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1. Introduction

In this article, we introduce a family of games related to second-order partial differential equations
(PDEs) given by arbitrary products of eigenvalues of the Hessian. More precisely, given Q c R, and

k indices iy, ..., i, € {1,..., N} (which could be repeated), we consider PDEs of the form
k
Py (Du) = H A,(D*u) = f, inQ, 0

u=g, on 0Q.
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Here, 4; < --- < Ay denote the eigenvalues of D?u and the right-hand side f is a continuous, non-
negative function. Notice that operators given by P; _; are degenerate and do not preserve order in
the space of symmetric matrices, the usual condition for ellipticity. Moreover, we want to emphasize
that the eigenvalues 4;,,...,4; in (1.1) could be repeated. For instance, one could take i; = i, = 1
and i3 = 3 to produce the equation A31; = f. Similarly, one could also take k = N and i; = j
and consider the product of all the eigenvalues, which corresponds to the classical Monge-Ampere
equation, det(D?u) = [~ A; = f. We refer the reader to [11, 13] for general references on the Monge-
Ampere equation.

Our main goal is to design a game whose value functions approximate viscosity solutions to (1.1)
as a parameter that controls the step size of the game goes to zero. The connection between games
and PDEs has developed significantly over the last decade; see [10, 16, 19-21, 24, 25] (and we refer
also to [12] in connection with mean-field games). We also refer to the recent books [6, 15] and the
references therein for general references on this program. The relation between games and PDEs has
proven fruitful in obtaining qualitative results, see [4], and regularity estimates; see [1, 18,23,27]. A
game-theoretical interpretation is available in the case of Hamilton-Jacobi equations in the presence
of gradient constraints (both in the convex and non-convex settings), see [28]. The case k = 1 for the
smallest eigenvalue A; gives rise to the Dirichlet problem for the convex envelop studied in [22] and it
is also related to the truncated Laplacians considered in [2].

Our starting point is the case of only one eigenvalue and f = 0, which was recently tackled in [5]
and has connections with convexity theory. Let us describe the two-player, zero-sum game called “a
random walk for A;” introduced there. Given a domain Q c RY, & > 0, and a final payoff function
g : RY\ Q — R, the game is played as follows. The game starts with a token at an initial position
Xxp € Q. Player I (who wants to minimize the expected payoff) chooses a subspace S of dimension
J» and then Player II (who wants to maximize the expected payoff) chooses a unitary vector v € S.
Then, the token moves to x + gv with equal probabilities. The game continues until the token leaves
the domain at a point x,, and the first player gets —g(x,) while the second receives g(x;) (we can think
that Player I pays the amount g(x;) to Player II). This game has a value function u® (see below for the
precise definition) defined in Q, which depends on the step size €. One of the main results in [5] is
showing that, under an appropriate condition on <, these value functions converge uniformly in Q to

a continuous limit u characterized as the unique viscosity solution to
P;(D*u) = 1,(D*u) = 0, in Q,
(1.2)

u=g, on Q).

The right-hand side f is obtained by considering a running payoff, that is, a nonnegative function
f + Q — R such that %82 f(x,) represents an amount paid by Player II to Player I when the token
reaches x,. Then, the game value approximates viscosity solutions to

{ P,(D*u) = 1;(D*u) = f, in Q,

1.3
u=g, on 0Q. (13)

Now, we introduce a new game that allows us to obtain a product of eigenvalues. Assume a list of

.....

k
F={@pm i eR: [ Jaj=1 and 0<a; <o), (1.4)

J=1
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where ¢(¢) is a positive function such that
lin(l) P(e) = and lin(}sd)(s) =0 (1.5)

(for example one can take ¢(g) = £ /). At every round, Player I chooses k positive real numbers
play a round of the game “a random walk for A;;” described above. Specifically, Player I chooses
a subspace S of dimension i;, Player II chooses a unitary vector v € S, and the token is moved to
x * & y/a;v with equal probabilities. The running payoff at every round is given by %82 Lf (x,,)]% (Player
IT pays this ammount to Player I) and the final payoff is given by g (if x. denotes the first position
outside €2, the game ends and Player I pays g(x;) to Player II).

Notice that in this game we adjust the length of the token jump according to the corresponding «;,
and Player I may choose to enlarge the game steps associated with A; at the expense of shortening
others (since the product of the ; must equal one). Also notice that the restriction ¢(g) > /a; > 0
implies that the maximum step size is bounded as |x — (x + £ /@;v)| < ep(e) — O as & — 0.
ij—dimensional subspaces S at every step of the game), and S, for the second player (a choice of a
unitary vector v in each possible subspace at every step of the game), then we can compute the
expected outcome (the amount that Player II receives) as

. 1 ) -1 .
ESOl,Su [g(x"') - 58 ;[f(xn)]k} .
Then, the value for Player I of the game starting at any given x, € € is defined as

X0
S1S1

=

-1
8 = 56 3 1) ]

ui(xo) = infsup E
ST S n=0

while the value for Player II is

X0
S1S1

1, 1
& =supinf E - =& D] .
iy (Xo) upin 8(xr) — 5€ ;[f(x )] ]
When these two values coincide we say that the game has a value.
In our first result, we state that this game has a value and the value verifies an equation in €, called
a Dynamic Programming Principle (DPP) in the literature.
Theorem 1. The game has a value

o— E _ &
u’i=up = uy,

which is characterized as the unique solution to

k
1 1 1
u(x) = infk X ; inf  sup {Eus(x +eqJav) + Eus(x —-& \/ajv)}

ajelt dim(S)=i; yeg |v=1

‘%82[f<x)1i xeQ, (1.0

u(x) =gx)  x¢Q.
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{1,...,k} is selected with probability % Player I chooses a subspace S of dimension i; and then Player
IT chooses one unitary vector, v, in the subspace S. The token is then moved with probability % to
x+&/a;v or x — & +Ja;v. Finally, the expected payoff at x is given by —%82 Lf (x)]% (the running payoff)
plus the expected payoff for the rest of the game. Then, the equation in (1.6) follows by considering all
the possibilities (recall that Player I seeks to minimize the expected payoft and Player II to minimize
it).

