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THE SPLINE FINITE ELEMENT METHOD

Abstract. The finite element method (FEM) plays a very important part in numerical anal-
ysis. One common practice to construct compatible quadrilateral element is isoparametric
transformation. The Serendipity isoparametric elements are broadly used since their interpo-
late nodes are located on the boundary of the quadrilateral element. The Serendipity elements
have a disadvantage of accuracy loss when elements are distorted. Because the serendipity
elements possess the low order completeness in the Cartesian coordites though they have
higher order terms of the isoparametric coordinates. The improvement of the Serendipity
elements has attracted many researchers. Splines are piecewise polynomials satisfying cer-
tain continuity conditions, which are applied widely in the finite element method. The shape
functions can be treated as splines. In this talk, we briefly introduce some progress on the
spline finite element method presented in [5, 6, 7, 8, 9, 10, 11]. The key is to construct the
interpolation bases (or the shape functions) by the spline functions and the B-net method for
different cases. The spline finite elements can have good accuracy even for distorted meshes.
The main results are as follows:

1. For plane problems, we constructed four quadrilateral elements with 4, 8, 12 and 17
nodes, which possess completeness of orders 1, 2, 3 and 4 in the Cartesian coordinates,
respectively. The two diagonals are connected in a convex quadrangle, and the quad-
rangle is divided into four subtriangles. The triangular area coordinates and the B-net
method are used in each triangle. The corresponding spline interpolation bases can be
constructed in the B-net form. Some numerical examples showed that, in comparison
with other known elements from the literatures, the new spline family elements can
be competitive in both regular and distorted meshes.

2. For plate problems, we constructed two spline elements for thin plate and thick plate
based on the discrete Kirchhoff theory and the Mindlin/Reissner theory respectively.
In these cases, two sets of cubic spline Hermite interpolation bases are used. Numeri-
cal examples were discussed to show that the plate elements combined with the spline
interpolation bases can possess good accuracy.

3. This idea for construction of spline element was also extend to 3D problem. For 3D
problems, we constructed three spline elements for pyramid, hexahedral and triangular
prism, which possess the second order of completeness of the Cartesian coordinates.
By dividing the pyramid, hexahedral and triangular prism elements into two, six and
three sub-tetrahedrons respectively, we constructed the spline interpolation bases by
the tetrahedral volume coordinates and the B-net method. These three elements can
exactly model the quadratic fields.

In conclusion, the spline finite element method has some good properties:

1. The spline interpolation bases are expressed into the B-net form. The computation on
products, integrals and derivatives of the shape functions can be simplified greatly by
using this representation.

2. No mapping or coordinate transformation is required and thus no Jacobian matrix
and its inverse are evaluated. Hence, the spline elements are less sensitive to mesh
distortions compared with the corresponding Serendipity isoparametric elements.

3. The spline elements, which are constructed from the corresponding spline interpola-
tion bases, are conforming and can possess good accuracy.

*The author was supported by the National Natural Science Foundation of China (No 11572081), and
the Program for Liaoning Innovative Talent in University (LR2017054).
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1. The family of quadrilateral spline elements

In order to overcome the disadvantage of accuracy loss for the isoparametric Serendip-
ity elements when quadrilateral elements are distorted [1, 2], we considered to con-
struct the quadrilateral elements directly by the spline method without isoparametric
transformation. Spline functions are piecewise polynomials satisfying certain continu-
ity conditions, which have many good approximation properties and have been widely
applied in numerical analysis and computer aided geometric design etc [3, 4].

In this section, we introduce the family of quadrilateral spline elements con-
structed by the spline interpolation bases presented in [5, 6]. There are four spline
elements L4, L8, L12, L17, corresponding to the 4, 8, 12, 17 nodes respectively, as
shown in Fig. 1.
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Figure 1: The quadrilateral elements with 4, 8, 12, 17 nodes respectively.

The main idea is to subdivide the quadrilateral element into triangulation, and
construct the spline (piecewise polynomials) bases by the continuous conditions be-
tween the subtriangles. The B-net method is a very powerful tool to represent spline
functions on the triangulation [4]. On each subtriangle, the n-th degree Bernstein poly-
nomials of the area coordinates (A;,A2,A3) are defined by

, nlo ek s
Bil,j,k(kh}bb}@) = Wl’ﬁék}é, i+j+k=n,
(1.1) A, A, A3 =0, A +A+A3=1.

Then the polynomial can be represented in the following B-net form:

py) =M ha) = DT bijaBl (M, 0s),

i+j+k=n



The spline finite element method 89

where b; j ;. are called its Bézier coefficients corresponding to the Bernstein basis B ,
and the domain points &; ; x = (i/n, j/n,k/n).

