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Abstract

The creation of a volumetric mesh representing the interior of an input polygonal mesh is a common requirement in graphics
and computational mechanics applications. Most mesh creation techniques assume that the input surface is not self-intersecting.
However, due to numerical and/or user error, input surfaces are commonly self-intersecting to some degree. The removal of self-
intersection is a burdensome task that complicates workflow and generally slows down the process of creating simulation-ready
digital assets. We present a method for the creation of a volumetric embedding hexahedron mesh from a self-intersecting input
triangle mesh. Our method is designed for efficiency by minimizing use of computationally expensive exact/adaptive precision
arithmetic. Although our approach allows for nearly no limit on the degree of self-intersection in the input surface, our focus
is on efficiency in the most common case: many minimal self-intersections. The embedding hexahedron mesh is created from
a uniform background grid and consists of hexahedron elements that are geometrical copies of grid cells. Multiple copies of a
single grid cell are used to resolve regions of self-intersection/overlap. Lastly, we develop a novel topology-aware embedding
mesh coarsening technique to allow for user-specified mesh resolution as well as a topology-aware tetrahedralization of the
hexahedron mesh.

Keywords: mesh generation, modelling
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1. Introduction self-intersection constraint is more challenging, particularly near re-
gions of high-curvature. In many computer graphics applications,
this constraint can be violated without any artifacts since the over-
lap regions are not visible, however most volumetric mesh creation
techniques either break down or give numerically ‘glued’ meshes
if the constraint is violated. Even intersection free, but nearly in-
tersecting meshes can cause problems for many volumetric mesh

creation techniques.

In many computer graphics and computational mechanics applica-
tions, it is necessary to create a volumetric mesh associated with
the interior of an input polygonal surface mesh. Most commonly,
a volumetric tetrahedron mesh is created whose boundary coin-
cides topologically and/or geometrically with an input triangle mesh
[MBTFO03, LS07, HZG*18, Sil5]. A volumetric embedding mesh
that contains the input surface but whose boundary is different than

an input triangle mesh is also commonly used [SDF07, TBFL19,
KBT17, TSB*05]. It is generally required that the surface mesh be
closed and orientable. It is also generally required that the surface
mesh is free of self-intersection or overlap. While the closed and
orientable requirements are relatively easy to satisfy in practice, the

While many surface geometry creation techniques address the
importance of its prevention [HPSZ11, FTS06, Att10, ACWKO6,
GDO1], as noted in, e.g. Refs. [SJP*13, LB18], self-intersecting sur-
face meshes are common in practice. Often those involved in the
surface geometry creation process are not involved in volumetric
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Figure 1: (Left) Our method can generate a consistent volumetric mesh for a facial geometry that contains self-intersections, e.g. around the
lips. (Middle) Two interlocking Mobius-strip-like bands separate freely at various spatial resolutions of the background grid, despite many
near self-intersections in the surface geometry. (Right) Two bunny geometries can naturally separate despite significant initial overlaps.

simulation or similar down-stream portions of the production
pipeline and introduction of self-intersecting regions arises from a
lack of communication. Furthermore, completely removing all re-
gions of self-intersection is often deemed not worthy of the effort
since it can significantly increase modelling time. In some cases, it
is even desirable to have an overlapping input surface. E.g. it is desir-
able to have overlapping lips in the neutral pose of a deformable vol-
umetric face mesh since lips resting in non-overlapping contact are
not in a stress free state [CBE*15, CBF16]. It should be noted that
although in practice, a non-negligible number of slightly overlap-
ping or nearly overlapping regions are common (see Figure 1 left),
generally the intersection-free constraint is not violated to an ex-
treme degree with overlap regions typically having minimal volume.

Various approaches have developed volumetric mesh creation
techniques specifically designed to be robust to self-intersecting
[SJP*13, LB18] or nearly self-intersecting [TSB*05, LB18] input
surfaces. Sacht er al. [SJP*13] use conformalized mean-curvature
flow (cMCF) to first evolve the surface to a self-intersection-free
state from which the flow is reversed, attracting the surface to its
original, self-intersecting state but with a collision prevention safe-
guard. This defines an intersection free counterpart to the original
input surface which can be meshed with standard techniques. Li and
Barbi¢ [LB18] create embedding tetrahedron meshes from unmod-
ified surface meshes with self-intersection by computing locally
injective immersions that can be used to unambiguously duplicate
embedded mesh regions near overlaps. They sew these duplicated
regions together using a technique inspired by the Constructive
Solid Geometry (CSG) approaches in Refs. [TSB*05, SDF07] but
with reduced use of expensive exact precision arithmetic. Teran
et al. [TSB*05] use an element duplication/sewing technique to
create embedding tetrahedron meshes for nearly intersecting input
surfaces meshes.

We design an approach for the construction of a uniform-grid-
based embedding hexahedron mesh counterpart V to an input trian-
gulated surface mesh S that is well-defined (i.e. free from numerical
mesh ‘glueing’ artifacts) when the surface is self-intersecting. As
in Sacht et al. [SJP*13], we assume that there exists a nearby
non-self-intersecting mesh S and a mapping ¢§ : 8V — R? with

43
S S S
¢S
\_S/V ‘aig <0
ox

Figure 2: Intersection-free mapping. Two mappings from a non-
self-intersecting region S¥ to self-intersecting boundary S are
shown. The second mapping (right) requires the existence of a neg-
ative Jacobian determinant.

non-singular Jacobian determinant (see Figure 2). Here SV is the
unambiguously defined interior of the non-self-intersecting S.
Intuitively, if we can find a mapping ¢§, then we can define a
volumetric embedding mesh for S unambiguously with standard
techniques and then push it forward under the mapping. However,
unlike Sacht et al. [SJP*13], we do not explicitly create ¢§ or S but
rather use their existence to guide our mesh creation strategy.

We build our embedding hexahedron mesh V from the intersec-
tion of the input surface S with a uniform background grid where
cells in contiguous regions are copied to form sub-meshes that are
sewn together using techniques inspired by Teran et al. [TSB*05]
and Sifakis et al. [SDF07] but in a manner designed to mimic the
image of ¢§. Our approach is ultimately similar to that of Li and
Barbi¢ [LB18] in that we create the volumetric embedding mesh
without modifying the self-intersecting surface and our region du-
plication/sewing is equivalent to discovering immersions. Unlike Li
and Barbic¢ [LB18], our approach uses nearly no exact and/or adap-
tive precision arithmetic as we do not resolve the geometry of in-
tersection from triangles in S with themselves or with cells in the
background grid and we do not use CSG operations as in Sifakis
et al. [SDF07]. We simply require accurate determination of which
triangles intersect which grid cells. This limits the accuracy of our
method for large grid spacing (low-resolution) and we run with
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smaller grid spacing (high-resolution) when necessary. To prevent
this from causing excessive element counts, we provide a topology-
preserving mesh coarsening strategy similar to that of Wang et al.
[WJST14]. Lastly, we provide a technique for efficiently convert-
ing the uniform-grid-based embedding hexahedron mesh to a tetra-
hedron mesh that robustly handles duplicated regions of the hex-
ahedron mesh near self-intersecting features. As in Li and Barbi¢
[LB18], we use a body-centred cubic (BCC) structure [MBTF03]
for this conversion.

‘We summarize our novel contributions as

* An efficient technique with reduced use of exact/adaptive preci-
sion arithmetic for building an embedding hexahedron mesh for
an input self-intersecting triangle mesh from a uniform grid that is
equivalent to pushing forward one unambiguously defined from
a self-intersection-free state.

* A topology aware embedding mesh coarsening strategy to pro-
vide for flexible resolution/element count.

* A topology aware BCC approach for converting the embedding
hexahedron mesh into an embedding tetrahedron mesh.

2. Related Work

We discuss methods in the existing literature that are related to
our approach. We first provide detailed discussion of Li and Barbi¢
[LB18] and Sacht et al. [STP*13] since these works are most relevant
to ours. In addition to techniques that compute a volumetric mesh
from an input triangle mesh, we discuss relevant works in the frac-
ture and virtual surgery literature since our approach makes use of
grid cutting operations to intersect the input surface mesh with a uni-
form background grid. Lastly, we discuss relevant surface modelling
techniques that address prevention of self-intersection and overlap.

2.1. Volumetric mesh creation from a self-intersecting triangle
mesh

Sacht et al. [SJP*13] were the first to design an approach that cre-
ates an appropriately overlapping tetrahedron mesh from a self-
intersecting triangle mesh. As with our approach, they assume the
existence of a mapping ¢§ from a non-self intersecting counterpart
S to the input mesh S. Unlike our approach, they explicitly form
S and the mapping ¢f 8§ is created by a backward process using
c¢MCF followed by a forward process that minimizes distortion-
energy and deviation from S subject to collision constraints. The
c¢MCEF is known to remove self-intersections for sphere-topology
surfaces [KSBC12] and accordingly, their method is limited to input
surfaces with genus zero. They create a tetrahedron mesh using the
self-intersection-free S and then push it forward under ¢S, which is
created by mapping the boundary of the tetrahedron mesh to S and
propagating deformation to the interior. Our approach is similar in
spirit, but we do not explicitly create S or ¢§; furthermore, we can
support input surfaces with genus larger than zero. In addition, since
they do not directly generate tetrahedra in world space, they must
take care to maintain tetrahedron mesh quality under deformation

in ¢3.
Like Li and Barbi¢ [LB18], we create a volumetric embedding
mesh in world space. Li and Barbi¢ [LB18] observed that the cre-

ation of a volumetric mesh from a self-intersecting surface is related
to the geometric and algebraic topological determination of immer-
sions (locally injective mappings) from a compact 3-manifold to a
portion of the world space domain. As in our approach, they start by
dividing world space into contiguous regions using the input surface
mesh S. However, they use exact/adaptive precision arithmetic to
intersect S with itself to achieve this. We use simplified/less costly
intersections of triangles in S with uniform background grid cells
and edges. We only need to know whether an intersection occurs or
not; we do not need to resolve the intersection geometry. Immer-
sions do not always exist, and Li and Barbi¢ [LB18] developed a
graph-based algorithm to determine if one exists. Their method for
computing these is NP-complete; however, as they note, this is not
a bottleneck for most computer graphics applications. When such
an immersion exists, they compute it by duplicating the contigu-
ous regions, intersecting each duplicate with a uniform background
tetrahedron lattice to create local tetrahedron meshes that are then
sewn together appropriately using their graph structure. We also du-
plicate and then sew together contiguous regions, but we use sim-
plified criteria that, while more efficient, can only give accurate re-
sults for simple immersions. Although, as Li and Barbi¢ [LB18]
note, the vast majority of applications in computer graphics only
require simple immersions. As with our approach, they also pre-
vent artificial glueing for embedded meshes with nearly intersecting
features. While Li and Barbi¢ [LB18] can accurately compute non-
simple immersions, they cannot handle exactly coincident portions
S with non-zero measure, which we can handle. Broadly speaking,
the Li and Barbi¢ [LB18] approach is more general than our method,
but more costly, primarily due to the comparably large use of ex-
act/adaptive precision arithmetic.