Our next goal is to look for the limit as € — 0.

Theorem 2. Assume that Q is strictly convex. Let u® be the values of the game. We have

u® - u as e—0

uniformly in Q, where u is the unique viscosity solution to (1.1).

We devote Section 3 to proving the theorems. The uniqueness statement in Theorem 2 follows
from [8]; see Remark 5 below. We need the convexity of d€2 to prove that the sequence converges by
means of an Arzela-Ascoli type lemma. In fact, for strictly convex domains, we show that for every
point y € 9Q, a game that starts near y ends nearby with a high probability regardless of the players’
strategies. This allows us to obtain a sort of asymptotic equicontinuity near the boundary, which leads
to uniform convergence in the whole Q. Note that, in general, the value functions u® are discontinuous
in Q since we take discrete steps.

Observe that the result implies the existence of a solution to the PDE. The strict convexity of Q is
needed if a solution to the equation A4; = 0 is to exist for every continuous boundary data; see [5].
Since our general setting includes this case, we require the strict convexity. However, in some cases,
such as A, = 0, this hypothesis may be relaxed; see [5].

Let us see intuitively why u is a solution to Eq (1.1). By subtracting #*(x) and dividing by & on

both sides we get the term:

uf(x + eJa;v) — 2u®(x) + u®(x — eJa;v)

2

&

which in the limit approximates the second derivative of u in the direction of v multiplied by ;. Hence,
by the Courant-Fischer min-max principle, the expression

) u(x + gfa;v) — 2u®(x) + u(x — e +/a;v)
inf  sup >
dim($)=ij yeg |y|=1 g

approximates the i; eigenvalue of D*u(x) multiplied by ;. Taking into account the running payoff, we
obtain that u is a solution to

ajEI]Ff k —

1 v
[F@)F = inf - > a;d;,
j=1

Then, the result follows from the identity

) k —
ozj>0,Hj=l a;=1

, . RN
BBz ...B)* = inf z Z a;B; whenever Sy, 55, ...,8r = 0,
j=1
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which is proved in detail in Lemma 7 below.

The Monge-Ampere equation. Notice that when all the eigenvalues are involved, we have a two-
player game that approximates solutions to the Monge-Ampere equation det(D*u) = f. However,
in the special case of the Monge-Ampere equation, we can also design a one-player game (a control
problem) to approximate the solutions. This game is based on a recent asymptotic mean value formula
that characterizes viscosity solutions to the Monge-Ampere equation. In fact, in [3], it is proved that u
is a viscosity solution to the Monge-Ampere equation

det(D’u(x)) = f(x)

if and only if

N
u(x) = inf mf{IZ%u(x+g\/_v)+ —u(x — sx/_v)}——[f(x) "+ o(e?)

as € — 0, holds in the viscosity sense. Here we denoted by O the set of all orthonormal bases V =
{Vi,...,vy} of R”, and I is given by (1.4).

Now, let us describe a one-player game (control problem). At each play, the player (controller),
who aims to minimize the expected total payoff, chooses an orthonormal basis V = (vy,...,vy) and
coefficients (@;)i=1..n € Ifgv . Then, the new position of the game goes to x + £+/a;v; with equal

probability 1/(2N). In addition, there is a running payoff given by —%2[ f (x)]¥ at every play and a final
payoff g(x) (as before the game ends when the token leaves Q). Then, the value of the game for any

X € Q for is given by
1, 1
gx) = 5 ;[ﬂxim] :

Here, we take the infimum over all the possible player strategies.
For this game we have the following result.

u?(xp) = inf EY
( 0) S St

Theorem 3. The game value u® is the unique solution to

VeO a,~e1§’

11 1 1
ng(.X) = inf inf {N ZZZ] EME(X + & \/a_ivi) + EME(X — & \/C?jvi)} - Egz[f(x)]%
x € Q,
u®(x) = g(x) x ¢ Q.
Moreover, if we assume that Q is strictly convex. Then,

u® —u, as e — 0,

uniformly in Q, where u is the unique viscosity solution to

N
det(D) = | | 4(D*w) = £, in Q, (1.7)

u=g, i on 0QQ.
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Notice that here the strict convexity of the domain is a natural assumption for the solvability of (1.7);
see [7,26].

The paper is organized as follows: in Section 2, we collect some preliminary results and include
the definition of viscosity solutions. In Section 3, we prove our main results concerning the two-player
game, Theorems 1 and 2. In Section 4, we include some details for the control problem for Monge-
Ampere. Finally, in Section 5, we present a variant of the game for Monge-Ampere that involves an
integral average in the corresponding DPP.

2. Preliminaries

We begin by stating the definition of a viscosity solution to (1.1). Recall that f : Q@ — Ris a
non-negative function. Following [8] (see also [14]), we have that the equation is associated with the
cone

k
F = {M : l_lxll-j(M) > fand A;(M) > 0 forevery j = 1,...,k}.
J=1
Here we do not state the definition of viscosity solutions with an explicit reference to the cone, but we
prefer to present it using the usual notation; see [9].

