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Abstract

We present an implementation of Bohmer’s finite element method
for fully nonlinear elliptic partial differential equations on convex polyg-
onal domains, based on a modified Argyris element and Bernstein-
Bézier techniques. Our numerical experiments for several test prob-
lems, involving the classical Monge-Ampére equation and an uncon-
ditionally elliptic equation, confirm the convergence and error bounds
predicted by Bohmer’s theoretical results.

1 Introduction

Numerical solution of fully nonlinear elliptic partial differential equations is a
topic of intensive research and great practical interest, see [7]. The motivation
behind this interest is the presence of these equations in different fields of
science and engineering including differential geometry [2], fluid mechanics
[18] and optimal transportation [5].

Several numerical methods have been recently proposed in the literature
for the fully nonlinear equations, in particular finite difference [13, 20] and
finite element type methods [6, 14, 15, 8, 3, 4, 19]. The most of these methods
are restricted to the equations of Monge-Ampere type, such as the Monge-
Ampere equation, the equation of Gaussian curvature and Pucci’s equation.

Boéhmer’s method [6, 7] allows solving the Dirichlet problem for any fully
nonlinear elliptic equations of second order. It is based on a finite element dis-
cretisation of the linearised elliptic equations, with C! finite element spaces
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that admit a stable splitting into the subspace satisfying zero boundary con-
ditions and its complement. This method does not require any variational
formulation of the fully nonlinear equation. Full theoretical justification of
the method is given in [6, 7], including a proof of convergence and error
bounds. However, no numerical results have been provided.

This paper presents the first implementation of Bohmer’s method based
on a modified Argyris finite element space with a stable splitting developed
in [11, 12]. Our construction makes use of the Bernstein-Bézier techniques for
piecewise polynomials [17, 21]. These techniques are widespread in geometric
modelling, and currently gain more attention in the finite element method be-
cause of a number of desirable properties, in particular optimal complexity
of the element system matrix assembly [1]. Note that C! conforming dis-
cretisations based on a variational formulation of either the Monge-Ampere
equation or a fouth order quasilinear equation resulting from a singular per-
turbation of the Monge-Ampere equation have been recently explored in
3, 4, 15]. Neither of these discretisations is equivalent to Béhmer’s method.
In particular, the spline element method of [3, 4] uses Lagrange multipliers
to enforce inter-element smoothness and boundary conditions by solving a
saddle point problem, rather than relying on a stable splitting of a C* finite
element space.

Our numerical experiments include several standard test problems for
the Monge-Ampere equation on a square, an example for a non-rectangular
convex polygonal domain, and an unconditionally elliptic equation. The
numerical results confirm the theoretical error bounds given in [6, 7].

The paper is organised as follows. Section 2 is devoted to the formulation
of Bohmer’s method. In Section 3 we recall our construction of the modified
Argyris space [12] and provide the details of the numerical implementation of
a stable local basis admitting a stable splitting. In Section 4 we discuss the
implementation of Bohmer’s method, including the assembly of the system
matrix for the linearised elliptic equations arising in each step of Newton
iteration. Finally, Section 5 is devoted to the numerical experiments.

2 Bohmer’s Method for Elliptic Equations

2.1 Fully Nonlinear Elliptic Operators

Let € be a bounded domain in R" and let G be a second order differential
operator of the form B
G(u) = G(-,u, Vu, Vu),

where G is a real valued function defined on a domain  x I' such that

QCcQCR* and T CR xR x R™™,



and Vu,Vfu denote the gradient and the Hessian of u, respectively. The
points in Q x I' are denoted by w = (z,z,p,r), with z € Q, z € R, p =
[piliey € R, r = [ry]i;=; € R™™, to indicate the product structure of this
set. We denote by D(G) the domain of the operator G.

The operator G is said to be elliptic in a subset ['  Q x T if the matrix

[gTCZ(w)]Zj:l is well defined and positive definite for all w € T' [7, 16]. If G

is a linear function of (z,p,r) for each fixed x, then G is a linear differential
operator. Under suitable restrictions on é, classes of quasilinear and semi-
linear differential operators are obtained [7, p. 80|, but in general G may be
fully nonlinear.

In the neighborhood of a fixed function @ € D(G) the linear elliptic
operator G'(u) is defined by

) (1)

Py

1,7=1

G'(t)u = Z 0]71 07“”

where 1w = (z,u(z), Va(z), V*i(x)) is a function of x € Q, and &* denotes
the partial derivative with respect to the i-th variable. Note that G'(4) is
the Fréchet derivative of G if G is Fréchet differentiable at .

Many nonlinear elliptic operators and corresponding equations G(u) = 0

are important for applications. A standard example of a fully nonlinear
equation is the Monge-Ampére equation on € C R?, given by

Gya(u) := det(V?u) — f(z) =0, f(z) >0 for z € Q.
We consider the Dirichlet problem for the operator G: Find u such that

G(u) =0, ze€, (2)
u=¢o, x €, (3)

where ¢ is a continuous function defined on 0€2. Under certain assumptions,
including the exterior sphere condition for J€2 and sufficient smoothness of
@, this problem has a unique solution v € C*(Q2)NC(Q) [16, Theorem 17.17].