There are some advantages on the computation of polynomials in the B-net
form. The computation on products, integrals and derivatives of the functions can be
simplified greatly by using their Bézier coefficients and the area coordinates on each
triangular cell [6].

For a convex quadrangle D, denote the corner nodes by Py, P>, P3, P4, and de-
note the intersection of two diagonals P{P; and P>P; by Py, as shown in Fig. 2. The

quadrangle is divided into four subtriangles Ay, ..., Aq4.
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Figure 2: A convex triangulated quadrangle.

Denote A by the above triangulation of D, then a spline space on A is defined by
(1.2) Sy(A) ={seC"(D):s|aePy,i=1,2,3,4}.

It means that a spline function in S/(A) is a piecewise polynomial of degree d,
and C” continuous on the two diagonals P;P; and P,Py. In [5, 6], four spline interpo-
lation bases are constructed according to the element nodes with degree of 1, 2, 3, 4,
respectively, then the spline elements are obtained consequently.

1.1. The interpolation basis for the 4-node quadrilateral spline element

For splines of degree 1, there are 5 nodes on the quadrangle, whose indexes are shown
in Fig. 3. The Bézier coefficients are denoted by by, ...,bs. We obtained 4 linear spline

basic functions Nl(l)(x,y),...,Nf)(x,y) in a subspace of S(A), with the following
Bézier coefficients [6]:
1
{Nbéli} = {1,0,0,0,}7,
{Nby '} ={0,1,0,0,4}7,

(1.3) '
{Nb%li} —{0,0,1,0,4)7,
{Nb4 }:{Ovoaovlvg}ra
where
P.P PP,
(1.4) _ BRI BRIy am

BB PP
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Figure 3: The B-net domain points of degree 1.

1.2. The interpolation basis for the 8-node quadrilateral spline element

In order to construct the 8-node spline element, which possesses the second order com-
pleteness in the Cartesian coordinates, the spline space S}(A) was considered.

Figure 4: The B-net domain points of degree 2.

By the B-net method, there are 13 domain points on the quadrangle. Their
indexes are shown in Fig. 4. The corresponding Bézier coefficients are simply denoted
by b1,...,bi3. By the C' continuous conditions, the Bézier coefficients must satisfy
the following linear system:

b-bs—big+d-bg =0,
b-bg—bi3+d-b;1 =0,
b-bs —bip+d-by =0,
c-bg—bg+a-bs=0,
-b1y—biz+a-bjp=0,
b7 —b11+a-bs=0.

(1.5)

o o

By solving the linear system (1.5) with rank of 5, we obtained 8 spline functions

denoted by Nl(z) (x,5),... ,Néz) (x,y) interpolating the 8 nodes shown in Fig. 1(b) with
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the following Bézier coefficients {Nbgz) | S {Nbgz)} [5]:

(N} ={1,0,0,0, - 100 L1 _bo b by
{Nb2>}={0,1,oo L ‘oo g, 1 -40,-47,
{Nb >}—{00,1700 L 100 _%,_g,_g}f,
{Nb )} =10,0,0,1,0,0,— 5-1 Co —3,-57,

1.6
(16) (NDP)Y = {0,o,o,o,z,o,o,o,za,Zb,o,o,2ab}T,

{Nb<2>}_{0000020002d 2a,0,2ad}7
(Nb'P} = {0,0,0,0,0,0,2,0,0,0,2¢,2d,2cd}”,
{Nb§g } =1{0,0,0,0,0,0,0,2,2¢,0,0,2b,2bc}T .

1.3. The interpolation basis for the 12-node quadrilateral spline element

For the cubic spline space S% (A), there are 25 domain points on the quadrangle, whose
indexes are shown in Fig. 5. The corresponding Bézier coefficients are simply denoted
by by, ...,bys. The C' continuous conditions between two polynomials defined on two
adjacent triangles are given in Eq. (1.7).

Figure 5: The B-net domain points of degree 3.

b-bi1—by+d-bip=0,
b-big—bry+d-bi5=0,
b-big—bys+d-by =0,
b-biz—by+d- by =0,
b-bg—br9+d-b; =0,
.7 \ a-bs—big+c-bia =0,
a-biz—big+c-big =0,
a-byy—bys+c-by =0,
a-biy—by+c-bis=0,
a-bg—by1 +c-byg =0.

.

It is obvious that the dimension of the solution space is 16. In order to construct
an element with the 12 nodes shown in Fig. 1(c), we have chosen a subspace with
dimension of 12, and the basis satisfying symmetry, partition of unity and reproducing
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the polynomials of degree 3. Denote by N1(3) (x,¥),... ,NS) (x,y) the 12 cubic spline
functions with Bézier coefficients {N b§3) b {N bg)} were presented in [6].

