement in real-time performance. The inventors have determined that many

details in a displayed object can be eliminated, without a loss of visual information.

The method applies a basic principle both in the step of model simplification and
the step of selecting the most appropriate model (either the original model or one

of the simplified models) for displaying the object during interactive visualization.

The basic principle employed by the method is based on the following argument.
In a synthetic scene, when an object is far away from the viewpoint, its image size
is small. Due to the discreteness of the image space, many points on the object
are mapped onto the same pixel, and this happens often when the object's modei
is complex and the image size is relatively small. For points mapped to the same
pixel, only one point appears on the image at the pixel, and the others are
eliminated by hidden-surface removal. This is a wastage in processing as many of
such points are processed but never make their way to the final image. A potential
solution to cutting down this wasteful processing is to identify those points that are
going to fall onto the same pixel and use a new point to represent them. Only this
new point is sent for rendering. Points that are most likely to be mapped to the
same pixel, reg__ardless of the direction of the viewpoint, are those points which are

geometrically very close to one another in the object space.
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edges and points). The nunber of entries in the h é’ ‘1“[5 I‘ii“a ﬁFF: rtional
to the number of primtives stored in NIT . For each Bl’lir}’l:[l)__/’___er Pin NIT,
if Pis atriangle, then its three vertex indicesiV]e2dHAN[TE] land

V[efr], where V[err] < V[err] < V[err], are used psja key for hashiing. I f
the triangle (MVerr], Vlerr], V[err]) |s4found I nj the hash tablre; tihen P is
del eted from NTT Onthe other hand, if the triangle (Merr], V[err]

Vierr]) islhetmedslmmplificationsien of dhe enethrd anplips the abgverprinciple &yr u§ings

(Vierr) P inehOBha B fo,|derkifs BfEes e S8 betmedinqil piash  Pbes <o

hashed andaaettietl TreedeeeliBasb éﬂ@éécﬁml the'dbjéé’c spateab Ragy veAres fntol dlusterss an
i

edge, then its two vertex indices V[err] and V[err], where V[err] < V[err],
are used a¥egicesyinfthe ﬁ%@ﬁl dgsterfamh@olw@%'edvplese Jto &mearan]o}hers anduadnéw t he

(Vorr . viemrpsehtative yBReR | Rt Blerir. dn Tonine Sheke, velites 11t GHHE ¢
added to t fiRfireasy @ét@l'rﬁlnﬁgjﬂ% chseAbas Redhe %ﬁu%%cglsefhélbfi ¢ 'deterdiifle the

(Merr]) is also hashed and added to the hash table if it
closeness of the polygons. For example, two rectangles are close together if their

corresponding vertices are close to each other. By using different clustering cell
sizes, the definition of “closeness” will be different, and this allows the original

model to be simplified into models of different levels of detail.

During display of the object, the size of the object space covered by a pixel on the
display screen is determined, and the model selection step of the method selects
the most appropriate model of the object for display. The model selection criterion
is based on the determined size of the object space covered by a pixel, and the

size of the clustering cells used in generating each of the simplified models.

More specifically, there is disclosed a method for execution by a data processor
that prepares an object for display during interactive visualization. The method
includes a step of preprocessing an original model, which is a polygonal boundary
representation of the object, so as to produce a plurality of simplified models with
each simplified model having fewer faces and vertices than the original model.

The step of preprocessing includes the following steps:

(1) Grading—a weight is computed for each vertex in the original model to reflect
the vertex’s visual importance. In one embodiment, the value of the vertex's
weight is a function of the angles between all pairs of edges incident to the vertex,

and the lengths of these incident edges.

(2) Sorting vertices—the vertices in the original model need to be sorted in non-

increasing order of their weights.



. o . . REPLACEVEL SEEET .
25 is not already inside. If Pis a point, thentts yerax Yaddxi Vierr] is
used as a key for hashing. If the point (V[err]) iis found in the hash
table, then Pis deleted fromNTT'. On the other| harti3 MR thié poi nt
(Vierr]) is not found in the hash table, then (VM grr]) is addedjto the hash
table and P is retained. The use of th& above lalgorithmrequires NIT' to
be pre-sorted in such a way that all the trianglies cone hefore all the
edges, and(3l Triahgulstiores-potygenbeinothe adrigindle muoiehtare decomposedintongarke
identification of duplicate rinmtives, all trjangles, are visited before
| edges. OURRRng Bianals WinGiURloaUEBy s upftcBS b In Sriginal maddeinhS
triangles ¢ T ; I rfpfehi | &b & tRbl e '
edges, togg!?aﬁiegr5 vﬁﬂﬁ?%@@?é{eegge&@mégkﬁqggdf rorr(?st htg e ge§-E ﬁifgﬁngggéﬂﬁ
ETT, are tgenarationed ottersiraplifeed miodelsSET, and the retained points are
transferred to a point table SPT. The primtives in STT, SET and SPT all
make references to the vertex table SVT created in Step (6) (synthesis

step). (4) Clustering—vertices are grouped into clusters based on geometric proximity.

The positions of the clustering cells are based on the positions of the original
vertices and the weights of the vertices.

(5) Thick-edge computation—for each group of triangles which are going to
degenerate into the same edge (due to Step (6) — synthesis), compute an

estimate for the thickness of the group of triangles.

(6) Synthesis—a representative vertex is computed to replace the vertices in each

cluster and thus simplify some triangles into edges and points.

(7) Reconstruction of normals—the vertex-normals of each triangle are

reconstructed.

(8) Elimination—duplicated triangles, edges and points in the simplified model are
removed.

(9) Storing the simplified model for subsequent use.

Subsequent generation of other simplified models of the object requires execution
of only Step (4) to Step (9) for each simplified model with a new clustering cell size
for Step (4). A larger clustering cell size will generate a more simplified model
(less detailed) while a smaller clustering cell size will generate a less simplified
model (more detailed).

During display of the object, the method further includes a step of selecting either

the original model or one of the simplified models for display. The step of selecting
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(9) Storing sinplified model The sinplified nbth Lpit J‘d‘by t he
vertex table SVT, the vertex-normal table SVNT,ithe triangle hable STT, the
edge tabl e SET and the point table SPT. These'tgbf_e& AR Ot her with the
size of the clustering cell used, are stored j{nithe nenory or; on ot her
storage nedia for subsequent use. No ﬁeconsiructlon of normal s I n anot her
enbodi ment of the preprocessing step, i npl tfied mndel s _generated
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t he orlgln model . The vertex- normal table VNT is thus shared between the

ori gi nal detesmingel sizee of ithe| olijieeldspacteicovered by a pixel, and the size of the

clustering cells used in generating each of the simplified models.

The method achieves the objects of the present invention by using:

(a) weight-controlled vertex clustering in which the positions of the clustering cells
are based on the positions of the original vertices and the weights of the vertices.
This helps to preserve important features of the object, improves the
approximation quality, and thus leads to simplified models with higher image
fidelity to the original model. Using weight-controlled vertex clustering also results
in more consistent placements of important features from one simplified model to
the next. The more consistent placements of important features lead to smoother
tr_ansitions from one level of simplification to the next when object is displayed

using the simplified models;

(b) thick-edges to further improve the image quality of the displayed simplified
model. Each thick-edge is rendered as a multi-pixel-wide thick-line graphics
primitive on the display screen, and a dynamic normal is computed for the thick-

line to improve its shading and intensity;

(c) an appropriate clustering cell size to achieve the desired level of simplification

and data reduction rate;

(d) a model selection step to select either the original model or one of the
simplified models, for display of the object during interactive visualization, as a
function of at least the determined size of the object space covered by a pixel, and

the size of the clustering cells used in generating each of the simplified models.