2.2. Mesh creation and mesh cutting

The virtual node algorithm (VNA) of [MBF04] allows cutting a
tetrahedron mesh along piecewise-linear paths through the mesh.
As in our approach, duplicates of cut elements are used to resolve
necessary topological features. Teran et al. [TSB*05] built a gen-
eralization of this approach to create embedding meshes for nearly
overlapping input triangle meshes. Sifakis ez al. [SDF07] further ex-
tended the VNA to allow for arbitrary cut geometry. A downside to
the geometric flexibility provided by these generalizations is their
need for adaptive precision arithmetic and CSG. Motivated by this,
Wang et al. [WJST14] developed a technique that allows for geo-
metric flexibility without the need for adaptive precision arithmetic.
Their approach allows for arbitrary cut surfaces by generalizing the
original VNA [MBF04] to allow cuts to pass through vertices, edges
or faces of the embedding mesh. This alone does not provide suf-
ficient geometric flexibility since cuts cannot pass through facets
multiple times. To resolve such cuts, the algorithm is run at high-
resolution where facets are only intersected once and then coarsened
in a topologically aware manner.

The extended finite element method (XFEM) [BB99] is very sim-
ilar to VNA. An XFEM-based but re-meshing-free approach for cut-
ting of deformable bodies is presented in Koschier et al. [KBT17].
In a similar spirit, Zhang et al. [ZDZ*18] utilized the cracking node
method [SB09], which is similar to XFEM but uses discontinuous
cracks centred at nodes in order to approximate crack paths. This
yields an efficiency advantage over XFEM which in turn allows
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for simulating materials with many evolving, branching cracks. The
reader is also referred to the survey of Wu et al. [WWD15] for more
discussion of mesh cutting techniques in computer graphics.

More generally, tetrahedron mesh creation has been robustly ad-
dressed by a number of works [Sil5, HZG*18, LS07, MBFO03,
DCBI13, JAYB15]. For example, Si [Sil5] pursued a Delaunay re-
finement strategy in order to provide certain guarantees on tetrahe-
dron quality. However, sliver tetrahedra are still possible [HZG*18].
The method presented in Hu et al. [HZG*18] can handle arbitrary
triangle soup as input and returns a high-quality approximated con-
strained tetrahedron mesh, though performance is hindered to an
extent due to prominent usage of exact rational arithmetic. How-
ever, recently, those performance bottlenecks were alleviated and
replaced with floating-point computations [HSW*20]. Notably, re-
searchers have recently presented a successful method for learning
high-quality tetrahedron meshes from noisy point clouds or a single
image [GCX*20].

2.3. Self-intersecting curves and surfaces

Self-intersecting curves and surface meshes have been consid-
ered for many years in both the mathematics and computer sci-
ence literature. In two dimensions, algorithms and theorems related
to identifying self-intersecting curves date back to Titus [Tit61],
with many more recent contributions [Bla67, Mar74, SV92, HL95,
GC11, EFW20]. Notably, many problems related to identifying self-
intersections are NP-complete [EMO09]. Despite this, efficient algo-
rithms frequently exist; for example, Mukherjee [Mukl14] gave a
quadratic algorithm (in the number of points on the discrete curve)
to determine the mapping from a disk to an arbitrarily stretched,
potentially self-overlapping curve, also known as computing an im-
mersion of the disk. In another vein, Li [Lil 1] used Gauss diagrams
from knot theory to characterize self-intersecting two-dimensional
projections of three-dimensional polygons, in order to understand
whether there are one or multiple ways to perform mesh repair al-
gorithms like Brunton et al. [BWS*09].

In the context of three-dimensional mesh generation and ani-
mation, self-intersections are typically treated as degeneracies to
be avoided or removed. For example, Von Funck et al. [FTS06]
provided a method for deforming surfaces that prevents new self-
intersections from occurring, due to the smoothness requirements
they place on the vector fields governing the deformation. The tool
devised in Angelidis et al. [ACWKO6] allows for local preven-
tion of self-intersections when deforming a mesh. A method for
avoiding introducing self-intersections within the free-form defor-
mation (FFD) modelling scheme [B€z70, SP86] was presented in
Gain and Dodgson [GDO1]. The space-time interference volumes
introduced in Harmon et al. [HPSZ11] can be used to eliminate
self-intersections in meshes, although this method is not always
guaranteed to work (the method is primarily intended for interact-
ing with non-self-intersecting input geometry). Shen ez al. [SOS04]
built an implicit surface from polygon soup, resulting in a water-
tight mesh that approximates the input surface data. Attene [Att10]
deleted overlapping triangles and subsequently performed a gap-
filling procedure in the resulting holes. Similarly, Jacobson et al.
[JKSH13] presented a method based on the generalized winding
number (which, notably, is still applicable to triangle soups and

point clouds [BDS*18], unlike the standard winding number). Their
method results in fusing together self-intersecting parts of the mesh.
Recently, Tao et al. [TBFL19] demonstrated a method for accurately
and efficiently generating cut cell meshes for arbitrary triangulated
surfaces, including those with degeneracies. However, again, they
treat self-intersections as flaws to be removed, unlike in our method
where self-intersections are valid features of our inputs and outputs.
Nonetheless, an attractive aspect of their algorithm is robust reso-
lution of mesh degeneracies and singularities, unlike methods like
Refs. [EB14, KT10] which require random numerical perturbations
of the background cut cell grid. Finally, we also highlight Mitchell
et al. [MASS15], which describes a method for representing self-
intersecting surfaces using implicit functions sampled on a special-
ized hexahedron mesh.

3. Algorithm Overview

The input to our algorithm is a triangulated surface mesh S. The
output is a uniform-grid-based embedding hexahedron mesh coun-
terpart }V to S that is well-defined (i.e. free from numerical mesh
‘glueing’ artifacts) even when S is self-intersecting (see Section 10
for examples).

We briefly summarize the three main stages of our algorithm, as
detailed in Figure 3. In the first stage, volumetric extension (Sec-
tion 5), we create a hexahedron mesh ¢/ from the background grid
that only covers the input surface S with connectivity designed to
mimic it. We sign its vertices depending on inside/outside infor-
mation derived from the hypothetical self-intersection-free coun-
terpart S. We emphasize that this volumetric extension mesh only
surrounds S. Accordingly, the second stage of the algorithm is inte-
rior extension region creation (Section 6). Nodes of the background
grid are partitioned using the edges cut by S, and then we decide
which regions are interior. Interior regions will be copied a certain
number of times corresponding to the number of times which in-
terior portions of the hypothetical self-intersection-free counterpart
S" will overlap under the hypothetical push forward mapping ¢;
the number of copies is approximate at this stage. For each interior
region j’ with at least one copy, we create a hexahedron mesh yie
for each copy c. In the third stage of the algorithm (Section 7), in-
terior extension regions meshes Vi'e are sewn together and into the
volumetric extension I/ to produce the final output mesh. We addi-
tionally provide a coarsening approach in Section 8 to provide user
control over the embedding mesh resolution as well as a topologi-
cally aware technique for converting the hexahedron mesh V into a
tetrahedron mesh 7.

4. Definitions and Notation

We take a triangle mesh S = (x®,m%) as input where
x5 =[x5,x§,...] denotes the array of vertex positions and
m® = [m$, m3, ...] denotes the array of triangle vertices. More
precisely, x; € R?® is the position of vertex i and m} € N° stores
the vertices of triangle r. We also define Z? to be the collection
of triangles incident to vertex i. We show an example of these
definitions for the mesh S in Figure 4 (left) using a flattened array
representation of m® where entry mf is a vertex of triangle |j/3]
(e.g. m5, m3, m$ are vertices for triangle 1). We assume that S
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Volumetric Extension
Create Precursor Meshes

Merge Precursors Partition Background Grid

Interior Extension Region Creation

Count Copies Create Interior Extensions

Copy 0 Copy 0 Copy 1 Copy 0/Copy 0

Merge With Boundary

Overlap Lists
Interior Extension Region Merging

Copy 0/Copy 1

Final Merge

Figure 3: Algorithm overview. Given an initial input surface mesh S, there are three major steps in the computation of the final volumetric
extension mesh V: volumetric extension, interior extension region creation, and interior extension region merging. (Volumetric extension) In
this step, we create a precursor mesh for each element in S, and compute preliminary signing information for the vertices. We then merge
the precursor meshes to create the volumetric extension U and correct the signing information where necessary. (Interior extension region
creation) In preparation for growing the volumetric extension into the interior, we first partition the nodes of the background grid using the
edges cut by S. We decide which regions are interior and count the copies of each region using the vertices of U which have negative sign. For
each interior region I with at least one copy, we then create a hexahedron mesh V' for each copy c. (Interior extension region merging) The
merging process begins with copying relevant hexahedra from U into V'°. First, certain vertices of V' are replaced by corresponding vertices
fromU. Hexahedra to be replaced are then removed from V' before the boundary hexahedra are copied in. We then merge the various meshes
VIe by first determining where different meshes overlap, and then using these hexahedra overlap lists to perform the final merge.

m® = [00,10,20.11.31.21,
02,62,72,03,23,63,
24.84,64.25.35.85,
35,96.86,67.117,77,
65.85.115,89,99,11¢.
010.410.110.111,411.511.
112,512.312.013. 713,413,
414,714.1014,415.1015 515
516,1016,916,317,517.917,
T18,1118,1015,919,1019,1110]

I§ = (2,3,4,7,8] / x

Figure 4: Mesh conventions. (Left) A sample triangle mesh is
shown, along with the vector m®. The subscripts on the entries of m’
denote the triangle t which the entries correspond to. The incident
triangles T3 for vertex 6 are also shown. For example, triangle 4 has
vertices 2, 8, 6. Hence, 4 is in T3. The first 10 faces, visible from the
front, have been labelled on the mesh. (Right) The left pair of tri-
angles is consistently oriented; the orientations of the edge induced
by the normals point in opposite directions. For the right pair, the
orientations on the common edge point in the same direction; this
is not consistent.

is closed and consistently oriented. The orientation condition is
demonstrated in Figure 4 (right). We output a hexahedron mesh
V=x",m") with x =[x},x],...] and m" =[m}, m,...]
defined in an analogous manner, with m} € N8 storing the vertices
of hexahedron h. Each hexahedron in the mesh is geometrically
coincident with a grid cell in a background uniform grid G, with
spacing Ax. We will occasionally refer to vertices whose positions

are stored in x" as vertices in x". For ease of visualization, we use
2D counterparts to S and V in illustrative figures. In this case, S is a
segment mesh and V is a quadrilateral mesh. As in Figure 4, we shall
continue to flatten arrays in figures for a simplified presentation.