We say that P is a paraboloid if for every x, xo € R we have

1
P(x) = P(xo) + {x — x9, VP(x0)) + §<D2P(X0)(x — X0), X — Xop).

Definition 4. A continuous function u verifies
k
2.0\ —
| 4@ = ¢
j=1

in Q in the viscosity sense if

1) for every paraboloid ¢ that touches u from below at xy € Q (¢(xo) = u(xo) and ¢ < u), and with
eigenvalues of the Hessian that verify /li_i(ngb(xo)) > 0, we have

k
[ 400 < .
j=1

2) for every paraboloid ¥ that touches u from above at xy € Q (Y(xg) = u(xo) and ¥ > u), we have
/lij(DZ(//(xo)) >0forj=1,...,kand

k
[ [0y = £,
J=1

Remark 5. The validity of the comparison principle for our equation follows from Theorem 4.9 in [8].
In fact, the map ® : Q — SV given by

k
O(x) = {M : l_l/lij(M) > f(x) and 4;,(M) > 0 forevery j=1,.. .,k}

J=1
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is uniformly upper semicontinuous (since f is continuous) and is elliptic (since the operator is
monotone on non negative matrices and f > 0).

Also observe that the concept of ®-subharmonic/superharmonic is equivalent to the definition of
subsolution/supersolution that we have given. In fact, if we consider

CI):{M:/lij(M)ZO for every j = 1,...,k}

Then, we have
Ox)={Med: F(M,x) >0}

where F is the operator that we are considering here, that is,
k
F(M,x) = [ | 4,M) - f(x).
j=1

Therefore, the equivalence between being ©-subharmonic/superharmonic and being
subsolution/supersolution follows from Proposition 2.11 in [8].

To obtain a convergent subsequence u® — u we will require Q to be strictly convex. Here this
means that we have that for every x,y € Q, tx+ (1 - Ny € Qforall 0 < ¢t < 1. In particular, in
Lemma 15 we will use a geometric condition over € equivalent to the strict convexity. We prove the
equivalence between these two notions of strict convexity in the following lemma which is a variation
of the classical supporting hyperplane theorem.

Lemma 6. Given an open non-empty bounded set Q C RY, the following statements are equivalent:

1) Qs strictly convex (i.e., for every x,y € Q, tx+ (1 —f)y € Qforall 0 <t < 1), B
2) Given'y € 0Q there exists w € RN of norm 1 such that {w, x —y) > 0 for every x € Q \ {y}.
3) Given'y € 0Q there exists w € RN of norm 1 such that for every 6 > 0 there exists 6 > 0 such that

{xeQ:{(w,x—y) <0} C Bs(y).

Moreover, the vector w in statements (2) and (3) is the same one.

Proof. (1) = (2): We consider y; € RY \ Q such that y, — y and z the projection of x; over Q
(which exists since Q is convex). We define the vectors

2k — Yk

Wy = ———.
Iz — vl

Up to a subsequence, we may assume that w, — w € RY. We have that
(@ =YX =2 20
for every x € Q. Hence, for every x € Q, we have
Wi, X) 2 (Wi, Zi) = Wis 2 = Vi) + (Wi, Vi) > (Wi, Yio)-

Passing to the limit we get
w,x=y)>0

Mathematics in Engineering Volume 5, Issue 3, 1-26.



for every x € Q.

It remains to prove that (w,x —y) # 0 when x # y. Suppose, for the sake of contradiction, that
(w, x —y) = 0 for some x # y. By the strict convexity of Q, we have = € Q. Hence, ¥ — ew € Q for
& small enough and

<w,(x+y—8w)—y>:(w,x;y—gw):—8<0,

a contradiction. _
(2) = (3): Given 9, we consider f : Q\ Bs(y) — R given by

J(x) = (w,x—y).

Since f is continuous and is defined in a compact set it attains its minimum. We consider
6 = minﬁ\Bé(y) f which is positive since (w,x — y) > 0 for every x € Q\ {y}. We have that
(w,x —y) > 6 for every x € Q \ Bs(y), and the result follows.

3) = (2): Given x € Q\ {y} we consider ¢ = w > 0 and x;, € Q\ Bs(x) such that x; — x.
Since x; ¢ Bs(y), we have (w, x, —y) > 6. Hence (w,x —y) > 6 > 0.

(2) = (1): We consider the set

C=[|xeR": (w,x—y) >0}

yeoQ

where w, stands for the w given by statement (2) for each y € 9Q. Since C is the intersection of convex
sets, it is also convex. We want to prove that Q is convex by proving that it is equal to C. It is clear that
Q C C, let us show that if z ¢ Q then z ¢ C. We fix x, € Q. Given z ¢ Q, there exists 7 € (0,1) such
thaty = 1z + (1 — H)xo € 0Q. We know that (w,, xo — y) > 0 since x, € Q. Hence (w,,z —y) < 0 and

z¢C.
It remains to prove that the convexity is strict. Given x,y € Q, we know that

x+(1-1yeQ

for all 0 < 7 < 1. We want to prove that 7x + (1 — 1)y € Q, that is, tx + (1 — f)y ¢ JQ. Suppose, arguing
again by contradiction, that z = tx + (1 — 7)y € dQ for some 0 < ¢t < 1. Then, (w,,x — z) > 0 and
(w;,y —z) > 0, and this implies that 0 < (w_, (tx + (1 — ¢)y) — z) = 0, which is a contradiction. m]

The idea that allows us to obtain the product of the eigenvalues relies on the following formula.
Lemma 7. Given 8,05, ...,8r = 0, we have

BBt = inf Za]ﬁj.

(x]>0]—[ | @j=

Proof. The inequality
BB - -Bk)k inf ok Z a;f;.

a;>0, H L=

follows from the arithmetic-geometric mean inequality.
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In the case that all the S, are strictly positive, the equality is attained for

1
_(BiBa. . Pk
Q= —.
Bi
In the case that 8; = O for some i we have to show that the infimum is zero. For that, we consider

a; =n*"and @; = 1, which gives

n—oo

I
hm%;ajﬁjzﬁizo

as desired. m|

Let us recall that in our setting we have the extra restriction @; < ¢*(g). To handle this issue we
require the following two lemmas.

