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A LEAST-SQUARES METHOD FOR THE NUMERICAL SOLUTION
OF THE DIRICHLET PROBLEM FOR THE ELLIPTIC MONGE—AMPERE
EQUATION IN DIMENSION TWO *

ALEXANDRE CABOUSSAT! 2, ROLAND GLOWINSKI® AND DANNY C. SORENSEN*

Abstract. We address in this article the computation of the convex solutions of the Dirichlet problem
for the real elliptic Monge—Ampere equation for general convex domains in two dimensions. The
method we discuss combines a least-squares formulation with a relaxation method. This approach
leads to a sequence of Poisson—Dirichlet problems and another sequence of low dimensional algebraic
eigenvalue problems of a new type. Mixed finite element approximations with a smoothing procedure
are used for the computer implementation of our least-squares/relaxation methodology. Domains
with curved boundaries are easily accommodated. Numerical experiments show the convergence of
the computed solutions to their continuous counterparts when such solutions exist. On the other
hand, when classical solutions do not exist, our methodology produces solutions in a least-squares sense.

Résumé. Nous étudions, dans cet article, une méthode numérique, pour le calcul des solutions
convexes du probléme de Dirichlet pour 1’équation de Monge—Ampere elliptique, dans des domaines
bi-dimensionnel convexes. Une méthode de moindres carrés est couplée a un algorithme de relaxa-
tion, conduisant a la résolution d’une suite de probléemes de Poisson—Dirichlet, et d’une suite de
problémes de valeurs propres de petite dimension d’un type nouveau. Une approximation par éléments
finis mixtes, couplée a une méthode de régularisation, est utilisée pour implémenter la méthode de
moindres-carrés/relaxation ci-dessus, de sorte que les domaines avec frontiere courbe sont traités fa-
cilement. Des expériences numériques montrent la convergence des solutions calculées vers la solution
convexe du probléeme continu, lorsqu’une telle solution existe. Par ailleurs, si le probleme n’a pas de
solution classique, notre méthodologie fournit des solutions au sens des moindres carrés.
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1. INTRODUCTION
If f is positive, the canonical Monge— Ampére equation
det D%y = f,

is considered by many mathematicians as the prototypical fully nonlinear elliptic equation. As such, it has
recently received considerable attention from both the analytical and computational standpoints as shown by,
e.g., [2,5,6,14,24,37,40,41,43,44,50], with applications in geometry, mechanics and physics.

In particular, augmented Lagrangian algorithms and least-squares techniques have been used for the nu-
merical solution of the Dirichlet problem for the Monge—Ampere equation in dimension two. These methods
are discussed in [13,16-21, 32, 33]; actually, [32] contains a review of several methods for the solution of the
Monge—Ampere equation and related fully nonlinear elliptic equations such as Pucci’s.

Let £2 be a bounded, convex domain of R?; we denote by 92 the boundary of §2. Assuming that f € L(12)
and g € H3/2(012), it makes sense (since the operator ¢ — det D%y is continuous from H?(£2) to L'(£2)) to look
in H2(£2) for the solutions (convex, in particular) of the Dirichlet problem for the Monge—Ampere equation,
that is

detD*)p = f in 2, ¢ =g on 2 (1.1)

see [10,11,20,37] for details. Suppose that problem (1.1) has convex (or concave) solutions with the H?2-regularity;
if 2 is a square domain, using the augmented Lagrangian and least-squares methods discussed in [13, 16—
21,32,33], combined with piecewise linear continuous finite element approximations, one has been able to solve
problem (1.1) rather accurately. Indeed, the numerical experiments reported in the above references show that
the L? approximation error is O(h?), which is, generically, optimal for second order elliptic problems, using this
type of approximations. Using the above methodology, one has been able to compute least-squares solutions
of (1.1) when, despite the smoothness of the data f and g, this problem has no classical solutions, as it is the
case for example when 2 = (0,1)2, f = 1, and g = 0 [11,20,37]. Moreover, our method can be easily generalized
to systems, unlike viscosity solutions which are based on maximum principles.

The least-squares methodology discussed in this article was introduced in [17] and further discussed in [21,32,
33]. Actually, the most detailed account-published so far-of our least-squares approach can be found in [21] (for
a detailed description of the augmented Lagrangian based methodology see [19]). The methodology discussed
in [17,21,32,33] relies on the following ingredients:

(i) A well-chosen least-squares formulation in appropriate Hilbert spaces [4].

(ii) Associating with the optimality conditions of the above least-squares problem an initial value problem
(flow in the dynamical system terminology).

(iii) The time-discretization of the above initial value problem by an operator-splitting scheme decoupling
nonlinearity and differential operators.

(iv) The solution of the nonlinear (resp., linear) problems resulting from the splitting by a Newton’s type
algorithm (resp., by a preconditioned conjugate gradient algorithm).

(v) A mixed finite element approximation [8] of the Monge—Ampere problem (1.1) based on piecewise linear
continuous approximations of ¥ and of its three second order derivatives.

Actually, since (a) the speed of convergence of the operator-splitting based iterative method mentioned in (iii)
improves as the time discretization step increases, and (b) the above algorithm reduces to a simpler to implement
relaxation algorithm a la block Gauss—Seidel when the time discretization step converges to +o0, it was decided
that relaxation will be the method of choice to go beyond the methodology discussed in [17,21,32,33].

In [21] and related publications, all the test problems considered were posed in 2 = (0,1)? and the finite
element spaces were associated with uniform triangulations like the one on the left in Figure 2 (see Sect. 10).
When applied to problems where 2 has a curved boundary requiring unstructured meshes, or when using
uniform meshes like the one on the right in Figure 2, we observed a deterioration of the convergence properties



782 A. CABOUSSAT ET AL.

when h — 0, and even divergence for some test problems. This issue is addressed in this article: an obvious way
to overcome this difficulty is to proceed as in, e.g., [24,25], that is, use mixed finite element approximations
of the convex solutions of problem (1.1), and of their second order derivatives, based on continuous, piecewise
polynomial functions of degree > 2. This approach has several drawbacks, the main ones being that: (i) unlike
piecewise linear approximations, the higher order ones do not preserve the maximum principle when this principle
holds. (ii) Compared to piecewise linear approximations, the higher order ones are not easy to implement for
domains (2 with curved boundaries. Instead, in order to “rescue” the piecewise linear approximations, we
advocate a Tychonoff-like regularization method [49] when defining the discrete analogues of the second order
derivatives. With this approach we recover convergence of optimal (or nearly optimal) order, as h — 0, even for
unstructured meshes, or for pathological structured ones like the triangulation on the right in Figure 2.

To summarize, in this article, we advocate a relazation algorithm for the solution of a well-chosen least-squares
variant of problem (1.1). With such an algorithm we are able to decouple the treatment of the differential
operators from the treatment of the nonlinearities. Indeed, the treatment of the differential operators leads
to the solution of a sequence of elliptic linear biharmonic problems. The nonlinearity requires the solution of
an infinite family of low dimensional constrained minimization problems, one for almost every point of {2 (in
practice, one for each interior vertex of the finite element triangulation of (2).

To solve the above linear biharmonic problems we advocate a conjugate gradient algorithm operating in well-
chosen sub-spaces of H2(§2). On the other hand, two quite different methods are considered for the solution of the
low dimensional constrained minimization problems: the first one based on the Newton’s method combined with
an appropriate parametrization of the two-dimensional manifold {z = {z;}3_;, 21 > 0, 20 > 0, 2129 — 23 = 1}.
The second method is based on a novel algorithm for quadratically constrained minimization problems (denoted
by Qmin and introduced in [48]). Following [16-22, 35], mixed finite element approximations are used for the
discretization of (1.1). A regularization procedure for the approximation of second derivatives on arbitrary
meshes allows obtaining optimal (or nearly optimal) convergence properties.

This article is structured as follows: in Section 2, we introduce some fundamental function spaces and sets,
and use them to provide a least-squares formulation of problem (1.1). The relaxation algorithm is described
in Section 3. In Sections 4 and 5, we discuss the solutions of the local low dimensional constrained minimiza-
tion problems and of the linear variational bi-harmonic problems. The mixed finite element approximation of
problem (1.1) is discussed in Section 6, while Sections 7, 8 and 9 are dedicated to the discrete analogues of the
problems discussed in Sections 3, 4 and 5. In Section 10, the methodology discussed in the preceding sections
is applied to the solution of test problems, some of them borrowed from [13,16-21, 32, 33]; these numerical
experiments include test cases where {2 has a curved boundary and/or when problem (1.1) has no solution in
H?($2) [11,20,37].

The methodology described in this article owes much to Calculus of Variations and Optimal Control. Indeed
the least-squares criterion that we use is nothing but a multi-dimensional integral defined on the subset of a
functional space a la Sobolev. Moreover adjoint equation techniques are used to compute some of the derivatives
of the discrete cost functional, resulting in substantial memory and computational time savings.