4.1. Merging

We construct the final hexahedron mesh V by merging portions of
various precursor hexahedron meshes in a manner similar to tech-
niques used in Refs. [TSB*05, WDG*19, WJST14, LB18]. As with
V), each hexahedron in a precursor mesh is geometrically coincident
with background grid cells. All precursor meshes share the same
vertex array X, although its size will change as we converge to the
final V. At various stages of the algorithm, we will merge certain
geometrically coincident precursor hexahedra. To perform a merge,
we view the set of all vertices in x” as nodes in a single undirected
graph and introduce graph edges between them. In subsequent sec-
tions, we refer to such edges in the undirected graph as adjacen-
cies to distinguish them from edges in the various meshes; vertices
connected by an adjacency will be called adjacent. Each adjacency
will correspond to a pair of geometrically coincident vertices, but
generally not all geometrically coincident vertices will be adjacent.
Once all adjacencies are defined, we compute the connected com-
ponents of the graph using depth-first search. All vertices in a con-
nected component are considered to be the same and we choose
one representative for all mesh entries. We note that this operation
may be carried out on more than two meshes at once and that it can
lead to duplicate hexahedra and in this case, we remove all but one.
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10 13 m% = [1,5,6,2,2,6,7,3, . mU =[12,15,16,13,13/16,
1 3 5 7 @ @ 2 B (@ @ @ A\ , 489535910 17,14, 16,19, 20,17]
9 12 ' 92 . 5 .
0 2 4 6 (9 @ 12 2+ 6- . Sl fir /) f2er”
- | GA,
8 11 i=0 | ¢:1/
1, 5 o_ 15 fie. |19
m’ =[0,2,3,1,2,4,5,3,4,6,7,5] /
m! = [8,11,12,9,9,12,13,10] S
m? =[0,2,3,1,2,4,5,3,4,6,7,5,8,11,4,2,2,4,5, 3] i 8- 12/ 15
m?=[0,2,3,1,2,4,5,3,4,6,7,5,8,11,4, 2]

Figure 5: Mesh merge. An example of two meshes merging together.
Vertices 2, 3, 4 and 5 merge with vertices 9, 10, 12 and 13, respec-
tively. A new vector m? is created to hold all of the hexahedron ver-
tices post-merge, and the extra hexahedron (in red) is then removed.

Furthermore, replacing all vertices in a connected component with
one representative results in unused vertices in x¥'. We remove all
unused vertices in a final pass, changing indexing inm" accordingly.
We illustrate the connected component calculation, vertex replace-
ment and unused vertex removal in Figure 5.

5. Volumetric Extension

We first create a volumetric extension U of the surface S. It is a
hexahedron mesh that covers the input surface S and is designed to
have topological properties analogous to S. Since it is an extension
of S, we can sign the vertices of U depending on which side of
the surface they lie on. Overlapping regions in S complicate this
process, but it can be disambiguated by considering the pre-image
of the surface to its overlap-free counterpart § under the mapping
¢§ We sign vertices using a well-defined local criterion, in contrast
to global methods such as ray casting which are not applicable to
self-intersecting polygons.

5.1. Surface element precursor meshes

In order to mimic the topology of S, we create its volumetric ex-
tension U from precursor hexahedron meshes U, = (xV, mY") as-
sociated with each triangle # in S. All precursor meshes share the
common vertex array X' and this process begins its evolution to the
final vertex array for V. We define the hexahedron mesh ¢4, for trian-
gle 1 from the sub-grid G, . of G4, defined by the grid-cell-aligned
bounding box of 7. Since G}, can itself be viewed as a hexahedron
mesh, we define I/, as the sub-mesh consisting of hexahedra in G}, ,
intersected by ¢. The vertices incident to these hexahedra are added
to x as new vertices. Note that each triangle creates its own hexa-
hedron mesh with distinct vertices. We sign the vertices in each U,
depending on which side of the plane containing the triangle ¢ that
they lie on. We illustrate this process in Figure 6. Lastly, we note that
these signs are low-cost preliminary approximations to the signs in
the final volumetric extension /. In some cases, the signs computed
in this phase will not be accurate in the volumetric extension, and we
provide a more accurate but costly signing method when this occurs
(discussed in Section 5.2); however, in many cases, they are equal

Figure 6: Precursor meshes. (Left) Surface element t =0 cre-
ates quadrilateral mesh Uy. (Right) Surface element t = 1 creates
quadrilateral mesh U,. Each element creates copies of the grid cells
it intersects by introducing new vertices which are geometrically co-
incident to grid nodes. The dashed red segments in both are other
surface elements in S.

to the final signs, and their comparably low computational cost im-
proves overall algorithm performance.

We perform the aforementioned intersection of triangle ¢ with
background grid cells using the intersection function from CGAL’s
2D/3D Linear Geometry Kernel [The20, BFG*20]. Every call to the
CGAL library here and in subsequent sections uses the exact arith-
metic kernel; conversely, all of our exact/adaptive precision arith-
metic is limited to CGAL.

5.2. Merge surface element meshes

‘We merge portions of the precursor meshes U, to form the volumet-
ric extension hexahedron mesh U by defining adjacency between
vertices in x” as described in Section 4.1. We define this adjacency
from the mesh connectivity of S as follows. Two vertices i, i, are
adjacent if

* they are geometrically coincident (x; = x} ), and

* there is a vertex j of S and triangles 7,1, € IjS such that i; is
incident to a hexahedron &, of U4}, i, is incident to a hexahedron
hy of U, and h, is geometrically coincident to &;.

Note that this is different from defining geometrically coinci-
dent vertices in U, for t € I/S to be adjacent (see the geometry of
Figure 14). In other words, if #, and #, share a common vertex, then
geometrically coincident hexahedra from 4, and Uf,, are merged
(see Figure 7). If all preliminary signs for merged vertices agree,
the merged vertex is given that sign. Otherwise (see Figure 8), we
re-compute the sign from their geometric relation to S. This dis-
agreement occurs in regions of high curvature, and we use an eikonal
strategy [OF03] to propagate positive signs from S in the direction
of the surface normal and minus signs in the opposite direction.

This is well-defined in light of the assumed existence of the pre-
image S of S under ¢§ Here, each vertex x:./ in U is associated with
some collection of precursor meshes U/, where x:/ was created from
merging vertices in ;. This defines a local patch S} of triangles
in S associated with x!" where 1 € S} if a vertex of I, merged to
create X! .
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Figure 7: Precursor merge. The 12 vertices bordering the cell
marked in yellow are merged into eight resulting vertices. Blue ver-
tices 0, 1, 4, 5 and green vertices 12, 13, 15, 16 are merged, respec-
tively. However, magenta vertices 19, 20, 21, 22 do not merge with
the blue or green vertices since their associated surface element is
topologically distant.
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Figure 8: Closest facet. (Left) The four vertices in yellow all have
ambiguous signs. (Middle) To sign vertex 5, we generate the local
patch SY, which are the segments shown in yellow. The closest facet
(indicated in cyan) lies on a face. (Right) A similar process is illus-
trated for vertex 8, but here the closest facet is a vertex.

When propagating signs from S to x!', only these local triangles
are considered in order to exclude geometrically close but topologi-
cally distant triangles. We adopt the local point-in-polygon method
of Horn and Taylor [HT89]. First, we compute the closest mesh facet
(including faces) in S! to x! by converting S! to a CGAL surface
mesh and then using the locate function from the Polygon Mesh
Processing package [BSMF20, LRLTY?20]. If the closest facet is an
edge or vertex, we add its incident triangles from S to S if they were
not already included. If more triangles are added, we re-compute the
closest mesh facet. We illustrate this process in Figures 8 and 9. If
the closest facet is a triangle, we compute the sign depending on the
side of the plane containing the triangle that the point lies on. If the
closest facet is an edge or point, we use the conditions from Horn
and Taylor [HT89], which we summarize below:

* If the closest facet is an edge, then the sign is —1 if the edge is
concave (as determined by the normals of the incident faces) and
+1 if it is convex.

e If the closest facet is a vertex, then there exists a discrimination
plane with an empty half-space. Choosing any such plane, the

Figure 9: Patch expansion. The local patch S! corresponding to
the yellow vertex is shown. The initial patch is indicated in red, and
the closest facet is a vertex. We add the missing incident triangles
(turquoise) and re-compute the closest facet, which is again a vertex
with incident triangles not in the patch. Repeating the process (with
new triangles in dark yellow), the closest feature is now on an edge
and we proceed to the signing criteria.

sign is —1 if the edges defining the plane are concave and +1 if
they are convex.

A discrimination plane is defined by two non-collinear incident
edges and it has an empty half-space if all incident faces and edges
lie on one side of the plane or on the plane itself. Note that ge-
ometries can be constructed at any resolution for which the addition
of more triangles in the closest facet detection can result in an in-
correct sign evaluated from the above conditions. However, we did
not observe this failure in any practical mesh. Even the addition of
more triangles is only rarely needed; among the meshes used in the
present work, only the mesh of Figure 27 requires additional trian-
gles at few resolutions.

