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(57) ABSTRACT 

A method edits a Surface of a graphics object with a 
computer implemented tool by first generating an adaptively 
Sampled distance field from the graphics object, and defining 
a tool path. A gradient for each point on the Surface nearest 
to each location of the tool on the tool path is determined, 
as well as the distance between each point and each location. 
The tool is iteratively moved along the tool path in a 
direction of the gradient and an amount proportional to the 
distance to maintain the tool on the Surface of the object 
while editing the surface of the object. 
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For each interiorlexterior cell, mark the cell 
corner with the minimum absolute value 

distance. Also, initialize the cell as 
unprocessed. 

1701 

ADF 

Sort, from Smallest absolute value distance 
to largest absolute value distance, the 

interior/exterior cells using the marked cell 
COrnerS 1702 

ADF 

Or each interiorlexterior Cell, in SOrtec 
Order 1703 

For each edge neighbor (in 2D, edge/face 
in 3D) which is a surface cellor an 

interior/exterior cell already processed 1704 

Neighbor 1705 
Cell 

Append to the cell those distance values in 
the neighbor cell not already present. 

Repeat for all neighbor cells. 1707 

1708 
1710 

Based on the newly appended distances, 
correct the corner values of the cell using the 
specified correction method. Mark the cell as 
processed and continue to the next cell. 

Correction 
Method 
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SURFACE FOLLOWING INTERACTION METHOD 
FOR ADAPTIVELY SAMPLED DISTANCE FIELDS 

FIELD OF THE INVENTION 

0001. The invention relates generally to the field of 
computer-based user interfaces for manipulating shapes, and 
in particular to interfaces which guide tools along shapes 
represented as Sampled distance fields. 

BACKGROUND OF THE INVENTION 

0002 Designing realistic digitized models is a major 
challenge for the animation industry, particularly when the 
models represent characterS Such as people-real or imag 
ined, animals, and cartoon characters. Animation artists 
generally employ two production methods, alone or in 
combination. In one method, maquettes are Sculpted from a 
traditional medium like clay and then digitized. In another 
method, the models are constructed using one of Several 
commercial or custom computerized modeling Systems, 
such as MAYA, Softlmage, 3DStudioMax, FormZ, and 
Houdini. 

0.003 Clay is the medium of choice for most animation 
artists because it is expressive, and working with clay is 
intuitive. It is difficult to improve on clay as the ideal 
modeling medium. A Standard approach for designing clay 
based digital models involves Sculpting a clay maguette and 
digitizing or Scanning the maquette to generate the digital 
model. There is a plethora of Systems for Scanning objects 
and generating Surface models from the Scanned data. 
0004. However, Sculpting with clay and then digitizing 
the clay maguette has Several limitations for digital anima 
tion. Much detail can be lost in the digitizing proceSS 
because Scanners and digitizers have inherent limitations in 
resolution, are unable to digitize occluded or hard-to-reach 
Surfaces, and are Subject to noise. Thus, Some of the advan 
tages of clay are lost in the Scanning process. Furthermore, 
long-term Storage of the clay models is difficult. It is 
important to note, however, that Scanned models can provide 
good first order approximations to the geometry of the clay 
maguettes that can then be enhanced by a computer-based 
modeling System. Hence, it is important that any modeling 
System does accept Scanned data as input. 
0005 Most prior art computerized modeling systems 
typically use polygons, nonuniform rational B-splines 
(NURBS), or other subdivisions of planar surfaces to rep 
resent the shape of a model. However, all three representa 
tions have limitations. 

0006 Polygon models require a large number of vertices 
to represent detailed Surfaces, particularly when the Surfaces 
are highly curved, textured, or include Sharp edgeS. This 
makes model generation and editing with polygons cumber 
Some and time consuming. Because NURBS are topologi 
cally restricted, they must be pieced together to form com 
plex Shapes. This presents numerous technical and interface 
challenges, See DeRose et al., "Subdivision Surfaces in 
character animation,” Proc. SIGGRAPH '98, pp. 85-94, 
1998. While Subdivision of planar surfaces does not suffer 
from the same topological restrictions as NURBS, control 
ling shape changes, and adding fine detail during editing are 
difficult. AS another problem, all of these modeling tech 
niques are only Surface representations-the models are 
nothing more than hollow shells and nothing is known about 
interior portions. 
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0007 Even worse, sculpting of surface representations 
can lead to models that are not “watertight.” For example, 
seams where different resolution NURBS are joined can 
Separate to form annoying cracks and holes. This means that 
the Sculpted models have to be carefully inspected and 
edited before a watertight finished product is produced. 
Watertight models are important for Several applications 
Such as rapid prototyping technologies including Stereo 
lithography. 

0008 All computerized modeling systems usually per 
form editing by manipulating control vertices. This requires 
Significant skill and patience, as well as foresight and careful 
planning to ensure that the models have enough control 
Vertices where detail is desired. For these reasons, comput 
erized modeling Systems do not rival the intuitive and 
expressive nature of clay. 

0009. To make the manipulation more intuitive, most 
modeling Systems allow the user to interact with groups of 
control vertices using a computer implemented (digital) 
sculpting tool. For example, in MAYA Artisan, NURBS 
models are modified via a brush tool that manipulates groups 
of control vertices. Operations for pushing, pulling, Smooth 
ing, and erasing the Surface are well known, and the brush 
tool can affect control vertices in a region of diminishing 
influence around its center, resulting in a Softening of the 
Sculpted shape. The amount of detail in the Sculpted Surface 
depends on the number of control vertices in the region of 
the Sculpting tool. Finer control requires more Subdivision of 
the NURBS Surface, resulting in a less responsive system 
and a larger model. Often, mesh Subdivision is user con 
trolled and preset. It does not adapt to tool Selection, or the 
detail of the Sculpted Surface. Hence, achieving fine detail in 
desired regions without excessive Subdivision of the Surface 
in other regions requires significant foresight and planning. 

0010 Softlmage provides a sculpting interface, called 
“Meta-Clay,” that is similar to the “metaballs' technology as 
described by Wyvill et al. in “Animating soft objects,” the 
Visual Computer, 2(4):235-242, 1986. Meta-Clay is a den 
sity based representation for modeling organic, Sculpted 
objects. This representation produces blobby shapes, and 
does not represent edges, corners, or fine detail. 

0011 Sculpting of parametric models are described by 
Fowler, "Geometric manipulation of tensor product Sur 
faces.” Proc. of the 1992 Symposium on Interactive 3D 
Graphics, pp. 101-108, 1992, Khodakovsky et al. “Fine 
Level Feature Editing for Subdivision Surfaces,” ACM 
Solid Modeling Symposium, 1999, and Terzopoulos et al. 
“Dynamic NURBS with geometric constraints for interac 
tive sculpting.” ACM Transactions On Graphics, 13(2), pp. 
103-136, 1994. However, each of these Suffers from Some of 
the limitations described above, and none attain Sculpted 
results of the quality required for the animation industry. 

0012 To address the problems of polygon, NURBS, and 
other Surface Subdivision representations, Volumetric data 
Structures can be used. These data Structures can be gener 
ated parametrically or by Sampling techniques using, for 
example, laser or other ranging techniques, or Scanners that 
penetrate the object to be modeled. Volumetric data can 
represent both the exterior and interior portions of models. 
The Volumetric data are then Sculpted by applying digital 
Sculpting tools. The tools modify Sample values near where 
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the Sculpting tool interacts with the Volume. For these 
reasons, Sampled Volumes hold more promise as a data 
Structure for digital clay. 
0013 FreeForm is a commercial system for sculpting 
Volumetric models. FreeForm includes a three degree-of 
freedom haptic input device which uses force feedback to 
provide the user with a Sense of touch when Sculpting. 
Models are represented as regularly Sampled intensity Val 
ues. This greatly limits the amount of detail that can be 
achieved, and requires excessive amounts of memory. For 
example, a minimum system requires 512 MB of random 
access memory (RAM). Intensity values can be low-pass 
filtered to reduce aliasing artifacts in the Sculpted models, 
resulting in Smoothed edges and rounded comers typical in 
Volumetric Sculpting Systems. 

0.014) To take advantage of standard hardware rendering 
engines, Volumetric models can be converted to polygon 
models using a method Such as described by Lorensen et al. 
in “Marching Cubes: A High Resolution 3D Surface Con 
struction Algorithm.” Proc. SIGGRAPH '87, pp.163-169, 
1987. However, with large volume sizes, Marching Cubes 
produces an excessive number of triangles, leading to 
memory overload and bottlenecks in the graphics rendering 
pipeline which limit interactivity. 

