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DISTRIBUTED MULTIRESOLUTION
GEOMETRY MODELING SYSTEM AND
METHOD

This application claims the benefit of U.S. provisional
application No. 60/191,354 filed on Mar. 22, 2000.

TECHNICAL FIELD

This invention relates in general to the field of geometric
modeling, and in particular, multiresolution geometric mod-
eling in a distributed environment.

BACKGROUND OF THE INVENTION

Many disciplines require large high-resolution geometric
models. High-resolution models of complex systems, such
as geological reservoir models, often require huge data sets
and therefore exceed the capacity of generally deployed
hardware.

The last decade of the 20th century saw great advances in
computer technology. One example is the widespread use of
computer networks such as the Internet. The near universal
access to computer networks provides new ways of using
computers. For example, the client-server computation
model has become very popular. In the client-server
approach a user accesses a data set stored on a “server”
computer using a user interface or application program on a
“client” computer. In networked computer systems it is
possible to allow the various computers that make up the
network to have different roles in an overall solution. For
example, one computer may provide database storage,
another high-speed computation, a third graphics, and a
fourth client interface. In a network it is also possible to have
multiple computers working in parallel to solve a given
problem.

Even though computer network bandwidth has increased
substantially in recent years, due to the size of many
geometric models their rapid transmission over a network is
not practical.

For many applications, the manipulation and analysis of
a geometric model does not require the highest available
resolution. Furthermore, it is often desirable to access part of
the model at a high resolution and other parts of the model
at a lower resolution. Co-pending patent application Ser. No.
09/163,075 entitled Modeling at More Than one Level of
Resolution, filed Sep. 29, 1998 (hereinafter *075) and Ser.
No. 09/228,714 entitled Scalable Visualization for Interac-
tive Geometry Modeling, filed Jan. 12, 1999 (hereinafter
*714), both of which are incorporated herein by reference,
describe systems and methods for building models at more
than one level of resolution as well as for visualizing
multiresolution models. These applications describe a
method and system in which a dynamic multiresolution
model may be created or updated without requiring the
complete rebuild of the model when new elements are added
or elements are changed. For example, geoscience models
are usually made up of a large number of surfaces called
horizons. According to the methods of 075 and 714 sur-
faces may be added to the model without requiring a
complete rebuild of surface representations.

It would be desirable to provide a mechanism for distrib-
uted access and distributed interactive construction of mul-
tiresolution geometric models.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a distributed multireso-
lution geometric modeling system according to the inven-
tion;
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FIG. 2a is a graphic representation of a model showing a
connected path.

FIG. 2b is a graphic representation of a boundary repre-
sentation of a geometry model.

FIG. 3a is a graphic representation of an area cell (two-
cell).

FIG. 3b is a boundary representation illustrating the
zero-cells and one-cells bounding the area cell (two-cell) of
FIG. 3a.

FIG. 3¢ is a connected graph illustrating the connection

between the various zero-cells, one-cells, and two-cells of
FIG. 3b.

FIGS. 4a—c illustrate grid representations.
FIG. 5 illustrates a mesh representation of a surface.

FIGS. 6a—b illustrate two possible triangulations of a grid
cell.

FIG. 7a is a graphical representation of a quadtree parti-
tioning of a surface.

FIG. 7b is a geometrical representation of a quadtree
partitioning of a surface.

FIGS. 8a—b illustrate the effect of removing a non-critical
vertex through approximation.

FIGS. 9a-b illustrate the effect of removing a critical
vertex through approximation.

FIG. 10 illustrates internal critical vertices.

FIG. 11 illustrates external critical vertices.

FIGS. 12a-b and 13a-b illustrate approximations of a
surface while respecting critical vertices.

FIG. 14 is a flowchart illustrating the surface partitioning
method performed by the tree creation server of the distrib-
uted multiresolution geometry modeling system.

FIG. 15a—b are a flowchart illustrating the method by
which a new surface is classified into a model.

FIG. 16 is a flowchart illustrating the method by which the
geometry server determines the list of intersecting leaf nodes
when classifying a new surface into a model.

FIG. 17 is a flowchart illustrating the method by which the
decimation server decimates a model preserving intersection
curves.

FIG. 18 is an example of a quadtree with leaf nodes at a
fixed depth.

FIG. 19 is a flowchart illustrating the memory manage-
ment of the distributed multiresolution modeling system of
FIG. 1.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Overview of a Distributed Multiresolution
Geometric Modeling System

FIG. 1 is a schematic diagram of a distributed multireso-
lution modeling system according to the invention. The
system 101 consists of an application client 51, a visualiza-
tion server 53, a decimation server 55, a geometry server 57,
a multiresolution model server 59, and a tree creation server
61. In one view of the invention, ecach of these units 51
through 61 are distinct software components that may be
operating on the same computer or be distributed over
multiple computers. In the extreme, each of the units 51
through 61 operates on a separate computer. In the latter
case, the units 51 through 61 have client-server relationships
as described in greater detail below. In the other extreme, the
visualization server 53, the decimation server 55, the geom-
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etry server 57, the multiresolution model server 59 and tree
creation server 61 are located on one computer and the
application client on another computer.

While the multiresolution modeling system 101 is shown
in FIG. 1 for illustrative purposes with one visualization
server 53 and one application client 51, in an alternative
embodiment there may be multiple visualization servers and
application clients. There may also be multiple decimation
servers 55 and geometry servers 57, for example, so that
each visualization server is provided decimated views of the
model from a dedicated decimation server, or to provide
parallelization of the model building process over multiple
geometry servers.

Central to the system 101 is the multiresolution model
server 59. The multiresolution model server 59 hosts the
multiresolution representation of a geometry model stored
on a persistent storage 63. Co-pending patent application
Ser. No. ’075 describes in detail the construction of geom-
etry models at multiple levels of resolution.

The controlling unit of the system 101 is the application
client 51. The application client 51 may be any application
program that accesses a geometry model. In the geoscience
field, examples include 3D visualization, interactive 3D
modeling, and simulation. A web browser is another
example of an application client. The application client 51
issues commands to the other components of the system 101.
Given a model, the application client 51 may issue a
command to load an additional element, e.g., a surface, into
the model.

The model combines topological information about the
structure being modeled and geometric information describ-
ing the shape of the structure. In summary, expanded in
greater detail below, the topological information is con-
tained in a graph, e.g., as shown in FIG. 3¢ and the geometric
information is modeled in a hybrid grid-mesh representa-
tion. The grid is subdivided into a quad tree structure.