2. FORMULATION OF THE DIRICHLET PROBLEM FOR THE ELLIPTIC MONGE—AMPERE
EQUATION IN TWO DIMENSIONS

Let £2 be a bounded convex domain of R?; we denote by I" the boundary of £2. The Dirichlet problem for the
canonical Monge—Ampere equation reads as follows:

det D>y =f in2, ¢¥=g onl, (2.1)

8$i81’j
When problem (2.1) has no solution (in H?({2)), we were tempted to call generalized solutions the solutions
“captured” by the least-squares/relaxation methodology discussed in the following sections. Actually, in the

82
where D21 is the Hessian of the unknown function 1, that is D%y = ( v ) .
1<i,j<2
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context of Monge— Ampere equations, generalized solution has a very precise meaning, namely the one introduced
by Aleksandrov (see [1,46]) and further discussed in [37], Chapter 1. Following [37], v is a generalized solution
of problem (2.1) if M1 = f in {2 and ¢ = g on 92, M1 being the Monge— Ampére measure associated with 1,
a particular Borel measure whose precise definition can be found in [37], Chapter 1 (if ¢ is smooth enough and
convex, we can identify M1 with det D?).

Concerning the existence and uniqueness of generalized solutions, it is proved in the above reference that if
2 C R% is a bounded strictly convex domain, p is a Borel measure in 2 with u(£2) < 400, and g € C°(912),
then there exists a unique 1 € C°(£2) that is a convex solution to the boundary value problem M1 = u in
2 and ¥ = g on 9f2. It is difficult to be more general, particularly if we compare with the very demanding
conditions required from f,g and 2, so that (2.1) will have a classical solution (see, e.g., [29], Chap. 17 for
details). It is also difficult to do better than Aleksandrov generalized solutions as long as problem (2.1) is
concerned; unfortunately, the Aleksandrov’s notion of weak solution does not generalize easily to other fully
nonlinear second order elliptic equations.

For those more general situations, the right concept seems to be the notion of wviscosity solutions introduced
in the early eighties by M. Crandall and P.L. Lions. The basic reference concerning the viscosity solution of
second order partial differential equations is [15] (for application to a variety of nonlinear elliptic equations,
including Monge—Ampere’s, see [10-12, 26, 39, 43] or [37] and the references therein). Actually, it is proved
in [37], Chapter 1 that if ¢ is a generalized solution to M = f with f continuous, then 1) is a viscosity solution
of the Monge—Ampere equation. Conversely, it is also proved that if f € C°(£2), f > 0, and + is a viscosity
solution of det D%ty = f, then % is a generalized solution of M1 = f. Numerical methods for the solution of
problem (1.1), based on the Aleksandrov and viscosity solution approaches, can be found in [43,44].

Among the various methods available for the solution of (2.1), we advocate the following one of the nonlinear
least-squares type:

{ Find (¢, p) € Vy x Qs such that
(2.2)
J(h,p) < J(w,q), Y(p,q) €V, x Qy,
where: )
2
J(p.q) = 5/9 D% — q| dx, (2.3)

|] being the Frobenius norm, that is |T| = VT : T, with S: T = Z?,j:l sijtij, for all S = (s45), T = (t;5) €
R2*2, The functional spaces and sets in (2.2) are defined by:

V, = {pe HX), o =g on I}, (2.4)
Qf:{quadetq:fv q11>0a Q22>O}7 Q:{qEL2(Q)2X27 q:qt} (25)

The space Q in (2.5) is a Hilbert space for the scalar product (q,q') — [, q : ¢'dx, and the associated norm. In
order to have V, and Q; both non-empty, we assume from now on that f € L'(£2), f > 0and g € H*?(I"). The
introduction of the set Q¢ allows the decoupling of the differential operators (acting linearly on the unknown
function 1) and of the nonlinearities (acting on the unknown tensor-valued function p). Indeed, the burden of
nonlinearity (algebraic here) has been reported on p, explaining the introduction of the nonlinear manifold Q.

Note that the existence and uniqueness of a convex solution to the least-squares problem (2.2) is still an open
problem; however, the numerical experiments reported in Section 10, will show that our least-squares based
method never failed finding the convex solution of the test problems considered there, assuming it exists with
the right regularity properties (and sometimes even less, as shown in Sect. 10.12).

Remark 2.1. As shown in, e.g., [19-21], problem (2.2) may have smooth solutions, even if (2.1) has no such
solutions as it is the case if 2 = (0,1)?, f = 1 and g = 0 [11,37]. Generally speaking, (2.1) admits a smooth
solution when D%V, N Qf # 0, as illustrated in Figure 1 (left). On the other hand, when D?V, N Qy = 0, it
makes sense to search for a solution, in the sense of (2.2) (see Fig. 1 (right)).
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D2y,

FIGURE 1. The Monge—Ampere problem (2.1) has a solution in V; (left), or no solution in V
(right).
3. A RELAXATION ALGORITHM FOR THE SOLUTION OF PROBLEM (2.2)

In order to compute a convez solution of problem (2.2) (or at least to force the convexity of the solution) we
advocate the following relaxation algorithm: solve

~AY? = —-2\/f m 2, Y=g on Tl (3.1)

Then, for n > 0, assuming that 1" is known, compute p”, )" /2 and "1 as follows:

p" = arg min J(¢na (l)v (3.2)
qcQy
¢n+1/2 = arg min J(<,07 pn)v (33)
PEVy
P = g (I g, o)

with w, 0 < w < wmax < 2, a relaxation parameter.

Remark 3.1 (initialization strategy). The rationale behind (3.1) is as follows: denote by A; and A2 the eigen-
values of D?1); we have then A\; Ay = f. It follows from (A1 + A2)? — (A1 — A2)? = 4A\; g, that, if \; and Ay are
close to each other, then Ay = A1 + Ay =~ 2¢/A1 X2 = 2/F, justifying thus the initialization (3.1).

The relaxation algorithm (3.1)—(3.4) looks simple but the solution of problems (3.2) and (3.3) leads to

technical issues that we will address in the following sections.

4. NUMERICAL SOLUTION OF THE SUB-PROBLEMS (3.2)

4.1. Explicit formulation of problem (3.2)
An explicit formulation of problem (3.2) is given by
1
p" = arg min {—/ |q\2dx—/ D2y" : qu] . (4.1)
acQs [2 Jgo 17}

Since neither integrands in (4.1) contains derivatives of q, the minimization problem (4.1) can be solved point-
wise (in practice at the vertices of a finite element or finite difference grid). This leads us, a.e. in {2, to the
solution of the following finite dimensional minimization problem

1
p"(x) = arg min {— lq]> = D"(x) : q} , (4.2)
quf(x) 2

where D" (x) = D?9"(x) is a symmetric matrix and E¢(x) = {q € R**?,q = q',detq = f(x),q11 > 0, g22 > 0}.
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4.2. A Newton-type method for the numerical solution of problem (4.2)

Taking advantage of the symmetry of q and D™ (x), and using the notation z; = q11, 22 = ¢22, 23 = ¢12 = @21
and D"(x);; = d};(x), the minimization problem in (4.2) can be rewritten as

3 1 3 3 n
B 5(25 + 25 4 223) — dfy(x)21 — dBy (%) 22 — 2dT5(x) 23 (4.3)
z f X
with Zf(x) = {z€R3 21 >0, 22 >0, 2120 — 25 = f(x)}. To transform (4.3) into an unconstrained mini-
mization problem in R? we perform the change of variables z; = /f(x)e? coshf, zo = /f(x)e ?cosh,

z3 = +/f(x)sinh @, for (p,0) € R?, so that (4.3) becomes

70 )
(pgl)lélRQJ(p )

with j(p,0) = —”;(x)(cosh 2pcosh 20 + cosh 2p + cosh 20 — 1) — (d}, (x)e” + d3y(x)e™ ) cosh @ — 2d%,(x) sinh 6.

This leads us in turn to the solution of Dj(p, ) = 0, where Dj(-) is the differential of the functional j(-). This
2 x 2 nonlinear system actually reads as follows:

Dj(p,0)1 =/ f(x)(1 + cosh20)sinh 2p — (df (x)e” — d5y(x)e?) cosh § =0,
Dj(p,0)2 =/ f(x)(1 4 cosh2p) sinh 20 — (dfy (x)e” + d5,(x)e™ ") sinh 6 — 2d7,(x) cosh § = 0.
This system can be solved by using a Newton method. Let (p°,6°) € R? be given. For k > 0, we compute
(p*+L 6F+L) from (p*, 0F) via the solution of
D2i(646%) (s~ ) = =Dt )
where D%j(p,0) = (D?(p,0)i;)1<i j<2 is given by:

23(p,0)11 = 24/ f(x) cosh 2p(1 + cosh29) (dfy (x)e” + dby(x)e ") cosh b,
%j(p,0)12 = D?j(p,0)21 = 21/ f(x) sinh 2psinh 20 — (df; (x)e” — db,(x)e””) sinh 0,
23(p,0)22 = 21/ f(x) cosh 20(1 + cosh 2p) — (d7y (x)e” + diy(x)e ") cosh § — 2dy2(x) sinh 6.

