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Abstract

This paper presents a new and powerful heterogeneous solid modeling paradigm for representing, modeling, and rendering
of multi-dimensional, physical attributes across any volumetric objects. The modeled solid can be of complicated geometry
and arbitrary topology. It is formulated using a trivariate simplex spline defined over a tetrahedral decomposition of any
3D domain. Heterogeneous material attributes associated with solid geometry can be modeled and edited by manipulating
the control vectors and/or associated knots of trivariate simplex splines easily. The multiresolution capability is achieved by
interactively subdividing any regions of interest and allocating more knots and control vectors accordingly. e also develop a
feature-sensitive fitting algorithm that can reconstruct a more compact, continuous trivariate simplex spline from structured or
unstructured volumetric grids. This multiresolution representation results from the adaptive and progressive tetrahedralization
of the 3D domain. In addition, based on the simplex spline theory, we derive several theoretical formula and propose a fast direct
rendering algorithmfor interactive data analysis and visualization of the simplex spline volumes. Our experiments demonstrate
that the proposed paradigm augments the current modeling and visualization techniques with the new and unique advantages.

Categories and Subject Descriptors (according to ACM CCS): 1.3.5 [Computer Graphics]: Computational Geometry and Object

Modeling

1. Introduction and M otivation

New and powerful solid representations underpin the success of
solid modeling and relevant applications. With the advent of ever-
increasing computing power and more advanced data acquisition
technologies, solid geometry has quickly gained popularity as an
intuitive and natural paradigm for representing, modeling, and sim-
ulating three-dimensional real-world objects in interactive graph-
ics, simulation, scientific visuaization, and virtual environments.
To date, the vast mgjority of popular solid modeling approaches,
as well as commonly-used solid modeling systems, are built upon
the following geometric foundations: constructive solid geometry
(CSG), boundary representation (B-reps), and cell decomposition.
When our goals are to reconstruct heterogeneous models of physi-
cal objects with continuous properties, and further model and visu-
alize the objects, prior representations and the current state-of-the-
art in solid modeling fall short in offering designers an integrated
paradigm to represent complex solid geometry, arbitrary topology,
and continuously-varying material attributes in a single framework
simultaneously, since solid geometry and heterogeneous attributes
are usually considered separately.

In sharp contrast to the previously-mentioned modeling chal-
lenges, research in visualization areas is mainly concerned with the
underlying attribute fields purely for the display and visualization
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purpose. The representations prevalently used are oftentimes dis-
crete in nature (e.g., voxel-based regular grids or unstructured point
samples). Geometry of an underlying volume is implicitly defined
in the scalar field. Historically, volumetric primitives have been
based on uniform or rectilinear grid, where the data is often reg-
ularly spaced along grid lines. In the past few years, an unstructured
volume representation has started to emerge as a viable modeling
tool, where atetrahedral mesh is exploited to dictate the domain of
avolume [CDM*94, THJ99, CCM*00, RNOQ]. This type of repre-
sentation is expected to be more and more popular as the irregular,
adaptive 3D scanning technologies becomes commonplace. How-
ever, from apure visualization's point of view, tetrahedraare mainly
exploited as rendering primitives, i.e., they serve as agood discrete
representation for visualization. This kind of tetrahedral mesh rep-
resentation is only C9. It isless suitable for modeling continuously-
varying material attributes without resorting to approximation.

To satisfy the modeling requirement of high-order continu-
ity, volumetric modeling based on splines such as B-splines or
NURBS [RE99, HQO1, SPS01, MCO1] appears to be more appro-
priate. Nonethel ess, modeling with B-splines or NURBS has severe
shortcomings. Its modeling scope is extremely constrained in term
of geometric, topological, and attribute aspects. First, B-spline and
NURBS are defined over aregular, tensor-product domain. A single
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B-spline or NURBS can not represent volumes of arbitrary topol-
ogy without patching or trimming operations. Furthermore, patch-
ing multiple B-splines or NURBS to form arbitrary topology is not
easy to control at all. Second, tensor-product splines are essentially
smooth everywhere. It is difficult to model high-frequency features.
Third, when refining a region of interest in a tensor-product spline
patch, it will introduce too many extra degrees of freedom in other
less-interesting regions nearby in order toretain itsregular structure.
Attractive properties such aslocal adaptivity and multiresolution are
rather difficult to achieve.

To overcome the above difficulties in both modeling and visu-
alization, in this paper we propose an integrated approach for rep-
resenting, modeling, and rendering of multi-dimensional, physical
attributes across any volumetric objects. We consider modeling both
the geometry and the attributes carried by the volume. In particular,
we develop atrivariate simplex spline model that is defined over a
tetrahedral decomposition of any 3D domain. The modeled volume
can be of complicated geometry and arbitrary topology. Our goal is
to demonstrate that the trivariate simplex splineisapromising prim-
itive for both visualization and modeling tasks, especially for rep-
resenting and visualizing heterogeneous models of physical objects
and their material properties. Our model makes use of a more gen-
eral and flexible tetrahedral domain and offers a compact continu-
ousrepresentation at the sametime. It unifies geometry and attribute
properties over domains of arbitrary topology. It is possibleto repre-
sent acomplicated heterogeneous object with asingletrivariate sim-
plex spline without any additional operations of trimming or patch-
ing, while the geometry of the object is explicitly represented by
the spline. The trivariate simplex spline based representation offers
a single, compact analytic representation, because it is a piecewise
polynomial of the lowest possible degree and the highest possible
continuity everywhere across the entire tetrahedral domain.

For example, given adegree n for the trivarite DM S spline which
use simplex spline as basis functions, the representation scheme can
achieve C"~1 continuity over smooth regions. Meanwhile, by plac-
ing control points and their associated knots in certain locations,
variable continuity is readily accomplished including aC® continu-
ity that defines sharp features. This property isideal for data reduc-
tion when reverse-engineering a continuous spline model from the
discretized data inputs.

Since we develop the trivariate smplex spline for both solid ge-
ometry and the material attributes associated with the solid geome-
try simultaneously, it facilitates the modeling of heterogeneous ob-
jects. The feature-sensitive fitting algorithm that we develop can re-
construct amore compact trivariate simplex spline from a structured
or arbitrary unstructured volume. It reconstructs the geometry and
the associated material attributes simultaneously. The C"1 conti-
nuity and C° continuity can both be modeled with ease. Such flexi-
bility allowsusto model continuously-varying material distribution.
It may be noted that, in our framework we use time-varying knots
instead of fixed knots, which offers more freedom and improves
accuracy for approximation. The knots are explicitly and automati-
cally determined by optimizing a specific objective function. Unlike
frequently used B-spline, our new algorithm can avoid the compli-
cated procedures of trimming and patching when dealing with these
cases.