0.015 There are a number of publications that describe 
Volume-based Sculpting Systems including Avila et al. "A 
haptic interaction method for volume visualization,” Proc. 
IEEE Visualization'96, pp. 197-204, 1996, Baerentzen, 
“Octree-based volume sculpting Proc. Late Breaking Hot 
Topics.” IEEE Visualization'98, pp. 9-12, 1998, Galyean et 
al. “Sculpting: An Interactive Volumetric Modeling Tech 
nique,” Proc. SIGGRAPH '91, pp. 267-274,1991, and Wang 
et al. “Volume sculpting,” 1995 Symposium on Interactive 
3D Graphics, ACM SIGGRAPH, pp. 151-156, 1995. 

0016. However, each of these systems suffers from some 
of the limitations described above, Such as large memory 
requirements, a fixed resolution determined by the Volume 
size, and Soft edges. As a result, Such Systems are of little use 
to the high-end digital animation industry. 

0017 State of the art digital studios, such as Industrial 
Light and Magic (ILM) and Pixar, have three fundamental 
requirements for a Sculpting System that can be used to 
design animate digital models, Such as animated characters. 
Animators and artists want digital clay-a medium with the 
characteristics of real clay, (i.e., expressive in its ability to 
represent both Smooth Surfaces and very fine detail, intuitive 
to Sculpt, easy to manipulate, responsive to user input) and 
the advantages of a digital media that include the ability to 
undo, Script, duplicate, integrate into digital animation SyS 
tems, and Store permanently. The Sculpting methods should 
be able to execute on Standard computer hardware at inter 
active rates, and the System must fit into existing animation 
production pipelines. That is, the System must be able to read 
standard 3D representations or 3D scanned data from clay 
maguettes, and output models compatible with those pipe 
lines. 

0.018. The limitations of prior art data structures and 
modeling Systems, and the needs of the animation industry 
have been partially addressed by the introduction of adap 
tively sampled distance fields (ADFs), as described by 
Frisken et al. in “Adaptively Sampled Distance Fields: A 
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General Representation of Shape for Computer Graphics.” 
Proc. SIGGRAPH 2000, pp. 249-254, 2000. 
0019. There, ADFs are introduced, basic methods for 
generating, rendering, and Sculpting ADFS are described, 
and a number of applications where ADFS can be used are 
listed. AS an advantage, ADFS Store only as much data as 
required to represent the detail in an object. 
0020 Classically, a distance field can be represented as 
distances, Stored in a memory as Scalar values. The distances 
Specify minimum distances to Surfaces of an object. When 
the distances are signed, the Sign can be used to distinguish 
between the inside and outside of the object. Zero distance 
values represent the Surfaces. 
0021 An adaptively sample distance field (ADF) can be 
generated by adaptively Sampling the object's shape, and 
Storing the Sampled distance values in a Spatial hierarchy for 
efficient processing. 
0022 Distances at arbitrary points in the ADF can then be 
reconstructed from the Sampled values, and used for com 
puterized processing Such as rendering or Sculpting. The use 
of adaptive Sampling permits high Sampling rates in regions 
of fine detail, and low Sampling rates where the distance 
field varies smoothly. Thus, ADFs enable high accuracy 
without excessive memory requirements. 

0023 Frisken et al. discuss a basic sculpting procedure 
for ADFS and outline methods for generating and rendering 
ADFs. However, in many aspects, the prior art ADF manipu 
lation methods are inadequate for a production system Such 
as required by the animation industry. 
0024) Specifically, a bottom-up generation method 
requires too much memory and too many distance compu 
tations, while a top-down method requires time consuming 
Searches for neighbor cells in an octree, and unnecessary 
repeated recomputation of distance values. Both approaches 
exhibit poor spatial and temporal memory coherence for 
cells and distance values. These memory and processing 
limitations place practical restrictions on the maximum 
number of ADF levels that can be generated. 
0025 To render ADFs, prior art ray casting methods are 
Sufficiently fast for Small local updates on a desktop Pentium 
class System. However, ray casting, as known, is too slow 
for local updates on low-end Systems, Such as embedded 
processors in hand-held devices, and woefully inadequate 
for camera or view changes Such as panning, rotation, and 
Zooming. In addition, the prior art ADF manipulation meth 
ods (1) do not address easy-to-use user interfaces for digital 
Sculpting (2) do not provide efficient methods for converting 
ADFS to Standard graphical representations, Such as poly 
gons (3) do not provide any methods for correcting distance 
values other than those at the object's Surfaces (4) do not 
Support hardware acceleration, and (5) only discrete Steps 
are Supported during editing. 

0026. However, ADFs could still be an appropriate data 
Structure for use with a quality Sculpting System that meets 
the needs of digital Studios if Sufficient improvements could 
be provided. ADFs have a number of advantages for the 
entertainment industry. For example, ADFS integrate Vol 
umes and Surfaces into a single representation, thereby 
potentially reducing the number of independent representa 
tions required by production Systems. In addition, ADFS 
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could be combined by Simple constructive Solid geometry 
(CSG) operations so that individual parts of a model can be 
Separately modeled, and later joined together. This feature 
could decrease production costs during model design by 
maintaining libraries of model parts and features to quickly 
and easily design new models and characters. 

SUMMARY OF THE INVENTION 

0027. The present invention provides an innovative volu 
metric Sculpting System that uses adaptively Sampled dis 
tance fields (ADFs) to enable users to have better control 
while orienting and positioning Sculpting tools relative to 
Surfaces of digitized models. Distance values are used to 
constrain the Sculpting tools, and control vertices are used 
for region-based conversion to triangles during editing of the 
model. In addition, the Sculpted models are always without 
botherSome cracks and holes making them “watertight.” 

0028. The invention also provides advanced model gen 
erating and editing methods that reduce memory require 
ments, provide better memory coherency, and reduced com 
putational costs. Also provided are methods for correcting 
the entire distance field after multiple Sculpting operations. 

0029. The invention also provides several new rendering 
approaches that take advantage of hardware acceleration in 
Standard PCs, including fast generation of triangles and 
Surface points. Methods for inputting and outputting models 
from the System include an improved method for generating 
ADFs from Scanned range images, and a new and very fast 
method for generating topologically consistent triangle 
models from ADFs at various levels of detail (LOD). 
0030 The invention, as described herein, provides ani 
mation artists with an interactive System for Sculpting. The 
System provides the ideal modeling media in the form of 
digital clay. The System and methods of the invention can 
represent very high resolution shapes at minimal memory 
costs, operate with Standard computer hardware, and enable 
easy integration with existing animation production pipe 
lines. 

0.031 Although the sculpting system is designed to meet 
the demands of high-end production Studios, the System also 
has applications in other areas of the entertainment industry, 
Such as character design for games and virtual reality 
environments. The System can also be used for industrial 
modeling, particularly where the models cannot be gener 
ated parametrically. The ability to output variable level-of 
detail models with low polygon counts, as required by these 
applications, enables easy integration of ADF-based models 
into existing polygon engines. In addition, the modeling 
methods of the invention can be used by low-end computing 
devices. 

0032. A method edits a surface of a graphics object with 
a computer implemented tool by first generating an adap 
tively Sampled distance field from the graphics object, and 
defining a tool path. A gradient for each point on the Surface 
nearest to each location of the tool on the tool path is 
determined, as well as the distance between each point and 
each location. The tool is iteratively moved along the tool 
path in a direction of the gradient and an amount propor 
tional to the distance to maintain the tool on the Surface of 
the object while editing the surface of the object. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0033 FIG. 1 is a flow diagram of a modeling system 
according to the invention; 
0034 FIG. 2 is a diagram of Surface following according 
to the invention; 
0035 FIGS. 3a-c are diagrams of editing strokes; 
0036) 
ing; 

FIG. 4 is a diagram of constrained surface follow 

0037 FIG. 5 is a flow diagram of constrained surface 
following; 

0038 
0039) 
0040 FIG. 8 is a diagram of a bounded distance tree 
(BDT) at various stages during ADF generation; 
0041 FIGS. 9-11 are flow diagrams of BDT generation; 
0042 FIGS. 12a-b are diagrams of interior and exterior 
points of a model; 
0043 FIG. 13 is a flow diagram of a scan acquisition 
procedure; 

0044 FIG. 14 is a flow diagram of a triangulation 
procedure; 

004.5 FIG. 15 is a diagram of cell edges used by the 
procedure of FIG. 14; 

0046 FIGS. 16a-b are diagrams of cracks between 
edges, and 

0047 FIG. 17 is a flow diagram of an ADF correction 
method. 

FIG. 6 is a diagram of control point editing; 
FIG. 7 is a flow diagram of control point editing; 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

System Structure and Components 

0048 FIG. 1 shows a computerized modeling system 
100 according to the present invention. The modeling sys 
tem, as a basis, uses adaptively Sampled distance fields 
(ADFs) 10 to represent digitized models that can be ani 
mated for use by the entertainment industry. The basic data 
structure of an ADF is described in U.S. patent application 
Ser. No. 09/370,091 “Detail-Directed Distance Fields' filed 
by Frisken et al. on Aug. 6, 1999, incorporated herein in its 
entirety by reference. The ADFs 10 are used to represent the 
digitized models. They can also be used to represent com 
puter implemented tools that operate on the models. It 
should be noted that the tools can add as well as remove 
material. 

