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Vector field design on surfaces is necessary for many graphics applications: example-based
texture synthesis, non-photorealistic rendering, and fluid simulation. For these applications, sin-
gularities contained in the input vector field often cause visual artifacts. In this paper, we present
a vector field design system that allows a user to create a wide variety of vector fields with con-
trol over vector field topology, such as the number and location of the singularities. Our system
combines basis vector fields to make an initial vector field that meets the user specifications.

The initial vector field often contains unwanted singularities. Such singularities cannot always
be eliminated, due to the Poincaré-Hopf index theorem. To reduce the visual artifacts caused by
these singularities, our system allows a user to move a singularity to a more favorable location or to
cancel a pair of singularities. These operations provide topological guarantees for the vector field
in that they only affect the user-specified singularities. We provide efficient implementations of
these operations based on Conley index theory. Our system also provides other editing operations
so that the user may change the topological and geometric characteristics of the vector field.

To create continuous vector fields on curved surfaces represented as meshes, we make use of
the ideas of geodesic polar maps and parallel transport to interpolate vector values defined at the
vertices of the mesh. We also use geodesic polar maps and parallel transport to create basis vector
fields on surfaces that meet the user specifications. These techniques allow our vector field design
system to work for both planar domains and curved surfaces.

We demonstrate our vector field design system for several applications: example-based texture
synthesis, painterly rendering of images, and pencil sketch illustrations of smooth surfaces.

Categories and Subject Descriptors: 1.33®mputer Graphics]: Computational Geometry and Object Modeling — Geometric algorithms, lan-
guages, and systems
General Terms: Algorithms

Additional Key Words and Phrases: Vector Field Design, Topology, Surfaces, Computational
Geometry

1. INTRODUCTION

Many graphics applications require an input vector field. For instance, example-based texture synthesis makes use
of a vector field to define local texture orientation and scale [Praun et al. 2000; Turk 2001; Wei and Levoy 2001].

In non-photorealistic rendering, vector fields are used to guide the orientation of brush strokes [Hertzmann 1998] and
hatches [Hertzmann and Zorin 2000]. In fluid simulation, the external force is a vector field which need not correspond
to any physical phenomenon and can exist on synthetic 3D surfaces [Stam 2003]. A vector field design system enables
these applications to achieve many different visual effects by using different input vector fields. It can also be used to
create vector fields for testing the efficiency and correctness of a particular vector field visualization technique [van
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Fig. 1. This figure shows various vector fields created on surfaces using our vector field design system. The vector field shown in the right was used
to guide texture synthesis shown in Figure 22 (upper-right).

Wijk 2002; 2003].

Vector field design refers to creating a continuous vector field on a 3D surface based on user specifications or
application-dependent requirements. It is different from vector field simplification, which is used to reduce the com-
plexity of large and/or noisy datasets while maintaining their major features. In vector field design, adding and remov-
ing features may be required.

There are several challenges to the problem of vector field design. First, the system should enable the user to create
a wide variety of vector fields with relatively little effort. Most existing vector field design systems generate some
sub-classes of vector fields, such as gradient and incompressible vector fields. This limits their potential applications.
Second, the user needs to have control over vector field topology, such as the number and location of the singularities.
As was pointed out in [Praun et al. 2000; Hertzmann and Zorin 2000], this is necessary for applications such as
example-based texture synthesis and non-photorealistic rendering, in which unwanted singularities often cause visual
artifacts. Figure 2 illustrates this with an example from texture synthesis, in which a sink (red dot) in the middle of the
bunny’s tail (left) causes the synthesis pattern to break up (right).

A vector field system should work for both planar domains and 3D surfaces. In Computer Graphics, 3D surfaces are
often represented as meshes, with vertices, edges, and triangles. Surface normal and tangent planes are discontinuous
at the vertices and across the edges, and the definition of vector field continuity from smooth manifolds does not
apply. Yet, the need for control over vector field topology requires continuous vector fields, for which we can perform
particle tracing following the vector field in a continuous and consistent manner. For this reason, we must come
up a definition for vector field continuity on mesh surfaces. In addition, we need a vector field representation that
guarantees vector field continuity and supports fast and efficient computation of vector field topology. Unfortunately,
the popular piecewise linear representation [Tricoche et al. 2001] produces continuous vectanfieldisen the
mesh represents a planar domain. For curved surfaces, Stam [2003] uses subdivision surfaces to ensure the vector field
continuity. However, it is difficult to extract and control vector field topology with this representation because of its
complexity. Also, subdivision surfaces often incur higher computational costs than polygonal meshes.

In this paper, we present a vector field design system for surfaces. This system employs a three-stage pipeline:
initialization, analysis, and editing. In the initialization stage, the user can quickly create a vector field by using basis
vector fields. Next, the system performs geometric and topological analysis on the vector field and provides visual
feedback to the user. In the third stage, the user makes controlled editing operations to the current vector field, such as
moving a singularity gingularity movemeior cancelling a pair of singularitiesiqgularity pair cancellatioh This
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Fig. 2. This figure highlights the need for control over vector field topology in texture synthesis. The input vector field contains a singularity at the
center of the bunny’s tail (left), and it causes the synthesis patterns to break up.

process of iterative analysis and editing is repeated until the user is satisfied with the result.

Our system enables the user to create a wide variety of vector fields (curl-free, divergence-free, and generic) by
using basis vector fields of different kinds. It also provides the user with control over vector field topology, such as
the number and location of singularities. We provide efficient algorithms for both singularity pair cancellation and
singularity movement based on ideas from Conley index theory, which is more general and powerful than the popular
Poincaé index. To enable these operations to work for generic vector fields as opposed to only gradient vector fields,
we useflow rotationsandreflectionsto handle the numerical instabilities associated with regions of high curl and
regions near a saddle.

To allow our system to work on 3D surfaces, we present a novel piecewise interpolation scheme for representing
vector fields on meshes. This representation guarantees the creation of continuous vector fields based on vector values
defined at the vertices, and it supports efficient analysis and editing of surface vector fields. Also, we will describe a
new way of building basis vector fields on surfaces from user specifications in the initialization stage. The ideas for
both the vector field representation and building surface basis vector fields are based on the cogeefdtsaf polar
mapsandparallel transportfrom classical differential geometry.

Figure 1 shows some vector fields created using our vector field system. Our vector field interpolation scheme
supports efficient vector field analysis, including topological skeleton extraction. The dots in this figure correspond to
the singularities in the vector fields, and the colored curves indicate their connectivity.

The remainder of the paper is organized as follows. We first review the relevant background on vector fields in
Section 2. Then, in Section 3 we review existing vector field design systems and vector field simplification techniques.
We present our vector field design system for planar domains in Section 4 and 5, and our system for 3D mesh surfaces
in Section 6. Section 7 provides some results of applying our vector field design system to various graphics appli-
cations, such as painterly rendering, pencil sketches of surfaces, and texture synthesis. Finally, we summarize our
contributions and discuss some possible future work in Section 8.

2. BACKGROUND ON VECTOR FIELDS

In this section, we review some basic facts about vector fieldgeator fieldV for a manifold surfac& is a smooth
vector-valued function that associates to every ppiatS a tangent vectoy (p). A vector field defines a system of
differential equations:

dp
=V (1)
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Fig. 3. This figure illustrates three vector fields that are curl-free (left), divergence-free (right), and neither (middle). Singularities are depicted as
colored dots and principle directions for saddles are drawn as crosses. Furthermore, incoming separatrices for saddles are shown in green while
outgoing separatrices are shown in red. The vector field in the middle contains a periodic orbit that separates the flow inside from the flow outside.
The visualization technique is based on van Wijk [2002].

With appropriate restrictions ovi, for each pointpg € S, there exists a solutiop : R — S with the property that
p(0) = po ([Hale and Kocak 1991; Hirsch and Smale 1974]). Because we will be interested in studying multiple
solutions simultaneously, it is useful to introduce the notion offtbe induced byV that is a continuous function
¢ : R x S— S with the property that(t,po) = p(t). The set{p(t) |t € R} = ¢(R,po) is called thetrajectory
throughpo. Uniqueness of solutions to ordinary differential equations guarantees that the set of trajectories forms an
equivalence relationship @ In particular, ifqg belongs to the trajectory @b, thenpg belongs to the trajectory aof.
This implies thatS can be decomposed into the set of all trajectories. Some trajectories are of particular significance,
such assingularities

A singularity pg € Sis a point wher&/ = 0. Observe that the trajectory through a singularity consists of a single
point. For many of our calculations we will want to use a singularity classification based tot#hdinearizationof
the vector field. For simplicity, le¢ be a vector field defined for some planar domBit R? = {(x,y) | x,y € R}
such thaV (x,y) = (F(x,y) G(x,y)). The local linearization at a poipb is: V*(p) =V (po) + DV (Po) (P — Po), where

JF

aF
DV = (gé 9% | is theJacobianof V. A singularitypo is linear if DV (po) has a full-rank. For the remainder of this
ox 0

discussion Wé will assume thpg is a linear singularity. Results from linear algebra tell us that the two eigenvalues
are either both real numbers or a pair of conjugate complex numbers. In the first case, a singulaatydgifiboth
(real) eigenvalues are positivesimkif both are negative, or saddleif one is positive and the other is negative. On
the other hand, a linear singularity with a pair of conjugate complex eigenvalues is ettbeteaif the real part of
both eigenvalues is zero, of@cusotherwise.

Other trajectories of particular importance aeparatrice@ndperiodic orbits A separatrix is a trajectory for which
the limit ast — o ort — —oo of the solution functionp(t) is a saddle. For planar vector fields, thextor field topology
is determined by the set of singularities, separatrices, and periodic orbits. Figure 3 illustrates these special trajectories
with three vector fields. Singularities are illustrated as colored dots: sources (green), sinks (red), centers (cyan or
magenta depending on the orientations), and saddles (yellow). Furthermore, incoming and outgoing separatrices are
colored in green and red, respectively. The vector field in the middle contains a periodic orbit.