This representation can also enable the strong multiresolution
modeling capability through interactively subdividing any region

of interest, allocating more knots and control points accordingly.
Other modeling advantages such as local adaptivity and free-form
deformation are al so apparent by means of displacing control points,
direct manipulation of control coefficients, and adjustment of free
knots. In addition, based on the simplex spline theory, we derive
several theoretical formulaand propose afast direct rendering algo-
rithm for interactive data analysis and visualization of the simplex
spline volumes. When visualizing this type of solids, resampling or
interpolation process is no longer necessary at al. It (including po-
sition, derivative, etc.) can be evaluated anywhere analytically and
computed efficiently for volume rendering.

We conduct extensive experiments and our empirical results
demonstrate that the proposed paradigm significantly augments the
currently existing techniquesin modeling and visualization research
areas. The applications of our techniques arediverse, including solid
modeling of arbitrary topological types, materia editing and recon-
struction, volume simplification, and data exploration and visualiza-
tion in bio-medical and geological fields.

2. Related Work

Research on volume modeling using B-splines or NURBS has
received much attention in the modeling community in recent
years. Raviv and Elber [RE99] presented a 3D interactive sculpting
paradigm that employed a set of scalar uniform trivariate B-spline
functions as object representations. Schmitt and Pasko [SPS01] pre-
sented an approach for constructive modeling of FRep solids de-
fined by real-valued functions using 4D uniform rational cubic B-
spline volumes as primitives. Huaand Qin [HQO01, HQO2] presented
a haptics-based direct manipulation and exploration of scalar B-
spline volumes. Martin and Cohen [MCO1] presented a completed
mathematical framework for representing and extracting volumetric
attributes using trivariate NURBS.

In the visualization community, volume modeling and render-
ing via tetrahedral mesh has recently gained more popularity as
well. Primarily, researchers are interested in constructing or using
tetrahedral mesh of volume dataset to achieve better rendering ef-
fects. Cignoni et. al [CDM*94] proposed a multiresolution model
for the representation and visualization of unstructured volumet-
ric datasets based on a decomposition of the three-dimensional do-
main into tetrahedra. Later, they presented a tetrahedral mesh sim-
plification approach based on accurate error evaluation [CCM*00].
Roxborough and Nielson [RNOQ] presented a method for visuaiza-
tion of freehand collected three-dimensional ultrasound data based
on adaptive, progressive construction of the tetrahedral mesh. Yao
and Taylor [ Y T0O] adopted atetrahedral mesh structure to represent
anatomical structures. They proposed an efficient and automatic al-
gorithm to construct atetrahedral mesh from contoursin CT images.
A rich body of previous work on tetrahedral meshes suggest that a
simplicial complex is potentially promising to serve for both visu-
alization and modeling.

Multivariate simplex splines for approximation theory have been
extensively investigated in mathematical science for many years.
Motivated by an idea of Curry and Schoenberg for a geometric in-
terpretation of univariate B-splines, de Boor [dB76] first presented
abrief description of multivariate simplex splines. Since then, their
theoretical aspects have been explored extensively. From the point
of view of blossoming, Dahmen et. al [DMS92] proposed trian-
gular B-splines. In sharp contrast to the theoretical advances, the
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application of multivariate simplex splines has been severely under-
explored. Greiner and Seidel [GS94] demonstrated the practical fea
sibility of multivariate B-spline algorithms in graphics and shape
design. Pfeifle and Seidel proposed afaster evaluation technique for
quadratic bivariate DM S-spline surfaces [PS94] and demonstrated
the fitting of triangular B-spline surfaces to scattered data through
the use of |east squares and optimization techniques [PS95]. Qin and
Terzopoulos [QT97] presented dynamic triangular NURBS, a free-
form shape model. Most recently, He and Qin [HQO4] presented a
new approach for reconstructing a triangular B-spline surface from
a set of scanned 3D points. To the authors best knowledge, there
are no existing research work, which applies multivariate simplex
splines to represent solid geometry, model its heterogeneous mate-
rial attributes, and reconstruct continuous volumetric splines from
discretized volumetric inputs via data fitting.

3. Trivariate DM S-spline Volumes

Analogous to a tensor-product, trivariate B-spline volume
[RE99, MCO1], we can instead use simplex splines to model vol-
umetric objects. To motivate our rationales, we have detailed some
major advantages of multivariate simplex spline volumes over con-
ventional tensor-product B-spline volumesin Section 1.

3.1. Trivariate Simplex Splines

Throughout this paper, we employ a trivariate simplex spline to
represent and extract both solid geometry and its volumetric at-
tributes. Now we shall review the formulation of the trivariate sim-
plex splines and summarize their analytic and geometric properties.

A degree n trivariate simplex spline, M(x|Xo, - -,Xn+3), can be
defined as a function of x € R? over the half open convex hull of
apoint set V = [Xg, -+, Xn+3), depending on the n+ 4 knots x; €
R3,i =0, --,n+3. The basis function of trivariate simplex splines
may be formulated recursively, which facilitates point evaluation
and its derivative and gradient computation. When n = 0,

1 . e
M(X|Xo, -+, X3) = { VOl st X € XooXa),
0, otherwise,

and when n > 0, select four points W = {Xy, X , Xk, Xk, } from V,
such that W is affinely independent, then

3
M(x[x0, . Xn+3) = X, Aj(XIW)M(X|V \ {X }), @
=0
where 33 oA (x|W) = Land 33 o4 (X|W)xy, = X.

Thedirectional derivative of M(x|V) with respect to avector v is
defined as follows:

3
DVM(x|V) = ng H (VIWIM XV X }), 2

j=0

wherev =33 o1 (vIW)x, and £3_oj (v|W) = 0. In the interest
of space, more theoretical discussions can be found elsewhere.

3.2. Trivariate DM S-spline Volumes

In [DMS92], Dahmen, Micchelli and Seidel presented a mul-
tivariate B-spline scheme, called DMS-spline, based on blend-
ing functions and control vectors. The surface scheme is
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also caled triangular B-spline, which has been studied in
[GS94, PS94, PSO5, QT96, SV 94].

