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Abstract — This paper presents a triangular-to-quadrilateral mesh conversion method that can control the directionality of the
output yuadrilateral mesh according to a user-specified vector field. Given a triangular mesh and a vector field, the method
first scores all possible quadrilaterals that can be formed by pairs of adjacent triangles, according to their shape and
directionality. It then converts the pairs into quadrilateral elements in order of the scores to form a quadrilateral mesh,
Engineering analyses with finite clement methods occasionally require a quadrilateral mesh well aligned along the boundary
geometry or the directionality of some physical phenomena, such as in the directions of a streamline, shock beundary, or force
propagation vectors. The mesh conversion method can control the mesh directionality according to any desired vector fields,

and the method can be used with any cxisting triangular mesh generators,
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1. Introduction

In some types of finitc clement method (FEM)
analyses, such as sheet-metal forming simulations and
automobile crash simulations. quadrilateral meshes are
preferable to triangular meshes because they produce
more accurate results more efficiently. Such engincering
analyscs occasionally require a quadrilateral mesh well
aligned along the boundary geometry or the directionality
of some physical phenomena, such as along the directions
of a streamline, shock boundary. or force propagation
vectors.

Although there are many approaches to gencrating
quadrilatcral meshes. their capabilities of controlling
the mesh directionality are quite limited. The cxisting
quadrilateral méshing approaches include: template
matching [1], medial-axis-based decomposition [2], quad-
tree decomposition [3-5], advancing front |6-10]. and
triangular-to-quadrilateral mesh conversion | 11-21]. In
this paper we focus on the trangle-to-guadrilateral mesh
conversion methods, which take advantage of the benefits
of triangular mesh genecration: (1) a lully-automated
meshing process, (2) flexible control of element sizes,
and (3) less computation time than the advancing front
method. The advancing front methods [6-10] and the
triangular-to-quadrilateral mesh conversion methods [ 18-
20] control mesh directionality, but based only on the
domain boundary; they cannot create a quadrilateral
mesh that aligns well with an arbitrary vector field
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given by the uscr.

In this paper we propose a triangular-to-quadrilateral
mesh conversion scheme that can control the mesh
directionality ol an output quadrilateral mesh accurately
based on a user-specilied vector ficld. Given a triangular
mesh and a vector lield. the mcthod generates a
quadrilateral mesh. Tt first scores the geometric rregularity
and the directionality error of the quadrilaterals formed
by all possible pairs of adjacent triangular elcments in
the nput mesh, It then converts pairs of adjacent
triangular elements into quadrilateral elements according
to the weighted sum of the shape irregularity and the
dircctionality error. The proposed conversion method
can be uscd with any existing triangular mesh generalors.

The remainder of the paper is organized as {ollows.
After reviewing previous mesh conversion methods in
Section 2, we describe data structures for triangular
meshes and vector fields in Section 3. We then describe
the algorithm of our mesh conversion method in Section
4. After discussing our results in Section 5, we ofter
some conclusions in Scction 6.

2. Previous Work

Given a tnangular mesh, existing (riangular-10-
quadrilateral mesh conversion methods [11-21] join
pairs of adjacent triangular elements selectively and then
convert the pairs into quadrilateral elements. The quality
of the output quadrilateral mesh strongly depends on
which pairs of triangular elements are joined. The
shapes of the quadrilateral elements and the number of
irlangular elements left in quad-dominant meshes strongly
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depend on this selection of triangular pairs.

One of the goals of triangular-to-quadrilateral mesh
conversion 1s to maximize the number of triangular
pairs. This problem is called maximum matching in graph
theory, and there are algorithms available for solving
this problem. Suppose the connectivity of input triangular
clements is interpreted as an undirected weighted graph,
the graph nodes represent triangular mesh clements,
and graph edges represent connectivity between mesh
elements. Preferable quadrilateral meshes can be obtained
by applying 2 maximum matching algorithm to non-
bipartite graphs. This process, however, is computationally
cxpensive, and it does not necessarily create a quad-
dominant mesh suilable for engineering analysis. Another
approach to solving the mesh conversion problem is to
apply integer programming [21], which is also com-
putationally expensive. In most cases a quadrilateral
mesh of sufficient quality for engineering analysts can
be gencrated without performing maximum matching
Or integer programming, as can be seen in many
previously proposed mesh conversion methods.