0049 Basic components of the modeling system 100 
include a user interface 101 that provides input data 102 to 
a bounded distance tree (BDT) generator 103, an editor 104, 
a renderer 105, a converter 106, a point generator 107, and 
a dispatcher 108 which responds to application and user 
requests 109. The system 100 also includes an idle processor 
110 described in greater detail below. The output data 114 of 
the System can be Supplied to industry Standard rendering 
engines, Such as OpenGL and RenderMan. The output data 
114 can include points, triangles, and images. 
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Data Structures 

0050. The input data 102 include: three-dimensional (3D) 
models or range data 131 and generation parameters 132 for 
the BDT generator 103; edit parameters 141 for the editor 
104, a tool path 142 for the editor 104; render parameters 
151 for the renderer 105; and conversion parameters 161 for 
the converter 106. The BDT generator 103 operates on 
bounded distance trees 800 stored in a cache 133. The 
renderer 105 also operates on an intermediate data structure 
representing image tiles 152 generated by adaptive ray 
casting. The editor 104 and the idle processor 110 operate on 
a Script 112 representing intermediate Stages of the tool path 
142. The renderer 105, converter 106, and point generator 
107 operate on images, points and triangles 114 to be 
processed by the rendering engine 111, and the converter 
106 generates triangles 115 from the ADFs 10. 

System Component and Data Interactions 
0051) The input data 102 is specified by a user with the 
user interface 101. The user sets the parameters 132 for the 
BDT generator 103, the parameters 141 for the editor 104, 
the parameters 151 for the renderer 104, and the parameters 
161 for the converter 106. The user also selects the 3D 
model or range data to be processed by the system 100, the 
edits to the ADFs 10, and how and when the ADFs are to be 
converted to the triangles 115. 
0052. The BDT generator 103 and the editor 104 interact 
by exchanging local regeneration data 135 that include the 
tool path and model geometry. The idle processor interacts 
with the editor to refine edits 136, and with the renderer to 
refine the rendered image 137. The renderer interacts with 
the converter to convert the ADFs 10 to triangles 114. 

System Operation 
0.053 During operation of the system 100, the user can 
Start by generating an initial model using CSG operations on 
Standard object shapes. Such as Spheres and boxes, or start by 
converting a Standard 3D model or range data to an ADF. 
The user then proceeds by Sculpting the model using the 
editor and Selectable Sculpting tools. 
0.054 AS stated above, the sculpting tools can also be 
represented by ADFS, or a simple distance function defining 
the shape of the tool if the Shape is simple, for example, 
Spherical. During Sculpting, the renderer updates the image 
tiles 152 while automatically switching between several 
rendering methods depending on user actions and System 
capabilities. 
0.055 During idle-time, the idle processor 110 performs a 
number of operations including increasing the rendering 
resolution of the image tiles for the adaptive ray casting, 
increasing the resolution and extent of edits from the 
Scripted tool paths 112, and correcting distance values for 
points in the ADFS that are not on the Surface being Sculpted. 

Interactive Sculpting 
0056. The system 100 includes interactive software for 

file manipulation, operation undos, Selection, shape Smooth 
ing, navigation, and lighting control that are well known to 
those of ordinary skill in the art. The description herein 
focuses on the unique methods of the present System for 
interacting with Volumetric data that exploit the properties of 
the ADFS 10. 
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Surface Following 
0057. As shown in FIG. 2, the system 100 can determine 
a distance value and a direction 201 from any point 202 in 
the adaptively sample distance field 10 to a nearest point 203 
on the surface 204 of the model 200. The system 100 uses 
this information to guide the path 205 and orientation of a 
Sculpting tool 210, perhaps manipulated by an input means, 
e.g., a mouse or a distance function. The System forces the 
tool to follow the Surface of the object. It can also, option 
ally, orient a principal axis 211 of the tool 210 to be 
perpendicular to the model's surface 204. Because the object 
is represented by an ADF and the tool is represented by an 
ADF or a distance function, it is possible to determine the 
distance between the Surface and the tool, the orientation of 
the Surface, i.e., the direction of the gradient of the object's 
distance field, and the principal axis of the tool. 
0058 Surface following is accomplished by iteratively 
moving the tool in the direction of the gradient of the 
distance field of the object. The distance moved is an amount 
proportional to the distance between the tool and the Surface, 
or from some “offset' surface 220 for constrained sculpting 
as described below. The offset Surface can be external or 
internal to the Surface of the object. At the same time, the 
principal axis 211 of the tool can be aligned with the Surface 
normal of the nearest point on the Surface. Surface following 
is particularly useful when editing a 3D shape with a 2D 
input device Such as a mouse. It can be difficult to locate the 
tool accurately on the Surface. Surface following enables 
more intuitive control when Sculpting Surfaces that are 
oblique to a viewing direction. 

Bezier Tool Paths 

0059 Sculpting can be accomplished by a set of discrete 
edits along the tools path. However, as illustrated in FIGS. 
3a-c, this approach can be inefficient and erroneous resulting 
in redundant overlapping edits for Slow tool movement 
(FIG. 3a), and broken edits for fast tool movement (FIG. 
3b). If the shape of the tool is axially asymmetric, then the 
edits can be broken and misaligned when the tool is oblique 
to the tool’s path (FIG. 3c). 
0060. To address these problems, the system edits the 
ADFs 10 directly with a swept volume corresponding to the 
geometry of the tool as the tool moves along a 3D Bezier 
curve. The System uses a Bezier clipping process to compute 
distances from the curve, and then uses the tools geometry 
to generate the Swept Volume, See Nishita et al. in "Ray 
tracing trimmed rational Surface patches, Proc. SIG 
GRAPH '90, pp. 337-345, 1990. 
0061 For a spherical tool, distances in the Swept volume 
are computed by offsetting the distances to the centerline of 
the tool path. For tools with rectangular or other shapes, the 
distance computation is more involved but can Still be more 
efficient than a point-based evaluation. This approach allows 
two levels of control. First, the Bezier paths can be auto 
matically derived from the user's input Strokes and then 
carved. Second, the Bezier curve can be explicitly drawn 
onto the Surface of the model, and edited using control 
points before the curve is carved onto the Surface. 

Scripting of the Tool Path 
0062. As an advantage, the system 100 records edit paths 
in the Script 112 during editing for later processing. The 
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Scripted paths provide three important features. First, the 
editing resolution and the extent of the tool influence on the 
ADF can be limited in order to achieve interactive speeds. 
When this occurs, the Scripted edit paths are used for lazy 
evaluation of the edits at higher resolutions, and for increas 
ing the extent of the tool influence further into the ADF 
during idle-time processing. Second, Scripted paths provide 
a history of the editing Session, allowing the model to be 
regenerated on Systems with different memory and proceSS 
ing power. Third, the Scripted paths, combined with Stored 
intermediate versions of the ADF, enable the system to 
proceSS multiple undos without excessive Storage. In the 
preferred embodiment, the Script is in the form of a character 
String or binary data defining the parameters of the tools 
path. 

Dynamic Tools 
0063) The system 100 permits the shape of the tool and 

its function (add-remove) to vary with time/distance trav 
eled, or according to its location on the Surface, or according 
to a description in the tool path. The description can be a 
procedure which modifies both shape and function based on 
numerous parameterS Such as time, distance, gradient, Sur 
face complexity, and cell geometry. 

Distance-Based Constraints 

0064. As shown in FIG. 4, the system 100 can provide an 
enhanced modeling interface because the ADFs 10 represent 
the distance from the models' Surface to any point in Space. 
The tool can be constrained to move along the offset Surface 
220. Thus, the system can force the tool to remove or add 
material at a specified depth (internal offset Surface), or 
height (external offset Surface) from the original Surface. 
The computation to keep the tool on the offset Surface is as 
Simple as it is to keep the tool on the true Surface as 
described above. 