We apply the trivariate DM S-spline to represent both solid geom-
etry and its associated physical attributes in this paper. Let Q be an
arbitrary proper tetrahedralization of R3 or some bounded domain
D c IR3. Here, “Proper” means that every pair of domain tetrahedra
are digoint, or share exactly one vertex, one edge, or one face.

To each vertex t of the tetrahedralization, we assign aknot cloud,
which isasequence of points [to,t1,- - -, tn], whereto =t. For every
tetrahedron | = (p,q,r,s), we require

e al the tetrahedra [pi,qj,rk,s] with i+ j+k+1 < n are non-
degenerate.
o theset

interior (Mt jk+1<n(Pi,dj,rk,S]) # @ (3

is not empty.
e if | hasaboundary triangle, the knots associated to the boundary
triangle must lie outside of Q.

We then define, for each tetrahedron | andi+ j +k+1 =n(inthe
following, we use B to denote 4-tuple (i, j, k, 1)), the knot sets

V[é = [p07"'7pi>QO-,"'-,ql'7r0>"'>rk7507"'75|]~ (4)

The basis functions of normalized simplex splines are then de-
fined as

Nb(U) = [d(pi, G}, Fie ) MUV}, ®)

where |d(pi,qj,r,S)| is six times of the volume of (p;,qj,rk,s ).
Like the ordinary tensor-product B-spline, a trivariate simplex
spline volume of degree n over arbitrary tetrahedral domain is the
combination of a set of basis functions with control vectors 0;3:

su) =Y > cN(w). (6)

l€Q|B|=n

Like B-splines, the nonnegative basis functions of simplex spline
volume sum to unity. They have a number of nice properties, such
as the convex hull property, local support, affine invariance. Shape
design based on trivariate DM S-spline volume includes the specifi-
cation of a domain tetrahedralization, knot sequences, and control
points to generate an initial shape. The initial shape is then refined
into the final desired shape through interactive adjustment of do-
main tetrahedralization, control points, and knots. The geometric
flexibility of simplex spline volumes provides great power on its
shape editing. Figure 1 show a cubic trivariate DM S-spline solid
corresponding to a domain with a single tetrahedron. Note that our
trivariate DM S volumes represent not only boundary geometry, but
also interior solid geometry. They can represent physical or material
attributes over the entire solid as well. Figure 1 shows scaled tetra-
hedra of the solid in order to emphasize its non-empty solid interior
geometry.

For a generd trivariate DM S-spline volume, each domain tetra-
hedron | hasits own set of control points ch. However, in this paper,
we consider a more restricted class of volumes by sharing respec-
tive control points along common triangles of two adjacent tetra-
hedra in parametric tetrahedralization. Splines with shared control
points have a direct visual effect in geometric and solid modeling.
More importantly, as proved by Dahmen et. al [DMS92], a degree
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@ (b)
Figure 1: (a) A cubic trivariate DMS-spline solid corresponding to
a single tetrahedral domain with 20 control points. (b) The tetrahe-

dra of the designed solid object are scaled to show the interior of
the solid.

n trivariate DM S-spline with shared control points can be evaluated
with the efficiency of adegree n— 1 spline.
suy =3 Y &Ny
1€Q|B|=n-1
where
<
CB(U) = z Cﬁ+em;\-m(u|pi 7q] ks S )
m=0
and €" = (§;,m)2_o, m= 0,1, 2 as the coordinate vectors.

This property can significantly improve the software system for
rendering a DM S-spline volume. It aso implies that the knots
{ti.nli € N} has no effect on the value of s(u).

Notethat for our trivariate DM S spline volumes, the used tetrahe-
dral domainis not necessary to undergo a separate parameterization
process, because it is aready conforming to the three-dimensional
physical domain for material attributes. The generalized control
vectors are now (n+ 3) vectors, including control points (p*, p¥, p?)
for the solid geometry, and control coefficients (g, ---,g") for the
attributes, where n denotes the number of attributes associated with
the geometry.

3.3. Coupling Solid Geometry and Physical Attributes

In our framework, we consider a control coefficient (and possibly
other vector-based quantities with n components) is associated with
a corresponding control point and evaluated with the geometry si-
multaneously based on the same tetrahedral domain. In this way,
we shall generalize DM S spline technique from geometric domains
to visual or material domains. Typical material-oriented examples
include: mass, damping, stiffness (such as strain and stress), and
displacement for solid physics; or density, velocity, and pressure for
fluid mechanics, etc. These attributes may be assigned at the con-
trol points or fitted by using both control vectors and knots. Other
commonly-used visual information include: color, texture, intensity,
opacity, transparency, etc. This flexibility permits our paradigm to
be employed in a wide variety of applications involving continu-
ous domains, such as finite element analysis, virtual sculpting, and
computational fluid simulation.

Consider that control coefficients g}j are associated with control
points p}3 (g;3 may be a multi-dimensional vector). Besides solid

geometry, amaterial (e.g., density) function over s(x) can be simul-
taneously defined as

HES I

where g can be color, texture, mass, temperature, or other visual
or material functions as stated above. Visual and material model-
ing isindispensable for computerized virtual environments. Besides
commonly-used material distributionsin classical mechanics, it can
be generalized to heat transfer, electricity, and beyond. The diverse
set of these novel solid models are unique and invaluable because
they can potentially unify geometric, topological, kinematic, mate-
rial, and dynamic properties.

Ng (X). )

Thefield attributes can be modified by directly changing the con-
trol coefficients stored at the control points. In addition, by moving
the control points, we can perform FFD of the underlying geomet-
ric space. Asaresult, this procedure deformsthefield propertiesand
provides an alternate interaction mechanism. The geometric space
over which the field is defined can be of arbitrary topology, which
adds further shape editing flexibility.

4. Multiresolution Modeling

Based on the flexible simplex splines, we can easily achieve mul-
tiresolution modeling of heterogeneous solid objects. The multires-
olution capability is achieved by interactively subdividing any re-
gion of interest and allocating more knots and control vectors ac-
cordingly.

4.1. Interactive Tetrahedralization

We use Delaunay tetrahedralization to construct a tetrahedral do-
main, which serves as the tetrahedral domain of the trivariate ssim-
plex spline. In fact, the scalar simplex splineslend itself well appro-
priate for an unstructured grid volume representation.