Note that the Monge-Ampere operator Gy, is elliptic in subsets I satisfying
I CQxRxR"x {reR™" :ris positive definite}.

Therefore there exists a unique convez solution of Gya(u) = 0, whereas it
is known that the Monge-Ampere equation has another, concave solution [9,
Chapter 4].



2.2 Spline Spaces and Stable Splitting

As usual in the finite element method, the discretisation of the Dirichlet
problem is done with the help of spaces of piecewise polynomial functions
(splines). Let A be a triangulation of a polyhedral domain Q C R"™, that
is a partition of €2 into simplices such that the intersection of every pair of
simplices is either empty or a common face. The space of multivariate splines
of degree d and smoothness r is defined by

SHA)={s € C"(Q): s|p € Py for all simplices T"in A}, (4)

where d > r > 0 and P, is the space of polynomials of total degree d in
n variables. Recall that the star of a vertex v of A, denoted by star(v) =
star!(v), is the union of all simplices T' € A attached to v. We define star’ (v),
J > 2, inductively as the union of the stars of all vertices of A contained in
star’~!(v), and star(7T") as the union of the stars of all vertices of the simplex
T.

Let {A"M} ey be a family of triangulations of €2, where h is the maximum
edge length in A" The triangulations in the family are said to be quasi-
uniform if there is an absolute constant ¢ > 0 such that pr > ch for all
T € A" where pr denotes the radius of the inscribed sphere of the simplex
T.

Let S" C S%(A") be a linear space with basis sy, ..., sy and dual linear
functionals A,...,Ax : 8" — R such that Ais; = 0;;. 'This basis is stable
and local if there are three constants m € N and C,Cy > 0 independent of
h such that (a) supp s, is contained in star™(v) for some vertex v of A", (b)
5kl < Cr, k=1,...,N,and (c) | A\es| < Col|s|| Loosuppsy) K =1,..., N,
for all s € S", see [10, 11] and [7, Section 4.2.6].

To handle the Dirichlet boundary condition (3), the following subspace
of S" is important:

SSLI: {SGSh:S‘aQZO}.

We say that S admits a stable splitting

h h | ch
St =55+ 5y,
if there is a stable local basis {s,...,sy} for S* that can be split into two
parts
{s1,...,sn}={s1,- -, sn t U {Snp41s-- -, SN},
where {sq,...,sn,} and {Snys1,...,Sn} are bases for the subspaces S} and

St respectively. Note that the space S is not uniquely defined by the pair
Sh Sk Tt was shown in [11, 12] (see also [7, Section 4.2.6]) how the stable
splitting can be achieved for a modified Argyris finite element space.



2.3 Bohmer’s Method

Let u = @ be the solution of (2)—(3). According to [6, 7], its approximation

4" =~ 1 is sought as a solution of the following problem: Find 4" € S" such
that

(G(ﬂh), Uh)LQ(Q) =0 Vvh S S(})L, and (5)

(@",v)1200) = (6,0 12000) Yy € Sy, (6)

where (-, -) denotes the inner products in the respective Hilbert spaces. Since
Shand S} are finite dimensional linear spaces, the problem (5)—(6) is equiv-
alent to a system of algebraic equations with respect to the coefficients of 4"
in a basis of S*.

Theorem 1 ([7, Theorem 5.2]) Let Q be a bounded convex polyhedral do-
main, and let G : D(G) — L*(Q), with D(G) C H?*(Q), satisfy Con-
dition H of [7, Section 5.2.3]. Assume that G is continuously differen-
tiable in the neighbourhood of an isolated solution @ of (2)—(3), such that
i@ € D(G)N HYQ), £ > 2, and G'(0) : D(G) N HYQ) — L*(Q) is bound-
edly invertible. Furthermore, assume that the spline spaces S"™ C SL(AM),
d >0 — 1, on quasi-uniform triangulations /A" possess stable local bases and
stable splitting S"™ = St + SP', and include polynomials of degree ¢ — 1. Then
the problem (5)—(6) has a unique solution 0" € S" as soon as the mazimum
edge length h is sufficiently small. Moreover,

i — @20 < CH2Jill o).

Note that, in particular, all conditions of Theorem 1 are satisfied by the
Monge-Ampere operators, where D(Gya) = C?(Q), see [7, Example 3.26].

The nonlinear problem (5)-(6) can be solved iteratively by a Newton
method as suggested in [6], where the initial guess u?! € S" satisfies the
boundary condition

(ug, vi)200) = (6, v8)12000) Yoy € Sy,
and the sequence of approximations {u} }.en of 4" is generated by
UZ+1 :u}kf—wh, k=0,1,...,
with w” € S being the solution of the linear elliptic problem:
Find w" € S such that (G'(u})w", v")120) = (G(u}t), v") 12(0) YO € SF.