In the rest of this section we survey and categorize
previcus mesh conversion methods. Note that the
common shortfall of these methods is limited control
over mesh directionality. Some of the methods can
align an output mesh along the domain boundaries, but
none can realize a user-defined arbitrary directionality.

2.1. Conversion methods that minimize the

number of triangular elements

The methods in this category [[1-12] count the
number of unprocessed adjacent triangles for cach
triangle and mark those that have only one unprocessed
adjacent triangle as high-priority triangles. These triangles
are then extracted and converted into quadrilateral
elements with their adjacent triangles. The adjacency of
triangles is dynamically updated during the conversion
process, and many triangles are therefore marked as
high-pricrity triangles during the process. Finally, many
of the marked triangles are converted into quadrilateral
elements yielding a quad-dominant mesh.

Since the goal of these methods is to generate all-
quadrilateral meshes, they also include post-processing
for converting isolated triangles. Heighway [11] proposes
a method that swaps the edges of quadrilaterals lying
between two isolated triangles until the two triangles
become adjacent, as it the two triangles *walk’ toward
each other. Johnston er al. [12] describe a method that
subdivides or swaps edges of isolated triangles until they
are locally converted into all-quadrilateral elements.

2.2, Conversion methods that minimize geometric
irregularities

The methods in this category [13-17] first calculate

the values of a scalar function representing the shapes

of the quadrilaterals generated by all possible pairs of

adjacent triangular elements. They then convert the

triangle pairs into quadrilateral elements in order of the
values of this function.

Various functions can be used to evaluate quadrilateral
shapes. Lo et al. [13] propose an evaluation function
defined by the ratio between the shape evaluation
values of the four possible triangles generated by dividing
the quadrilateral by its two diagonals. Borouchaki et al.
[17] propose an evaluation function based on the angles
of the four vertices of each quadrilateral.

2.3. Advancing front-like conversion methods

In many cases, elements along the domain boundary
are the most critical in engincering analysis. Therefore,
it is often desirable that elements are well aligned along
the domain boundary. Quadrilateral meshes with such
well-aligned boundary elements can be generated via
triangular-to-quadrilateral mesh conversion by coupling
triangles of the input mesh along the domain boundary
first.

Shimada et al. [20] devised a method that first clusters
the input triangular mesh into layered sub-domains along
the domain boundary, and then couples the triangles in
cach cluster. The method generates a topologically regular
mesh, and the mesh elements’ shapes can be improved
by a smoothing process.

Owen et al. [18-19] propose the “Q-Morph’ method,
which visits front of an input triangular mesh in order
and forms quadrilaterals along the visited front edges
by re-connecting some edges around the visited front
edges. This method generates a high quality quadrilateral
mesh well aligned along the domain boundary, similar
to a mesh generated by the advancing front method.

3. Preliminaries

In this section we define the data structures for the
inputs of the proposed mesh conversion method: a
triangular mesh and a desired mesh directionality.

3.1. Data structure of a triangular mesh
We represent a triangular mesh, M,, as a planar graph,

M,=(V, T, dT, AT), )
consisting of four ordered lists of:

(1) nodes, V=(v,..., vp),

(2) wiangular elements, T=(¢,,..., t,),

(3) element boundaries, ?T=(d4, ..., d¢,), which
defines the three surrounding nodes of each
triangle, and

(4) adjacent elements, AT=(4t, ..., Az,), which gives
at most three adjacent triangles for each triangle.

Vand T are topological entities in a triangunlar mesh,
and 2T and AT give topological connections between
topotogical entities. The i th element of @7, denoted as
dt,, represents the counter-clockwise ordered list of the
nodes surrounding the { th triangle ¢. Similarly, the i th
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Aty

(a) nodes and triangles.

Fig. 1. "Triangular mesh representation.

element of the list A7, denoted as At;, represents the
counter-clockwise ordered list of the triangles adjacent
to the i th iniangle 7. The notation Ay; represeats the j th
adjacent triangle of Ay;. The number of adjacent triangles
of ¢; is denoted by |Asl.

