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We consider two-player zero-sum differential games (ZSDGs),
where the state process (dynamical system) depends on the ran-
dom initial condition and the state process’s distribution, and the
objective functional includes the state process’s distribution and
the random target variable. Unlike ZSDGs studied in the exist-
ing literature, the ZSDG of this paper introduces a new technical
challenge, since the corresponding (lower and upper) value func-
tions are defined on P (the set of probability measures with finite
second moments) or Ly (the set of random variables with finite sec-
ond moments), both of which are infinite-dimensional spaces. We
show that the (lower and upper) value functions on Py and Lo are
equivalent (law invariant) and continuous, satisfying dynamic pro-
gramming principles. We use the notion of derivative of a function
of probability measures in P and its lifted version in L5 to show
that the (lower and upper) value functions are unique viscosity so-
lutions to the associated (lower and upper) Hamilton-Jacobi-Isaacs
equations, which are (infinite-dimensional) first-order PDEs on P,
and Lo, where the uniqueness is obtained via the comparison prin-
ciple. Under the Isaacs condition, we show that the ZSDG has a
value.
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1. Introduction

In this paper, we consider a class of nonlinear two-player zero-sum differen-
tial games (ZSDGs), where the state process (dynamical system) depends on
the random initial condition and the state process’s distribution (the law of
the state process), and the objective functional includes the state process’s
distribution and the random target variable. The main objectives of this
paper are to establish dynamic programming principles (DPPs) for lower
and upper value functions of the ZSDG, show that the value function is
the unique viscosity solution of the associated Hamilton-Jacobi-Isaacs (HJI)
equation, and prove that under the Isaacs condition, the ZSDG has a value.

(Deterministic and stochastic) ZSDGs and their applications have been
studied extensively in the literature; see [1, 2, 3, 4, 5] and the references
therein. Specifically, Rufus Isaacs [6] was the first who considered (determin-
istic) ZSDGs with applications to pursuit-evasion games. Elliott and Kalton
[7] introduced the concept of nonanticipative strategies for the players, which
was used in [8, 9] to obtain DPPs for lower and upper value functions of the
ZSDG, and show that the value functions are viscosity solutions to associ-
ated (lower and upper) HJI equations. The existence of the value of ZSDGs
and the existence of saddle-point solutions were studied in [7, 10, 11].

Later, the results of [8, 9] were extended to various other settings for
ZSDGs. We mention here a few references that are relevant to our paper.
The papers [12, 13] considered the class of games where the state and the
objective functional are described by coupled forward-backward stochastic
differential equations (SDEs). They used the so-called backward semigroup
associated with the backward SDE to obtain DPPs and the viscosity solution
property of the HJI equations. ZSDGs with unbounded controls were consid-
ered in [14]. The weak formulation of ZSDGs and the mean-field framework
of ZSDGs were studied in [15, 16, 17, 18], where in [15] path-dependent
HJI equations and their viscosity solutions were considered. Reference [18]
used the feedback approach to construct a suboptimal solution and prove
the existence of the value function. (Deterministic and stochastic) linear-
quadratic ZSDGs with Riccati equations were studied in [19, 20, 21, 22, 23]
and the references therein. Maximum principles for risk-sensitive ZSDGs
were established in [24], and for nonzero-sum DGs in [25].

There are numerous applications of ZSDGs. Pursuit-evasion games and
their applications to characterization of reachable sets for dynamical systems
were considered in [5, 4, 26, 27]. Optimal resource allocation, distributed
control problems and their applications can also be considered within the
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framework of ZSDGs [28, 5]. For particular applications of ZSDGs considered
in this paper, see the discussion in Examples 2.1-2.3 of Section 2.2.

We should note that for the (lower and upper) value functions of ZS-
DGs and the associated HJI equations studied in [2, 8, 9, 12, 13, 14, 15],
the state space is the standard finite-dimensional space. In our formulation,
however, the random initial condition and the law of the state process af-
fect the dynamical system, and the objective functional includes the state
process’s distribution as well as the random target variable. Hence, unlike
[2, 8,9, 12, 13, 14, 15], in this paper the state arguments of the (lower and
upper) value functions and the associated HJI equations belong to P (the
set of probability measures with finite second moments) and Ly (the set of
random variables with finite second moments) that are infinite-dimensional
spaces. This inherent infinite-dimensional feature introduces a new techni-
cal challenge, which has not arisen in [2, 8, 9, 12, 13, 14, 15]. This is the
challenge we tackle in this paper.!

The first main objective of the paper is to show that the (lower and
upper) value functions defined on [t,T] x Ps and [t,T] x Lo, where [t,T]
is a fixed time horizon, are equivalent to each other. This leads to the law
invariant property between the value functions on [t,T] x P and [t,T] X Lo,
which were not considered in the finite-dimensional case in [2, 8,9, 12, 13, 14,
15]. The (lower and upper) value functions on [t, T] x Lo are called the lifted
value functions. We also show that the (lower and upper) value functions on
[t,T] x Py and their lifted versions on [t,T] X Lo are continuous. The proof
of the continuity utilizes properties of the 2-Wasserstein metric and the flow
(semigroup) property of the state distribution, which are not needed in the
finite-dimensional cases studied in [2, 8, 9, 12, 13, 14, 15, 29].