Clearly, w" can be found by using the standard finite element method. Under
some additional assumptions on G, it is proved in [6, Theorem 9.1] that ul
converges to 4" quadratically. Note that in the case when G(u) is only
conditionally elliptic (e.g. elliptic only for a convex u for Monge-Ampere
equation) the ellipticity of the above linear problem is only guaranteed for
ul sufficiently close to the exact solution .
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3 (' Finite Elements with Stable Splitting

3.1 Bernstein-Bézier Techniques

This section is devoted to the key concepts of the Bernstein-Bézier techniques
we rely upon in our implementation of the finite element spaces suitable for
Bohmer’s method. A comprehensive treatment of these techniques can be
found in [17]. We restrict to the case of two variables.

Let Q C R? be a polygonal domain and A a triangulation of €. For a
given d > 1, let Dg a = Upcn Dar be the set of domain points, where

iUl + jUg + ]{ZU3
Dgyr = {fijk =
i+j+k=d

d

for each triangle 7' := (v, v, v3) in A. We will use the following terminology
for certain subsets of Dy . We refer to the set

R,(v) ={&jr € Dapn:i=d—n}, 0<n<d,

of domain points as the ring of radius n around the vertex v and refer to the
set

D, (v) := U R, (v)

as the disk of radius n around the vertex v.
Recall that every v € R? can be uniquely represented in the form

where the components of the triplet (b1, by, b3) are called the barycentric coor-
dinates of v relative to the triangle T := (v, v9, v3). Barycentric coordinates
are linear functions of v, and the functions

d !

Blp(v) = ngbgb’;, i+ j+k=d,

are the Bernstein-Bézier basis polynomials of degree d associated with trian-
gle T'. Every polynomial p of total degree d can be written uniquely as

d
p= E Cijk Bl

i+j+k=d

where ¢;;;, are the Bézier coefficients of p. For each s € SY(A) and & = ;% €
Dy a we denote by ¢, the coefficient ¢;;;, of the restriction of s to any triangle
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T € A containing £. (Because of the continuity of s the coefficient ¢, does
not depend on the particular choice of such triangle.)

A key concept for dealing with spline spaces in Bernstein-Bézier form is
that of a minimal determining set. The set M C Dy a is a determining set
for a linear space S C SY(A) if

seSand =0 V&eM = s =0,

and M is a minimal determining set (MDS) for the space S if there is no
smaller determining set. Then dim S equals the cardinality #{M} of M.

Usually subspaces S C S9(A) are defined with the help of certain smooth-
ness conditions which can be explicitly written down as linear equations in-
volving the coefficients c¢, £ € Dga. For a given minimal determining set
M for S, if we assign values to the coefficients {c¢},.,,, then the remaining
coefficients ¢,, n € Dga\M of a spline s € S can be computed using the
smoothness conditions. Hence, an MDS M can be used to construct the
M-basis {s¢}een for S by requiring that the Bézier coefficients ¢,, n € M,
of s¢ satisfy ¢e =1 and ¢, = 0 for all n € M \ {{}.

We now introduce the concept of a stable and local MDS, which applies
to algorithms of constructing an MDS for any triangulation of a given family,
for example for all triangulations in two variables with a given lower bound
on the minimum angle of the triangles. Let

I, :={¢£€ M: ¢, depends on ¢}, n € Dga\M,

where we say that ¢, depends on c¢, §£ € M, if the value of ¢, for a spline
s € S is changed when we change the value of c.. This simply means that
the coefficient ¢, of the basis spline s is not zero. A minimal determining set
M for a space S is said to be local if there exists an absolute integer constant
¢ not depending on A such that

I, Cstar’(T}) ¥n € Dya\M,

where T;, is a triangle containing 7. Moreover, M is called stable if there
exists a constant K which may depend only on d, ¢ and the smallest angle
O, in the triangulation A such that

le,| < Kmax|ce| Vn € Dga\M.
ger,

If M is a stable local MDS, then the corresponding M-basis of S is stable
and local in the sense of Section 2.2. A stable splitting of this basis can
often be achieved by an appropriate splitting of the MDS, which leads to the
following definition.



Definition 2 Assume that the space S C SY(A) has a stable local MDS M
and let
So:={s€S : slgpo =0}. (7)

The MDS M 1s said to admit a stable splitting if M s the disjoint union of
two subsets My, My, C M such that

So={se€S:c =0V e M} (8)

and My and M, are stable local MDS for the spaces Sy and Sy, respectively,
where
SbZ:{SESIC§:OV§€MO}. (9)

Note that if M is a stable local MDS, and M = My U M, is a disjoint
union, then it is a stable splitting as soon as (8) holds.
If M admits a stable splitting, then S = Sy + .5, and it is easy to see that
{scteemr = {scteemn U {scteem,

is a stable splitting of the stable local basis {s¢}eens-

3.2 Modified Argyris Space

Recall that the superspline spaces Sy (A), r < p < d, of Sj(A\) are defined
as
SP(A)={se S)A):seC’(v)YveV}, (10)

where V' is the set of all vertices of A.

