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Correct mesh handling and in particular domain extraction is an important step of many simulation workflows.
In the boundary element method, for example, only the surfaces of arbitrarily shaped domains have to be
meshed. Here, an algorithm is presented that extracts all distinct spatial regions and domains from a given non-
manifold three-dimensional surface triangulation without the need for a volume mesh. Only the coordinates
of the mesh vertices and the connectivity matrix of the triangulation need to be given. The process is robust,

easy to implement, and efficient. No geometric features such as edges or faces need to be detected or specified
for the method to work. Thus, the method is suitable for mesh formats that do not contain information about
the geometry partitioning. The algorithm is presented in detail, test cases are discussed, and an exemplary

implementation is given.

1. Introduction

Surface triangulations are a powerful tool for approximately repre-
senting three-dimensional geometries. They are widely used in surface
visualization and numerical simulation. Surface triangulations are par-
ticularly important for the Boundary Element Method because, unlike
the Finite Element Method, only the surface of the simulation domains
need to be meshed. However, new challenges can arise when handling
surface triangulations instead of volume meshes. For example, the indi-
vidual domains contained in the geometry cannot be extracted directly
from the connectivity matrix representing the surface triangulation.
Such domain partitioning, however, is important for many numerical
applications and can also be of interest for modeling and design tasks.
In numerical simulations it is often the case that different material
properties have to be taken into account in different spatial areas of
the geometry [1-3]. Likewise, several separate spatial domains occur
if different equations have to be solved to model different physical
processes on the same geometry. A typical example would be a fluid-
structure interaction simulation, where fluid dynamics can be ignored
in the solid domains [4-8]. Another typical example is the solution
of multiphase flow problems[9,10]. In these problems, each phase is
represented by a separate spatial area.

For the numerical treatment of all these problems, the in general
non-manifold surface triangulation must be partitioned into the individ-
ual domains. However, not all mesh formats support this partitioning
by default and the underlying CAD representation of the geometry is
not always available. For example, the frequently used STL file format
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contains only the coordinates of the mesh vertices and the connectivity
matrix of the triangulation. In such a case, the information about the
underlying domains is not directly available and has to be extracted
first. For 3D volume meshes, an accurate domain segmentation is only
possible if additional information on domain assignments is available
in addition to mesh connectivity and vertex positions. If this infor-
mation is available, however, partitioning is an easy task because the
individual mesh elements can be directly assigned to the domains and
the surface of each domain is formed by all facets that are used by
only one element of the respective domain. In the case of non-manifold
surface meshes, the problem cannot be solved with such simplicity,
given that multiple domains may share the same triangles. This paper
presents a robust, efficient and easy to implement algorithm to extract
all domains from a given surface triangulation. This method requires
only that the coordinates of the mesh vertices and the connectivity
matrix are given. This means that no faces or edge connectivities
or any other geometric features need to be known. In addition, the
algorithm automatically provides oriented connectivity matrices for
each domain present in the geometry, meaning that the normal vectors
on the surface of each domain are equally oriented. As part of the
process of creating tetrahedral meshes from surface triangulations, it
is necessary to subdivide the underlying geometry into the contained
domains. The algorithm presented here can therefore be useful and
employed as an initial step for the process of volume mesh creation
using methods like the one described by Jacobson et al. [11]. Jiang
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(b)

Fig. 1. (a) Example of a geometry consisting of two regions with three inner and one outer domain. The geometry is represented by the surface triangulation only and no
information about the domain connectivities are given. (b) The individual inner domains were identified and are shown here in different colors. The green domain forms one
region, the blue and the red domains together form the second region. The gray dots mark the mesh vertices. The thick red line marks an edge which is formed by two vertices
P, and P;, e.g. i =36, j =39. The thin red lines mark the neighboring triangles of the specified edge and the red crosses mark the neighboring vertices, i.e. the neighbors of the
edge. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and Bunke [12] introduced an algorithm which solves an equivalent
problem for two-dimensional meshes represented as line segments.
Their algorithm determines all the domains contained in such a two-
dimensional line graph with optimal runtime O(M log(M)), where M
is the number of lines. It is a greatly improved version of the algorithm
previously introduced by Fan et al. [13]. However, both algorithms
are limited to the two-dimensional case, and we are not yet aware
of any existing extension to three dimensions. Such a generalization
to the three-dimensional case is presented subsequently. It allows the
extraction of all domains contained in a surface triangulation with a
time complexity of O(M log(M)).