Lemma 8. Given 8,0,,...,8: = 0, it holds
\ 15
BiB2 - .. Bt = ll_f)r(}aljfég % ; @B,
where I is given by (1.4).

Proof. 1f B1,B,,...,Br > 0, for £ small enough such that

BiBa ... Bt

2
¢°(e) > 5,

for all i, we have

k
(IZJ'EI‘9

I v ]
inf %jzzla’jﬁj = Bifa- - Bt ,

and the result follows.

Now we consider the case where 8; = 0 for some i = 1,...,kand k > 1 (if k = 1 the result is
obvious). We take
2 =1
a; = @ and a/j =|— .
2 P(&)

for j #i. We have

By taking limit as € — 0 we conclude the proof. O

Lemma 9. Given 8,55, ...,8r € Rwith ; < 0 for some i =1,...,k, it holds

&—0 a/je]/‘;

N
lim inf %;“fﬁf <0.
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Proof. If k = 1 we have

£0 ek

R IR
llmll’lf%jzzla’jﬁj:ﬁ1<0.

If kK > 1, we take

1

af‘:wandw:(i .
C2 T \g(e)

and in the limit we get —oo. O
3. A two-player game for products of eigenvalues

In this section, we describe in detail the two-player zero-sum game presented in the introduction.

.....

positive function ¢(&) such that

lir% d(e) = o0 and lirrégqb(e) =0.

.....

J=1

Then, j € {1,...,k} is selected uniformly at random. Given the value of j, Player I chooses a subspace
S of dimension i; and then Player II chooses one unitary vector v € §. Then, the token is moved to
x + £ 4/a;v with equal probabilities. After the first round, the game continues from x; according to the
same rules.

This procedure yields a possibly infinite sequence of game states xy, xi,... where every x; is a
random variable. The game ends when the token leaves Q. At this point the token will be in the
boundary strip of width e¢(g) given by

Lo = {x € R\ Q : dist(x,00Q) < &¢(e)}.

We denote by x; € I'y4 the first point in the sequence of game states that lies in I';4(). In other words,
7 is the first time we hit I'y4) (7 is a stopping time for this game). The payoff is determined by two
given functions: g : RM\ Q — R, the final payoff function, and f : Q — R, the running payoff function.
We require g to be continuous, f uniformly continuous and both bounded functions. When the game
ends, the total payoff is given by

-1

1 1
gx) — 3¢ ;[f(xz)]k.

Player II earns this amount and Player I loses it (Player I earns —g(x;) + %82 ZITZ_OI Lf (xl)]%).
A strategy Sy for Player I is a function defined on the partial histories that gives the values of «/; at

every step of the game
« €1 k

S1(x0, X1,..., %) = (@) j=1 e

.....
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and that for a given value of j returns a i;—dimensional subspace §
SI(.xO, xl’ .. ’xn’ j) = S'

We call S| both functions to avoid overloading the notation. A strategy Sy for Player II is a function
defined on the partial histories that gives a unitary vector in a prescribed subspace S at every step of
the game

Sn(xo,xl,...,xn,S,aj) =veSs.

When the two players fix their strategies S; and S;; we can compute the expected outcome as

follows: Given the sequence xo, ..., x, with x; € Q the next game position is distributed according to
the probability
k
1
751500, 30 A) = 2 D Gveyan(A) + 6y (A):

J=1

where
(@))j=1...k = S1(X0, X15 -+ Xn)
and
v = Sy(xo, .. -,xn,SI(-an---a-xnaj)va'j)-

By using the Kolmogorov’s extension theorem and the one-step transition probabilities, we can

. e Yo o X0 .
build a probab111ty measure Pgl,s“ on the game sequences H .‘We denote by Eg ¢ the corres.pondmg
expectation. Then, when starting from x, and using the strategies Sy, S, the expected payoff is

1 71 ]
Egs [g(xf) - 582 Z[f(xz)]k] : (3.1)
=0

The value of the game for Player I is given by

1 -1 A
gxr) = 5&° ;[ﬂx,)]k‘ :

& I X0
ui(xo) = inf sup ESI,SH
Sty

while the value of the game for Player II is given by

7—1
uii(x0) = supinf By [g(xa - %sz Z[f(xmi} .
Su 1=0
Intuitively, the values u{(xo) and u;(xo) are the best expected outcomes each player can guarantee when

the game starts at xo. If uj = uj;, we say that the game has a value and we denote it by u® := uj = uj,.
Let us observe that the game ends almost surely, and therefore the expectation (3.1) is well defined.
Let us be more precise at this point. If we consider the square of the distance to x, at every step,
this quantity increases by at least &2 with probability Zl_k (a value of j such that a; > 1 is selected
with probability at least % and given a direction v at least one of the vectors x, + £+/@;v is at least at
a distance £* greater that the distance from x, to the initial point). As the distance to x, is bounded
(since we assumed that Q is bounded), with a positive probability the game ends after a finite number
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of steps. Iterating this argument we get that the game ends almost surely. See Lemma 13 for details
concerning this argument.