The Argyris finite element space is obtained by choosing d = 5, r = 1
and p =2 1in (10). Now for each v € V', let T, be one of the triangles sharing
the vertex v and let M, := Dy(v) N T,. For each edge e of the triangulation
A, let T, := (v1,v9,v3) be one of the triangles sharing the edge e := (vq, v3)
and let M, := {5, }. Then from [17, Theorem 6.1] we have

Theorem 3 The dimension of the Argyris finite element space is given by
dim S} (A) = 6#{V} + #{E}, and

M= JMmulM (11)

veV eck
is a stable local minimal determining set for Sa”(A).
The modified Argyris space S [11, 12] is given by

S = {s € Si(A):se€C?(v), for all interior vertices v of A} . (12)
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We now introduce some further notation that will help us to describe a stable
local MDS for S. Let V; and Vi denote the sets of interior and boundary
vertices of A, respectively, and let E; and Ep represent the sets of interior
and boundary edges, such that V' = V;UVp, F = E;UEg. Let, furthermore,

E, ={ei,es, -+ ,e,} denote all edges of /A emanating from a vertex v € V,
in counterclockwise order. For each e;, let & be the (unique) domain point
in Ro(v)Ne;, i =1,...,n. For each v € V, we choose a triangle T, as above,

where we assume in addition that T, shares an edge with the boundary of (2
if v € Vg. We define M, and M, as above, and set

M, = My U {&,&,- -+, &n)-

Theorem 4 ([12, Theorem 4]) The dimension of the modified Argyris space
S is given by dim S = 6#Vr +#E + > . (4 +#E,), and

M=) Mul MU ] M, (13)

veVr ecE veVR
is a stable local MDS for S.

We now split M into two disjoint subsets MO and Mb as follows. Let

(U M, U | Me) c My, (14)

and let all points of M lying on the boundary be in M,. Also let
{Ra2(v) N Mv}\{el, en} € M,, for each v € V.

Now only one point in R;(v) N M,, for each v € Vg, is not assigned to either
My or M,. We denote this point by &,. Where &, belongs depends on the
geometry of the boundary edges attached to v.

e If boundary edges attached to v are non-collinear, then &, € M,.
e If boundary edges attached to v are collinear, then &, € M,.

Now we are in position to formulate the theorem about stable splitting for
the modified Argyris space.

Theorem 5 ([12]) M = My U M, is the stable splitting of the stable local
MDS M for S.

Stable splitting of an MDS is impossible for the standard Argyris space
in general, as the following result shows.
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Theorem 6 ([12]) No MDS for the Argyris space can be stably split on
arbitrary triangulations.

As we will see in the next section, a key step in the implementation of the
finite element stiffness matrices using Bernstein-Bézier techniques is the com-
putation of the Bézier coefficients of the basis splines {s¢}ecps corresponding
to an MDS M. We therefore conclude this section by providing Algorithm 1
that gives all details of this computation for the basis splines of the modified
Argyris space.

4 Implementation of Bohmer’s Method

In this section we describe in detail our implementation of Bohmer’s method
using Bernstein-Bézier techniques. We study the numerical approximation
of Dirichlet problem (2)-(3) for a fully nonlinear equation of second order.

Discretisation

Recall that A" is a quasi-uniform triangulation of a convex polygonal domain
Q C R?. As discussed in Section 2, solving the nonlinear problem (2)-(3)
by Bohmer’s method amounts to running a Newton-Kantorovich iteration
scheme to get a sequence {uﬁ} kel of approximations of 4 generated by

uzﬂzu}kf—wh, k=0,1,..., (17)

where w" € S¥ is the solution of the linear elliptic problem: Find w" € S
such that
(G'(uﬁ)wh,vh)Lz(Q) = (G(UZ),U}Z)LQ(Q) Vol e S{;, (18)

where G’ is the linearisation (1) of the nonlinear operator G. We solve this
linear equation by using the standard Galerkin finite element method with
the modified Argyris space S* on A" as an approximating space, with the
stable splitting S” = 5’3 + 5}? according to Theorem 5.

After a standard transformation to the weak form, (18) is translated into
the following problem: Find w" € S/ such that for all v € S,

/th-AVvhdx+/vhb-thdx+/cwhvhdx:/fvhdx, (19)
Q Q Q Q

~ 2 - 2 ~
where A = [gsj (wZ)LjZl, b= [gs_ (wZ)LZl, f=G(u}) and ¢ = L (wl).

If (s1,...,8nN,) is a basis of 56’, then, as usual in the finite element method,
(19) results in the linear system

(S+B'+M)a=L (20)
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Algorithm 1 Compute Bézier coefficients of a basis spline s¢, { € M.

Require: Given ¢, initialize {c, : 1 € D5 o} by zeros and set ¢, = 1. Recall
that 7 is triangle sharing the edge e € E. Let 1. be the other triangle
sharing the edge ¢ if e € EJ.

Ensure: Compute ¢, Vi € Da\M.