The paper is organized as follows. First, the geometric quantities
required for the method are introduced and defined in Section 2. Then,
the algorithms required to partition the geometry into domains are
introduced in Section 3. To do this, the geometry is first partitioned
into regions. This procedure is described in Section 3.1. In Section 3.2,
the algorithm for identifying the individual domains is described in
detail. Finally, a procedure for correcting nested domains and regions is
presented in Section 3.3. Although the extraction of individual regions
and the correction for nested geometry parts are important parts of
the overall domain extraction procedure, the algorithm for extracting
individual domains described in Section 3.2 is the main result of this
paper. Afterwards, the method is validated for several test geometries in
Section 4, including an analysis of the efficiency and runtime. Finally,
the results are summarized and conclusions are drawn in Section 5.

2. Definitions

The surface triangulation representing the geometry is assumed to
be given by an M x 3 sized connectivity matrix K and an N X 3 sized
coordinate matrix P, where M is the total number of triangles and N is
the total number of mesh vertices. The ith row of the connectivity ma-
trix K contains the three indices of the mesh vertices that form the ith
triangle. The ith row of the coordinate matrix P contains the x,y and z
coordinates of the ith vertex of the triangulation. It is assumed that the
triangulation is error-free, e.g., no triangles are duplicated or triangles
have degenerated into lines. If this is not the case, the triangulation
must first be corrected using appropriate methods [14,15].

In general, the surface triangulations can contain disconnected re-
gions, and each region has potentially non-manifold edges and faces

leading to multiple interior domains. An example of such a geometry
is shown in Fig. 1(a). Each surface triangulation contains at least one
region and each region contains at least one inner domain. A region
is a connected component of the geometry that is given by a subset
of triangles where none of the triangles share a common vertex with
any of the remaining triangles. An inner domain is a three-dimensional
spatial ‘water-tight’ oriented polyhedron with a closed surface and is
given by a subset of triangles of the corresponding region. In addition
to the inner domains, each geometry has a single outer domain, which
is formed by all outer faces, i.e. those triangles that are only part of one
inner domain. Each triangle consists of six oriented edges v. Each edge
v = [i, j] is formed by two vertices i, j and has at least two neighbors.
A neighbor of an edge v is a vertex P that is opposite of the edge in
any triangle that contains the edge v. This means, that this vertex P
is not part of the edge v itself but is connected to the two vertices
of the edge [i,;] via two other edges v/ and v”. The total number
of edges in the triangulation is denoted as E. For the extraction of
the individual domains, a representation of the triangulation via so-
called ‘wedges’ is used. A wedge W is a four-element vector, where the
elements represent indices of vertices of two adjacent oriented triangles
of the mesh. The name wedge is chosen to emphasize the similarity to
the method of Jiang and Bunke [12] for the region extraction in 2D
line graphs and is not necessarily to be interpreted geometrically, since
a wedge represents either a planar patch of the surface of the geometry
or a tetrahedron. The determination and use of wedges is explained in
more detail in Section 3. The geometry shown in Fig. 1(a) consists of
two regions, three inner and one outer domain. The identical geometry
with the individual extracted inner domains is shown in Fig. 1(b). The
outer domain is formed by all the faces of the three domains except the
face shared between the pyramidal and cubic, i.e., the red and blue,
domains.