0065. In addition, the system can use a digital “mask, 
'420, also in ADF form or as a traditional distance field. The 
mask can be used in two ways. First, the mask can be used 
to prevent the tool from modifying specified 2D or 3D 
regions of the model. Second, the tool can be used to 
"cut-away' portions of the mask, and then only the exposed 
portions of the model are further processed by either adding 
or removing material. 
0066. The mask can be in the form of a “force field”430, 
which can also be represented as an ADF. The force field's 
reconstructed distance field and gradient can provide physi 
cal and Visual cues, e.g., force feedback for haptics, that 
indicate tool depths or proximity to the model’s Surface. 
Alternatively, the force field can just constrain the editing 
while the tool is within the “influence'431 of the force field, 
that is, the tool is near the mask edgeS. In addition, multiple 
masks and force fields can be combined to provide more 
complex editing constraints. Note, if the mask constrains the 
tool to move inside the mask region then the force field 
extends inwards, otherwise the force field extends outwards 
from the mask. 

Applications for Distance-Based Constraints 

0067 Distance-based constraints are useful in many 
applications. AS defined by Leler in “Constraint program 
ming languages, their Specification and generation,” Addi 
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son-Wesley Publishing Company, 1988, a constraint is a 
desired relationship among two or more objects. Industrial 
designs are often considered to be constraint oriented. The 
constraints of the design usually indicate limitations in the 
range of possible Solutions. 
0068. When considering tolerance constraints, which are 
usually related to a single model or Surface, the above 
definition of constraint must be enhanced. Therefore, in the 
preferred embodiment of the system 100, a constraint is 
either imposed on a single model, or represents a desired 
relationship among two or more models. 
0069. An ADF constraint includes at least one ADF, e.g., 
420, and a constraint procedure 440 for instantiating that 
constraint in the system 100. For example, the constraint 
procedure 440 might absolutely limit the tool from entering 
the ADF, as for the mask 420, or limit the tool’s movement 
when the tool is within a very small specified distance from 
the Surface, or limit the tool from entering a region defined 
by the field of the ADF, combined with an explicit function 
that distorts that field. In addition, constraints can be com 
bined to form a complex constraint System. 
0070. One of the novelties in this approach is that con 
straints can be expressed as 2D or 3D models which are 
either converted into ADFs or drawn directly as ADFs. This 
representation of constraints as adaptively Sampled distance 
fields enables constraints to be applied throughout Space. 
ASSociating a procedure with the ADF permits unlimited 
flexibility that has particular applications to industrial 
design. For example, if the system is used to design inte 
grated circuits, then Sub-micron precision can be obtained 
easily by Specifying constraints which guide a tool to the 
desired accuracy. 

Surface Following Procedure for Distance-Based 
Constraints 

0071 FIG. 5 shows a procedure 500 that implements 
distance-based constraints of the system 100. Input data to 
the procedure 500 include ADFs 10 for the model, a tool, 
masks and/or force fields, constraints 501, e.g., desired 
distance from the Surface, and tool orientation and position 
parameters 502, e.g., principal axis of tool, and desired angle 
with Surface. The model, tool, and constraints are manipu 
lated on a display device with an input device 503, e.g., a 
OUSC. 

0072 The mouse specifies some current input position 
(p) 504. The input position is transformed 510 to p'505 in the 
coordinate system of the ADF. The distance and the gradient 
506 at p' are reconstructed 520. The tool is positioned and 
oriented 530 to determine a new orientation and position 
507, and the tool is displayed 540 to the user. 

Control Point Editing 
0073 While digital sculpting provides a powerful and 
flexible means for digital model design, there are times when 
control vertex manipulation has its advantages. For example, 
to puff or pucker a character's cheek, it can be easier to edit 
a set of control vertices than to alter the Shape of the cheek 
by adding or removing material with Sculpting tools. 
0074 Thus, as shown in FIGS. 6 and 7, the system 100 
provides means 700 for selecting a portion 610 of the ADF 
model 10, and converting the Selected portion to a polygon 
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(triangular) model 620 with control vertices at a user con 
trolled level-of-detail, as described below. The control ver 
tices can then be manipulated, and the edited portion 620 of 
the ADF can be regenerated from the triangle model. 
0075). In the control point editing procedure 700, the 
input parameters are the ADF 10, and triangulation param 
eters 701. Step 710 selects ADF cells 711 to triangulate, e.g., 
the user points at the model's Surface and identifies the 
desired portion. The marked cells are triangulated 720 as 
described in further detail below. The triangle mesh 721, at 
a Specified LOD has an edge on the boundary of the Selected 
portion. The triangle mesh is then edited 730, using any 
known editing procedure. The edited triangles 731 are 
locally regenerated 740 to produce the edited ADF 630. 
During the editing and regeneration, the edge of the Selected 
portion can remain in place to retain a sharp edge, or the 
edge can be relaxed So that the transition from the Selected 
portion to the rest (unselected) of the Surface is Smooth. 

Bounded Distance Tree Generation and Editing 
0.076 Frisken et al. outline two methods for generating 
ADFs. A bottom-up method generates a fully populated 
octree and coalesces cells upwards when the distance field 
represented by a cell's eight children is well approximated 
by the sampled distance values of the cell. A top-down 
method recursively subdivides cells which do not pass a 
predicate test comparing distances computed from the mod 
el's distance function with distances reconstructed from the 
cells Sampled distance values at multiple test points. 
0077. In practical applications, both of these methods 
have Serious limitations. The bottom-up approach requires 
excessive amounts of memory and too many distance com 
putations to generate high resolution ADFS, while the recur 
Sive top-down approach moves up and down through the 
octree levels and requires many redundant distance compu 
tations and reconstructions. Both approaches exhibit poor 
memory coherence minimizing any beneficial effects that 
could otherwise be obtained from caching. Times for gen 
erating an ADF with a maximum Octree level of eight 
(level-8 ADF) is on the order of 20 seconds, and 40 seconds 
for a level-9 ADF. This is for a relatively simple CSG model 
using the top-down generation method executing on a desk 
top Pentium III system. For both methods, generation of 
ADFs higher than level-9 is impractical due to excessive 
generation time and memory requirements. 
0078. In the present system, the BDT generator 103 
balances memory requirements, memory coherence, and 
computation while constructing the ADFS. Generation times 
for similar CSG models are reduced significantly to less than 
one second for a level-8 ADF and about two seconds for a 
level-9 ADF. This is a 20 times increase in speed over the 
prior art methods. Better memory utilization and the faster 
generator enable the System to generate a level-12 ADF in 
about 8 Seconds. 

0079. It should be noted that a level-12 ADF represents a 
resolution range of 1:2', i.e., 1:0.00024. Representing this 
dynamic range in a regularly Sampled prior art Volume 
would require about 70 billion sample values, clearly 
beyond the capabilities of most general purpose computers, 
and certainly impossible for embedded processors. In Sharp 
contrast, a typical level-12 ADF requires on the order of 2 
to 3 million distance values, a considerable improvement, 
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and well within the capabilities of even small portable 
devices, Such as laptops, personal digital assistants, and 
wireleSS communication devices. 

0080. As shown in FIG. 8, the BDT generator 103 
proceeds in a top-down manner to generate an ADF 10 from 
a root cell (C) 801 in layers, applying recursive subdivision 
and using bounded distance trees (BDT) 800. FIG. 8 shows 
the octree for a level-12 ADF with layers at level-3803, 
level-6806, level-9809, and level-12812. The notation C, 
indicates candidate cells for further subdivision. A layer's 
depth determines the increase in Octree depth when the layer 
is processed. For example, a level-9 Octree that is generated 
with a layer depth of three is generated first to level three, 
then to level six, and finally to level nine. 
0081. Within each layer, the ADF octree is processed one 
BDT 800 at a time. The BDT can have two, three, or more 
dimensions. In 2D, the BDT can be considered a “tile,” and 
in 3D a “cube.’ A BDT is a data structure used to store 
computed and reconstructed distances, thereby avoiding 
redundant distance computations for neighboring cells. In 
the preferred embodiment, the BDT is represented as an 
array in a cache. As a characteristic, and as shown in FIG. 
8, a BDT has a limited depth, and is stored temporarily in the 
cache while distance values are computed. Each distance 
value in the BDT has an associated “validity” bit indicating 
whether or not the distance value is valid. AS another 
characteristic, during normal operation, e.g., editing and 
Sculpting, only "Surface” BDTS containing Surface cells are 
processed. BDTs that are entirely composed of interior and 
exterior cells are not dealt with until the “remote” portions 
of the distance field are corrected, see FIG. 17 below. 