1. if ¢ € M,, v € V; then

2. Find triangles {7} }*_, attached to vertex v, arranged in anti-clockwise
order, with T :=1T,,.

3. Move anti-clockwise by computing c¢,,v € Dy(v) N T4 from known
coefficients ¢,,n € Dy(v) N Ty, £ = 1,--+ ,k — 1, using C* and C?
smoothness conditions [17, Lemma 2.30]. We write these smoothness
conditions explicitly. Let 77 := (v, vq,v1) and T5 := (v3, v, v;) are two
of the triangles attached to vertex v then we compute ¢, v € Dy(v)NTh
from known coefficients ¢,,n € Dy(v) N1 as follows

iz = bicaor + bacsin + bscaoz, (15)
g = bicsoo + bacaro + bacaon, (16)
Chao = bicsoo + 2b1bacaig + bacsan + 2babscany + bieson + 2b3bicaon,

where (by, by, b3) are barycentric coordinates of vz w.r.to T7.

4. For each edge e € E,. Let the edge e := (v,v1) be shared by trian-
gles T, := (v,v5,v1) and T, := (vs,v,v;). We compute ¢ls, using C"
smoothness condition over e [17, Lemma 2.30]

T,
€159 = bicsoe,

where (b1, by, b3) are barycentric coordinates of v3 w.r.to T, and czgz is
known for &302 € Do (v).

. else if € € M,, v € V then

6. Do as in 2) by choosing T} := T, be one of the boundary triangles
attached to v.

7. Compute c¢,,v € {Dy(v) NT,11} \Mv from known coefficients ¢,,n €
Do(v)NT,, k=1,---  k—1, using the same C'' smoothness conditions
(15)-(16).

8. Do asin 4) only for e € E,\ Ep.

. elseif £ € M., e € E; then

10.  Let the edge e := (v, v9) is shared by triangles T. == (v1, v4,v9) and

ot

N}

T. := (vs,v1,v5). Then £ := €55, and we compute cls, with the help of
caiy = 1 using C* smoothness condition over e given by

Te _
Ci59 = b,

where (b, by, b3) are barycentric coordinates of v w.r.to 7.
11. end if 11




where a is the vector of the coefficients in the expansion w" = $:"° a;s;, and

S, B, M and L are the stiffness, convection and mass matrices and the load
vector, respectively, with the entries, for 7,7 = 1,..., Ny, defined as

Sij = / VSZ"AVdeIB, Bij = / sjb-Vsida:, Mij = CSide.fE, ['2 = / fSZCl.fE
Q Q Q

Q

It is worth emphasising that we do not use these formulae directly to compute
the system matrices. Before we describe how we compute them let us define
a transformation matrix 7 required for this.

Transformation Matrix

Let {7 ,{N;l be the triangles in A" with some fixed ordering. Recall that any
spline s € S restricted to the triangle T}, can be written in the form

_ 5
8|z, = E Cijk By,
i+j+k=5

where ¢;j;, are Bézier coefficients of s on T,.. Let Cr,, k = 1,---, N;, denote
the row vector of these coefficients c;j; of s on Ty, where we use the lexi-
cographic order as in [17, p. 23] to arrange these coefficients. That is, the
triples of the indices (i, j, k) are arranged by the ordering function

o +k+1
q(z,j,k):(j 5 )—l—k:—i—l.
Let V(s) be a row vector of all Cr,.’s, k = 1,--- | N, for a spline s, ordered
according to the triangles {7},

V(S) = [CTl,CT2, cee ,CTNJ .

Now, if we construct a matrix by taking these vectors V(s;) for the basis
splines sq,..., sy, as its rows, then this matrix is our desired transformation
matrix T,
T =[V(s1),...,V(sn,)']".

Let §5(Ah) denote the space of all discontinuous quintic splines over the
same triangulation A", Clearly, 7" represents the transformation that maps
the vector {05}5€ 57 corresponding to s € 5'(}} onto the array of the coefficients
of s in the basis of the space gg,(Ah) defined by the quintic Bernstein basis
polynomials ijk on all triangles.

Now let & = diag <STN,T,€ e Ah), B = diag <Z§TN,T,{ e Ah> and M =
diag (MTR, T, € Ah) be the block matrices with blocks defined by

rst

Sr, = / VB},-AV B, dz, By, = / B bV B dx, My, = / B B, dx.
TK, K TK,

12



Then we can compute the system matrices in (20) by using the relations
S=TS8T!, B=TBT!, M =TMT"

Note that this method of computing the system matrices is particularly
efficient as it is shown in [1] that the matrices S, B and M can be computed in
optimal complexity (constant cost per entry) even for high polynomial orders,
and the matrix 7 is sparse because the basis splines are locally supported.