3. Algorithm
3.1. Determine the region connectivity matrices

In order to determine all domains of a given mesh, the connectivity
matrices of the regions are determined first. There are several ways to

do this. A naive approach would be to start with an arbitrary triangle
and determine all neighboring triangles one by one. As soon as all
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Fig. 2. Example of the graph associated with the geometry shown in Fig. 1. The
separate regions are visible as unconnected components in the graph. The light green
part of the graph corresponds to the green spherical shaped region and the magenta-
colored part corresponds to the region composed of the cube- and pyramid-shaped red
and blue domains of Fig. 1(b). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

neighbors have been run through once, the connectivity matrix of
the region has been found. If there are still untested triangles, the
procedure is repeated for these triangles until all triangles of the initial
triangulation have been tested once. However, another much more
efficient method is used here based on the graph representation of the
mesh. Each triangulation can be represented as a graph, where the
mesh vertices are the nodes in the graph and the edges in the graph
are given by the edges in the mesh. There are very efficient algorithms
to determine all connected components of a given graph. Here, we use
the search algorithm introduced by Tarjan [16]. Its runtime depends
linearly on the sum of the number of mesh vertices and mesh edges,
i.e. O(N+E). An example of the resulting graph for the geometry shown
in Fig. 1(a) is presented in Fig. 2. For each vertex of the surface triangu-
lation, the partitioning algorithm of Tarjan returns the corresponding
index of the region. The connectivity matrix K}"{ of the ith region
can subsequently be easily extracted and is formed by all triangles,
i.e., rows of the initial connectivity matrix, that contain vertices with
the corresponding index of the region. Thus, each connectivity matrix
Ké is formed by a subset of the triangles of the initial connectivity
matrix K. The index i runs from 1 to Ny, where Ny is the number
of regions in the geometry.

3.2. Determine the domain connectivity matrices

Once the regions and their connectivity matrices are identified, we
turn to the more challenging task of domain extraction. This step is
done separately for each region. As a result of the algorithm presented
below, a connectivity matrix K};’{) is obtained for each inner and outer
domain contained in the ith region. The index j runs from 1 to Nyp;,
where Nyp; is the number of domains in the ith region. In other words,
the connectivity matrices KI"{’{) of the contained domains are extracted
from the connectivity matrix K of the respective region, meaning
that each domain connectivity matrix Kl;’{) is formed by a subset of
the triangles of the region connectivity matrix K}"{. If the geometry
consists of nested or multiple regions, the connectivity matrices must
subsequently be combined and corrected in a suitable manner. This
procedure is described in Section 3.3. As a result, the final connectivity
matrices K]f) of the domains contained in the geometry are obtained,
where i runs from 1 to N, and N, denotes the total number of
domains in the geometry. The algorithm can be understood as follows:
The triangles of the region connectivity matrix form the nodes and
each wedge describes an edge, i.e. a connection, between two adjacent
oriented triangles. The contained domains are extracted by performing
a flood fill-like search on this graph without having to build this graph
explicitly. In the graph, each triangle is contained twice but with
reversed orientation, reflecting the fact that each triangle in the region
connectivity matrix must be part of two different domains.

Computer-Aided Design 180 (2025) 103824

Fig. 3. The figure shows a part of a triangulation with four triangles that share a
common edge [1,2]. Several domains are therefore adjacent to this edge. The four
neighboring vertices Py, P;, P;, and Ps of the edge [1,2] happen to be already oriented
clockwise.

3.2.1. Creation of the wedge list
As a first step, a list of wedges is created for each region by
performing the following steps:

(i) A list with all non-oriented edges of the region connectivity
K}, is created. The direction of the edges is arbitrary but no
edge should appear twice. The list must therefore only contain
the three non-oriented instead of all six oriented edges of each
triangle in the respective region.

(ii) The adjacent triangles and the corresponding neighboring ver-
tices are determined for each edge. If an edge is non-manifold,
i.e. has more than two neighboring vertices, these vertices
are first ‘oriented’, i.e. sorted into a list encircling the edge,
e.g., clockwise. For this purpose, the rotation angles ¢ and 9
corresponding to the spherical coordinates of the edge vector
are determined, which are necessary to rotate the edge vector
X(v ) = X(v;) on the x-axis. The coordinates of all neighboring
vertices of the respective edge vector are then transformed by
the same rotation:

d = R(@)R(9)d €))
cosp 0 sing)( cosd 0 sin 9
= 0 1 0 —sin9  cosd 0 |a
—sing 0 cosg 0 0 1