The second main objective of the paper is to establish lower and upper
dynamic programming principles (DPPs) for the (lower and upper) value
functions. This provide recursive relationships of the (lower and upper) value
functions. Due to the law invariant property, the (lower and upper) DPPs on
[t,T] x Pa and the lifted (lower and upper) DPPs on [¢,T] x Lo are identical.
For the proof, we need to consider the interaction between admissible control
and nonanticipative strategies between the players.

IThe ZSDG of this paper is closely related to mean-field type games studied in
[16, 17, 18] (see Example 2.1 in Section 2.2). However, [16, 17, 18] considered weak
and open-loop formulations, where the DPPs, the HJI equations, and the viscosity
solution property of the value functions naturally do not arise. The problem for-
mulation, the approach used, and the main results of this paper are different from
[16, 17, 18].
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The third main objective of the paper is to show that (lower and up-
per) value functions are viscosity solutions of the associated (lower and up-
per) Hamilton-Jacobi-Isaacs (HJI) equations, which are first-order partial
differential equations (PDEs) on [t,T] x Py and [t,T] x L. Hence, un-
like [2, 8, 9, 12, 13, 14, 15], the HJI equations of this paper are infinite-
dimensional. We use the notion of derivative of a function of probability
measures in Py and its lifted version in Lo with the associated chain rule
introduced in [30, 31] to characterize the (lower and upper) HJI equations
and the viscosity solution property of the (lower and upper) value functions.
Furthermore, when the dynamics and running cost are independent of time,
by constructing the test function and using the law invariant property, we
prove the comparison principle of viscosity solutions, which leads to unique-
ness of the viscosity solution. In addition, under the Isaacs condition, the
lower and upper value functions coincide. This implies that the ZSDG has
a value, which is further characterized by the viscosity solution of the HJI
equation.

Finally, we provide numerical examples to illustrate the theoretical re-
sults of the paper. In particular, we observe that the value of ZSDGs consid-
ered in this paper is determined by the laws (distributions) of random initial
and target variables, whereas the value of classical deterministic ZSDGs is
obtained by explicit values of initial and target variables.

We note that different versions of the problem treated in this paper were
considered earlier in [32, 33]. However, in [32], the notion of nonanticipative
strategies with delay was used, which is hard to implement in practical situa-
tions. Moreover, the objective functional does not have the running cost, and
the state distribution and the random target variable were not considered
in [32]. The stochastic version of the problem of this paper was considered
n [33]. However, the comparison principle and therefore the uniqueness of
viscosity solutions were not shown. Hence, there is no guarantee that the
solution of the corresponding HJI equations characterizes the value function
n [33]. In summary, the problem formulation, the approach used, and the
main results of this paper are different from those of [32, 33].

The rest of the paper is organized as follows. Notations, including the
notion of derivative in Py and its lifted version in Lo, and the problem
formulation are provided in Section 2. The DPPs and the properties of
the (lower and upper) value functions are given in Section 3. The (lower
and upper) HJI equations and their viscosity solutions (including existence
and uniqueness) are given in Section 4. Numerical examples are provided
in Section 5. Several potential future research problems are discussed in
Section 6. Five appendices include proofs of the main results.
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2. Problem statement

In this section, we first describe the notation used in the paper, along with
some notions and properties. The precise problem formulation then follows.

2.1. Notation

The n-dimensional Euclidean space is denoted by R"™, and the transpose
of a vector x € R™ by z'. The inner product of z,y € R" is denoted by
(z,y) := x "y, and the Euclidean norm of z € R" by |z| := (z,z)=.

Let C(]0,T] x R™) be the set of all real-valued continuous functions de-
fined on [0, T] x R™. Let C*'([0,T] x R™) be the set of real-valued functions
defined on [0, T] x R™ such that for f € CH1([0,T] x R™), &, f(t, ) (the par-
tial derivative of f with respect to t) and 9, f (¢, ) (the partial derivatives of
f with respect to x) are continuous and bounded. Let A and B be Banach
spaces with the norms || - || 4 and || - |5, respectively. A function f : A — B is
Frechet differentiable at x € A [34, page 172] if there exists a bounded linear

operator D, f : A — B such that limy,, 0 ||f(x+h)_f(|f}3”_ADwf(x)(h)HB = 0.

Let (Q, F,P) be a complete probability space, and E be the expectation
operator with respect to P. We denote by P, the distribution (or law) of a
random variable z. Let E;.p, be the expectation for which the underlying
distribution (or law) is P,. Let £2(€2,R™) be the set of R™-valued random
vectors such that for x € L2(Q,R"), E[|z|?] < co. L2(9,R") is a Hilbert
space, with inner product and norm denoted by E[(z,y)] and ||z|z, =
E[|z|?]'/2, respectively [34, 35].