Remark 4.1 (choice of the scalar product) Since we are dealing with symmetric matrices, we can equip Q
with the following scalar product (q,q’) — [, (q11¢]; + G22a5 + Q12q12)dx As shown in [13 18, 32], this new
scalar product has given better results than the one defined by (q,q") — |, 0d:dq 'dx when applied to the
numerical solution of the two-dimensional Dirichlet problem for the Puccz s equation, that is aAT + A7 = f
in 2, together with ¢y = g on I', where A" (resp., A7) denotes the largest (resp., the smallest) eigenvalue of
the Hessian D27 of the unknown function ¢, and where a > 1. Using this new scalar product, (4.3) would be
replaced by

min | = (2 + 25 + 23) — d}y (x)21 — diy (%) 22 — diy(x) 23]
2€Z;(x) | 2

with Z(x) defined similarly. The same change of variables and Newton method can be applied to this problem.

4.3. The quadratically constrained minimization method for the numerical solution
of problem (4.3)

In [48], a class of quadratically constrained minimization problems has been addressed with a new algorithm
denoted by Qumin. This algorithm allows the solution of some specific eigenvalue-constrained matrix optimiza-
tion problems of dimension N (>2), its complexity being O(N?3). The particular case associated with N = 2
corresponds to (4.2).
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This method relies on the following equivalent formulation of problem (4.2):

1
p"(x) = 8" (A" (IS (91, (A"(x).8"(0) = arg_min, [50@ T 123) - trace (D" (x)SASY) |, (4.4
WD)EE
where £r(x) = {(A,S),A = diag(u1, u2), pipe = f(x),S'S = I}. The algorithm developed in [48] applies
beautifully to the solution of (4.4). After scaling of D™ (x) by +/f(x), (4.4) is equivalent to

arg min trace [AA —2D"A], (4.5)

where A; = {A € R¥2 A = A /'M{ = 2,M( > 0}, M = ((1) (1)) and £ = (p1, p2)", {1, p2} being the

spectrum of A. The constraint /!IM/{ = 2 corresponds to A\; + A2 = 1, while the constraint M¢ > 0 ensures
A1, A2 > 0 to obtain convex solutions. Ultimately, for N = 2 the solution is found by solving a simple rational
equation of the form

i &5

Arpr  Ta-w7

where 81 = (A + \2)/v2 and 57 = (A2 4+ A\3)/2 — M2, {1, A2} being the spectrum of D™(x)/+/f(x).
Remarkably, the same rational equation holds essentially for arbitrary N > 2. This equation is efficiently solved
numerically by first taking reciprocals and then square roots on both sides and applying Newton’s method.
With a starting guess pp = —1, the method converges typically in 3 to 5 iterations. This occurs because the
reciprocal square root transformation yields a problem that is essentially the intersection of two straight lines.
For more details, see [48], where this algorithm is developed for arbitrary N > 2.

5. CONJUGATE GRADIENT SOLUTION OF THE SUB-PROBLEMS (3.3)

Written in variational form, the Euler—Lagrange equation of the sub-problem (3.3) reads as follows:
Find ¢""/2 €V, such that / D2y tY2 D2 pdx :/ p": D%pdx, Vo€V, (5.1)
0 0

where Vo = H2(£2) N H(£2). The linear variational problem (5.1) is well-posed and belongs to the following
family of linear variational problems:

ueV, : / D%y : D?vdx = L(v), Yv eV, (5.2)
Q

with the functional L(-) linear and continuous over H?({2); problem (5.2) is clearly of the biharmonic type. The
conjugate gradient solution of linear variational problems in Hilbert spaces, such as (5.2), has been addressed
in, e.g., [30], Chapter 3. Following the above reference, we are going to solve (5.2) by a conjugate gradient
algorithm operating in the spaces Vo and V;, both spaces being equipped with the scalar product defined by
(v,w) — |, o AvAwdx, and the corresponding norm. This conjugate gradient algorithm reads as follows:

Step 1.
u’ €V, given. (5.3)

Step 2. Solve:
Find ¢° € V; such that / Ag® Avdx = / D%’ : D%vdx — L(v), Vv € Vj, (5.4)
Q 0

and set the first descent direction:



LEAST-SQUARES METHOD FOR THE ELLIPTIC MONGE—AMPERE EQUATION 787

Then, for k > 0, u*, g*, and w” being known, the last two different from zero, we compute u**1, g¥*1 and, if
necessary, w*t1 as follows.

Step 3. Solve:
Find g* € Vy such that / AgF Avdx :/ D?w” : D%uvdx, Yov e Vj, (5.6)
I?) 12

and compute the new iterates as follows:

2
e = f_Q|Agk| dx (5 7)
[ AgkAwkdx’ '
uF = uP — ppwk, (5.8)
gt =g* — prg*. (5.9)
Step 4. Compute
2
Jo|Ag™ | dx
= (5.10)
Jo 1Ag°" dx
If 0, < e (meaning that the residual is small enough), take u = u**1; otherwise, compute:
2
Yo = Jo [Ag" " dx (5.11)
12 ) :
fQ [Agk|” dx
and update the descent direction via
whth = gM T 4y (5.12)

Step 5. Do k+ 1 — k and return to Step 3.

The numerical experiments reported in Section 10 show that the conjugate gradient algorithm (5.3)—(5.12)
enjoys a fast convergence, typically less than 10 iterations for all the meshes and mesh sizes which have been
considered. Combined with an appropriate mixed finite element approximation, it requires, at each iteration,
the solution of two discrete Poisson problems.

6. ON A MIXED FINITE ELEMENT APPROXIMATION

6.1. Generalities

Considering the highly variational flavor of the methodology discussed in the preceding sections, it makes
sense to look for finite element based methods for the approximation of (2.1). In order to avoid the complications
associated with the construction of finite element sub-spaces of H2(2) (see, however, [5,25] for such an approach),
we employ here a mixed finite element approximation (closely related to those discussed in, e.g., [22,23, 31,
36,47] for the solution of linear and nonlinear bi-harmonic problems). Following this approach, it is possible
to solve (2.1) employing approximations commonly used for the solution of second order elliptic problems
(piecewise linear and globally continuous over a triangulation of {2 for example). The use of low order finite
elements is justified in order to have the flexibility to consider computational domains with arbitrary (convex)
shapes. However, since low order finite elements may have difficulties at handling some biharmonic problems,
an additional regularization may be required, when approximating the second derivatives.
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6.2. Mixed finite element approximation

For simplicity, we assume that {2 is a bounded polygonal domain of R?. Let us denote by 7}, a finite element
triangulation of 2 as discussed in, e.g., [31], Appendix 1. From 7},, we approximate the spaces L*(£2), H'(§2)
and H?(02) (respectively, H}(£2) and H?(2) N H}(§2)) by the finite dimensional space Vj, (respectively, Vo)
defined by:

Vi={velC® (2), vl eP,VT €T}, Vor=VanH}(2)={veV,,v=00nTI}, (6.1)

with P; the space of the two-variables polynomials of degree < 1.
For a function ¢ being given in H?(§2), we denote 9%p/dxz;0x; by D?j (p). It follows from Green’s formula

that
8290(1_1/ 8@@+8_4p8@
o} 6.TZ 6.Tj 6.Tj 8l‘z

Consider now ¢ € V},. Taking advantage of the relations (6.2), we define the discrete analogues of the differential
operators D;; by

vax =
0 8l‘z81‘] 2

] dx, Yv € H3 (), Vi,j =1,2. (6.2)

2 ) A
D3y () € Von, /QDhM%D)vdX— 2 Jo 0 0wy " B, o,

} dx, Yv € Vop, Vi,j=1,2. (6.3)
The functions D3, y () are uniquely defined by the relations (6.3). However, in order to simplify the computation
of the above discrete second order partial derivatives, it is tempting to consider using the trapezoidal rule to
evaluate the integrals in the left hand sides of (6.3). Owing to their practical importance, let us detail these
calculations:

(i) First, we introduce the set X, of the vertices of 7;, and then Xy, = {P € X}, P ¢ I'}. Next, we define
the integers Ny and Ny, by N = Card(X}) and Ny, = Card(Xp,). We have then dimV;, = N}, and
dim Vi, = Noj,. We suppose that Yo = {]—7]};\;0’1 and X, = Yo, U {Pj};‘\;hNoh-&-l'

(ii) With each P, € %, we associate the function w* uniquely defined by

wh € Vi, wh(P,) =1, w*(P) =0, VI=1,...,Ny, 1 #Ek.

It is well-known (see, e.g., [31], Appendix 1) that the sets By = {wk}fj:h1 and Bop, = {10’“}{;;‘”1 are vector
bases for Vj, and Vjy,, respectively.

(iii) Let us denote by A, the area of the polygonal domain which is the union of those triangles of 7}, which
have P, as a common vertex. Applying the trapezoidal rule to the integrals in the left-hand side of the
relations (6.3), we obtain

D7.i(0) € Von, Djii(0)(Pr) = dx, Vk=1,...,Non, Vi,j=1,2.

(6.4)
Computing the integrals in the right hand side of (6.4) is quite simple since the first order derivatives

of ¢ and w” are piecewise constant. Finally, with ¢ € Vj,, we associate A,p € Vg, uniquely defined by
App(Pr) = Diyy(0)(Pr) + Dijoa(0)(Py), for k=1,..., Nop.

