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ABSTRACT

In this paper we present a new approach to generate a mixed mesh with elements aligned to boundary/interfaces wherever is
required. A valid element is: (a) any convex co-spherical element that fulfills the requirements of the underlying numerical
method and (b) any element that satisfies domain specific geometric features of the model. The algorithm is based on the
normal offsetting approach to generate coarse elements aligned to the boundary/interfaces. Those elements are later refined
to accomplish layer density requirements. The main steps of the algorithm are described in detail and examples are given to
illustrate the already implemented parts. As far as possible, we contrast this algorithm with previous approaches.
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1 INTRODUCTION element becomes the root of a tree, (2) elements are

CvM-conforming Delaunay meshes are Delaunaelther bisected or refined by introducing appropriate

meshes where the gircumcenter (center of the Ci)ré_dge points in order to get the density requirements and

: : 3) a Delaunay tessellation that includes tetrahedra,
cumcircle of an element) of each boundary/interface : ! . .
S . I ipPrisms, pyramids and other basic elements [3] is
element is inside the element itself or inside a neigh-

. : enerated. The main advantage of this approach is
bormg elemeqt 'through internal edges/faces. ~ Th e use of several element types that naturally fit the
previous restriction guarantees that when Voronoj

) . requirements of thevMm. The main drawback is that it
regions are used as control volumes in the contrg - .

L -~ can not efficiently generate element faces aligned to the
volume method¢vm), a mesh satisfies the conditions

SR . boundary/interfaces and it generates too many points if
for the numerical integration around each boundary e device geometry is not well-oriented
internal point. . i
P , , The normal-offsetting approach has been used to gen-
CvM-conforming Delaunay meshes are used in sev-

o : ' ) . . ferate 3D tetrahedral meshes for them with element
eral applications, but in particular in the simulation o . .
. . ; o edges aligned to the boundary [5]. In this approach,
semiconductor devices. In this application, the meSh%ﬁe surface and interfaces of the device are triangu-

must also fulfill two additional requirements: due to th%ﬁted first and then, the front is moved, step by step,

geomeFry of the devices, they ShOUId propgrly mode,[o generate almost prismatic elements. These elements
very thin layers, and due to physical properties, edges

) are later divided into tetrahedra. In order to gener-
parallel to the current flow are desirable. ate acvm-conforming Delaunay tetrahedral mesh, bad-
Octree-based and mixed-element tree-basediM 9 y '

shaped tetrahedra are divided by orthogonal refinement
mesh generators have been developed for the genera- " ooiving a more comolex strateqy in case the
tion of 3D mixed elementvmM-conforming Delaunay y appying P gy

meshes [2, 4. The BT approach generalizes the orthogonal refinement does not work [7]. The main

o ) ) dvantages of this approach is that it generates edges
modified octree approach [8, 6] in several aspects: (1) Ztligned to the boundary, wherever required. The main

can|ders the whole d_e.wce no longer encapsulated Ino"f}awback is that the improvement of bad-shaped tetra-
single octree, but partitioned in a set of basic element

cuboids. rectanaular orisms and pvramids: each balsﬁi(':edra along the boundary/interfaces might require the
' 9 P by ' insertion of a high number of points [7, 4]. In addi-
Permission to make digital or hard copies of all or part of thistion, the generation of each prismatic element is slow

work for personal or classroom use is granted without fee pro ide?)ecause it requires a front expansion computation
that copies are not made or distributed for profit or commercial :

advantage and that copies bear this notice and the full citation gn the In this paper we present an algorithm that takes the
first page. To copy otherwise, or republish, to post on servers or ta jyantages of the mixed element tree and of the normal
redistribute to lists, requires prior specific permission and/or a fee. . . .

offsetting approaches and improves their drawbacks.

gl‘;gg gozrzrongugcaﬁons zgrgce%dglgs ISB;V Zéfgl-)§6943-05-4 First, it includes as valid mesh elements all the convex
’ anuary 30 — February . . .