Let P(R™) be the set of probability measures on R", and P, := P,(R") C
P(R™) be the set of probability measures with finite p-th moment, p > 1,
ie., for any p € Pp(R") with p > 1, we have ([, |z[Pdp(z))P < oo. We
note that z € Lo(2,R") if and only if y = P, € P2(R"). For x € L2(Q,R"™)
with the associated law p € Pp(R™), we can write E[z] = [;, xdu(x). The
p-Wasserstein metric is defined by (see [36, page 40] and [37, Chapter 6]):

. 1
Wp('ul’ 'U2) = (Trel_ll(rlllfl‘ #2) /anan ‘x - y!pdw(x, y)) /p’

where i1, o € Pp, and II(p1, p2) is the collection of all probability measures
on R"xR"™ with marginals p; and pe, i.e. T(AXR™) = u1(A) and 71(R"x A) =
u2(A) for any Borel sets A C R™ [36]. Note that W5 can equivalently be
written as [37, Chapter 6]

Wa(p, po) = inf{||lz1 — 22|z, | 1,22 € L2(0,R")



224 Tamer Basar and Jun Moon

with Py, = p; and Py, = ,ug}.

One can easily show that W), is a metric; hence, P,(R") endowed with W),
p > 1, is a metric space. For p € Po(R"), let L5(R™) be the set of square-
integrable functions with respect to p.

We next provide the notion of derivative in Ps, and its lifted derivative
in L9, which are introduced in [30, 31]. Let € L2(€Q,R"™), which implies
p=Py € Po(R"). Let f: P2(R") — R. We introduce the lifted (extended)
version of f, F' : Lo(2,R™) — R, that is, for x € L3(2,R™) (note that
P, € Po(R"™)), F(z) = f(P,). While F is a function of the random variable,
f is a function of the distribution (law) of x. We say that f is differentiable at
P, € Py(R™), if its lifted version F' is Frechet differentiable at x € Lo(2, R™).
Let D, F(z) : £L2(£,R™) — R be the corresponding Frechet derivative. Then
D, F(x) is a bounded linear functional. Since £5(2,R™) is a Hilbert space
and its dual space is L£2(€2,R™), in view of Riesz representation theorem [35,
Theorem 3.4], for any y € L2(Q2,R™), there is a unique D, F(z) € L2(2,R™)
such that D, F(x)(y) = E[(D,F(x),y)]. This implies that the Frechet deriva-
tive can be viewed as an element of £2(€2, R™). In view of [30, Theorem 6.2],
D, F(x) does not depend on z, but depends on the law (distribution) of z.
Also, from [30, Theorem 6.5], there exists a function 0, f(u) : R" — R"
with 9 u(p) € L5(R™) such that 9, f(n) € L5(R™) is a derivative of f in
P2(R™), which can be represented as D,F(x) = 0,f(u)(z). Finally, con-
sider the dynamical system #(t) = f(x(t)) with (0) = 2o € L2(R"). Let
pt =Py € Po(R™) be the state distribution (or law) of the dynamical sys-
tem. Let v € C11([0,T] x P2(R™)). From the notion of derivative in Py, the
chain rule in Py is dv(t, py) = v (t, pue)dt + [, (Buv(t, pe) (), f(2))dpe (2)dt.
Note that for the lifted chain rule in Lo with V' € CY1([0,T] x L£2(2, R™)),
we have dV (t,z(t)) = 0,V (¢, x(t))dt + E[(D,V (¢, z(t)), f(x(t)))]dt.

2.2. Problem formulation

Consider the dynamical system on [¢,7] with the initial time ¢t € [0,7):

(1) (5) = T (s, afs) B, u(s), 0(s)),

where x € R" is the state with the random initial condition z(t) = x¢ €
L2(2,R™) having the law vy := P, € P2(R™), w € U C R™ is the control of
Player 1, and v € V' C R™2 is the control of Player 2. We assume that U and
V are compact. The set of admissible controls for Player 1, U[t, T], is defined
such that for w € U[t,T], u : [t,T] — U is a measurable function. The set
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of admissible controls for Player 2, V[t,T], is defined in a similar way. Let
U = U[0,T] and V := V[0,T]. In (1), PL"*™" € P,(R") denotes the law
(equivalently distribution) of the dynamical system at time s that is depen-
dent on the law of the initial condition v, (see Remark A.1 in Appendix A),
as well as v and v. We introduce the following assumption:

(H.1) f: [0,T] x R" x P(R") x U x V — R" is bounded, where f is
continuous in (¢,u,v) for each v € P(R"), and satisfies the Lipschitz
condition: for t € [0,T],u € U, v € V, z1,21 € R" and 11,2 € P(R")
and for K > 0, it holds that |f(¢,z1,v1,u,v) — f(t, z2,v0,u,v)| <
K(|$1 - SE2| + Wl(ljl, 1/2)).