_3 [ [Ppdut | Op dut
2Ak 0 8l‘z 81‘]‘ 6.Tj 6.TZ

Taking the above relations into account, approximating problem (2.1) is now fairly straightforward. Assuming
that the boundary function g is continuous over I' (which is definitely the case if g € H3/2(I")), let us denote
by g¢n the interpolant of g associated with the triangulation 7;,. We approximate the affine space Vj; by Vg, =
{o e Vi, p(P)=g(P),YP € X NI} and then problem (2.1) by:

Find 4y, € Vg, such that D2y, () (Po)D3as(n) (Pr) — |Do(6n)(P)|* = fu(Pr), k=1,...,Non, (6.5)
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where fj, is a continuous approximation of f (we can always assume that f, € V},). In addition, we define the
discrete equivalent of Qy as follows:

Qsn ={a€ Qun, detq(Pr) = frn(Pr), q11(Pr) >0, go2(Px) >0, k=1,...,Nop},

with Qn, = {q € (Von)**?, q(Px) = q'(Pg), k = 1,..., Non}. We associate with Vo, and Q) the following
discrete scalar products and corresponding Euclidean norms:

Np,
1
(an)Oh = g ZAk'U(Pk)'LU(Pk), V'U,'LU S ‘/Ohv ‘|U||(2)h = (U7U)0h7 VU S %ha
k=1
1 Non
((8,T))on = 3 ZA/CS(PK) : T(P), VS, T € Qu, H‘Smgh = ((S,8))on, VS € Qn.
k=1

The solution of problem (6.5) will be discussed in the sequel.

Remark 6.1. Suppose that 2 = (0,1)? and that the triangulation 7}, is uniform like the one shown in Figure 2
(left). Suppose that h = 1/(I 4+ 1), I being a positive integer greater than one. In this particular case, the
sets Xp, and Xy, are given by Xy, = {P;; = (ih,jh), 0 <i,j < I+ 1}, and Yo, = {P;; = (ih,jh), 1 <i,j < I},
implying that Nj, = (I +2)? and Ny, = I?. It follows then from the relations (6.4) that (with obvious notation):

Pitl,j T Qi—1, — 2@ o
D}%n(‘»@)(Pij): L - Lo 1<4,5 <1,

h2
Pij+1 + Qi1 — 20y o
D}%zz(‘»@)(Pij): = h; Lo 1<4,5 <1,
Pit1j+1 + Pic1,5-1 + 2005 — (Piv1,j + Pim1j + Pijr1 + Pij—1) o
Dina(@)(Py) = = j oz — =, 1<i <.

The above discrete second order derivatives of finite difference type have the easily verified yet remarkable
property that they are exact for polynomial functions of degree < 2.

6.3. A smoothing procedure for the approximation of the second derivatives

As emphasized in [45], when using piecewise linear mixed finite elements, the a priori estimates for the error
on the second derivatives of the solution 1 are, in general, O(1) in the L?-norm. Therefore the convergence
properties of the solution method depend strongly on the type of triangulations one employs. Indeed, assuming
that the discrete second order derivatives have been computed via (6.3) and (6.4), numerical experiments
performed by the authors showed the triangulation dependence of the convergence; non-convergence cases (in

2
the L?-norm) were also observed. Unfortunately, the approximations of provided by (6.3) and (6.4)

L;0T;

converge to the above second derivative, no better than in H~1({2) in generaf. This allows oscillations and
explains the growth of the approximation error in L?(£2) and H'(£2) as h — 0. Such pathological behavior
can be observed in the results presented in Section 10. From that point of view a dramatic confirmation of
these non-convergence properties is provided by the numerical results associated with the structured symmetric
mesh shown on the right of Figure 2 (also called “British flag” mesh or “crisscross” pattern). To cure the non-
convergence properties associated with the approximations (6.3) and (6.4) of the second derivatives, we see two
options:

(i) Use, as in, e.g., [24,25], mixed finite elements methods based on piecewise polynomial approximations of
degree >2. This approach has several drawbacks, among them: (a) it is more complicated to implement
than the mixed methods described in Section 6.2, particularly if {2 has a curved boundary. (b) These higher
order polynomial approximations do not preserve the maximum principle, if this principle takes place for
the continuous problem.
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(ii) Use a regularization procedure a la Tychonoff [49], while keeping a piecewise linear approximation based
mixed finite element approach.

Focusing on the second approach, a simple and novel (in this context) way to obtain better convergence properties
of the discrete second order derivatives is to use the following regularization procedure: with C' > 0 and
| K| = meas(K), when computing the discrete second derivatives th( ) replace (6.3) by:

Find D%U( ) € Von such that, Vv € Vo, 4,5 = 1,2,

Op Ov Op Ov (6.6)
/ th] Judx + C Z \K\/ V.th] -Vodx = / [8% oz, + oz, 8xi] dx,
KeT,
and (6.4) by
Find D,zuj( ) € Von, such that, Yv € Vop, 1,5 = 1,2,

(Dii;(9),v)on + C Z \K\/ VD3, (e Vvdx_——/ [&‘0 v +8_<p 8U]dx. (6.7)

KeT, 83:1 8:@ axj &T,

The above linear systems can be solved by a sparse Cholesky solver (with the Cholesky factorization made once
and for all at the beginning of the algorithm). The overhead in computational time appears to be non significant.
Numerical results in Section 10 show that the above regularization procedure generally provides a significant
improvement to the orders of convergence of the approximations of the solution ¢ of problem (2.1). On the other
hand, in the particular case of triangulations like the one on the left of Figure 2, the regularization associated
with (6.6) or (6.7), deteriorates significantly the L?(2)-approximation error, while preserving optimal orders of
convergence.

Remark 6.2. The regularization method we employed in (6.6) and (6.7) is reminiscent of the stabilization
one employed by Hughes et al. in [38] to construct convergent approximations of the Stokes problem using,
essentially, the same finite element spaces to approximate velocity and pressure (equal-order interpolation), a
very popular method indeed.

7. DISCRETE LEAST-SQUARES FORMULATION AND DISCRETE RELAXATION ALGORITHM
We advocate the following nonlinear least-squares method for the solution of problem (6.5):

Find (¢n,pn) € Vgn x Qyn such that J,(¢n, pr) < Jn(e,q), V(e q) € Vgn X Qyp, (7.1)

where 1
2
Jn(e,q) = 5 |||D3 () — q|||0h'

In order to solve the nonlinear least-squares problem (7.1), we suggest the following relazation algorithm:
Find ) € V,; such that / V) - Vpdx = —2(v/ fr, ©)on, Ve € Vop. (7.2)

For n > 0, assuming that ;' is known, compute ph,wh+1/2 and 1/1”“ as follows:

pj, = arg min J,(¢p,q), (7.3)
qaceQyn

P2 = arg min Ju (e, Py, (7.4)
PpEVyn

=g w(yp T — g, (7.5)

with 0 < w < wmax < 2. The solution of the finite dimensional problems (7.3) and (7.4) will be addressed in the
following sections.
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8. NUMERICAL SOLUTION OF THE DISCRETE SUB-PROBLEMS (7.3)

An explicit formulation of problem (7.3) is given by

n 1 2 n
P} = arg min | [llalll%, - <<D%<wh>,q>>0h} .
a€Qsn _2

This minimization problem can be solved point-wise, at each vertex of 75 belonging to Xy, that is:

. (1
"(Py) = ar min — — D} (Px):ql, k=1,..., Nop,
PP —ars_uin |2 jaf* - Dj(P) o "

where DZ(Pk) = D%(¢2)(Pk) and th(Pk) = {q c R2X2, q= qt7 detq = fh(Pk)a q11 > 0, gao > 0} Both the
Newton’s and the Qui, methods presented in Section 4 apply here, after replacing x by Py, k= 1,..., Nop.

9. CONJUGATE GRADIENT SOLUTION OF THE DISCRETE SUB-PROBLEMS (7.4)

9.1. Formulation of (7.4) as a discrete linear variational problem

The Euler— Lagrange equation associated with problem (7.4) reads as follows:
Find ;"% € Vg such that (D7 (¢ "/*), D} (e))on = (P DE(@))on, Voo € Vo (9.1)

Problem (9.1) is a well-posed linear variational problem in the affine space V. Following [30], Chapter 3, the
solution of problem (9.1) will be discussed in Section 9.3. However, as written, the linear problem (9.1) leads
to excessive computer resource requirements. This is easy to understand: to derive the linear system equivalent
to (9.1), we need to compute-via the solution of (6.6) or (6.7)-the matrix-valued functions D? (w’), where the
functions w’ form a basis of Vy,. To avoid this difficulty, we are going to employ an adjoint equation approach
to derive an equivalent formulation of (9.1), well-suited to solution by a conjugate gradient algorithm.