The topology of a model is represented as a boundary
representation. In the boundary representation the macro-
topology is represented by cells. A cell is a path-connected
subset of Euclidean space of a fixed dimension.

Surfaces which make up the model are introduced to the
model as grid data 65. The tree creation server 61 receives
surface grid data as input and builds quad tree representa-
tions of the surface. The details of how a quad tree repre-
sentation is constructed are discussed in greater detail below.

During the process of creating the quad tree representa-
tion of a surface, the tree creation server 61 transmits
incremental updates to the multiresolution model server 59.

Topology and Geometry

The system 101 distinguishes between the notions of
topology and geometry. Broadly, topology refers to the
connectivity between components in the model and gener-
ally refers to “macro-topology”, described below. Geometry
refers to the actual point-set representation of a particular
component, for example.

Macro-topology carries the relationships between the
major topological components of a model. The major topo-
logical components refer to points, edges (curves), faces
(surfaces), and subvolumes. For example, macro-topology
would answer a question such as “which surfaces bound a
particular volume?” or “which surfaces lie within a particu-
lar volume?”.

Macro-topology is represented by cells. A cell is a path-
connected subset of Euclidean space of a fixed dimension.
Path-connected means any two points in the cell can be
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4

connected by a path in the cell. The dimension refers to the
dimension of the geometry of the cell, a O-cell is a point, a
1-cell is an edge (curve), a 2-cell is a face (surface) and a
3-cell is a volume. For example, consider FIG. 2a. Areas 36
and 38 are distinct cells separated by fault 40. Curve 42
illustrates the path-connected character of cell 38. Similarly,
as shown in FIG. 2b, the line segments 44 between inter-
section points and the intersection points 46 themselves are
cells.

The macro-topology of a geometric model is the set of all
cell-cell connectivity relationships. The cell-cell connectiv-
ity relationships can be represented in a graph in which the
arcs of the graphs represent connectivity and the nodes
represent cells, as shown in FIGS. 3a—c. In a cellular model,
cells of dimension n are connected to boundary cells of
dimension n-1 and vice versa. For example, in the topology
of a box 48, shown in FIG. 34, the area cell 50 is connected
to its four bounding edge cells 52a—d. A single cell can act
both as a boundary and as a region. For example, a surface
can bound a subvolume, but can itself be bounded by a set
of curves. The 1-cells 52a—d, in FIG. 3b, are both subregions
(bounded by zero-cells 54a—d) and boundaries (of area cell
50). These relationships can be represented graphically, as
shown in FIG. 3¢. Node 56, corresponding to area cell 56,
is connected to nodes 58a—d, representing 1-cells 52a—d,
respectively. The connection between the nodes is repre-
sented by the arcs between them. 1-cells 58a—d are con-
nected to zero-cells 60a and 60d, 602 and 60b, 605 and 60c,
and 60c and 604, respectively. Cells which are contained in
higher-dimensional cells but do not split them (such as fault
40 in FIG. 24) are said to be “embedded”.

There are two discrete surface representations which are
of interest, grid and mesh. In any surface representation
there are two important aspects, the micro-topology and the
geometry. Micro-topology refers to how the surface is
connected, for example, which triangles connect to which
triangles. The geometry specifies the actual position of the
surface. The primary distinction between grid and mesh is
grid represents topology implicitly, mesh represents topol-
ogy explicitly.

There are several types of grid. They share a common
feature which is that topology is represented implicitly. They
differ in how the geometry is represented. The topology is
represented implicitly as two integer extents giving the
number of grid cells in each direction.

The most compact form of grid is a “regular grid”, as
illustrated in FIG. 4a. For a regular grid it is only necessary
to store an origin, step values for the grid points, the number
of grid points and the height values for each grid point. A
regular grid has a number of drawbacks. In particular, all of
the grid cells are of fixed size and only height fields can be
represented.

Aslightly more general form of grid is a “rectilinear grid”.
For a rectilinear grid the grid cell sizes can vary along each
axis, as illustrated in FIG. 4b. As with regular grids,
however, only height fields can be represented.

The most general type of grid is a “structured grid”, as
illustrated in FIG. 4¢. As with regular and rectilinear grids,
the topology is represented implicitly by two integer extents
giving the number of grid cells in each direction. The
geometry is represented explicitly by maintaining a three
dimensional point coordinate for each grid point. A struc-
tured grid differs from regular and rectilinear grids because
it is possible to represent multi-valued height fields. It is also
more adaptive than regular and rectilinear grids allowing the
grid cell size to vary across the whole grid.
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Structured grids have the following characteristics: (1)
they are compact; (2) they can represent multi-valued height
fields; (3) topology is represented implicitly in that grid cell
neighbors are given by increments and decrements of an
indexing function; (4) the grid index is a natural parameter-
ization; and (5) they are difficult to edit.

The major drawback of all grid representations is the
inability to topologically edit the grid. For example, it is easy
to move a vertex in a structured grid by replacing the
coordinates. It is difficult to insert a new vertex into the grid,
which would require regenerating the grid indices for the
surface.

The greatest advantage of a mesh representation is the
ability to represent irregular geometries. A mesh 142 with an
irregular hole 144 can be represented very simply, as shown
in FIG. 5. Where a surface is rapidly changing the mesh can
be very fine, and in large flat regions the mesh can be very
coarse. It is also very easy to edit a mesh. For example, if a
new vertex needs to be inserted, it is possible to retriangulate
the surface in the neighborhood of the vertex.

Mesh has the following characteristics: (1) triangles are of
variable size; (2) they can represent multi-valued height
fields; (3) topology is represented explicitly; (4) locally
editable, for example refinement and coarsening; (5) not
necessarily parameterized.

Meshes can represent more general surfaces than grids.
Compared to a grid, however, a mesh incurs a memory and
performance cost because the topology has to be represented
explicitly. However, because a mesh is irregular it can easily
model multi-valued surfaces and surfaces which are rapidly
changing in one area and flat in another.

When creating any surface representation, the sampling
size can have a profound effect on memory usage. For
example, if the sampling along each axis of a grid is
doubled, the memory usage will be quadrupled. This sug-
gests the need to selectively load portions of the model in
core memory.

Furthermore, it is easy to build a geometric model which
can reside in core memory, but which overwhelms even the
most powerful graphics hardware. This suggests the need to
be able to decimate or subsample the surfaces in an efficient
manner for rendering.

