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ABSTRACT

With the steady evolution of software tools and pro-
gramming languages, several programming paradigms
have become available and new methodologies related
to library centric application design have been devel-
oped. In addition to this paradigm shift, the increase of
computing power requires an adaptation of well known
techniques for parallel computing. Various problems of
different disciplines appear, for which no efficient and
definite solutions exist. This calls for new paradigms to
be established and the development of new ways which
fully exhaust the combination of sophisticated software
and powerful hardware.

The area of spatial discretization, unstructured mesh
generation, is one of these areas, which still exhibits var-
ious issues from fields such as modular software design,
high performance, and most importantly robustness. In
this work problems for mesh generation are identified
and solutions explored, which anticipate the given chal-
lenges. This approach is combined in a software library
based on a generic scientific simulation environment and
compared to existing tools.

INTRODUCTION AND MOTIVATION

The field of scientific computing as a whole, and Tech-
nology Computer Aided Design (TCAD) in particular,
relies on either domain-specific closed applications, or
components tied very closely to specific representations
which were often built for very fixed purposes and then
wrapped into a large and monolithic toolkit. To this
date, data structures and algorithms are implemented
in a heavily application specific way, making their reuse
practically impossible.

One of the most fundamental issues in TCAD, spatial
discretization, requires certain and diverse constraints
during mesh generation. Many software tools exist
which solve very narrow sets of problems in special and
well defined settings, but unfortunately most of the so-
lutions to these problems are implemented repeatedly.

With the steady evolution of software engineering tech-
niques and methodologies, new paradigms have emerged
which offer great opportunities related to orthogonal
module design and high performance approaches. Using
a generic programming approach instead of object ori-
entation, data structures and algorithms can be imple-
mented orthogonally, where some languages, e.g. C++,
offer additional high performance possibilities as well. In
addition to these basic software engineering issues, the
calculating power of modern computer systems, which
has been doubling every 18 months in the past, and the
emerging CPU parallelism, require different program-
ming paradigms and application design methodologies.

These changes have to be taken into account as well
as the upcoming shift to fully three-dimensional sim-
ulations [1]. This of course also implies, that three-
dimensional mesh generation is getting more and more
important in the next decade, especially in the field of
TCAD where up to now, no comprehensive mesh gener-
ation application has emerged.

Mesh generation is a quite difficult task to be imple-
mented on computers, because a rigoros algorithmic for-
mulation does not exist. The emerging paradigm of
computational topology will support mesh generation
in the coming years [4, 17].

Different fields of TCAD application impose a variety
of different constraints and requirements on mesh gen-
eration, e.g. topography simulation requires a good ap-
proximation of surface elements, while ion implantation
simulation requires high density near the surface, ac-
cording to the gradient of the ion distribution. Diffusion
simulations add a need for a fine mesh at interfaces in
addition to a high mesh density near the surface. The
complex field of device modeling even requires a com-
pletely different type of mesh, necessitating a remesh-
ing step for the whole input structure. In summary,
it can be observed that each simulation step has com-
pletely different requirements on the underlying spatial
discretization. Therefore, meshing is still one of the ma-
jor showstoppers in the field of TCAD.

In this work we present a comprehensive modular, li-
brary centered approach which focuses on the problems
described above. Already existing concepts and libraries
in the field of scientific computing, which have proven
to be successful, are combined on a new software basis.
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PROBLEMS WITH MESH GENERATION

Before introducing different techniques of mesh genera-
tion, common problems are sketched which impose vari-
ous constraints, restrictions, and difficulties for the task
of mesh generation in general.

- Different element size: The generated mesh can
consist of elements of different size, meaning, that ad-
jacent elements vary greatly in size, e.g. a thin layer
of oxide within a three-dimensional device, which is
more than three order of magnitudes different in size.

- Boundary requirements: Various boundary re-
quirements cause problems for mesh generation, e.g. a
tetrahedra configuration known as Schönhart polyhe-
dra [13] or the inclusion of preset surface edges, which
imposes additional difficulties, if the surface requires
Delaunay conformity [6].