For constructing Delaunay tetrahedralization for a 3D point
set, we make use of the incremental flip algorithm proposed in
[Joe91, ES92]. The procedure to update atetrahedralizationistoin-
sert one new vertex at each step. Then, a sequence of actions are ap-
plied to modify the tetrahedralization locally. Each flip action con-
sists of replacing one, two, or three adjacent tetrahedra with four,
three, or two new tetrahedra, respectively. When the new vertex lies
either on atriangular face or on an edge of the current tetrahedral -
ization, other face flips may be needed. When performing Delau-
nay tetrahedralization, the user have an option to enforce the quality
constraints (including volume of tetrahedron, etc.).

Theuser can alsointeractively specify boundary constraints (such
as points, edges, polygons, or cells). We implement the boundary
conforming Delaunay tetrahedralization [She97], which tries to re-
cover the missing boundary edges of the piecewise linear complexes
fromitscurrent Delaunay tetrahedralization by inserting new points.

4.2. Geometric Editing Using Control Points

With this flexible modeling technique, we can easily design solid
geometric shapes with sharp features and associated high frequency
material properties. Since the control vectors include the position
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of control points and associated control coefficients, editing of con-
trol points and/or control coefficients offer more powerful modeling
capabilities.

Based on our experiments, we observe that associating control
points to a domain in such a way: locating control points at the
edges of tetrahedra of the domain, can well preserve the shape and
features represented by the original domain. The difference between
the geometry of the domain and the resulting DMS solid object is
very small.

Moving control points around can lead to a desired deformation
of the underlying model easily. Figure 2 shows an example. Fig-
ure 2(a) shows the domain of the cubic DMS solid, which isatorus.
The user moves the control points to the new locations as shown in
the solid mesh in Figure 2(b). Six very sharp corners are formed on
the original solid object.

@ (b)

Figure 2: (a) The domain is a torus. (b) The deformation of the
object is achieved by moving the control pointsto the new locations.
The mesh shows a part of control nets, while the flat shaded surface
indicates the resulting solid objects.

Usually when the number of control points is very large, it is
tedious and relatively difficult to manipulate the control pointsindi-
vidually. In our system we provide Free-Form Deformation (FFD)
tools to allow users to move control points. Figure 3 shows another
example, where the domain is 5 separated tori as shown in Fig-
ure 3(a), and the DMS solid is quadratic. After the initia control
points are generated, the user employ the bending FFD tool to relo-
cate the control points to achieve the design shown in Figure 3(b).
Note that, it is amost impossible for B-splines to model such ob-
jectswhose domain is of non-trivial topology.

(b)

Figure 3: (a) The domain consists of 5 separated tori, which is of
non-trivial topology. (b) The deformation of the object is achieved
by bending the control net.

Figure 4 shows another example. The user first buildsa 3D piece-
wise linear complex as shown in Figure 4, then our system generates
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itsquality conforming Delaunay mesh. Badly shaped elementsfrom
the mesh are eliminated and replaced with well shaped ones. Thisis
done by automatically inserting additional pointsinto current mesh.
From Figure 4(b), we can see that more knots are generated around
feature edges. By associating control points with the defined do-
main, all the features are preserved in the resulting DMS solid of
degree 4. Please refer to Figure 4(d).

@)

Figure 4: (a) The piecewise linear boundary constraints that the
user specifies. (b) The multiresolution tetrahedralization conform-
ing to the piecewise linear boundary constraints. (c) The color map
of material distribution of the designed object. (d) Volume render-
ing of the designed object, where we can see that all the geometric
shape features are preserved.

4.3. Attribute Editing Using Control Coefficientsor Control
Points

Besides modeling solid geometry, the user can easily edit associated
physical or material attributes as well. This is achieved by editing
control coefficients at the corresponding control points, because the
underlying material distribution isin fact atrivariate simplex spline
defined over the same tetrahedralization. In the most simple form,
the (multi-dimensional) control coefficients can be in one-to-one
correspondence to their control-point counterparts which are used
to define arbitrarily curved solid geometry over the same paramet-
ric domain (which is the initial tetrahedralization). However, local
refinements for material modeling are frequently desirable in order
to represent high-frequency features in the material domain.

Our system alows users to interactively sketch skeletons. Each
skeletal element is then associated with a locally defined im-
plicit function; individual functions are blended using a polynomial
weighting function that can be controlled by the user. After specify-
ing these, the scalar control coefficients of the DM S-spline solid are
assigned as the evaluations of the blending of field functions g; of
aset of skeletons s (i = 1,---,N) at the positions of corresponding
control points,

N
f(xy.2) = Y gi(xy.2), ()
i=1

where the skeletons 5 can be any geometric primitive admitting a
well defined distance function: points, curves, parametric surfaces,
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simple volumes, etc. The field functions g; are decreasing functions
of the distance to the associated skeleton,

gi(x,y,2) =Gi(d(x,y,2s)), )

where d(x,y,z §) is the distance between (x,y,z) and s, and G;
can be defined by pieces of polynomials or by more sophisticated
anisotropic functions. Therefore, the user may enforce global and
local control of an underlying scalar field in three separate ways:
(1) defining or manipulating of the skeleton, (2) defining or adjust-
ing those implicit functions defined for each skeletal element, and
(3) defining a blending function to weight the individual implicit
functions.

Figure 4 shows an example, where the user usesamouseto freely
sketch a curve inside the engineering part and defines an implicit
function, f(d) = Fldz' to associate with the skeleton. Then the
scalar control coefficients at the control points are assigned accord-
ing to the skeleton function. The resulting material distribution is
shown in Figure 4(c)(d).

As shown in Figure 5, the user sketches a solid modeling con-
ference logo, “SM”, with free hand inside a domain, which is a
torus. After associating control points with the torus domain and as-
signing control coefficients according to the distance function to the
sketched curvelogo, the resulting geometry and its associated scalar
field can be easily generated. In this example, we use a trivariate
DM S-spline of degree 4. Figure 5(a) shows the volume rendering of
the entire object. We can clearly see the resulting geometry and its
associated attribute field. In Figure 5(b), the shaded surface shows
the isosurface of the attribute field of the solid torus, which is gen-
erated using Marching Tetrahedra Method that we developed (We
will discussit in Section 6.2).