To see that the game has a value, we first observe that we have existence of u®, a function that
satisfies the DPP. The existence of such a function can be seen by Perron’s method. In fact, the operator
given by the right-hand side of the DPP, that is,

k

u+— inf % Z inf  sup {%u(x +eqJav) + %u(x - sxchjv)} — %82[f(x)] ,

ajellg = dim(S)=i; ves,|v|=1

tall

is in the hypotheses of the main result of [17].
Now, concerning the value functions of our game, we know that u{ > ujf; (this is immediate from
their definition). Hence, to obtain the desired result, it is enough to show that u* > u{ and uj; > u®.
Given 7 > 0 we can consider the strategy SY for Player II that at every step almost maximize

u(x + e+J/a;v) + u(x — e /a;v), that is

S0t 51 So5) = € S
such that
I, 1,

SU 4 T + S — & \T)

1 1
= sup {Eug(x +eqav) + Eug(x -& \/a_jv)} _ kD,

ves,vl=1
We have

k
2 —(k+1
E?iso [u"(Xk11) + € E Fx) =2 D xo, .. L, x]
(a1}
n=0

k

| ) 1 1
> inf z ; ; H}(Ig:ij veiljvl?ﬂ {Eu(x +enfay) + Eu(x — \/“_jv)}

k

1
_ 772—(k+1) 1 582 Z F(x,) — n2—(k+1)
n=0
k

1 1 _
> U () = 56 f(x) + 567 ZO fle) =27t
=
> U () + 567 ZO Flae) —m27,
where we have estimated the strategy of Player I by inf and used the DPP. Then,
=
My = () + 5€ Z; fa) =2t
is a submartingale.
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Now, we have
1 -1
& _ . X 2
up(xo) = S;JHP I?If ES?,SH [g(x‘r) + 55 n§=0 f(xn)]

> inf E™
St SI,S?I

1 -1
g(xr) + 582 ; f(xn) - UZ_T]

> infliminf E® [M
S e SI,S?I[ T/\k]

> igllf E;‘;,S% [Mo] = u®(xo) — 1,
where 7 A k = min(t, k), and we used the optional stopping theorem for M;. Since 7 is arbitrary this
proves that uf; > 1. An analogous strategy can be considered for Player I to prove that u® > u;.

Given a solution to the DPP we have proved that it coincides with the game value. Then, the game
value satisfies the DPP and, even more, any solution coincides with it. Uniqueness follows. We have
proved Theorem 1.

Remark 10. From our argument it can be deduced that
1 7-1
& . X & 2
u*(xo) = supinf Egj, |u'(xr) + 56 Z; f)

for any stopping time 7 < 7. That is, as long as the game has not ended we can separate the payoff as
the cumulative amount payed during the game, %82 Y75 f(x,) and the expected one for the rest of the
game, u’(xz).

Remark 11. We have a comparison principle for solutions to the DPP. Assume that f; > f, and that
g1 < g» then the corresponding solutions verify

£ &
uy < u,

in Q. In terms of the game this is quite intuitive since playing with g; and f; the palyers have a larger
final payoff and a smaller running playoff than playing with g, and f.

Now our aim is to pass to the limit in the values of the game. We aim to prove that, along a
subsequence,
u® — u, ase — 0

uniformly in Q and then obtain in this limit process a viscosity solution to (1.1).
To obtain a convergent subsequence u® — u we will use the following Arzela-Ascoli type lemma.
For its proof see Lemma 4.2 from [21].

Lemma 12. Let {u : Q — R, & > 0} be a set of functions such that

1) there exists C > 0 such that [u®(x)| < C for every € > 0 and every x € Q
2) given n > 0 there are constants ro and €, such that for every & < &, and any x,y € Q with
|x — y| < rg it holds
u(x) —u (I < 7.
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Then, there exists a uniformly continuous function u : Q — R and a subsequence still denoted by {u*}
such that

u —u uniformly in  Q,

ase — 0.

Our task now is to show that the family u® satisfies the hypotheses of the previous lemma.

Lemma 13. There exists C = C(Q) > 0 such that
Eg s [1] < Cs™.

foreverye >0, S, S and xy € Q.

Proof. Here we write E for E;‘LS“. We consider R > 0 such that Q c Bg(0) and M, = ||x,||*>. Given that
the token lies at x,,, we have that

k
1
EIMulv] = 57 ) Il + & V@I + v, — & v
J=1

k
2 2 2
DIl + v,

=

k k
2 21 2 2
= lxll”+ &7~ E a; > lxl* + & | |aj
j=1 j=1

2 2 2
:”xn” + & :Mn+8,

| =

where v; stands for the selected unitary vector when that value of j is chosen.

We have obtained
E[Mn+l|Mn] 2 Mn + 82-

Hence,
M, — ne?

is a submartingale. According to the optional stopping theorem for submartingales

E [MW, —(TA n)sz] > M,.

Therefore
E[r A nle? < E[M,,] - My < E[M.,,] < R

By taking limit in n, we obtain a bound for the expected exit time,
E[7] < R’&77,

as desired. m|

Corollary 14. There exists C = C(Q, f,g) > 0 such that [u®(x)| < C for every & > 0 and every x € Q.
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Proof. Since E?i s, 7] < Ce™2, we have

1 71
[ Cxo)l < supinf B . |lgCeo)| + 582; £ G

Su

< max g + C max f. i

To prove that u® satisfies the second hypothesis we will make the following geometric assumption
on the domain. Given y € 9Q we assume that for every ¢ > 0 there exists w € RY of norm 1 and 6 > 0
such that

{xeQ:{(w,x—y) <0} C Bs(y). (3.2)

This condition is equivalent to € being strictly convex as proved in Section 2.
Lemma 15. Given n > 0 there are constants ry and &y such that for every € < &y and any x,y € Q with
|x — y| < ry it holds

(%) — u* )l < 7.