Plzen, Czech ’Republic. ’ co—spherlca! elements Fhat fulfill the requirements of the
Copyright UNION Agency — Science Press CcVM. Cuboids, in particular, are very useful to repre-
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sent very thin layers. Tetrahedra are only used where

other element types cannot be used. Second, it uses

the normal offsetting approach to generate coarse ele-

ments edges aligned to the boundary. Coarse elements P’ Q’
are later refined to generate the required layer density n )/ i )
specified together with the front information. We con- /o hy Tﬂ 2/
jecture that the refinement of an element involves less,
more robust and simpler operations than the ones in- P Q /
volved in the computation of a front expansion. The

main steps of the algorithm are described in detail and

several examples are shown.

2 BASIC CONCEPTS Figure 1: The initial edge PQis expanded in a distance

hs.
2.1 NOffset

Normal Offsetting (NOffset) is a particular case of thes Generation of acvm-conforming mixed element
advancing front technique [1]. NOffset adds the con- mesh
straint that the expansions must be parallel to the fronts.

In order to compute the expansion of a front face in The next subsections describe each of these steps.
a distancén, the new position of each face point is cal-

culated. The new position of a poiRtdepends on: (a) 3.1 Generating a coarse mixed element

the normal vecton of the face, (b) a distandeand (c) discretization
the fact that other geometry faces that staen also  This first step generates coarse anisotropic elements
be front faces or not. aligned to the boundary or interfaces according to the

Letk be the number of front faces that share the poirgont information specified by the user. Two inputs are
P, ni be the normal vector of each front face @mde  required: the initial geometry to be meshed and a file

the distance of expansion associated to each front fagghere the user specifies the fronts with the following
The new poin®’ is calculated following one of the next information [5]:

rules [5]:
e A list of original geometry faces that conform the
front.

1. Only one front face containB (k=1). ThenP’
P+nihy

e Thickness of first layert(oc).
2. Two front faces sharP (k=2). Then(P —P)-n; =

hi |i={1,2} and(ny xny)- (P —P)=0. e Coarsening factor of the next layefagtor).

3. Three front faces shafe(k=3). Then(P —P)-n;= e Number of layerséndling.
h |1=1{123} e Maximum edge length of the generated elements
4. Four or more faces shake(k > 3). Then, the near- (me).
est point to all intersection planes is computed. Our
work does not consider this case yet. For each front face only one coarse element is gen-
erated. The thicknes$ii,5) of each one of these ele-
Figure 1 shows an example where the new positionsients is obtained from the number of layers and coars-
of P andQ (P and Q/, respectively) are obtained by ening factor as follows:
applying rule 2.

t—1 A
3 ALGORITHM DESCRIPTION hiina =hloc- 3 factor | t=endline
i=
In order to generate an adequate mixed element mesh, ) N
we have divided this process in the following steps: The geometry is specified by a set of polyhedral el-

ements and a subset of the faces that define those ele-
e Generation of a coarse anisotropic mixed elementents conform the fronts. Each face is part of just one
discretization front.

Let us use Figure 2 to illustrate the algorithm to gen-
erate one coarse anisotropic element. Figure 2(a) shows
a truncated prism with two front faces: the top one and
the right one. Lef, be the new face obtained by the
e Fulfilling the required maximum edge length expansion of the top front face. Figure 2(b) shows the

e Generation of a primitive mesh.

¢ Fulfilling the required layer density
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points ofF,. It can be observed that the position of the |nput front specification file and the geometry
points to the right was obtained applying the rule 2 and for each face® of each frontdo

the position of the points to the left was obtained ap- let E be the element that contaifs

plying rule 1. If each front face point is shared by only for each face point P (not expandett)

front faceskF, is already in the right position. But if this find which rule applies to P

fact does not occur, some pointsfgf may need to be P’ = NOffset of P using the previous rule
recalculated. Then, the next step is to find the intersec-  afne = adjacent faces to F that do not expand
tion of K, with adjacent faces that are not front faces. move each point P’ to the intersection with afne
This is the case of the left face of the truncated prism. join the points P’ to form the new fad®,

The new positions of the left points &f are shown in find the type ofF,

Figure 2(c). Oncér, is well defined (Figure 2(d)), the Fj = lateral faces between F afg

truncated prism is divided into two elements: the first En = new element defined Wy, F, andF;

one formed by the top front face, the faEg and the find the type ofE,

lateral faces that join both faces, and the second one  ypdate elemert by E - E,

formed by the rest of the Original truncated prism. This Output coarse discretization of the Origina| geome-
can be observed in Figures 2(e) and 2(f). The processtry

illustrated in Figure 2 is repeated for each polyhedrat
element whose boundary faces must be expanded.

