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Introduction— Contents of mental matter

Introduction

The mental matter
� c library is a powerful, next-generation modeling package comprised of modular

components. Its two main components are the Hierarchical Subdivision Surface (HSDS) library and the
Free-Form Surface (FFS) library, and these are complemented by a collection of tools to perform surface
conversions and to enhance modeling capabilities. Figure 1 shows an overview of the mental matter
modeling library.
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Figure 1: Overview of the mental matter modeling library

Contents of mental matter

The HSDS library includes tools for the construction, manipulation and tessellation of hierarchical
subdivision surfaces. It provides full multi-resolution editing, meaning that the surface can be modeled
or animated at different levels of detail. Modeling operations on edges, vertices, faces and surface points
are provided. Surface attributes such as texturing and materials are also supported. An overview of the
contents of the HSDS library is shown in Figure 2.
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Figure 2: Overview of the contents of the HSDS library
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Introduction— Applications of mental matter

Several mental matter components complement the HSDS library. The Shape-By-ShadingTM (SBS) library
allows 3D modeling of hierarchical subdivision surfaces by shading in a 2D setting. The Polygon Mesh
to HSDS library and NURBS Surfaces to HSDS library allow for the import of surfaces into the HSDS
library, and the HSDS to NURBS Surfaces library exports surfaces from the HSDS library to the FFS
library. These allow for multiple modeling approaches to be used on one surface. The Polygon Mesh
Simplification library reduces large 3D data sets and prepares them for import into the HSDS library.

The FFS library has two-tiered support. Its base is the Geometry Approximation library, which provides
curve and surface approximation, texturing, materials and displacement mapping. A set of NURBS surface
modeling tools has been developed using the Geometry Approximation library as a base. An overview of
the FFS library is shown in Figure 3.
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Figure 3: Overview of the contents of the FFS library

Applications of mental matter

The mental matter library is a complete modeling package which offers advantages in applications such as:

� Computer Aided Design and Manufacturing (CAD/CAM)
The direct manipulation feature of the HSDS library can be used to edit user-chosen points
and areas. Direct surface editing allows for design changes without worrying about parametric
modeling constraints.
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Introduction— Connection of mental matter to mental ray

� Shape design
Shape-By-Shading pulls together shape designers who express ideas in 2D drawings with
computer specialists who build 3D models. Results are fully compatible with the HSDS library.

� Surface translation
Conversion between hierarchical subdivision surfaces and NURBS surfaces in both directions
means that multiple modeling approaches can be used on the same object.

� Raw data import
Polygon mesh simplification enables large sets of raw data to be represented efficiently. The
Polygon Mesh to HSDS library can be used to mend meshes with undesirable properties and
to import them as well-behaved control meshes into the HSDS library for multi-resolution
modeling.

� Geometry compression
Technology in the Polygon Mesh Simplification library compresses geometric data by converting
polygon meshes to binary streams.

� Animation
Multi-resolution surface representation in the HSDS library allows for rough motions to be
mapped out easily. Articulation of detail can be incorporated easily into overall object motion.

Integration of mental matter

The mental matter library can be integrated into applications by using the mental matter API or by
creating files in the .mi scene description file format. The API of mental matter is described in the
mental matter Modeling Library Programmer’s Manual. See [3]. The results of mental matter modeling
are available in three surface types, namely hierarchical subdivision surfaces, free-form surfaces and polygon
meshes. Figure 4 shows this information flow.

application mental matter
.mi file format

mental matter API

polygon mesh

free-form surface

subdivision surface

Figure 4: Integration of mental matter into an application

Connection of mental matter to mental ray

The mental ray
� c product provides a highly developed rendering solution. See [1] and [2] for more

information. Both mental ray and mental matter use the same surface approximation tools and other
features which are not specific to rendering, and the two libraries use the same API to access these features.
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Introduction— Hierarchical Subdivision Surfaces in mental matter

While mental ray focuses on rendering, mental matter combines surface approximation with modeling
capabilities. The relationship between these two products is summarized in Figure 5.

surface approximation

adjacency detection

displacement mapping

texturing and materials

renderingmodeling

mental matter mental ray

Figure 5: Relationship between mental matter and mental ray

The mental matter modeling library can be packaged with or without the mental ray renderer.