9.2. An adjoint equation based equivalent formulation of problem (9.1)

Problem (9.1) is equivalent to:

o,

Find Q/JZH/Q € Vg such that < p

W 0) <0, W0 Vi o

where, more generally, <%(<p, q), 9> denotes the action of the partial derivative %((p, q) on the test function

6. Suppose that D? () is obtained from ¢ via relations (6.7); proceeding as in, e.g., [34] one can easily show
that, for all (¢, p) € Vgn x Qu:

0Jn B OM1 00 OXga 00 OA1a 00 OM2 00
<%(90,Q),0> o /Q |:3$1 3$1 + 8x2 83:2 + 31'1 83;2 + 83;2 83:1] dX, vo e VOh’ (9.3)

where (A11, A12, A22) is obtained from ¢ wia the solution of the following (adjoint) system, for 1 <7 < j <2:
)\z’j € Von, (/\ijye)oh +C Z |K|/ V/\Z‘j - Vodx = (qij — Diij(@),e)om VO € Viy,. (9.4)
KeT, K

Modifying the adjoint system (9.4), in order to handle (6.6) instead of (6.7) is straightforward. The solvers used
to compute the D3,(¢) (via (6.6) or (6.7)) still apply to the solution of the linear problems in (9.4).
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9.3. Conjugate gradient solution of problem (9.1)

Assume that Df”-j(go) is obtained from ¢ wvia (6.7). Then, for the solution of problem (9.1), we can use a
conjugate gradient algorithm operating in the spaces Vy;, and Vi, equipped with the scalar product (v, w) —
(Apv, Apw)on and the associated norm. Taking advantage of the results of Section 9.2, this algorithm reads as
follows:

Step 1.

n+1/2,0
R

€ Vg given (wZJrl/z’O =)y for example). (9.5)

Compute D7, ( ZH/Q’O) via the solution of:

Find D7, ( Z+1/2,0) € Vo, such that, for 1 <i,j < 2:

(D320, 0)on +C Y |K|/ VD, (0 ?0) . vodx =
KeT, §2

2

8@» 8wj al'j 83:1

n+1/2,0 n+1/2,0
! / [8% 9 | 9% 09 dx, V0 € Vo (9.6)
2

and then ()\?1-5-1/2,0’ )\?;1/2’0, )\;2“/2’0) € (Vorn)? via the solution of the adjoint system:
Find )\Z.H/Q’O € Von, for 1 < i < j < 2, such that:

A0 000, +C Y IK]| / VALTYR0 Vhdx = (p — DRy (020, 0)on, VO € Vor.  (9.7)
KeT,, K

Step 2. Solve:
Find ¢"t1/20 € Vj, such that

(Apg™ /20 App)on, =

/ a)\?lﬂ/w - 3>\;2+1/2’0 07 8)\?;1/270 o7 L\El/ma—w dx Vo € Von, (9.8)
0 8.%‘1 8.%‘1 81‘2 81‘2 8.%‘1 8.%‘2 81‘2 81‘1 ’ o '

and set

W20 — gnt1/2,0 (9.9)

Then, for k > 0, assuming that wZH/ 2’k, g are known, the last two different from zero,

1/2,k+1 )
we compute 1/1,?+ [BREL gnd1/2041 and | if necessary, wT1/2F 1 as follows.

n+1/2,k n+1/2,k

and w

Step 3. Compute D,zu-j(w”H/Q’k) via the solution of:
Find D%ij(w""’l/Q’k) € Von such that, for 1 <i,j < 2:

(Diri (" 29),0)on +C Y |K]| / VD3, (w2 Vodx =
KeTy, §2

1 n+1/2,k 59 n+1/2,k 99
_ _/ {5“)75_ Ow 9 | ax, V0 € Vo, (9.10)
(9]

2 6.TZ 81‘]‘ + 6.Tj 8l‘z
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and then (5\;?1/2”6, 5\?;1/2”6, 5\;’;1/2”6) € (Von)? wvia the solution of the adjoint system:

Find S\ZH/Zk € Von, for 1 <7 < j <2, such that:

ST gyon +0 Y \K|/ VALTVEE hdx = —(DE (w™V2R) 0)on, VO € Vo, (9.11)
KeTy, K

Solve:

Find g"t1/2F € Vp, such that

(ARg" 2% App)on =

8.%‘1 8.%‘1 81‘2 8—1‘2 81‘1 81‘2 8.%‘2 8—1‘1

5\"+1/2’k 5\"+1/2’k j\n+1/2,k S\n+1/2,k
/ [8 11 3_90 Oy dp | 0Ny dp | OAjy Iy dx, Vo € Von, (9.12)
Q

and compute the new iterate and residual as follows:

nt1/2,k||2
n+1/2 _ HAhg Y HOh (9.13)
k (Angn 172k, Agun+i/zk)g,” '
n+1/2,k+1 n+1/2,k n+1/2 :
1/ YRR 2 2k, (9.14)
n " 1/2_n
grHL/2kEL — gn1/2k _ ot /2gnt1/2.k (9.15)
Step 4. Compute
+1/2,k+1]|2
+1/2 ||Ahgn ||
5]7; / — Oh (916)

[augreolly,
If (52+1/2 < ¢ (meaning that the residual is small enough), take 1/12"’1/2 = q/;ZH/Z’kH; otherwise, compute:

||Ahgn+1/2,k+l | |(2)h

n+1/2 _ (9 17)
' [[Angn172[[2,
and update the descent direction via
wn+1/2,k’+1 — gn+1/2,k+1 _'_,_Y”I;L+1/2wn+1/2,k. (918)

Step 5. Do k + 1 — k and return to Step 3.

Remark 9.1. Modifying algorithm (9.5)—(9.18) in order to accommodate the construction of the discrete second
order derivatives associated with (6.6) is straightforward. Since the results of numerical experiments (not re-
ported in this article) have shown that the method based on (6.6) is no more accurate than the one based
on (6.7) we will focus on the latter, which has also the advantage of being less computer time consuming,
everything else being the same.

Remark 9.2. The choice of € in the stopping criterion of algorithm (9.5)-(9.18) is a delicate issue which has
been briefly discussed in [30], Chapter 3 (see also the references therein). As expected other stopping criteria
are possible, a rather natural one being

(Ahgn+1/2,k-s-17 Ahgn+1/2,k+1)0h

n 5 n k
Hax { (AhgnH/QVO’ Ahgn+1/2,0)0h ’ (Ah¢h+l/2 k+17 Ah¢h+1/2 H)oh}

<e.
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Remark 9.3 (solution of the biharmonic problems). Concerning the solution of the discrete bi-harmonic
problems in (9.8) and (9.12), let us observe that both problems are of the following type:

Find r, € Vo, such that (Aprp, Apv)on = Ap(v), Vo € Vo, (9.19)

the functional Ay (-) being linear over Vj,. Let us denote —Apry by wy. It follows then from (6.4) that prob-
lem (9.19) is equivalent to the following system of two coupled discrete Poisson—Dirichlet problems

wp, € Von, / Vwyp - Vodx = Ap(v), Vv € Vo,
“ (9.20)
rn € Von, / Vry - Vodx = (wh, v)on, Vv € Vop.
10

Both problems are well-posed. Actually, the solution (by direct or iterative methods) of discrete Poisson
problems, such as (9.20) has motivated an important literature; some related references can be found in [30],
Chapter 5.

10. NUMERICAL EXPERIMENTS

10.1. Generalities

In this section, we shall validate the methodology discussed in Sections 2 to 9. The validation will be achieved
via the solution of a variety of test problems associated with domains {2 of different shapes, including some with
curved boundaries. We will investigate, in particular, the mesh dependence of the computed solutions. The results
of our numerical experiments suggest that the methodology based on the regularization procedure associated
with relations (6.6) and (6.7) is the only one, so far, able to solve the Monge—Ampeére problem (2.1) accurately
on domains of arbitrary convex shapes using piecewise linear continuous approximations on unstructured finite
element meshes.

The first test problems to be considered concern (not surprisingly) the case where 2 is the unit square (0,1)2.
In order to study the mesh dependence of the computed solution, the three types of triangulations visualized
in Figure 2 have been used. The structured triangulations (resp., the un-structured one) have been built using
MODULEF [3] (resp., GMsH [28]). The uniform triangulation on the left of Figure 2 is called asymmetric despite
the fact that it has some (but not many) symmetry properties; this terminology has been used to distinguish
it from triangulations, like the one on the right of Figure 2, which have many symmetry properties. Recall
(see Remark 6.1) that on uniform asymmetric triangulations, the discrete second order derivatives provided by
relation (6.4) are exact for polynomial functions of degree <2.

10.2. First test problem

In this section, and below, we have denoted by |||, the discrete variants of the L?-errors (obtained by
numerical integration). The first test problem that we consider is defined by

5 1
det D21/J(J;1,J;2) =1, Y(z1,20) € 2 =(0,1)2, P(x1,22) = 59&% + 22120 + 533%, V(x1,x0) € I (10.1)

This convex solution of the Monge—Ampere—Dirichlet problem (10.1) is the function ¢ given by

5 1
P(z1,22) = 59&% 4+ 2xx9 + 533%, V(z1,22) € £2. (10.2)
Note that, following [11,37] for instance, the convex solution is unique.
Its solution being a convex polynomial of degree 2, problem (10.1) looks rather simple. The condition number
5

of D2y (D% = (2 %) here) is % ~ 34, making v fairly anisotropic. In general, this implies a strong
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FIGURE 2. Typical triangulations of the unit square 2 = (0, 1)2. Left: structured (asymmetric)
mesh; middle: unstructured (isotropic) mesh; right: structured (symmetric) mesh.

mesh dependence of the approximate solution, particularly if one uses the non-smoothed discrete second order
derivatives associated with either (6.3) or (6.4).