The neighboring vertices can then easily be oriented by their
projection onto the )/, z’-plane, e.g., by determining and sorting
the angles relative to the y’-axis clockwise. The resulting sorted
index arrays of the neighboring vertices are stored for each edge
of the region. The resulting orientation of neighboring vertices
is uniquely determined for an error-free surface triangulation.
(iii) Now, the list of wedges WR can be created. For this purpose,
the wedges corresponding to the edge v, = [i, j] with k, sorted,
i.e. oriented, neighbors [M)15Mp05 - ’"p,k,,] are defined via lists of
four vertex indices each according to:
WR,, =In,;,i,j,n,,]

WR,, =[n,,,i,j,n,3]
p.2 P2 .3 o)

WRp,kp = ["p,kpv i, j,n,1 1

The first and last column of this k, X 4 matrix contain the
neighboring vertices of each edge v,. Finally, the resulting
matrix is enlarged by appending the matrix once again with

the columns arranged in reverse. Le., in addition to, e.g., the
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Fig. 4. (a) Input surface triangulation describing the geometry of two nested spheres: The geometry consists of two regions where each region consist of one inner and one outer
domain. (b) Extracted domains using the algorithm introduced in Section 3: The two spheres that form the two regions are detected separately. For each sphere, there is one
connectivity for the inner domain and one for the outer domain, which differ only in the orientation of the normal vectors. (c) The desired and correct identification of the
individual domains: The geometry is partitioned into the inner sphere (blue), the spherical shell between the two spheres (red), and the outer domain (green). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

wedge (1,151, J,1,2], the entire wedge matrix contains the wedge
[n,2,J.i,n,,] as well. Therefore, in addition to the edge [i, /],
the edge [j,i] is now also included in the wedge list, which
means that all six oriented edges of each triangle in the region
are considered. For the edge [1,2] with neighbors [5,4,3,6] as
illustrated in Fig. 3, the following eight wedges result:

(iii)

it from the wedge list WR and add it into the connectivity list

K]"{’g of the mth domain.

Find the next wedge of the form [an S anz Wﬂ,X ] with any
index X among the rema_ining wedges WR and add it as W}
to the connectivity list K. Remove this wedge from WR and

set n = n + 1. Repeat until the last element in the list, i.e. W"

[5,1,2,4] [4,2,1,5] matches the pattern W" = [X, W, W, W].

[4,1,2,3] [3,2,1,4] 3 (iv) After finding a list of new wedges W/" with k € [kyu.n]

[3,1,2,6] [6,2,1,3] G in step (iii), it is now tested for each newly added and not
yet checked wedge whether a remaining wedge with W” =

[6,1,2,5] [5,2,1,6] m ym ym s mtl
[Wk,2’ Wk,3’ Wk’],X] exists in WR.

This is repeated for all edges and the resulting lists are con- If yes: Add this wedge to the connectivity list K{QS and remove

catenated, until finally for a triangulation with M triangles, 6 M this wedge from WR. Set W = VVn,:lL . and ky, =k and n=n+1.

such wedges have been formed. This is easiest to see for a closed Go back to (iii).

triangulation of a single domain. In this case, each edge has two If no: The complete connectivity matrix Kl;’g of the mth domain

adjacent triangles and each triangle is formed by six oriented was found. If all wedges have been checked, all connectivity

edges. Thus, the total number of edges is 3M. Since each edge matrices have been found and go to (v). If wedges still remain,

has two neighbors in this case, 6M wedges can be formed in set m = m+1 and go to (ii) for the extraction of the next domain

total. The steps (i) and (iii) can be done in linear time while step connectivity.

(ii) is the most time consuming part with a time complexity of (v) The result is a 3J;,, X 4 matrix with 3J,,, continuous wedges for

O(M log(M)) since a wedge list with a total of 6M entries needs
to be sorted.

each domain. This list contains the connectivity matrix of the
mth domain in the first three columns. However, each of these
matrices contains each connectivity of the domain three times,

since all cyclic permutations occur. To obtain the final connec-
tivity lists, the rows that occur more than once must be removed.
To do this, the matrices are sorted row-wise and duplicate rows
are removed, resulting in a J; ,, x3 sized connectivity matrix KI’;]';
for each domain, where J; , is the number of triangles in the mth
domain in the ith region.

