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Abstract

The development of robust high-order finite element methods requires valid curvilinear discretizations for complex geometries
without user intervention. The existing element validity verification methods are computationally and geometrically complicated.
In this note, an efficient element validity verification procedure is developed for cubic Bézier triangles, and this verification can be
extended to polynomials of arbitrary order Bézier elements.
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1. Introduction

High-order finite element methods have been used extensively in direct numerical simulations in the last few
decades. The high-order discretizations, which are required by the high-order finite element simulations, have been
shown to offer exponential rates of convergence, small dispersion and diffusion solution errors [1,6]. Therefore, valid
meshes with properly curved elements must be constructed to approximate the curved geometric domain.

When a geometric domain is given, the common way to accomplish the generation of a curvilinear mesh is to
initially construct a straight-edge discretization of the model geometry, followed by the transformation of that dis-
cretization into high-order elements suitable for a high-order FE method. The invalid elements are usually caused by
curving only the boundary mesh edges while the interior mesh edges remain straight. Thus, it is necessary to verify
the validity and to eliminate all the invalid elements by curving interior mesh edges as a post-processing step once the
curved mesh has been constructed.

When elements of the basic types are mapped into distorted forms, a general principle is that the mapping should
admit an inverse, which means that it should be bijective. This implies that the sign of the Jacobian of the transfor-
mation has to be strictly positive everywhere on this element. Documents [5,7] have revealed that when the Lagrange
form is selected to represent the curved meshes, it is unfeasible to decide the positiveness of the Jacobian. In order
to obtain the lower bound on the Jacobian, one way is to adaptively expand the elementary Jacobian determinants
(in Lagrange form) in Bézier basis that has properties of boundedness [3], the other way is to represent the curved
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Fig. 1: Reference unit triangle in local coordinates (X, $) and the mappings X(%, ), C(%,9) and 7 (4, v, w). A general
principle for the transformations: a one-to-one correspondence between coordinate systems.

elements directly using the Bézier form [4,7,8]. Taking advantage of the properties of Bézier element, the Jacobian
expression can be formulated (it is a higher order Bézier triangle) and the lower bound can be calculated by the Bézier
convex hull property [2]. To get the tight bound, the convex hull of the Jacobian is recursively refined using the Bézier
subdivision algorithm [2]. However, even though the quadratic or cubic polynomials were selected, the evaluation is
computationally and geometrically complicated. In this paper, an efficient element validity verification procedure is
developed for cubic Bézier triangles, and this verification can be extended to polynomials of arbitrary order Bézier
elements.

2. Element validation

Let’s start with the definition of a Bézier triangle. The n-th order Bézier triangle is defined in terms of the barycen-
tric coordinates u = (u, v, w) as follows:

T"(w) = Y BTy,

lil=n
where

B?(U)=(’il)uivjwk, i=G .k, lil=n uw=@vw)

is the n-th order Bernstein polynomial, # € [0,1], v € [0,1], w € [0,1] and u + v + w = 1. The set of points ‘7'i°
are control points, and the net formed by points ‘7'iO is called control net of the Bézier triangle 7". Fig. 2 gives an
example of a control net of a cubic triangle formed by its ten control points ‘7'i°. The reference triangle is first mapped
to a triangle in barycentric coordinates (by the mapping C(X, $)) and then mapped to a curved triangle in global (x, y)
coordinates (by the mapping 7 (u, v, w)). This two-step mapping is presented in Fig. 1.

Jacobian is the determinant of the Jacobian matrix J which is defined by all first-order partial derivatives of the
transformation:
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Fig. 2: An illustration of the de Casteljau Algorithm for a cubic Bézier triangle. The control points 7-io form a
control net, and the black triangles AT 5 7707301 AT 3107 1207 1i1s AT 301 T o1 T thar AT 10T x0T on1> AT 11 T oo Tora

300
0 70 ;
and A’]’f)oz'i' 0127 003 are called control triangles.