Proof. The case x,y € I'gy) follows from the uniform continuity of g in I';4. Since the rules of the
game do not depend on the point, the case x,y € Q follows from the case x € Q and y € I';4). The
argument is as follows. Suppose that we want to prove that u®(x) — u®(y) < n, that is

8(x,) + s Zf(xnﬂ—supmf B} o g0+ s Zf(yn)]m

sup 1nf Eg s
Su 51

Then, it is enough to show that given S 0 and S 0 (strategies for Player II in the game starting at x and
for Player I in the game starting at y, respectlvely) there exists S 9 and S? such that

B o |8060) + s Zf(xn) LA

-1
1,
80y) + 5& ;f(yn)} <.
We consider the strategies S¥ and S that mimic S| and S?, that is

SUO V1Y) = SHE Y =Y+ Xy Yy — Y+ X)

and

S?(x,xl,...,xn) = S?I(y,xl — X+ Y, Xy — X+ Y).
Even more, we couple the random steps, then we have that when the token lies at x,,, in the other games
it lies at y, = x, — x + y. We call E the common expectation of the coupled processes. We proceed in
this way until one of the games ends, at time 7, that is for the first time x,, € I'sys) Or ¥, € I'py). By
Remark 10 it is enough to show that

-1
1
B | (xe) = ) + 56 ) (F() = fom)| <.
n=0
At every point we have |x; — y;| = |x — y|, and the desired estimate follow from the one for x, € €,
Yn € Dgge) O fOr X, y, € I'gy() together with the uniform continuity of f and the bound for the exit time

obtained in Lemma 13.
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Now, we can concentrate on the case x € Q and y € I'z4). Due to the uniform continuity of g in
I'4¢)» We can assume that y € 9Q. In fact, if we have the bound valid for points on the boundary we
can obtain a bound for a generic point y € I'y4,) just by considering z € 0Q in the line segment between
x and y and using the triangular inequality.

In this case we have

u'(y) = g,

and we need to obtain a bound for u®(x). We observe that, for any possible strategy of the players (for
any possible choice of the direction v at every point) we have that the projection of x, in the direction
of the a fixed vector w of norm 1,

<xn - W>

is a martingale. We fix an arbitrary pair of strategies S; and S;;, we denote by P = Py ¢ = the
corresponding probability playing with these strategies and E = Eg ¢ the corresponding expectation.
We take ¢ > 0 and consider x, the first time x leaves Q or Bs(y). Hence, we have

E{x: =y, w) < (x =y, w) <d(x,y) <.
From the geometric assumption on €2, by choosing w as in Lemma 6, we have that
Xn =y, w) =2 —d(e)e
because at every step the token moves at most v/a;e < ¢(€)s. Therefore, we obtain
P((x, -y, w)y > r(l)/z) r(l)/2 - (1 — P((xT -y, w) > r(l)/z)) d(e)e < ry.
Then, we take gy > 0 such that ¢(g)e < ry for every € < gy and we get
P((x, -y, w)y > r(l)/z) < 2r(1)/2.
We consider the corresponding 6 such that (3.2) holds, this implies
{dist(xr, y) > 6} C {{xr —y, w) > 6}
and hence, for r(l)/ 2 < 6, we can conclude that
P(d(x;,y) > 8) < 21,
Repeating the argument in Lemma 13 for M, = ||x, — y||*> we can show that
E[r] < 6%
Therefore,
lus(x) = g(W)I
< E[lg(x) — gWl|d(xr,y) < 8]P(d(xr,y) < 6) + P(d(x;,y) > 6)(2 max g + 6° max f)

< sup |g(x) — gl +2r)* (2 max g + 6> max f) <7

X€EBs(y)

if o and ¢ are small enough. O
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From Corollary 14 and Lemma 15 we have that the hypotheses of the Arzela-Ascoli type lemma,
Lemma 12, are satisfied. Hence we have obtained uniform convergence of #° along a subsequence.

Corollary 16. Let u® be the values of the game. Then, along a subsequence,

u® - u, as e — 0,

uniformly in Q.
Now, we prove that the uniform limit of ® is a viscosity solution to the limit PDE problem.
Theorem 17. The uniform limit of the game values u®, denoted by u, is a viscosity solution to
: 2
l;l/l,-j(D u) = f, in Q, (3.3)
u=g, on 0Q.

Proof. First, we observe that since u° = g on 9Q it is immediate, form the uniform convergence, that
u = g on 0Q. Also, notice that Lemma 12 gives that a uniform limit of #® is a continuous function.

To check that u is a viscosity supersolution to H’jzl /lij(Dzu) = fin Q, let ¢ be a paraboloid that
touches u from below at x € Q, and with eigenvalues of the Hessian that verify /lij(ngo(x)) > 0. We
need to check that

k
[ [ 4,@*0) - r0 < 0.

J=1

As u® — u uniformly in Q we have the existence of a sequence x, such that x, — x as & — 0 and

U (2) — p(2) = uf(xe) — p(x;) — &

(notice that #° is not continuous in general). As u® is a solution to (1.6),

k 2
u®(x) = inf l Z inf  sup {%us(x + eqJav) + %ug(x - 8\/Q'_J'V)} - %[f(x)]%

ajelt = dim($)=i; yeg |p=1

we obtain

1< 1 1
0> inf — Z inf  sup {—go(xg +eqJay) + zp(x, — ea;v) — go(xg)}
k = 2 2

ajelk dim(S)=ij yeg [y|=1
2
S -2
Now, using the second-order Taylor expansion of ¢,
1
e(y) = @(x) + Vo(x) - (y = x) + §<D290(X)(y —X),(y —x)

we get

o(xs + eqfav) = p(xp) + erJa;Vo(x,) - v + szaj%<D2<p(x£)v, V) 3.4)

Mathematics in Engineering Volume 5, Issue 3, 1-26.