26 Next sinplified nodel For the next |evef—of—si-npli-tieg—mdel of the
same object, only Step (4) to Step (9) need!:toibe.rexeeutedimith a new
clustering cell size for Step (4). The vertexi tablé€ VI, thg tiriangle table
TT, the weight table WI, the vertex-edge adj aceneytahlys VEAT, and the
vertex-order table VOT can be reused. 7Having génerated alpliurality of
sinplified nodels for the object, the objeci's-eri-girat—edel{ and the
sinplifi @%Q@QREBQNQ#WE@RAXV abase of graphic nodels. FIG 2
illustrates a nenory that is coupled to the ™CPU ST FI'G~T. " The nenory
stores a plurality of object nodels (MODEL 1 to MODEL n) and, in accordance

with the i nFGt it a9 a bideiodiah firf ©f aRxempiRyerasieigraphiesisystemiss (S[err],

FIG. 2 is a block diagram of the raster graphics system of FIG. 1 that shows a

memory for storing object models and simplified versions thereof;

FIG. 3 is a flowchart that depicts the steps of the preprocessing step of the
method of the invention;

FIG. 4 is a flowchart that depicts the operation of the method of the invention;

FIG. 5a shows an exemplary object model;

FIG. 5b illustrates the data structure used to store the model in FIG. 5a;

FIG. 6 illustrates part of the computation used to derive the weight of a vertex;

FIG. 7a shows an exemplary polygon which is to be triangulated;

FIG. 7b shows a triangulation of the polygon in FIG. 73a;

FIG. 8a shows an exemplary two-dimensional object model whose vertices are
being clustered by cells;

FIG. 8b illustrates the resulting model after synthesizing the representative
vertices for the vertex clusters shown in FIG. 8a;

FIG. 8c shows an exemplary two-dimensional object model identical to that in
FIG. 8a, except that its vertices are being clustered by larger cells;

FIG. 8d illustrates the resulting model after synthesizing the representative
vertices for the vertex clusters shown in FIG. 8c;

FIG. 9 is a dataflow diagram that illustrates the operation of the preprocessing

step of the method of the invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 illustrates an exemplary raster graphics system which includes a main
(Host) processor and a graphics subsystem. The Host processor executes an

application program and dispatches graphics tasks to the graphics subsystem.
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A Geometric Processor unit performs geometric and perspective transformations,
exact clipping on primitives against screen (window) boundaries, as well as
lighting computations. The resulting graphics primitives, e.g. points, lines,

triangles, etc., are described in screen space (integral) coordinates.

A Scan Conversion (Rasterization) unit breaks down the graphics primitives into
raster information, i.e. a description of display screen pixels that are covered by

the graphics primitives.

A Graphics Buffer unit receives, stores, and processes the pixels from the Scan
Conversion unit in accordance with the method of the invention. The most

common buffers associated to the Graphics Buffer unit are the image buffer and
the z-buffer.

A Display unit receives pixels from the Graphics Buffer unit and transforms these

pixels into information displayed on the output device, typically a raster screen.

Having described an exemplary graphics processing system that is suitable for
use in practicing the invention, a description is now provided of a presently
preferred method of model simplification.

For the purposes of describing the invention, it is assumed that objects are
described in polygonal boundary representations. Models with curved surfaces are
in general tessellated, i.e. approximated with planar polygons, for graphic

purposes and thus also benefit from the simplification technique of the invention.



each k[err] is a constant of value between O anﬁ-;%;;anﬁ% -e¥ [err], and
mis t'he number of sinplified nodels to be generdiiéd I ThesE Skt ant
fractions can be adjusted by the user to suit the conptrexity of] tihe

origi nal nodel, the nunber of objects in the SC%EWE,narLQAﬁ heygr enderi ng powver
of the graphics display apparatus. For ®nstance, | <> """

27 very often, for a very conplex original nodeltw-th-pany.snalli features,
arelatively small cell size is enough to significantly reduce its

conpl exi t . many objects in the scene or-the renderi‘ng power
of the di?ﬁFé&%%{rﬁ%t% Pi s low, it is nore preferable to use sone cell
sizes which are relatively nuch bigger.

The preprocessing step is the model simplification step. The preprocessing step
constructs one or several simplified models (with decreasing level of detail) for
each object in a scene to be visualized. The step of preprocessing includes the
following steps: (1) grading, (2) sorting vertices, (3) triangulation, (4) clustering, (5)
thick-edge computation, (6) synthesis, (7) reconstruction of normals, (8)
elimination, and (9) storing the simplified model. Step (1) to Step (3) need only be
executed once for an object regardless of the number of simplified models to be

generated. FIG. 3 is a flowchart that depicts the flow of these steps of the
preprocessing step.

For the purposes of describing the preprocessing step, it is assumed that each
original model is described by a vertex table VT, a vertex-normal table VNT, and a
polygon table PT. The vertex table VT contains the supporting vertices used in the
model. Each entry of the vertex-normal table VNT contains a vector which will be
used by some polygon vertex as the normal at the vertex (vertex-normal). The
vertex-normal at each vertex of a polygon is used for lighting calculations at the
vertex during rendering of the polygon. The polygon table PT contains the
polygons used in the model with each polygon represented as an ordered list of
references (indices) to the vertex table VT (this list will be called the polygon’s
vertex list). Each polygon in PT also has another ordered list of references
(indices) to the vertex-normal table VNT, with each vertex-normal index for each
polygon's vertex (this list will be called the polygon’s vertex-normal list). If the
model consists of polygons of different surface colored materials, a material table
MT is needed, in which each entry is a description of a colored material. In this
case, each polygon in PT will make a reference to an entry in the material table

MT. It is assumed that a polygon can only have one colored material throughout
its whole surface area.
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vertex table VT, vertex-normal table VNT and the polygon table PT which,
together, describe the model in FIG. 5a.

(1) Grading

In this step, a weight is computed for each vertex in the original model, and it is
stored in a weight table WT for use in subsequent processing steps. The weight of
a vertex reflects the visual importance of the vertex. Two factors may be used to
determine the visual importance of a vertex. A vertex V is visually important if (1) it
has high probability of lying on the object's silhouettes from an arbitrary viewing
direction, and (2) it bounds large faces that should not be affected by the removal
of small details. The first factor (Factor 1) may be estimated using cos(&82) where
@ is the maximum angle between all pairs of edges incident to V. The second
factor (Factor 2) may be estimated using either (a) the length of the longest edge
among all the edges incident to V, or (b) the average length of all the edges

incident to V. Finally, the weight of V is the product of the estimated value of
Factor 1 and that of Factor 2.

The following is the reason why cos(&/2) is used as an estimation for Factor 1.
With reference to FIG. 6, let V be the vertex to be assigned weight. Suppose @ is
the maximum angle between all pairs of edges incident to V. Now, a sphere of
radius ris centered at V, and also let V be the apex of a cone with tip angle ¢ and

the base of the cone touches the sphere. A point on the sphere to V will represent

a viewing direction from the point to V.

The apex of the cone represents a corner of the object, and the inside of the lower

cone is the interior of the object. The only directions in which V cannot be seen
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In order to compute a weight for each vertex, it is necessary to construct (when
not given as part of the input) the vertex-edge adjacency information from the
vertex table VT and the polygon table PT of the original model. The following
describes one possible approach. First, a vertex-edge adjacency list is associated
to each vertex. The list associated to V is supposed to contain the indices of those
vertices adjacent to V, where each adjacent vertex represents an edge incident to
V. A single pass through the polygon table PT is sufficient to complete the task of
building all the lists. For each vertex V, the computation of the estimate for Factor
1 involves traversing its vertex-edge adjacency list to identify the maximum angle
@ between all pairs of edges incident to V. As for the estimation for Factor 2, just
one pass through the list of adjacent vertices is enough to find L, which is either
(a) the length of the longest edge among all the edges incident to V, or (b) the
average length of all the edges incident to V. The weight W of V is the product of L
and cos(d/2). W is then stored in the weight table WT for subsequent use. The i-th
entry of the weight table WT contains the weight of the vertex stored in the i-th
entry of the vertex table VT.

The vertex-edge adjacency lists constructed above may need to be stored for use
in subsequent step in the preprocessing. For this, a vertex-edge adjacency table
VEAT is created such that its i~th entry contains the vertex-edge adjacency list of
the i-th vertex in the vertex table VT.
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on the di SpldYge of the unit edge vectors of all edges incident to V. In this second
embodiment of the grading step, as a more efficient alternative, cos(¢) can be
used to estimate Factor 1 for a vertex V, where ¢ is either (a) the maximum angle
among all the angles between the average edge of V and all the edges incident to
V, or (b) the average of all the angles between the average edge of V and all the
edges incident fo V. If ¢ is greater than 90°, then let ¢ be 80°. More formally, ¢ can
be defined as follows. Let (V, V), (V, V,), ..., (V, V,) be all the edges incident to V,
and V, V,, V,, ..., V, have positions P, P,, P,, ..., P, respectively, and also let (V,
V.) be the average edge of V, and V, has position P,. Then

Py-P=(In) % e, ((Fi-P) /| P~ P)

and
(@) ¢=min{90° max, .., {angle between (P,-P)and (P;,-P)}}, or
(b) J=min{90° (1/n) Z,.,;., (angle between (P, - P)and (P;- P) ) }

The implementation for computing cos(¢) for each vertex is straightforward. The
vertex-edge adjacency information, as described before, has to be constructed
before the computation of the weight for each vertex. The weight of each vertex is

then stored in the weight table WT for subsequent use.