1.4. The interpolation basis for the 17-node quadrilateral spline element

The 17-node element was constructed in the spline space Sﬁ (A). There are 41 nodes on
the quadrangle, whose indexes are shown in Fig. 6.

Figure 6: The B-net domain points of degree 4.

By using the same method for the 8 and 12 nodes elements, we obtained 17
quartic spline functions N1(4) (x,5),... ,Nl(;‘) (x,y) interpolating the 17 nodes shown in

Fig. 1(d), with Bézier coefficients {Nbg‘l) b {Nbg‘;)} presented in [6].

1.5. The completeness order of the spline family elements

The following theorem shows that the spline family elements L4, L8, L.12 and L17
possess completeness of orders 1-4 in the Cartesian coordinates, respectively.

THEOREM 1. [6] Let D be an arbitrary convex quadrilateral domain Py P, P3Py,

the four spline elements L4, LS, L12, L17 and their interpolation bases Nl-(k) (x,y) (k=
1,2,3,4) are given in the above subsections. We define the following linear interpolants

(N £)xy) o= 20, £ PPN (x,9),
(18 (N P)(y) 1= S S (PPN (),
(NO1)(x,y) = 212, F(PEOIND (x,9),
(N £)(x,y) := 217 F PN (x,y),

where Pi(k) (k=1,2,3,4) are the corresponding nodes shown in Fig. 1. Then

(NOf)(x.y) = f(x.y), (x.y) €D,

Sorall f(x,y) € Py, k =1,2,3,4, respectively.
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2. The cubic spline Hermite interpolation basis for thin plate bending quadrilat-
eral elements

In this section, we introduce two conforming quadrilateral thin plate elements by the
cubic spline Hermite interpolation bases presented in [7]. Consider the cubic spline
space S§ (A) as mentioned in Subsection 1.3. By solving the linear system of the C!
continuity conditions on the two diagonals given in Eq. (1.7), we obtained 16 linear in-
dependent spline functions denote by S (x,y),S2(x,y),..., Sis(x,y). The correspond-
ing Bézier coefficients of each function were presented in [7].

2.1. The 16-DOF quadrilateral spline element for plate bending

Figure 7: Geometry of the quadrilateral element.

For a given quadrangle P, P,P;P; and Py the intersection of two diagonals Pj Ps
and P, P4, denote the Cartesian coordinates of the points by P; = (x;,y;), i = 1,2,...,4.
Let Ps, Ps, Py, P3 be the four midpoints, n; and s; be the identity normal and tangent
vectors of the four sides respectively, as shown in Fig. 7. Let T5, T¢, T7, T3 be the four
perpendicular foots from Py to the four sides respectively, and 4; be the length of the
perpendicular line Py7;, i.e.,

hi = |P0T,-|, i=5,6,7,8.
Axs = x3 — X1, Axg = X3 — X2, Ax7 = X4 — X3, Axg = X1 — x4,
Ays = y2 —y1, Aye = y3 — Y2, Ay7 = ya —y3, Ayg = y1 — Y4,

li=1\/Ax? + Ay, i=5,6,7,8.

Let the four triangles be Ay = APyP1 P>, Ay = APyP,P3, A3 = APyP3Py, Ay =
APyP4P;. Then the area coordinates of Py with respect to each triangle A; (i = 1,2,3,4)
are same, i.e., (1,0,0). It is easy to know that (0, o, 3;) are the area coordinates of the
perpendicular foot 7; with respect to the triangle A; 4 (i = 5,6,7,8), where

Bi = ((x0 —xi—a)Ax; + (Yo — yi—a)Ay;) /17, 0y = 1 — .
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Hence, the unit normal vectors can be expressed in area coordinates by
nj = ((07ai7 Bl) - (17070))/hl = (_17(xi7 Bi)/hi: i= 576777 8.