Two usefulanalytic characterizations of a vector field are its curl and divergence. Divergence measures the differ-
ence between the amount of flow leaving and approaching the measurement point. For instance, a source has a positive
divergence and a sink has a negative one. Curl measures the amount of flow that circles around the measurement point.
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The distributions of curl and divergence in the domain can help us understand the geometric structure of the trajecto-
ries. The two extreme cases aul-free vector fields in which case the curl is zero everywhere, dindrgence-free

vector fields in which case the divergence is zero everywhere. It should be noted that a typical vector field is neither
curl-free nor divergence-free. Figure 3 shows three vector fields of different analytical behaviors. The vector field
shown in the left is curl-free. In this case the typical singularities are sources, sinks, and saddles. Furthermore, the
separatrices divide the domain into a number of combinatorial quadrilaterals babats The boundary of each

basin consists of a source, a sink, and two saddles in between them. Inside each basin, all the trajectories leave the
same source and approach the same sink. The vector field in the right is divergence-free, whose typical singularities
are centers and saddles. The separatrices divide the domain into a number of bounded regions. Inside each region is
a family of periodic orbits that circle around the same center. A generic vector field is shown in the middle, which is
neither curl-free nor divergence-free and may contain periodic orbits.

2.1 Topological Descriptions of Vector Fields

The vector field design problem requires that the user be able to control the trajectories of a vector field both locally
and globally. To do this requires the introduction of a topological characterization of vector fields. In this section, we
review a well-known topological descriptor, tReincat€ index and a more general characteristic, @anley index

A singularity pg is isolatedif there exists an open neighborhoddof pg with the property thapg is the unique
singularity in the interior o). An isolated singularitypg can be characterized by ipinca index which is defined
in terms of thewinding numbefor the Gauss map

DEFINITION 2.1. LetV be a vector field defined on some planar doniaiet Dy C D be the zero set fo¥. The
Gauss mam : D\ Dy — St is defined asr (x) = %

For a simple closed curve C D\ Dy, the Gauss map induces a continuous mapr. If one travels along in
the positive direction once, the image undeér necessarily covers the unit circle an integer number of times counting
orientation. This integer is theinding numberf V alongl. The Poincaé index of an isolated singularify, is
the winding number of any simply connected curve that enclpgesnd contains no other singularities either in its
interior or on the boundary. Denote this numbex#¥;pg). The Poincag index is+1 for sources, sinks, centers,
and foci. It is—1 for saddles, an@ for regular points. Théoincate-Hopf theoreminks the vector field topology
to the topology of the underlying domain in the following way. ISdbe a closed orientable manifold with an Euler
characteristi€. Furthermore, lIe¥ be a continuous vector field defined with only isolated singularitiepy, ..., pn.

Theny !, k(V;pi) = E.

An immediate corollary of the PoingaHopf theorem is that given a particular vector fisdif one wants to
remove a singularity of a positive or negative Poigcadex, then one must simultaneously remove a singularity of
the opposite sign. In fact, for a 2-manifold, a zero total Poindadex for a regionR guarantees that it is possible to
replace the vector field insidewith a singularity-free vector field.

The Poincak index is a powerful tool for describing singularities. However, it does not distinguish between sources
and sinks, nor does it provide information about periodic orbits and separatrices. Figure 4 illustrates this with a
number of examples. First, the Poingandices for the disk in case (b) and (d) are both one. When simplifying the
vector field inside the disk such that only one singularity remains, the Péiiradex alone cannot predict whether the
singularity is a source or a sink. Second, the Poia@adices for the ring-shaped region in (e)-(g) are zero. However,
the three vector fields have very different characteristics. For example, when the vector fields inside the region are
singularity-free, the vector fields in (f) and (g) necessarily contain a periodic orbit, while the vector field in (e) does
not. The design of vector fields requires the imposition of additional quantitative information including the location
of the singularities, periodic orbits and separatrices, and the control of the smoothness and/or curvature of the vector
field. In this work, we have chosen to control singularities for vector fields defined on 2-manifolds, for which the
Poincaé index is insufficient since it does not distinguish between sources and sinks. In addition, we wish to set up a
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Z ifk=2 . Z iftk=1 " ifk=0
0 otherwise CH(N) = { 0 otherwise Hy(N) = O otherwise

(e) ® (&

CH,.(N)=0 CHL(N) = {Z ifk=1,2 CHL(N) = {Z ifk=0,1

CH.(N)=0 CHi(N)= {

0 otherwise 0 otherwise

Fig. 4. Seven basic scenarios of isolating blocks and their associated Conley indices. The Conley indices can be used to distinguish between sources
and sinks (b and d), and it provides information on periodic orbits (e, f, g). By comparison, the Bonttiees are the same for cases (b) and (d),
and for (e)-(g). Case (a), (b) and (e) are of particular interest since they are used in topological editing operations (Section 5.3).

framework that has the potential of being extended to the control of separatrices and periodic orbits. For these reasons,
we borrow basic ideas from Conley index theory and provide implementations for our topological editing operations
(Section 5.3) according to this theory.

The Conley index is defined in the context of arbitrary vector fields that produce continuous flows. It possesses the
continuation properties of the Poinéaindex while being able to distinguish between sinks and sources. It provides
sufficient conditions on whether two singularities can cancel. More importantly, it can be used to identify periodic
orbits and separatrices, and to indicate whether two periodic orbits can be cancelled.

The following concept is the starting point for Conley index theory. Given a reljianS, let JN denote the
boundary ofN. A compact seN is anisolating neighborhoodf for everyp € dN, ¢(R,p) Z N, i.e., the trajectory
of any point ondN leaves eventually either in forward or backward time. The set of boundary points which leave or
enterN immediately can be characterized, respectively, by

N~ :={pedN|¢([0,t),p) ZN, ¥t >0}, N :={pedN|¢((t,0,p)ZN, vt <0} (2)

A compact seN is anisolating blockif for each boundary point, there is either a forward or backward trajectory that
immediately leaves the region: that@\ = N~ UN™. Observe that an isolating block is a special case of an isolating
neighborhood.

Given an isolating blocl for a vector fieldv, its Conley index is defined to be the relative homology [Kaczynski
et al. 2004] ofN with respect tdN—, i.e. CH,(N) := H,(N,N7). CH,(N) = {CH«(N)|k=0,1,2,...} is a collection of
groups When the domain of the vector field is a surfacel(N) = 0 for k > 3 (see [Conley 1978; Mischaikow 2002;
Mischaikow and Mrozek 2002] for further details and references). For the purposes of this paper the computation of
this index is fairly simple since our isolating blodkwill always take the form of a polygonal region ahd™ will
be a finite number of disjoint sets consisting of boundary edgés dfiealized isolating blocks and their associated
Conley indices are indicated in Figure 4. Case (a) and (e) have the trivial Conley index, and (b), (c), and (d) have
the Conley index of a source, a saddle, and a sink, respectively. Of particular interest are case (a), (b), and (e). We
construct regions of these types for topological editing operations (Section 5.3).
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3. PREVIOUS WORK

Vector fieldanalysisandvisualizationhave been well studied, and a good survey is available in [Hauser et al. 2002].
On the other hand, vector fietbbsignis far less explored. We will review existing vector field design systems, both for
planar domains and 3D surfaces. In addition, since our system allows the user to perform vector field simplification,
both geometrically and topologically, we also review existing vector field simplification techniques.

3.1 Vector Field Design Systems for Surfaces

There has been some prior work in creating vector fields on surfaces. In all the instances that we know, such systems
have been created in a quick manner to generate vector fields for a particular application, such as texture synthe-
sis [Praun et al. 2000; Turk 2001; Wei and Levoy 2001], fluid simulation [Stam 2003], or for testing a vector field
visualization technique [van Wijk 2003]. Furthermore, the details of these design systems have not been published.

There are several approaches for creating a surface vector field using these systems. In the first approach, a 3D
vector field is specified and projected onto the surface to obtain a tangential vector field [van Wijk 2003]. This is
similar to performing texture synthesis on surfaces through solid textures. While it is simple and fast, achieving
control is hard. In the second approach, the user specifies desired vector values at a few locations on the surface, and
the system performs relaxation to obtain a global surface vector field [Turk 2001; Wei and Levoy 2001]. This can be
seen as a diffusion process in which the desired vector values are smoothly propagated from the seed points to the
rest of the surface. In the third approach, the user again specifies the vector values at a few places on the surface.
Then a global vector field is constructed by interpolation these locations using Gaussian radial basis functions over
the surface [Praun et al. 2000]. Another way of creating surface vector fields is to parameterize the surface and define
vector fields in the parametric domain [Stam 2003].

These vector field design systems do not provide control over vector field topology, such as the number and location
of the singularities in the vector field. However, we borrow some of these ideas to create an initial vector field in the
first of a three-stage design pipeline.

3.2 Vector Field Design Systems for Planar Domains

For planar domains, vector field design systems based on topological information have been developed. Van Wijk
created a vector field design system to demonstrate his image-based flow visualization technique [2002]. In this
design system, the user specifies desired singularity locations and types. The system converts each specification into
a simple vector field and combines them into a global vector field using radial basis functions. The idea of using
basis vector fields is inspired by the work of Wejchert and Haumann [1991]. However, vector fields created in this
manner often have more singularities than what the user has intended. The system does not provide a way of removing
undesired singularities, and therefore it lacks control over vector field topology. Rockwood and Bunderwala [2001]
propose a technique that uses geometric algebra to create a vector field based on user-specified singularity locations
and types (source, saddle, etc). The user can interactively create a vector field by adding, removing and editing the
singularities. This system also lacks control over vector field topology since the vector field created this way may
have unspecified singularities. Theisel [2002] proposes a 2D vector field design system in which the user has the
complete control over vector field topology. To do so, the user specifidspbéogical skeletof the desired vector
field and the system creates a piecewise-linear vector field to match it. This system requires the user to specify the
desired vector field skeleton, which can be cumbersome for complicated vector fields. Both of the above topology-
based design systems [Rockwood and Bunderwala 2001; Theisel 2002] require a planar parameterization, and it is not
obvious how these systems should be generalized to curved surfaces.