@ (b)

Figure5: (a) Editing attributes inside the tetrahedral domain of the
torus model. From the direct volume rendering, we can clearly see
the geometric boundary of the torus and the highlighted attributes.
(b) Marching tetrahedra rendering of an isosurface of the result-
ing attribute field over the torus model. The greyscale background
shows the torus geometry.

In Figure 6, the user is trying to design a digest system of the
bunny model. The user draws a ellipsoid like shape to represent its
stomach and two pipes adjacent to it (lllustrated in Figure 6(a)).
Figure 6(b) shows the tetrahedralization of the bunny, which serves
as the domain. In this example, we use a quadratic trivariate DMS-
spline. After associating control points with the domain, the result-
ing geometry and its associated attribute field can be easily gener-
ated. Please see Figure 6(c)(d).

(© (d)

Figure 6: (a) Define a skeleton inside the Stanford bunny model for
material editing. (b) The generated tetrahedral mesh of the Sanford
bunny model. (c) Direct volume rendering of the resulting attribute
field over the bunny model. (d) The color map of one dlice of the
bunny model shows the resulting attribute distribution.

By aligning free knots along the feature lines/facesin the domain,
sharp featuresin both geometric and attribute fields can be modeled.
As we state in Section 4.2, associating control points to the edges
of tetrahedra of a domain can also well preserve the shape and fea-
tures represented by the original domain. Let us see Figure 4 as an
example. All the geometric features shown in the original domain
are well preserved in the final resulting geometric object as shown
in Figure 4(d).

In addition, by moving the control points, we can perform FFD
of the underlying geometric object. As a result, this procedure de-
forms the associated attribute field. This is an alternate interaction
mechanism for editing attributes.

5. Feature Sensitive Data Fitting

To model data or attribute over the simplex spline based volume, it
is much more desirable to have afitting tool in addition to model-
ing tools as presented above. In this section, we propose a feature
sensitive datafitting algorithm. That means thefitting algorithm can
represent the data over the volume accurately and recover al the
features with as few control vectors and bases as possible. Also the
geometry of the volume is recovered simultaneously. Note that in
the following section, we mainly discuss how to fit an unstructured
volume. In fact, it can be any format, consisting of a set of points
with associated attributes (i.e., (x,y,z,d1,---,dn)). Figure 7 shows
the spx model from the fluid dynamics research community. In order
better to show the advantages of our fitting algorithm. We upsample
the spx dataset from 2896 sampling points to 15832 points.
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Figure7: (a) The point view of the spx dataset, where the color indi-
cates the density difference. (b) Volume rendering of the spx dataset.

5.1. TheFitting Algorithm

The problem of fitting volume data can be stated as follows: given
asetP={pj}, of pomts pi = (%,Yi,z,di) € R?, find atrivariate
DMS volume s : R3 — R* that approximates P. Unlike the exist-
ing fitting algorithms with parametric representations which usually
find a one-to-one mapping between the data points and the pointsin
the parametric space, our method skips this parameterization proce-
dure. As stated before, we first build up a tetrahedralization para
metric domain which is close to the original geometry of the to-
be-fitted dataset. This domain serves for fitting both geometry and
attributes. We use the position (X, Vi, z) of the data point p; as its
parametric value. Therefore, we need to minimize the following ob-
jective function:

minE = Z

Our fitting algorithm treats both control vectors and knots as free
variables. In this way, it can greatly reduce the approximation er-
ror given the same number of control vectors and knots. The tight
coupling of both geometry and attributes during data fitting enables
further editing on the continuous representation by means of mov-
ing control points, FFD, or changing control coefficients as we dis-
cussed in the Section 4, even after the fitting process is done.

S(Xi,Yi,Z )) . (10

We first give an overview of our fitting algorithm. Then we will
discuss some related issuesin detail.

1. Create atetrahedral domain for the entire volume domain, which
fully contains the fitted volumetric object;

2. Solve Equation 10 by treating control vectors as free variables.

3. for each node t; of the tetrahedralization, if the fitting error in
its 1-ring neighboring tetrahedra is larger than a user-specified
value, solve Equation 10 by treating the knots associated to tj as
free variables.

4. For each tetrahedron, if itsfitting error is larger than a threshold
g, then subdivide it into four tetrahedra and repeat (2-4) until the
fitting error of every tetrahedronislessthan e

This agorithm will not stop until the fitting error in each tetra-
hedron is |ess than the user-specified error bound. Then the discrete
point set with the associated attribute field is converted to a contin-
uous spline-based volumetric implicit function, which can be eval-
uated at arbitrary sampling resolution and rendered with the direct
volume rendering or the Marching Tetrahedra algorithm. Thefitting
algorithm is guaranteed to converge since the number of sampling
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points is finite. The number of tetrahedra needed for fitting at the
desired accuracy depends on the user-specified error bound and the
datasets.

5.2. Finding a Good Initial Tetrahedralization

As we can see from the fitting algorithm, a good initial basis will
save alot of time of performing recursive refinement and local fit-
ting. More important, it can help to preserve geometric features of
the original volume datasets. Essentially, there should be more pri-
mary knots distributed in the region containing features. Therefore,
the dataset will undergo a preprocessing stage before fitting.

First we have to find the proper tetrahedralization of the point
sets. We perform the Delaunay tetrahedralization of the point set.
Now we have to consider how to remove those tetrahedra which are
outside the actual object. We place aball at every point, whose ra-
diusis equal to the shortest distance from this point to its one-ring
neighbors. Then, we perform the union of balls to obtain an occu-
pancy map, which can roughly indicates the boundary of the actual
object. Figure 8(a) illustrates the occupancy map of the point set
of the spx dataset. Third, we check each tetrahedron to see if all
the center points of its six edges are inside this occupancy map. If
not, this tetrahedron is clipped away. Figure 8(b) shows the occu-
pancy map and the Delaunay tetrahedralization together, where we
can see some of tetrahedra are outside the occupancy map. From
Figure 8(c), we can see that all the outside tetrahedra are removed
and thefinal tetrahedralization of the point set isobtained. In thispa-
per, we consider the fact that the real datasetsto befitted are usually
densely sampled. This algorithm does not work well for very scat-
tered datasets. Note that, this preprocessing is to produce a tetrahe-
dral domain, not to generate the tetrahedralization of the object. The
domain tetrahedralization should be much coarser than the tetrahe-
dralization of the object as shown in Figure 8(c).