By the 16 cubic spline functions S; (x,y),S2(x,y),...,S16(x,y), we defined a set
of Hermite interpolation functions as follows:

Hi =81 +Si2+85+BsSi6 + 05513,
Hy =85+ 86+ 87+ P5S13 + 06514,
H3 = 83+ 83+ S9 + BeS14 + 07515,
Hy =S4+ S10+S11 + B7S15 + agSie,

HY = _%512 + %SS _ (a+l38)A6x8+aAX5 Si6+ CAX8+(06+<15)AX5 S
Hj = —%56 + %57 _ (d+ﬁ5)A6X5+dAX6SI3 + be5+(b6+a6)Ax6S]47
o) S S st i s
Hy = —=7810+ 5551 D285 + =R S 6
H = Ayss + AYSS (a+ﬁs)A6ys+aAy5 Si6+ L'A)’8+(L'6+0<5)Ay5 Sis,
Hg _ AySS + A}oS (d+ﬁs)Ag5+dA.V6 Si3+ bA)'5+(b6+a6)AY6 Sia
Hg _ A%f»S + A§7S (c+B6)Aye+cAyr Sia+ alye+(a+07)Ayy Sis,
Hi’ — Ay7 Sio + Ays T (b+ﬁ7)Ay7+bAy8 Sis+ dAy7+(d6+0°8)A)’s Si6
Hf = — h5513, 1 = —2heSya,
H7 = —35h7815, HY = —5hsS6.

THEOREM 2. [7] Let D be an arbitrary convex quadrilateral domain Py P> P3Py,
Ps, Ps, Py, Ps be the midpoints of the four sides, H;(x,y), HX(x,y), H? (x,y) (i=1,2,3,4)
and H!'(x,y) (i=5,6,7,8) be the spline Hermite interpolation functions given in Eq. (2.9).
Define the linear interpolant

4
(Hf)(x,y) := Z(f(P) i(4,y) + fe(P)HT (x,y) + fy(P)H; (x,))

(2.10) +an P)H!(x,y),

where f.(P:), fy(P;) and f,(P;) are the partial and normal derivatives of f at P. Then
(Nf)(x,y) = f(x,y), (x,y) €D,
Sorall f(x,y) € Ps.

By Theorem 2, we can obtain a 16-DOF element for plate bending problem,
denoted by QS16. It can exactly model cubic displacement.

2.2. The 12-DOF quadrilateral spline element for plate bending

In order to eliminate the four coefficients wys,...,w,g at the midpoints, we set the
normal derivative w,, to be a linear function on the four sides. This is equivalent to find
a subspace of S1(A) of dimension 12.
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Firstly, we constructed another set of 12 spline functions from the 16 cubic

spline functions S (x,y),S2(x,y), ...

S =8 — %8516_ %513,

53 53—ﬁ Sia—%S1s,
Ss+“516+m513,

S7—S7+dS +7‘”2"‘6 Pagy,

So = So+ $S14+ %Sl s,

Si1 =381 +%515+%516,

@2.11)

7Sl6(x7y):

Sy=8- B75513 — 38814,

Ss =S4~ B85 — %816,
S6=Se+ 5814+ 7137&5;2‘35 S$13,
Sy = Sg+ 485 + % tPag,
Si0=S10+ 4816+ %5157
S12 =81+ 5513+ %51&

Then we have transformed them to a set of Hermite interpolation functions as follows:

Sl+Slz+S5, Hy =855+ 86+ 57,
S3+Sg+59, FI4=§4+§10+§11,
2.12) I:If— 8Slz+ 3 585, I‘:1§C=—*S(,+ 3657,
Ay = —5085 + 2728y,  Af = —272810+ %88y,
A= Mg, s o Mg g,
[:]g: AMS +Ay759, F]z— Ay7510+Ay S

THEOREM 3. [7] Let D be an arbitrary convex quadrilateral domain Py P> P3Py,
and H;(x,y), HX(x,y), H] (x,y) (i = 1,2,3,4) be the spline Hermite interpolation func-
tions are given in Eq. (2.12). Define the linear interpolant

Z

(2.13) (Hf)(x.y) P)H;(x,y) + fe(P)H; (x,y) + f(P)H; (x.y)),

where f(P;), fy(P;) are the partial derivatives at P;. Then
(Hf)(x7y) = f(x.y), (x,y) €D,
Sorall f(x,y) € Pa.

By Theorem 3, we obtain a 12-DOF element for plate bending problem, denoted
by QS12. It can only exactly model quadratic displacement.

In addition, we have also constructed two spline elements for thick plate based
on the Mindlin/Reissner theory [8].

3. The spline interpolation basis for 3D elements

In this section, we only briefly show that we have constructed three 3D spline elements
for the pyramid, hexahedral and triangular prism. Similar to the case of 2D elements,
dividing the solid elements into several sub-tetrahedrons, then by the B-net method
and the tetrahedral volume coordinates, we have obtained the spline interpolation basis
corresponding to boundary nodes as shown in Fig. 8. They are 13-node pyramid spline
element [9], 21-node hexahedral spline element [10], and 15-node triangular prism
spline element [11]. These three elements can exactly model the quadratic fields. The
theoretical analysis and numerical examples were presented in the references.
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Figure 8: The three 3D elements.
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