For example, the representation of the trangular mesh
shown in Fig. 1(a) is:

M=({(v), va, v, va, ¥3), (11, 12, 1), (2)
((V1, 2. va))(va. va, ¥3), (vo, Vs, Vo)),

(9, 12, §), (13, . 1)), (9. §, 1)),

where ¢ in AT means that there is no triangle adjacent
to a given side. In this example, as implied by the
expression An=(¢, £, @), the triangle #; has only one
adjacent triangle £, so the number of adjacent triangles
is one, or 1A (=1,

In the mesh conversion algorithms given in this paper,
adjacencics between triangles are selectively deleted in
order io make pairs of triangles. Fig. 1(a) shows an
example of nodes and triangles in a mesh, and Fig. (b}
shows its adjaccncies. To delete the adjacency hetween
# and 13 in Fig. 1(b), Aty and Ats; are set to ¢, yiclding
a new element adjacency,

AT=((9, 12, ), (. 9, 1), (9, §, §)) 3)

as shown in Fig. 1(¢).

Our mesh conversion method couples adjacent
triangles, 7; and 1,, while deleting the adjacency between
f; (or ;) and its other adjacent triangular elements. The
coupling process is repeated until no triangle has an
adjacency wilh more than one other triangular clement.
Edges shared by each pair of triangles are then deleted,
and finally a quad-dominant mesh is generated.

v At33._.

(b) triangle adjacency.
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(c) removal of uriangle
adjacency.

=

Fig, 2. Quad-dominant to all-quad mesh conversion.

Although the quad-dominant mesh generated by this
mesh conversion method contains a small number ol
triangular elements, it can be converted into an all-
quadrilateral mesh by dividing each remaining triangle
into three quadrilaterals and dividing cach quadrilateral
mto four quadrilaterals, by adding an inside node for
each triangle and by dividing all the edges in two for
both triangles and quadrilaterals, as shown in Fig. 2.

3.2. Data structure for desired mesh directionality

One of the inputs of our method 15 a vector field that
represents the user’s preferences for mesh directionality.
A simple way to represent a vector field is to use a grid
so that at cach grid-point a vector value is defined. In
this paper we assume that the vector field is given as a
two-dimensional grid, G. represented as:

G=(Ps. Dg) 4)
consisting of two ordered lists of:

(l) gIld"pOlntSa !’G:((pl.ls"'sp].n)y """ y(pﬂ!.ls"vy J"Jl})y and
(2) vector valucs, De=((dy (..., &1 n) (1o )

As shown i Fig. 3, the grid G has (m-1)>X (n-1) cells
and m> pn gnd-points. The vector value, d, at an
arbitrary point, p, can be catculated by the following

d(ivl),(jﬂ)

--------- * 10 @

00 s (Y

Fig. 3. A 2D grid representing a vector field. and the calculation of a vector value at an arbitrary point.
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bi-linear interpolation of vector values assigned to the
grid-points:

dis,n=(1 '6')((1-f)di,j+fdi,(,+n)+5(( 1 -f)dmn,j+fd(:‘+1_\,(j+n)
S)

where (s,7) is the parametric coordinate of point p
calculated by projecting a ccll that contains point p.

4. Mesh Conversion with Directionality

This scction describes the algorithm of our mesh
conversion method. Given a triangular mesh, M,, and
desired mesh dircctionality, G, the method first scores
the shapes and directionality of all the possible
quadrilaterals that can be generated by combining pairs
of adjacent trianglcs. The method then converts the
pairs of triangles to quadrilateral elements in order of
their scorcs.

Sections 4.1 and 4.2 describe the following two
scalar functions used 10 score a quadrilateral,

(1) & lor evaluating the geometric irregularity of
the / th quadrilateral, g;, formed by coupling two
adjacent triangles, and

(2) & for evaluating the directionality error of the i
th quadrilateral, ¢;.

We then describe the algorithm to pair triangles in an
input mesh in Section 4.3. We also describe the
algorithim to gencrate a vector field from a set of input
vector valucs in Section 4.4. In the rest of this paper we
represent all possible quadrilaterals formed by joining
two adjaccnl triangular elements and the directions of
the edges of the quadrilaterals as the following ordered
lists of:

(1) quadnilaterals, Q=(gi,...,4,), and
(2} dircctions of the quadrilaterals’ edges, E=((e, ,,
€1.2. €12, el,4)9"'9(eu.ls €2, €3, en.4))°

4.1. Scalar function &, for measuring the geometric
irregularity of quadrilaterals

In order to measure the geometric irregularily of the { th
quadrilateral, ¢;, we define the following scalar function::

r.
£u= =427 (6)

Here, as shown in Fig. 4, r; is the radius of the

good bad

Fig. 4. Function for evaluating thc geometric irregularity of a
quadnilateral.

minimum inscribed circle, the smallest circle tangent to
at least three edges of an element, and R; is the radius
of the maximum circumcircle, the largest circle that
goes through at least three vertices of ¢;. The radius
ratio of the two circles, r,/R;, takes its maximum value
1742 for a square, and minimum value 0 for a highly
irregular quadrilatcral. Therefore, the value of g, is 0 in
the best casc, and 1 in the worst case.