3.2.2. Grouping of wedges

Once the wedge list has been created for the connectivity matrix of
the ith region, the contained domains can be extracted by grouping the
wedges. To do this grouping, the following steps are carried out:

(i) Set domain index m =1

(ii) Set ki, = 1 and n = 1. Select any wedge, e.g. the first one,
W =[WR,,,WR,,, WR, 3, WR, 4] from the list of all remain-
ing wedges WR. Use this wedge as starting wedge W ", remove

Algorithm 1 gives a summary of this grouping procedure in pseu-
docode. Step (i) and (ii) of the grouping process can be performed in
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Algorithm 1: Grouping of wedges

Description of the algorithm for grouping the wedges in order
to extract the domains of the i-th region as pseudocode. X is an
arbitrary vertex index. If there is more than one possible wedge
in step 12, a wedge will be selected at random.

Input: list WR with all wedges of the i-th region
1 m«<1;
2 ki < 1;
3 ne<l;
4 WM W K" < [WR, |, WR, 5, WR, 3, WR, ];

5 Remove W from WR;
6 do

m m
7 I/Vn+1 ’ Kn+1
8 Remove Wn"jr] from WR;

« find (W™, W™ W™ X]in WR;
n, n2 nd
9 n<—n+l;
10 while W # [X, WS"’2WS"’1WS"’3],

11 for k « ki, to n do
12 if (wn wn %ml,X] exist in WR then

k2 k3
13 Kiast < K
14 nen+l;
15 W WK < W Wi WL XD
16 Go to 5;
17 else
18 if WR is empty then
19 for k < 1 to m do
20 K¥ « first three columns of K*;
21 Sort K* row-wise;
22 Remove duplicated rows in K*;
23 Kb < K%
24 end

Output: Connectivity lists KI"{’:), KI';g

25 else
26 m<«— m+1;
27 Go to 2;
28 end
29 end
30 end

constant and linear time respectively, while the steps (iii), (iv) and
(v) have a time complexity of O(M log M). As a result the total time
complexity of the generation and grouping of the wedges is O(M log M)
while the memory complexity is O(M). The time complexity is demon-
strated for an exemplary geometry in Section 4 for meshes of different
sizes. The most expensive part of the grouping process is the search
for the next following wedge in step (iii). However, this step can be
simplified if at the beginning a list of wedges is stored for each vertex
with each vertex as the first entry. If the wedge [I/Vn'”VV"'”ZI/Vn"LX ]
has just been found in step (iii), it is thus sufficient to search for the
following wedge in the remaining wedges that start with the index W,
This means that only a small sub-list of wedges needs to be checked and
updated.

Since the edge [i, j] occurs in the next wedge in reverse order [j, i],
the normal vectors of the triangles of each domain are oriented in
the same way, i.e. they all point inwards or outwards. The method
therefore results directly in oriented connectivity matrices for each
domain. The orientation, i.e. whether the normals are pointing inwards
or outwards, is easily obtained by calculating the signed volume of the
respective domain using Gauss’s theorem. For this purpose, a vector

Computer-Aided Design 180 (2025) 103824

Fig. 5. To check efficiently whether a region Ky is nested in a region K, an arbitrary
vertex of the Ky is selected (red point). It is then tested whether the projections of
this point (red crosses) lie within the projections of the bounding boxes of the region
K} on two different coordinate surfaces (blue squares). Only if this is the case, nesting
of Ky in K is possible. Therefore, in the next step, a ray (green line) is shot from the
selected point in an arbitrary direction and the parity of the number of intersections
with the outer hull of the region K} is determined. In the depicted case, there is only
a single intersection point (green dot) and since the number is odd the red region Ky
is indeed nested in the region K. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

field F = %/3 with divergence V - F = 1 is introduced. The application
of Gauss’s theorem yields for the volume:

J,
1 1

im _ A =g _ 2 2.2 _ 1 —»i.m.—oi,m
14 —/Q[‘m FdV_3/a_Qf~mx ndA—3 . lxj n; 4
j=

im

<

where ?c;'" are the vertex coordinates of an arbitrary vertex of the jth
triangle of the mth domain of the ith region and ﬁ;"' is the normal vector
for the corresponding triangle. Normal vectors oriented outwards lead
to a positive volume and normal vectors oriented inwards lead to a
negative volume. To correct the orientation, it is sufficient to permute
two arbitrary columns of the connectivity matrix K]’;g. It should be
noted that the connectivity matrix of the outer domain, i.e. the domain
formed by all outer faces, is automatically found for each region. This
outer domain corresponds to the outer domain of the entire model if
there is only a single region in the geometry present. Once the calcula-
tion of the normal vectors is defined, the presented algorithm provides
the same sign consistently for the volumes for all inner domains and
just the opposite sign for all outer domains of each region independent
of the input triangulation. This means that the sign of the volume alone
can be used to decide whether the domain is an inner or outer domain
of the investigated region.

3.3. Identification and correction of nested and multiple regions

The combination of the so far introduced algorithms for the identi-
fication of regions and the extraction of domains works for a geometry
such as the one shown in Fig. 1(a). However, in the general case,
regions may be nested inside of other regions or inside domains of other
regions without a geometric connection, i.e. a shared vertex, of the
corresponding connectivities. As an example, two nested spheres are
considered as shown in Fig. 4(a). Applying the method discussed so far
would identify the two spheres as separate regions with two domains
each (an inner and outer domain). Correctly, however, this geometry
is broken down into three domains: an inner sphere, the surrounding
spherical shell, and the surrounding outer sphere as shown in Fig. 4(c).

In the following, it is shown how the results from Section 3.2 can
be easily adapted to achieve the correct partitioning of the geometry.
The first step is to test whether a region Ky lies inside another region
K} If this is the case, it is checked in which domain K} of K} the
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®

Fig. 6. Example of a double-nested geometry. The triangulation consists of 1034 elements. The individual extracted inner domains are highlighted in red. As can be seen, the
individual domains are correctly identified. The identification of all regions as well as the complete extraction of all domains and the subsequent correction due to the nesting
takes less than 50ms with the provided program code on a conventional laptop with an i5-1135G7 processor @2.4GHz and 8 GB RAM. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

region Ky is located. The connectivity lists of the surrounding domain
Kip in K} and that of the outer domain Ky, of the nested region Ky
are then concatenated. No columns need to be permuted to obtain the
correct orientation of the normal vectors, since only the connectivity
matrix of the outer domain of the nested region is appended, and
their normal vectors are already oriented in the opposite direction to
the inner domains of Ky. The two regions Kz and Ky are henceforth
considered to be one region. This procedure is repeated for all pairs of
regions.

To test whether a region lies within another region or within a
domain, the ray intersection method described by Méller [17] is used.
Since an intersection of regions is not possible, we only need to check
if a region is located fully inside or outside of another region. To do
this, it is sufficient to test whether a single point of a region lies within
another region. A ray is shot from the selected point in an arbitrary
direction and the number of intersections with the outer domain of the
region is determined. If the number of intersections is even, the point
is located outside and if the number is odd, the point is inside. If the
point lies inside, the test is repeated for each domain contained in the
outer region. Since only individual points are tested and the number of
regions is usually small, this step in geometry partitioning only plays a
minor role for the total runtime. However, to further accelerate this test
it is first checked whether the bounding boxes of the regions overlap
and thus a nesting of the region is possible at all. For this purpose, it
is sufficient to check if a single vertex lies inside of the projection of
the bounding boxes onto two different coordinate planes. The process
is illustrated in Fig. 5.

Once the correction of the nested geometry parts is completed, the
final connectivity matrices Klf) of the geometry were extracted.