In the third embodiment of the grading step for estimating Factor 1, the estimation
for Factor 1 for a vertex V is done as follows. A small enough sphere is first
centered at V. Assuming the 3D object is a solid, then the intersection of the solid
and the sphere is a spherical polygon on the sphere. The area of this spherical
polygon can be readily computed by applyihg some basic geometry. Finally, the
estimation for Factor 1 is computed as
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To prepare the model for Step (4) (clustering step), the vertices in the vertex table

VT need to be sorted in a non-increasing order on their weights in WT. An efficient

)/

way to accomplish this is to use a temporary storage to store the required ordering
of the vertices without changing both VT and WT, and thus avoid changing the
polygon table PT. The temporary storage is a table which will be called the vertex-
order table VOT. The number of entries in VOT is the same as that in VT and WT.
The i-th entry of VOT is supposed to contain the index of the vertex (in VT) which
has the ith largest weight. Initially, VOT is initialized such that the i-th entry of
VOT contains the index of the i-th vertex in VT. An efficient in-memory sorting
algorithm can be used to sort VOT. During sorting, to decide whether two VOT
elements need to be exchanged, the sorting comparison is done on the weights of

the vertices indexed by these two VOT elements.

(3) Triangulation

The triangulation step decomposes each polygon into one or more non-
overlapping triangles. Triangulation can be accomplished using various known
algorithms and need not introduce any new vertices into the original model. For
lighting calculations, it is often assumed that a polygon’s vertices are stored in an
order that corresponds to a counter-clockwise rotation around a normal to the
polygon’s plane. Triangulation does not affect the normal, and does not alter the
geometric object represented by the original model. After triangulation, the
resulting triangles are stored in a triangle table TT. Each triangle in the triangle
table TT is represented as an ordered list of three references (indices) to the

vertex table VT, and an ordered list of three references (indices) to the vertex-
normal table VNT.
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three vertices associated therewith.

(4) Clustering

The clustering step uses one or more clustering cells to group vertices in VT into

one or more clusters. In this invention, the clustering is done as follows:

() Let V be the most highly weighted vertex in VT which has not been
assigned to any cell,

(i) if V does not lie in any existing cell, then create a new cell centered at V
and assign V to this new cell,

(iii) else if V lies in exactly one existing cell, then assign V to the cell,

(iv) else if V lies in the intersection of two or more existing cells, assign V to
one of these cells according to one of the following cell selection criteria:
{(a) assign V to the cell which has the most highly weighted center vertex,
(b) assign V to the cell whose center is nearest to V, (c) assign V to the
cell C whose average length of the edges incident to V to the vertices
already assigned to C is the shortest, and (d) assign V to the cell which
has the largest number of vertices adjacent to V (a vertex is adjacent to V
if and only if there is an edge joining them),

(v) go to step (i) if there is unassigned vertex in VT.

All the vertices assigned to a cell form a cluster. The result of the clustering step is
a cluster table CT and a cluster-index table CIT. Each entry in CT corresponds to
a cluster and it stores the center position of the clustering cell, and a list of indices
of the vertices (in VT) which belongs to the cluster. As for the cluster-index table,
its i-th entry contains the index of the cluster (in CT) which the i-th vertex in VT

belongs to. Therefore, the number of entries in CIT is the same as that in VT.

The clustering cell used can be some simple three-dimensional shape, such as
cube and sphere.
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cube, then the width of each cubical grid is just the width of the clustering cube,

whereas, if the clustering cell used is a sphere, then the width of each cubical grid
is the sphere’s diameter. For the purpose of describing this step of the method, it

is assumed that axis-alighed cube is used as the clustering cell.

The main idea here is, whenever a new clustering cell is created, it is associated
to the grid which contains the cell's center vertex. Though clustering cells can
intersect one another, a cell's center vertex can never be inside another cell. This
leads to a maximum of eight cells (or other upper bounds for other clustering

shapes) that can be associated to each grid.

From the vertex-order table VOT, it is possible to visit each of the vertices in the
vertex table VT exactly once in an ordered manner from the vertex with the
highest weight to the vertex with the lowest weight. For each vertex V being
visited, the grid it lies in can be known immediately. To find out whether V lies in
any existing cells, it is .necessary only to check the cells associated to the grid
which contains V, and also to the other seven adjacent grids which are nearest to

V. Only the cells associated to these eight grids can contain V.

If V does not lie in any of these cells, a new cell is created with its center at V, and
associated to the grid which contains V. On the other hand, if V lies in exactly one
of the cells, then assign V to the cell. Otherwise, if V lies in more than one cell,
then assign V to one of these cells according to one of these cell selection criteria:
(a) assign V to the cell which has the most highly weighted center vertex, (b)
assign V to the cell whose center is nearest to V, (c) assign V to the cell C whose

average length of the edges incident to V to the vertices already assigned to C is
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For selecting a cell using cell selection criterion (c) or (d), the vertex-edge

adjacency information can be obtained from the vertex-edge adjacency table

VEAT created in the grading step.

Besides using a three-dimensional array to represent the array of grids, it is
practical o use a hash table to store only those non-empty grids. The number of
entries in the hash table is proportional to the number of vertices in VT. The 3D

coordinates of a fixed corner of each grid is used as the key for hashing.

In another embodiment of the method to find the cells that a vertex V lies in,
instead of using a cubical grid the same size as the clustering cube, a cubical grid
one eighth of the volume is used. For the smaller grid, at most one cell can be
associated to it. To find out all the existing cells a vertex V lies in, it is only
‘necessary to check the cell associated to the grid which V lies in, and the cells

associated to the 26 adjacent grids.

In this clustering step of the invention, a weight-controlied vertex clustering
approach is used to position the clustering cells based on the positions of the
original vertices and the weights of the vertices. This helps to preserve important
features of the object, improves the approximation quality, and thus leads to
simplified models with higher image fidelity to the original model. Using weight-
controlled vertex clustering also results in more consistent placements of
important features from one simplified model to the next. The more consistent
placements of important features lead to smoother transitions from one level of

simplification to the next when object is displayed using the simplified models.

The clustering step, in another embodiment, includes a clustering approach which
is capable of greatly reducing the cases of thin triangles in the original model

becoming much wider triangles in the simplified model. Such effect is very
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response fgoscomand fromthe user to change the position of the displayed
obj ect, the system accesses the nenory to obtain a suitable nodel. As was
previously described, it is within the scope of the invention for the
systemto Se({)eﬁfet V be the most highly weighted vertex in VT which has not been visited,
(i) if V does not lie in any existing cell, then create a new cell centered at V
and assign V to this new cell,
(iii) go to step (i) if there is unvisited vertex in VT,
(iv) for each vertex V in VT which has not been assigned to any cell, assign it

to the cell whose center vertex is nearest to V.

Similarly, the cubical grids used above can be employed in this clustering method
too.

(5) Thick-edge computation

When elongated parts of the object are reduced to just edges (done in Step (6) —
synthesis), they may become less visible on the display screen when rendered as
one-pixel-wide lines. If the actual thickness of an elongated part in the object
space is known, its pixel-width on the screen can be deduced. Then, by rendering
the edge using thick-line primitive with varying pixel-width, the actual visual effects
of the elongated part can be approximately reproduced. Such edges, which have
associated thicknesses, are called thick-edges. The use of thick-edges can

improve the image quality significantly, especially for objects with many elongated
parts.

Thickness of an edge can be estimated as follows. Let S be a set of triangles
where each triangle has its vertices falling in clusters A and B only. These
triangles will degenerate into edges in the synthesis step. Let V, be the set of
vertices that belong to cluster A and each is used by at least a triangle in S. Let P,
be the average position of all the vertices in V,. And, V; and Py are similarly
defined. Let L be the straight line passing through P, and P;. Let D, be the

average perpendicular distance of all points in V, to the line L, and likewise for Dj.
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if the triangles in S are not of the same colored material, then these triangles have
to be separated into groups where each group contains triangles of the same
colored material. The thickness computations are then done separately and

independently for each group.