- Cospherical point sets: Points are said to be co-
spherical, if at least n + 2 point are located on the
perimeter of an n-dimensional sphere S, where S does
not contain any other points of the mesh. This prob-
lem only arises, when the Delaunay criterion has to
be met.

- Degenerated cells: Degenerated cells may result
due to several reasons, such as the requirement to ad-
here to a given boundary or that the generated mesh
has to include a given point cloud. The problem with
these degenerated cells is that they may be unsuitable
for the subsequent simulation tasks, e.g. interpolation
of physical quantities. This problem increases further,
as degenerated cells cannot be refined without adding
additional degeneration. Therefore several classes of
degeneration are classified and various mesh adapta-
tion techniques are used to minimize the number of
these elements.

As already pointed out, the application design for mesh
generation not only has to deal with the given difficul-
ties based on mesh generation itself, but it also requires
various software engineering methodologies to develop
robust applications.

MESHING METHODS

There are several methods for mesh generation, which
are currently in use for scientific computing, such as:

- Giftwrapping

- Incremental Delaunay Triangulation

- Advancing Front

- Advancing Front with Delaunay Triangulation

To present the advantages and disadvantages of these
different approaches, a brief overview of each is given in
the following:

Giftwrapping

Starting with any element, a sphere is expanded around
the element until the next point is found, where the ex-
tension of the sphere is controlled by a given direction
vector. Figure 1 illustrates the idea behind the giftwrap-
ping algorithm, which is suitable for use in multiple di-
mensions. Only convex hulls can be created using the
giftwrapping algorithm and cospherical point sets im-
pose additional difficulties.

Figure 1: Giftwrapping example

Incremental Delaunay Triangulation

Many triangulations exist for a set of points in a plane.
A triangulation which meets the so called circumcircle
or Delaunay property is called a Delaunay triangulation.
This property states that the circumcircles of the trian-
gles may contain no points beside the points forming the
triangles (see Figure 2).

One of the main advantages of the Delaunay triangula-
tion in two dimensions is the minimization of the maxi-
mum angles and the maximization of the minimum an-
gles. In three dimensions this advantages cannot be eas-
ily accomplished due to non-unique flip constraints [14].

Figure 2: Delaunay property

An additional difficulty for this method is the incor-
poration of boundaries due to the fact that incremental
Delaunay triangulation uses the convex hull of the input
point set only. Given boundary representations have to
be marked and reconstructed after the meshing process
has completed.

Figure 2 shows two examples of a simple mesh. The
left part violates the Delaunay criterion, because the
cirumcircles include the points of both triangles. The
right part is a correct Delaunay triangulation, because
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the circumcircles of both triangles contain only their
respective three points.

Advancing Front

The advancing front algorithm starts with a set of
boundary elements of a given dimension, e.g. edges.
These edges form the initial front which is advanced into
the simulation domain. An edge of this set is chosen to
form a new triangle, either with an existing point or a
newly created point. The current edge is then removed
from the front and the two new edges are, depending on
their visibility, added to the front. This process termi-
nates when no edges remain within the front.
Figure 3 shows a simple advancing front triangulation.
The figure sketches the advancing front mesh genera-
tion concept in two dimensions. The dotted line repre-
sents the current front. New triangles are inserted, by
joining the two ends of a front edge to either a newly
created point or an existing point, one at a time [10].

Figure 3: Advancing Front [10]

In contrast to the Delaunay triangulation, the advanc-
ing front method, easily incorporates the boundary. It
starts from the given boundary representation and ad-
vances the front into the simulation domain. A ma-
jor drawback of this method is that the quality of the
generated elements heavily depends on the quality of
the boundary elements. For different implementations
of this type of mesh generation technique, the robust-
ness issues are severe. The advantages of this method
are the good control mechanism for the element sizes,
the quality of the generated elements, and the not re-
quired Delaunay property which can optionally be incor-
porated easily. Parallelization can be quite challenging
for surface creation, because new surface elements de-
pend on the previously generated surface element. If
the surface is partitioned, volume mesh generation, on

the other hand, can be parallelized in order to distribute
the generation process on several computers. Using the
advancing front algorithm, it is no problem to divide the
simulation domain into smaller domains and treat each
domain on its own. However, boundary information,
e.g. different materials, has to be available, otherwise
the problem is similar as with surface mesh generation.
A method of incorporating the Delaunay property into
the advancing front method has already been proposed
[10], which adds new points ahead of the front and trian-
gulates them according to the Delaunay criterion. This
algorithm works like the conventional advancing front
algorithm, only point insertion is extended to satisfy
the Delaunay criterion.
Figure 4 shows the idea behind the algorithm. When
inserting a new point, there are two possibilities:

- either the point is not inside any existing triangle cir-
cumcircle,

- or there exists at least one triangle, whose circumcir-
cle contains this new point.