6. Interior Extension Region Creation

We grow the volumetric extension ¢/ on its interior boundary (de-
fined by vertices with negative sign) to create the remainder of the
volumetric mesh V. To determine where to grow the extension, we
first partition the background grid nodes into connected components
defined by its intersection with S. Viewing G, as a graph, we de-
fine two grid nodes to be adjacent if they are incident to a common
grid edge that does not intersect S (again using CGAL to deter-
mine intersection). We then compute the connected components us-
ing depth-first search; we refer to connected components as regions.
This is a simplistic criterion which can lead to an over-count in the
number of regions, as demonstrated in Figure 10. We opt not to use
a more accurate criteria using material connectivity determined by
the intersection of S with G4, as in the CSG operations of Sifakis
et al. [SDFQ7] as these operations are extremely costly (see Li and
Barbi¢ [LB18]) and our approach is robust to over-counting.

We consider a region to be interior if any grid node is geometri-
cally coincident to a negatively signed vertex in x . All other regions
are considered exterior, and we discard them (Figure 11). We create
at least one hexahedron mesh for each interior region /. Multiple
copies of interior meshes are created in some regions to account for
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Figure 10: Region over-count. As the process of partitioning the
grid only uses connectivity based on grid edges, it is possible for
a contiguous region to be split into multiple regions. Shifting some
of the vertices of S on the left results in the geometry on the right,
which contains an additional region in the upper-right corner since
no edge connects this grid node to the larger blue region.

L leele

Figure 11: Connected regions. (Left) The surface partitions the
background grid into contiguous regions. (Middle) The exterior re-
gions are removed. (Right) The volumetric extension U is shown,
along with the negatively signed vertices in green. Multiple geo-
metrically coincident vertices are indicated using blue circles with
green centres.

multiple overlapping portions of the volumetric domain. We denote
copy ¢ of the hexahedron mesh for region I by V' = (x, m"").
As before, each of these meshes uses the common vertex array x" .

A region [ will have more than one copy if any grid node of [ is
geometrically coincident with more than one negatively signed ver-
tex in x". We count the number of copies as follows. Consider the set
of negatively signed vertices in x* geometrically coincident to some
grid node of /. The number of copies is equal to the connected com-
ponents of this set where two vertices i; and i, are adjacent if both
are coincident to a common hexahedron in 2/, as shown in Figure 12.

We construct the first copy of V° for region I from precursor
hexahedron meshes Vi’ 0= (x¥, m{/ I'O) where i indexes grid nodes
of region I. Note that these are not vertices in x". For each node
. VI.U . . . . .

i, m{ " consists of eight hexahedra which are geometrically coin-
cident with the eight local background grid cells incident to i; the
vertices of these hexahedra are defined by the positions of i and the
surrounding 26 background grid nodes, which are added to x". Of
these 27 vertices, we call the vertex corresponding to i itself a cen-
tral vertex (which will be used in Section 7.1). We again merge these
precursors as described in Section 4.1 where adjacencies between

Figure 12: Copy counting. The two regions from Figure 11 having
multiple copies are shown. Each copy is displayed with its corre-
sponding connected component of vertices with negative sign.

N Y

Figure 13: Edge cut criterion. Grid nodes X; of a region are shown,
along with two examples showing that adjacent grid nodes may have
their common edge cut by a triangle (cut edges are indicated by the
dashed yellow lines). In this case, adjacencies are not built between
the corresponding vertices in Vil 9 to avoid unwanted sewing.

the vertices in x" are defined as follows. Two vertices i; and i, are
adjacent if

* 7 and i, are geometrically coincident,

* there are grid nodes i and j of / such i, is a vertex of Vil 9 and ip is
a vertex of le 0 and

e i and j are incident to a common edge of G,, which does not
intersect S.

The third criterion prevents connection between geometrically close
but topologically distant features, as illustrated in Figure 13. The
final array m"" is then formed by concatenating all of the arrays

m!" and removing any duplicate hexahedra. The remaining copies

1
V!¢ are created by duplicating m""’ with new vertices distinct from

those corresponding to V0 and any other copy.

In general, our copy counting process can result in an over-count.
We note that our process is analogous to the cell creation portion
of the method of Li and Barbi¢ [LB18]. They show that the correct
number of copies is equal to the winding number of the (simple)
region. We do not compute the winding number since our over-
count is typically resolved during the merging process described
in Section 7. However, unresolvable failure cases occur when the
background uniform grid G, cannot resolve thin features or high-
curvature in S. To resolve these cases, we refine the background
grid using a strategy similar to that of Wang er al. [WJST14] and
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Figure 14: Preliminary merge. The construction of the volumetric
extension U may result in geometrically coincident vertices which
do not come from topologically distant parts of the mesh. Green ver-
tices have negative signs, while purple vertices have positive sign.
Above: The process in Section 7.1 merges these vertices into a sin-
gle vertex. Below: We do not merge coincident positive vertices, to
avoid unnecessarily sewing the exterior.

re-run the algorithm. We then use a topology-preserving coarsen-
ing strategy (see Section 8) to achieve the target resolution. We also
note again that unlike Li and Barbi¢ [LB18], we cannot handle non-
simple immersions.

7. Interior Extension Region Merging

Having created the interior extensions V!, we merge these meshes
with the volumetric extension I/ and with each other (to account
for possible over-counting in their creation) in four main steps. We
first merge hexahedra from ¢/ into V' in a process described below.
We then determine which of the interior extensions should merge
to each other, using information from the previous step to generate
lists of overlapping hexahedra between meshes of different regions
and copies. Next, we use these lists to determine which copies of
the same region are over-counts and merge the duplicates together.
Finally, the lists are used to define the adjacencies between vertices
for the final merge.

7.1. Merge with boundary

Recall from Section 6 that in regions / with multiple copies, we
count the copies using connected components of negatively signed
vertices in x” geometrically coincident with nodes of 1. We use
C'¢ to denote this set of vertices for component ¢ and region I.
For regions with only one copy, we similarly define C" to be the
collection of all negatively signed vertices in x” geometrically
coincident with nodes in region /. Note that for these single
copy regions, the vertices of C’* need not be connected (see the
geometry of Figure 15, where the vertices C'° are composed of
two connected components on the outer and inner boundaries). We
perform a preliminary merge of vertices in C'¢ for each region I and
copy c. Vertices i and j in x are adjacent if they are geometrically
coincident and both in C'¢ for some I and c. This preliminary merge
closes unwanted interior voids without ‘sewing’ the exterior or
merging topologically distant vertices of I/ as shown in Figure 14.

AT
|
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EEENENRNEN

U L9 W O 1

Figure 15: Vertex adjacency. The merge process between vertices
of VI and C'. For the cell highlighted in yellow, there are two
hexahedra from V' and therefore four pairs of geometrically coin-
cident vertices. The two negatively signed vertices (in green) from
Cl'¢ are matched to the vertices which came from an interior con-
nected component (marked in cyan) and not the ones which did not
(marked in pink).
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Figure 16: Merge with boundary. We illustrate the process of Sec-
tion 7.1 following the preliminary merge of negatively signed ver-
tices. First, specific vertices of Vi'e gre merged with vertices of le.
Next, hexahedra to be replaced are removed from the yile, Finally,
copies of hexahedra from U are added to this mesh.

The merge between the vertices of V' and C'¢ is then defined by
the following adjacency. Vertices ij, i, in x” are adjacent if

* i, and i, are geometrically coincident,

e j, is a vertex in V' and i, is a vertex in C'°,

« the connected component from Section 6 corresponding to i; con-
tains a central vertex (defined in Section 6).

The last requirement means that vertices of C': should only merge
to the vertices of V' which are actually interior to the region, and
not those which are overlapping from a topologically far part of V'
as illustrated in Figure 15. After this merge has been performed,
we update the indices in C'¢ accordingly as this set will be used in
further steps of the merging procedure.

We next use a strategy different to that in Section 4.1 for merg-
ing hexahedra of I/ to their geometrically coincident counterparts
in V°. This modified strategy is designed to prefer the structure of
U over that of V' (e.g. if two hexahedra of U are geometrically
coincident but share only vertices on one face, then they will still
have this connectivity after this merge). For copy ¢ and region I, we
denote the set of all hexahedra & of I incident to some i € C'“ by
H'. Note that it is possible that some hexahedra of I/ are not in-
cluded in any such set for any region / and copy c. We first remove
hexahedra from m"" that are geometrically coincident with a hex-
ahedron in H' and incident to a vertex in C'°. Finally, a copy of
each hexahedra in ' is added to m"". We outline this process in
Figure 16.
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Figure 17: Overlap lists. A closeup of the overlap region from the
geometry of Figure 15 is shown here. At the upper left, the seeds for
the overlap between the two copies are shown in purple, as well as
the incident negative vertices (green) to the seeds from each copy. At
each step, the current seed is marked with a cyan border. New ge-
ometrically coincident neighbours of the seed hexahedra are then
added in the next step. When all seeds have been traversed, the pro-
cess Stops.

7.2. Overlap lists

We next merge the meshes V' of different regions along their ap-
propriately defined common boundaries. The boundary region be-
tween any two meshes V1“1 and V22 is grown from initial seeds,
which we define to be a pair of hexahedra in V1! and V- that
are equal to each other and to a hexahedron in /. An initial seed is
defined as a pair of hexahedra &y, h, in V11 and V22, respectively,
such that there exists a hexahedron /3 in U/ with m}fl" = mh‘/zlz'['2 =
m,[l]z. A pair of regions and copies I, ¢; and I, ¢, for which an initial
seed exists will be denoted by q = (11, c1, >, ¢2); these are the pairs
with common boundaries. We now construct an array p%, which we
call an overlap list, which represents the overlapping boundary be-
tween [, ¢ and I, c,. We refer to the elements of this array as seeds
and denote the ith seed by s}'. We initially set p? to be the array of
all initial seeds and then grow the list using an iterative procedure:

» we first flag every grid cell geometrically coincident to the hexa-
hedra in the seeds as visited.

 Starting from s(‘} = (h, hy), we compute the neighbour hexahedra
of hy and h;.

» If a neighbour of 4, is geometrically coincident with a neighbour
of h, and they are not geometrically coincident with a visited grid
cell, the pair is appended to p9 as a new seed and the geometrically
coincident grid cell is marked as visited.

¢ We repeat this process on each subsequent seed in p9 until all
seeds are exhausted.

At the end of this expansion, p? is a list of overlapping hexahedra
pairs that will be used to ‘sew’ the regions together. We illustrated
this process in Figure 17.