To begin the computation of thickness for all thick-edges, it is necessary to find all
the cluster-pairs which have triangles, which are going to degenerate into edges,
using the vertices in them. For this purpose, one efficient way is to use a hash
table whose number of entries is proportional to the number of triangles in the
triangle table TT. For each triangle T in the triangle table TT, if the three vertices
of T belong to exactly two distinct clusters, then T will degenerate into an edge
after Step(6) (synthesis step). The information about which cluster a vertex
belongs to can be obtained from the cluster-index table CIT. Let C, and C, be the
indices of the two clusters, where C, < C,. Then the pair (C,, C,) is used as the
key for hashing. The hash table element which (C,, C,) is being hashed to,
contains C,, C, and a list of indices of triangles where each of them, like T, has
vertices belonging to only the two clusters indexed by C, and C,. The index of T is
then added to the list.

After all the triangles in TT have been visited, a pass through the hash table is
needed to visit the triangle-index list associated to each non-empty hash table
element. For each triangle-index list, an estimate of the thickness of all the
triangles indexed in the list is computed as described above. This thickness is
then associated to each triangle indexed in the list. A temporary storage, called
the edge thickness table ETT, is used to store these thickness. The i-th entry of

ETT contains the thickness associated to the i-th triangle in the triangle table TT.
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C can be computed using one of these vertex synthesis criteria: (a) select the

center of the clustering cell as the position of the representative vertex, (b)
compute a weighted-average position of all the vertices in the cluster using their
weights stored in the weight table WT, so that the representative vertex is located
at the weighted-average position, and (c) select the position of the vertex which is

nearest to the weighted-average position of all the vertices in the cluster.

The weighted-average position of vertices V,, V,, ..., V, with positions P,, P,, ..., P,

and weights W,, W, ..., W, is computed as follows

(WP + WoPy b WPy ) (Wt Wy + W)

The new representative vertices are stored in a new vertex table SVT, where the i-
th entry of SVT contains the representative vertex of the i-th cluster in the cluster
table CT. The triangle table TT is copied to a new triangle table NTT, and the
vertex indices of each triangle in NTT is updated using the cluster index table CIT

to make references to the new vertex table SVT.

When preparing many objects for display, one or more of the foregoing vertex
synthesis criteria for computing a representative vertex for a cluster may be
employed, depending on the geometry of the particular object being prepared. For
each object, it is more preferable to use the same vertex synthesis criteria for
generating all its simplified models. This will result in more consistent positions of
the representative vertices across different levels of simplified models of the
object, and this helps in improving the smoothness in transitions between different
levels of simplified models when the object is displayed.
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for the sake of a simple illustration, the weights of the vertices and the triangles
are not shown in the figures. The vertices in the model are intentionally labeled in

such a way that vertex V; has higher weight than V.

Referring to FIG. 8a, which shows clustering cells centered at some of the model's
vertices. These cells are created in an order according to the order of the weights
of their center vertices. In this example, when a vertex V lies in more than one cell,
the cell selection criterion used during clustering is to assign V to the cell with the
most highly weighted center vertex. As for the vertex synthesis criterion used
during synthesis, the cénter of the clustering cell is selected as the position of the
representative vertex. When vertices in the cells are replaced by their

representative vertices, the result is the model in FIG. 8b.

The example illustrated in FIG. 8c and FIG. 8d is the same as that in FIG. 8a and
FIG. 8b, except, now, the clustering cells used are larger. The model in FIG. 8d is

the result of applying the clustering step and the synthesis step to the model in
FIG. 8c.

(7) Reconstruction of normals

In this step, the vertex-normals of each new triangle have to be reconstructed in
an attempt to preserve the smooth shadings on smooth faces and the

discontinuities in shading at sharp edges and corners of the original model.

Before describing how normal reconstruction is actually done, the intuitive idea is
presented. Here, a smooth surface segment is defined as a polygonal
representation of a G' continuous surface. So, a sphere has only one smooth
surface segment, a cube has six, a cylinder has three, and a cone has two. The

normal reconstruction is done by collecting the vertex-normals at all the vertices in
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In details, the reconstruction requires, first, the construction of the vertex-normal
information of the triangulated original model. The information from the clustering
step is then used to update the vertex-normal information which is in turn used,
together with the input vertex-normals in the vertex-normat table VNT, to compute

new vertex-normails for each new triangie.

To construct the vertex-normal information, a vertex-normal set is initially
associated to each vertex V in the vertex table VT of the original model. Each
member of a vertex-normal set is a set of indices of the triangles in the triangle
table TT. This set of indices of triangles will be called a triangle-index set. In each
triangle-index set of V, the indexed triangles use the same vertex-normal (in the
vertex-normal table VNT) at the triangle vertices that use V. So, intuitively, each
triangle-index set of V represents a vertex-normal that is shared by the indexed
triangles at V, and the number of triangle-index sets in the vertex-normal set
associated to V corresponds to the number of different vertex-normals at V. For
example, if V is in the middle of a smooth surface segment, then there is only one
triangle-index set in the vertex-normal set of V, however if V is at a corner of a

cube, then there are 3 triangle-index sets in the vertex-normal set of V.

The vertex-normal information constructed is then updated using the information
from the clustering step. Assuming that vertices V,, V,, ..., V, in the vertex table VT
are in the same cluster, and their respective vertex-normal sets are S, S,, ..., S,

the vertex-normal information can be updated as follows:

() letS«S,uS,u..uUS,
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edges and points in the sinplified rmd@Z and storlingitheflrst
sinplified nodel for subsequent use. 5. A nethod as sget-“fof't«l‘r«r«ﬁ-ei-mm

wher ei n t he (it dpd8f Yog &diueh thatKed¥and Xrelf P thenng t He val ue of L as tH

estimation, for eac rie ze of the faces bounded by V,
where L is either (g)“t(tf%'i&b{\ﬁ%dﬂ?ﬁé%’ongest edge anong al | theyedges
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The set S is the new vertex-normal set which must be associated to the
representative vertex of the cluster. If any triangle-index set becomes empty, the
empty set is removed from the corresponding new vertex-normal set. The above
vertex-normal information updating step has to be done once for each and every
cluster, and each new vertex-normal set is associated to its respective

representative veriex of the cluster.

Now, for each representative vertex V created in the synthesis step, there is a new
(updated) vertex-normal set associated to it. The next step is to compute the
vertex-normals for each new ftriangle (in the triangle table NTT) using the new
vertex-normal sets. For each triangle-index set in the vertex-normal set of V, a
new vertex-normal is computed, and for each new triangle T (every new triangle
has the same index és its original triangle) indexed in the triangle-index set, those
triangle vertices which reference V will use the newly computed vertex-normal.
The new vertex-normal is computed as follows. For each new triangle T indexed in
the triangle-index set, and for each triangle vertex of T which references V, the old
unit vertex-normal (from VNT) referenced by the triangle vertex is obtained. These
old unit vertex-normals from all the triangles indexed in the triangle-index set are
summed together to obtain an average vector. This average vector is the new
vertex-normal and it is added to the new vertex-normal table SVNT, and the
appropriate vertex-normal index in each indexed triangle's vertex-normal list is
updated to reference this new average vector. The updated triangle table NTT is
called NTT' in FIG. 9.

This method of normal reconstruction is capable of handling non-manifold
surfaces. It is able to very well preserve the smooth shadings on smooth faces

and the discontinuities in shading at sharp edges and corners of the original
model.
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6. A nmethod as set forth in claim1 wherein the ééﬁﬁl‘ébﬂaf'&f‘-’t?ﬁgd&-H&E'ir cl udes a
step of using the value of cos([err]/2) as the estimation, for ¢a¢h vertex,
for the probability of seeing the vertex on the isi|l HopetAR&f the¢ obj ect
fromany arbitrary viewi ng direction, where [erri] jis the maxi mum angl e
between all pairs of edges incident to28he vert ex. 7-"ATeThod as set
forth in claiml1 wherein the step of grading includes a step of using the
val ue of cos([err]) as the estimation, for each vertex V, for the

babi I i Seei il f ' i t
i owi ng dt BEHER" = reielhelty fu BRYRS Toneehlh B ATk LR Dtk 1 7
t he angl egorfp@dlvee ish) Nt WMRhaGRhatst: 8dntding gl lied (callé¢ acifiangic-inges eet list)om V,
or (b) the average of all the angl es between the average edge of V and all

t he edgesof indiceswf tiiangies/in thegriangladabled ks set forth in claim 1 wherein
the step of grading includes a step of using the value of Mas the
estimation, for each vertex V, for the probability of

The updating of the vertex-normal set lists for a cluster of vertices V,, V,, ..., Vi is

done as follows. First, a new vertex-normal set list Q is created by concatenating
all the vertex-normal set lists associated to V,, V,, ..., V.. Then, for each triangle
index J in each triangle-index set list L, let T be the triangle indexed by J, and
associate to T a pointer to the node of Q containing L. So, a triangle can only be
associated with one to three such pointers. For convenience, each of such

pointers is called a Q-node pointer.