0082) The layer depth sets the size of the BDTs. For 
example, a layer depth of three, for a 3D model, indicates 
cubic BDTs of size 2x2x2. When generating a level-9 
ADF with a layer depth of three, up to 8 leaf cells are 
generated in the first layer. When the second layer is 
processed, each leaf cell at level three, as produced from the 
first layer, becomes a candidate for further Subdivision and 
acts as a parent cell of a new BDT. When processing the 
third layer, each leaf cell at level Six, produced from the 
Second layer, becomes a candidate for further Subdivision 
and so on until a maximum specified level of the ADF is 
reached or no more candidates remain. 

0083. As an advantage of the invention, computed and 
reconstructed distances for each BDT are produced only as 
needed during recursive subdivision. In addition, the BDT 
data structure does not use pointers, as in the ADF's 10, 
thereby greatly reducing the Storage required, and enabling 
the BDTs to be cached to reduce processing time. Further 
more, when the distance values of the BDT are represented 
as array elements, rather than a pointer-based tree, access to 
a distance value requires a Single, constant-time operation. 
0084. A corresponding bit map 1009 associated with each 
bounded distance tree 800, see FIG. 10, keeps track of valid 
distance values in the BDT 800. The bit map ensures that 
distance values within the BDT are computed and stored 
only once. There is one validity bit for each distance value 
in the BDT, i.e., each array element. 
0085. After a BDT has been fully processed, valid dis 
tances in the BDT are appended to the ADF, and cell pointers 
to the valid distances are updated in the ADF. Special care 
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is taken at BDT boundaries by initializing the BDT 800 and 
corresponding bit map 1009 from neighboring cells that 
have already been processed to ensure that distances are also 
shared acroSS neighboring cells of different BDTS, again 
improving performance. 

0086) The size of the BDTS can be adjusted to match the 
size of the cache 133, see FIG. 1. In Pentium class systems, 
for example, the BDT storing up to 8 distance values works 
effectively, especially when each distance value only 
requires two bytes. The use of the bit map 1009 further 
enhances CPU and cache performance. For example, 
because the bit map 1009 stores 32 validity bits in a single 
memory word on a 32-bit computer, the BDT generator can 
invalidate 32 distance values in a BDT in a single operation. 
AS an advantage, the bounded distance tree data Structure is 
substantially smaller than the data structure for the ADF. 

0087. The final cells and distances of the ADFs 10 are 
Stored in contiguous arrays of the main memory to further 
enhance Spatial coherency and performance when proceSS 
ing the ADFS 10 during other System operations Such as 
rendering. These arrays are allocated in blocks as needed 
during BDT generation. The arrays are truncated to a maxi 
mum required size when BDT generation completes. 
Because the array blocks are contiguous, updating cell and 
distance value pointers, when an ADF is moved or copied in 
memory, is both fast and easy. 

0088 FIGS. 9, 10, and 11 show steps of a software 
procedure 900 that implements the BDT generator 103. Step 
901 allocates blocks of memory for cells, distance values 
(DistVals), the BDT bit map 1009, and the BDT 800. Step 
1000, see FIG. 10, initializes the fields of a cell and 
computes the cell's error; other processing Steps performed 
with step 1000 include initializing a maximum depth level 
(MaxLevel), invalidating the bits in the BDT bit map 1009, 
and Setting a candidate cell (beginning with the root cell 
801). A candidate cell is a cell which may require further 
Subdivision. Until there are no more candidate cells 902, 
candidate cells are recursively subdivided 1100, see FIG. 
11, to MaxLevel. Valid distance values are copied in step 
903, and step 904 gets a next candidate cell. At completion, 
final cells and distance values are truncated 905 to a prede 
termined maximum required size. 

0089. As shown in FIG. 10, the initializing step 1000 
includes a step 1001 to initialize the fields of the cell, a step 
1002 that computes the cell's error measure, and a step 1003 
which sets the cells error measure. Note the use of the BDT 
800 and its associated bit map 1009 to avoid computing 
distances already computed. 

0090 The recursive subdivision step 1100 includes the 
following sub-steps. A step 1101 excludes interior and 
exterior cells, i.e., all cells but Surface cells, from further 
Subdivision using the distance values Stored for the comers 
of the cells, and the diagonal lengths of the cells. Step 1102 
stops subdividing when the error criterion is met. Step 1103 
stops subdividing when the MaxLevel is reached. Step 1104 
actually performs the subdivision of the cell, and steps 1105 
and 1107 set the cell type (interior, exterior, and surface) 
based on the cell's distance values. Step 1106 coalesces 
interior and exterior cells into larger cells whenever poS 
sible. 
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Bounded-Surface Generation 

0091. The BDT generation method shown in the FIGS. 
8-11 normally only subdivides surface cells. This surface 
limited generation reduces memory requirements while 
assuring accurate representation of the distance field in 
Surface cells. This is Sufficient for processing regions imme 
diately adjacent to the Surface. 
0092. However, for some of the editing methods 
described above, Such as Surface following, the use of 
distance-based constraints, and force feedback, the distance 
field is required to be accurate for Some distance from the 
Surface. Under these circumstances, the BDT generation 
method 900 is modified so that exterior and interior cells are 
not coalesced unless the cells Satisfy a maximum error 
constraint whenever the cells are within a bounded region 
defined by a specified minimum distance from the Surface. 
This bounded-Surface generation method is unlike the prior 
art ADF generation techniques. 

Editing 
0093. In the present system, sculpting is performed on the 
ADFS 10 using a local editing process. Compared with prior 
art ADF processing techniques, as described by Frisken et 
al., the use of BDTS according to the invention decreases edit 
times by a factor of 20 and reduces memory requirements for 
cells and distance values by a factor of two. These advances 
make it possible to perform highly detailed Sculpting in 
desktop and portable computer Systems. 

0094. To accommodate fewer resources on Smaller com 
puter systems, the system 100 can limit both the sculpted 
resolution and the volumetric extent of the tool influence to 
ensure interactivity. As described above, the system 100 
maintains a Script 112 of Sculpting operations and interme 
diate versions of the ADF. The script 112 can be used during 
idle-time processing to increase the Sculpting resolution and 
extend the tool influence into the ADFs 10. 

Correcting Remote Distance Values 
0.095 As described above, the ADFs 10 are sculpted by 
applying CSG operations to the model and tool distance 
fields. For example, following the positive-inside and nega 
tive-outside signed distance value convention of Frisken et 
al., the Sculpted distance at a point, p, for a differencing 
Sculpting tool can be expressed as dist(p)=min(dist (p),- 
dist(p)), and the Sculpted distance at p for an additive tool 
is dist(p)=max(distide(p), dist(p)). The use of min/max 
operators can result in inaccurate distance values in the 
ADFs 10 at points in the ADF remote from the sculpted 
Surface, as shown in FIGS. 12a and 12b. 
0096. For example, as shown in FIGS. 12a and 12b, a 
point P11201, when using a differencing tool, and the point 
P21202, when using an additive tool, both would be 
assigned distances to Surfaces that do not exist in the 
Sculpted object, resulting in an inaccurate field at these 
points. When processing requires only a correct representa 
tion of the distance field at the Surface, e.g., during render 
ing, these inaccurate values have no effect. 
0097 However, some of the editing techniques and appli 
cations require an accurate representation of the distance 
field remote from the Surface. For example, when the System 
is used for industrial design, Sub-micron distance accuracies 
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may be required throughout the Volume to properly guide a 
tool along a specified path. Hence, the idle processor 110 
corrects the remote distance field during System idle-time. 
The idle processor 110 can also correct the distance field 
on-demand in a region-of-focus, for example, near the 
working Surface of the Sculpting tool, to reflect the fact that 
material is being removed or added. 
0098. There are a number of approaches available for 
correcting the remote distance field given accurate distances 
near the model’s Surface. A fast marching method, derived 
from level Set techniques, can be used to propagate distances 
outward from a narrow band of correct values near the 
Surface. Another approach holds distance values at the 
Zero-valued iso-Surface and the distance field boundaries 
constant, and uses simulated annealing to Smooth out the 
field in between. Neither of these methods are designed for 
adaptive distance fields, and both methods are too slow for 
interactive editing. 
0099 FIG. 17 shows a method 1700 for correcting 
remote distance values according to the invention, for 
example, during idle processing 110. Step 1701 marks, for 
each interior/exterior (non-Surface) cell, the cell corner 
having the minimum, absolute value, distance value. Each 
non-Surface cell is also marked as unprocessed. Note, it 
assumed that the distance values of the Surface cells are 
always correct for a particular error measure, and normally 
do not need to be corrected. However, it may be desired to 
change the error measure, for example, for large cells 
through which the Surface passes. In this case, these large 
surface cells can be selected for “correction.” 