18

and
o(xs — erJay) = o(x,) — erJa;Vo(x,) - v + 820,%@290(%)% V). (3.5)

Therefore,

. 1 £ . 82 1 1
0> inf — Z inf  sup Eaj(Dz(p(xs)v, V) — Egz[f(xg)]k -&.

ajelk o dim(S)=i; yeg |v|=1

Dividing by 8—22 we get

1 k
[foe)]t > inf %Zaj inf  sup (D2p(x.)v,v) — 2e.
=1

ajelk dim($)=ij yeg [v|=1
We have
Jinf  sup (D o(x)v,v) = ﬂj(DZQD(xs))
dim($)=i; yeg |p=1
by the Courant-Fischer min-max principle. Even more, since D*p(x,) = D?p(x), we have

A{(D*p(x.)) = A;(D*¢(x)). Hence, we conclude that
1 1 <
Lt > inf o ,Z; @, ;(D*p(x)) + (1),

Using Lemma 8 to pass to the limit as € — 0 we get
k 3
1
Lf1t 2 [ﬂ ﬂi,(Dzso(x))) ,
=1
that 1s,
k
| 4@ < fo.
j=1

Now, to check that u is a viscosity subsolution to Hlj‘.zl /lij(Dzu) = f in Q, let ¥ be a paraboloid that
touches u from above at x € 2. We want to see that /li_j(Dzl//(x)) >0 forevery j=1,...,kand

k
[ [ 4@ - f =0,

J=1
As u® — u uniformly in Q we have the existence of a sequence x, such that x, — x as & — 0 and

U (2) = Y(2) > u(xe) — Y(x,) — &

(notice that #® is not continuous in general). Arguing as before we obtain

k

0 < inf 1 Z inf  sup {%t//(xg + eqJay) + %v,[/(x‘E —eqJay) - w(xg)}

ajelﬁ dim(S)=i; ves,|v|=1

1, L3
>€ [f(x)]E — €.
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Using a Taylor expansions we arrive to

k

f(xg)]k < inf %Z inf  sup %aj(D U(x)v, vy — &

ajelk dim(S)=ij yeg y|=1

2

2
=5 nf 7 Z ;4 (DY) - &

Since f > 0 by Lemma 9 we get that /l,-j(D2z//(x)) > (. Dividing by % and using Lemma 8 as before to
pass to the limit as € — 0 we get

0 t
[FGIE < [H &,(D%//(x»] :
j=1

that 1s,
k
[ [0 = fe0.
j=1

This concludes the proof. O

Finally, since problem (1.1) has a unique solution, see Remark 5, Theorem 2 follows.
4. A one-player game for the Monge-Ampere equation

In this section we describe a one-player/control problem presented in the introduction in order to
approximate solutions to the Monge-Ampere equation. As before, let Q ¢ R" be a bounded open set
and fix € > 0. Also take a positive function ¢(&) such that

lir% d(e) = and lin(%sqﬁ(s) =0

A token is placed at xy € Q and Player I (the controller) chooses coefficients (@;);=1.. v € Iév where

.....

N
B ={@)m.neR": [ Jai=1 and 0<ai<¢i@)

i=1

The player/controller also chooses an orthonormal basis of RY, V = (vy,...,vy). Then, the token is
moved to x + & +/a;v; with equal probabilities. After the first round, the game continues from the new
position x; according to the same rules.

As before, the game ends when the token leaves Q2. We denote by x; the first point in the sequence
of game states that lies outside €2, so that 7 is a stopping time for this game. The payoff is determined
by two given functions: g : RN \ Q — R, the final payoff function, and f : Q — R, the running payoff
function. We require g to be continuous, f uniformly continuous and both bounded functions. When
the game ends, the total payoft is given by

1 -1 N
8(xr) — 582 ;[f(xl)]’v-
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When the player/controller fixes a strategy S, the expected payoff is given by

Ey

1,5 .
g0x) - Z[f(xw] . @.1)
=0

The player/controller aims to minimize the expected payoff, hence the value of the game is defined as

uj(xo) = inf B, [g(xa— S8 Z[f(xm }

Let us observe that the game ends almost surely, and therefore the expectation (4.1) is well defined.
We can proceed as before to prove that the value of the game coincides with the solution to

u®(x + eav) + u(x 8\/_\/,}

—ész[ﬂx)]b reQ,

<
L)
—~
=
~
Il
N
orh
R =
M
&5
—_—N—
2=
M=
N | =

4.2)

uf(x) = g(x) x ¢ Q.

We first observe that we have existence of solutions to (4.2) and we can apply the main result of [17].
Now, given 7 > 0 we can consider the strategy S| for the player that at every step of the game x; almost
realizes the infimum, that is, the player chooses coeflicients &; and an orthonormal basis (¥;) such that

(1 &, 1,
inf 1nf{ ZE” (xk+8\/5ivi)+§u (xk—s\/a-vi)}
u(xk+s\/_v,)+ u(xk—sx/—v) 2k+1

Playing with this strategy we have

B [u” (xe1) + st(xn) 2,€+1|xo,..., %]

n=0

N
<inf inf IZ (g + \/—)+18( Vaw)
< i - u(xp + eNavy) + zu'(x, — eVa,v;
Ved aer | N 4 ¢ 2 vk

| =

k

1 2
2k+1 + Z f(x”) 2k+1
n=0

1 1 n
=u'(x) — =2 () + =&* Y f(x,) — =~
Wt M T Z:(; 2k

k—1
1
< () + 58 Z; FCo) - %
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Then,
1 k—1 n
— € 2
My = u(x) + 3¢ ;f(xn) -5

is a supermartingale.
From this fact, arguing as before, we get

1 71
ulg(XO) = lg,l[f E?i [g(x‘r) + 582 Z f(xn)}
n=0

1, &S (4.3)
<Ep [g(xr) +36' ) f(xn)]
n=0
< u®(xo) — 1.