Then, for zp € R", (1) admits a unique solution on [0, 77 [38, 39].

Let z € L2(Q, R™) with the law v, := P, € Py(R™), which is independent
of xg. Here, z is the target variable in the objective functional (see (2) and
Remark 2.1). Let y := (z9,2) € L2(Q, R") x Lo(Q,R") =: (L2(Q, R"))? with
the law given by v := (v, 1,) = Py € P2(R") x P2(R") =: (Pa(R"))2. The
objective functional for the two-player ZSDG in this paper is then given by

(2) J(t, vy, vy u,v) = J(t,v;u,v)
= J(t,.’Eo,Z;U,U) = J(t’y;uvv)

= E(a ) [ /t ) (s, 2(5), LY u(s), v(s))ds + m(x(T), z)} ,

where J is cost to Player 1 (minimizer) and payoff to Player 2 (maximizer).
Note that the notation in the first line of (2) indicates that J is defined on
[0,T] x (P2(R™))? x U x V, whereas the notation in the second line of (2)
stands for J as a functional on [0, T] x (£2(€2,R™))? xU x V, and the two are
equivalent because of the correspondence between Lo and Ps discussed in
Section 2.1. Let J(u,v) := J(0, vy, vy;u,v) = J(0,z0, 2; u,v). We introduce
the following assumption:

(H.2) 1:]0,T)xR"xP(R")xUxV — Ris bounded, where [ is continuous
in (¢, u,v) for each v € P(R™) and satisfies the Lipschitz condition: for
t € [0,T], u e UyveV, z,z0 €R" and vi,v9 € P(R™) and for
K > 0, it holds that [I(¢, 1, v1,u,v) —l(t, 2, v, u,v)| < K(|z1 — 22| +
Wi(vy,12)). Also, m : R” x R™ — R is bounded, which is Lipschitz
continuous in (x, z) with Lipschitz constant K > 0.

Remark 2.1. The random variable z included in the terminal cost m of
(2) is called the target variable, which captures the constraint of the state
process at the terminal time. Specifically, given z, m can be used such that
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the distance between the law of the state process and the target distribution
(the law of z) can be optimized via the control processes u and wv.

We next state the notion of nonanticipative strategies for Player 1 and
Player 2; see also [2, 8, 9, 12, 21].

Definition 2.1. A strategy for Player 1is a mapping o : V — U. A strategy
for Player 1 is nonanticipative if for any s € [¢t,T], and vi,v2 € V, v1(5) =
vo(8) for § € [t, s] implies that a(v1)(8) = a(ve2)(8) for 5 € [t, s], this being
true for each ¢t € [0,T]. The set of nonanticipative strategies for Player 1 on
[t,T] is denoted by A[t,T]. Let A := A[0,T]. A strategy for Player 2 is a
measurable mapping 5 : U4 — V. A nonanticipative strategy for Player 2 is
defined in a similar way as Player 1’s. The set of nonanticipative strategies
for Player 2 on [t,T] is denoted by B[t,T]. Let B := B[0,T].

Using Definition 2.1, for ¢ € [0,7] and v = (v, v,) € (P2(R"))?, the
lower value function for (2) is defined by L : [0, 7] x (P2(R"))? — R with

(3) L(t,vy,v,) = L(t,v):== inf  sup J(t,v;a(v),v),
a€A[LT] ye V[t T

and the upper value function is defined by M : [0, 7] x (Pa(R™))? — R with

(4) M(t,vy,v,) = M(t,v):= sup inf J(t,v;u,B(u)).
BeBt,T) weU[t,T]

Note that L(T,v) = M(T,v) = [gn, g« m(z,2)dv(z, z). Unlike the deter-
ministic case, (3) and (4) are parametrized by the initial time, the initial
distribution (law) of (1), and the target distribution in (2).

For t € [0,7] and y = (z,2) € (L2(Q, R"))?, define the lifted lower value
function, L : [0, 7] x (£2(£2,R"))? — R with

(5) L(t,z,2z) =L(t,y) := inf  sup J(t,y;a(v),v),
a€A[tT] yeV[t,T)

and the lifted upper value function, M : [0, T] x (L2(Q,R"))? — R with

(6) M(t,z,2) = M(t,y) := sup inf J(t,y;u, B(u)).
BeB[t,T] wEU[,T]

Note that L(T,y) = M(T,y) = Ey~,[m(z, z)]. As mentioned in Section 2.1,
the lifted value functions depend on only the law of y = (z, 2).2

2The value functions and their lifted versions are defined based on the nota-
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Remark 2.2. Unlike ZSDGs in [2, 8, 9, 12, 13, 14, 15], the lower and
upper value functions in (3)—(6) are defined on infinite-dimensional spaces
Py and L.

Before concluding this section, we provide a few examples of ZSDGs that
fit into the framework laid out above.