The system 101 uses the hierarchical surface representa-
tion introduced in co-pending patent application Ser. No.
075 which is able to represent a surface that is initially
imported as a structured grid and is then edited by the use of
classification and coherency. The representation supports the
micro-topological interface required by the SHAPES geom-
etry engine for a surface to be used in classification. The
surface also supports adaptive decimation algorithms that
prevent cracking and bubbling. The architecture is a hybrid-
grid mesh. This means wherever possible a grid is used, but,
when necessary, mesh regions overlaying the grid are used.
This has many advantages, for example, being able to tune
algorithms to make use of a grid representation when the
surface is a grid. But, when greater flexibility is required, the
grid representation can be exchanged for a mesh represen-
tation.

Typically, surfaces are imported as grids. However, the
geometry engine can only perform geometric calculations
with mesh. The hybrid grid-mesh representation neatly
solves this problem, because areas of the grid can be
dynamically converted to mesh thereby supporting general
topological and geometrical editing. But, the efficient grid
representation can be used where such general editing is not
required. Effectively, the underlying geometry engine is
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fooled into believing the surface is a mesh. Furthermore,
since it is possible to identify which areas are grid and which
are mesh, algorithms can be optimized to make use of the
grid structure whenever possible. An example of tuning
when the surface is a grid is encoding the particular trian-
gulation of the grid. A grid cell has two possible triangula-
tions 190 and 192, as shown in FIGS. 6a—b.

The triangulation of the grid can be stored in a bit vector,
each bit representing the chosen triangulation of a particular
grid cell. In this way it is not necessary to maintain the
triangulation of the grid explicitly as simplices.

In general, the grid can be thought of as being the
background and the mesh the foreground. Since the surface
maintains its grid representation in the background it is
possible to discard the mesh foreground at any time and
recover the grid background.

At any time a portion of the grid can be turned to mesh by
reading the triangulation bit-vector and dynamically build-
ing simplices.

The hybrid architecture maintains the flexibility to pro-
vide the irregular refinement of a grid. This is important, for
irregular refinement is required for efficient classification
and coherency algorithms.

For the purposes of the implementation, a quadtree has
been used to provide a multiresolution hierarchy. A quadtree
was chosen because of its geometrical relationship to sub-
sampling in grids.

A quadtree is a tree with nodes, each of which has four
children, except for the leaf nodes, which have no children.
Any quadtree can be drawn graphically, as shown in FIG.
7a, or geometrically, as shown in FIG. 7b. Every node of the
tree has a unique depth and can be assigned a unique key.

The key of a quadtree node is chosen to provide the
following functionality.

A compact and efficient way to dereference quadtree

nodes.

A linear ordering for the quadtree nodes.

An efficient way to compute the depth of the key.

An efficient way to compute whether a key is an ancestor

of another key.

An efficient way to compute whether a key is a descendant

of another key.

A way to compute the ancestor keys of a key.

A way to compute the descendant keys of a key.
Efficient in this context means a small number (typically <5)
of bitwise Booleans together with bit shifts and arithmetic
operations. The implementation of the quadtree key can be
done by using pairs of bits to hierarchically identify the child
at each level and representing the depth as an integer. Let
ceil(x) be the smallest integer greater than or equal to x.
Using the implementation of the quadtree key described
above, the number of bits required to represent a tree of
depth d is given by 2d+ceil(log,(d+1)), where the factor 2d
is the mantissa (2 bits are required to identify each child at
each depth), and the factor ceil(log,(d+1)) is the number of
bits required to represent the integer value d. Thus a 32 bit
key can represent a tree of depth 14, and as shall be seen this
is more than adequate for current needs.

The following definitions will be used:

The number of elements (cardinality) in a collection C

will be denoted by Card(C).

The key of a quadtree node N will be denoted by Key(N).

The quadtree node of a key K will be denoted by

Node(K).
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The depth of the key K will be denoted by Depth(K).
Without loss of generality, the root key has depth 0.

The ancestor key at depth i of the key K will be denoted
by Ancestor(K). The function is defined for i=Depth
(K) with Ancestory,, . x(K)=K.

Denote by Ancestors(C) the collection of ancestor keys of
the

Ancestors;(C) = U Ancestor;(K)
KeC

collection of keys C:
Note there is a one-to-one correspondence between nodes
and keys:

Node(Key(N))=N, Key(Node(K))=K

For simplicity, and since the original surface is a struc-
tured grid, the quadtree leaf nodes are assumed to be all at
the same fixed depth. It is possible for branches of the
quadtree to be empty. To ensure unnecessary navigation
across empty parts of the tree, if a node is present in the tree
it must have a non-empty leaf node in its descendants.

Conceptually, all surfaces are represented as mesh.
However, it is not necessary for the mesh to be completely
built, in fact, it is possible to dynamically build the mesh as
and when required provided sufficient topology is main-
tained to support geometrical and topological algorithms.
Once an area of the surface is marked as mesh and simplices
have been built for this region, more general, topological
editing can be performed in this region, for example, refine-
ment.

Following this paradigm, simplices are conceptually
assigned to quadtree leaf nodes in a regular manner. As
discussed above, this can be easily done for a grid. The
quadtree leaf node maintains a flag that signifies whether its
simplices have been built or not. If asked for its list of
simplices the leaf node can return the list of simplices if they
have been built, or build them dynamically and return the
list. In this way a simplex is assigned to a unique quadtree
leaf node.

The geometrical representation of a quadtree mirrors the
regular structure of a grid and hence it is natural to assign
each grid cell in a regular manner to a unique quadtree leaf
node. For example, the geometric tiling of a quadtree
described above can be used and the grid cell may be
assigned to the quadtree leaf node that contains its lower left
corner. When a grid cell is triangulated, it contains a pair of
simplices. These simplices are assigned to the quadtree leaf
node of their grid cell.

Each quadtree node has been assigned a collection of
simplices. The quadtree node inherits a boundary from its
collection of simplices, i.e., the boundary of the simplices.
This boundary is a list of vertices and edges connecting the
vertices. Furthermore, at a fixed depth in the tree, the
boundaries of all the quadtree nodes at the chosen depth
form a graph.

The graph of the boundaries of the quadtree node will be
a particularly detailed object for it takes its edges from the
simplices in the full-resolution surface. It would be prefer-
able to approximate the boundary of the quadtree node with
a reduced set of edges and hence a reduced set of vertices.
For example, as shown in FIG. 8a, it can be seen that vertex
194 can be dropped and the edge 196 which it defines. The
edge can be straightened, as shown in FIG. 8b, without
changing the basic structure of the graph (more precisely, the
topology of the graph has not changed).
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In contrast, if vertex 198, shown in FIG. 94, is collapsed
to vertex 200, the valence of vertex 200 changes from three
to four and hence the topology of the graph is modified. It
can be seen that the only vertices which can be dropped and
still preserve the topology of the graph are the vertices of
valence two (such as vertex 194 in FIG. 8a). This can be
made precise by introducing the notions of homeomorphic
graphs. Graphs are well-known topological objects in math-
ematics and many techniques have been developed to study
them.