Availability of mental matter: A Modular Approach

In addition to the full mental matter modeling package shown in Figure 1, subsets of it can be made
available. Figure 6 shows two examples, one focusing on subdivision surface modeling and the other on
modeling with NURBS surfaces.
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Library

Geometry
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Library
SBS Library

Hierarchical Subdivision Surface Modeling Package

HSDS to
NURBS Surfaces
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HSDS Library

FFS Library

NURBS Surface Modeling Package

Figure 6: Examples of available mental matter subsets

Other combinations of mental matter components are available, depending on customer needs.

Hierarchical Subdivision Surfaces in mental matter

Modeling on hierarchical subdivision surfaces in mental matter is supported by the HSDS library and the
SBS library.
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Introduction— Hierarchical Subdivision Surfaces in mental matter

Hierarchical Subdivision Surface (HSDS) Library

The HSDS library is based on a proprietary hierarchical subdivision surface representation that offers:

� Meshes with arbitrary topology

� Smooth limit surface generation

� Multi-resolution representation

These properties are not available in commonly used tensor product surfaces, which have the drawback
that it is difficult to maintain curvature-smooth surfaces when modeling complicated shapes. Such shapes,
traditionally, are assembled from many individual small surface patches which must be carefully stitched
or blended together to avoid discontinuities on the surface. In addition, trimming is required in most cases,
which further complicates design. Special care has to be taken to avoid gaps along trim curves.

These problems are avoided easily by using hierarchical subdivision surfaces because their construction
produces inherently smooth surfaces of arbitrary topology. A hierarchical subdivision surface is built by
subdividing, that is refining, a base control mesh using pre-specified rules. The HSDS library uses the
Loop scheme for triangular meshes and the Catmull-Clark scheme for quadrilateral meshes. Each time a
control mesh is refined, a new level is created. These levels form a hierarchy of meshes that approach a
smooth limit surface and allow for multi-resolution editing.

Figure 7 shows a sequence of control meshes for a subdivision surface. The base control mesh is shown on
the left. It was refined to create a level 1 control mesh (middle) and again to create a level 2 control mesh
(right).

quadrilateral base level
control mesh (level 0)

subdivision to level 1 subdivision to level 2

Figure 7: Subdivision of a base control mesh

The wavelet representation developed for the HSDS library allows for multi-resolution editing of control
meshes of a surface. Changes in the positions of vertices are propagated up and down the hierarchy of
meshes.

Figure 8 shows the result of a vertex edit (left) on the level 2 control mesh pictured in Figure 7, as well as
the effect analysis has both on the level 1 control mesh (middle) and on the base level control mesh (right).
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Introduction— Hierarchical Subdivision Surfaces in mental matter

vertex edit at level 2 effect of vertex edit on level 1 effect of vertex edit
on base level (level 0)

Figure 8: Vertex edit at level 2 and e�ect of edit on lower levels

The HSDS library offers several modeling tools, including:

� Smooth creases with fractional crease sharpness

� Smooth, corner, dart, cusp and conic vertex features

� Direct manipulation of the surface at arbitrary points

� Trimming by trim edge specification

� Topology editing on the base mesh

Figure 9 shows the construction of a triangular base control mesh followed by a modeling process which
uses several of these tools and refines the mesh to approximate the limit surface. Approximation criteria
can be used to refine a control mesh adaptively so that it is within a specified accuracy of the limit surface.
Several approximation methods are provided.

4. limit surface
    approximation using
    adaptive refinement

1. triangular base control
    mesh construction and
    tagging of features

cusp vertex

conic vertex

3. subdivsion to level 22. subdivision to level 1

creases

Figure 9: HSDS modeling process using a conic vertex, a cusp vertex, and creases

A hierarchical subdivision surface modeling example which uses a quadrilateral base control mesh as a
starting point is shown in Figure 10.
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Introduction— Hierarchical Subdivision Surfaces in mental matter

5. edge edit (upwards) and
    crease tagging

7. limit surface approximation
    using adaptive refinement     adaptive refinement

8. finer approximation using

trimmed
faces

2. subdivision to level 1 3. face trimming and
    corner tagging

4. subdivision to level 21. quadrilateral base control mesh
    construction and corner tagging

6. subdivision to level 3

cornerscorners

creases

Figure 10: HSDS modeling process using corners, trimming, and creases

To aid in the modeling process, the HSDS library provides surface attribute support which includes:

� Texture support

� Material inheritance

� Displacement mapping

� Computation of surface derivatives

Figure 11 shows an example in which a texture has been applied.