Example 2.1. The state dynamics in (1) can be regarded as a McKean-
Vlasov dynamics, where the evolution of the state process depends on its
distribution. This is closely related to mean-field games and mean-field
type control, which have been studied extensively in the literature, par-
ticularly, for reducing variation of random effects on the controlled pro-
cess and macroscopic analysis of large-scale interacting multi-agent systems
[40, 31, 41, 42, 30, 43, 44, 45, 38, 46, 17, 18, 47]. For example, we may take
F(t2(t), Ela (D), (), o(t)), 1(t, 2(t), Ela (D), u(t), v(#)) and m(a(T), E[o(T)])
to optimize the objective functional under the mean-field effect. Notice that
if | =0 and J(u,v) = E[z?(T)] — (E[z(T)])?, then what we have is a class of
mean-variance optimization problems.

Example 2.2. In statistical learning theory and its applications, we often
need to optimize the worst-case empirical criterion (or risk) [48]. Specifically,
assume that (2, 2*),i = 1,..., N, is an i.i.d. random pair sampled according
to v = (vg,v;) € (P2(R™))?. Consider

1 N T A . .
TN (wv) = %> [ /0 1t 29 (1), u(t), v(t)dt + m(z(T), 27
i=1
2O(t) = f£(t, 29 (t),u,v), 200) =2, i=1,... N.

Note that we have limy_, & SN 2i(t) = E[(t)] almost surely in view of
the law of large numbers, which, together with (H.1) and (H.2) implies that
limy o0 JV (u,v) = J(u,v). Hence, from the minimization point of view,
the class of ZSDGs of this paper can be viewed as worst-case empirical
optimization when the sample size N is arbitrarily large.

tion in (2). Note that the value functions and their corresponding lifted versions
are deterministic and identical, where the detailed proof of the latter is given in
Lemma 3.1. As stated in Section 2.1 and [30, 31], the motivation for introducing
the lifted value functions on Lo is to utilize the notion of derivative in L5, which
allows us to characterize the explicit derivative of the (inverse-lifted) value function
on Ps. Note that Lo is a Hilbert space, but Py with the Wasserstein metric is not.
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Example 2.3. Consider the two adversarial vehicles model:

J(ua U) = E(xo,z)wu U‘T(T) - ZH

z1(t) —Uq + vy cos x3(t) + v(t)za(t)
z(t) := [Z2(t) | = vpsinxs(t) — v(t)z1(t) ,
3(t) u(t) —v(t)

where z(0) = z¢ is the random initial condition, z is the random target
variable, vy, vp > 0 are constants of the two vehicles and u, v are velocities of
the two vehicles [26]. When specialized to this setting, the class of ZSDGs in
this paper can be seen as a pursuit-evasion game of two vehicles with random
initial and target pair. Its deterministic version with different settings and
applications to characterization of reachable sets were studied in [4, 5, 26,
27], and the references therein.

3. Dynamic programming principles

In this section, we obtain the dynamic programming principles (DPPs) for
the lower and upper value functions.

We first provide some properties of the value functions. The following
lemma shows that the value functions are law invariant. The proof can be
found in Appendix A.

Lemma 3.1. Suppose that (H.1) and (H.2) hold. Then we have L(t,v) =
L(t,y) and M(t,v) = M(t,y) for any y = (z, 2) € (L2(Q, R™))? with the law
of y being v = (vp,vz) € (P2(R™)?, ice., v =Py =P, ) € (P2(R™))2.

The next lemma shows the continuity of the value functions. The proof
is provided in Appendix A.

Lemma 3.2. Suppose that (H.1) and (H.2) hold. Then the lifted value
functions in (5) and (6) are continuous in (t,y) € [0,T] x (L2(2,R™))2,
Furthermore, the value functions in (3) and (4) are continuous in (t,v) €
[0, 7] x (P2(R™))?.

We now obtain in the following theorem the DPPs, whose proof is given
in Appendix B.

Theorem 3.1. Suppose that (H.1) and (H.2) hold. Then for any y =
(z,2) € (L2(Q,R™)? with v := (vg,v,) = Py € (P2(R"))? and t,t+7 € [0,T]
with t < t + 7, the lifted lower and upper value functions in (5) and (6),
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respectively, satisfy the following DPPs:

t+7
(7) L(t,z,z) = inf sup  Eg )~ {/ I(s, z5* Wi (v), v,
a€A[tt+T] eVt 4] t

PLY= o (v)(s), v(s))ds + L(t + 7, 207w, z)]
t+7
(8) M(t,z,z) = sup inf K.y [/ (s, at@veuB),
BEBIt t+7] WEULT+T] ¢

PLY0) (s), B(u)(s))ds + M(E+ 7,2y, 2)]

Equivalently, for any y = (x,2) € (L2(,R™))? with the law v = (vy,v.) =
P, € (P2(R™))? and t,t+7 € [0,T] with t < t+7, the lower and upper value
functions in (3) and (4), respectively, satisfy the following DPPs:

(9)  L(t,vg,vs)

t+T1
— inf / / s, .It z,Ve;a(v), v7 ]P;Z,I/I;CM(U),U7
€At t+7] vEV[t t+7—] n

a(v)(s), () APL ) (2)ds + L(t + 7, Py, v) |
(10) M(t,vy,vy)

t+7
= sup inf / / s, ahvainBu) phreiublu)
BEBIt t+7] WEU[t,t+T] n

u(s), Bu)(s))dBL 70 (@)ds + M (¢ + 7, P v |
4. HJI equations and viscosity solutions

In this section, we address the issue of the lower and upper value functions
being unique viscosity solutions of the associated Hamilton-Jacobi-Isaacs
(HJI) equations, which are first-order partial differential equations defined
on infinite-dimensional spaces, particularly Ps and Ls.
The lower HJI equation on [0, 7] x (Po(R™))? is given by
) {8tL(t, Vi,vs) + H™(t,,8,, L(t, vy, v2)) = 0
L(T, vz, v2) = [guyge m(z, 2)dv(z, 2)
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and the upper HJI equation on [0, 7] x (Po(R™))? is as follows:

12 {atM(t, Vg, v5) + HY (80,8, M(t,vg,1,)) = 0

M(T, vz, v2) = Jposge m(@, 2)dv (2, 2)
where H=, H* : [0, T] x (P2(R"))? x L5*(R") — R are the Hamiltonians:

(13)

H™ (t,v,p) = 18)161‘13 ggg{/n[(p,f(t,x,yx,u,v» +U(t, z, Vx,u,v)]dyx(m)}

1 (tvp) = if sup{ [ (00, v00,0)) 418202 0,0l 0)
UEUUEV R~

Viscosity solutions to (11) and (12) are defined as follows; see also [49,
12, 2, 9, 8, 13, 29] and the references therein:

Definition 4.1. (i) A real-valued function L € C([0,T] x (P2(R"))?) is
said to be a viscosity subsolution (resp. supersolution) of the lower HJI
equation in (11) if L(T,v) < [pu, ge m(z, 2)dv(x, 2) (vesp. L(T,v) >
Jansgn m(x, 2)dv(z, 2)) for v € (P(R™))?, and if further for all test
functions ¢ € C11([0,T] x (P2(R™))?) and (t,v) € [0,T) x (Po(R™))?,
the following inequality holds at the local maximum (resp. local mini-
mum) point (¢,v) of L — ¢:

oho(t,v) + H™ (t,v,0,, ¢(t,v))

0
(vesp. rb(t,v) + H(t,1,0,,6(t,)) < 0

IN IV

).

(ii) A real-valued function L € C([0, T] x (P2(R™))?) is said to be a viscosity
solution of (11) if it is both a viscosity subsolution and a viscosity
supersolution. The viscosity subsolution, supersolution, and solution
of the HJI equation in (12) are defined in similar ways.

The following theorem, whose proof is given in Appendix C, now estab-
lishes the viscosity solution property of the value functions in (3) and (4).

Theorem 4.1. Suppose that (H.1) and (H.2) hold. Then, the lower value
function L is a viscosity solution to the lower HJI equation (11). The upper
value function M is a viscosity solution to the upper HJI equation (12).

With the lifted value functions, the lifted lower and upper HJI equations
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are given by

(14) {8tL(t, z,2) +H (t,y, D L(t,z,2)) =0
L(T,z,z) = E[m(, 2)]

(15) {@M(t’xv 2) + H* (¢, y, D,M(t, z, 2)) = 0
M(Tv €, Z) - E[m(gﬂ, 2)] )

where H™, H™ : [0, 7] x (L2(£2,R™))% x L2(2, R™) — R are the (lifted) Hamil-
tonians defined by

(16) H™ (t,y,p) := sup inf E[(p,f(t,x,yx,u, v)) + l(t,a:,yx,u,v)]
veV uel

H*(¢,y,p) := inf supE[(p,f(t,x,Vm,u, v)) + l(t,a?,l/x,u,v)].
uel yev

See Section 2.1 for the notion of derivative in Lo and its relationship with
the derivative in P5. As stated in Section 2.2, from the definition of the value
functions (5) and (6), the lifted HJI equations (14) and (15) are dependent
on the law of (z, z).

Remark 4.1. (i) From Remark 2.2, the HJI equations in (11), (12), (14)
and (15) are defined on infinite-dimensional spaces.

(ii) The definition of the viscosity solution for the lifted HJI equations in
(14) and (15) (the solution belongs to C([0,T] x (L2(£2,R™))?)) is iden-
tical with Definition 4.1, except that we need to use the test function
¢ € CHH([0,T] x (L2(2,R™))?) and (14)—(16) instead of (11)-(13).

We have the following result, whose proof is similar to that of Theo-
rem 4.1.

Proposition 4.1. Suppose that (H.1) and (H.2) hold. Then, the (lifted)
lower value function L is a viscosity solution to the (lifted) lower HJI equa-
tion in (14). The (lifted) upper value function M is a viscosity solution to
the (lifted) upper HJI equation in (15).