7.3. Deduplication

As mentioned in Section 6, the number of copies is generally an
over-count. We use the overlap lists p9 to deduce which copies ¢ of
aregion / are redundant. First, for each hexahedron /4 in U, we con-
struct a set D), of regions and copies (I, c¢) as follows: for each pair
q=(,c1,h,c;)and seed s = (hy, hy) inpY,if h =hyorh=h,

S. Gagniere et al. / A Robust Grid-Based Meshing Algorithm for Embedding Self-Intersecting Surfaces

Figure 18: Deduplication. We show two of the four copies of the
central region (yellow), corresponding to the right and left segments
of U. Each copy creates an overlap list with the upper region (blue).
The overlap list for copy 0O creates a pair between a non-boundary
yellow hexahedron and a boundary hexahedron from the blue re-
gion. This boundary hexahedron is in a pair with a boundary hexa-
hedron of copy 1, allowing us to deduce that copies 0 and 1 of the
yellow region are duplicates.

then both (I}, ¢;) and (L, ¢;) are in D,,. This creates a set of regions
and copies which have a hexahedra that is either equal to 4 or will
subsequently merge with 4. We note that the condition & = h; or
h = h, is to account for the fact that not all seeds in p?¢ are initial
seeds, and as such one or both hexahedra in the seed may not be
equal to hexahedra from /. We next deduce if copies ¢; and ¢, of a
region / are redundant (meaning that they represent the same copy)
using the following criterion: the copies are redundant if (, ¢;) and
(I, ¢,) are both elements of D), for some 4. This process is shown in
Figure 18.

We merge redundant copies using the process of Section 7.1. For
each region /, we compute connected components of its copies using
duplication as the notion of adjacency. For each connected compo-
nent of copies, we take the copy ¢; with the smallest index as the
representative copy. As each redundant copy’s mesh contains a dif-
ferent part of the boundary hexahedra from /, we process the repre-
sentative copy to contain the boundaries from all copies by repeat-
ing the merge with boundary process of Section 7.1 on updated data.
Specifically, we replace C" with the union of C"“/ where c; ranges
over the connected component of copies. We then form an updated
collection of incident hexahedra ' before repeating the boundary
merge process. Finally, we update each overlap list; any overlap list
corresponding to a duplicated copy is recreated using the represen-
tative copy to account for updated hexahedron ordering. Redundant
overlap lists resulting from this update are then discarded.

7.4. Final merge

We now merge the vertices in x” with adjacencies defined by the
overlap lists: for each seed s! in an overlap list, the geometrically
coincident nodes of the hexahedra pair in s] are adjacent. We then
create the final mesh V by combining all of the arrays m"" from
copies which are either the minimum representative or not dupli-
cated. Recall from Section 7.1 that some hexahedra of U/ are not
copied into any copy’s mesh. We add all such hexahedra to V to
guarantee that I/ is contained in this final mesh, completing the in-
terior extension region merging process.

8. Coarsening

For this section, it will be convenient to consider mesh arrays as
flat arrays as in the example of Figure 4. Our method requires
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Figure 19: Coarsening. An example of fine mesh connections. Hex-
ahedra 0 and 1 are totally connected, while hexahedra 1 and
2 are connected by a face. After merging the vertices of the
coarse mesh (blue), the duplicated hexahedron (indicated in red) is
removed.

high-resolution (small Ax) background grids for high-
curvature/detailed surfaces. We provide a topology-aware coars-
ening strategy to provide user control over the final volumetric
mesh resolution/element counts. After the hexahedron mesh V is
created, we coarsen the underlying grid by doubling Ax. We then
create a maximal coarse mesh M based on the fine mesh V. For
each index mjv in V, we define the initial connectivity for M as
m’J"’ = j; i.e. every fine hexahedron A" corresponds to a maximal
coarse hexahedron 4" and none of the hexahedra h" share vertices.
For each maximal coarse hexahedron 4", we bin the centre of
the corresponding fine hexahedron /" into the coarsened grid, i.e.
we record the multi-dimensional grid index i of the grid cell
containing the centre of 4”. We then initialize the position array x
for M from the coarse grid cell corners of cell i Specifically,
for each hexahedron A" of M, we define xgm e = xizh%f + oy,
where 0 < i < 8 indexes the corners of the hexahedron and o, is
an offset from the coarse cell centre Xiﬁf to corner i¢ of the coarse

grid cell i""". To build the final coarsened mesh, we merge portions
of the maximal coarse mesh using the method of Section 4.1
where adjacencies are defined from a hexahedron-wise notion of
connectivity as follows. Two maximal coarse hexahedra /) and K}/
are connected if their corresponding fine hexahedra A}, and /! share
a face in V (i.e. they share the four vertices on a face). We define
two types of connection: totally connected and partially connected.
Maximal coarse hexahedra are totally connected if they have the
same coarse grid index i"0 =i and their corresponding fine
hexahedra iy and A} are not geometrically coincident. Maximal
coarse hexahedra are partially connected if they are connected
but are not totally connected. We then define vertex adjacency
from our notions of hexahedron connectivity. If two hexahedra kY
and h’lw in the maximal coarse mesh are totally connected, then
their eight respective geometrically coincident vertices are defined
to be adjacent, i.e. vertex mgl i is adjacent to vertex mg,;,,ﬂ_l,,
0 < i¢ < 8. If they are partially connected, then their corresponding
fine hexahedra A}, h} share a face. We then identify an analogous
face in each of ) and /), and only the geometrically coincident
vertices corresponding to the analogous face are adjacent. There are
two cases that define the analogous face. First, if the corresponding
fine hexahedra hy , h} are geometrically coincident, then the analo-
gous face is the one on the analogous side of the coarse hexahedron.
If they are not geometrically coincident, then the analogous face
is the one geometrically coincident with the face shared by the
fine hexahedra. The general coarsening procedure is illustrated in
Figure 19.
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O
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Figure 20: Hexahedra tetrahedralization. (Left) A standard inte-
rior face in V. The centres of the two incident hexahedra are com-
bined with two face vertices to form the tetrahedra (red). (Middle)
A standard boundary face uses a face centre instead of the missing
incident hexahedron centre. (Right) A non-standard interior face is
shown. The right-most incident hexahedra are geometrically coin-
cident. We form hexahedra pairs/faces (0,1), (0,2) and treat them,
respectively, as standard interior, as in the left-most image.

9. Hexahedron Mesh To Tetrahedron Mesh Conversion

We design a topologically aware BCC-based approach for the cre-
ation of a tetrahedron mesh 7 from the hexahedron mesh V. We
initialize the particle array for the tetrahedron mesh x” to be the
same as X', but we add a new vertex in the centre of each hexa-
hedron and each boundary face. Tetrahedra are computed from the
faces in the mesh V. Normally, a face in V would have one (bound-
ary face) or two (interior face) incident hexahedra. However, since )V
is comprised of many geometrically coincident hexahedra there are
more cases. We classify them as standard boundary face (one inci-
dent hexahedron), standard interior face (two non-geometrically co-
incident incident hexahedra), non-standard interior (more than two
incident hexahedra, some geometrically coincident and some not
geometrically coincident) and non-standard boundary (more than
one incident hexahedron, all geometrically coincident). Each face
contributes four tetrahedra to 7 in the case of standard boundary and
standard interior faces. The tetrahedra consist of two vertices from
the face and the cell centres on either side of the face in the case of
standard interior faces. In the case of standard boundary faces, the
face centre is used in place of the second hexahedron centre. For
non-standard interior faces, we take all pairs of non-geometrically
coincident incident hexahedra and add tetrahedra as if their common
face was a standard interior face. For non-standard boundary faces,
tetrahedra are added for each incident hexahedron as if it were in-
cident to a standard boundary face. We illustrate this procedure in
Figure 20.

10. Examples

We consider a variety of examples in both two and three dimensions.
To illustrate the capabilities of the final mesh connectivities, we treat
the objects as deformable solids and run a finite element (FEM) sim-
ulation [SB12]. Performance statistics for the 3D examples are pre-
sented in Table 1. All experiments were run on a workstation with
a single Intel® Core™ i9-10980XE CPU at 3.00 GHz.

10.1. 2D examples

10.1.1. Ribbon

Figure 21 shows a deformable FEM simulation using a volumetric
mesh produced by our algorithm. One end of a ribbon shape passes
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Table 1: Performance of generating volumetric meshes using our algorithm
for various 3D examples. All times are in seconds and represent the total
runtime of the algorithm. Relative Ax is ratio of Ax to the shortest side
length of the bounding box.

Example Grid dim. Relative Ax # Hex Time (s)
Two boxes 66 x 64 x 86 0.0158730 256,368 2.80219
Simple overlap 194 x 64 x 194  0.0158730 1,606,296  24.0179
Double Mobius 294 x 288 x 64 0.0158730 903,653 33.6324
Twin bunnies 162 x 166 x 128 0.00787402 1,525,821  31.1815
Dragon 512 x 690 x 520 0.00195313 20,110,457 303.301
Fancy ball 130 x 132 x 128 0.00787402 515,400 25.8388
Head 512 x 830 x 718 0.00195313 62,444,819 839.951
Sacht 52 x 104 x 42 0.0243902 135,736 6.97091
7, s R
)] 0 . i
\\ ></// / ( | \ / I/ \ “ /
(K\ \‘\ '\‘ ‘ \ / I \ 1 /
i et S S
L K s e / X i
X // /r \\ b // 1 XX ( QL./’
4 \/ ‘\/
(a) Frame 0 (b) Frame 14 (c) Frame 59 (d) Frame 74

Figure 21: A ribbon with a more complicated initial self-
intersection is also treated properly by our method.

(a) Frame 0

(b) Frame 8

(c) Frame 21 (d) Frame 92

Figure 22: A face with multiple boundary components and initially
self-intersecting lips is successfully animated.

through the other, partitioning the surface into several components.
These intersections are successfully resolved, and the mesh is al-
lowed to move without gluing.

10.1.2. Face

Figure 22 demonstrates a similar scenario. In this case, the lips of
the face geometry initially overlap; and, as an added challenge,
the boundary of the input geometry consists of multiple discon-
nected components. Our method successfully treats cases like these
by design.