4.2. Scalar function & for measuring the
directionality error of quadrilaterals

In order to measure the directionality error of the ¢ th

quadrilateral, ¢;, we define the following scalar function:

4 . L .
8{”:(2+,\/§).[l_izmax{lehk dl“et,k (NXd;)I}) (7)

k=1 Ie(',kl

As also shown in Fig. 5, d; denotes the unit vector
obtained from the input vector field at the center of
the quadrilateral element, and N denotes the unit
normal vector of the quadrilateral element. The value
max {ie;;-dl, le;;- (NX d)l} akes its maximum value
1 for an edge perfectly aligned along the given vector,
and minimum value 1//2 when the edge and thc
desired direction form an angle of 45 degrees. Thercfore,
the value of &, is 0 in the best casc, and 1 in the worst
case.

4.3. Coupling of triangle pairs to form
quadrilaterals

Two previous sections defined two scalar functions,

£&; and &, that measure the geomeltric irregularity and

directionality crror, respeclively. By taking a weighted

sum of these two functions, we define the following

metric, &, that decides the order of coupling triangles:

E,-—_—( 1 -0)8”,'4'(18(;,' (8)
0< a< |

where a is a user-defined weighting factor representing
the relative importance of the two measurements. Lowcer
values of @ give greater importance to shape regularity than
directionality. Values of & for all possible quadrilaterals
arc first calculated in our algorithm, since they do not
change during the entire coupling process. All possible
quadrilaterals are then inserted into a list, L, and sorted

good bad

Nxd Nxd Q
Ld T—Pd
Fig, 5. Function for evaluating the directionality error of a
quadrilateral.
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MeshConversion( M,. G ) {

/* Score all possible quadrilaterals */
for(all ,e® )|
for(all ¢, € &1, )|
form g from ¢ and ¢
it g L)
calculate the value ¢ of ¢ ;
insert ¢ nto L,

)

!
} /*end for(alt £;€ Ar) Y/
{/*cnd for(all 1, €T )*
sot ¢ in L by & values;

/* Make pairs of wriangles */
while( £ is not empty ) {
extract an quadrilateral ¢ that has
the smallest & value from L:
suppose iwo triangles forming ¢
as ; and 7, .

if( ¢, Ar,) continue;

Fig. 6. Pseudo code for the mesh conversion method.

by their & values.

The quadrilaterals are then extracted trom list L in
the order of their g values. Suppose two triangles, ¢,
and £,. form an cxtracted quadrilateral. 1, and #,’s other
adjacencies need o be deleted. This process is repeated
until the list L becomes empty, and finally no triangle has
an adjacency with more than one other triangular
element. Edges shared by cach pair of triangles are then
deleted to form a quad-dominant mesh. The complete
procedure for the above algorithm is given in Fig. 6.

Although an output quad-dominant mesh generated
by the above algorithm still contains a small number of
triangular clements, the mesh can be converted into an
all-quadrilateral mesh by applying the emplates shown
in Fig. 2.

4.4. Automated vector field generation

Although the mesh conversion algorithm described in
the previous section requires a desired mesh directionality
as a vector ficld. this vector ficld nced not be provided
by the user at all. or it may be provided at only a sct of
selected locations in the mesh domain. This section
describes a mcthod [or generating a vector field
automatically in these situations.

Suppose that desired mesh directionality is provided
by the user as vector values at a set of poinis in the
mesh domain. We denote these points and vector values
as:

(1) points, Pe=(p.....p), and
(2) Vector values, Dp=(d,,....d)),

where [ is the number of the given points at which the
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for( all € Ag) {

if( 1, =1,)continue;

delcte adjacency between f, and ¢,
)
for(all 1, € At;){

if( ¢, =¢; ) continue;

deletc adjacency between ¢; and 1, :

}
) /* end while( L is not empty ) */

/* Form quadrilateral elements */
for(all €1 )
for( one 1;€ A1) {
deletc the edge shared
by rand 7,;

}

) #* end McshConversion() */

desired mesh directionality is specified.