All of above systems have certain traits that we wish to incorporate into the vector field design system. In fact,
we will borrow techniques from existing systems to serve our purpose at various stages. This will become clear in
Sections 4, 5, and 6.
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3.3 Vector Field Topology

In their pioneering work, Helman and Hesselink [1991] visualize a vector field by extracting and visualizing its topo-
logical skeleton, which consists of the singularities and their connectivity. They propose an efficient method for
extracting the topological skeleton for continuous vector fields defined in either a plane or a volume. This work has
inspired a great deal of interests in understanding and visualizing vector fields through topological analysis. There has
been considerable work in the Visualization community on vector field topology, and we only mention a few relevant
publications here. Scheuermann et al. [1998] use Clifford algebra to study the non-linear singularities in a vector field
and propose an efficient algorithm for merging nearby linear singularities into a higher-order singularity. Later, Polth-
ier and Preuld use Hodge-Decomposition to locate singularities of different types in a vector field [2003]. Wischgoll
and Scheuermann [2001] propose an efficient algorithm for computing the periodic orbits in a planar flow.

3.4 Vector Field Simplification

Vector field simplification has been well-researched by the Scientific Visualization community. Most of the datasets
that come from scientific simulation are difficult to analyze due to noise in the data. Vector field simplification refers to
reducing the complexity of a vector field while maintaining its major features. A vector field simplification technique
can be either topology-based (TO) or non-topology-based (NTO).

NTO methods perform smoothing to a vector field, either globally or locally. Existing NTO techniques, such
as [Polthier and Preul3 2003; Westermann et al. 2000; Tong et al. 2003], are often based on performing Laplacian
smoothing on the potential of a vector field, which is a scalar field. For example, Tong et al. [2003] decompose a vector
field into three components: curl-free, divergence-free, and harmonic. Each component is individually smoothed
and the results are summed. Vector-based smoothing is perfantedn the harmonic part, while potential-based
smoothing applies to the divergence-free and curl-free components, respectively. Smoothing operations reduce the
vector field complexity and most likely remove a large percentage of the singularities in the original vector field.

TO methods simplify the topology of a vector field explicitly. According to the Poixtdopf theorem, it is possible
to eliminate a pair of singularities with opposite Poiricardices at the same time. This idea has been formulated into
an operation called singularity pair cancellation, which forms the foundation for many existing TO methods. A class
of TO methods performs pair cancellation on scalar fields defined on surfaces [Edelsbrunner et al. 2002; Edelsbrunner
et al. 2003] by changing the values of the scalar function near the singularity pair. This is equivalent to simplifying the
gradient vector field of the scalar function. Ni et al. [2004] allow the user to design fair Morse functions over a mesh
surface, which is equivalent to designing gradient vector fields. In their work, the user specifies the desired number
and configuration of the critical points of the function, and the system performs multi-grid relaxation to determine a
Morse function that meets the requirements.

Another class of TO methods perform cancellation on a vector field directly, such as the technique by Tricoche
et al. [2001]. This technique first locates a region surrounding the singularity pair, and then performs a non-linear
optimization on the vector values at the interior vertices such that the Peintdices are zero for every triangle
inside the region.

All the TO methods mentioned above are based on Morse theory, e.g., gradient vector fields.

Our system provides both a NTO method (Section 5.2) and a TO method (Section 5.3.1), and the implementations of
our methods are rather different from existing techniques. For instance, our singularity pair cancellation algorithm is
based on Conley index theory, which allows us to work with arbitrary vector fields. Furthermore, existing topological
analysis and simplification technigues are limited to planar and volume domains because it is not clear how to represent
a continuous vector field on a mesh surface. We present a piecewise interpolation scheme in Section 6 that overcomes
this problem, therefore allowing vector field analysis and editing to be adapted to meshes.
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Fig. 5. An initial vector field can be created usisiggular elementgleft, highlighted by colored boxes), amegular elementgright, highlighted
by colored arrows). The centers of the colored boxes are the locations of the desired singularities. Notice in both cases, there are singularities not
specified by the user.

4. DESIGN FOR PLANAR DOMAINS

Our planar vector field design system consists of three stawgjtialization, analysis andediting During the initial-

ization stage, the user quickly creates a vector field with a set of specifications. Vector field topology is not a concern at

this stage. Next, the system performs both geometric and topological analysis of the current vector field and provides

visual feedback to the user. In the editing stage, the user modifies the vector field through a set of pre-defined editing
operations. The user may perform many editing operations before accepting the result. The initialization and analysis

stages are relatively straightforward, and we describe them in Section 4.1 and 4.2, respectively. The editing stage is at
the core of our vector field design system, and we will describe this in Section 5.

4.1 Creating the Initial Vector Field

The first stage allows the user to easily create an initial vector field without being concerned about vector field topology.
There have been two ways of creating such a field: relaxation [Turk 2001; Wei and Levoy 2001], and using basis vector
fields [Praun et al. 2000; van Wijk 2002]. We adopt van Wijk’s basis vector approach [2002] because we are impressed
by its intuitive nature and its simplicity. In this approach, every user-specified constraint is used to create a basis vector
field defined in the plane. An initial vector field is then constructed as a weighted sum of these basis vector fields.
We will refer to each user-specified constraint ateaign elementvhich can be eithesingularor regular. A design
element has a center location and a set of control parameters, which will be described next.

A singular element corresponds to a vector field that has a singularity of certain type at a desired location. For
instance, if the user desires an isotropic source at locatjea (Xo, Yo) with strengthk > 0, the system will create the
following vector field for any poinp = (x,y) in the plane..

V(p) = e-dIp-pol’ (‘8 g) <§:;g> 3

Here,d is a decay constant that is used to control the amount of influence of the basis vector field. Other isotropic
singular elements include a sink, a saddle, a counter-clockwise center, and a clockwise center, whose matrices are
the following: <_0k _Ok), (I(() _Ok), (g _0k>, (_Ok IS) The system allows the user to modify the scale,
orientation and center location of an existing singular element as well as to remove one. Maodifications to singular
elements will result in more complicated matrices (details can be found in [van Wijk 2002]).

A regular element assigns a particular nonzero vector W&juad a desired locatiopg. Again, the system creates a
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basis vector field as follows:

V(p) = e dlP-poliy, (4)

The resulting vector field is interactively updated and displayed as the user continues to make adjustment to the set
of regular and singular elements. Figure 5 shows two vector fields that were generated using singular elements (left)
and regular elements (right). In practice, both types of specifications can be combined to create an initial vector field.
Notice that summing the basis vector fields may cause additional (perhaps unwanted) singularities to appeatr, i.e., the
ones that are not at the centers of any colored box in this figure. The unwanted singularities will be handled through
the topological editing operations that we will describe in Section 5.

4.2 \Vector Field Representation and Analysis

Our system performs the following analysis on a given vector field: computing curl and divergence, locating singular-
ities and determining their types, and tracing separatrices.

The initial vector field created in the first stage is difficult to analyze because of its complicated formula (Equation 3
and 4). Furthermore, analytical formulas are not available for 3D mesh surfaces that lack a global parameterization.
To perform analysis in a fast and efficient manner and to be able to generalize the method to surfaces, we follow
the approach by Helman and Hesselink [1991] and use a piecewise approximation in which the underlying domain
is tessellated by a triangular mesh. The vector values are sampled at the vertices according to the analytic formula
and are linearly interpolated on the edges and across the interiors of the triangles. To be more specific, for a given
planar triangular mesh, our system represents a vectoMibldassigning vector valugdVi, W, ..., W, } at the mesh
vertices{vy, Vs, ...,Va}. For a pointp = (x,y) inside a trianglel = {vy,, vr,,vr,} Whose barycentric coordinates are
(a1, a2,03), we have

3
Vip) =3 oW 5)

J

? 2 3 . This representation does
not require an analytical formula and is compatible with many graphics applications that use vector fields. Further-
more, Equation 5 can be adapted to represent a continuous surface vector field (Section 6.2.1).

For each triangle, our system computes the following information: the divergence and curl, the &®widear the
location of the singularity inside if any, and the incoming and outgoing directions if the triangle contains a saddle.
Details of computing these quantities using the piecewise linear representation can be found in [Tricoche 2002]. We
also compute the topological skeleton of the vector field, which is done by following the approach of Helman and
Hesselink [1991]. Starting from every saddle point, we follow the flow forward in its outgoing directions until the flow
is stopped at a singularity or hits the boundary. To trace the trajectories away from a saddle we use a Runge-Kutta
algorithm with adaptive stepsize control [Cash and Karp 1990]. This gives us the two outgoing separatrices. Similarly,
we obtain the two incoming separatrices by following the flow backward along the incoming directions of the saddle.
Figure 3 and 5 show the topological skeletons of the corresponding vector fields.

or, under some local coordinate systenToV (p) = Mt (;) + ( ) , whereM 1 =

5. EDITING

The vector field editing stage is at the heart of our design system. The set of useful editing operations are application-
dependent. For instance, in texture synthesis and non-photorealistic rendering, the user often needs to remove un-
wanted singularities or to move them to less visible regions. Fluid simulation may require adjusting the amount of
curl and divergence of an external force. Furthermore, noisy datasets often contain a large number of singularities and
rather complex behaviors. Simplifying the flow while maintaining its major features is a necessary task for any vector
field design system. We provide the following operations:
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Fig. 6. In this figure, a vector field (left) is first rotated By(middle), then reflected with respect to theaxis (right).

(1) Matrix actions on flowsflow rotationsandflow reflections
(2) Flow smoothingwithin a user-defined region.
(3) Topological editing operationsingularity pair cancellatiorandsingularity movement

Matrix actions can be used to adjust flow characteristics such as curl and divergence. Flow smoothing is an efficient
vector field simplification operation that can also simplify vector field topology.

Topological editing operations are used to provide explicit control over the number and location of the singularities
in the vector field. Most existing singularity pair cancellation algorithms assume that there is a connecting orbit
between the singularity pair, as in the case of a source/saddle or sink/saddle cancellation. When the pair involves
a center or a focus of a high curl, however, the connecting orbit either does not exist or cannot be computed in a
numerically stable fashion. Consequently, these techniques do not address such cases. Similar issue comes up in
singularity movement, where it is necessary to compute the trajectory that connects the singularity to its new desired
location under the current flow. Such a trajectory does not always exist when the singularity is a saddle or a center.
As we will describe later Sections 5.3.1 and 5.3.2, matrix actions can also be used to modify the types of singularities
such that the aforementioned connecting orbit exists and can be computed easily in the modified field. This is essential
to overcome numerical instabilities associated with regions of high curl and regions near saddles.