Next, we state the comparison results of the viscosity solutions in The-
orem 4.1 and Proposition 4.1, with the proofs relegated to Appendix D. We
need the following assumption:

(H.3) f and [ are independent of ¢.
Theorem 4.2. Assume that (H.1)-(H.3) hold. Then:
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(i) Suppose that Ly (resp. My) and Lo (resp. Ms) are bounded and Lip-
schitz continuous wviscosity subsolution and wviscosity supersolution of
(11) (resp. (12)), respectively. Then, the following result holds:

(17) Li(t,v) < La(t,v), Y(t,v) € [0,T] x (P2(R™))?
M (t,v) < Ma(t,v), ¥(t,v) € [0,T] x (Po(R"))?

(ii) Suppose that Ly (resp. M1) and Lg (resp. Ma) are bounded and Lip-
schitz continuous viscosity subsolution and viscosity supersolution of
(14) (resp. (15)), respectively. Then, the following result holds:

(18) ]Ll(tv y) < LQ(tay)7 v<t7y) € [OvT] X <£2(97Rn>)2
Ml(tay) < M?(ta y)v V(t,y) € [O)T] X (EQ(Qan))Q

Based on Theorem 4.2, we have the following uniqueness result. The
proof is given in Appendix E.

Corollary 4.1. Suppose that (H.1) and (H.2) hold, and that the (lower
and upper) value functions are bounded. Then, the lower (resp. upper) value
function in (3) (resp. (4)) is the unique viscosity solution to the lower (resp.
upper) HJT equation in (11) (resp. (12)). Also, the lifted lower (resp. upper)
value function in (5) (resp. (6)) is the unique viscosity solution to the lifted
lower (resp. upper) HJI equation in (14) (resp. (15)).

Remark 4.2. In view of Corollary 4.1, by solving the lower (resp. upper)
HJI equation in (11) or (14) (resp. (12) or (15)), we can characterize the
lower (resp. upper) value function of the ZSDG of this paper.

To proceed further, we now introduce the Isaacs conditions:
H=(t =H"(¢

(19) _(7V7p) +(?V?p)

H™(t,y,p) =H"(t,y,p)

Note that due to the law invariant property, the conditions in (19) are equiv-
alent. Then under the Isaacs condition, we have the following result, whose
proof can be found in Appendix E.

Corollary 4.2. Suppose that (H.1)—(H.3) and (19) hold. Assume that the
(lower and upper) value functions are bounded. Then, the ZSDG has a value,
ie., L(t,v) = L(t,y) = M(t,y) = M(t,v) for (t,v) € [0,T] x (P2(R"))? and
(t,y) € [0,T] x (L2(Q,R™))2. Moreover, the value function is the unique
viscosity solution to the HJI equation with H := H~ = H* in (11) and
(12), and H := H~ = H" in (14) and (15).
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Remark 4.3. Corollary 4.2 implies that the viscosity solution to the HJI
equation characterizes the value of the ZSDG formulated in Section 2.2.

5. Numerical examples

This section provides two numerical examples. For the HJI equations in Sec-
tion 4, assume that T' =1, f(t, x, vz, u,v) = H%*’flk sin(z)dv, (z)+u—0.1v,
U(t, @, vz, u,v) = sin(z) + [p xdvy(z) +u — v and m(z, z) = sin(x) — z. Also,
U=1[0,1], V =[0,1], and x and z are independent Gaussian random vari-
ables with mean zero and variance one (equivalently, v, and v, are Gaussian
measures). Note that the target variable z is included in the terminal cost
m. The ZSDG formulated in this section can be regarded as a class of mean-
field type control (Example 2.1) and pursuit-evasion games (Example 2.3).
Due to the random initial and target variables, and the dependence of f and
[ on v,, the problem cannot be solved using the existing theory for ZSDGs.
Note that (H.1)-(H.3) hold. Since the corresponding Hamiltonian is sep-
arable in w and v, the Isaacs condition in (19) holds. Hence, from Corol-
lary 4.2, the ZSDG has a value that can be characterized by solving the
following HJI partial differential equation (PDE) in (14) and (15)3:

{atG(t, z,z) +E[D,G(t,, Z)Tlac? + D, G(t,x,2) [ sin(z)dvy(z)] =0
G(1,z,z) = E[sin(x) — 2] =0

Moreover, from (11) and (12), the HJI PDE above is equivalent to*

Gt vy, v2) + [ 00, G(t, Vs, Z/Z)(a:)ﬁ((m)dx
+ Jo O, G(t, Ve, v2)(2) [ sin(z)dv,(z)¢(x)dz =0
G(1L,vp,v2) = [psin(z)((x)dz — [ 2¢(2)dz =0

where ( is the Gaussian probability density function. Here, we have utilized
the fact that for any mean zero and variance one Gaussian random variable
x with the law v, = P, Efsin(z)] = [ sin(z)dv,(z) = [; sin(z)¢(x)dz = 0
and E[z] = [, xdv,(2) = [ 2¢(x)dz = 0. We can easily see that G(t, z, z) =
G(t,vg,v,) = 0 is the unique solution to the above PDE, which is the value
of the ZSDG. This shows that the value of the ZSDG of this example is