0100 Step 1702 then sorts the interior/exterior cells into 
ascending order using the marked minimum, absolute value, 
distance values as the sort key. Step 1703 processes the 
interior/exterior cells in that Sorted order. 

0101 Step 1704 examines each edge of each interior/ 
exterior cell 1711 and determines the neighbor cells 1705 
that share the edge and that are either a Surface cell or a 
processed cell, and then Step 1707 appends any missing 
distance values on the neighboring cell's edge to the shared 
edge of the interior/exterior cell 1711. Note, distance values 
can appear anywhere on the shared edge because cells are of 
Varying Sizes. 

0102) Then, step 1708 sets the comer values of the 
interior/exterior cell 1711, using the newly appended dis 
tance values, according to one of the correction methods 
1710 described below. Finally, step 1708 marks the cell 1711 
as processed, and continues with the next Sorted interior/ 
exterior cell until all interior/exterior cells have been pro 
cessed. 

Correction Method 1 

0103 Mark each cell corner vertex as “free” or “fixed.” 
In one embodiment of the invention, a comer is fixed only 
if it is a comer shared with a neighboring Surface cell, 
otherwise it is free. In another embodiment of the invention, 
a comer is fixed if it is a comer shared with a neighboring 
Surface cell, or processed cell, otherwise it is free. Then, 
determine the number of appended distance values associ 
ated with each comer. An appended distance value is asso 
ciated with a comer when it is located on an edge connected 
to that comer, and lies anywhere between the comer and the 

Sep. 19, 2002 

edge’s midpoint. Next, determine the comer C with the 
largest number of associated distances. Then, divide the cell 
into a uniformly Sampled grid at a specified resolution. In a 
preferred embodiment, the memory required to represent the 
grid fits into the CPU's cache, thereby maximizing perfor 
mance. Last, perform a Euclidean distance transform on the 
regular grid propagated from the comer C and correcting 
only the free corners of the cell, See Cuisenaire, “Distance 
Transformations: Fast Algorithms and Applications to Medi 
cal Image Processing.” Ph.D. thesis, Universite Catholique 
de Louvain, 1999. 

Correction Method 2 

0104. Determine the nearest newly appended distance D 
for each free comer. Then, for each free comer C, determine 
the Euclidean distance N to its nearest newly appended 
distance D. If the distance at C is outside the range defined 
by the distance D and the distance N, then set the distance 
at C to this range. 

Correction Method 3 

0105 Same as Method 2, but instead of using the nearest 
newly appended distance for each free comer, use all of the 
newly appended distances to correct each free comer. 

Correction Method 4 

0106 Use the newly appended distances to derive a 
corrected distance at every free comer using extrapolation of 
distances along an edge or extrapolation of distances 
throughout the distance field. 

Selecting Interior/Exterior Cells for Correction 
0107. In one embodiment of the invention, step 1701 
Selects all interior/exterior cells. In another embodiment of 
the invention, step 1701 selects only those interior/exterior 
cells within a specified distance from the Surface. In yet 
another embodiment of the invention, step 1701 selects only 
those interior/exterior cells which are immediate neighbors 
to Surface cells. In yet another embodiment of the invention, 
step 1701 selects only those interior/exterior cells which are 
within a Specified region, where the region is determined by 
input from a user, e.g., the location indicated by a mouse 
event. For Some applications, only interior OR exterior cells 
require correction. In those cases, the invention limits Step 
1701 to select only the specified cell type, i.e., interior OR 
exterior. 

Selecting Interior/Exterior Cells To Process During 
BDT Generation 

0.108 Similar criteria listed above for selecting interior/ 
exterior cells for correction, can be applied to Selecting 
which interior/exterior cells are forced to pass the predicate 
test during BDF generation. The predicate test determines if 
a cell's reconstruction method accurately represents the 
distance field, see Frisken et al. In one embodiment of the 
invention, the BDT generator does not require the interior/ 
exterior cells to pass the predicate test (Surface-limited 
generation). In another embodiment of the invention, the 
BDT generator forces interior/exterior cells within a speci 
fied distance from the Surface to pass the predicate test 
(bounded-Surface generation). In yet another embodiment of 
the invention, the BDT generator forces interior/exterior 
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cells which are within a specified region to pass the predicate 
test, where the region is determined by input from a user 
(e.g., the location of mouse events). 

Fast Rendering 

Fast Global Rendering 
0109 The system 100 according to the invention also 
includes methods for converting the ADFs 10 to triangle and 
point models So that the System can be integrated with 
Standard hardware and Software implemented rendering 
engines. Given current Standard hardware, Such as the 
NVIDIA GeForce2, these conversion methods provide truly 
interactive manipulation of ADFs. For triangles, the ADF is 
converted to a triangle model that can be rendered using the 
OpenGL rendering engine 111, taking advantage of hard 
ware triangle rasterization available on many computer 
systems. The method for converting the ADF to triangles is 
described below. 

0110 Conversion times are quite fast: the system 100 can 
generate a triangle model with 200,000 triangles from a 
level-9 ADF in 0.39 s on a Pentium IV class processor. 
Models with lower LODS can be generated even faster, e.g., 
in less than 10 ms for a 2000-triangle model. Thus, triangle 
models can be generated on-the-fly with imperceptible 
delays when navigation tools are Selected, permitting fast 
global rendering while panning, Zooming, or rotating the 
Caca. 

0111 Alternatively, the system can use point-based ren 
dering for global view changes, taking advantage of the 
current trend in computer graphics towards hardware-as 
Sisted point rendering as described by Rusinkiewicz et al. in 
“Qsplat: A Multiresolution Point Rendering System for 
Large Meshes,” Proc. SIGGRAPH00, pp.343-352, 2000. 
0112) In the preferred embodiment, the system 100 ren 
derS points using the OpenGL rendering engine 111. The 
point generator 107 can produce 800,000 Phong-shaded 
points in 0.2 Seconds, and less than 0.12 Seconds for 
unshaded points when shading is performed by the rendering 
engine 111. The points can be rendered interactively on 
desktop Systems and, like triangle models, the points can 
also be generated on demand when navigation tools are 
Selected. 

0113. The availability of the distance field and the octree 
data Structure give ADFS unique advantages for generating 
points. For example, a point randomly generated within a 
cell can be trivially projected onto the Surface in one Step 
using the distance value and gradient at that point. Further 
more, the cell size can be used to determine both the number 
and size of points to be generated in that cell, thereby 
enabling multi-resolution rendering methods. 
0114. Because point generation is very fast, the System 
can also use View-dependent point generation that culls 
back-facing cells and back-facing points, and that uses the 
gradient in the cell to generate more points on Silhouette 
edges. 

Fast Local Rendering 
0115 The present system uses two methods to locally 
update the image in the Sculpted region depending on System 
resources: local triangle generation with hardware render 
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ing, and adaptive ray casting for Software-based rendering. 
While point generation is fast enough for local editing, point 
models do not represent fine Sculpted detail in the image as 
well as triangles or ray casting. Therefore, point models are 
not utilized for fast local rendering. 

Local Triangles 
0116. When the ADFs 10 are converted to triangle mod 
els for hardware rendering and there is Sufficient memory to 
maintain both the ADF and a triangle model, the System can 
locally update these models during Sculpting. To enable 
local updating, triangles are indexed according to the cells 
from which they are generated. When a cell is affected by 
Sculpting, its associated triangles are deleted and new tri 
angles are generated, on-the-fly, during the Sculpting pro 
ceSS. This method is very fast but requires additional 
memory per cell for triangle indexing as well as memory for 
maintaining the dynamic triangle model. 

Adaptive Ray Casting 
0117 The system 100 provides ray casting for high 
quality rendering of the Sculpted Surface. When this method 
is used during Sculpting, the image is updated locally within 
the region affected by the tool. 
0118 For applications that cannot perform software 
based ray casting fast enough for interactive updating, the 
System 100 uses an adaptive ray casting approach 152 to 
produce an image representation of the model at a particular 
Viewpoint. The ray casting approach is an extension of 
directional coherence maps (DCM) described by Guo in 
“Progressive Radiance Evaluation Using Directional Coher 
ence Maps.” Proc. SIGGRAPH '98, pp. 255-266, 1998. 
0119) The image region to be updated is divided into a 
hierarchy of image tiles, and Subdivision of the image tiles 
is guided by a perceptually based predicate. Pixels within 
image tiles that have not been fully subdivided are bi 
linearly interpolated to produce the image. 