Since we use a piecewise linear approximation, all the editing operations affect the vector values at the vertices
only. These values are then extended to a continuous vector field defined on the whole mesh surface through piecewise
linear interpolation.

5.1 Matrix Actions on Flows

ab ab
c d =le¢ d V(p). WhenM has a
full rank, it does not change the number or location of the singularities in the vector field. Furthekinmaintains

L . L _ (cog6) —sin(0)\ .
the Poincak index ifdetM) > 0, and negates it ifletf(M) < 0. For anyf € R, Rg = (sin(e) cog8) is aflow
cog6) -—sin(B)

—sin(8) —cog8) is flow reflector operatarActions ofRg's andFg’s are of particular

interests to us, and we will describe them in detail next.
For any@ and any vector fiel/, it is straightforward to verify that

(curl(Re(V)))? + (div(Re(V)))? = (curl (V))? + (div(V))? (6)
ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.
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Fig. 7. This figure shows the results of applying flow smoothing to a user specified region (inside the white boundary). Notice the vector field
defined outside the region is not changed.

This implies that for any poinp in the domain, there are appropriate rotation&/aSuch thatcurl(Rg(V))(p) =0

or div(Rg(V))(p) = 0. Furthermore, a curl-free vector field can be rotated into a divergence-free vector field and
vice versa with a3 rotation. Topologically speaking, flow rotations do not alter the number, the location, or the
Poincae index of the singularitiedet Rg) = 1 > 0). Any singularity with a Poinc& index of+1 can be converted

into a source with an appropriate rotation. A saddle remains a saddle under flow rotations; however, its incoming
and outgoing directions are rotated, possibly by different amounts. These topological properties make flow rotations
essential for the topological editing operations such as singularity pair cancellation (Section 5.3.1) and singularity
movement (Section 5.3.2), especially in regions of high curl.

Fe induces a reflection on the vector values of a vector fieldith respect to axis:os(%)x +Sin(%)Y =0. Itis
straightforward to verify thaFZ = Id. For planar domains, flow reflections do not alter the number or location of
the singularities inV. SincedetFg) = —1 < 0, they negate the sign of the Poineandices. Just as flow rotations
can convert a singularity with a Poinésindex of+1 into a source, flow reflections can turn any saddle into a source
with an appropriate choice of the reflection axis. This makes flow reflections crucial for our singularity movement
operations on saddles (Section 5.3.2).

Figure 6 shows the effect of applying flow rotations and reflections to a planar vector field. The actiBgs-di
(left), Rg (middle), andF;Zr (right). Notice that in all instances, the number and location of the singularities do not
change. Flow rotations maintain the Poiricardices while flow reflections negate their signs.

The concepts of flow rotations and reflections are not new. Theisel and Weinkauf [2002] define four types of oper-
ations for feature-matching between vector fields. These operations include rotation and negative scaling (including
reflection). However, we believe that it is a novel idea to use flow rotations and reflections to overcome the numerical
difficulties associated with regions of high curl and regions near saddles.

5.2 Flow Smoothing

A vector field often contains noise, and vector field simplification can be used to reduce the flow complexity while
maintaining the major features. Here, we describe a non-topology-based simplification method called flow smoothing,
which is carried out in two stages. First, the user specifies a simply-connected region by drawing a closed loop in
the domain. Second, the vector field inside the region is replaced with a “simpler” vector field. The key for this
operation is to let the user decide the region for smoothing. Once the region is determined, a number of known
smoothing techniques, such as [Westermann et al. 2000; Tong et al. 2003] can be used to replace the flow inside. In
particular, Tong et al. [2003] compute a Hodge-Helmholtz decomposition of the original vector field. Smoothing is
performed on the potentials of the curl-free and divergence-free parts. However, smoothing the harmonic component
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Fig. 8. This figure illustrates our two-step algorithm for singularity pair cancellation between a souand a saddle_. In the left, an isolating
block Ris found to enclose both singularities and its boundary consists of two segments: inflow (red) and outflow (green). The vector fiRld inside
is replaced with a flow that has no singularities (right).

still requires vector-valued smoothing. Here, we use a smoothing approach on the vector values directly without
performing the Hodge-Helmholtz decomposition. This approach avoids the costs of performing the decomposition and
the two additional potential-based smoothing operations, and therefore is faster. Furthermore, vector-valued smoothing
tends to remove high-frequency noise from the data as well as reduce the number of singularities in the vector field.
This is supported by our numerical tests. For remeshing purposes, Alliez et al. [2003] employ a similar component-
based approach to smooth curvature tensor fields.

Given a vector field/ and a user-specified regid) we replaceV with another vector fiel# insideR. This is
achieved by solving the vector-valued Laplace equation irRjdéth V being fixed ordR. LetV (p) = (f( P1, P2) G(p1, pz)).
Then the new vector fied insideR s given by:

vF=0
<VZG _ 0) (7)

In practice, the user-specified regiBris part of the underlying mesh that is used to represent the planar domain. To

solve Equation 7 on this discrete mesh, the vector values are fixed at the boundary veRides &f =F, G=G.
The vector values df andG for an interior vertex; is determined by:

F(vi)) _ . F(Vj))
(cw) 2, (G ®)
Here,J is the set of index’s such that(vi,v;) is an edge in the mesh. The weiglag are defined according to the
mean-value coordinates of Floater [2003] since this method guaramtetsbe non-negative. This leads to a pair of
sparse linear systems, which we solve through an implicit bi-conjugate solver.
In Figure 7, a complicated vector field with many singularities (left) is converted into a vector field with only one
singularity (right) through smoothing. The boundary of the user-specified region is highlighted with a white loop.

Notice that the vector field is not altered outside the user-specified region. Later, we make use of flow smoothing to
perform singularity pair cancellation (Section 5.3.1) and singularity movement (Section 5.3.2).

5.3 Topological Editing Operations

A vector field often contains unwanted singularities. To allow a user to control the number and location of the sin-
gularities in a vector field, our system provides two topological editing operatsdmgularity pair cancellationand
singularity movemensingularity pair cancellation refers to removing a pair of (unwanted) singularities with opposite
Poincaé indices, while singularity movement is used to move a singularity to a more desirable location. Both oper-
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Fig. 9. This figure illustrates our construction of an isolating blcfor singularity pair cancellation. In the left, a regi®t is generated by
following the flow forward from a neighborhood ef . Similarly, a regiorR_ is obtained by following the reverse flow from a neighborhood of
When there is a unique connecting orbit betweerands_, R= R, R_ is an isolating block with the trivial Conley index. In the right, two valid
regionsR; andR; are obtained by using different sizes of the neighborhoods oR; is preferred since it is larger and tends to result in smoother
flows after the cancellation.

ations provide topological guarantees in that they only affect the intended singularities, and our implementation are
based on Conley index theory.

5.3.1 Singularity Pair Cancellation.As discussed in Section 2.1, singularity elimination must be performed for
a pair of singularities with opposite Poinéandices. This operation is therefore cal@dgularity pair cancellation
There have been several pair cancellation methods for simplifying scalar fields on surfaces [Edelsbrunner et al. 2002;
Edelsbrunner et al. 2003]. These techniques achieve singularity pair cancellation for the gradient field by modifying
the scalar values in a region near the singularity pair. It is not clear how these techniques can be used for generic vector
fields, which need not correspond to any scalar functions.

Tricoche et al. [2001] propose a pair cancellation technique for vector fields by allowing a saddle to be cancelled
with either a source or a sink. To achieve this, they first find a narrow neighborhood that encloses the singularity pair
and their connecting orbit. Then an iterative non-linear optimization is performed on the vector values at the interior
vertices of this region so that the Poingandex for every triangle is zero. There are a number of issues with this
approach. From a theoretical viewpoint, any simplification technique based on the Baird=s cannot be applied
to the cancellation of a repeller/attractor pair in which one of the entities is a periodic orbit (Section 2.1). From a
numerical point of view, this technique is not robust in handling pair cancellations that involve a center or a focus with
high curl. Furthermore, the non-linear optimization technique is computationally expensive and it does not guarantee
that a solution can be found.

In this work, we propose a new pair cancellation technique based on Conley index theory, which provides theoretical
guarantees for any attractor/repeller pair including objects other than singularities. We will only consider the case of
a source/saddle pair cancellation. If the singularity with a positive Pdrindex is not a source, we can always find
an appropriate rotation to turn it into a source while the saddle does not change its type. Our algorithm consists of
two stages. First, the system determines an isolating toefth the trivial Conley index such thd& encloses the
singularity pair in its interior. Second, the flow insiBas replaced with a new, singularity-free vector field. Figure 8
provides an illustration of the idea. Later, we use a similar two-stage approach for moving a singularity (Section 5.3.2).

Lets, ands_ be the source and saddle, respectively. When there is a unique connecting separatrix between them,
we can construct an isolating blogkcontainings; ands_ on which the cancellation can be performed [Mischaikow
and Mrozek 2002]. We need the following definition:

DEFINITION 5.1. For a given vector fiel®, let ¢ denote the flow induced By. For a regiorQ in the domain, we
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source/saddle
cancelation

Fig. 10. This figure shows how flow rotations help overcome the numerical difficulties associated with high curl in a vector field. A center/saddle
cancellation is performed on a vector field (upper-left) to obtain a new vector field (lower-left). The vector field is first rot§téddper-right),
followed by a pair cancellation (lower-right) before a compensating rotation is performed (lower-left).

define its images under the forward and reverse flow as:
Q(Q =6¢(Q[0.®) Q7HQ =¢(Q(~x,0). 9)

To find the isolating blockR, we begin with isolating neighborhoodd andN of s, ands_, respectively. In
generalR= Q(M)NQ%(N) is an isolating neighborhood. If there exists a unique separatrix goingdroim s,
then the Conley index dR is trivial and it is possible to replace the vector field insRlevith one that is singularity
free [Mischaikow and Mrozek 2002] (Figure 9, left).