10.2. 3D examples
10.2.1. Two boxes and simple overlap

We begin our 3D examples by demonstrating that our algorithm
is able to quickly generate consistent meshes for simple self-

S. Gagniere et al. / A Robust Grid-Based Meshing Algorithm for Embedding Self-Intersecting Surfaces

(a) Frame 4 (b) Frame 33

Figure 23: Simple self-intersecting 3D geometries are able to sep-
arate and unfurl with our algorithm.

(a) Frame 0

(c) Frame 110

(b) Frame 44

Figure 24: Two intersecting Mobius-strip-like geometries (pink)
naturally fall and separate under our method. The associated hex-
ahedron meshes are shown in the right half of each frame.

intersecting geometries. In Figure 23, basic hand-made geometries
are allowed to separate and unfurl from their initial self-intersecting
states. The two boxes in the left-hand side of each sub-figure were
meshed using a background grid resolution of 66 x 64 x 86 cells
and Ax = 0.00955671, taking 2.80219 s to generate the resulting
256,368 hexahedra in the output mesh. The simple overlapping
shape in the right-hand side of each sub-figure was meshed using a
grid with 194 x 64 x 194 cells and Ax = 0.00328125, resulting in
1,606,296 hexahedra in the output mesh.

10.2.2. Double Mobius

Figure 24 shows two M&bius-strip-like geometries' falling and sep-
arating under the effects of gravity, despite substantial intersections
at the start of the simulation. This example was run using a back-
ground grid with 294 x 288 x 64 cells and a Ax of 0.0347391. The
resulting hexahedron mesh has 903,653 elements. Generating the
volumetric mesh using our algorithm takes 33.6324 s.

We also repeat this example at multiple spatial resolutions in or-
der to demonstrate the effect of resolution on the quality of mesh-
ing results (see Figure 25). The coarsest grid (corresponding to
the leftmost meshes in each sub-figure) is 21 x 19 x 5 with Ax =
0.556. An intermediate grid resolution of 39 x 37 x 9 cells with

1“Mobius Bangle’ by Creative_Hacker is licensed under CC BY 4.0.
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(a) Frame O

(b) Frame 16 (c) Frame 84

Figure 25: Running the example shown in Figure 24 at different
spatial resolutions. In each frame, from left to right, the background
grids have Ax = 0.556, 0.278 and 0.139.

(a) Frame 1 (b) Frame 54

Figure 26: Two overlapping bunnies naturally separate. The top
part of each sub-figure shows the meshes generated by our algo-
rithm, while the bottom part of each sub-figure shows the corre-
sponding surface meshes.

Ax = 0.278 corresponds to the middle meshes in each sub-figure.
The rightmost meshes in each sub-figure come from using a grid
with 75 x 73 x 17 cells with Ax = 0.139. Proper separation is
achieved at all three of these tested resolutions, and in particular,
our algorithm performs quite well on this example even at extremely
low spatial resolution.

10.2.3. Twin bunnies

Another standard example is the Stanford bunny. Figure 26 demon-
strates that two almost completely overlapping bunny meshes can
naturally separate under our method. No issues are encountered as
different segments of the bunnies pass through one another. This
example uses a grid resolution of 162 x 166 x 128 cells with Ax =
0.0203027, resulting in a mesh with 1,525,821 hexahedra.

10.2.4. Dragon

The most complicated geometry we test our method on is the
dragon® shown in Figure 27 (and also shown in Figure 9). Adequate

(a) Frame 0 (b) Frame 300

Figure 27: A complex mesh of a dragon is allowed to fall under
gravity. The left-hand side of each subfigure shows the deforming
mesh we generate, and each right-hand side shows the correspond-
ing surface mesh.

(a) Frame 20

(b) Frame 80

Figure 28: Several ball-like geometries with intricate slices and
holes are successfully meshed with our algorithm and then deform
and collide under an FEM simulation.

resolution is required in order to resolve all the fine-scale features of
this mesh; accordingly, we use a grid resolution of 512 x 690 x 520
cells with Ax = 0.0708709. Our final mesh, generated in 5 min,
contains just over 20 million hexahedra.

10.2.5. Fancy ball

Figure 28 shows another interesting case where several ball-like ge-
ometries® deform and collide after being meshed with our algorithm.
Each ball has a number of thin cuts and fine-scale features, which
our algorithm is able to resolve using a grid with 130 x 132 x 128
cells and Ax = 2.82671. The 515,400 resulting hexahedra are gen-
erated in 25.8388 s.

10.2.6. Head

Modelling of the human body often gives rise to self-intersection.
This is particularly common in the faces, where lip geometries often
self-intersect. To that end, we consider a real-world head geometry
in Figure 29. Note that the lips separate effectively. This example
results in a volumetric mesh with over 62 million elements, using
a background grid resolution of 512 x 830 x 718 cells and Ax =
0.000501962. Generating the hexahedron mesh takes 839.951 s.

2‘Asian Dragon’ by Lalo-Bravo.

3“Abstract object’ by sonic art.
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(d) Frame 120

AT et
B2
~

(e) Interior view of lips

Figure 29: A face surface with self-intersecting lips is successfully
meshed. The right-hand side of each of the first four frames shows
the deformed hexahedron mesh, while each left-hand side shows the
corresponding surface mesh. The wireframe boxes represent Dirich-
let boundary condition regions. In the bottom four sub-figures, lip
intersection is visualized in the input surface and subsequent hexa-
hedron mesh.

(a) Frame 80

(b) Frame 200

Figure 30: We simulated dropping our 3D examples into a box with
a FEM sim.

10.2.7. Collection

Various objects from 3D examples are dropped in a tank in
Figure 30. The objects naturally deform and collide without mesh-
ing or simulation issues.

S. Gagniere et al. / A Robust Grid-Based Meshing Algorithm for Embedding Self-Intersecting Surfaces
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(a) Original surface mesh

(b) Output tetrahedral mesh (c) A contiguous subsection

Figure 31: Our method can successfully resolve the self intersect-
ing geometry proposed in Sacht et al. [SJP*13]. We visualize the
surface of the output after conversion to a tetrahedron mesh. We
emphasize a sub-section of the mesh on the right sub-figure; the
bristles are attached to the correct parts of the torus and are not
connected to the bristles from the opposite side of the torus.

Figure 32: Versions of the Sacht geometry from VegaFEM. Left is
torus-easy, right is torus-difficult.

10.2.8. Sacht et al. mesh

Finally, we demonstrate that our method, like that of Li and Barbi¢
[LB18], can successfully resolve the self intersections of the geom-
etry shown in Figure 31 that is not supported by the method of Sacht
et al. [SJP*13]. In Sacht et al. [SIP*13], the bristles in this geome-
try get locked by the surrounding torus. However, both our method
and Li and Barbic¢ [LB 18] properly resolve all self-intersections. We
compare our method against the implementation of Li and Barbi¢
[LB18] in the VegaFEM library [BSS12] using two versions of the
Sacht mesh provided in VegaFEM, torus-easy and torus-difficult.
These meshes are shown in Figure 32. Li and Barbi¢’s method
takes 14.773 s with 112,554 (output) tetrahedra and 32.845 s with
225,338 tetrahedra for torus-easy and torus-difficult, respectively.
Our method takes 4.708 s with 120,591 (output) hexahedra and
12.949 s with 224,083 hexahedra. We also compare our method
on the non-torus helix and beam meshes provided in VegaFEM.
The helix is highly self intersecting, with every loop intersect-
ing the previous and next loops. Our method takes 59.973 s with
60,925 hexahedra while their method takes 123.758 s with 36,184
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tetrahedra. The beam geometry is simply a rectangular box with
no self-intersections. Our method takes 0.145 s with 495 hexahe-
dra while their method takes 0.255 s with 450 tetrahedra. See Gag-
niere et al. [GHC*23] for visualizations of these two geometries.
Our method runs noticeably faster as nearly all steps are designed
to be highly parallelizable. We additionally note that our method
takes only a triangle mesh as input whereas VegaFEM takes a trian-
gle mesh and a glued tetrahedron mesh.

11. Discussion and Limitations

Our method has various limitations, most of which are attributed
to our reduced use of exact/adaptive precision arithmetic. The most
prominent limitations of our approach are in the types of input sur-
face mesh S that we support. Fine-scale features, e.g. thin parallel
sheets, can cause negatively signed vertices to be located in regions
of the grid corresponding to an incorrect region. In these patholog-
ical cases, the output mesh will have undesirable extraneous col-
lections of hexahedra. We present a 2D example of this failure in
Section A of the supplementary document [GHC*23]. Such cases
result from a background grid which is too coarse relative to the
size of polygonal faces in the finer regions. Hence, we resolve this
by iteratively halving the cell width until fine scale features can be
accurately resolved. We note that such a heuristic strategy may result
in an undesirable level of refinement. However, our coarsening ap-
proach is designed to mitigate this. Even using added resolution and
subsequent coarsening, our methodological simplifications prevent
us from handling certain classes of cases that Li and Barbi¢ [LB18]
can handle, e.g. we cannot resolve non-simple immersions. It would
be interesting to investigate whether our minimal-exact-arithmetic
approach could be extended to handle non-simple immersions as
well. A further failure case arises from one surface mesh being fully
contained within the volume defined by a larger surface mesh. Our
method will generally fail to create enough copies of the smaller
volume. This is not a serious limitation, however, as our focus is on
self-intersection and such situations can easily be avoided by trans-
lating separate meshes by a sufficient amount. Future work includes
improvements to the algorithm to handle known pathological cases
without the need for refinement and subsequent coarsening, as well
as improved detection mechanisms for such cases. In particular, ad-
ditional use of exact arithmetic in the form of segment-triangle inter-
sections should allow for the detection of fine scale signing failures.
It should be possible to combine such a detection mechanism with
an adaptive refinement/coarsening scheme to create an intermediate
step which eliminates the need for heuristic global refinement and
allows for graceful failure (i.e. when a refinement limit is reached).

Lastly, Figure 2 illustrates an interesting case which neither our
approach, that of Li and Barbi¢ [LB18] nor that of Sacht et al.
[SJP*13] can handle. In this case, which is common near e.g. el-
bows and even shoulders in an upper torso, a portion of the domain
overlaps in such a way that d)é must have negative Jacobian deter-
minant in some regions. Our approach returns a mesh for this case,
but it does not properly copy the overlap region and one of the two
copies that would be required is rejected. In other words, our ap-
proach does not give a result consistent with creating a mesh in SV
and pushing it forward under ¢§ In Li and Barbi¢ [LB18], this is
noted as a case for which an immersion does not exist and Sacht

et al. [SJP*13] explicitly require the Jacobian determinant of ¢§i to
be non-negative. However, this is a commonly occurring case which
would be beneficial to resolve.