Algorithm 1: Generating a coarse mesh

into two new ones. If other element shares the same
overlapped face, this element is also updated with the
two new faces.

The previous algorithm shows that the calculation of
the NOffset for each point P is a very expensive com-
putational task. That is why we do it only once at the
generation process of the aligned elements. This strat-
egy avoids applying the previous algorithm each time
the user wants to generate a new parallel layer.

We have left out of the scope the detection and han-
dling of collisions among the fronts that require a global
approach. Figure 3 shows three cases of problematic
collisions and three possible solutions. Figure 3(a)
shows the case where an expanded edge becomes an
inverted edge. This problem can be solved by comput-
ing this edge expansion until the edge length is zero,
and then, as shown in the right picture, the expansion
of the neighboring edges to the target one should con-
tinue. Figure 3(b) shows an edge expansion that goes
out of the original geometry because the current imple-
mentation of the algorithm only cut it by the neighbor-
ing face. Figure 3(c) shows a case where two different
fronts collide. This problem can be solved by testing if
the current expansion crashes a previous one. Although
these problems has been studied, they are not imple-
mented yet.

3.2 Generating a primitive mesh

(e) (f) At this point we have an initial mesh, that might contain
general polyhedra as coarse elements. Since it is diffi-
cult to develop a method that is capable of refining any

The algorithm 1 implements the designed strategy faype of element, we would like to have a subset of dif-
this step. We assume that each front can be expandistent kind of elements known as primitives elements:
to the maximum distance specified by the user. tetrahedra, prism, pyramid, bricks and some truncated

Note that when adding a new face it may overlap &ariants of them. For this type of elements we are capa-
previous one. In that case the overlapped face is splite of defining a refinement strategy.

Figure 2: Building a macro element.
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N l Input Coarse discretization of the geometry
777777777777777777777777777 for each elemeri do
get front data
for (i=0; i< endline-1; i++)do
for eachF; do
compute the intersection points produced
(a) by expansion
generate faceg defined by the points of
expansion
generateslement
OutputDiscretization with the required layer density

Algorithm 2: Fulfilling layer density requirements

face, the second layer is located at a distanchloé

+ hloc*factor from the front face, and so on. Note that

(b) the layer obtained with= endline— 1 was already cal-

culated in subsection 3.1 to build the coarse element.

\ \ Figure 4 illustrates one refinement of a coarse ele-
g ment. Figure 4(a) shows the discretization of the trun-

cated prism shown in Figure 2. The top coarse element

is refined once by intersecting its edges with a plane lo-

cated at the distanddoc from the front face as shown

in Figure 4(b). The coarse element is divided into two

© new elements as shown in Figure 4(c) and (d).
Figure 3: Collisions between expansions and possible
solutions
The main idea is to split each coarse element in sev- MZ

eral primitive elements and refine those elements when-
ever the density constraints (layer density and maxi-
mum edge length) are not accomplish.

Although this step is not very hard to implement it is @)
not done yet, because we have several examples where
this is not required. This occurs, for example, when
the coarse elements generated after the first step are
directly primitive elements. The priority was given to
other steps of the algorithm and this was left as part of
the ongoing work.

3.3 Fulfilling the required layer density

The input of this step is the initial discretization com-
posed of coarse anisotropic mixed elements aligned
to boundary/interfaces and of polyhedrical elements
that model the part of the device geometry (cavities) Let E be a coarse elemerf, be the front face oE,
where elements aligned to boundary/interfaces are nB} be the face oE obtained by the maximum expan-
required. This step can be done independently of th&ion of F, andF;, the faces oE generated by joining
previous one, i.e., the input could be a primitive coars€ and F,. The algorithm splits first all th&; of the
mesh or just a coarse mesh as coming from the first steglement E at the locations defined blocx factor' |
Each coarse element contains the information of thie= 0, ...,endline— 2, and then builds the new elements.
front by which was generated. Our algorithm splitsThe coarse element is divided in a number of new el-
each coarse element by planes parallel to the front faegnents equal to the value efidlinehence eaclh is
at a distance defined by the expresditocs factor |  also split in a number of faces equal to this quantity.
i =0,...,endline— 2 from the front face. The first layer The pseudo-code of the refinement process is shown in
is then located at a distance bfoc from the front algorithm 2.