Figure 11: Texture application to a subdivision surface

Shape-By-Shading (SBS) Library

The SBS library is a content authoring tool which bridges the gap between 3D hierarchical subdivision
surface models and 2D drawings. Users can communicate any imagined 3D shape by drawing a 2D picture
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Introduction— Hierarchical Subdivision Surfaces in mental matter

of it under chosen lighting conditions, and SBS does the work necessary to translate the ideas contained in
the shading to 3D geometry in the form of a hierarchical subdivision surface. The HSDS library provides
all subdivision surface support needed. Figure 12 shows the basic modeling process used in SBS.

3. set lighting and
    shade in 2D

1. set lighting and
    shade in 2D

Shape-By-Shading
Cycle #1

Shape-By-Shading
Cycle #2

2D shade view
(projected surface)

3D subdivision surface

4. shape 3D hierarchical
    subdivision surface

2. shape 3D hierarchical
    subdivision surface

lighting

Figure 12: The SBS modeling process

The user shades with a pressure sensitive electronic pen on a computer tablet or Tablet PC, just as an
artist would shade with a pencil on paper. SBS interprets the drawing as a 2D grayscale shading of a 3D
object under the chosen lighting conditions, and shapes a hierarchical subdivision surface accordingly. The
subdivision surface consists of a hierarchy of meshes which are adaptively refined according to the inherent
details in the drawings which were used to shape them. The subdivided meshes for the example shown in
Figure 12 are shown in Figure 13.

subdivided mesh after
SBS Cycle #1

subdivided mesh after
SBS Cycle #2

original base control mesh

Figure 13: Underlying control meshes of an incrementally shaped surface

As users shape the surface by shading, they can interactively position the viewpoint of the object and draw
on the resulting 2D projection. This allows all sides of the object to be shaped by the SBS process. In
addition, computer specialists can use multi-resolution modeling techniques, such as those found in the
HSDS library, at any stage of the modeling process to make further alterations.

Unlike 3D brush systems in which the user chooses a pre-defined shape to sweep through space, SBS
enables the user to mentally develop any shape and then use 2D drawing techniques to depict it in a shaded
image. The complex problem of how to create a 3D object from the shading is left to SBS. What makes SBS
so sophisticated is the underlying mathematical representation which allows even the most complicated
shape designs to be interpreted from drawings. The SBS user does not need to adapt to a fixed set of 3D
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Introduction— Free-Form Surfaces in mental matter

computer tools and is instead free to intuitively create any object they choose by drawing it in a familiar
2D setting.

SBS features include:

� Creation and shaping of 3D hierarchical subdivision surfaces by 2D shading input

� Support for triangular and quadrilateral surfaces

� Support for OpenGL
� c model view display and interactive operations

� Ability to control detail and severity of surface alterations

� Local refinement to match level of detail contained in shading

� Alteration of control vertex positions at all levels of the mesh hierarchy

Free-Form Surfaces in mental matter

The NURBS surface modeling tools and Geometry Approximation library support free-form surfaces.

NURBS Surface Modeling Tools

The set of NURBS surface modeling tools found in the FFS library provides a high-level API for NURBS
modeling operations. These tools are implemented as geometry shaders. (See page 35 for a definition of
shaders.) The following are supported:

� Standard primitives

� Ruled surfaces

� u-loft surfaces

� uv-loft surfaces

� Lathed surfaces

� Extruded surfaces

Figures 14 and Figure 15 show some NURBS surfaces that can be created with the FFS library NURBS
surface modeling tools.

Figure 14: NURBS surface primitives
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Introduction— Polygon Meshes in mental matter

Figure 15: NURBS surface created with lofting

Geometry Approximation Library

The Geometry Approximation library is a geometry and tessellation library. It supports polygon meshes,
as well as rational and non-rational free-form curves and surfaces in the following forms:

� B-spline

� Bézier

� Taylor

� Cardinal

� Basis matrix

Free-form surface geometry can be modified by the application of trimming curves, which need not have
the same representation as the surface. In addition to 2D trimming curves applied to surfaces, 3D space
curves are available by themselves as input for modeling operations.

Connectivity information between free-form surfaces can be specified to stitch surfaces together or to close
gaps. If connectivity information is unknown, it can be detected automatically. Several approximation
techniques are available for the tessellation of free-form surfaces. Free-form surfaces can be modified by
the application of displacement maps, textures and materials.

The Geometry Approximation library was used to build the NURBS surface modeling tools (geometry
shaders) available in mental matter. The library also can be used to implement additional free-form surface
modeling operations.