Our implementation assigns vector values to the grid-
points of grid G o represent a vector ficld defined over
the entire mesh domain and well aligned along the
vector values 1,. We calculate a vector value, d;;, that
is the vector value at a grid-point, g,;, of a (wo-
dimensional grid using the following formula:

!
d,
d;=% :

k=lﬂe'-_/=k|3

9)

where d; is the given unit vector at point p;, and e; ;; is
the vector [rom point py (o grid-point g;; as shown in
Fig. 7(a). Fig. 7(b) shows an example of a set of inpul
vector values, and Fig. 7(c) shows a complete vector
field calculated from the set of input vector values.

This vector averaging technique works best when the
input vectors arc cvenly spaced. When a region has
many input vectors clostered together, (hey tend to
outweigh other input vectors. This problem can he
avoided by limiting the maximum number of vectors
used in a local region.

If it is desirable that the clements be well aligned
along the domain boundary, likc meshes generalcd by
the advancing {ront method, our mesh conversion method
can generate such meshes by automatically generating
a vector field along the domain boundary using the
same method described ahove. To generale such a vector
field we lake a set of points on the domain boundary
and assign vector values at these points according (o
the boundary direction.
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grid-point g; ;

poinP«
VECIOT e, ;, !
h unit vector 4,

(a) assignment of vector values from arbitrary points to fixedgrid-points

= . . —ird
. .
W =
«”/.)’ “‘-«,\
4
+’\ i —— ~a}
L]
“u ‘-\//
—p e
e
. -
P e Rl e}

{b} input: a set of points and vector values

Fig, 7. Calculation of u vector field from a set of vector values.

5. Results

The new mesh conversion method was implemented
in C++ on Unix Workstations (IBM AIX 4.3.2 and SGI
IRIX 6.2) and on Windows NT/95/98 PCs.

In order to evaluate the quality of the meshes generated
by our conversion algorithm, we define topological
irregularity, £, in addition to the geometric irregularity,
£,, and directionality error, &, as defined in Section 4.

We measure the overall geometric irregularity of an
output quadrilateral mesh by taking the average of the
geometric irregularity of each element, &;, as defined
in Section 4.1

n

&= b (10)
i=0

whese m is the number of quadrilateral elements. Since
the value &, takes its minimum value ) for a square
element, a smaller value of £, indicates a more
geometrically regular mesh.

We measure the overall directionality error of an
output quadrilateral mesh by taking the average of the
directionality error of each element, £, as defined in
Section 4.2:

— l m
Sd:;z,gdi (11)
i=0

Because the value g takes its minimum value ¢ for
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(c) output: generated vector tield

an element perfectly aligned along a given vector field,
a smaller value of €, indicates a better-aligned mesh.

For topological irregularity, we define the following
metric:

_ 1 13
&= |6v—D| (12)

i=€}

where D=4 for the internal nodes of a quadrilateral
mesh, D=2 for the boundary nodes of a quadrilateral
mesh, n denotes the number of nodes, and dv; denoles
the number of nodes adjacent to i th node v, The
topological irregularity £ has a positive value thal
measures how much the mesh differs topologically
from a pertectly structured grid mesh. The smaller the
value of £, the more regular the mesh.

Qutput quadrilateral meshes differ drastically depending
on the input directionality. Fig. 8 shows an example of
an input triangular mesh, three different vector fields,
the output quad-dominant meshes, the smoothed output
quad-dominant meshes, and the smoothed all-quadrilateral
meshes. Mesh smoothing is performed by standard
Laplacian smoothing, which moves each node to the
center of its surrounding nodes. As shown in the left-
hand images of Fig. 8, given a directionality along the
domain boundary, the method generates a quadrilateral
mesh well-aligned along the domain boundary. As
shown in the center images of Fig. 8, given a uniform
directionality, the method generates a quadrilateral mesh
aligned in one direction. As shown in the right-hand
images of Fig. 8, given vanations in directionality, the
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(d) smoothed output

(¢} smoonthed outpuc all-quadrilateral meshes.

uad-dominant meshes.

Fig. 8. Output quadrilateral meshes arc well-aligned along the input mesh directionality.

method gencerales a quadrilateral mesh that aligns along
the various directions.