(©)

Figure 4: Refining a front element.
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3.4 Fulfilling the required maximum edge
length

As we mentioned in subsection 3.1 a front specification
has several fields. Two of them are the maximum edge
length (mel) constraint and the list of faces to expand.
The melfield affects all the elements generated due to
an expansion of the faces defined on this front.

We re-use the previous work (subsection 3.3) to ac-
complish themel constraint on brick type of elements.
The layering process of a brick generates only newreserreesmmmmEmm———
bricks hence the same algorithm can be applied in othe
directions until themelfield is satisfied. Figure 5 shows
how this process is done.

o]

o
€Xpansion, g ———f
M BB =,

h,
h, hy ’;5(
(@) (b)
ys===4
Wt
hg, hs <mel
(©

(d) (e)

Figure 5: (a) Layer density constraint satisfied (b) mel
satisfied in one direction (b) mel satisfied in the other
direction

The same strategy cannot be applied over other typgen front input, (c) satisfying layer density, (d) satis-
of element, at least not in every direction. Itis necessaiying the mel attribute in one direction (only for brick
to specify the way to split the edges and the way to forype of elements), (e) satisfying theelattribute in the
the new elements for each primitive type. This task ither direction and (f) the final mesh including the tetra-
part of the ongoing work. hedralization of the cavity.

3.5 Generating a cavity mesh 4 COMPARISON BETWEEN NOFE-
When all the expansions are done, there might remain  SET STRATEGIES

a portion of the initial body unmeshed like the exampler
shown in figure 6(b). When this happens it means that

the user do not need a specific element density in thgﬂly the tetrahedral type of elements specified in [S].

zone. Then the final step is to build a conforming mesh e differences between that work and ours are: (a)
We have a library capable of building a tetrahedraly. - o0 mixed elements, (b) we apply NOffset only one

o time and not every time a new layer is needed and (c)
|za§|qn of a body. When ‘T"" the steps are done, thg 'Se refine the coarse elements in order to fulfill the layer
maining parts of the original body are tetrahedrallzedensity
:QZ;ZEOY:EILWOCGSS is finished. Figure 6(f) shows The more important difference between both imple-
A betteF; straté is to implement a mix element CaV[nentations is produced in the layering step. The next
gy P table shows the number of operations to calculate each

gﬁgae;e?tr?]réstﬁ preondeur(;?o? trgﬂcr:cljxrﬁd”r:ﬁ ?Ei.s\?;zli] ?V ew point by each strategy in relation to the number of
y 9 P yersn required by the user.

however it must be adapted to generate a cavity mesh.
Example 1 (Figure 6) consists of: (a) the initial body, current implementation 15+ 6x%n
(b) the generation of the coarse mesh in relation to the old implementation 15x%n

Figure 6: Example 1: mesh generation process for a
simple geometry

here is an implementation of a NOffset strategy with
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The most important result is that we obtain a 60%prism and pyramid, and tetrahedra inside the coarse
reduction in the number of operations in relation to thenisotropic elements before the layer density is gener-
old strategy. This is because the refinement processated, (2) the generation of a final mixed element mesh,
much easier than to apply NOffset at each time a ne{B) making the mesh Delaunay and (4) improving the
layer is needed. quality of the elements inside the cavity.

Another result that we should obtain in the future is
that the final mesh should need less elements to acco®- ACKNOWLEDGMENTS
plish the same required density. This is because we U$js work has been supported by Fondecyt Prajétt
mixed elements. The worst case is to mesh a body witfn30672.
just tetrahedra so the final number of elements would
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Figure 7: Example 2: mesh generation for a bipolar
transistor

Currently, we are working on: (1) the generation
of a non-conforming tessellation composed of coarse
co-spherical elements such as cuboids, some kinds of
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