Polygon Meshes in mental matter

Polygon meshes can be pre-processed by the Polygon Mesh Simplification library for entry into the
Polygon Mesh to HSDS library.
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Introduction— Surface Conversions in mental matter

Polygon Mesh Simplification Library

Polygon mesh simplification allows the user to work more efficiently with large data sets. It reduces the
number of faces on a given mesh by a percentage specified by the user.

Figure 16 shows a simplification of the well-known teapot mesh.

original triangular mesh simplified triangular mesh

Figure 16: Polygon mesh and a simpli�ed version of it

Mesh compression technology, which converts a given mesh to a binary stream, is also available.

Surface Conversions in mental matter

Surface conversions are available to import polygon meshes and NURBS surfaces into the HSDS library
and to export subdivision surfaces from the HSDS library to the FFS library.

Polygon Mesh to HSDS Library

Polygon meshes may be converted to hierarchical subdivision surfaces. The given polygon mesh is
simplified and a hierarchy of meshes is created.

Features include:

� Support of arbitrary-genus 2-manifolds with or without boundaries

� Hierarchical mesh construction

� Mesh re-sampling and re-meshing to a quad-dominant mesh

� Mesh density reduction

� Control over sampling density and depth of resulting subdivision surface
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Introduction— Surface Conversions in mental matter

NURBS Surfaces to HSDS Library

A library to convert NURBS surfaces to subdivision surfaces allows modeling techniques found in the
HSDS library to be used on existing NURBS surfaces.

Features include:

� Support of an arbitrary number of trimmed or untrimmed NURBS input surfaces

� Option to specify the way incoming NURBS surfaces are connected

� Detection of adjacent NURBS surfaces if no topology information is specified

� Minimization of the number of base faces in the resulting surface

� Control over accuracy of the conversion

� One quadrilateral hierarchical subdivision surface as output

HSDS to NURBS Surfaces Library

The conversion of hierarchical subdivision surfaces to NURBS surfaces allows NURBS modeling
techniques to be applied to subdivision surfaces.

Features include:

� Adaptive export based on detail vectors of the subdivision surface

� Support of creases

� Corner smoothing at dart and extraordinary vertices

� Denser NURBS patches to account for trimmed faces in the subdivision surface

� Available topology information for NURBS surfaces

Figure 17 shows an example of a subdivision surface with trimmed faces converted to NURBS surfaces.

control mesh of original subdivision surface resulting NURBS surfaces

Figure 17: Conversion of a hierarchical subdivision surface to NURBS surfaces
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HierarchicalSubdivisionSurface(HSDS)LibraryÐ SurfaceConstruction

Hierarchical SubdivisionSurface(HSDS)Library
Subdivision surfacetechniquesoperateon polyhedral control meshesand offer severaladvantagesover
other surfacetypes, suchasNURBS surfaces,which havethe problem of gapsand discontinuities across
patchboundaries.Subdivisionsurfacesoffer:

� Generationof a limit surfaceby repeatedre®nement

� Capability to function with arbitrary topology meshes

� Built-in smoothnessof the generatedlimit surface

� Convenient accessto multi-resolution representation

� Ability to animateat different scalesof resolution

For thesereasons,mental matter technology supports subdivision surfacemodeling. The Hierarchical
SubdivisionSurface(HSDS) library wasdevelopedfor this purpose.

SurfaceConstruction

A hierarchical subdivision surfaceis the limit of a sequenceof increasingly detailed meshesde®nedby
repeatedre®nementof a baselevel control mesh. Re®nementis accomplishedby subdividing meshfaces
according to speci®edrules. Each time a control meshis re®nedit createsa meshat a higher level that
better approximatesthe limit surface.Figures18and19show two suchmeshsequences.

triangular base control mesh level 1 control mesh level 2 control mesh level 3 control mesh

Figure 18: Subdivision processon a triangular basecontrol mesh

quadrilateral base control mesh level 1 control mesh level 2 control mesh level 3 control mesh

Figure 19: Subdivision processon a quadrilateral basecontrol mesh

In the HSDS library, subdivision is basedon the Loop schemefor triangular meshesand on the Catmull-
Clark schemefor quadrilateral meshes.The Loop schemere®nestrianglesinto four children trianglesby
inserting one vertex on eachof the triangle's edges,and the Catmull-Clark schemere®nesquadrilaterals
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