0120 For each image tile, rays are cast into the ADF 10 
at tile comers and interSected with the Surface using a linear 
intersection method. The predicate used to test for further 
subdivision is based on a method described by Mitchell in 
"Generating antialiased images at low Sampling densities,” 
Proc. SIGGRAPH'87, pp. 65-72, 1987. 
0121 Mitchell individually weights the contrast in red, 
green, and blue channels, and the variance in depth-from 
camera across the image tile. The adaptive ray casting 
approach 152 according to the invention typically achieves 
a 6:1 reduction in rendering times over casting one ray per 
pixel, and more than a 10:1 reduction when the image is 
Super-Sampled for anti-aliasing. 

Adapting the Sculpting System to a Character 
Animation Pipeline 

0122) Any Sculpting System that uses a novel data rep 
resentation for digital model design is useless to a produc 
tion System unless the Sculpting System can be integrated 
with existing rendering pipelines. These pipelines can be 
extensive, particularly in an animation Studio. Hence, the 
system 100 inputs models from several standard types of 
representations including triangle models, implicit func 
tions, CSG models, Bezier patches and Scanned data, and 
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outputs triangle models. Converting most of the above 
representations to ADFs is described by Frisken et al. 
0123 This description focuses on two important new 
developments: a method for generating ADFs from Scanned 
range data which advances the State of the art, and a method 
for triangulating ADFS that generates topologically consis 
tent LOD triangle models in a fraction of a Second. 

Input from Range Data 

0.124. There are several commercial systems available for 
converting Scanned data to triangle models. One approach 
for importing ADFs into the system would be to convert the 
Scanned data to triangle models and then convert the triangle 
models to the ADFs 10. However, experience indicates that 
the triangle models produced by the conversion from 
Scanned data are often problematic, containing holes, flipped 
triangles, and overlapping Surfaces. Instead, the present 
system generates the ADF 10 directly from the scanned data. 
0.125 Several recent research papers have presented 
methods for converting Scanned data to triangle models that 
make use of Signed distance fields for more robust, water 
tight Surface reconstructions. For example, the method as 
described by Curless et al. in “A Volumetric Method for 
Building Complex Models from Range Images.” Proc. SIG 
GRAPH '96, pp. 303-312, 1996, is the basis for the data 
conversion method used by the Cyberware Scanning System. 
Wheeler, in “Automatic Modeling and Localization for 
Object Recognition,” Ph.D. thesis, Carnegie Mellon Uni 
versity, 1996, describes a method that uses a true Euclidean 
distance function, and a more Volume-centric approach. 
0.126 There, the scanned data consist of a set of over 
lapping 2D Scanned range images taken from different 
Viewpoints. Each range image is converted to a range 
Surface triangle mesh, and all of the triangle meshes are 
imported into the same coordinate system. Wheeler then 
generates a 3-color Octree of the distance field in a top-down 
manner by computing the signed distance from Volume 
elements to each range Surface, and combines the distances 
using a probability-weighted function. The probability func 
tion depends on the angle of each contributing triangle with 
the original Scan direction, the location of the triangle 
relative to the edge of its Scanned image, the degree of 
agreement between distances computed for overlapping 
range Surfaces, and possibly other factors. As a last Step, the 
Marching CubeS method of Lorensen et al. is applied to all 
the boundary leaf cells to generate a closed, assuming it 
makes use of Volume boundaries, watertight triangle Surface 
from the signed distance volume. The problem with Wheel 
er's approach is that all cells containing the model's Surface 
are Subdivided to the same octree level, thereby increasing 
memory requirements and processing time, and also signifi 
cantly increasing the number of triangles generated using 
Marching Cubes. 
0127. The system 100 adapts and enhances Wheeler's 
method for the ADFs 10. His top-down generation of a 
three-color octree is replaced by the BDT generation as 
described above. In the ADFs 10, boundary cells are repre 
Sented as a tri-linear field and consequently do not require 
Subdivision in flat or near-flat regions of the Surface, result 
ing in a Significant Savings over the three-color octree in 
both memory requirements and the number of distance 
computations. 
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0128. After the scanned data are imported into the sys 
tem, the Sculpting System can be used to correct problems in 
the model. The problems can be due to occluded regions, 
detail lost because of resolution limits or Scanner noise, and 
rough or broken Surfaces at Seams between range images. 
Finally, when desired, the ADF can be converted into a 
triangle model using the approach described below. 
0129. As another advantage of the invention, the system 
100 generates significantly fewer triangles than the prior art 
methods because there are Significantly fewer cells in the 
ADFs 10 than in the prior art three-color octrees. Further 
more, since the ADFs 10 are a hierarchical data structure 
which Support the generation of triangles at a specified 
level-of-detail, see below, the system 100 can produce a 
triangle model whose Size is tuned Specifically for an 
application. 

0130 FIG. 13 shows a method 1300 for inputting 
scanned data from a scanner or range finder 1301. The 
Scanner produces range images (R, . . . , RN) 1302. The 
range images are converted 1303 to range meshes 1304 in a 
single coordinate system. Using a probability function 1305, 
the range meshes are converted to the ADF 1306 using the 
BDT generator 103. The probability function determines the 
contribution (weight) of each vertex in each mesh to the 
corresponding cell in the ADF. The editor 104 can then be 
applied to correct problems with occlusions, noise, lost 
detail, etc., to produce the ADF 10. 

Conversion to Triangles 
0131 The present system 100 also provides a new 
method for triangulating the ADFs 10 for rendering, control 
point-based editing, and conversion to output models that 
can be integrated into an existing animation pipeline. The 
triangulation method produces topologically consistent tri 
angle models from an implicit function Sampled on an 
adaptive grid, such as the ADF's octree. The method is very 
fast and can produce triangle models in real-time. The 
method can be used in conjunction with the ADF data 
structure to produce LOD models as described below. 
0132 Unlike the prior art surface net approach, see 
citation below, the enhanced method in the present System 
generates a triangle mesh from distance values Sampled on 
an adaptive grid. This presents a Special problem because 
neighboring cells in the ADF can have largely varying Sizes. 
This means that vertices can appear almost anywhere on the 
common edges of neighboring cells. Connecting these 
unpredictably placed vertices, in real-time, to form "quality” 
triangles is heretofore an unsolved problem. 
0133. The new method is based on a surface net method 
that was developed as an alternative to Marching Cubes for 
building globally Smooth but locally accurate triangle mod 
els from binary volume data Sampled on a regular grid, See 
Gibson, “Using distance maps for Smooth Surface represen 
tation in sampled volumes.” Proc. 1998 IEEE Volume Visu 
alization Symposium, pp. 23-30, 1998. However, that 
method uses an iterative energy minimizing process, while 
moving triangle vertices. That takes a considerable amount 
of time. In contrast, the new method according to the 
invention moves vertices to be Substantially on the Surface 
of the model in a Single Step. 
0134) The present method produces triangle vertices that 

lie on the model's Surface, and “good quality” triangles, i.e., 
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triangles that are close to equilateral. Further, as described 
below, the new method easily deals with the crack problem 
typically associated with adaptive grids. In other words, the 
new method produces triangle models that are watertight. 
0135 The basic three steps of the method are as follows. 
0136 First, each boundary (surface) leaf cell of the ADF 
is assigned a vertex that is initially placed at the center 
location of a cell. 

0137) Second, vertices of neighboring cells are connected 
to form triangles using the following constraints to produce 
a topologically consistent “watertight' mesh: 

0138 (1) all triangles are connected by vertices of 
three neighboring cells that share a common edge, 
hence, triangles are associated with cell edges, and 

0139 (2) a triangle is associated with an edge only 
if that edge has a Zero crossing of the distance field, 
i.e., the Surface intersects the edge. 

0140. Third, after all of the triangles have been formed, 
triangle vertices are moved towards the cells Surface, i.e., in 
the direction of the ADF gradient, with a single Step size 
equal to the distance value. 
0.141. To improve the accuracy and geometry of the 
mesh, triangle vertices can be moved over the Surface, 
towards neighboring vertices, to improve the overall quality 
of the triangles. 
0142. The basic steps of the preferred triangulation 
method 1400 are shown in FIG. 14. Step 1401 traverses the 
ADF octree used to store the data values of the ADF 10 to 
Select candidate cells using candidate Selection parameters 
1420. In one embodiment of the invention, the candidate 
selection parameters 1420 specify that all boundary leaf 
cells be Selected as candidate cells. In another embodiment 
of the invention, the candidate selection parameters 1420 
Specify that only those boundary leaf cells whose maximum 
error measure Satisfies a user-specified threshold are Selected 
as candidate cells. Cells below the selected cells in the ADF 
octree hierarchy are ignored. In another embodiment both 
the depth in the hierarchy, and the error measure can be used 
to Select candidate cells. 