4. Validation of the algorithm

The individual steps of the introduced algorithm were implemented
in Matlab®. The corresponding program code can be obtained from
Zenodo [19]. The library also includes several test geometries to val-
idate the algorithm on realistic application examples. In the following,

Fig. 7. Three-dimensional geometry that represents parts of a piston engine as an
example of a realistic and complex geometry. The geometry was taken from the
application library of COMSOL Multiphysics [18]. The geometry consists of a single
region with 19 inner and one outer domain. Some of the extracted domains are shown in
color. The corresponding STL-file representing the mesh is included in the supplied code
library. The surface triangulation consists of 50878 elements. The domain extraction
takes about 2.5s with the provided code on a standard laptop with an i5-1135G7
processor @2.4GHz and 8§ GB RAM.
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Fig. 8. (a) Complex geometry used to benchmark the runtime of the presented algorithm as a function of the number of mesh elements: The geometry consists of 25 regions. Each
region consists of 40 domains. In total, the geometry therefore consists of 1000 inner domains and one outer domain. (b) Enlarged image with a detailed view of the geometry.
(c) A further enlarged image showing the finest of the used surface meshes with over 5 million triangular elements.

the efficiency of the presented method is tested and evaluated on dif-
ferent geometry examples. Furthermore, the runtime of the algorithm
is determined as a function of the number of mesh elements.

As a first example, the geometry shown in Fig. 6 is considered.
The geometry contains regions that are nested multiple times. In ad-
dition, several inner domains are connected only at a single vertex or
along a single edge. Even such a complicated geometry can be easily
partitioned into its underlying domains. The complete partitioning of
the geometry takes approximately 50ms on conventional hardware,
which illustrates the efficiency of the algorithm. As next example,
the three-dimensional model of a piston engine is examined. This is
an example of a realistic and complex three-dimensional geometry. It
consists of only one region with multiple internal domains. The results
of the partitioning process are shown in Fig. 7. This proves that the
presented algorithm is suitable for the partition of complex and realistic
geometries into their domains.

To investigate the dependence of the runtime on the number of
mesh elements, the significantly more complex geometry shown in
Fig. 8 is used. This geometry consists of 1000 inner domains and 50
regions, with each of the 25 outer regions containing one nested region.
To test the performance of the introduced algorithm as a function of
the number of elements, the geometry was triangulated with meshes of
different resolutions. For each of the resulting meshes, all of the steps
described in the previous sections are performed and the time required
is determined. The resulting graph is shown in Fig. 9. Clearly, the
runtime scales approximately like O(M log(M)) demonstrating the high
performance of the algorithm. This shows that even complex surface
triangulations with millions of elements containing several hundred
domains and regions can be efficiently partitioned.

5. Conclusion

An efficient algorithm for extracting all contained spatial domains
in a given non-manifold three-dimensional surface triangulation was
presented. The method is a generalization from two to three dimensions
of the algorithm introduced by Jiang and Bunke and shares the high
efficiency of their method, which is reflected in a runtime of approx-
imately O(M log(M)). A major advantage of the method is that no
information about geometric features such as edge or face connectivity
is necessary. The knowledge of the connectivity matrix and the vertex
coordinates of the initial surface triangulation is sufficient. The method
can also be used for handling large meshes with millions of triangular
elements on simple hardware. It is therefore ideally suited for use
in realistic modeling tasks or for use in efficient boundary element
method software. Finally, it should be noted that algorithms based on
the grouping of the face adjacency of the geometry represent potential
alternatives, although the grouping of the faces into the individual
domains represents a particular challenge.
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Fig. 9. Runtime as a function of the total number of mesh elements in the triangu-
lation. The runtime refers to the total time required after the import of the mesh file
for the division into regions, the extraction of all domains, and the correction due
to nested domains averaged over 10 simulations. In all cases considered, more than
95% of the program’s runtime was required for the extraction of the domains, which
demonstrates that this step is decisive for the overall performance. The time spent
on the domain extraction scales like O(M log(M)), proving the high performance of
the presented algorithm. All calculations were done on a conventional laptop with an
i5-1135G7 processor @2.4 GHz with 8 GB RAM.
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