From the description above, there is a collection of
vertices that cannot be removed without changing the topol-
ogy of the graph. These vertices are of interest as they
encode the topology of the surface. However, it can be
difficult to compute this collection of vertices. The following
discussion describes a computationally cheap means to find
a collection of wvertices, called “critical vertices”, which
include the vertices described above.

The critical vertices are the crucial component when
describing the topology of the surface. They enable naviga-
tion to be performed within the tree without requiring the
complete tree to be loaded in memory. Moreover, they avoid
creating unnecessary mesh regions to describe the geometry
of the surface. The navigation is generally an important part
of a surface description but is essential in the operation of
making coherent.

The critical vertices are also crucial in the decimation
stage because they are the vertices that will appear in the
decimated model.

There are two classes of critical vertices: “internal” criti-
cal vertices and “external” critical vertices. The internal
critical vertices are present to provide topological connec-
tivity in the interior of the surface. The external critical
vertices provide topological connectivity around the bound-
ary of the surface and along cracks in the surface.

Again, the driving example is the sub-sampling of a
regular grid. The critical vertices mirror sub-sampling in a
regular grid.

A vertex is an internal critical vertex if the vertex is in the
interior of the surface and it can not be removed from the
graph of edges without changing the topology of the graph.
Avertex is critical at depth 1if it is at the intersection of three
or more quadtree nodes at depth i. For the regular partition
of a grid, the critical vertices are the interior vertices of the
sub-sampled grid, as can be seen in FIG. 10.

The internal critical vertices do not include the boundary
vertices. To include these requires the macro-topology of the
2-cell to be used and gives the notion of an external critical
vertex.

A vertex is an external critical vertex at depth 1 if it is:

A vertex which is identified with a O-cell.

A vertex which is identified with a 1-cell vertex and lies

at the boundary of two or more quadtree nodes at depth
i. The external critical vertices permit the boundaries to
be included, as can be seen in FIG. 11.

The collection of critical vertices is the union of the
internal critical vertices and the external critical vertices.
One can see from the definitions if a vertex, v, is critical at
depth d then the vertex is critical at all depths greater than
d.

The “depth” of a critical vertex is the depth at which the
vertex first becomes critical. If a vertex is never critical in
the tree, it will first appear in the vertices of the simplices of
aleaf node and its depth is given by the depth of the tree plus
1. The critical vertices represent an approximation of the
surface and at greater depths of the quadtree the approxi-
mation improves. FIG. 12a shows an original surface with a
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hole comprising two 1-cells 198 and 200 and a crack
comprising one 1-cell 202 with a quadtree overlaid. At this
depth, there is only internal critical vertex 204 (occurring at
the intersection of three of more quadtree nodes). There are
external critical vertices 206, 208, 210, 212, 214, 216, 218,
and 220 identified with a O-cell. There are 9 external critical
vertices 222, 224, 226, 228, 230, 232, 234, 236 and 238
identified with a 1-cell vertex of the surfaces and lying at the
boundary of two or more quadtree nodes. FIG. 12b shows
the approximation of the surface, hole and crack at this level
of decimation. Curves between critical vertices are replaced
by straight lines. For example, the portion of curve 198
between critical vertex 206 and critical vertex 228 is
replaced by line 239.

FIG. 13a shows the same original surface overlaid with a
quadtree at a depth one greater than that shown in FIG. 124a.
The number of quadtree nodes quadruples from four to
sixteen. Consequently, seven interior critical nodes 240, 242,
246, 248, 250, 252 and 254 are added. Further, 1-cell
external critical vertices at the boundary of two or more
quadtree nodes 256, 258, 260, 262, 264, 266, 268, 270, 272,
274, 276, 278, 280, 282, 284 and 286 are added. FIG. 13b
shows the approximation of the surface, hole and crack at
this level of decimation. Again, curves between critical
vertices are replaced by straight lines.

As can be seen, assigning critical vertices to a quadtree
node allows a decimated view of a surface to be built. For
the quadtree node, N, let

CriticalVerts(N)={v|veVerts(S) for some SeSimps(N) and
depth(v)<depth(Key(N))}

In its most abstract form, a 2-simplex is formed from three
vertices. In a mesh, the connectivity of the surface can be
represented by sharing the same vertex across different
simplices and maintaining within a vertex references to the
simplices which reference the vertex. So, given a simplex,
one can navigate to one of its vertices and from the vertex
can navigate back to another simplex. In this manner one can
travel around the simplices and vertices in a surface.

In the hierarchical surface representation, connectivity is
built in a different manner. Within each critical vertex,
instead of storing the simplices which reference the vertex,
the keys of the quadtree leaf nodes which have the vertex as
a critical vertex are stored. This list of keys is called the
vertex descriptor. In this manner, it is not necessary to
instantiate simplices to be able to navigate around the
surface. Navigation can be performed from a quadtree node
by using the quadtree leaf keys from the vertex descriptor of
one of its critical vertices to navigate to an ancestor node of
the key.

More precisely, each simplex belongs to a unique
quadtree leaf node and the simplex is conceptually assigned
the key of this leaf node. In the mesh representation of the
surface, a vertex is shared by a list of simplices (these
simplices may not be instantiated). Thus, the vertex inherits
a list of leaf keys from the keys assigned to the simplices that
reference the vertex. This list, which is the vertex descriptor,
is defined for all vertices in the surface and for the critical
vertices is the same list as the one described in the paragraph
above.

It is not necessary to store the quadtree leaf key in a
simplex because it can be computed from the vertex descrip-
tors of the simplice’s vertices, as described below. However,
for efficiency, it can be cached at the simplex.