In the next step of the updating, a head-to-tail traversal of each triangle-index set
list in Q is done. For each triangle index J in a triangle-index set list L, let 7 be the
triangle indexed by J. If T is marked ‘visited’, then delete J from L. Otherwise,
when T is not marked ‘visited’, if T has more than one Q-node pointer, remove the
other triangle-index set lists from the Q's nodes pointed by the Q-node pointers,
append these lists to L and mark T ‘visited’.

Once all the triangle-index set lists have been traversed and updated, those Q's
nodes which contain empty triangle-index set lists are deleted from Q, and the

resulting vertex-normal set list Q is associated to the representative vertex of the
cluster.

The new vertex-normal set lists associated to the representative vertices are used
to compute the new vertex-normals for each new triangle. These new vertex-
normals are stored in a new vertex-normal table SVNT, and the appropriate
vertex-normal index in each indexed triangle’s vertex-normal list is updated to

reference this new vertex-normal table.
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of grading includes a step of using (a)24 he product ‘ef—t—and- efr]/2),
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vertex-normal lndlces are removed.

The next thing to do is o remove those duplicated triangles, edges and points in
the updated NTT'. More specifically, these are removed: (a) duplicated triangles,
(b) duplicated edges, (c) duplicated points, (d) edges that are the same as some
triangles’ edges, and (e) points that fall on the end-points of some edges or on the
vertices of some triangles.

If the primitives (triangles, edges and points) are of different colored materials,
then they have to be handled separately and independently. To determine if a
primitive is duplicated, it is only compared with primitives of the same colored

material.

A hash table may be used to efficiently identify duplications of primitives (triangles,
edges and points). The number of entries in the hash table is proportional to the
number of primitives stored in NTT'. For each primitive P in NTT", if P is a triangle,
then its three vertex indices V,, V, and V,, where V, < V, <V, are used as a key
for hashing. If the triangle (V,, V,, V;) is found in the hash table, then P is deleted
from NTT'. On the other hand, if the triangle (V,, V,, V;) is not found in the hash
table, then (V,, V,, V;) is added to the hash table and P is retained, and each of
(Vy, Vo), (Vs V), (V,, Va), (V)), (V,) and (V,) is also hashed and added to the hash
table if it is not already inside. If P is an edge, then its two vertex indices V, and
V,, where V, < V,, are used as a key for hashing. If the edge (V,, V,) is found in
the hash table, then P is deleted from NTT’. On the other hand, if the edge (V,, V,)
is not found in the hash table, then (V,, V,) is added to the hash table and P is
retained, and each of (V,) and (V,) is also hashed and added to the hash table if it
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and repeating the above steps if necessary, uhBiMARIYYSt he vertices
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wherein the cell selection criterion includes aw_sl_exp.‘fi éa.c_tl__nﬁ) the cell
with the fd6t akegay ynsideghid2is adeinty ﬂm ftg yertex index V is used as a key for

hashing. If the point (V,) is found in the hash table, then P is deleted from NTT".
On the other hand, if the point (V,) is not found in the hash table, then (V,) is
added to the hash table and P is retained.

The use of the above algorithm requires NTT' to be pre-sorted in such a way that
all the triangles come before all the edges, and all the edges come before all the
points, so that, during the identification of duplicated primitives, all triangles are

visited before all edges, and all edges are visited before all points.

The retained triangles in NTT' are transferred to a triangle table STT, the retained
edges, together with their edge thickness from the edge thickness table ETT, are
transferred to a edge table SET, and the retained points are transferred to a point

table SPT. The primitives in STT, SET and SPT all make references to the vertex
table SVT created in Step (6) (synthesis step).

(9) Storing simplified model

The simplified model is described by the vertex table SVT, the vertex-normal table
SVNT, the triangle table STT, the edge table SET and the point table SPT. These
tables, together with the size of the clustering cell used, are stored in the memory

or on other storage media for subsequent use.

No reconstruction of normals

In another embodiment of the preprocessing step, a simplified model is generated
without the reconstruction of vertex-normals (Step (7)). In this case, the simplified
model does not have the new vertex-normal table SVNT, and for each triangle in
the triangle table STT, the triangle’s vertex-normal list makes references to the
normals stored in the vertex-normal table VNT of the original model. The vertex-

normal table VNT is thus shared between the original model and the simplified -
model.
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I ncludes a step of selecting the cell whose céri’t -i‘iéi'c b%n grest to the
candi dat e vertex. 13. A nethod as set forth §n;cl aim gg iin the cell
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i denti fyi nged he beedkerutdd withral ndat elusteringcelii stze for Stepl (uqte‘ﬁhe Ivertex dablef
using a plurality of three-di nensional 8“ ds to partition the object space,

so as to Mdedhe ftsra'%gi@ talle; §T¢ the weightda

le V.tthe veriex-gdge adjacency table
VEAT, and the vertex-order table VOT can be reused.

Having generated a plurality of simplified models for the object, the object's
original model and the simplified models are stored within a database of graphic
models. FIG. 2 illustrates a memory that is coupled to the CPU of FIG. 1. The
memory stores a plurality of object models (MODEL 1 to MODEL n) and, in
accordance with the invention, also stores one or more simplified models (S, ,,
S, .. etc.) for each of the object models. The cell sizes (C, 4, C,,, etc.) used for the
generation of the simplified models are also stored together with the simplified

models.

It will be appreciated that instructions for carrying out the calculations described
can be supplied to the computer shown in FIG. 1 from a suitable memory and that
these instructions can also be carried on any suitable storage medium such as a
hard disk, a ROM or a floppy disk. It will also be appreciated that the instructions
for the CPU shown in FIG. 1 can be supplied over a data link such as the Internet
and this is also shown in FIG. 1.

Choosing clustering cell sizes

To choose the cell sizes for generating the sequence of simplified models of an
object, a simple method can be adopted. A minimax box bounding the object is
computed first. Then, the clustering cell widths can be some fractions of the length
of one of the side of the object's bounding bo$<. For example, if the length of a side
of the bounding box is L, the cell widths can be kL, k,-L, kL, ... and k,-L, where
each k; is a constant of value between 0 and 1 and k; < K.y, and m is the number
of simplified models to be generated. These constant fractions can be adjusted by
the user to suit the complexity of the original model, the number of objects in the

scene, and the rendering power of the graphics display apparatus. For instance,
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repeating the above steps when there is still unvisited ver |
ori gi nal very often, fomdety chpieaecfrtgmal model with many small features, a relatlvely
35 vertex n the.or

d bee
2asi gned SwalF1 sizé ¥ bREugh 19 sidhiugHsfl 58hed T CamdPlely. 18 enieny
vert ex ' Soﬁfé%fseﬁtﬁeosééneser iAterfdringSowér &f SRSJIRpRYBPhrbfisdisA8l itfier m a

cluste
more preferable to use some cell sizes which are relatively much bigger.

FIG. 9 shows the dataflow between the steps of the preprocessing for the

generation of a single level of simplified model.

Model Selection Step

The method of the invention further includes a step of selecting either the original
model or one of the simplified models for displaying an object. For example, when
an object is very far away from the viewpoint, it may be sufficient to choose a very
simplified model to display the object. This will save some time in displaying the
object compared to always displaying the original model. Whereas, if the object is
near to the viewpoint, a more detailed model (or a less simplified model) may be

required to reveal the details on the object.