Acknowledgements

The authors have nothing to report.

References

[ACWKO06] ANGELIDIS A., CANI M.-P,, WyvILL G., KING S.:
Swirling-sweepers: Constant-volume modeling. Graph. Models
68, 4 (2006), 324-332.

[Att10] ATTENE M.: A lightweight approach to repairing digitized
polygon meshes. Vis. Comput. 26, 11 (2010), 1393-1406.

[BB99] BEeryTtscHKO T., BLack T.: Elastic crack growth in finite
elements with minimal remeshing. Int. J. Num. Meth. Engr. 45, 5
(1999), 601-620.

[BDS*18] BARILL G., DicksoN N., ScHMIDT R., LEVIN D., JACOB-
SON A.: Fast winding numbers for soups and clouds. ACM Trans.
Graph. 37,4 (2018), 1-12.

[Béz70] BEZIER P.: Numerical Control: Mathematics and Applica-
tions. Masson & Cie, Paris (1970).

[BFG*20] BRONNIMANN H., FABRI A., GIEZEMAN G.-J., HERT S.,
HoFFMANN M., KETTNER L., PION S., SCHIRRA S.: 2D and 3D
linear geometry kernel. In CGAL User and Reference Manual
(5.2 edition). CGAL Editorial Board (2020). https://doc.cgal.org/
5.2/Manual/packages.html#PkgKernel23

[Bla67] BLANK S.: Extending Immersions of the Circle. PhD thesis,
Brandeis University, 1967.

[BSMF20] BotscH M., SIEGER D., MOELLER P., FABRI A.: Sur-
face mesh. In CGAL User and Reference Manual (5.2 edition).
CGAL Editorial Board (2020). https://doc.cgal.org/5.2/Manual/
packages.html#PkgSurfaceMesh

[BSS12] BARBIC J.,, SIN F. S., SCHROEDER D.: Vega FEM Library.
http://www.jernejbarbic.com/vega (2012). Accessed 2023.

[BWS*09] BRUNTON A., WUHRER S., SHU C., BOSE P., DEMAINE
E.: Filling holes in triangular meshes by curve unfolding. In Pro-
ceedings of the 2009 IEEE International Conference on Shape
Modeling and Applications (2009), pp. 66—72. https://doi.org/10.
1109/SM1.2009.5170165

[CBE*15] ConG M., BAo M., JANE L. E., BHAT K. S., FEDKIW R.:
Fully automatic generation of anatomical face simulation mod-
els. In Proceedings of the ACM SIGGRAPH/Eurographics Sym-
posium on Computer Animation (2015), pp. 175-183.

[CBF16] CoNG M., BHAT L., FEDKIW R.: Art-directed muscle sim-
ulation for high-end facial animation. In Proceedings of the 2016
ACM SIGGRAPH/Eurographics Symposium on Computer Ani-
mation (2016), Eurographics Association, pp. 119-127.

© 2023 The Authors. Computer Graphics Forum published by Eurographics - The European Association for Computer Graphics and John Wiley & Sons Ltd.

85UB017 SUOWLLOD 8AIEa1D) 8|ded!|dde ay) Aq peusenob ae seoiiie YO ‘SN JO S3|nJ Joj Akeiqi8uluo A8|1M UO (SUOTIPUOD-PUR-SWLBI/LI0D A8 | IMARe1q 1 U |UO//:SANY) SUONIPUOD Pue SWie | 841 88S " [Z0z/c0/Tz] uo Ariqiauliuo A8(1M ‘9861 T IBO/TTTT OT/I0p/W0d A3 |Im Ae.q 1 jeut|uo//sdny wou) pepeojumod ‘T 20z ‘6598.9T


https://doc.cgal.org/5.2/Manual/packages.html#PkgKernel23
https://doc.cgal.org/5.2/Manual/packages.html#PkgKernel23
https://doc.cgal.org/5.2/Manual/packages.html#PkgSurfaceMesh
https://doc.cgal.org/5.2/Manual/packages.html#PkgSurfaceMesh
http://www.jernejbarbic.com/vega
https://doi.org/10.1109/SMI.2009.5170165
https://doi.org/10.1109/SMI.2009.5170165

16 of 17

[DCB13] DoraN C., CHANG A., BRIDSON R.: Isosurface stuffing
improved: Acute lattices and feature matching. In ACM SIG-
GRAPH 2013 Talks (2013).

[EB14] EpwARDS E., BRIDSON R.: Detailed water with coarse grids:
Combining surface meshes and adaptive discontinuous Galerkin.
ACM Trans Graph 33, 4 (2014), 136:1-136:9.

[EFW20] Evans P, Fasy B., WEnk C.: Combinatorial prop-
erties of self-overlapping curves and interior boundaries. In
Proceedings of the 36th International Symposium on Compu-
tational Geometry (SoCG 2020), Leibniz International Pro-
ceedings in Informatics (LIPlcs) (Dagstuhl, Germany, 2020),
S. Cabello, D. Z. Chen (Eds.). Schloss Dagstuhl-Leibniz-
Zentrum fiir Informatik, volume 164, pp. 41:1-41:17. https://
drops.dagstuhl.de/opus/volltexte/2020/12199, https://doi.org/10.
4230/LIPIcs.SoCG.2020.41

[EMO09] EppsTEIN D., MumFORD E.: Self-overlapping curves re-
visited. In Proceedings of the Twentieth Annual ACM-SIAM
Symposium on Discrete Algorithms (2009), SIAM, pp. 160-
169.

[FTS06] Funck W. V., THEISEL H., SEIDEL H.-P.: Vector field based
shape deformations. ACM Trans. Graph. 25, 3 (2006), 1118—
1125.

[GC11] GRAVER J., CARGO G.: When does a curve bound a distorted
disk? SIAM Journal on Discrete Mathematics 25, 1 (2011), 280—-
305.

[GCX*20] Gao J., CHEN W., XIANG T., JACOBSON A., MCGUIRE
M., FIDLER S.: Learning deformable tetrahedral meshes for 3D
reconstruction. In Advances in Neural Information Processing
Systems (2020), H. Larochelle, M. Ranzato, R. Hadsell, M. F.
Balcan, and H. Lin (Eds.), Curran Associates, Inc., vol. 33,
pp. 9936-9947. https://proceedings.neurips.cc/paper/2020/file/
7137debd45ae4d0ab9aa953017286b20-Paper.pdf

[GDO1] GaIn J., DopGsoN N.: Preventing self-intersection under
free-form deformation. IEEE Trans Viz Comp Grap 7, 4 (2001),
289-298.

[GHC*23] GAGNIERE S., HAN Y., CHEN Y., HYDE D., MARQUEZ-
RazoN A., TERAN J., FEDKIW R.: Robust Grid-Based Mesh-
ing for Self-Intersections: Supplementary Document. Tech. Rep.
2023.

[HL95] Hu Z.-J., LING Z.-K.: Geometric modeling of a moving
object with self-intersection. In Proceedings of the International
Design Engineering Technical Conferences and Computers and
Information in Engineering Conference (1995), American Soci-
ety of Mechanical Engineers, vol. 17162, pp. 141-148.

[HPSZ11] HaArRMON D., PAN0zzO D., SORKINE O., ZORIN D.:
Interference-aware geometric modeling. ACM Transactions on
Graphics (TOG) 30, 6 (2011), 1-10.

[HSW#*20] Hu Y., SCHNEIDER T., WANG B., ZorIN D., PANOZZO
D.: Fast tetrahedral meshing in the wild. ACM Trans. Graph. 39,
4(2020), 117:1-117:18.

S. Gagniere et al. / A Robust Grid-Based Meshing Algorithm for Embedding Self-Intersecting Surfaces

[HT89] HorN W., TAYLOR D.: A theorem to determine the spatial
containment of a point in a planar polyhedron. Comp Vis Graph
Imag Proc 45, 1 (1989), 106-116.

[HZG*18] Hu Y., ZHoU Q., Gao X., JACOBSON A., ZORIN D.,
Panozzo D.: Tetrahedral meshing in the wild. ACM Trans.
Graph. 37, 4 (July 2018), 60:1-60:14. https://doi.org/10.1145/
3197517.3201353

[JAYB15] JaMmiN C., ALLIEZ P., YVINEC M., BOISSONNAT J.-D.:
CGALmesh: A generic framework for Delaunay mesh genera-
tion. ACM Trans. Math. Soft. 41, 4 (2015), 1-24.

[JKSH13] JacoBsoN A., KAVAN L., SORKINE-HORNUNG O.: Robust
inside-outside segmentation using generalized winding numbers.
ACM Trans. Graph. 32,4 (2013), 1-12.

[KBT17] KoscHIER D., BENDER J., THUEREY N.: Robust ex-
tended finite elements for complex cutting of deformables. ACM
Trans Graph 36, 4 (2017), 55:1-55:13. https://doi.org/10.1145/
3072959.3073666

[KSBC12] KazHDAN M., SoLoMON J., BEN-CHEN M.: Can mean-
curvature flow be modified to be non-singular? Comput. Graph.
Forum 31, 5 (Aug. 2012), 1745-1754. https://doi.org/10.1111/j.
1467-8659.2012.03179.x

[KT10] KM H.-J., TAuTGES T.: EBMesh: An embedded boundary
meshing tool. In Proceedings of the 19th International Mesh-
ing Roundtable (Berlin, Heidelberg, 2010), S. Shontz (Ed.),
Springer, Berlin Heidelberg, pp. 227-242.