In Figure 3, we have reported for the three types of meshes shown in Figure 2, the convergence results
for the errors ||vn — ||y, and ||V — V||, as functions of the mesh size h, for both the non-regularized
(relations (6.3) or (6.4)) and regularized (relations (6.6) and (6.7), with C' = 2) discrete second order derivatives;
both the Newton’s method and the Qi algorithm have been used to solve the local nonlinear problems (see
Sects. 4.2 and 4.3). The lines with slope 1 and 2 in Figure 3 and following denote the lines corresponding to
O(h) and O(h?) convergence orders for graphical comparison. These results deserve several comments:

(i)

(i)

(iii)

When both algorithms relazation/Newton and relazation/Qmin converge, they lead essentially to the same
solution. However, relazation/Qmin requires significantly fewer iterations to achieve convergence, and there
are situations where it converges while relazation/Newton does not. Typically relaxation/Newton requires
twice as many iterations as relazation/Qmin when using the numerical integration (6.3) (between 30 and
200 iterations, vs. between 40 and 5000 iterations when the mesh size varies). When using the numerical
integration with smoothing (6.4), the number of iterations typically decreases, but the difference remains the
same (between 30 and 100 iterations, vs. between 25 and 2500 iterations when the mesh size varies). There
are several meshes for which convergence can now be achieved also with relazation/Newton when using (6.4)
instead of (6.3). Also, Qmin requires fewer iterations than the Newton algorithm. Moreover, it seems far
less sensitive to initialization than Newton’s. Actually, the (well-known) sensitivity to initialization of the
standard Newton’s method has forced us to take w = 0.5 in some cases, slowing down significantly the
convergence of the relaxation method. On the contrary, the greater robustness of Quin allowed us to work
with w = 1.5, making the overall algorithm about 20% faster. On the basis of the superior performances
of relazation/Qumin, this method has been retained for the solution of the test problems discussed in the
following sections.

To illustrate how the various iterative methods embedded in the relaxation algorithm perform, let us
assume that the stopping criterion for the relaxation iterations is the one mentioned above (that is,
|||Di(’(/]2) — pZ’|||Oh < 107%); if one takes a 10~ tolerance to stop the conjugate gradient algorithm (9.5)-
(9.18) (resp., the Newton’s method or the Qy,i, algorithm), we observe the following behavior: the Newton’s
method (resp., Qmin) requires on the average 5—10 (resp., 2—5) iterations to converge, while the number
of conjugate gradient iterations varies between 9 and 25 and increases as h decreases (as does the number
of relaxation iterations).

The best convergence results as b — 0, and the fastest convergence of the relaxation method, are obtained
by combining the uniform asymmetric triangulations (like the one on the left of Fig. 2) with the non-
regularized approximations of the second derivatives (given by relations (6.4)) and Quin. As expected,
in this particular case, the (approximated) L?-norm of the approximation errors is quite small (of the
order of 10~7), since (cf. Remark 6.1) for this type of triangulations, the discrete second order derivatives
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FIGURE 3. First test problem. Convergence (log-log scale) of the errors ||ty — ||y,
||V (¢r, —4)||yp; first row: when using non-smoothed approximation of the second deriva-
tives (6.4). Second row: when using smoothed approximation of the second derivatives (6.7).
Left: structured asymmetric meshes; middle: unstructured meshes; right: structured symmetric
meshes. All results obtained with Quin-

associated with (6.4) are exact for polynomial functions of degree <2, as is the convex solution (given
by (10.2)) of problem (10.1). Considering the various errors associated with, among others, the solvers
involved in our methodology and the mesh generator, we never expected results exact up to machine
precision. On the other hand, the uniform asymmetric meshes associated with the non-regularized discrete
second order derivatives defined by (6.4) lead to ||V (¢, — )|y, = O(h), which is generically optimal
when approximating the solution of second-order elliptic equations, using piecewise linear continuous finite
element approximations.

(iv) Unlike the uniform asymmetric triangulations, the other types of meshes lead to approximation results
ranging from poor (for the unstructured isotropic meshes) to terrible (for the structured symmetric meshes)
if one uses the non-regularized discrete second order derivatives defined by (6.4). We observe however
that for the unstructured isotropic meshes, although ||vy — ||, shows no tendency to converge to 0,
we have ||V (¢, — )|y, = O(h) for the range of values of h which has been considered. However, there
is no contradiction with the Poincaré inequality since, according to [45], we should expect, ultimately, a
reduction of the order of convergence for ||V (¢ — )|y, as h — 0.

(v) For the three types of meshes the regularization of the discrete second order derivatives lead to approxi-
mation errors of optimal orders in the range of mesh sizes which has been considered.

10.3. Second test problem

Numerical results for test cases on the unit square 2 = (0,1)? introduced, e.g., in [20] are presented. Let
us consider the test problem defined by f(z1,22) = (1+ (23 + 23)) e@i+3) and g(z1,20) = e3@+e3) | whose
exact solution is the radial function ¥(zq,z2) = e%(w?“‘xg), (x1,22) € £2. Figure 4 illustrates the solution vy,
obtained with various types of triangulations. The method for solving the algebraic problems (4.1) is the Quin
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FIGURE 4. Second test problem (¢ (x1,z2) = e (@1+23)) Graph of the numerical solution 1.
Left: structured asymmetric mesh (h ~ 0.0707); middle: unstructured mesh (h ~ 0.0509); right:
structured symmetric mesh (h = 0.05).

algorithm. The CG algorithm for the solution of the biharmonic problem is stopped when 6, < 107°, and the
tolerance for the Qi algorithm is 10~° on successive iterates. The relaxation parameter is w = 1.0.

Remark 10.1. The stopping criterion for the iterative solution method can be any one of the following three:
(i) |||D? (vp) — pZ’|||Oh < 107% (i) [Jpnt! — 1/J"||Oh < 1079 or (iii) a maximum of 100 relaxation iterations.
Numerical results have shown similar convergence behaviors for all types of stopping criterion, and therefore (i)
is used in the whole article (when there is an exact solution). Note that, when using the stopping criterion (ii),
numerical results show that the residual |||D,21(w;;) — pZ||| o varies like h? approximately, which agrees with
the results in [19,21].

In Figure 5, we have visualized the order of the approximation errors verified by vy, and its first order
derivatives, when they converge to their continuous counterparts, as h converge to zero. One observe that
the relaxation algorithm converges faster for the structured asymmetric meshes than for the other types of
triangulations. Moreover, the approximations are more accurate since they do not require the use of smoothing
techniques. Typically, the CG algorithm converges in 7—10 iterations, while the Q;, algorithm takes 3—5
iterations. The number of relaxation iterations (with w = 1) is typically less than 20 for all types of triangulation
considered and all h considered when using (6.4), and less than 40 when using (6.7). Conclusions are similar to
those of the first test problem.

Remark 10.2. The value of the “smoothing parameter” C' in (6.7) has been set to C' = 2. However this choice is
not critical. Indeed, numerical results results show that the optimal convergence order for the error ||, — |,
is recovered for any value of C' > 0, using all kind of meshes. However, since the accuracy of the computed
solutions deteriorates (slowly) as C' increases, we have systematically used C' = 2 in the sequel, since it seems
to provide a quasi-optimal compromise between regularization (stability) and accuracy.

10.4. Third test problem

Let us consider the test problem, defined, for R > /2, by f(z1,z2) = m, and g(z1,22) =

1 2

—+/R? — (22 4+ x3), whose exact solution is the convex function ¥ (z1,22) = —\/R? — (2% + 23), (z1,22) € 2.
When R > /2, the exact solution satisfies 1) € C™ (ﬁ), while 1» € W1P(2), p € [1,4), when R = /2. Therefore
it is interesting to see the performance of the algorithm and the quality of the approximation when R tends to
V2 from above. In order to highlight this effect, we consider two values of R, namely R = 2 (in that case, v is
smooth), and R = v/2 + 0.1, which is close to the threshold value of /2.

Figure 6 shows the graph of ¢, for R = 2. Figure 7 illustrates the computational costs and convergence
errors for the three types of triangulations. The numerical experiments show consistent second order accuracy
of the solution if one smoothes the discrete second order derivatives when employing unstructured isotropic
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FIGURE 5. Second test problem. Convergence (log-log scale) of the errors ||ty — ||y,
||Vpr, — Vip|yy,; first row: when using non-smoothed approximation of the second derivatives;
second row: when using smoothed approximation of the second derivatives. Left: structured
asymmetric meshes; middle: unstructured meshes; right: structured symmetric meshes. Stop-
ping criterion |||D,2,(1/J,’f) — pZ|||0h <1074
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FIGURE 6. Third test problem (¢(x1,x2) = —/R? — (22 + 23), R = 2). Graph of the numerical

solution vy,. Left: structured asymmetric mesh (h ~ 0.0707); middle: unstructured mesh (h ~
0.0509); right: structured symmetric mesh (h = 0.05).

and structured symmetric meshes; they also show that the performances of the method are not altered by the
closeness of R to v/2 (however non-convergence has been observed if R = v/2 4 0.01).