Next, we describe a practical algorithm for computitdigver a domain represented by a triangular meshM_ahd
N be sets of triangles that enclose ands_, respectively.Q(M) is obtained by performing region growing frol
and following the flow forward. Similarly—1(N) is obtained by performing regions growing frdsand following
the flow backward. We need the following definition:

DEFINITION 5.2. Given a vector field/ and a polygonal regioR, a boundary edge is anexit for the forward
flow with respect tov if max,ce(Np - Vp) > 0. Similarly, e is anexit for the backwardflow with respect tov if
Minpee(Np -Vp) < 0. Np is the outward normal to the region at pomt

If V is a piecewise linear vector field on a boundary edgéhene is an exit edge for théorward flow with
respect toV if max(V(vi)-Ng,V(v2)-Ne) > 0. Similarly, e is an exit edge fobackwardflow with respect tov if
min(V (v1) - Ne,V (V2) - Ne) < 0. Here,Ne is the outward normal to the region along edge

Let M be the triangle that contairss. Starting fromM, we construcQ(M) by adding one triangle at a time and
keeping track of the behavior of the flow on the boundary edge@(M). A new triangle can be added only by
crossing an exit edge. The region growing process continues until there are no more exit edges, i.e., the flow enters
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Q(M) everywhere on its boundary.

Q~%(N) is constructed in a similar fashion by starting frdhand following the flow backward. However, the choice
of N is a delicate issue, and its choice affects the sha&¢fN) and subsequentlR. Due to the limited resolution
of the underlying mesiR needs to be as large as possible, so long as its Conley index remains trivial. We perform a
linear search on the length of the outgoing separatricas sfich that the covering triangles fofh Figure 9 shows
the effect of following these separatrices to varying lengths.

To replace the flow insidR, we use flow smoothing. As described earlier, this operation tends to simplify the vector
field topology, and our numerical results indicate that flow smoothing is efficient for singularity pair cancellation as
long as the regioR has a reasonable shape. The following pseudo-code illustrates our algorithm for cancelling a
source/saddle pair where the souscehas a zero curl.

=

PairCancalation(V, s;, s_)

2 LetM be the triangle containingy, and we use region growing to fire(M).

3 Lety=1,dy=0.5 andViorking= V1.

4 LetS andS be the two outgoing separatricessat

5 while y> 0anddy > J (deltais a user-specified constant)

6 LetS, C S be the portion starting frors_ such thatength'S, ) = ylength(S;). DefineS, , similarly.
7  LetN be the minimal set of triangles that contats, andS, ,, and comput&~1(N) using region growing.
8 R=QM)NQLN).

9 if Rdoes not satisfy the necessary Conley condition,

10 dy=dy/2,y=y—dy.

11  else

12 perform smoothing ifR.

13 if the resulting flow contains any singularity

14 undo smoothing.

15 dy=dy/2,y=y—dy.

16 else

17 updatéVyorking-

18 dy=dy/2, y=y+dy.

19 end if

20 endif

21 end while

In Line 9, in order to meet Conley conditiorR,must be simply-connected, contain no other singularities except
s, ands_, and have a trivial Conley index. The purpose of the binary searghi®to determine an optimal length
along the separatrices such that the redidras a reasonable shape. Whea 0, Ris a narrow region that covers the
singularity pair and their connecting orbits with a trivial Conley index. When 1, R tends to have a nice shape.
However, it may cover other singularities, such as the sinks that are linlkedtoough the outgoing separatrices, and
the Conley index oR is no longer trivial. The binary search process balances between the two factors, and it tends to
converge very quickly since region growing and smoothing is very fast. In addition, eshisnrsmall enoughy and
y+ dy correspond to the same set of triangles when compirand the computation can simply be avoided.

Flow rotation is crucial for the success of pair cancellation operations. If the original vector field has high curl
arounds, as in the case of a divergence-free flow, the connecting orbit between the singularities may not even exist.
Figure 10 demonstrates how our system cancels a center and saddle pair (upper-left). The flow is first rdfated by
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Fig. 11. This figure illustrates the concept of moving a source f&ggnto shew. An isolating blockR is found to enclose botky,g andsyew such
thatR has the Conley index of a source. Then a small re§ide found to enclosenew, and appropriate vector values are assignetRosuch that
it forces a source ahew. For regionR\ R, flow smoothing operation produces a new vector field without any singularity.

into a curl-free vector field (upper-right) in which the center becomes a source and there is now a connecting orbit
between the source and the saddle. Next, the source and the saddle are cancelled. Finally, a compensating rotation of
— 7 is performed (lower-left).

5.3.2 Singularity MovementMoving a singularity to a new location provides the user with control over the posi-
tion of the singularities in a vector field. To our knowledge, this is the first time such an operation is proposed and an
algorithm is presented. Through flow reflection and flow rotation, the problem of moving a singularity is reduced to
moving a source. Similar to singularity pair cancellation, our algorithm for moving a source is based on Conley index
theory and is carried out in two stages. First, we compute an isolating Blatich that it encloses the connecting
orbit for the current locatios,g and the desired new locatire under the current vector fieM. By construction,

R has the Conley index of a source and does not contain any other singularities either in its interior or on its boundary
(case (b) in Figure 4). Second, the vector field inside R is modified to contain only one singulafity @tigure 11).

LetR=Q(M) ﬂQ‘l(N), whereM is a small neighborhood af;q andN is a neighborhood cf\ew. TO eNsures,ew
is in the interior ofR, another point’ is located such that it is on the forward trajectory frem, underV. Let us
consider the trajectory of s’ under the ﬂovan( ). J serves the same purpose as the outgoing separatrices of the
saddle in pair cancellation. L&t be the Iargest segment drthat makeR an isolating block with the Conley index
of a source. This ensures tHats a wide region.

Let T be the triangle that contairssey. Our system assigns vector values at the three verticEsmforce a source
atshew. LetR ={T}. Then regiorL = R\ R has two boundaries. The flow entérgrom the inner boundary and
leaves at the outer boundaty.therefore has the trivial Conley index (see Figure 4(e)), and flow smoothing inside
usually produces a vector field without singularities.

Moving a center or a saddle is considerably more difficult than moving a source. First, finding a connecting orbit
between the saddle and a regular point is numerical unstable. Moreover, finding a connecting orbit between a center
and a regular point is almost impossible. To solve these numerical issues, we make use of flow rotations and reflections
to make singularity movement applicable to any linear singularitygydfis a saddle, we use flow reflection to turn
it into a positive index singularity. If the vector field has high curl arosgg then we rotate the vector field so that
the flow is converted to a vector field that has little curkat. This simplifies the process of locating the connecting
orbit betweersyg ands,ew. Figure 12 provides an example of moving a saddle in a vector field (upper-left). First,
flow reflection is applied (upper-right) to turn the saddle into a source. Next, the source is moved (lower-right) before
a compensating reflection is applied (lower-left).

ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.



18 . Eugene Zhang, Konstantin Mischaikow and Greg Turk

source
movement

Fig. 12. This figure shows how flow reflections help overcome the numerical difficulties associated with saddles. A singularity movement operation
is applied to a vector field (upper-left) to obtain a new vector field (lower-left). The vector field is first reflected so that the saddle becomes a source
(upper-right), followed by a source movement (lower-right) before a compensating reflection is performed (lower-left).

6. DESIGN FOR 3D MESH SURFACES

In this section, we describe how we adapt our three-stage vector field system for planar domains to mesh surfaces.
There are several challenges that we must overcome. First, a 3D surface often lacks a global parameterization. How-
ever, such a parameterization allows the correlation of tangent vectors defined at different locations, which is needed
to build surface-based basis vector fields from design elements. Second, topological analysis of vector fields requires a
scheme that interpolates vector values defined at the vertices and produces a continuous vector field everywhere inside
triangles and along edges. However, tangent planes of a mesh surface are discontinuous at the vertices and edges, and
the definition of vector field continuity from smooth manifolds does not apply. In addition, as we will demonstrate in
Section 6.2.1, the piecewise linear interpolation scheme that works well for planar vector fields will cause inconsistent
vector fields across edges. To address these issues, we borrow idgaxie$ic polar mapand parallel transport

from classical differential geometry to set up correlations between tangent vectors defined at different parts of the sur-
face. The correlations are used for two purposes. First, we extend the construction of basis vector fields (Section 4.1)
to surfaces by parallel transporting tangent vectors from the location of the design element to anywhere on the surface.
Second, we adapt the piecewise linear approximation from planar domains (Section 4.2) to mesh surfaces by paral-
lel transporting vector values from a vertex to anywhere insidé-itag neighborhood. The piecewise interpolation
scheme results in a continuous surface vector field, and it supports efficient vector field analysis and editing operations.

6.1 Basis Vector Fields for Initialization

In this section, we describe an approach in which surface basis vector fields are directly constructed from design
elements. Recall that in the planar case, a design ele@entonverted into a global basis vector field according to
Equations 3 and 4. To extend this to surfaces, we perform the following three-step process, as illustrated in Figure 13.
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Fig. 13. Our three-step algorithm (from left to right) for creating a surface basis vector field from a user-specified c@nskastf the surface
is parameterized usinggeodesic polar mapith respect td. This parameterization is denoted@s Second, the basis vector field is computed
inside the tangent plane @twith the polar coordinates from. Finally, the vectors arparallel transportedalong shortest geodesics on the surface.

First, we compute geodesic polar mapvith respect to the location d@ (left), which assigns every poirt on the
surface with a pair of coordinatéga,ya). This can seen as building a global parameterization for the surface using
the tangent plane &. Next, (xa,ya) are substituted into Equation 3 or 4 to obtain a tangent vector Velugefined

at O (middle). Finally,Wj is parallel transportedfrom O to A along the shortest geodesic connecting them (right).
The process is based on several ideas from classical differential geometry, ngeoelgsicsgeodesic polar maps
andparallel transport We will review each of these in turn.