Within a cell, denote by Simps(v) the set of simplices that
connect to the vertex v. Denote by Verts(S) the set of vertices
forming the corners of the simplex S. The “vertex descrip-

10

tor” for the vertex v, is the list of leaf keys of the simplices
connected to the vertex, v,

Keys(v) = U Key(Leaf (5))
5 SeSimps(v)

For performance, the tree is chosen such that the following
condition is met:

10

CardKeys(v)) =4
By assigning the vertex descriptors to the vertices, it is
possible to indirectly determine
15 Key(Leaf ($)) = ﬂ Keys(v)
veVerts(S)
the leaf key of a simplex by
20 Having assigned the vertex descriptors to the vertices it is
now a cheap operation to determine the criticality of a vertex
at a particular depth of the tree.
dim(v) =
25 0, if v is identified with a O —cell vertex
1,if v is identified with a 1 —cell vertex and no 0 — cell vertex
2,if v is not identified with a 1 — cell or 0 — cell vertex
30 Let dim(v)=macro-dimension(v). That is, let
k(v)=Card(Ancestors (Keys(v))
Let k() be the number of ancestor keys at depth i of the
vertex v, The vertex v is critical at level 1 if it satisfies any
35 of the following:
The vertex v is identified with a 0-cell vertex.
The vertex v is identified with a 1-cell vertex and the
number of ancestor keys at depth 1 is greater than one.
The number of ancestor keys at depth i is greater than two.
40 Equivalently, the vertex v is critical at level i if,
k(v)>dim(v)
A quadtree node inherits a collection of simplices from
45 the leaf nodes that are its descendants. If this collection of

simplices does not reference any vertices that are identified

with 0-cell or 1-cell vertices then, in the preferred

embodiment, it is required that the collection of simplices

must be homeomorphic to a 2-disk. In particular, the node
5o must be connected and simply-connected (i.e. not have any
holes).

This requirement improves the efficiency of the
algorithms, in particular migration, and saves having to
perform difficult topological analysis of the quadtree nodes.
As will be seen, this requirement will be satisfied for all
algorithms of interest provided the initial quadtree that is
built satisfies the connectivity requirement.

The data structures of the quadtree has the following
characteristics:

Grid cells are assigned to quadtree leaf nodes in a regular

manner, as described above.

The initial triangulation of the surface is defined by
splitting grid cells. The simplices from a split grid-cell
are then assigned to the quadtree leaf node to which the
grid-cell was assigned.

Each quadtree leaf node maintains the list of simplices
which it contains. If the simplices have not been built,
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this list is empty. The simplices are built dynamically
from the grid cells when required. When the simplices
have been built, the quadtree leaf node is marked as
mesh and the grid representation can no longer be used.

Each vertex is assigned a vertex descriptor that is the list
of leaf keys of the simplices that use the vertex.

Each quadtree node maintains the list of vertices that are
critical for this quadtree node at the quadtree node’s
depth.

Each quadtree node that has no vertices identified to 1-cell
or 0-cell vertices in any of its descendants is topologi-
cally connected and simply connected.

A quadtree node is “pure grid” if none of its descendant
leaf nodes have been meshed.

A “mesh” vertex is a vertex for which a simplex has been
built which references this vertex.

A “grid” vertex is a vertex for which no simplices that

reference it have been built.

A quadtree can be implemented in two basic forms. The
first is to use a look up table based on the quadtree key,
which can be done by using the ordering on the quadtree
keys. The second is to maintain links from the parent to the
four children nodes similar to a linked list. The first imple-
mentation will be called a linear array quadtree, the second
implementation a linked quadtree.

Alinear array quadtree is efficient for indexing on the key,
but if large portions of the tree are non-existent it can be
wasteful of memory. The linked quadtree is efficient where
large portions of the tree are non-existent, but is inefficient
for indexing on the key as it requires searching down the
parent-child links.

The implementation of the quadtree uses both techniques.
For the coarse depths the linear array is used and at the finer
depths a linked tree is used. This provides faster indexing for
coarse keys, but is not too wasteful of memory.

An iterator is provided for the tree, which maintains a key
and provides efficient retrieval of the parent nodes. By using
an iterator it is not necessary to maintain a key or the parent
pointers in the quadtree nodes. They can be maintained in
the iterator.

A bit tree is maintained which indicates whether a par-
ticular quadtree node is pure grid. This allows optimization
on the basis that one knows whether a particular node is pure
grid. For example, for a surface built from a regular grid, for
a pure grid node, only the max z and min z values need be
stored to recover a bounding box.

A bit vector for the grid cells is maintained which
describes how a particular grid cell is split into simplices.
This means it is not necessary to split all the grid cells to
define the simplicial structure.

For grid vertices, there is no need to build their vertex
descriptor, because keys can be generated on the fly for
nodes that are pure grid. So vertex descriptors are only
needed for mesh vertices. Furthermore, one knows a
quadtree node that is pure grid has four neighbors and hence
a pure grid node can be migrated easily.

The implementation of the quadtree maintains the follow-
ing data structures and implements the following algorithms.

A bit vector, with one bit for each grid cell, to represent
the triangulation of grid cells.

Abit tree, with one bit for each node in the quadtree, to
determine if a node is present in the tree. This is
necessary to determine whether a node is present in
persistent storage.

Abit tree, with one bit for each node in the quadtree, to
denote whether a node is pure grid or not. A node can
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be pure grid even though its boundary vertices may
connect to mesh nodes. The bit tree is an efficient
hierarchical encoding of the hybrid grid-mesh repre-
sentation.

An iterator is used to navigate in the tree. Thus the nodes
do not need to store parent pointers or Keys.

Vertex descriptors are not needed for grid vertices.

Simplices are built only when required, e.g. to support
intersection curves.

The quadtree key can be implemented in 32 bits.

Coarse levels of the tree are implemented as a linear array
quadtree. Finer levels are implemented as a linked
quadtree.

The mesh representation stored at the quadtree leaf nodes
is the micro-topological representation defined in the
SHAPES geometry engine. This is to save unnecessary
conversion between different mesh representations
when passing geometry to the SHAPES geometry
engine. If a geometry engine had an alternate mesh
representation it would be possible to use this repre-
sentation instead.

The implementation of the algorithms is now discussed,

beginning with classification.

At each quadtree node a bounding box is maintained
which is large enough to contain all the simplices assigned
to that quadtree node.

Multiresolution Server 59

The model resides on a persistent storage 63 connected to
the multiresolution server 59. The model consists of the
boundary representation, the topology graph, and the mul-
tiresolution surface representations. As discussed above, the
multiresolution surface representations are a set of quad-
trees, one for each two-cell in the boundary representation.
Each node in the quad-tree contains a bounding box for all
the simplexes that correspond to that node. Further, for each
leaf node, the node contains the simplexes for that leaf node.
For each node, a list of critical vertices associated with that
node is stored on the persistent storage device 63. For each
critical vertex, a vertex descriptor, a parameter value and an
image value are stored on the persistent storage device 63.

The multiresolution server 59 may store the model on the
persistent storage 63 using a commercial database manage-
ment system, e.g., Oracle from Oracle Corporation of Red-
wood Shores, Calif. or ObjectStore from Excelon Corp. of
Burlington, Mass. The database management system pro-
vides access and concurrency control to the quad-trees and
topology graphs that form a model.