2
O

Figure 8: (a) Occupance map of the point set. (b) The Delaunay
tetrahedralization of the point set. (c) The final tetrahedralization
after removing the outside tetrahedra.

In order to let the generated tetrahedral domain faithfully reflect
the nature of the object, the features should be considered in tetra-
hedralization. Essentially, we have two types of features since we
consider both the geometry and physical attributes. Geometric fea-
tures are one category and field features bel ongsto another category.
Geometric features mean those regions where C9 continuity occurs.

We use an efficient algorithm to classify the boundary vertices.
The boundary vertices are identified as corner vertex, curve ver-
tex, and general boundary vertex. The classification agorithm is
based on the solid angle at each vertex. The solid angle o; of
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tetrahedron | (po, p1,p2,Pp3) a vertex po is defined to be the sur-
face area formed by projecting each point on the face not contain-
ing po to a unit sphere centered at pg. An equation for the com-
putation of solid angle o is given by Liu et al.[LJ94]: sin% =

12v/ H1§i<]‘<§3[(|i0+|j0)2*|i2j], where v is the volume of T,
and l;j is the length of the edge connecting vertices pj and p;. The
solid angle o at the vertex po is the sum of the solid angles in all
tetrahedra incident at po. For an interior vertex, the solid angle is
4, while the boundary vertex is less than 4r. We identify the type
of po asfollows [HKO3]:

Po isacorner boundary vertexif o < Jordn—o < 3
{ po isacurve boundary vertexif 3 <o < orf <dn—oa < I

otherwise, pg isageneral boundary vertex

Once the vertices are classified, we can extract feature lines from

those corner boundary vertices and curve boundary vertices. Start-
ing from a corner vertex, pj, we can link adjacent edge vertices
by examining each of its neighbor vertices, which are either cor-
ner boundary vertices or curve boundary vertices, and see if they
have similar normal orientation

[N(pi) —=N(pj)[| <A

for some angular threshold A. Once the link is established, we start
to traverse the neighbor one, pj, until it reaches another corner
boundary points or it cannot proceed. The sharp feature lines of Spx
dataset are shown in Figure 9(a) in red.

We sample the feature lines based on their curvature and a user-
specified sampling rate. As aresult, all these feature lines are well
preserved as the piecewise linear boundary of the initia tetrahe-
dralization to represent the shape of the to-be-fitted object. We also
check the curvature of boundary surfaces according to the classi-
fied general boundary vertices to determine the placement of pri-
mary knots on those boundary surfacesfor theinitial tetrahedraliza-
tion. For the interior vertices, we can distribute the initial primary
knots according to the density of the original sampling points of the
dataset. After al the primary knots have been determined, we can
perform constrained tetrahedralization to obtain the initia tetrahe-
dralization. Figure 9(b) shows the constructed initial tetrahedraliza-
tion.

@ (b)

Figure 9: (a) Geometric features of the spx dataset. (b) The finally
constructed initial tetrahedralization.

So far theinitial tetrahedralization only considers the explicit ge-
ometric features of the object. Features of its attribute field have
not been taken into account. In a nutshell, field features include

critical points, field discontinuity, high frequency region, etc. Ide-
ally, these features should be detected and explicitly represented for
constructing a feature-based tetrahedralization. However, itisstill a
challenging research problem in computer vision to find all the high
level features such as surfaces, field discontinuity, and so on. That
research topic is beyond the scope of this paper. In practice we sim-
ply employ a very straightforward method. We just allocate more
primary knots in the region where the deviation of gradientsishigh.
Based on the tetrahedralization constructed purely according to the
geometric information, we calculate the deviation of gradients for
each tetrahedron. If the deviation is greater than athreshold, we in-
sert anew vertex into the tetrahedron, where the gradient magnitude
ismaximal in this tetrahedron. Then we split the tetrahedron locally
to incorporate the vertex. After severa iterations of such split oper-
ation, the final initial tetrahedralization is constructed.

5.3. Trivariate DM S-spline Fitting with Free Knots

If only the control vectors are treated as variables in Equation 10,
it fallsinto a very special category of nonlinear programming, i.e.,
unconstrained convex quadratic programming.

1
E= ExTQerch—k f,

Wherex:(...,c}i,...)T,

Q=| ... 22{11N,§(xi,yi,a)Nl';/(xi,yi,a)

m
c=(..=23 PiNG 06 Y ), )T
i=1

and f =31, [Ipi%

Note that, Q is a positive definite, symmetric and sparse matrix.
Interior-point method can solve this problem very efficiently.

When considering the knots as free variables in Equation 10, we
need calculate the gradient with respect to knots. We derive the for-
mulaof the directional derivative of trivariate DM S-spline s(u) with
respect toaknot ty; (p€ N, 0 <1 < n) along the direction v:

D[p.l 7VS(U) = @VG(U) + H(U,V), (11)
where
1 ~
Gu)=—-—+ e N(UN),
”+1Ief§i,=mm:n§ﬁj>l e
H(u,v) = Y HVIXeN(uV),
1€Q.ij=p|B|=n.B;=I
and

\7& = {0 tpl 1 tp s ol tpiadse st eees }e

Note that the ij in above equation is the j-th element of 4-tuple | =
(ip,-..,i3) which represents the vertex indices of atetrahedron .

We also need to pay specia attention to the positions of knots.

(© The Eurographics Association 2004.
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To describe clearly, we classify the knots into two categories: the
primary knots {tso|s € N} and the sub-knots {ts|[se N,1 <| <n}.

The primary knots must yield valid tetrahedralization in Q and
the sub-knots must satisfy Equation 3. Especially, the sub-knots on
the boundary must lie outside of Q. To prevent degeneracy, we aso
set the restriction to the minimal length between any two knots (ei-
ther primary knots or sub-knots). Therefore, Equation 10isatypical
large-scale constrained nonlinear programming problem. It is usu-
aly very time consuming for solve this kind of problem. To sim-
plify our implementation and improve the performance, we solve
this problem "locally”, i.e., for each node t; of the tetrahedraliza-
tion, if the fitting error in its 1-ring neighboring tetrahedra is larger
than a user-specified value, then we solve Equation 10 by treating
the knots associated to tj as free variables. Since all other knots are
fixed, we can deal with a sub-problem of Equation 10, in which only

{pjlpj isin 1-ring neighboring of t; }

are considered.