Denote A(p, q, r) the signed area of the triangle Apqr,

1 11
2A(P, Q1) = | Px qx Tx|»
DPydayly

and p = (px, py), 4 = (gx, gy), ¥ = (1, 1y). A triangle is considered not inverted if its vertices are labeled counterclock-
wise, meaning that the signed area of the triangle is positive.

Theorem 2.1. A cubic Bézier triangle has strictly positive Jacobian if the control net of the cubic Bézier triangle is
not twisted, meaning that all the control triangles (black triangles in Fig. 2 composed by control points) in the control
net are not inverted.

Proof. The proof mainly depends on the de Casteljau Algorithm for a cubic Bézier triangle [2] (illustrated in Fig. 2).
Denote el = (1,0,0), e2 = (0,1,0), €3 = (0,0, 1). Given a set of control points '7'i0 € R? and barycentric coordinates
u = (u,v,w), set

T (@) = uT{ () + VT h@ +wl i), r=1,..n li=n-r

then 7 '(u) is the point with parameter u on the n-th order Bézier triangle 7.

We first prove that the Jacobian has the same sign as the signed area of the triangle A7~12007~02107~0201 in Fig. 2, then
we observe that if there is no inverted control triangle, then the triangle A7 12007“02107“0201 has positive area.

The Jacobian can be written as:

oT3 o7 3 o0

% 5 1 o7} | o7 | o732 T3 T3

_ 5| _ 1 L9 F ;
= g7 a73| = 3o T e T % % |-

-+ = AT AT AT T’} T3
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thus
1 1 1 1%% 1 1 1
|J|_lafrgaﬁa¢3 T N
- 3 ou, dv. ow X 9| T | du, Ov, Ow
a77 977 9T} |1 dw diw a7, 0T} 9T}
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T, o7} T} .
Because 2, —1¢ and —* can be computed as: (refer to Fig. 2)

I 00 _ T 3y + VT30 +wT ) — g0
ou ou o300
‘97'1110 _ é‘(”‘Tzolo + "Tlozo + W(Tﬂ ) _ 70
ou ou L
o7} w72 +v7 % +w7?0)
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then
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T . 0T a7y,
=T+ 5tV g,
= To0 + 4T 300 + VT g0 + WTpy
= Tzloo + 7-2100
= 2T 00-
And ﬁg‘i“’, 5?5‘“ can be derived similarly:
T30
ou = 27~1110’
I o1
e 27 \o-

Thus,

T3 AT Joo + VT 510 + WT g1

ou ou
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ou ou ou
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Similarly, we derive the following equations:
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Therefore, the Jacobian can be computed as

1 1 1
_|m o
|J| | Ou, dv., Iw
a7} o7} 9T}
Bu v ow
1 1 1
_ 2 2 2
- 3‘7-1200)( 37'0210)( 37-020116
3T100}* 3‘7—010}' 3TOOly
1 1 1
_ 2 2 2
=9 7_1200,( T()210x 7—()201x

100y 7 010y 7 001y
_ 2 2 2
= 18A(T {00 T610 T01)-

So the Jacobian has the same sign as the signed area of the triangle AT %7307 o, -

Because of the structure of the control net, when the vertices of all the triangles in the control net are in the
counterclockwise order, the vertices of all the triangles in the second layer control net (formed by vertices ‘Ti]) are
also in the counterclockwise order, so do the triangles in the third layer control net (formed by triangle AleooTozl 07'020 -

Thus, the intermediate triangle A7 5 73,7 oo, has positive area, and therefore the Jacobian is positive.

3. Conclusion

This paper provides a novel method for verifying the validity of curvilinear triangles represented by cubic Bézier
polynomials and its proof. Since the run time of evaluating the sign of the signed area of a control triangle is constant,
and for a fixed order of Bézier triangle, the number of control triangles in the control net is fixed, then the evaluation
time for one Bézier triangle is constant. Compared to the previous methods that recursively split the convex hull of the
Bézier triangle to get the lower bound of the Jacobian, this method is easy to implement and efficient. Bézier elements
with polynomials of arbitrary order can be checked similarly. For the future work, we will evaluate this method using
a variety of mesh examples of different orders.
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