0143 Step 1402 associates vertices with each candidate 
cell, and sets the vertices to the center of the cells. Step 1403 
determines if there are any more candidate cells to be 
processed. If not, then step 1404 relaxes each vertex towards 
the surface of the cell in a direction towards the “average” 
neighboring vertex, and along a tangent plane containing the 
relaxed position. Otherwise, for each of the Six edges (Step 
1405), step 1406 determines if the surface crosses an edge. 
If true, step 1407 determines the vertices V0, V1, and V2 of 
the triangle associated with the edge, See description below, 
and step 1408 determines the triangle's orientation from the 
edge. 

0144. In step 1407, vertex VO is set to the cells associ 
ated vertex, typically the cell's center point. The vertices V1 
and V2 are determined by the method getFaceNeighborVer 
tex(). Note, the edge has two neighboring faces, face1 and 
face2. To determine the Vertex V1, 
getFaceNeighbor Vertex() takes the edge and face1 as input, 
and sets the vertex V1 to either the vertex of the cells 
face-adjacent neighbor if the face-adjacent neighbor is the 
Same size or larger than the 

Sep. 19, 2002 

cell, or else, the vertex of the unique child cell of the 
face-adjacent neighbor that is both adjacent to the face and 
has a Zero-crossing on the edge. Similarly, to determine the 
vertex V2, getFaceNeighborVertexo takes the edge and 
face2 as input, and sets the vertex V2 to either the vertex of 
the cell's face-adjacent neighbor if the face-adjacent neigh 
bor is the same size or larger than the cell, or else, the vertex 
of the unique child cell of the face-adjacent neighbor that is 
both adjacent to the face and has a Zero-crossing on the edge. 
014.5 FIG. 15 shows one possibility of considering only 
Six out of twelve edges for a 3D cell, e.g. the edges meet at 
opposing diagonal corners 1501-1502. 
0146 Most prior art methods for triangulating sampled 
implicit functions generate triangle vertices on cell edges 
and faces, See for example, Bloomenthal, “Polygonization of 
Implicit Surfaces,” Computer Aided Geometric Design, 
5(00): pp.341-355, 1988, and Karron et al. “New findings 
from the SpiderWeb algorithm: toward a digital Morse 
theory,” Proc. Vis. in Biomedical Computing, pp.643-657, 
1994. 

0147 As shown in 2D in FIG. 16a, prior art methods can 
cause cracks in the triangulated Surfaces 1602 where cells of 
two different sizes meet when the implicit function is 
adaptively Sampled. This is because the interpolated vertex 
position of one cell may not match the interpolated position 
of its connected neighboring cell. These problems can be 
addressed in Several ways, but in general, prior art Solutions 
add significant complexities to triangulation methods. 
0.148. In contrast, in the enhanced method of the present 
System, triangle vertices are generated at cell centers, and 
triangles can croSS the faces and edges of different sized 
cells. Thus, the type of cracks shown in FIG. 16a do not 
appear. However, cracks may appear in the triangulated 
Surface when the number of edge crossings between two 
neighboring sets of cells differs as illustrated in FIG. 16b. 
014.9 This type of crack can be prevented by a pre 
conditioning of the ADF during generation, or prior to 
triangulation. The pre-conditioning Step compares the num 
ber of Zero-crossings of the iso-Surface acroSS faces of 
boundary leaf cells to the total number of Zero-crossings for 
the associated iso-Surface of their face-adjacent neighbors. 
0150. When the number of Zero-crossings are not equal, 
the cell is Subdivided using distance values from its face 
adjacent neighbors until the number of Zero-crossings 
match. For example, the 2D cell on the top in FIG. 16b has 
no Zero-crossings on its bottom edge while the edge-ada 
cent neighbors have a total of two Zero crossings for the 
Same edge. During pre-conditioning, the cell on the top is 
further Subdivided. 

0151. The present system 100 also takes advantage of 
ADF's hierarchical data structure to produce LOD models. 
Rather than Seeding triangle vertices in boundary leaf cells, 
the hierarchical data structure is traversed and vertices are 
Seeded into boundary cells whose maximum error measure, 
computed during generation or editing, Satisfy a user-speci 
fied threshold. Cells below these cells in the hierarchy are 
ignored. The error threshold can be varied continuously 
enabling fine control over the number of triangles generated 
in the LOD model. 

0152 Unlike most prior triangle decimation algorithms, 
the time to produce an LOD model, as described herein, is 
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proportional to the number of Vertices in the output mesh 
rather than the size of the input mesh. Generation times are 
orders of magnitude better than possible with prior art 
methods. The system 100 can generate a 200,000 triangle 
model in 0.37 seconds, and a 2000 triangle model in less 
than 0.010 seconds on a desktop system with a Pentium IV 
class processor. 

Effects of the Invention 

0153. The present system integrates a powerful shape 
representation, with existing production pipelines that are 
used for digital character design and animation. The System 
is intuitive to use, expressive in the resolution and quality of 
detail that can be achieved, and efficient in memory usage 
and processing. 

0154) Described are methods that take ADFs beyond the 
concept stage into a practical, working System. These 
include: innovations in the Volumetric Sculpting interface 
that take advantage of the distance field and provide more 
control to the user, efficient generation and editing algo 
rithms with reduced memory requirements, better memory 
coherency and reduced computation, Several new rendering 
approaches that take advantage of hardware acceleration in 
Standard PCs, and a very fast method for generating topo 
logically consistent LOD triangle models from ADFs. 
O155 Although the invention has been described by way 
of examples of preferred embodiments, it is to be understood 
that various other adaptations and modifications may be 
made within the Spirit and Scope of the invention. Therefore, 
it is the object of the appended claims to cover all Such 
variations and modifications as come within the true Spirit 
and Scope of the invention. 
We claim: 

1. A method for editing a Surface of a graphics object with 
a computer implemented tool, comprising: 

generating an adaptively Sampled distance field from the 
graphics object, defining a tool path; 

determining a gradient for each point on the Surface 
nearest to each location of the tool on the tool path; 

determining a distance between each point and each 
location; 

iteratively moving the tool along the tool path in a 
direction of the gradient and an amount proportional to 
the distance to maintain the tool on the Surface of the 
object while editing the Surface of the object. 

2. The method of claim 1 wherein the tool path is offset 
from the Surface. 

3. The method of claim 1 wherein the offset is internal to 
the object. 

4. The method of claim 1 wherein the offset is external to 
the object. 

5. The method of claim 1 wherein the tool is represented 
by a distance field. 

6. The method of claim 5 wherein the distance field of the 
tool is adaptively Sampled. 
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7. The method of claim 1 wherein the path is a Bezier 
curve, and further comprising: 

editing the adaptively Sampled distance field with a Swept 
Volume as the tool moves along the Bezier curve. 

8. The method of claim 7 further comprising: 
deriving the Bezier curve automatically from an input 

device. 
9. The method of claim 7 further comprising: 
defining the Bezier curve explicitly by control points 

placed on the Surface by an input device. 
10. The method of claim 1 further comprising: 
aligning a principal axis of the tool with a gradient of the 

adaptively Sampled distance field while moving the 
tool. 

11. The method of claim 1 further comprising: 
recording the tool path in a Script. 
12. The method of claim 11 further comprising: 
processing the Script by a lazy evaluation. 
13. The method of claim 12 further comprising: 
increasing a resolution of the adaptively Sampled distance 

field during the lazy evaluation. 
14. The method of claim 12 further comprising: 
increasing an extent of influence of the tool on the object 

during the lazy evaluation. 
15. The method of claim 11 wherein the script is recorded 

on a first computer performing the method, and further 
comprising: 

performing the editing on a Second computer System 
according to the recorded Script. 

16. The method of claim 1 wherein a shape of the tool 
varies dynamically while moving the tool. 

17. The method of claim 16 wherein a shape of the tool 
varies dynamically according to the tool path. 

18. The method of claim 1 wherein the tool path is defined 
by an input device. 

19. The method of claim 1 wherein the tool path is defined 
by an input function. 

20. The method of claim 7 wherein the editing is per 
formed by locally regenerating the adaptively Sampled dis 
tance field comprising, the regenerating further comprising: 

defining a candidate cell of the adaptively Sampled dis 
tance field; 

determining and Storing distance values of the candidate 
cell in a bounded distance tree; 

recursively subdividing the candidate cell into Subdivided 
cells of the adaptively sampled distance field while 
determining and Storing corresponding distance values 
of the Subdivided cells in the bounded distance tree 
until a termination condition is reached; and 

appending the distance values to the corresponding cells 
to generate the adaptively Sampled distance field of the 
graphics object. 