5.4. Local Adaptive Refinement

The above volume data fitting procedure attempts to minimize the
total sguared distance of the volume data points p; to the DMS-
spline s. For some regions with dense points or sharp features, it is
often desirable to introduce new degrees of freedom into the spline
representation in order to improve the fitting quality. The goal of
this refinement is to subdivide any domain tetrahedron whose fit-
ting error is greater than a threshold. Essentially, this step is the
knot insertion for DM S-spline. Seidel et . [SV94] proved that the
new control vectors of the refined domain can be computed with the
polar form. To simplify our implementation, in this paper we sim-
ply treat all the control vectors as variables and solve Equation 10
again.

Intuitively, local adaptive refinement is a further action for alo-
cating tetrahedraaround the feature parts. Error characterization and
evaluation is an important issue at this step. In the adaptive refine-
ment, both geometric features and field features are considered.

For attribute datafitting, if the error metric inside atetrahedron is
greater than a user-specified value, anew knot isinserted at theloca
tion, where the gradient magnitude is largest inside the tetrahedron.
For solid geometry fitting, a new inserted knot should be placed
on the feature line. During the optimization, the primary knots can
only move along the sharp feature. Thisis explicitly enforced since
the feature lines have been detected. The sub-knots must lie on the
feature line segment between two adjacent primary knots.

Figure 10 showsthe fitting results for the spx model. Figure 10(a)
and (b) shows the fitting with control vectors only, while Fig-
ure 10(c) and (d) shows the final fitting results with both control
vectors and knots. Apparently, adjusting knots can greatly reduce
the fitting error and achieve a better effect.

Figure 11 shows the fitting results for a smooth engineering part,
router. Figure 11(a) is the original data set. Figure 11(b) shows the
final fitting result, which is fitted using both control vectors and
knots.

Figure 12 shows the fitting results for two separated engineering
parts. Figure 12(a) shows the original data set. Figure 12(b) shows
the final fitting result, which is fitted with both control vectors and
knots.
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(a) (b)
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Figure 10: (a)-(b) Fitting with control vectors only (front view and
side view). (¢)-(d) Fitting with both control vectors and knots (front
view and side view).

@ (b)

Figure 11: (a) The original dataset, router, in point view, where
the color indicates the attribute value. (b) Fitting with both control
vectors and knots. The final result is rendered using our marching
tetrahedra algorithm.

6. Visualization Techniques
6.1. Direct Volume Rendering

Attribute distribution on a 3D solid object can be visualized in a
number of ways, for example by color contours on a 2D dlice, or
by a polygonal approximation to a contour surface. Direct volume
rendering refers to techniques which produce a projected image di-
rectly from the volume data, without i ntermediate constructs such as
contour surface polygons. Among the direct volume rendering tech-
niques, the ray casting approach typically casts rays from pixelsin
the screen into a volumetric dataset. The quantity that is accumu-
lated for each ray originating in each pixel is converted into color or
intensity and is assigned to the pixel. It assumes datasets scatter, oc-
clude, generate, and reflect light. Volume rendering enhances three
dimensional visualization of imaged tissue by providing translucent
rendering. In addition to the standard 3D image analysis tools, vol-
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@ (b)

Figure 12: (a) Theoriginal dataset, crosscube, in point view, where
the color indicates the attribute value. (b) Fitting with both control
vectors and knots. The final result is rendered using the direct vol-
ume rendering algorithm.

ume rendering allows the user to interactively define thresholds for
opacity, color application, and brightness. Translucent rendering of
volumetric data provides more information about a spatial relation-
ship of different structures than standard 3D surface rendering. Di-
rect volume rendering affords to quickly isolate tissue of interest,
and quickly provides 3D spatia information for enhanced diagnos-
tic confidence, improves surgical and treatment planning, and aids
in education. In the proposed approach, we only consider absorption
nature of the dataset. That is to say that the object is visualized by
integrating the density of the trivariate simplex functions along the
path of each casted ray asin [REOL]. The intensity of light passing
through translucent material decreases exponentially. Therefore,

(@b = ep(- [ T3 ghnjuta

0 je|p|=n

oo~ 3 Y g [ Mo,

1€Q|B|=n

The proposed direct rendering of scalar simplex spline functions
is able to incrementally update complex volumetric data sets at in-
teractive rates of several frames per second. Assume a control coef-
ficient g'B changeswith Ag'ﬁ. Then the new intensity of the pixel will
be:

1" (a,b) = 1°%(a,b) exp(—Agj, /O : Nj(ut)d). (1)

Since N['S(u(t)) =|d(pi,q;, rk7S4)\M(u(t)|Vb) as shown in Equa-
tion 5, the problem becomes how to evaluate [ M(u(t)|V}y)dt ef-
ficiently. Grounded on the theory of simplex splines, we derive
the following analytic solution to compute the integral in a recur-
sive fashion. In the following derivation, the notations has the same
meanings as in 3.1. In order to save space, we abbreviate V}S toV.
Suppose that u(t) = x¢ +tdc, where x¢ and d are constant vectors,
which denote the starting point of acasted ray and the unit direction
of the ray, respectively. Then when n > 0, using the linear decom-
position, we can obtain:

L L 3
/ M(u(t)|V)dt:/ 3 Mo+ tde)M (g + tde]V \ {xk, })ct
0 0 %

L 3

:/0 (

3
Axe) +t Y u(de))M(Xc+tde|V \ {xi, })dt,
j=0 j

j=0
(13)

where A and p have the same meaning as in Equation 1 and 2. Due
to the existing of Equation 2 and

dM (Xc +tdc‘v)

Dy M (¢ +1dc|V) = dd VM (¢ +1dc|V) = &

(14)

then performing integration by parts, we can obtain,
L 3
[ WM (e +tdelV i e
P j:O
1 L
- 7/ £Dg, M (e + tde|V)dt
nJo
1 L
— tM(xc+tdc\V)|5—ﬁ/ M (e + tde|V)dt
JO

L
- —%/O M (Xc + tdc|V)dt. (15)

Replacing Equation 15 in Equation 13, we can obtain the following
equation:

L n 3 L
/O M(xc+tdC|V)dt:mj§)X(Xc) /O M (Xc+tdc|V\ {xk })dt.
(16)
Whenn=0,
L
/0 M o+ tlV )t = s

With the above equation, we can efficiently evaluate the integral
of densitiesalong acasted line. Besidesthe X-ray volume rendering,
we can aso perform general ray casting. Since the solid object is
represented by asingletrivariate DM S-spline, our ray casting avoids
resampling and interpolation problems.