Figure 4: Advancing Front Delaunay Triangulation
[10]

A different implementation is available using an abstract
rule set [12], which describes different methods of con-
trolling the advancing front. Basically, a rule describes
where points are to be generated. The rule also manages
changes in the advancing front. Some boundary ele-
ments have to be added while others have to be deleted.
If no matching rule is found, the quality class is de-
creased. This allows the application of a rule of a lower
quality level, which may also delete the current element.

SOFTWARE DESIGN

The meshing methods, described in the previous section,
have been included as modules in the Generic Scientific
Simulation Environment (GSSE [8]). The software de-
sign of our meshing library can be seen in Figure 5. The
following presents our solution of the previously men-
tioned meshing problems.

- Different element size

To cope with the problem of different element sizes we
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Figure 5: Design of GSSE

use the concept of a local feature size (lfs) [11]. The
lfs of a point p is defined as the radius of the smallest
disk centered at p, which intersects two non-incident
vertices or segments of the planar straight line graph.
The lfs guarantees that there are no abrupt changes in
the size of the elements, which is especially important
with the advancing front algorithm.

- Boundary requirements

The application of the advancing front algorithm
based on the introduced abstract rule mechanism eas-
ily incorporates the given boundary elements. Addi-
tionally, the Delaunay criterion can be used to create
conforming boundary representations.

- Cospherical point sets

This problem arises, when a mesh is used for, e.g.
the finite volume method. The Voronoi graph [14]
is therefore used to model flux conservation. Due to
the fact that a Voronoi graph is the dual graph of a
Delaunay graph, the input mesh has to exhibit the
Delaunay property. Our approach optionally guaran-
tees Delaunay conformity for both the surface and the
volume.

- Degenerated simplices

The use of the advancing front algorithm in combi-
nation with the already introduced quality rules and
the corresponding point placement strategies reduces
the degeneration of elements. The existing rules were
extended to meet the Delaunay criterion.

Related to software engineering issues, the proposed so-
lution uses a library centric application design paradigm
[8] based on a multi-paradigm approach.

To incorporate various input formats and to solve the
problems with different data models, the proposed ap-
proach uses a fiber bundle data model. Fiber bundles
were first introduced by Butler and Pendley [3] and af-
terwards enhanced [2] to include cell complex properties.
The basic approach of this data model is the separation
of cells into a base space and the connectivity informa-
tion storage within a fiber space.

All current data models can be mapped to the fiber bun-
dle data model. This gives the advantage to read and
write various file formats. Due to the modular design
it is also possible to quickly write new input or output
modules to accommodate an even wider range of file
formats.
An advantage of our approach is, that the developed
modules can be combined in various ways, depending
on the requirements of the subsequent simulation. For
example a mesh, initially generated using the advanc-
ing front algorithm, can be refined afterwards at certain
points, which are interesting for the simulation, or the
mesh can be modified to meet the Delaunay criterion.
The module design can also be seen in Figure 5.
Another advantage of the modularized development ap-
proach is the possibility to interface different mesh en-
gines and thereby fully utilize the orthogonal application
approach.
Our library also contains a resampling step which con-
sists of several substeps [12]. First the points are ex-
tracted from the input model. This extraction only ap-
plies to the ‘points of intersection’, which are the points
where at least three surfaces intersect. To solve this
problem, a bisection algorithm based on geometric tests
is used. Afterwards, using this minimal mesh, a new
surface is generated, with an advancing front algorithm
[12].