The step of selecting a model includes a step of determining the size of the object
space covered by a pixel on the display screen, and this will be called the object-

space-to-pixel-space-ratio or R for short. The value of R of an object with a

distance D from the viewpoint is
R=(2Dtan (FOVI2) )/ H

where FOV is the verticél field of view angle of the camera, and H is the height of
the viewing window in pixels. The distance D of an object from the viewpoint can
be readily estimated using the shortest distance between the viewpoint and a pre-
computed simple bounding volume enclosing the object. An enclosing sphere of
the object is a convenient bounding volume for computing D. If the object or the

viewpoint moves, such that D changes, or FOV or H is changed, then R has to be

recomputed.



17. A nethod as set forth in claim16 wherein tiigmstemiefyT deiRHMYi ng the
cells'the candidate vertex lies in includes the’st AT ’éiq'%‘ plurality
of three-dinmensional grids to partition the objec sgac a< tjo i dentify

the cells the candidate vertex lies in. 18. A *% florith in
claim2 wherein the step of conputing t28 thickhe s includes stlep of
finding each cluster-pair which contains vertices which are used by a group
of triangles that are to be degenerated into the.sane.edge- A met hod
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the thickness of each group of triangles in a cluster-

clustering cell of width 0. Let M be the model chosen. There is no benefit in

choosing a model more detailed than M for display, since at this distance from the
viewpoint, each cell width in the object space will be mapped to approximately one
or less pixel width. This model selection is done independently for each object,

and each has its own value of R.

However, to maintain real-time interactive frame rates, a model less detailed than
M may need to be selected for display. This model is the most detailed model of
the object whose rendering time, including the calculation of perspective
transformation, lighting computation, scan conversion, etc., is consistent with

providing smooth motion of the object on the display.

An adaptive model selection technique can be integrated to select a model for
each object in the scene for display such that the total display time of all the
objects is consistent with providing a good frame rate. An example of such
adaptive model selection technique is described by Funkhouser and Séquin in
“Adaptive Display Algorithm for Interactive Frame Rates During Visualization of

Complex Virtual Environments”, Computer Graphics (SIGGRAPH ‘93
Proceedings), pp. 247-254, 1993.

Usually, when there are many complex objects in the scene, the rendering
workload will generally be high almost all the time. To speed up the adaptive
model selection step, an attempt is made to reduce the number of models of each
object that need to be considered by the optimization algorithm in the model
selection step. This is done by choosing a model which is not more detailed than
M where M' is the model with the largest cell width less than or equal to R-X, and
X > 1. X can be adjusted, automatically by the adaptive model selection algorithm

or manually by the user, according to the general rendering workload. Note that
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these tri angles to the line joining the two av%rageap(aggzt;ggyns of- t hese

vertices in the two clusters of the cluster-pajr| hod as set
forth in claim3 wherein the step of constructing...t”he-,vept—e*-—norrral

I nformati on includes the step of bUI|dI a ve t ex- normal set for each
vertex Vin the vertex table VI of the or nat—modet; A et hod as
set forththenuge 8f M 3 Lieesinet step themast q?%ﬁ!ﬁd. medehef 9erqm§ct fﬁemn%ﬁmg

I nf or mat i %r?a cluster of vertices V[err], V[err], ..., V[err] (in the
vertex tabl'é ) conpri ses: letting S <- S[err]S[err] ...lerr]Serr],

determning if [err]X Y [err] S such that X [err] Yand X [err] Y [err]
then Referring agam to I(-'l 2, {trig s_ysée\r{}n mcl[ugreé]us{gr( |L1;e)lr1tr ]deﬁces such as a
keyboard, mouse or trackball. During use, an entire scene may be moved
according to a user's command. The user inputs these commands using the input
devices. In response, the CPU may access a simplified model to be used for each
object within the scene. The system automatically switches to the simplified
models when the user initiates the motion of the objects in the scene. When
motion stops, the system returns to the full resolution mode, triggered by an
explicit user action, or by itself if there is no user intervention for a predefined
interval of time. The goal is to select from the memory the most detailed model for
each object, while also permitting real-time interactive motion to be achieved. As
the model selection step requires the clustering cell size used for generating each
simplified model, the clustering cell size is kept together with the simplified model

in the memory.

Rendering a model

When a model is to be displayed, the Host processor will send the necessary

commands and data from the model to the graphics subsystem.

To display a triangle, its vertices. and its vertex-normals are sent to the graphics
subsystem. For rendering a thick-edge using a thick-line, besides the vertices at
the two endpoints, the pixel-width of the thick-line primitive must also be sent to
the graphics subsystem. The pixel-width of the thick-line is computed as T/ R,
where T is the estimated thickness of the thick-edge, and R is the object-space-to-

pixel-space-ratio of the object as described above.

The shading or intensity of a thick-line which renders a thick-edge can, in general,
be improved by using a dynamic normal instead of a fixed one for the thick-line.
This dynamic normal is only computed during rendering. The improvement is

particularly good if that the elongated part approximated by the edge is cylinder-
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Slerr], ..., Slerr] are the respective vertex-nornal2 seisn ¢fsat he Vertlces
Vierr], V[err], ..., V[err] and the final Sis vhe vertex nor mal §et of the
representative vertex of the cluster. 23. A néthcd“aSMSet-tfﬁt ;in claim
4 wherein the step of synthesizing i ncBldes a stiep of selecting the center
of the clustering cell as the position of the representati Ve, Vertex.
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cluster, verage position
position aﬁy b6t on the edge to the camera is acute. The dynamlc normal is calculated

using the formula (V,-C) x (V,-C) x (V,-V,) where V,, V, are the edge’s

endpoints and C is the camera’s position.

Operation Of The Method Of Invention

FIG. 4 is a flowchart that depicts the operation of the method of the invention.
First, the system loads or generates a database of objects appearing in a scene to
be displayed. These objects may be elements of, for example, a CAD database or
a virtual environment. For each of these object, one or more simplified models are
generated by the preprocessing step depicted in FIG. 3. The original models and
the simplified models of all objects are stored in the memory as shown in FIG. 2.
At this point, the system is ready to begin an interactive display session with a
user.

In response to a command from the user to change the position of the displayed
object, the system accesses the memory to obtain a suitable model. As was
previously described, it is within the scope of the invention for the system to select
an appropriate simplified model for display. The selected model is passed to the
graphics subsystem, resulting in the display of the selected model on the display
screen.
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b7. A nmethod as set forth in

claiml1l wherein the step of preprocessing furthe
clustering vertices in the original nodel by usi

including the steps of:
ng a second plurality of
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di rension different froma correspondi ng di nensi
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that changes in form and details may be made therein without departing from the

scope and spirit of the invention.

Having thus described our invention, what we claim as new, and desire to secure

by Letters Patent are:

1. A method for execution by a data processor to prepare an object for display on

a display means wherein the object is represented by an original model which is

described by a plurality of vertices and planar faces each having boundaries

defined in terms of the plurality of vertices, the method comprising the steps of:

preprocessing the original model to produce at least a first simplified model

with the first simplified model having fewer faces and vertices than the

original model, and wherein the step of preprocessing to produce the first

simplified model comprises the steps of:

grading each vertex in the original model by computing a weight for the

vertex to reflect its visual importance;

clustering vertices in the original model

by using a first plurality of

clustering cells to group vertices into a plurality of clusters wherein

the order of creations and the positions of the clustering cells are

determined by at least the weights and the positions of the vertices

in the original model; and

utilizing the clustering cells so produced to generate a simplified model;

model selecting to select either the original model or a simplified model for

display as a function of at least the size of th

e object space covered by a

pixel and the size of the clustering cells used in generating the simplified

model.
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the order of creations and the positions of the cl §JS Sy St I HEET
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utilizing the clusterlng cells so produced to gene ate a second sijnglified
nodel .  28. A nethod as set forth in &Zim 27 wherein Thé step—of
preproceSS| r)qq to produce the second sinplified m)delmiut.t her includgs the
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to be the first simplified model includes the step of computing the thickness of each

group of triangles which are to be degenerated into the same edge.

3. A method as set forth in claim 1 wherein the step of preprocessing to produce
the first simplified model includes the step of reconstructing vertex-normals for
each new triangle, wherein the step of reconstructing vertex-normals comprises
the steps of:
constructing the vertex-normal information of each veriex in the original model;
updating the vertex-normal information for each cluster of vertices to derive the
vertex-normal information of the representative vertex; and
computing new vertex-normals for each new triangle using the vertex-normal
information of representative vertices and the input vertex-normais in the
vertex-normal table VNT.