A geodesic on a curved surface is a locally shortest and straightest curve. It is a generalization of a straight line
in the plane. Starting from a poipt on the surface, there is a geodesic in every tangent direatiorDenote this
geodesic by, . A pointg ony, v with a distancep from p can be identified by the coordinatgs, 0). Here6 is the
angular coordinate o% with respect some local frame at In the plane, the coordinates reduce to the familiar polar
coordinates. This map is tlgeodesic polar mapOn a curved surface, a geodesic polar map is neither bijective nor
continuous. For example, on the Earth, a geodesic polar map with respect to the North Pole will have discontinuity
at the South Pole. However, since the focus of a design element is in a nearby region, the geodesic polar map with
respect to the design element meets our needs.

In differential geometry, parallel transport is used to correlate tangent vectors that are defined at different locations
using a geodesic that connects them. Formally,

DEFINITION 6.1. Letp andq be two points on a smooth manifojand lety : [0,1] — Sbe a geodesic such that
y(0) = p andy(1) = q. Furthermore, le¥,, andVy be tangent vectors definedmandq, respectively. Thel, andV
are said to bgarallel with respect toy if the oriented angle betwegri(0) andV, equals that betweeyi(1) andVj.
Furthermorey is said to be th@arallel transportof V,, alongy.

In the above definitiony gives rise to an orthonormal and bijective linear map betwielly andT My, the tangent
planes ap andg. This map is d@ransportfunction and is denoted bfpg.

For a design element, let aq : S— R? be a geodesic polar map with respectif@nd letfgp : TMg — TM, be the
transport function along a geodesig. Then the surface basis vector fi&lt{p) corresponding to a design elemeint
is constructed a@/(p) = fqpV (aq(p)). In this equationy is evaluated according to Equation 3 or 4. For the purpose
of building the geodesic polar mag and computing the transport functidg,, we need to compute a geodesic from
any vertex of the surface to the design elentkrin the following section, we will describe how to create a continuous
vector field everywhere on the surface by interpolating the vector values defined at the vertices.

Assume that the design elemehts situated inside a triangl€. We first compute the geodesic distance function
0q With respect tal for every vertex using the fast marching method [Kimmel and Sethian 1998]. The valggsaif
a vertex is the radiald) component of the geodesic polar map. To construct the ang@jjaofnponent in the ideal
situation, one needs to perform particle tracing from a vertex in the opposite directipgyothe gradient vector field
of gq. However, performing particle tracing for every vertex is expensive. In additiopgy often has local minima
other thand. To overcome these problems, we propose a two-region approach in which the angular corgenent
computed directhonly within a surface disk surroundirgysuch that the disk contains a user-specified percentage of
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Fig. 14. Design elements for creating an initial vector field. From left to right: a dipole vector field on a sphere using a source element, a singularity-
free vector field on a torus with three regular elements, and another vector field on the torus with a clockwise center element and a counter clockwise
element. Notice the surface basis vector fields are very efficient for creating initial vector fields.

the total vertices in the mesh. We u&&in practice. For a point inside the disk, we project it onto the tangent plane
atd to obtain8. For a vertexp outside the disk, we perform particle tracing frgnin the direction of— 57 gq until it

hits an edge = rs that is on boundary of the disk. &(r) and6(s) are both known, thef(p) is obtained by linearly
interpolating betwee(r) and 6(s). If particle tracing fromp fails to reach any boundary edge, then there is not a
shortest geodesic betweprandd. In this case, a randof value is assigned tp. Although this may seem to have
created discontinuities in the vector field, let us recall that the vector values are only computed at the vertices at this
stage. In the next section, we will describe a piecewise interpolation scheme in which a continuous vector field is
created based on the values defined at the vertices.

The above method works well for nearly flat or spherical regions. However, nearly cylindrical features, the pro-
jection is likely to result in undesired vector values on the side of the cylinder opposite to the location of the design
element. We are investigating other possible surface parameterization, such as cylindrical coordinates, to address such
cases.

Given a geodesic polar map, a tangent vector can be parallel transported to a vertex along a geodesic. This completes
the construction of a basis vector field. Figure 14 provides three example vector fields created using basis vector fields:
a dipole vector field on a sphere with a single source element (left), a singularity-free vector field on a torus with three
regular elements (middle), and another vector field on a torus with a clockwise center element and a counterclockwise
center element (right).

Let us stress that this is not the only way to create basis vector fields. In van Wijk's visualization tool [2003],
an element is translated into a 3D vector field before being projected onto the surface. While our approach appears
to be more intuitive in this case given that a surface is locally homeomorphic to a plane, van Wijk’s 3D projection
method is faster since it does not require the construction of geodesic polar maps. Constrained optimization [Turk
2001; Wei and Levoy 2001] is another way to produce an initial vector field with desired behaviors. Praun et al. [2000]
propose a vector field propagation approach in which a vector value is defined inside one face of the mesh surface.
Through region growing, the vector value for a new triangle is obtained by computing the average tangent vectors at
its neighboring triangles that are already part of region. This vector is then projected onto the face.

6.2 Vector Field Continuity and Piecewise Approximation for Vector Fields on Meshes

Once the vector values are obtained at the vertices, we use a piecewise interpolation scheme to construct a continuous
vector field on the mesh surface. Unfortunately, the piecewise linear approximation that we have used in the planar

ACM Transactions on Graphics, Vol. V, No. N, Month 20YY.



Vector Field Design on Surfaces . 21

@) (© ovc (@) ot e (e) oo
. o
B ! n '

Fig. 15. This figure illustrates that the piecewise linear representation does not produce continuous vector fields on mesh surfaces. The vector values
are zero aA, B, C, andD. The vector value & is in the direction oC (a). The piecewise linear representation and vector field consistency along
edgeOD andOB eventually lead to vector field discontinuity along ed®(c and d). In contrast, our piecewise interpolation scheme (Section 6.2)
produces a continuous vector field (e), which corresponds to a family of non-intersecting and spacing-filling trajectoriesiiy theighborhood

of O (b).

case does not produce consistent vector fields on mesh surfaces. Figure 15 illustrates the problem foDamdrtex

its 1-ring neighborhood (a). The vector values are zerd, &, C, andD, andV (O) is in the direction ofOC. With

the piecewise linear representation, the vector values at the midpoints oO&lgad OB are fixed (c). Due to the
continuity constraints across edges, the vector values at the middle @dinitstriangle AODA and AOAB lead to
inconsistencies (d). The problem is due to the angle deficit caused by the discontinuity of tangent planes at the vertices
and across the edges. However, we need consistent vector fields for compute and control over vector field topology.

For planar domains, the concept of vector field continuity is well-defined because any two vectors can be compared
regardless their locations. This is no longer true for a general surface since the tangent planes at different locations
are distinct and there is not an obvious and consistent way to correlate them without a global parameterization. Fur-
thermore, the tangent planes of mesh surfaces are often discontinuous across the vertices and the edges. Stam [2003]
addresses the problem by using a subdivision surface, whose tangent planes are continuous everywhere. However, for
most geometric processing operations, subdivision surfaces incur higher computational costs than polygonal meshes.

In this section, we describe an interpolation scheme that is guaranteed to produce a continuous vector field directly
on mesh surfaces. This scheme is a generalization of the piecewise linear representation from the planar case, and it
allows fast and efficient analysis and editing of vector fields on meshes. Before describing the scheme, however, we
first need a definition of vector field continuity for mesh surfaces.

Recall that for a smooth vector field, a point is either a singularity or a regular point. We can always define
singularities for surface vector fields because zero vectors can be identified regardless of locations. In addition, the
flow-box theorenfor Ordinary Differential Equations gives us a picture of what happens near a regular point [Hale
and Kocak 1991].

THEOREM 6.2. LetV be a smooth vector field definedhC R". If pg € D is a regular point ofV, then there
exists a neighborhood of pp and a homeomorphisim: U — R" which carries each piece of a trajectory lying on U
onto a straight line ofR" parallel to theX-axis.

In other words, near a regular point, it is possible to warp the space such that the nearby trajectories are parallel and
space-filling. We propose to use this property as the definitiondotor field consistendicontinuity) for a regular

point on mesh surfaces. Notice that the flow-box theorem is true even when the vect® felshly Lipschitz-
continuougCalcaterra and Boldt 2003], which is a stronger condition than continuity, but weaker than smoothness.
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Basically, A vector field/ over a domain is Lipschitz-continuous if there exists a condfasiich that for any,y in
the domain|V (x) —V (y)| < K|x —y|. We propose the following definition:

DEFINITION 6.3. LetV be a vector field defined on a mesh surf&teV is consistenat a pointpg € M if one of
the following situations is true:

(a) For anypathy: [0,1) — M such that/(y(t)) is well defined for anyt € [0,1) andlim_1 y(t) = po. we have
limi—1V(y(t)) = 0. In this casepg is asingularity.

(b) There exists a neighborhobdof pg and a homeomorphisim: U — R? which carries each piece of a trajectory
lying in U onto a straight line ifR? parallel to thex-axis. In this casepo is regular.

In other words, a consistent vector field on a mesh surface should exhibit the same local behaviors as those defined
in a plane. Notice in this definition, we require continuity at singularities, and unique solvability at regular points.
Unique solvability refers to the fact that for any popy, there exists a unique solution to the differential equation
induced by the vector field. Observe that as curves on a continuous surface, it makes sense to discuss the continuity
of the trajectories of a vector field. Figure 15 (e) illustrates the result of our interpolation scheme to be described next
(compare this to d). Notice that this scheme leads to a family of non-intersecting and space-filling trajectories in the
1-ring neighborhood 00 (b).

6.2.1 Piecewise Approximationf-or every vertex in the mesh, we record its surface normal and the coordinate
system for the tangent plane. This allows us to easily transform a tangent vector from its local coordinates to global
coordinates.

A vector fieldV on a mesh surface is represented by assigning tangent védfaiss, ..., W, } at the mesh vertices
{v1,V2,...,Vn}. For eachM, we maintain its local coordinates for vector field design and 3D coordinates for display.