Tree Creation Server 61

Returning now to FIG. 1. The tree creation server 61
provides services for building the multiresolution represen-
tation of new surfaces. The application 51 initiates a request
to the tree creation server 61 to create a new multiresolution
surface to be transmitted to the model server 59.

The tree creation server starts the process of updating the
database in the multiresolution model server 59 by issuing a
“begin transaction” command to the database management
system.

The process begins with the surface being partitioned into
n; nodes at resolution level-i using an i-level subset of
boundaries 288, as shown in FIG. 14. Each level-i+1 node
is associated with a unique level-i node 290. Each level-i
node is associated with the level-i+1 nodes associated to the
node 292. Each level-i node has associated with it a subset
of the vertices that are critical at resolution level i 294. Each
node at resolution level d is designated a leaf node 296.
While the preferred embodiment has leaf nodes at the same
level, it is also possible to have leaf nodes at numerous levels
of resolution.
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Each simplex is associated with a unique leaf node 298.
Each leaf node has associated with it the simplices associ-
ated to that leaf node 300. Each level-i node has associated
with it the list of simplices which is the union of all simplices
associated with the level-i+1 nodes grouped under the level-i
node 302. The subset of boundaries for each node is assigned
to be the boundary of the union of the simplices associated
with that node 304. Each node is assigned a unique key and
each vertex in a leaf node is assigned a key corresponding
to that leaf node 308.

When the tree creation server 61 has concluded the
process of partitioning the surface according to the method
of FIG. 14, the tree creation server 61 issues a “commit
transaction” command to the database management system
of the multiresolution server 59.

In an alternative embodiment, the tree creation server 61
may issue “commit transaction” commands at every level as
it is being completed or at any increment of level. In such
embodiments, the visualization server 53 may access the
lower resolution view and cause it to be displayed on a
graphics workstation while the rest of the model building
continues.

A common aspect of algorithms that use the multireso-
lution representations according to the invention is a tra-
versal from the root node of a tree to find a node front. A
collection of nodes, C, of a tree T is a node front if every leaf
node of T has at most one ancestor in C (a node is an
ancestor of itself).

FIG. 18 is an example of a quadtree with leaf nodes at a
fixed depth. Examples of node fronts are {b,c,q,s,t } and
{a,c,d}. Examples of complete node fronts are {a,b,c,d} and
{a,i,j,k,L,c,d}. An example of a non-node front is {a,e,b,c,d}.
The collection {a,e,b,c,d} is not a node front because “e”
does not have a unique ancestor in the collection.

Initially the quad tree resides in a persistent storage 63 on
a multiresolution server §9. Only nodes that are encountered
during the traversal are transmitted from the multiresolution
server 59 to the client, be it the application 51, the geometry
server 57 or the decimation server 55. The nodes below the
node front are not necessarily transmitted. If a node satisfies
a termination criterion of the algorithm, the children of the
node will not be traversed and therefore do not need to be
transmitted. However, if the termination criterion is not
satisfied, the traversal continues with the children of the
node. The traversal results in a node front of the tree.

Two exemplary algorithms are presented below, namely,
merging a new surface into the model and decimation of a
model. In the case of merging a new surface into the model,
the termination criterion is that the bounding box of a first
node in a quad-tree corresponding to the first surface does
not intersect with the bounding box of a second node in the
second surface. If that is the case, there is no need to traverse
the descendants of either the first or second node. In the
decimation algorithm, an error metric (e.g., the difference
between the original surface and a decimated approximate
surface, or the number of triangles to be displayed) may be
used as a termination criterion.

Geometry Server 57

The geometry server 57 performs the boolean operations
to update a boundary representation of a model when a new
surface is inserted into the model. In summary, this process
traverses the quad-trees of each surface and determines at
which levels there are intersections. During the traversal, the
geometry server 57 requests information about quad-tree
nodes from the multiresolution model server 59 on an as
needed basis. The descendants of any nodes that do not
intersect do not need to be transmitted from the multireso-
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lution server 59 to the geometry server 57. At the leaf
resolution level, d, an intersection curve is determined. For
each intersecting surface, the geometry server 57 creates
new cells that are separated along the intersection curve.
Through the process of migration, a new quad-tree for each
new cell that results from the intersection of the two surfaces
is created corresponding to the new cells.

When the application client 51 requests a new surface to
be inserted into the model, the application client 51 transmits
a request to that effect to the geometry server 57.

At each quadtree node a bounding box is maintained
which is large enough to contain all the simplices assigned
to that quadtree node.

To compute the intersection of two surfaces the bounding
boxes can be used in a hierarchical manner to compute the
quadtree leaf nodes that intersect. At this point, intersecting
quadtree leaf nodes are resolved to their individual simplices
that are then intersected to determine the intersection curve.

Now assume that a second surface is classified into the
model. FIG. 15 and b is a flow-chart illustrating the steps
of classifying a second surface into the model. It is deter-
mined which leaf nodes of the first surface intersect the leaf
nodes of the second surface 310.

Consider computing the intersection of two surfaces. This
requires loading all pairwise intersecting leaf nodes and then
loading the simplices which these leaf nodes contain. This
can be done in a recursive manner as follows. Transmit the
bounding box for the root node of each quadtree of each
surface from the multiresolution model server 59 to the
geometry server 57. If there is no intersection between the
bounding boxes then the two surfaces do not intersect. If
there is an intersection choose one of the nodes and load its
children’s bounding boxes and mark the node’s bounding
box for removal from memory. Now intersect the children’s
bounding boxes with the bounding box of the node from the
other tree. If there is an intersection then recurse down the
branches of the trees by loading the bounding boxes of the
children nodes and intersecting with the bounding boxes
from the other tree until the leaf nodes are reached. If there
is no intersection then stop the recursion. This results in pairs
of intersecting quadtree leaf nodes. Now transmit all the
simplices which are contained in the leaf nodes from the
multiresolution model server 59 to the geometry server 57.

FIG. 16 is a flow chart illustrating an example recursive
tree traversal algorithm for determining the intersecting leaf
nodes of the two quad trees. An implementation of the
algorithm may be a recursive function that returns a list of
ordered pairs in which each ordered pair is a leaf node of the
first tree intersecting with a leaf node of the second tree.