4. A method as set forth in claim 1 wherein the step of preprocessing to produce
the first simplified model includes the steps of:
sorting vertices in the original model by ordering them according to the order of
their weights;
triangulating each face in the original model by partitioning it into one or more
non-overlapping triangles;
synthesizing a representative vertex for each cluster created in the step of
clustering as set forth in claim 1 to replace all the vertices in the cluster, and
thus simplifying some triangles into edges and points;
eliminating duplicated triangles, edges and points in the simplified model; and

storing the first simplified model for subsequent use.

5. A method as set forth in claim 1 wherein the step of grading includes a step of
using the value of L as the estimation, for each vertex V, for the size of the faces
bounded by V, where L is either (a) the length of the longest edge among all the

edges incident to V, or (b) the average Iength' of all the edges incident o V.
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degenerated into the sane edge; synt hesi zi ng ai présenraf tve-yertex for
each Cluster created in the step of clusterqn ‘ﬁéfé .gﬁ alfl jt he
vertices in the cluster, and thus sinplifying ' §| nto
edges and points; reconstructing vertex-nornal e¢~ea£hNDQMLL_iangles;
elimnating duplicated triangles, edges3and point$ in the sinplified nodel ;

and StOI’I ng the second sinplified nodel for subSEguent: ~t15—e—-29 A
net hod as®séd meéla%aﬁﬁeéf%ﬁhﬁnlzq*amér\@hwetm@es%teasof@fadmg ipglydes a; sigp of f
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of clustering to replace all the vertices in the cluster;

r econst r udirectipry evhteze -Gis tie axiroumeangle hetween ah glaés ;of edgesllmmdemﬁ toghe
duplicated triangles, edges and points in the sinplified nodel, and
storing t M&M®%cond sinplified nodel for subsequent use; nay be repeated as
many tines as needed provided each time the clustering step

o

7. A method as set forth in claim 1 wherein the step of grading includes a step of
using the value of cos(¢) as the estimation, for each vertex V, for the probability of
seeing V on the silhoueties of the object from any arbitrary viewing direction,
where ¢ is either (a) the maximum angle among all the angles between the
average edge of V and all the edges incident from V, or (b) the average of all the

angles between the average edge of V and all the edges incident from V.

8. A method as set forth in claim 1 wherein the step of grading includes a step of
using the value of M as the estimation, for each vertex V, for the probability of
seeing V on the silhouettes of the object from any arbitrary viewing direction,
where M is equal to ( ( area of sphere - 2 * A) / area of sphere) and A = min { area

of spherical polygon, area of sphere - area of spherical polygon }.

9. A method as set forth in claim 1 wherein the step of grading includes a step of
using (a) the product of L and cos(&/2), (b) the product of L and cos(g), or (c) the
product of L and M, as the weight of each vertex, where L has the value as set
forth in claim 5, cos(8/2) has the value as set forth in claim 6, cos(¢) has the value

as set forth in claim 7, and M has the value as set forth in claim 8.

10. A method as set forth in claim 1 wherein the step of clustering comprises:
letting the candidate vertex V be the most highly weighted vertex in the
original model which has not been assigned to any cell,
determining if V does not lie in any existing cell, then creating a new cell
centered at V and assigning V to this new cell,

else if V lies in exactly one existing cell, then assigning V to the cell,
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I's done using a plurality of clustering cells ﬁntﬁ"dlnen§r6ﬁ' nferent from
t he precedi ng ones. 30. A nethod as set forth ijn .éLqQ%Q%;ghe eiin the step
of nodel selecting includes a step of determ nijng | ect spag¢e covered
by a pi xel on the display neans.
38 31. A nethod as set forth in clai m3 furth r |nclud|ng the s ep of
conmputing the pixel-width of each thick-line

t hi ck- edge, duri fipadifdpliay intwe s rpefe-existing ﬁg“% assigNing i Vot PP8Y .t ese

cells according to a cell selection criterion, and

repeating the above steps if necessary, until all the vertices have been
assigned to some cells where the vertices assigned to each cell form a
cluster.

11. A method as set forth in claim 10 wherein the cell selection criterion includes

a step of selecting the cell with the most highly weighted center vertex.

12. A method as set forth in claim 10 wherein the cell selection criterion includes

a step of selecting the cell whose center vertex is nearest to the candidate vertex.

13. A method as set forth in claim 10 wherein the cell selection criterion includes
a step of selecting the cell C whose average length of the edges incident to the

candidate vertex to the vertices already assigned to C is the shortest.

14. A method as set forth in claim 10 wherein the cell selection criterion includes

a step of selecting the cell which has the largest number of vertices adjacent to
the candidate vertex.

15. A method as set forth in claim 10 wherein the step of identifying the cells the
candidate vertex lies in includes the step of using a plurality of three-dimensional

grids to partition the object space, so as to identify the cells the candidate vertex
lies in.

16. A method as set forth in claim 1 wherein the step of clustering comprises:
letting the candidate vertex V be the most highly weighted vertex in the
original model which has not been visited,
determining if V does not lie in any existing cell, then creating a new cell
centered at V and assigning V to this new cell,
repeating the above steps when there is still unvisited vertex in the original
model, thereafter
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32. A method as set forth in claim1 further ipcluding the step [f
conpufing the dynam c normal for each thick-IiFe pQEWM;RWGﬁMhl hf renders a
t hi ck-edge, during display of the object usingasinplified dell . 33.
Apparatus for preparing an object for display bn adarsptay—eens wherein
the object is represented by an orim|n§5nndelL$ﬁJch i s _describgd by a
plurality of vertices and @Ianar faces each havi ng boundaries defined in

terms of the pfaieachi\eriex Vdn the edginahmogehwhichukas babbeen agsigned feamy f or

Peast o first si s PEEGRREHEE e\ wtidet BireCTaiy BREASIIE navi ng 1 ever
faces andsudhat alethetvanticdshassignedi 0od cePfti a 2nétaherei n the apparatus for

processing to produce the first sinplified nodel conprises: nmeans
for grading each vertex in the original nodel by computing a
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pl ural ity cahdigbtsiEténies tl IntiudesaheWiey %Ttdsﬁ%sa!dﬁt‘&lign(g’tp &d-tinferional

clusters wherein the order of creéations e positions of
t he cl ust @fifado partition the object space, so as to identify the cells the candidate vertex

lies in.

18. A method as set forth in claim 2 wherein the step of computing the thickness
includes a step of finding each cluster-pair which contains vertices which are used

by a group of triangles that are to be degenerated into the same edge.

19. A method as set forth in claim 18 wherein those cluster-pairs containing some
triangles are stored in a hash table.

20. A method as set forth in claim 2 wherein the step of computing the thickness
includes a step of estimating the thickness of each group of triangles in a cluster-
pair as a function of the perpendicular distances of all the vertices of these

triangles to the line joining the two average positions of these vertices in the two
clusters of the cluster-pair.

21. A method as set forth in claim 3 wherein the step of constructing the vertex-
normal information includes the step of building a vertex-normal set for each

vertex V in the vertex table VT of the original model.

22. A method as set forth in claim 3 wherein the step of updating the vertex-
normal information for a cluster of vertices V,, V,, ..., V, (in the vertex table VT)

comprises:
letting S« S, U S,U..US,
determining if 3X, Y € Ssuch that X= Yand X Y = & then
S« (S-{X-{YHuxuy,

* c L M $ *
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cells are determned by at |east the weights and the p ’REBLPW ofy tfngr}
vertices in the original nodel; and means f or FA-Argpt-
clustering cells so produced to generate a (?;Ll“f i.ed. ng
means for nodel selecting to select ei %ger t he originall fo it
sinplified nodel for display as function of afi lieast the sizelo
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as set fqpfkerel 9, ®,al MBhré hé P&fpfcﬂgé V@ﬁéx—lﬁ%ﬁﬂﬁl §&15 o?ttﬁ’é '\I@HIC@EWN ¢ ng cell
si zes used I n genératlﬁ fhe said nodel’s, and wherein said neans

V., and the final S is the vertex-normal set of the representative vertex of the
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| Xxe

cluster.

23. A method as set forth in claim 4 wherein the step of synthesizing includes a
step of selecting the center of the clustering cell as the position of the
representative vertex.

24. A method as set forth in claim 4 wherein the step of synthesizing includes a
step of computing the weighted-average position of the vertices within a cluster,
and a step of selecting the weighted-average position as a position of the

representative vertex.