MESHING LIBRARIES

As it is our goal to focus on library centric design, var-
ious meshing libraries are incorporated and therefore
briefly presented here.
TetGen: is developed by Hang Si, from the Weierstrass
Institute for Applied Analysis and Stochastics, and gen-
erates a Delaunay triangulation. Additionally, it sup-
ports the creation of Voronoi diagrams and convex hulls
for three-dimensional point sets [5, 15, 16].
Netgen: uses the described abstract rules for advancing
front mesh generation and offers a Delaunay point cloud
generation module [12]. This module lacks the modeling
of a guaranteed Delaunay volume mesh as well as the
conforming Delaunay property for surfaces.
deLink: was developed for TCAD applications based
on an advancing front method combined with a Delau-
nay method which does not create new points automati-
cally [7]. Therefore, additional point clouds created sep-
arately have to be used to refine structures. The created
meshes satisfy the Delaunay criterion for surfaces and
volumes.

OUR APPROACH

It is important to highlight that TetGen and Netgen
cannot deal with corrupted input representations, e.g.
holes. deLink and GSSE use various methods to cor-
rect the input representations, where our approach can
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also use a separate surface remeshing step. GSSE also
incorporates constructive solid modeling [8]. Table 1
presents an overview of the features of each mesh gen-
eration module.

Features TetGen Netgen deLink GSSE
Delaunay + x + +
Advancing Front - + - +
Remesh Steps - + - +
Automatic Points - + - +
CSG Input - + - +
Polygon Input - - + +
Repair Surface - - + +
Multi Material - - + +

Table 1: Results of the comparison

EXAMPLES

This section presents some examples of meshes, created
by the four previously outlined tools. The examples are
analyzed and the quality distribution is presented. To
compare the meshing tools, we categorize the elements
of the mesh using two main parts [9]. First four classes
of quality types, defined by the number of small dihedral
angles, as shown in Figure 6 are set up.

Figure 6: Four different classes of degenerated tetra-
hedra (wedge, spade, cap, sliver), sorted by
the number of acute dihedral angles.

Then, the tetrahedra are classified by the number of de-
generated triangles, like daggers and blades. The dagger
has one short edge and at least one small angle, where
the blade has no short edge and therefore one large and
two small angles. Figure 7 shows the needle (or spire)
with three daggers (the short edges are marked in the
figure), the slat (or splinter) with two opposite short
edges and, therefore, four daggers. Finally, the spindle
does not have short edges and has therefore four blades
as triangles.
The Figures 8 and 10 show the basic functionality and
the boundary representation of the different meshing
kernels. The Figures 9 and 11 summarize the respecitve
statistics. The pictures in Figure 12 and 13 present ex-
amples from TCAD / topography simulation.

CONCLUSION

We have identified several problems of mesh generation
and presented our solution to these problems. A mesh-

Figure 7: Three different types of degenerated tetra-
hedra (needle, slat, spindle).

ing library based on GSSE has been developed to collect
these solutions. Finally, a comparison between GSSE
and established meshing kernels was performed show-
ing, that GSSE has more mesh generation possibilities
than the other investigated tools. The analysis of the
examples also shows that GSSE produces an output of
at least the same performance and even better quality
than the other tools.
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Figure 8: A simple sphere, but yet a complex task for a mesh generator, is used to highlight the different approaches
related to the investigated types of meshing algorithms, from left to right: TetGen, Netgen, deLink, GSSE.

Figure 9: Statistics for the meshing example in Figure 8, from left to right: TetGen, Netgen, deLink, GSSE.

Figure 10: An example from topography simulation is used as example to illustrate the different types of meshing
results, from left to right: TetGen, Netgen, deLink, GSSE.

Figure 11: Statistics for the meshing example in Figure 10, from left to right: TetGen, Netgen, deLink, GSSE.
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Figure 12: The complete example from topography simulation with the additional constraint of including a given
point cloud as can be seen in the bottom part of the structure. The middle part is made transparent to
expose the surface mesh. The top part is not required for subsequent simulation and is therefore meshed
without quality constraints.

Figure 13: A three-dimensional device structure for a MOSFET with an additional externally supplied point cloud.
The important part is the regularity of the elements in the channel region. The different aspect ratios,
e.g. the thin red oxide part and the large blue silicon part, are also an additional complication for the
mesh generation algorithm.
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