The algorithm accepts as inputs two nodes (N1 and N2),
one from each quad tree, step 401. Recursive functions call
themselves until a terminating condition has been arrived at.
The intersecting leaves recursive function has two termi-
nating conditions: (1) the nodes N1 and N2 do not intersect,
and (2) the nodes N1 and N2 are both leaf nodes. In all other
cases (namely, neither is a leaf node, N1 is a leaf node but
N2 is not a leaf node, and N1 is not a leaf node but N2 is a
leaf node), the tree traversal continues recursively.

As a first step the list of intersecting leaf nodes to be
returned is initialized to the empty set, step 403. Next the
geometry server 57 requests the bounding boxes of nodes
N1 and N2 from the multiresolution model server 59.

If it is determined that the bounding boxes do not
intersect, step 407, then nodes N1 and N2 do not contain
simplexes that intersect. Therefore, there is no need to
transmit any information about the children of N1 and N2
from the multiresolution server 59. Accordingly, the func-
tion returns an empty list, step 409.
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Otherwise, there may be descendant leaf nodes of N1 that
intersect with descendant leaf nodes of N2. There are four
possible combinations of N1 and N2: N1 is a leaf and N2 is
not a leaf, N1 is not a leaf and N2 is a leaf, neither N1 nor
N2 is a leaf, and both are leaves. Which case applies is
determined by decision logic 411, 413, and 415. For the
cases where either or both N1 and N2 are not leaf nodes, the
intersecting leaves function is called for the children of N1
or N2, respectively, steps 417, 419, and 421, wherein the
notation C{Nx) denotes the i-th child of node Nx.

If both N1 and N2 are leaf nodes, the intersecting leaves
function returns the ordered pair (N1, N2), step 423.

Thus, the traversal of the two quad-trees according to the
method of FIG. 16 determines a complete node-front in each
of the quad-trees. The algorithm avoids transmitting any
information about descendants of non-intersecting nodes.

Returning now to FIG. 154, the intersecting simplices
from the first and second surfaces are determined from the
simplices associated to the intersecting leaf nodes 312. The
original quadtree is split into new quadtrees and each new
quadtree is associated with a new cell 314. The subtrees of
the original quadtree which have no intersecting leaf nodes
are identified with one of the new cells 316.

The geometry server 57 transmits to the multiresolution
server 59 the nodes that need to be split. The descendants of
each node that is not split will continue to belong to the same
quad tree as that node. Thus, it is not necessary to transmit
any information about those descendants from the geometry
server 57 to the multiresolution server 59.

The simplices of the first surface are split along the
intersection curve 318, as shown in FIG. 15b. New simplices
are formed by tessellating the split simplices to respect the
macro-topology of one-cells and zero-cells passing through
the original simplices 320. A new quadtree is built for each
new cell 322. Each new simplex is assigned to the leaf node
of the quadtree created for the new cell to which the new
simplex belongs 324. For each leaf node of each new
quadtree, each simplex in the original quadtree which is
connected to a new simplex in the new quadtree leaf node
and which lies in the same quadtree leaf node as the new
simplex is migrated 326. The neighbors of a quadtree node
are determined by finding all the keys of the critical vertices
in the node 328. The coarsest level node which is an ancestor
of a key from the critical vertices in the migrated quadtree
nodes and which has not been split or migrated is determined
and migrated to the new quadtree 330.

The distributed access algorithm described above for the
intersection algorithm can be applied to all algorithms which
reference information in the hierarchical surface. In
particular, it can be applied to the migration algorithm where
nodes, simplices and vertices can be selectively transmitted
from the multiresolution model server 59 to the geometry
server 57.

Visualization Server 53 and Decimation Server 55

The application client 51 may also control the rendering
of a model on a graphics terminal. The actual visualization
of the model is controlled by the visualization server 53. A
user interacts with the model and controls the modeling
process through the application client 51 and visualization
server 53. The user can visualize the model during the
modeling process. Another control available to the user may
be camera location which the user controls through certain
mouse actions. The visualization server 53 registers the user
interface events that it is interested in. If one of those events
occur, the application client 51 transmits the event to the
visualization server 53.
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One important aspect of the visualization of multiresolu-
tion models is the construction of consistent decimated
views of the model. To obtain such a consistent decimated
view of the model the visualization server 53 transmits a
request for a decimated model from the decimation server
56. The decimation server requests a partial load of the
model from the multiresolution server 59 according to the
algorithm described herein below.

Decimation begins with a list of critical vertices being
built from the quadtree nodes of a complete node front 332,
as shown in FIG. 17.

The vertices identified to one- or zero-cell vertices are
removed from the list 334 (FIG. 17). All zero-cell vertices
from the model which lie in the first surface are added to the
list 336. A defined collection of one-cell vertices is added to
the list 338. The collection of one-cell edges is recorded 340.
The surface is tessellated to respect the list of vertices and
the recorded one-cell edges 342. A requirement is imposed
that the subset of vertices on the boundary of the first surface
which are also on the boundary of the second surface be the
same as the subset of vertices on the boundary of the second
surface which are also on the boundary of the first surface
344.

A first surface is partitioned into n, nodes at resolution
level-i using an i-level set of boundaries step 288 (FIG. 14).
A geometrical representation of the first surface is main-
tained in persistent storage 63, step 346 (FIG. 19). For each
node, a bounding box is stored on a persistent storage device
63, step 348. For each node, a list of critical vertices
associated with that node is stored on the persistent storage
device 63, step 350. For each critical vertex, a vertex
descriptor, a parameter value and an image value are stored
on the persistent storage device 63, step 352. The required
portion of the first surface is transmitted on demand from the
multiresolution server 59, step 354 and that portion of the
first surface not required is discarded from the decimation
server 55, step 356. Similarly, a quadtree node is transmitted
on demand from multiresolution server 59, step 358, and
removed from the decimation server 55 when it is no longer
needed 358. A quadtree leaf node is transmitted on demand
from the multiresolution server 53 to the decimation server
55 and removed from the decimation server when it is no
longer needed, step 360.

In this way memory usage and communication bandwidth
is conserved, and furthermore changes to the model are
limited to the particular collection of sub-volumes specified.

Even with the ability to selectively load geometry at the
macro-topological level there is still a memory usage and
communications bandwidth problem. For example, the user
of the system 101 may want to load the whole earth model
and view it. Using the multiresolution hierarchy it is possible
to selectively load portions of the geometry of the surfaces
from the multiresolution server 59. For a user who is
viewing the whole earth model it is not necessary to load the
fine details of the model. It is sufficient to load a collection
of nodes from the coarse levels of the quadtrees to give a
good approximation to the earth model. For a user who is
viewing a small part of the whole earth model, it is not
necessary to load the finer levels of the quadtrees not in the
viewing volume.