25. A method as set forth in claim 4 wherein the step of synthesizing includes a
step of computing the weighted-average position of the vertices within a cluster,
and a step of selecting as the representative vertex the vertex in the cluster that is

nearest to the weighted-average position.

26. A method as set forth in claim 4 wherein the step of eliminating includes a

step of identifying duplications of triangles, edges and points with hash table.

27. A method as set forth in claim 1 wherein the step of preprocessing further
including the steps of:

clustering vertices in the original model by using a second plurality of

clustering cells, wherein said second plurality of clustering cells has a

dimension different from a corresponding dimension of said first plurality

of clustering cells, to group vertices into a plurality of clusters wherein

the order of creations and the positions of the clustering cells are

determined by at least the weights and the positions of the vertices in
the original model; and
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39 for nodel selecting is responsive to a detern1nep5§«2éibﬂ;Lh$ decﬂ
space’ covered by a pixel on the display nmeans, and tjo {said stored
clustering cell sizes, to select one of the sai d model s i@n*ﬁﬁspﬂ y. 35.
A st orage device storing conput er readable instructijpns for causingla
pr ogr anmabl e processing apparatus to péfforma met hod of preparing an
obj ect for display on a display means wherein the obj d by
an ori gi nal nﬂﬂ@?'"ﬁh‘ih@hd%teﬂ'@Sc??'Ee‘ép Wo‘éu‘iﬁ%maﬂ?ﬂwaf? 5!/§PF‘P'&%§"§HE"% anar
faces each havin ndaries defined in terns of the plurality of vertices,
t he met hod conprising the steps of: preprocessing the original nodel to
produce at least a first sinplified nodel with the first sinplified
nodel having fewer faces and vertlces t han t he ori ginal nodel, and

wherlel n t4fe dh dpethodpas adciosts iyc p??)d@&%retméhﬁ isteR of P"epr%qﬁlﬂgf fed I
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visual inpoebmping the thickness of each group of triangles which are to be

degenerated into the same edge;

synthesizing a representative vertex for each cluster created in the step of
clustering to replace all the vertices in the cluster, and thus simplifying
some triangles into edges and points;

reconstructing vertex-normals for each new triangles;

eliminating duplicated triangles, edges and points in the simplified model; and

storing the second simplified model for subsequent use.

29. A method as set forth in claim 27 wherein the steps of:
clustering vertices in the original model;
computing the thickness of each group of triangles which are to be
degenerated into the same edge;
synthesizing a representative vertex for each cluster created in the step of
clustering to replace all the vertices in the cluster;
reconstructing vertex-normals for each new friangles;
eliminating duplicated triangles, edges and points in the simplified model, and
storing the second simplified model for subsequent use;
may be repeated as many times as needed provided each time the clustering step
is done using a plurality of clustering cells with dimension different from the

preceding ones.

30. A method as set forth in claim 1 wherein the step of model selecting includes

a step of determining the object space covered by a pixel on the display means.

T
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clustering cells to group vertices into a plurality of -clusters;wherein
the order of creations and the positions of the cl JsEe);i“n’g" Cells ar e
determ ned by at |east the weights and_the positiopstef-—the-vertices:

in the original nodel; and utSBl i zi ng thejclustering cells so

pr oduced enerate a sinpl,jfied . nodel; . npdel . SEFECUT MY TU SEIECt
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model . Sfahe Adbjedusingca simplifieg modélc uct i ons for causing a progranmmabl e
processi ng apparatus to performa nethod of preparing an object for display
on a display neans wherein the object is represented by an original nodel
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boundari es Ined interns o e plura
conpri si ngyridmicshemsal dor each thick-line primitive which renders a thick-edge, during

display of the object using a simplified model.

33. Apparatus for preparing an object for display on a display means wherein the
object is represented by an original model which is described by a plurality of
vertices and planar faces each having boundaries defined in terms of the plurality
of vertices, the apparatus comprising:
means for processing the data representing the original model to produce at
least a first simplified model with the first simplified model having fewer
faces and vertices than the original model, and wherein the apparatus for
processing to produce the first simplified model comprises:
means for grading each vertex in the original model by computing a
weight for the vertex to reflect its visual importance;
means for clustering vertices in the original model by using a first
plurality of clustering cells to group vertices into a plurality of clusters
wherein the order of creations and the positions of the clustering
cells are determined by at least the weights and the positions of the
vertices in the original model; and
means for utilizing the clustering cells so produced to generate a
simplified model;
means for mode! selecting to select either the original model or a simplified
model for display as a function of at least the size of the object space
covered by a pixel and the size of the clustering cells used in generating
the simplified model.

34. The apparatus as set forth in claim 33 further includes means for storing

clustering cell sizes used in generating the said models, and wherein said means

L



40 preprocessing the original nodel to produce at; -ea“s‘.t..a f| rst si nplified
nodel * with the first sinplified nodel having fevver faces and vertices

t han t he ori ginal nodel, and wherein the step df -pae-iﬁ%e-esm ng to
produce the first si mpl |f|ed nodel conprises itHe steps of: gr adi ng
each vertex in the original nodel by cduting § weight for the

vertex to reflect its visual inportance, clusteri ertices in the
ori gi nal fasdapde)\selggting i l'$$POJISIV@ f@r%ﬂﬁt@’mﬂied size of the objegt spacegovelieds t o
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det er m negng¥f #Hie ggias,hoaéqg foedigplay. and the positions of the vertices
in the original nodel; utilizing the clustering cells so
produced to generate a SI rrpl i fied nodel ;

35. A storage device storing computer readable instructions for causing a
programmable processing apparatus to perform a method of preparing an object
for display on a display means wherein the object is represented by an original
model which is described by a plurality of vertices and planar faces each having
boundaries defined in terms of the plurality of vertices, the method comprising the
steps of:
preprocessing the original model to produce at least a first simplified model
with the first simplified model having fewer faces and vertices than the
original model, and wherein the step of preprocessing to produce the first
simplified model comprises the steps of:
grading each vertex in the original model by computing a weight for the
vertex to reflect its visual importance;
clustering vertices in the original model by using a first plurality of
clustering cells to group vertices into a plurality of clusters wherein
the order of creations and the positions of the clustering cells are
determined by at least the weights and the positions of the vertices
in the original model; and
utilizing the clustering cells so produced to generate a simplified model;
model selecting to select either the original model or a simplified model for
display as a function of at least the size of the object space covered by a
pixel and the size of the clustering cells used in generating the simpilified
model.

36. A signal conveying instructions for causing a programmable processing
apparatus to perform a method of preparing an object for display on a display
means wherein the object is represented by an original model which is described
by a plurality of vertices and planar faces each having boundaries defined in terms

of the plurality of vertices, the method comprising the steps of:
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for ~ display as a function of at |east the gize of the object space
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generating the sinplified nodel . P
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preprocessing the original model to produce at [east 3 Tirst simplified model
with the first simplified model having fewer faces and vertices than the
original model, and wherein the step of preprocessing to produce the first
simplified model comprises the steps of:
grading each vertex in the original model by computing a weight for the
vertex to reflect its visual importance;
clustering vertices in the original model by using a first plurality of
clustering cells to group vertices into a plurality of clusters wherein
the order of creations and the positions of the clustering cells are
determined by at least the weights and the positions of the vertices
in the original model; and
utilizing the clustering cells so produced to generate a simplified model;
model selecting to select either the original model or a simplified model for
display as a function of at least the size of the object space covered by a
pixel and the size of the clustering cells used in generating the simplified
model.
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ABSTRACT

MULTI-RESOLUTION GRAPHIC REPRESENTATION GENERATED BY
WEIGHT-CONTROLLED VERTEX CLUSTERING FOR INTERACTIVE
VISUALIZATION APPLICATIONS

A method for execution by a data processor that prepares an object for display
during interactive visualization. The method includes a step of preprocessing
an original model, which is a polygonal boundary representation of the object,
so as to produce a plurality of simplified models with each simplified model
having fewer faces and vertices than the original model. The step of
preprocessing includes the steps of grading, sorting vertices, triangulation,
clustering, thick-edge computation, synthesis, reconstruction of normals,
elimination, and storing the simplified model. During display of the object, the
method further includes a step of selecting either the original model or one of
the simplified models for display so as to achieve real-time interactive motion

of the object.

Fig 8a & Fig.8b are to be published.
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