We cannot simply perform interpolation\8f’s since they are in general not co-planar. Furthermore, without a surface
parameterization, tangent vectors that are defined at different vertices are not correlated. To overcome these problems,
we first define a local parameterization for theing neighborhood of a vertex. This parameterization allows the

parallel transport 0f\f to any pointp insidev;’s 1-ring neighborhood. Let; be such transport function (which we will

soon describe). Then, for a poinside a triangld” = {vr,, vr,, V7, } whose barycentric coordinates due, a, a3),

Equation 5 can now be rewritten as the weighted sum of the tangent vectors that are parallel transported from the three
vertices:

3
V(p)= ) ajur(Wr,p) (10)
=

Let us considey, the vector field that is constructed according to Equation 10 under the assumptiadh thatfor
everyj #i. We haveV = 31 ; Vi. NoticeV, is zero outside thé-ring neighborhood of vertex. As we will see soon,
Vj is a consistent vector field over the mesh surface for ejeagd so i8/. Before we describe the parameterization
and the transport function in detail, we need the following definitions [Polthier and Schmies 1998].

DEFINITION 6.4. LetM be a polyhedral mesh representing a closed curved surfacebkeet vertex with incident
trianglesT; (j = 1,..n), andd; be interior angle ofj atv. Then

(1) thetotal vertex angleat 8(v) is given by8(v) = ZT:l 6;.
(2) 2r— B(v) is the Gaussian curvaturat v. A vertexv is called Euclideanif has a zero Gaussian curvature;
otherwise, it isnon-Euclidean

Letr = %. Notice thatr = 1 for vertices with a zero Gaussian curvature. There are two ways of measuring angles
between two rays emanating from a veneX he first is theeuclidean anglewhich is the angle measured on the mesh.
The second angle is tmrmalized angles measured in the tangent space (each ray corresponds to a tangent vector).

The normalized angle is related to the Euclidean angeby 3 = ra [Polthier and Schmies 1998]. Figure 16 provides
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Fig. 16. This figure illustrates the idea of parallel transporting a tangent Wtcfoom a vertexy; = P to a pointK insideP’s 1-ring neighborhood,
_—

R. First, we build a local parameterizatiprfor R. ThenWe is parallel transported ti§ along the rayp(P)p(K). This construction guarantees the

vector field consistency on mesh surfaces.

an illustration. In the left portionP = v; is a vertex with the tangent plafiévip (right). Its 1-ring neighborhoodR
consists of the triangle&PQ;Q2, APQ,Qg, ..., andAPQ,Q1 (n = 4). Let 6 = ZQjPQj.1. Thend(P) = Z?zl 6;
andr = %T. In the right portion, leD be the unit disc inmT Mp and letp be the following homeomorphism froR to
D.

(1) p induces a bijective mapping between the boundariR @nd the boundary of the unit circle. For any point
s -
M € dR, pis a linear map fronPM to p(P)p(M).

(2) pislinear scaling on the angles between rays. If two rays emanatingHrbave an Euclidean angle 6f then
the angle between their images (normalized anglefis

Note that this construction is similar to the “geodesic polar maps” used by Welch and Witkin [1994] for free-form
shape design, with a minor difference: in their setting the parameterization domain is a polygon, not the unit disc as
in our case. Polthier and Schmies [1998] have used similar maps to perform parallel translation on vectors over a
polygonal surface.

To transferf to a pointK inside triangleQ;PQ;. 1, we first locate the raﬁ/i that containK. Let ¢ be the

counter-clockwise angle betwe®h and the rayp(P)p(M), then we defing; (W, p) as the vector & such that the

angle betweem; (W, p) andPM equalsp. Furthermore|u; (W, p)| = [W|.

Basically, we have created a constant vector fiel#\) inside the unit disk (Figure 16, right), which is then scaled
such that the magnitude is one at the origin and it linearly decreases to zero along each line segment connecting the
origin and a point on the boundary of the disk. Notice the resulting vector field is Lipschitz-continuous. Finally, the
scaled vector field is mapped to theing neighborhood to obtai; through parallel transport as described above.
Note that the distortion contained in the parameterizati®caused by the Gaussian curvaturg;pénd therefore has
an upper bound. This implies thdtis also Lipschitz-continuous. As a result, vector field consistency (continuity and
unique solvability) is ensured. Intuitively, as a parameterizapiages not distinguish between points inside a triangle
or on an edge. Consequently, vector field continuity is automatically guaranteed there. Furthermore, the continuity of
p ensures the continuity of the resulting vector field at the vertices. For planar domairiseverywhere and this
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Fig. 17. This figure illustrates how to determine the location of a singularity inside a triangle under the piecewise interpolation sche@é Here,
the only non-Euclidean vertex for the triangle.

approximation reduces to the piecewise linear representation (Section 4.2).

Our piecewise interpolation scheme induces a vectorWigttat is a continuous and non-linear inside each triangle
T minus three vertices. We can think of such a region as a triangle minus three arbitrarily small corners, each around a
vertex. ThereforéyV can be seen as being defined over a hexagon that is arbitrarily cldosé\tong each edge of the
triangle,W is linear in terms of length. Along the sides where the corners ar®\tigtJinear in terms of vertex angle.
Locating singularities oWV is rather difficult under this setting. Furthermore, the Poiadadex for a hexagon can be
+2, which implies possibly two linear singularities or one second-order singularity ifisiddis makes topological
control more difficult. To overcome these difficulties, we perform a four-fold triangle subdivision for the input mesh.
Basically, the mid-point of every edge in the original mesh becomes a new Euclidean vertex since it total vertex angle
is 2rt. This means every triangle in the subdivided mesh can have at most one non-Euclidean vertex, and analysis
becomes more tractable. From now on, we will assume the input mesh already satisfies this requirement.

6.2.2 Analysis. Our piecewise interpolation scheme results in a non-linear vector field inside a triangle, which
requires new ways of computing the Jacobian, curl and divergence, and singularities and separatrices. In this section,
we provide solutions to these issues. Tet AQRSbe a triangle with exactly one non-Euclidean vei@xThen the
vector fieldV as constructed in Equation 10 is linearRBand along any ray emanating frogh FurthermoreWV is
a continuous vector field defined @nminus an arbitrarily small corner ne, i.e., a quadrilateral as illustrated in
Figure 17. Letvr = V(R) andVs =V (S) be the vector values & andS, respectively. AQ, we need a direction to
determine the vector value. L&t denote the vector field &f along an arbitrarily small line segment n€asuch that
Wor = W(QR) andWos=W(QS) are vector values in the directi@Rand(?S

Since the Jacobian is no longer constant inSicleve compute pointwise Jacobian through local approximation.
First, two pointdM; andM are selected insidE such that they are sufficiently closeN, andWMl andm are
not co-linear. Next, we build a linear vector fi&ld such thav’(M;) =V (M;) for i = 0,1,2. Finally, the Jacobian of
V atMyg is approximated by the Jacobian\gf

Pointwise curl and divergence are computed from the Jacobian. On the other hand, the curl and divergence for a
triangle can be obtained accurately by calculating the divergence and curl along the three edges of the triangle. Notice,
the piecewise interpolation scheme that we described in this section is linear along these edggantél, be the
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Fig. 18. Flow rotations are applied to a vector field on a sphere. Top row, from left to right are rotati@ng,0f . Flow reflection is applied

to these vector fields to produce corresponding images in the bottom row. Observe that flow rotations maintain the number, the location, and the
Poincaé index of the singularities. On the other hand, flow reflection maintain the location of singularities while negating the sign of the& Poincar
indices.

outward normal and directional vectors on an edge e, then we have the following results:

(Wor+VR) ‘Ng . (VR+Ve)-Ney — (Vs+Wsg)'Nggy

curl(T) = 5 QR+ ————"°R§+ 5 SQ (12)
Wor+VR) - Des Do _, (Vs+Wsg)-Des _,
div(T) QR+2R) %R ) O o9 Doy (12)

Note that the total curl and divergence is zero for any closed 2-manifold. By construction, our piecewise interpola-
tion scheme maintains this property for mesh surfaces by construction.

The Poincak index of a triangle is computed for a quadrilateral as illustrated in Figure 17. Along each side, the
vector field continuously and monotonically interpolates the vector values at the end points. Let us ddfgider
andWgs as vector values defined at the ends of an arbitrarily small edge. The total index angle-érin),
which implies thatT can have at most one linear singularity. The piecewise interpolation scheme maintains the
Poincae-Hopf theorem, and our numerical results support this. If the Pdrindex ofT is not zero, there must be
a singularity inside. To locate the singularRywe perform a binary search for a polvte RSsuch thaviy =V (M)
andWom = W(QM) are co-linear and they point in opposite directions.\Mgky = — Vi, thenP = (1—-m)Q+ mM
(m=a/(a +1)) is the singularity. The Jacobian Btis used to determine its type, and in the case of a saddle, the
incoming and outgoing directions.

The Runge-Kutta method that we used for computing separatrices for planar vector fields (Section 4.2) can be
adapted to mesh surfaces. Polthier and Schmies have also suggested a fourth-order Runge-Kutta method for computing
trajectories for a continuous vector field on mesh surfaces [1998]. Figure 18 show some examples vector fields on a
sphere along with their topological skeletons. The analysis is performed using the piecewise interpolation scheme that
we have described in this section.

6.3 Editing Operations

While the main concepts for editing operations on a surface remain the same as those for planar domains, some changes
need to be made to reflect the differences in vector field representation and the complexity of the surface geometry
such as curvature and higher genus.
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Fig. 19. Painterly rendering of a human eye image through vector field design. The input vector field was created using our system (lower-left).
The high-quality van Gogh-style rendering (right) was produced off-line with the approach of Hays and Essa [2004].