Boundary Conditions

As discussed in Section 2, in order to impose the non-homogeneous boundary
conditions we require that the initial guess uff € S”, satisfy the following

condition )
(ug, vp) 2 (00) = (6, 03)1200) Vi, € Sy

Now if (s1,. .., SNy, SNg 41, - - - » Sn) is the M-basis for the space S” and (SNg+1s - - -

is a basis for S, then the above boundary condition is reduced to the matrix
equation

MGy = Ly,
where M, = [ [, sisjds]fj:NOH and L, = [ [, ¢sids] ?LNOH. It is important
to mention that s;|., e € E, are univariate polynomials and they keep the
univariate BB-form [17, Remark 2.4]. Moreover, there is an explicit formula
for integration of the product of two polynomials in BB-form given by

-~ , DG
Jrst = S Py

where |e| is the length of e,
5 5
Sile = ZCQBZ and s;|. = ZC,ﬁBg’
a=0 £=0

with BS = (2)t*(1 — )=, @ = 0,...,5, being the univariate quintic Bern-
stein polynomials on the edge e.
Now consider

/ed)sids = /ed)az;caBgds = gca /equgds. (21)

Thus, computing the entries for £y is reduced to approximating the Bernstein-
Bézier moments p2(¢) = fe ®B3ds of ¢ using an appropriate quadrature rule
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[1]. We use Gauss-Legendre 6-points rule to approximate the moments 2 (¢)
which returns the exact solution for polynomials of order up to 11. Note that,
unlike using C° elements, here some degrees of freedom for S{: lie inside the
domain €2, see Theorem 5. Thus it would be difficult to impose the boundary
conditions merely by interpolating the function ¢ at the points corresponding
to the degrees of freedom lying on the boundary.

5 Numerical Results

This section is devoted to the numerical results for several fully nonlinear
problems, involving the Monge-Ampere equation and an unconditionally el-
liptic problem considered in [19]. The numerics for these problems confirm
the convergence and the theoretical error bounds of Theorem 1.

5.1 The Monge-Ampere equation
The Dirichlet problem for the Monge-Ampére equation is given by

Gua(u) = det(Vu) — g(xi Z 0, z€ (22)

¢, x € 0f)

where g and ¢ are given functions with g > 0 on {2 required to keep the
problem elliptic. The weak formulation (19) of the linearised problem in this
case is to find w" € S¥ such that

/ Vu" - AVoldr = / fodx, for all v" € S, (23)
Q Q

with A = cof (V2u}) as b =0, ¢ = 0 and f = Gpra(ul) = det(VZul}) — g(z),
where cof (M) denotes the cofactor of a 2 x 2 matrix M. As a result we are
left with the stiffness matrix and load vector to solve the linear system

SC=1C,

for the unknown vector of Bézier coefficients C of w".

As Monge-Ampere equation is elliptic only for convex functions, we need
the initial guess to be convex as well. In [13, Remark 2.1] it has been shown
that (22) and the Poisson-Dirichlet problem

Au= 2,/g, z€Q

u= ¢, x € 0N (24)

are closely related. Therefore we use the approximation solution of the
Poisson-Dirichlet problem (24) as an initial guess for the Newton scheme
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(17). The initial guess obtained this way performs very well in our experi-
ments. However, we get much faster convergence of the Newton method by
using this initial guess only on initial mesh, whereas on the refined meshes
we take a quasi-interpolant [17, Section 5.7] of the solution from previous
level as an initial guess. We call this a multilevel approach.

The first three and the fifth test problems are standard benchmark prob-
lems for (22) over Q = (0,1)? considered in many paper on the numerical
solution of the Monge-Ampere equation. In this case A" is the uniform tri-
angulation obtained by first dividing the domain into squares of side length h
and then drawing in the diagonals parallel to the line x5 = x;. In the fourth
test problem a non-rectangular domain is considered.

1. As the first test problem we solve (22) for the data

g(x) = (1+[z[)e, in @,
o(x) = ezltl’ Vo € 092,

where |z| = /2% + x3. With this data the exact solution to the prob-
lem is u(z) = ezl € C~(Q). The numerical results are presented
in Table 1. They confirm the convergence rate O(h?') in the H*norm
predicted by Theorem 1, where ¢ = 6 as we are using polynomials of
degree 5. Moreover, as expected, we observe the convergence rates of
O(h®) and O(h®) in the L? and H' norms, respectively. The first row
of the table shows the errors for the initial guess. In addition to the
errors, Table 1 presents the number of Newton iterations (V) on each
mesh, the L?-norm of the residuals r := ||G(u}!)||12(q), and the size
[pllr2(q) of the La-projection p of G(u}) on the space Sk The pro-
jection p is found as a solution of the system MC, = L, where M is
the mass matrix and C, is the vector of coefficients of the expansion of
p in the My-basis. The size of the projection measures how well the
approximate solution u} solves the problem (5). We observe that the
number of Newton iterations is extremely small thanks to the fact that
the initial guess is chosen by the multilevel approach. The size of the
residual is close to the H?-norm error, as one can expect, and the size of
the projection is close to the unit round-off initially, and gets larger on
further refinement levels, obviously due to growing condition numbers
of the system matrices.