6.2. Marching Tetrahedra | sosurfacing

Since the resulting heterogeneous solid object consists of tetrahe-
dra, it is easy to perform marching tetrahedraisosurfacing to extract
an isosurface of its associated field. Please refer to [CDM*94] for
the detail of a marching tetrahedra algorithm. It isimportant to note
that, based on the geometry of the primary knots, the samples may
be spaced at non-unit intervals or distributed very irregularly. Our
approach does not require resampling onto a regular voxel raster,
which would introduce error. Furthermore, along tetrahedron edges,
the process of isosurface extraction employs the original trivariate
DM S-splineinterpolation, which hasthe potential to avoid introduc-
ing sampling artifacts. Since traditional voxel-based sculpting sys-
tems employ trilinear interpolation, they exhibit aliasing when the
voxel grid is scaled or deformed. Aliasing must then be eliminated
by filtering most or all of the voxel grid. We avoid this problem by
using what is essentially a higher-order C"1 trivariate spline. If the
objects modeled by our approach are originally smooth, they will re-
main smooth even if the control lattice is arbitrarily scaled or even
deformed. If they contain C° or discontinuity region, these features
will be preserved as well.

A Kkey aspect of isosurface extraction is normal vector compu-
tation. With our polynomial-based approach, it can be determined

(© The Eurographics Association 2004.
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Model datapts domaintetra control pts knots geometricfitting error  field fitting error
SpX 15832 1914 3335 992 8.21121x 10~ 7.78170 x 104
cubecross 24128 2245 3294 858 1.25994 x 1078 1.97281x 1074
router 34744 2812 4239 1236 1.13400 x 10~ 1.52832 % 1074

Table 1: Satistics of Data fitting.

analytically. Furthermore, the local evaluation can lead to multires-
olution isosurface extraction. When a tetrahedron of the object is
determined cross the isosurface of its associated field, and its size
is larger than a specified threshold, we can evaluate the trivariate
DMS-spline and upsample it locally to increase the resolution and
then perform isosurfacing on those smaller cells. Please see theil-
lustration in Figure 13.

@ (b)

Figure 13: (a) The single tetrahedron in the solid object is larger
than the specified size and is needed to be upsampled. (b) Based
on the corresponding domain tetrahedron (as shown in mesh), the
tetrahedron in the solid object is upsampled. Each cell is scaled a
little in order to clearly observe the upsampling result.

7. Implementation and Discussion

We have implemented a prototype system on a PC with 3.0 GHz P4
CPU and 2GB of RAM. The system iswritten in C++ and OpenGL.
In our system we incorporate the Phantom 1.0 device from Sensable
Technologies into our user interface. Users can use a mouse or the
Phantom to manipulate the control points or sketch the skeletons.

Table 1 shows the statistics of the performance of our fitting algo-
rithm on several datasets, where the fitting error is the mean square
error.

As one can see, we couple geometric and attribute representation
together in order to provide a unified paradigm to explicitly model
geometry, topology, and its associated attribute properties. However,
oneweak point of thisrepresentationisthat if the geometric features
and attribute field features are not conforming to each other, we have
to select the higher resolution to model both, even though it might
not necessary for one of them to have such a high resolution. A po-
tential solution for this case is to decouple geometric and attribute
representations. Thus, it offers more flexibility to construct differ-
ent resolution of tetrahedralization of a domain to fit the geometry
and attribute distribution, respectively. But special care of aligning
the boundaries of two domains exactly the same must be taken, or
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else some locations of the geometric object may not have attribute
properties, or attribute properties are assigned to the locations out-
side the geometric object. When using the decoupling scheme, it is
possible to model any number of attribute properties over the geo-
metric object. Complicated geometries with simple attributes, and
vice versa, may be represented at the resolution that best suits them.
The gain may be alarge savings in storage and execution time.

Furthermore, noise is an important variable in any visualization
involving measured data. Simplex splines generally provide arobust
representation for a signal containing moderate noise. Compared
with polygons, or higher dimensional analogues such as voxels,
simplex splines generally represent a smooth function with fewer
points. However, with our knots manipulation technique they can
represent higher frequency features as well.

8. Conclusion

In this paper we have articulated a new integral approach for rep-
resenting, modeling, reconstructing, and visualizing multidimen-
sional, physical attributes across any volumetric objects. In particu-
lar, we employ atrivariate simplex spline model that is defined over
a tetrahedral decomposition of any 3D domain. The modeled vol-
ume can be of complicated geometry and arbitrary topology. The
trivariate ssimplex spline model ideally serves the pressing needs
of both visualization and modeling communities since the model
makes use of a more general and flexible tetrahedral domain and
offers a compact continuous representation at the same time. More
importantly, it integrates geometry and attribute properties over do-
mains of arbitrary topology, by modeling a complicated heteroge-
neous object with a single trivariate simplex spline without any ad-
ditional operations of trimming or patching. All of the above attrac-
tive characteristics result from many appealing properties of trivari-
ate smplex splines such as piecewise polynomials of low degree,
high-order continuity, and sharp feature modeling through different
knot placements. In addition, we have developed a feature-sensitive
fitting algorithm that can reconstruct a more compact trivariate sim-
plex spline from astructured or unstructured volume. It reconstructs
the geometry and the associated material attributes simultaneously,
satisfying various continuity requirements set by the user. Such flex-
ibility allows us to model continuous or discontinuous material dis-
tribution with ease.

Our new representation can aso facilitate multiresolution, local
adaptive subdivision, free-form deformation, both isosurface and
volume rendering, aswell as other modeling and visualization func-
tionalities. Thisis mainly because many of its nice analytical prop-
erties and associated computational tools. Based on our extensive
experiments on using the trivariate smplex spline, we believe that
our new paradigm can significantly advance the current state of the
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knowledge in modeling and visualizing heterogeneous models of
physical objects and their material properties. Besides solid mod-
eling and volume visualization, in the near future we are pursuing
other application directions including general data modeling, mate-
rial editing and reconstruction, geometric processing of bio-medical
and geological datasets, dynamic simulation and analysis of multi-
resol ution, heterogeneous objects, etc.
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