Since n is arbitrary we obtain that
ui(x) < u®(x).

To obtain the reverse inequality, we fix an arbitrary strategy S, for the player and we observe that
=
My = i (x) + 567 Z; )
is a submartingale. Indeed,

| L&
E (1" (1) + 582 HZ:(; FCa)l xo, ..., X

1 1 1 1,
> inf inf {N ; SO+ & V) + U = 8\/(7,%)} + e PAED

VeO a,'EIéV =0

1 1 ,x
= u(xp) — Eszf(xk) + 582 Z J(xn)
n=0

1 k—1
= () + 56 ZO] FCx).

Taking infimum over all the strategies S| we get
up (x) > u®(x).

Given a solution to the DPP we have proved that it coincides with the game value. Then, the game
value is characterized as the unique solution to the DPP.
Now our aim is to pass to the limit in the values of the game and obtain that, along a subsequence,

u® - u, ase — 0

uniformly in Q.
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To obtain a convergent subsequence u®° — u we will use again the Arzela-Ascoli type lemma,
Lemma 12. So our task now is to show that the family u® satisfies the hypotheses of the previous
lemma.

First, we observe that Lemma 13 still holds here. Hence, we have that there exists a constant
C = C(Q2) > 0 such that

E?; [t] < Ce™2.

for every € > 0, any strategy S; and xo € Q. As an immediate consequence we get that there exists
C =C(Q, f,g) > 0 such that

()] < C

for every & > 0 and every x € Q. In fact, using that Eg(i s 71 <C £72, we have

-1
1
o)l < inf B3] |lgCen)l + 57 Z; £ ()l
< max g + C max f.

Now we observe that u® satisfies the second hypothesis of the Arzela-Ascoli type lemma. We want
to see that, given n > 0 there are constants ry and &, such that for every € < gy and any x,y € Q with
|x —y| < rg it holds

|u®(x) — u* )l < 7.

The proof of this estimate is analogous to the proof of Lemma 15. In fact, the case x,y € L'y
follows from the uniform continuity of g in I As before, since the rules of the game do not depend
on the point, the case x,y € Q follows from the case x € Q and y € I';y,); see the proof of Lemma 15.
For the case x € Q and y € I';) we can argue as before considering the projection of x; in the direction
of the a fixed vector w of norm 1, choosed as in Lemma 6,

(Xk—y,W>-

This projection is a martingale. Then, with the same computations used before (see the proof of
Lemma 15) se obtain

lus(x) — gyl <n

if |x — y| 1s small enough.
From these computations we have obtained uniform convergence of u® along a subsequence,

u® —u, as & — 0,

uniformly in Q. Finally, we observe that the uniform limit of u® is a viscosity solution to the limit
PDE problem. This follows from the same computation done in the proof of Theorem 3.3. We observe
that Lemmas 7-9 include the case where each eigenvalue is selected once, that is the Monge-Ampere
equation. This concludes the proof of Theorem 3.
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5. A different game for the Monge-Ampere equation

One can also study a game for Monge-Ampere in which the possible movements are not discrete.

In fact, for a small & and a fixed matrix A € S" consider the following random walk in a bounded
domain €, from x the next position is given by x + Ay with y € B.(0) being chosen with uniform
distribution in B,(0). If we fix a final payoff function g in RV \ Q and we set

Vo(x) = E*(g(xr))

with 7 the first time when this random walk leaves the domain (7 is a stopping time for this process),
then, it follows that v° verifies

Vvi(x) = J[ Vvi(x + Ay) dy
B:(0)
for x € Q and v*(x) = g(x) for x € RV \ Q. These value functions converge to a solution to
trace(A’D*uA) = 0 in Q,
u=g on 0Q).

Now, the game/control problem for Monge-Ampere runs as follows: at each turn the
player/controller choose a matrix A in the set

A={aeSV :detA=1and0<A < ).

Then the new position of the game goes to x + Ay with y € B.(0) chosen with uniform probability. We
add a running payoft T ,@’Jrz) (f(x)"N &% and a final payoff, g(x). In this case the DPP for the value of
the game reads as

N
u(x) = ian[ u(x + Ay)dy — =——— (f(x)'"" &%, (5.1)
ﬁiﬂ;‘(zz Be(0) e 2AN+2) !

This DPP is related to an asymptotic mean value formula for Monge-Ampere; see [3].
With similar ideas as the ones used before (assuming that € is strictly convex) one can show that

u® — u, as e — 0,

where the limit u is characterized as the unique convex viscosity solution to
det(D*u) = inf trace(A'D*uA) = f in Q,
dei(A)=1
u=g on 0Q.

Remark 18. Observe that for u® to be a solution to (5.1) it must be measurable so that the integral
in the right-hand side is well defined. Therefore, in the construction of a solution to the DPP by
Perron’s method (as in [17]) one has to take into account this measurability issue. The set of sub
solutions should be restricted to bounded measurable functions, and we have to check that if « and f
are bounded measurable functions, then 7'(x) given by

N
T(x)= inf ]( +Ay)dy - ———— VN g2
(x) ;‘iltz‘(;‘, o u(x + Ay)dy SN+ (f)) e
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is also measurable. This fact holds since the only problematic term is the uncountable infimum and we
have

diI}‘f 1)( u(x +Ay)dy = inf J( u(x + Ay) dy. (5.2)
et A= y
A<p(e)I B:(0) f(xiigv:/l" B:(0)

A<p(e)l

The right-hand side is a countable infimum and the equality (5.2) follows from the absolute continuity
of the mapping E +— fE u(y)dy.
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