[LB18] L1 Y., BARBIC J.: Immersion of self-intersecting solids and
surfaces. ACM Trans. Graph. 37, 4 (July 2018). https://doi.org/
10.1145/3197517.3201327

[Lil1] L1 W.: Detecting ambiguities in 3D polygons with self-
intersecting projections. In Proceedings of the 2011 12th In-
ternational Conference on Computer-Aided Design and Com-
puter Graphics (2011), pp. 11-16. https://doi.org/10.1109/CAD/
Graphics.2011.31

[LRLTY?20] LoriotT S., ROUXEL-LABBE M., ToURNOIS J., YAZ I.:
Polygon mesh processing. In CGAL User and Reference Manual
(5.2 edition). CGAL Editorial Board, 2020. https://doc.cgal.org/
5.2/Manual/packages.html#PkgPolygonMeshProcessing

[LSO7] LaBELLE F.,, SHEWCHUK J.: Isosurface stuffing: Fast tetrahe-
dral meshes with good dihedral angles. In SIGGRAPH’07: ACM
SIGGRAPH 2007 (New York, NY, USA, 2007), ACM, pp. 57.
https://doi.org/10.1145/1275808.1276448

[Mar74] Marx M.: Extensions of normal immersions of S! into R?.
Transactions of the American Mathematical Society 187 (1974),
309-326.

[MASS15] MiTcHELL N., AANJANEYA M., SETALURI R., SIFAKIS
E.: Non-manifold level sets: A multivalued implicit surface
representation with applications to self-collision processing.
ACM Trans. Graph. 34, 6 (Oct. 2015). https://doi.org/10.1145/
2816795.2818100

© 2023 The Authors. Computer Graphics Forum published by Eurographics - The European Association for Computer Graphics and John Wiley & Sons Ltd.

85UB017 SUOWLLOD 8AIEa1D) 8|ded!|dde ay) Aq peusenob ae seoiiie YO ‘SN JO S3|nJ Joj Akeiqi8uluo A8|1M UO (SUOTIPUOD-PUR-SWLBI/LI0D A8 | IMARe1q 1 U |UO//:SANY) SUONIPUOD Pue SWie | 841 88S " [Z0z/c0/Tz] uo Ariqiauliuo A8(1M ‘9861 T IBO/TTTT OT/I0p/W0d A3 |Im Ae.q 1 jeut|uo//sdny wou) pepeojumod ‘T 20z ‘6598.9T


https://drops.dagstuhl.de/opus/volltexte/2020/12199
https://drops.dagstuhl.de/opus/volltexte/2020/12199
https://doi.org/10.4230/LIPIcs.SoCG.2020.41
https://doi.org/10.4230/LIPIcs.SoCG.2020.41
https://proceedings.neurips.cc/paper/2020/file/7137debd45ae4d0ab9aa953017286b20-Paper.pdf
https://proceedings.neurips.cc/paper/2020/file/7137debd45ae4d0ab9aa953017286b20-Paper.pdf
https://doi.org/10.1145/3197517.3201353
https://doi.org/10.1145/3197517.3201353
https://doi.org/10.1145/3072959.3073666
https://doi.org/10.1145/3072959.3073666
https://doi.org/10.1111/j.1467-8659.2012.03179.x
https://doi.org/10.1111/j.1467-8659.2012.03179.x
https://doi.org/10.1145/3197517.3201327
https://doi.org/10.1145/3197517.3201327
https://doi.org/10.1109/CAD/Graphics.2011.31
https://doi.org/10.1109/CAD/Graphics.2011.31
https://doc.cgal.org/5.2/Manual/packages.html#PkgPolygonMeshProcessing
https://doc.cgal.org/5.2/Manual/packages.html#PkgPolygonMeshProcessing
https://doi.org/10.1145/1275808.1276448
https://doi.org/10.1145/2816795.2818100
https://doi.org/10.1145/2816795.2818100

S. Gagniere et al. / A Robust Grid-Based Meshing Algorithm for Embedding Self-Intersecting Surfaces 17 of 17

[MBF03] MoLino N., BripsonN R., FEDkIw R.: Tetrahedral mesh
generation for deformable bodies. In Proceedings of the Sympo-
sium on Computer Animation (2003), pp. 8.

[MBF04] MoLiNo N., Bao Z., FEpkiw R.: A virtual node algo-
rithm for changing mesh topology during simulation. ACM Trans
Graph 23, 3 (2004), 385-392. https://doi.org/10.1145/1015706.
1015734

[MBTF03] MoLino N., BRiDsON R., TERAN J., FEDKIW R.: A crys-
talline, red green strategy for meshing highly deformable ob-
jects with tetrahedra. In Proceedings of the International Mesh-
ing Roundtable Conference (2003), Citeseer, pp. 103-114.

[Muk14] MuUKHERIEE U.: Self-overlapping curves: Analysis and
applications. Computer-Aided Design 46 (2014), 227-232.

[OF03] OsHER S., FEDKIW R.: Level Set Methods and Dynamic
Implicit Surfaces. Applied Mathematical Science. Springer, New
York, N.Y., 2003.

[SB0O9] SoNG J.-H., BELYTscHKO T.: Cracking node method for
dynamic fracture with finite elements. Int. J. Num. Meth. Engr.
77,3 (2009), 360-385.

[SB12] Sirakis E., BARBIC J.: Fem simulation of 3D deformable
solids: A practitioner’s guide to theory, discretization and model
reduction. In SIGGRAPH’12: Proceedings of the ACM SIG-
GRAPH 2012 Courses (New York, NY, USA, 2012), ACM,
pp. 20:1-20:50. https://doi.org/10.1145/2343483.2343501

[SDF07] Srrakis E., DEr K., FEDKIW R.: Arbitrary cutting of
deformable tetrahedralized objects. In Proceedings of the ACM
SIGGRAPH/Eurographics Symposium on Computer Animation
(2007), pp. 73-80.

[Si15] St H.: TetGen, a Delaunay-based quality tetrahedral mesh
generator. ACM Trans. Math. Softw. 41, 2 (Feb. 2015). https://
doi.org/10.1145/2629697

[SIP*13] SAcHT: Consistent volumetric discretizations in-
side self-intersecting surfaces. In SGP’13: Proceedings of the
Eleventh Eurographics/ACMSIGGRAPH Symposium on Geom-
etry Processing (Goslar, DEU, 2013), Eurographics Association,
pp. 147-156. https://doi.org/10.1111/cgf.12181

[SOS04] SHEN C., O’BRIEN J., SHEWCHUK J.: Interpolating and
approximating implicit surfaces from polygon soup. In SIG-
GRAPH’04: Proceedings of the ACM SIGGRAPH 2004 Papers
(New York, NY, USA, 2004), Association for Computing Ma-
chinery, pp. 896-904. https://doi.org/10.1145/1186562.1015816

[SP86] SEDERBERG T., PARRY S.: Free-form deformation of solid
geometric models. In Proceedings of the 13th Annual Confer-

ence on Computer Graphics and Interactive Techniques (1986),
pp- 151-160.

[SV92] SHor P, VAN Wyk C.: Detecting and decompos-
ing self-overlapping curves. Computational Geometry 2, 1
(1992), 31-50. https://www.sciencedirect.com/science/article/
pii/0925772192900190

[TBFL19] Tao M., Barry C., FiumMe E., LEvIN D.: Mando-
line: Robust cut-cell generation for arbitrary triangle meshes.
ACM Trans. Graph. 38, 6 (Nov. 2019). https://doi.org/10.1145/
3355089.3356543

[The20] The CGAL Project: CGAL User and Reference Manual
(5.2 edition). CGAL Editorial Board, 2020. https://doc.cgal.org/
5.2/Manual/packages.html

[Tit61] Trrus C.: The combinatorial topology of analytic functions
of the boundary of a disk. Acta Mathematica 106, 1-2 (1961),
45-64.

[TSB*05] TERAN J., SIFAKIS E., BLEMKER S., NG-THOowW-HING V.,
Lau C., FEpkiw R.: Creating and simulating skeletal muscle
from the visible human data set. IEEE Trans Vis Comp Graph
11,3 (2005), 317-328.

[WDG*19] WANG S., DING M., GAST T., ZHU L., GAGNIERE S.,
JiaNG C., TERAN J.: Simulation and visualization of ductile frac-
ture with the material point method. In Proceedings of the ACM
on Computer Graphics and Interactive Techniques, ACM, vol. 2,

pp- 18.

[WIST14] WANG Y., JIANG C., SCHROEDER C., TERAN J.: An adap-
tive virtual node algorithm with robust mesh cutting. In Proceed-
ings of the ACM SIGGRAPH/Eurographics Symposium on Com-
puter Animation (2014), Eurographics Association, pp. 77-85.

[WWD15] Wu J., WESTERMANN R., Dick C.: A survey of phys-
ically based simulation of cuts in deformable bodies. Comp
Graph Forum 34,6 (2015), 161-187. https://doi.org/10.1111/cgf.
12528

[ZDZ*18] ZHANG J., DuaN F., ZHOU M., JIANG D., WANG X., WU
Z., HuanG Y., Du G,, Liu S., ZHou P., SHANG X.: Stable and
realistic crack pattern generation using a cracking node method.
Front. Comp. Sci. 12, 4 (2018), 777-797.

Supporting Information

Additional supporting information may be found online in the Sup-
porting Information section at the end of the article.

Supporting Information

© 2023 The Authors. Computer Graphics Forum published by Eurographics - The European Association for Computer Graphics and John Wiley & Sons Ltd.

85U80|7 SUOWIWOD 8A1Te81D 3 (edldde aup Aq peusenob ae sspie YO ‘8sn Jo Sa|nJ Joy Ariqi]8ulIUO /8|1 UO (SUONIPUOD-pUe-SWLRY/LI0O" A8 | 1M AReIg 1 el |UO//SANY) SUORIPUOD Pue SWB | 38U} 88S *[7202/20/Tz] Uo AReiqiTauliuo A8|IM ‘9861T JBO/TTTT OT/I0p/W00 A8 | 1M AReuq 1 puluO//:Sd1y Wiy papeojumod ‘T ‘vZ0Z ‘63989 T


https://doi.org/10.1145/1015706.1015734
https://doi.org/10.1145/1015706.1015734
https://doi.org/10.1145/2343483.2343501
https://doi.org/10.1145/2629697
https://doi.org/10.1145/2629697
https://doi.org/10.1111/cgf.12181
https://doi.org/10.1145/1186562.1015816
https://www.sciencedirect.com/science/article/pii/092577219290019O
https://www.sciencedirect.com/science/article/pii/092577219290019O
https://doi.org/10.1145/3355089.3356543
https://doi.org/10.1145/3355089.3356543
https://doc.cgal.org/5.2/Manual/packages.html
https://doc.cgal.org/5.2/Manual/packages.html
https://doi.org/10.1111/cgf.12528
https://doi.org/10.1111/cgf.12528