For comparison, Figure 8 shows the graph of 1, for R = v/2+ 0.1. Figure 9 illustrates the convergence errors
for the three types of triangulations. The numerical experiments still show second order accurate approximation
of the solution (with the help of smooth approximations of the second derivatives), showing that the performance
of the method is not altered by the lack of regularity of the solution. The number of relaxation iterations increases
as R gets closer to v/2.
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FIGURE 7. Third test problem (¢(z1,z2) = —v/R? — (27 + 23), R = 2). Convergence (log-log

scale) of the errors ||[vn — Y|, ||V — V||y,; first row: when using non-smoothed approxi-
mation of the second derivatives; second row: when using smoothed approximation of the second
derivatives. Left: structured asymmetric meshes; middle: unstructured meshes; right: structured
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FIGURE 8. Third test problem (¢(z1,z2) = —/R2 — (27 + 23), R = 0.1 + v/2). Graph of the

numerical solution . Left: structured asymmetric mesh (h ~ 0.0707); middle: unstructured
mesh (h ~ 0.0509); right: structured symmetric mesh (h = 0.05).

10.5. Fourth test problem
(2¢/73+23) o

The fourth test problem is defined by f(z1,22) = \/a:fl+—r§’ and g(z1,72) = ~——5——; its exact convex
3/2
2 / 2+ 2
solution is given by ¥ (x1,x2) = %, (z1,22) € £2. Figure 10 illustrates the solution v,. Convergence

results are given in Figure 11 for the various types of triangulations. Conclusions are similar as in the previous
cases, and the importance of the smoothing procedure for the approximation of the second derivatives is again
highlighted. The number of relaxation iterations (with w = 1) is typically less than 20 for all h considered when
using (6.4), and less than 40 when using (6.7).
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F1cure 10. Fourth test problem (i(x1,x2) = %) Graph of the numerical solu-
tion vp,. Left: structured asymmetric mesh (h ~ 0.0707); middle: unstructured mesh (h =~
0.0509); right: structured symmetric mesh (h = 0.05).

Remark 10.3. The fourth test problem is particularly interesting in the sense that the exact solution
¢ € H*(2) (in fact ¢ € W2P(2) for 1 < p < 4) but ¢ ¢ C? (£2). However, our methodology (which has
been constructed to capture solutions with the H?-regularity) provides optimal order error estimates (without
regularization if one uses the uniform asymmetric mesh in Figure 2 (left), and with regularization for the other
meshes).
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10.6. Fifth test problem

The last test problem on the unit square is defined, as in the introduction, by f(z1,2z2) = 1, and g(z1,22) =
0. In that case, the Monge—Ampere equation does not have solutions belonging to H?(f2) (it has however
viscosity solutions), despite the smoothness of the data. The problem stems from the non-strict convexity of {2
(see [11,20,37] for details). Therefore, the solution obtained can only be compared with computational results
from the literature, e.g., in [17,21,25,43]. We use the Qi algorithm in the following discussion, smoothed
approximations of the second derivatives (6.7), and w = 1. The stopping criterion is ||¢ZL = 1/)2“ | ’0h <1077,

Figure 12 illustrates the solution of the Monge—Ampere equation obtained with all types of triangulations.
Figure 13 illustrates the determinant of its computed Hessian. Figure 14 shows a cut of the solution (correspond-
ing respectively to the solutions in Fig. 12) for x5 = 1/2 and 21 = x4 respectively for several mesh sizes. The
solution, in particular the solution magnitude, appropriately matches the solution presented in [19-21,25,32].
Table 1 shows the values of the residual and the number of iterations for various values of the mesh size h and
types of triangulations. A close inspection of the numerical results shows that the curvature of the graph of
1y, is slightly negative close to the corners of (2, implying that the Monge—Ampere equation is violated here
(indeed the curvature is given by detD2t/(1 4 [V14|*)2). The equation is also violated along the boundary (as
emphasized in [32], p. 176); however, the Monge—Ampere equation detD?3y) = 1 is verified with a very high
precision sufficiently far away from I'. For more information on the solutions of detD?i) = 1, see [37], Chapter 4
and references therein.

Remark 10.4. An inspection of Figure 14 shows that the minimum values of the discrete solutions converge
to a limit very close to —0.18, for the three types of meshes which have been considered. There is a remarkable
agreement between these results and the ones reported in [21,25]. The agreement with [21] is not surprising
since the numerical results presented there, and in this paragraph, were obtained using the same least-squares
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FIGURE 12. Fifth test problem (f = 1, g = 0). Graph of the numerical solution 1y,. Left:
structured asymmetric mesh (h =~ 0.0353, after 140 iterations). Middle: unstructured mesh
(h ~ 0.0225, after 105 iterations). Right: structured symmetric mesh (h = 0.025, after 146
iterations).
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FI1GURE 13. Fifth test problem (f = 1, g = 0). Contours of the determinant of the discrete
Hessian D3 (¢yh. Left: structured asymmetric mesh (h ~ 0.0353, after 140 iterations). Middle:
unstructured mesh (h >~ 0.0225, after 105 iterations). Right: structured symmetric mesh (h =
0.025, after 146 iterations).

TABLE 1. Fifth test problem (f = 1, ¢ = 0). Convergence results and computational costs
when the stopping criterion is ||¢,’f — Z+1||Oh <1077 (w=1).

Structured asymmetric mesh Unstructured isotropic mesh Structured symmetric mesh
[ IIP2wn) —pillly, | #iter | h [ [[[D2@) —pillly, [ #iter | 0 ][0~ pallly, | #iter
0.07071 0.10003E-04 43 0.05091 0.52768E-05 48 0.05000 0.10559E-04 48
0.03535 0.78018E-04 140 0.02249 0.42235E-04 105 0.02500 0.64290E-04 146
0.02357 0.19351E-03 337 0.01023 0.22740E-03 203 0.01666 0.15442E-03 261
0.01767 0.29037E-03 763 0.00692 0.47883E-03 259 0.01250 0.28545E-03 377
0.00883 0.80873E-03 2000 0.00554 0.67947E-03 268 0.00833 0.11296E-02 884

formulation and mixed finite element approximation (the difference being in the algorithms used to solve the
approximate problems). The agreement with [25] is more “interesting” and significant. The numerical results
reported in [25] have been obtained using a mixed finite element implementation of the so-called vanishing mo-
ment method, relying on spaces of continuous piecewise quadratic functions and on a biharmonic regularization
of the Monge—Ampere equation (see [25] for details). Actually, it has been shown in [24, 25] that when the
regularization parameter converges to zero, the solutions produced by the vanishing moment method converge
to a viscosity solution. This good matching between the solutions in [25] and the ones in this article, concerning
the fifth test problem (a problem without classical solutions) suggests that our least-squares approach has,
possibly, some viscosity method features.
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FIGURE 14. Fifth test problem (f = 1, g = 0). Cut of the graph of the numerical solution 1,
along the lines o = 1/2 (top row) and xz; = x5 (bottom row). Left: structured asymmetric
mesh (h ~ 0.0353,0.0176,0.0088). Middle: unstructured mesh (h ~ 0.0225,0.0102,0.0055).
Right: structured symmetric mesh (h = 0.05,0.0166,0.0083).

10.7. Summary and comments

Numerical experiments on the unit square have illustrated the properties of the proposed method. The Qin
algorithm [48] proves to be much more efficient than a more classical Newton method. Not surprisingly, low
order finite elements are not accurate for the approximation of the second derivatives and therefore require an
additional regularization a la Tychonoff. With this regularization procedure, optimal convergence orders are
obtained on all types of triangulations considered. As the method without regularization fails on some types of
triangulations (due to a poor approximation of the second order derivatives), this shows a remarkable robustness
improvement with the method proposed in this work. Furthermore, the method has been able to capture (in a
least-squares sense) solutions when no classical solution exists. Based on these comments, we will present in the
following numerical experiments for domains different from the unit square, typically with curved boundaries,
to further emphasize the efficiency of the proposed methodology.

10.8. A test problem on the unit disk

The results presented in the above sections have shown that, if coupled with an appropriate regularization
procedure, the piecewise linear approximation methods discussed in [21], have the ability to compute accurate
approximate solutions for arbitrary types of triangulations, including pathological ones. These results agree with
the results obtained in the literature, as in, e.g., [20,21,25]. In this section, we show that the proposed method
based on mixed finite elements applies also to domains with curved boundaries. Note that, in the case of curved
boundaries, the use of mixed piecewise linear finite elements provides a substantial simplification compared to
using high order finite elements (as in [24,42] for instance), or finite differences [26,27,43].