Thus, the application client 51 may make requests for a
decimated view of the model directly from the decimation
server 55 or request partial loads of the model from the
multiresolution server 59 and may transmit incremental
updates to the multiresolution server 59.
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To achieve optimum performance, it is essential, when
local changes are made to the model, that it is possible to
map these changes to local updates in the persistent storage.
An example of a local change is to modify the (x,y,z)
position of a vertex. To maintain efficient persistent storage,
it is essential this (X,y,z) position is at a limited number of
locations in persistent storage, and preferably should be at a
unique location. The mapping architecture is described
below and is achieved by mapping the quadtree structure to
persistent storage.

The quadtree leaf node has an additional component
beyond the other nodes in the tree and that is the mesh
representation of the node. This is a simple list of triples of
indices specifying the indices into the critical vertices, edge
vertices and internal vertices of this quadtree node. A grid
representation of a surface is stored, the grid being made up
of grid cells 370. A mesh representation of a portion of the
surface is then formed by triangulating a subset of the grid
cells 172.

Since the quadtree leaf node must contain the list of
simplices, the mesh content of the leaves is stored in a
separate location on the disk. This storage is implemented
using a blocked linked list. This allows maximum flexibility
for adding and deleting simplices from the database, but
provides an efficient means to load a particular leaf node.

To insure the integrity of the model, updates to the model
from transactions that make modifications on the model are
made after the calculation has been successfully completed
on the client. If the calculation fails, the updates are dis-
carded before a commit transaction command is transmitted
to the multiresolution model server 59 and the model on the
persistent storage 63 remains unmodified.

The invention has application outside the field of geo-
logical modeling. In particular, the invention has application
in any field in which data are presented geometrically and
graphically at more than one level of resolution. For
example, the invention would be useful in representing
medical models, such as those developed in magnetic reso-
nance imaging (“MRI”). Further, the invention would be
useful in representing computer aided design (“CAD”) mod-
els.

The invention may be implemented in hardware or
software, or a combination of both. However, preferably, the
invention is implemented in computer programs executing
on programmable computers each comprising a processor, a
data storage system (including volatile and non-volatile
memory and/or storage elements), at least one input device,
and at least one output device. Program code is applied to
input data to perform the functions described above and
generate output information. The output information is
applied to one or more output devices, in known fashion.

Each program is preferably implemented in a high level
procedural or object oriented programming language (such
as C++ or C) to communicate with a computer system.
However, the programs can be implemented in assembly or
machine language, if desired. In any case, the language may
be a compiled or an interpreted language.

Each such computer program is preferably stored on a
storage media or device (e.g., ROM or magnetic/optical disk
or diskette) readable by a general or special purpose pro-
grammable computer, for configuring and operating the
computer when the storage media or device is read by the
computer to perform the procedures described herein. The
inventive system may also be considered to be implemented
as a computer-readable storage medium, configured with a
computer program, where the storage medium so configured
causes a computer to operate in a specific and predefined
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manner to perform the functions described herein.

Other embodiments are within the scope of the following
claims.

What is claimed is:

1. A geometry modeling system having a first computer
and a second computer connected over a computer network,
comprising:

a database management system on the first computer for
providing access to a multiresolution geometry model,
wherein the model contains:

a topological representation of a boundary representa-
tion; and

an hierarchical tree representation of surfaces wherein
each lower level in the tree represents a finer level of
resolution and each higher level in the tree represents
a coarser level of resolution, and the highest level
being the root node of the tree;
a client program on the second computer containing
instructions to:
access the database management system, wherein the
client program contains instructions to request the
database management system to transmit nodes
beginning at a high level of the tree and ending at a
low level of the tree when a termination criterion has
been achieved,

perform boolean operations on the multiresolution rep-
resentation of at least one surface of the model;

transmit a result from the boolean operations to the
database management system.
2. The geometry modeling system of claim 1, wherein the
client program further comprises instructions to:
partition the surface into multiple levels of nodes wherein
the root node represents the coarsest level of resolution
and each next level away from the root node represents
a finer level of resolution;
store a bounding box for each node in the tree corre-
sponding to a surface wherein the bounding box is
sized to contain all simplices of the surface represen-
tation at the level of the node;
update the model to include a new surface by:
traversing the hierarchical tree representation of a first
surface in the model and the hierarchical tree repre-
sentation of the new surface beginning at a root node
of each tree and successively visiting nodes in each
hierarchical tree representing higher levels of reso-
lution;

during the tree traversal, requesting from the database
management system a bounding box for each node
visited in each hierarchical tree;

if the bounding boxes do not intersect, do not continue
the traversal to descendant nodes; and

if the bounding boxes intersect, visit descendant nodes
of at least one node from one of the hierarchical
trees.

3. A geometry modeling system having a first computer
and a second computer connected to the first computer over
a computer network, comprising:

a database management system on the first computer for
providing access to a multiresolution geometry model,
wherein the model contains:

a topological representation of a boundary representation;
and

an hierarchical tree representation of surfaces wherein
each lower level in the tree represents a finer level of
resolution and each higher level in the tree represents a
coarser level of resolution, and the highest level being
the root node of the tree;
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a decimation program executing on the second computer
and having instructions to:

traverse the hierarchical tree for a first surface and of a
second surface of a model;

during the traversal request quad-tree nodes from the
database management system from each of hierarchical
tree;

terminate the traversal when a terminating criterion has
been satisfied;

tesselate the surfaces thereby producing a set of vertices
for each surface;

ensure an equality between the vertices of the first surface
on a boundary of the first surface that are also on a
boundary of the second surface and the vertices of the
second surface that are on a boundary of the second
surface that are also on a boundary of the first surface.

4. A distributed multiresolution modeling system having

a first computer and a second computer connected by a
computer network, comprising:

a database management system on the first computer for
providing access to a multiresolution geometry model,
wherein the model contains:
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a topological representation of a boundary representation;
and

an hierarchical tree representation of surfaces wherein
each lower level in the tree represents a finer level of
resolution and each higher level in the tree represents a
coarser level of resolution, and the highest level being
the root node of the tree;

a geometry server program operating on the second
computer and having instructions to access the database
management system to build and to update the model;

a visualization program operating on a third computer and
having instructions to access a decimated view of the
model from the database management system wherein
the decimated view of the model is obtained by tra-
versing the hierarchical tree representation until a ter-
mination criterion has been satisfied, wherein the visu-
alization program and the geometry server program
may concurrently access the model whereby the visu-
alization program may access the decimated view while
the model is being built.
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