To perform flow rotation on a mesh surface, we simply rotate the vector VAl the tangent planes at each
vertex. Since the transport functions are orthonormal transformations between the tangent planes (Section 6.2.1),
rotatingW’s by an angle of results in a rotation of the same angle inside every triangle and edge. Therefore, flow
rotations maintain the number, the location, and the Poiitatex of the singularities. Furthermore, for any point
inside a triangle, Equation 6 remains valid. In contrast, flow reflection requires that local frames and reflection axes at
every vertex be correlated. We make use of a global polar map to parallel transport this information. Global reflection
negates the sign of the Poinéandices. In addition, it may create some additional singularities due to the singularities
in the fields of local frames and the field of reflection axes. Regardless of these issues, the resulting vector field still
satisfies the PoincarHopf theorem. Figure 18 illustrates the effects of flow rotations and reflections on a vector field
defined over a sphere. The original field (left) is first rotateditfmiddle), then reflected (right). Compare this figure
with Figure 6.

Similar to the planar case, flow smoothing on a surface vector field is carried out by performing vector-valued
smoothing inside a user-specified region. We have implemented two variations of flow smoothing for meshes. In
the first variation, we perform vector-valued smoothing to the original vector field as a 3D vector field and project
the resulting vector field onto the surface. The second approach parameRiizsed on some planar domains
and perform smoothing in this domain. Both smoothing techniques provide similar results. However, theoretically
speaking, the second approach seems more natural for vector-valued smoothing on mesh surfaces.

7. APPLICATIONS

All the vector fields shown in this paper are created with our system. In addition, we have applied our vector field
design system to several graphics applications: painterly rendering of images, pencil sketch illustration of smooth
surfaces, and example-based texture synthesis.
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Fig. 20. Another example of painterly rendering based on vector field design: a cat’s face. The high-quality impressionistic image shown in the
right was also produced off-line with the approach of Hays and Essa [2004].

7.1 Painterly Rendering

Painterly rendering refers to creating digital images that have the appearance of being painted. There are numerous
published approaches to painterly rendering, and to review them all is beyond the scope of the paper. These techniques
have focused on providing the user with control over certain aspects of brush strokes (textures, styles) while automat-
ically determining other aspects (base colors and orientations). In particular, image-based gradient fields have often
been used to guide the orientation of brush strokes. While this may be appropriate for some parts of the image (near
the feature lines), it often produces brush strokes with noisy orientations in areas with nearly uniform colors. Further-
more, it creates unnecessary constraints on the way that artists may express themselves. Our goal for this application
is to let the user control the brush stroke orientation through vector field design.

We use a level-of-detail approach by Hertzmann [1998]. In this approach, a painting is created in a series of layers,
starting with a rough sketch drawn with brush strokes of a large size. Then the sketch is painted over with brush
strokes of gradually decreasing sizes at places where signals of higher-frequencies are present. This approach is very
fast and has a high quality. However, we make the following modification: instead of using the image gradient field to
guide the brush stroke orientations, let the user create a synthetic vector field with our vector field design system. To
make this task fast and effective, we incorporate the painterly rendering algorithm into our vector field design system.
In addition to viewing the vector field, the user can also switch to the painterly rendering that uses the current vector
field. The results are interactively displayed as the user makes changes to the vector field. Figure 19 and 20 show the
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Fig. 21. We have applied vector field design to non-photorealistic illustration of 3D surfaces. The pencil style illustration is based on van Wijk's
image-based flow visualization technique [2003]. The vector field used for the dragon image in the lower-right was obtained by rotating the vector
field from the lower-left byZ .

painterly rendering results for two source images: a human’s eye (Van Gogh style) and a cat face (impressionism).
For the human’s eye, a center element was placed at the middle of the pupil and a saddle element was placed at the
corner of the eye. Two regular elements were placed along the eyebrow to ensure that the brush strokes do not cross
the feature. With five elements, a vector field (lower-left) was produced that matches the main features of the image
(the eye and the eyebrow). For the cat's face, two center elements of opposite orientations were placed at the middle
of each eye. A saddle element was placed underneath the nose and six regular elements were placed along the ears
and the chin. The final high-quality painterly images in both figures were created off-line using the algorithm of Hays
and Essa [2004].

7.2 Non-Photorealistic lllustration of Surfaces

There has been much work in creating hatch-based illustrations of surfaces, and to review all of them is beyond
the scope of this paper. Girshick et al. [2000] have shown that the principle curvature fields are good at conveying
shapes. Traditional techniques often make use of principle curvature directions to guide the hatch field. Hertzmann
and Zorin [2000] present an efficient algorithm for approximating the principle curvature fields over the mesh by local

surface fitting, which leads to a high-quality pen-and-ink style of rendering of 3D shapes. Praun et al. [2001] treat the
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Fig. 22. This figure shows the results of applying our surface vector field design system to texture synthesis. Two vector fields are used for each
model: the bunny, and the feline. Notice that singularities lead to the breakup of the synthesis patterns (upper-right). Also, the spirals around these
singularities are obvious in the synthesis result. For anisotropic textures, different vector fields lead to different visual appearances (compare the
bunny images and the feline images, respectively).

problem of hatch-based illustration as performing texture synthesis on surfaces, which leads to a real-time hatching
system in which the user has the option to guide the orientation of hatches with a vector field on a 3D model. Van
Wijk [2003] applies his image based flow visualization technique to curvature fields to produce non-photorealistic
illustrations of 3D surfaces. Similar to the image gradient field, the principle curvature fields are rather noisy for
regions where the principle directions are not prominent.

In this work, we allow the user to guide the hatch field through vector field design. Figure 21 shows the results of
applying this technique to various 3D models. The vector field used for the dragon model in the lower-right image was
obtained by rotating the vector field from the lower-left imageZby

7.3 Example-Based Texture Synthesis

Example-based texture synthesis refers to creating patterns on surfaces based on a given input image of a texture.
Praun et al. [2000] propose “lapped textures” in which the surface is partitioned into overlapping regions and each
region receives a portion of the input image. This method is fast, but causes seams due to surface partition. For
textures that contain only high frequencies, the seams are relative unnoticeable. Another class of methods [Turk 2001,
Wei and Levoy 2001] perform synthesis on surfaces directly without creating seams. For any point on the surface,
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its color is copied from the pixel in the same image that provides the best neighborhood match based on a distance
criterion. For both types of synthesis methods, a vector field is used to provide local orientation and scale as well as to
determine the synthesis order.

Figure 22 shows the results of applying our vector field design system to texture synthesis on the bunny and the
feline. The texture synthesis method is based on [Turk 2001; Wei and Levoy 2001]. The two vector fields used for the
bunny are: a sink element at the tail and a source element on the forehead (upper-left}, intat@n of a dipole (a
source element and a sink element) on the visible side of bunny (upper-right). Notice that the spiraling in the second
vector field near the singularities on the side of the bunny is evident in the texture in the upper-right image. Figure 1
shows the visualization of these vector fields (middle and right). The bottom row of Figure 22 shows the feline with a
tiger stripe pattern that is guided by two different vector fields. Both vector fields lead to reasonable results.

8. CONCLUSION AND FUTURE WORK

Vector field design on surfaces is an important problem that has received relatively little attention. We have identified

a number of graphics applications, such as non-photorealistic rendering and texture synthesis, for which a vector field
design system is needed. We also propose a set of requirements for a vector field design system. Namely, the user can
create a wide variety of vector fields (not some sub-class) with relative little effort. Also, the user has control over the
number and location of the singularities.

We present a vector field design system for both planar domain and 3D mesh surfaces. To our knowledge, this is
the first system that produces continuous vector fields on mesh surface and provides control over vector field topology.
The system has a three-stage pipeline: creating an initial vector field, analysis, and editing. The editing operations
are at the core of our system. To make the system fully functional, we have introduced algorithms to resolve several
problems. Many of these problems are challenging by themselves.

(1) The piecewise interpolation scheme for vector fields on mesh surfaces is novel, and it enables efficient vector field
analysis and editing on meshes. To our knowledge, existing singularity pair cancellation techniques work only for
planar domains.

(2) We describe a new technique to construct surface basis vector fields based on the cayeeg¢sit polar maps
andparallel transport

(3) We allow the user to control the location of singularities by a novel singularity movement operation. Furthermore,
we provide a unified framework for implementing both singularity pair cancellation and singularity movement
based on Conley index theory, which is more general and powerful than the well-known Baimd=¢t. To our
knowledge, this is the first time Conley index theory is applied to Computer Graphics. Furthermore, the region
optimization technique that we describe helps to produce smooth vector fields after editing operations.

(4) We use flow rotations and reflections to overcome numerical instabilities associated with regions of high curl and
regions near saddles, which allows control over any linear singularities.

There are a number of issues that we wish to improve upon our current system. First, our system uses the same
decay constard for all design elements for creating basis vector field (Equation 3 and 4). It may be desirable to let
the user control this. Second, our algorithm for building isolating blocks sometimes produces regions that are larger
than necessary. This means that the behavior of the flow may be changed at places that are far away from the user-
specified singularities. We plan to investigate ways of restricting the size of such regions. Third, our system requires
the user to specify the pair of singularities for cancellation. It would be nice to provide the functionality “automatic
singularity pairing for elimination”, in which the user specifies one singularity to be removed and allow the system
to determine another singularity for pair cancellation. Finally, our surface vector field design system currently only
handles closed surfaces. Surfaces with holes may cause incorrect results when computing geodesic polar maps, and
we use hole-filling techniques to remove these holes. It is desirable to consider other approaches in which surfaces
with holes can be handled directly without the filling.
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There are several possible areas of future research. So far we have focused on controlling singularities in a vector
field. It is natural to ask for controls over separatrices and periodic orbits, which are also part of vector field topology.
Can we extend the concept of singular elements and allow the user to create canonical separatrices and periodic
orbits? What editing operations are necessary to edit them? Finally, and maybe more fundamentally, what graphics
applications will benefit from these operations?

Singularity pair cancellation can be seen as performing a particular typiéucdationif one tracks the continuous
change that is involved. Many other types of bifurcations exist. They are interesting mathematically, and they also
have applications for scientific visualization.

Vector field design for surface might be extended to handle vector fields defined for volumes or other higher-
dimensional datasets. Also, we are interested in identifying other applications for vector field design, such as fluid
simulation and hairstyle design. Fluid simulation will require a vector field design to be able to create wavy functions
as well as time-dependent flows.

Another important application is for educational purpose in which students learn important concepts of vector fields
through creating and manipulating vector fields and observing the changes.
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