2. Second test problem is defined by

R? .

o(r) = —v/R?—|z|> Vz e,
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Table 1: Errors of approximate solution and rate of convergence for the
first test problem, N denotes the number of Newton’s iterations, r :=
|G(u})||2() is the size of the residual, and ||p||12(q) is the size of the Lo-
projection of G(u}) on SP.

h |L%-error rate| H'-error rate|H?-error rate| N| r Il 2()
initial | 5.78e-3 3.25e-2 2.66e-1 9.64e-1

1 1.17e-4 1.03e-3 1.74e-2 2 [5.15e-2|2.30e-15
1/2 | 4.77e-6 4.6 | 7.75e-5 3.7| 2.25e-3 3.0 | 1|5.14e-3|1.74e-14
1/4 | 1.92e-7 4.6 | 7.04e-6 3.5 | 3.32e-4 2.8 |1 |8.28e-4|9.44e-14
1/8 | 2.42e-9 6.3 | 1.65e-7 5.4 | 1.58e-5 4.4 |1 |3.93e-5|3.89e-13
1/16 |4.31e-11 5.8 | 6.61e-9 4.6 | 1.20e-6 3.7 | 1 |3.56e-6|1.79e-12
1/32 |6.60e-13 6.0 | 1.95e-10 5.1 | 7.45e-8 4.0 | 1 [2.04e-7|7.38e-12
1/64 |1.14e-14 59 | 7.28¢-12 4.7 | 6.06e-9 3.6 | 1 [1.66e-8|2.83e-11
1/128|8.16e-15 0.5 | 2.96e-13 4.6 |3.73e-10 4.0 | 1 |1.07e-9|1.06e-10

in (22). The exact solution is u(x) = —+/R? — |z|?. The function
g(z) has singularity at R = v2 and u € W}(Q), 1 < p < 4 for this
value of R, lacking H?-regularity. The method diverges for R = v/2,
in line with Bohmer’s theory that guarantees convergence only if the
solution is in H2. But for R > /2 we have u € C*(Q) and again,
in Table 2 and Table 3 for two different values of R, the results show
the same behaviour as in the first problem. The tables confirm that
the more the value of R is away from singularity the faster convergence
is achieved. Note that in this experiments much higher accuracy is
attained as compared to the results in [13] for the same test problem.

3. Third test problem is defined by
1

glx) = Tl Vo € Q,
o(z) = % Vo e 0L.

in the Monge-Ampere equation (22). The difference to the previous
(2]])>

problems is that the exact solution u(x) = is not infinitely
differentiable, even u ¢ C*(2). However, as u € H*(Q), for all s < 3,

we expect convergence order O(h2) in Ly-norm. The results, in Table
4, confirm this.
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Table 2: Errors of approximate solution and rate of convergence for the
second test problem with R = V2 4+ .1. The meaning of the last three
columns is the same as in Table 1.

h |L?-error rate| H'-error rate| H?-error rate|N r 2l 220
initial | 2.00e-3 1.67e-2 2.69e-1 1.02e0

1 2.34e-3 1.25e-2 2.15e-1 215.91e-1{1.92e-15
1/2 1.70e-4 3.8 | 1.57e-3 3.0| 7.32¢-2 1.6 |2 [1.68e-1|7.89¢-15
1/4 6.0le-6 4.8 | 1.58e-4 3.3 | 1.75e-2 2.1 |2 |3.80e-2|2.92¢e-14
1/8 | 1.72e-7 5.1 | 1.31le-5 3.6 | 3.17e-3 2.5 |1 |6.61e-3|1.34e-13
1/16 3.92e-9 54| 810e-7 4.0 | 4.05e-4 3.0 |1 |8.44e-4|5.04e-13
1/32 1.02e-10 5.3 | 3.71e-8 4.4 | 3.53e-5 3.5 |1 |7.23e-5]2.07e-12
1/64 1.93e-12 5.7 | 1.41e-9 4.7 | 2.80e-6 3.7 |1 [5.49e-6|8.45¢e-12

Table 3: Errors of approximate solution and rate of convergence for the
second test problem with R = V2 + 2.

h |L?-error rate| H'-error rate| H?-error rate|N| r 121l 220
initial | 1.34e-5 7.38e-5 6.07e-4 1.95e-4

1 7.66e-7 5.89e-6 8.20e-5 2| 2.64e-5 |1.84e-15
1/2 | 1.28e-8 5.9| 2.50e-7 4.6 | 7.85e-6 3.4 | 1| 2.49e-6 |7.68e-15
1/4 14.33e-10 4.9 | 1.72e-8 3.9 | 8.65e-7 3.2 | 1| 2.58¢e-7 |2.97e-14
1/8 |6.66e-12 6.0 |4.94e-10 5.1 | 9.78e-8 4.1 | 1| 1.46e-8 |1.49e-13
1/16 [1.10e-13 5.9 [ 1.75e-11 4.8 | 3.36e-9 3.8 | 1| 1.00e-9 |5.71e-13
1/32 |7.67e-15 3.6 | 5.53e-13 4.9 |2.12¢e-10 3.9 | 1 |6.17e-11]2.25e-12