The output quadrilateral meshes also vary greatly
depending on the value of the weighting coefficient
controlling element shape regularity and directionality.
Fig. 9 shows an example of an input mesh, an input
vector field, and the different smoothed output quad-
rilateral meshes generated while varying the coefficient
value. Table | shows the sclected coefficient values and
the resulting irregularity values. Smaller ¢ values produce
the smaller €, values, denoting a well-shaped mcesh.
Larger ¢ values resull in the smaller £, values, indicating

a well-aligned mesh.

The output quadrilateral meshes also diverge depending
on the input meshes. Fig. 10(a) and 10(b) show an
example of two input triangular meshes that have exactly
the same domain boundaries and the same vector field,
bul the two smoothed output all-quadrilateral meshes
arc distinct due to the different meshing patterns of the
input triangular meshes. Figs. 10(c) and 10(d) show a
similar example. Table 2 shows the irregularity values
of the output meshes. Note that the domain boundaries,
vector fields, and coefficient value are all identical
between Fig. 1(0(a) and Fig. 10(b). Only thc input
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T

(c) output mesh {1) {a=0.0).

{e) output mesh (3) (a =0.6).

{b) input vector field.

(d) output mesh (2) (a=0.3).
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(f) output mesh (4) (a=1.0).

Fig. 9. Output quadrilateral meshes vary according 1o the coefficient value,

Table 1. Coefficient values and irregularity values of meshes in
Fig. 9

Table 2. Coefficient values and irregularity values of meshes in
Fig. 10.

Coefficient value F_g &Td ;, coefficient vahie E;, £y g,
Mesh (1) a=04) 0.04932 034012 0.28322 Mesh (1A) a=0.5 (L07504 015359  0.22727
Mesh (2) a=0.3 005285 0.27340  0.26224 Mesh (1B) a=0.5 002043  0.03439  0.10305
Mesh (3) u=0.6 0.07028  0.22332  0.26923 Mesh (2A) a=0.5 0.13992 019212 0.21311
Mesh (4) a=10 007682  0.20796  0.28322 Mesh (2B) a={0.5 0.03842  0.04097 0.13084

triangular meshes are different. Table 2 shows that all
four irregularity values of the output mesh (1B) are
much better than those of the output mesh (1A).
Similarly, the irregularity values of the output mesh
(2B) are much better than those of the output mesh
(2A). The input meshes (1B) and (2B) were generated
by the squarc packing method (23], which locates
nodes orthogonally and weli-aligned along the input
vector fields.

It is often desirable that elements are aligned atong
the domain boundary. The vector fields shown in Fig,
1} were calculated automatically from the domain
boundaries of the input meshes by the method described
in Section 4.4, Note that the input mesh (1A} in Fig, 10
is exactly the same as the input mesh of Fig. 9, but

most of the irregularity values of the output mesh (1A)
in Table 2 are superior to those of the output meshes in
Table 1. This shows that the vector field calculated
automatically by our method results in a high quality
quadrilateral mesh.

Fig. 11 shows two more examples of input meshes.
vector frelds, and output meshes. Input mesh (3) is a
graded mesh, and the vector field (3) was automatically
calculated trom its domain boundary. Input mesh (4) is
a uniform mesh, and the vector ficld (4) has arbitrary
directionality. The output meshes (3} and (4) demonstrale
that our method works effectively when cither graded
meshes or arbitrary vector fields are given. Again, the
input triangular meshes were generated by the squarc
packing method.
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Fig. 11. The mesh conversion method works well even when graded meshes or arbitrary directionalities are given.
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6. Conclusion

We have presented a new triangular-to-quadrilateral
mesh conversion method that can control the directionality
of the output meshes. Our central idea was to use a vector
ficld to represent a user-specified mesh directionality
and then to generate quadrilateral elements well-aligned
along the vector ficld. The method first scores, ac-
cording to their shapes and directionality, all possible
quadrilaterals formed by the pairing of adjacent triangles.
It then converts the pairs into quadrilateral elements
in the order of their scores.

The input mesh directionality can either be: (1)
manually specified by the user; (2) automatically
generated from the domain boundary; (3) automatically
generatcd from a partial directionality input, or (4)
automalically gencrated from previous analytic results.
The method can generate quadrilateral meshes aligned
with the input mesh directionality, which is one of the
unique features of the proposed mesh conversion method.

Another featurc of our approach is the flexible
adjustment of the weight between element shape and
mesh directionality. Because the importance of these
factors depends on the application of the output meshes,
it is useful that the method adjusts their respective
priorities by changing the coefficient value in the error
calculation functions.
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