We consider the unit disk Sp, with isotropic triangulations built with GMsH [28]. Figure 15 visualizes the
solution for f = 1 and g = 0 on S1. The exact convex solution is ¥ (z1,22) = 1/2 [(x1 + 23) — 1], which is
clearly in C'* (8_1) Figure 16 illustrates the convergence results when using the smoothed approximation of the
derivatives (6.7); |[1n — 9|y, exhibits second order accuracy.
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FIGURE 15. Test problem on the unit disk S;. Graph of the numerical solution ¢y, (for f =1

and g = 0) on the unit disk S; (h ~ 0.04392, 19 relaxation iterations with w = 1).
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FIGURE 16. Test problem on the unit disk S;. Left and middle: convergence of the approx-
imation errors |1, — ||y, and [V, — V||, on Si. Right column: number of relaxation
iterations necessary to achieve convergence (stopping criterion H|DZ(1/J,’;) — pZ|||0h < 1074,
w = 1). The algebraic solver is Quin and the second order derivatives are approximated using
the smoothing procedure (6.6). Left: numerical values; right: plot of the errors (log-log scale).

10.9. A test problem on an ellipse

We consider the elliptical domain &, = {(z1,22) € R?,2%/a® + 23 /b* < 1}, with corresponding isotropic
triangulations built with GMsH [28]. In particular, let us work with the elliptical domain &; 5, and f = 1/4, and
g = 0. In this case, the exact solution to (2.1) is given by ¥ (z1,z2) = (2% 4+ 23/4 — 1). Figure 15 visualizes the
solution 1y, while Figure 18 illustrates the convergence results when using the smoothed approximation of the
derivatives (6.7); |[1n — 9|y, exhibits again second order accuracy.

Remark 10.5. Note that, for both the unit disk and the elliptical domain, convergence properties are lost
when using non-smoothed approximations of the second derivatives (6.4).

10.10. A test problem on the half-disk

Finally let us consider now the half-disk domain S, — := §;N{y < 0}, and return to the example presented in
Section 10.2, namely f(z1,z2) = 1 and g(z1,z2) = %x% 4+ 2z119 + %l‘% Figure 19 visualizes the contours of the
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FIGURE 17. Test problem on the elliptical domain &; 2. Graph of the numerical solution 1y,
(for f=1/4 and g =0) on &2 (h ~ 0.04249, 72 relaxation iterations with w = 1).
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FIGURE 18. Test problem on the elliptical domain &; 5. Left and middle columns: convergence of
the approximation errors |1, — 9|y, and ||V, — V||, Right column: number of relaxation
iterations necessary to achieve convergence (stopping criterion |||D%(w,'f) — p2|||0h < 1074,
w = 1). The algebraic solver is the Qi algorithm and the second derivatives are approximated
using the smoothing procedure (6.7). Left: numerical values; right: plot of the errors (log-log

scale).
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FIGURE 19. Test problem on the half-disk. Contours of the numerical solution ), on Sy _ (for
f(@1,22) =1 and g(z1, x2) = 323 + 2z122 + F23) (h ~ 0.04519, 140 relaxation iterations with

w=1).
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F1GURE 20. Test problem on the half-disk. Left and middle columns: convergence of the approx-
imation errors |1, — 1|y, and ||V, — V||, . Right column: number of relaxation iterations
necessary to achieve convergence (stopping criterion |||Di(1/},7;) — p2|||0h <1074, w=1). The
algebraic solver is the Quin algorithm and the second derivatives are approximated using the
smoothing procedure (6.7). Left: numerical values; right: plot of the errors (log-log scale).
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FI1GURE 21. Non-smooth example on non strictly convex domains. Contours of the determinant
of the discrete Hessian D? (1) (f = 1 and g = 0). Left: triangular domain 27 (h ~ 0.0457,
500 relaxation iterations with w = 1). Right: half disk Sy _ (h ~ 0.0284, 500 relaxation iterations
with w = 1).

solution on &; ., while Figure 20 illustrates the convergence results when using the smoothed approximation
of the derivatives (6.7); ||t — 9|y, exhibits the expected second order accuracy. The non-strict convexity of
the domain increases significantly the number of relaxation iterations, compared to the two previous test cases.
Note that, when using the numerical integration method described in (6.4), convergence is not guaranteed. On
the other hand, if one uses the smooth variant (6.4) (6.7), the number of iterations decreases.

10.11. Further numerical results

Finally let us focus on some non-smooth cases with f =1 and g = 0, and consider the triangular domain 27
defined by 2 = {(1'1,1'2) ER? ¢ zq,20 >0, 4 + 320 < 12}, and the half-disk S; .

Figure 21 visualizes the approximation of the determinant of the Hessian D% (¢') for these situations, and
shows a loss of convexity of the solution in the neighborhood of the corners (and of the parts of the boundary
that are not strictly convex) that is similar to the effects observed on the unit square.

10.12. Non-smooth test problems involving the Dirac measure

To conclude these numerical experiments, we are going to consider two non-smooth cases which are in principle
beyond the scope of our approach since for both cases, the solution of the associated problem (2.1) is the function
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FI1GURE 22. Non-smooth test problem with regularization. Left: graph of the numerical solution
¥y, on the unit square (h ~ 0.0509,& = 1075); middle: graph of the numerical solution 1), on
the unit disk (h ~ 0.0103,e = 1073); right: convergence of 1, toward the exact solution

(w1, 22) = \/x3 + 23 when the mesh size h tends to zero on the unit square and the unit disk.

1 defined by 1(x) = |x| (= /27 + 22), a (convex) function which does not have the H?(§2)-regularity if (0,0)
belongs to §2, and which verifies M) = 70 (¢ 9y, M being the Monge—Ampere measure (see, e.g., [37], Chap. 1
for the definition and properties of M) and 0(g,0) the Dirac measure at (0,0). The first test problem that we
consider is: find v : 2 — R such that

detD?i)(x1,20) =0 in 2, Y(xy,22) = /22 + 23 on 012, (10.3)

with 2 = (0,1)?. The unique convex solution of the Monge—Ampere problem (10.3) is the function x — |x|.
Our methodology being suited for strictly positive right-hand sides f only, we approximate problem (10.3) by

detD?(z1,20) =€ in £, (a1, ) = /22 + 22 on 0L, (10.4)

where £ > 0 a (small) positive number. The boundary data does not have the H3/2(I")-regularity (as required
-in principle- by our least-squares approach), but only the H*®(I')-regularity with s < 3/2. However, the dis-
crete version of our least-squares/relaxation methodology handles problem (10.4) fairly easily. Figure 22 (left)
illustrates the solution v obtained with an unstructured isotropic mesh. The method for solving the algebraic
problems (4.1) is the Quin algorithm. The CG algorithm for the solution of the biharmonic problem is stopped
when dj, < 107°, and the tolerance for the Qui, algorithm is 10~° on successive iterates. The relaxation parame-
ter is w = 1.0. The stopping criterion is H|D%(w,’;) - P} ’ ’ |Oh < 107%. We observed that the solution obtained by
our least-squares/relaxation method is essentially independent of the value of ¢, for € in the range 1071 —1077.
Next, we consider a related test problem on the unit open disk {2 = &1, namely: find ¢ : {2 — R such that

detD?y) (21, z2) = To,0) in 2, P(z1,22) =1 on 092, (10.5)

The unique convex (generalized) solution of problem (10.5) is, again, the function ¢ defined by ¥ (x) = |x].
From a numerical point of view, the Dirac measure in (10.5) has to be regularized to make it compatible with
our methodology. Thus, we consider the following regularized approximation of problem (10.5): find ¢ : 2 — R
such that

52

detD? =
€ 7/1(551,$2) (62 +.T% +$%)2

in {2, Y(xz1,22) =1 on OS2, (10.6)

with € > 0. This type of regularization is reminiscent of the one used for instance in [9)].
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Remark 10.6. The rationale behind the regularized problem (10.6) is the fact that an explicit calculation
shows that the relation —Aln(1/\/x} +23) = 21d(oy (in the sense of distributions) can be approximated by
—Aln(1/y/e2 + 22 +23) = W The fact that the regularized right-hand side in (10.6) is strictly positive
facilitates also the applicability of our methodology.

Figure 22 (middle) illustrates the solution v, obtained with an unstructured isotropic mesh, showing the abil-
ity of the least-squares approach in handling the regularized version of the Monge—Ampere equation. Figure 22
(right) illustrates the convergence of the approximation v, to the exact solution v, measured as the L?(£2)-norm
of the difference v, — 1. Good convergence properties are obtained by taking e = 1076 in (10.4) and ¢ = h
in (10.6), h being the mesh size.

11. CONCLUSIONS AND PERSPECTIVES

A numerical method for the approximation of the Dirichlet problem for the real elliptic Monge—Ampere
equation for arbitrary domains in two dimensions has been presented.

This least-squares method allows to obtain approximations of the convex solution that satisfy exactly the
boundary condition, while satisfying the equation in a weak sense. The relaxation algorithm allows to decouple
the differential operators from the nonlinearities. It includes a novel (with respect to [21]) algorithm for the
solution of local nonlinear eigenvalue problems.

Mixed piecewise linear finite elements, together with a Tychonoff regularization, allow to find approximations
of the solution of the Monge— Ampere equation in arbitrary domains and with arbitrary types of triangulations.
In particular, our methodology can handle quite easily and accurately (convex) domains with curved boundaries.

Perspectives include the extension of this methodology to other fully nonlinear elliptic equations in two and
three dimensions of space in arbitrary domains [7,26].
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