4. Fourth test problem. This problem is different from the others because
we consider a non-rectangular domain €2, as Bohmer’s method is ap-
plicable to any convex polygonal domain. Let 2 be bounded by the
lines

xy = £0.75, zy = £0.75, and |xo| — |z1] = 1,

see Figure 1(left), which also includes the initial triangulation. We
generate a sequence of meshes by the uniform refinement, where each
triangle is split into 4 similar subtriangles. This test problem is for (22)
with the same data as in first test problem. Again we choose initial
guess by the multilevel approach and use a solution of (24) on the first
level. The numerics again show the same rate of convergence as for the
rectangular domains, see Table 5. The graph of approximate solution
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Table 4: Errors of approximate solution and rate of convergence for third
test problem.

h  |L*-error rate| H'-error rate| H*-error rate|N| 7 |[[|pllr2@)
initial | 6.08e-3 2.99e-2 4.02e-1 2.23e-2

1 8.18e-4 1.21e-2 3.87e-1 2 (2.28e-2|1.23e-16
1/2 | 1.95e-4 2.1 | 4.55e-3 1.4 2.77e-1 0.48| 2 |1.13e-2|3.53e-16
1/4 | 6.76e-5 1.5| 1.73e-3 1.4 | 1.95e-1 0.50| 2 |1.49e-2|1.54e-15
1/8 | 1.65e-5 2.0 | 6.40e-4 1.4 | 1.36e-1 0.51| 2 |3.68e-2|5.53e-15
1/16 | 3.46e-6 2.3 | 2.30e-4 1.5 | 9.44e-2 0.53| 2 |8.47e-2|2.50e-14
1/32 | 6.75e-7 2.4| 8.08¢-5 1.5 | 6.33e-2 0.57| 2 |1.82e-1]9.76e-14

u” on the last level of triangulation is visualised in Figure 1 (right).

Table 5: Errors of approximate solution and rate of convergence for the fourth
test problem.

Levels | L*-error rate| H'-error rate| H*-error rate| N| r 1Pl 2200
initial | 9.30e-4 3.96e-3 3.58e-2 4.39e-2
Ist | 5.01e-7 8.39e-6 3.94e-4 2| 5.83e-4 |1.56e-14
2nd | 1.18e-8 5.4 | 3.45e-7 4.6 | 2.87e-5 3.8 |1 3.97e-5 [6.47e-14
3rd [2.11e-10 5.8 | 1.11e-8 49| 1.91e-6 3.9 | 1| 2.67e-6 |2.76e-13
4th 3.54e-12 5.9 | 3.36e-10 5.1 | 1.33e-7 3.8 | 1| 1.85e-7 |1.12e-12
oth [4.36e-14 6.3 |1.12e-11 4.9 | 8.79¢-9 3.9 | 1| 1.20e-8 |4.65e-12
6th [4.85e-14 -0.2]5.00e-13 4.5 |5.69e-10 3.9 | 1 |8.12e-10|1.82¢-11

5. Fifth test problem. Here we consider a homogeneous Dirichlet problem
for (22) with ¢ = 1 over = [0,1]%. This test problem is interest-
ing because it does not have a smooth classical solution. Therefore,
Theorem 1 does not apply in this case. Nevertheless, we applied the
algorithm and noticed the convergence of the Newton method on coarse
levels, until A = i, but when we moved to more refined meshes we did
not see convergence any more even if we used the multilevel approach.
The approximate solution v and its contour plot on a mesh with A = 1

1
is visualized in Figure 2.
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Figure 1: Non-rectangular domain €2 for fourth test problem with initial
triangulation (left) and approximate solution u” on the last level of triangu-
lation (right).
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Figure 2: Approximate solution u” of test 5 and its contour plot, h = i

19



5.2 Second Example
Consider the problem suggested in [19]

G (u) = Ui + u§2 +up +up —g(z)= 0, e (25)
u =

o, x € 0N)

where u; = (8i)2 u, 1 = 1,2. This problem is unconditionally elliptic, i.e.
the operator Gy is elliptic for any function v € D(Gs) = C*(Q2). Note that
Condition H of [7] is satisfied in this example. The last of our test problems
is for (25) in the domain Q = [—1,1]?, with the data given by

@) = ((af —2)° + (da5 = 2)")e " 1 (4l — )™, Vo € Q,
oz) = e 1Pz eon.

The matrix A in this case is

B +1 0

A 0 3uzy + 1

and b =0, ¢ = 0. Note that A is strictly positive definite for any function w.
The triangulations /A" with side length h are generated the same way as for
Q = [0,1]? in Section 5.1.

To find an initial guess for the Newton method on the initial triangulation
A? we use the approximate solution of the Laplace-Dirichlet problem

Au= 0, x€(),

2
uw= ¢, x € i, (26)

whereas on the subsequent refinement levels we use the multilevel approach
as described in Section 5.1. Note that the method was divergent with initial
guess generated by (26) for h < %

The results are presented in Table 6. They confirm the theoretical con-
vergence rate of Bohmer’s method. However, we see a very slow convergence
of Newton’s iterations in this example, compare N in Tables 1-6. We also ob-
serve the difference in the behaviour of ||p|.2(q), which seems to indicate that
Newton method does not find a solution of (5). This phenomenon requires
further investigation.
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