31t is the lifted HJI equations in (14) and (15) when H := H~ = H*. From the
definitions of H~ and H™, the PDE is obtained after carrying out the maximization

with respect to v and the minimization with respect to u.
1t is the HJI equations in (11) and (12) when H := H~ = H*.
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value

04
0.2

time t 0 2 " statex

Figure 1: The value of the ZSDG for the second example when z = 0.

zero, which is determined by the laws (distributions) of random initial and
target variables. Note that, in this example, the game value is independent
of explicit values of the initial and target variables.

For the second example, with the same f, [ and m as in the first example,
assume now that v, and v, are Dirac measures. Then, the associated ZSDG
is reduced to the classical deterministic ZSDGs studied in [2, 8, 1], where
the state argument of the value function is in R™. The HJI equation then
becomes

0:G(t,z,z) + D;G(t, z, z)(ﬁ + sin(x)) +sin(z) + =0
G(1,z,z) =sin(x) — =z

Its solution is depicted in Fig. 1 when z = 0, which is defined on [0, 1] x
[—2,2]. In this example, we have used the finite-difference method to ap-
proximate the viscosity solution [50].

As seen from the two examples above and the results in the previous
sections, the values of the class of ZSDGs considered in this paper depend
on the laws (distributions) of random initial and target variables, whereas
the values of the classical deterministic ZSDGs are determined by ezplicit
values of initial and target variables.

6. Concluding remarks

We have studied, in this paper, a class of two-player zero-sum differential
games, where the dynamical system depends on the random initial condi-
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tion and the distribution of the state process, and the objective functional
includes the latter as well as a random target variable. The (lower and up-
per) value functions are defined on two infinite-dimensional spaces, Py and
Lo, which satisfy the dynamic programming principles. By using the no-
tion of derivative in Py and its lifted version in L, the (lower and upper)
value functions are shown to be unique (continuous) viscosity solutions to
associated (lower and upper) HJI equations, which are first-order PDEs on
infinite-dimensional spaces. Under the Isaacs condition, the lower and upper
value functions are identical, which implies that the ZSDG has a value.
One possible future research topic would be to study the stochastic
framework of ZSDGs in this paper as an extension of [33], in which there
is an additive Brownian noise in (1) and the corresponding diffusion term
depends on the state, the law of the state process, and the control variables.
This requires the notion of the second-order derivative in Py and its lifted
version in L9 to obtain DPPs, second-order HJI equations, and their vis-
cosity solutions. Another direction would be the risk-sensitive ZSDGs. The
problem of characterization of reachable sets, which can be viewed as an
application of ZSDGs in this paper (see Example 2.3), would also be an
interesting avenue to pursue. In this case, the major challenge would be to
solve the HJI equation numerically in the infinite-dimensional space. Finally,
the extension of the rational expectations models considered in [51] to the
continuous-time framework is an interesting problem to study.

Appendix A. Proof of Lemmas 3.1 and 3.2

Remark A.1. (i) For (1), let z(t) = x be the initial condition of (1) at
the initial time ¢ € [0,T). Assume that z is distributed according to
Ve € Po(R™). The law of the state process is denoted by P4 for
s € [t,T]. Then, we can easily show that PL"* ™" e Py(R") satisfies

(A1) PLvemy < LB 0 <t <p <5<,

for any v, € P2(R"™), v € U and v € V. That is, the law of the state
process (A.1) satisfies the semigroup or flow property.
(R RV TRY) b, v su,v

(ii) We use the notation xg = z(s), s € [t,T], with z;
x(t) = x to emphasize the initial condition and the initial time.

Proof of Lemma 3.1. We prove (i) only, since the proof of (ii) is similar to
that of (i). Consider the two initial pairs of random vectors y = (z,z2), § =
(Z,2) € (L2(Q,R™))? having the same law (distribution), i.e., v = P, ) =
Pz, € (P2(R™))?. Since the objective functional in (2) does not depend on
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the random variables, but depends on the law of the initial random pair, we
have J(t,y;u,v) = J(t,y;u,v) = J(t,v;u,v) for uw € U[t,T] and v € V[t,T].
This, together with the fact that o € A[t,T] and v € V[t,T] are not de-
pendent on the law of the initial random pair, implies that J(¢, y; a(v),v) =
J(t,g; a(v),v) = J(t,v;a(v),v) for a € A[t, T] and v € V[t,T]. Then, from
the definitions in (3) and (5), we have the desired result. O

Proof of Lemma 3.2. We prove here the continuity of only the lower value
functions (L and L), since the proof for the upper value functions (M and
M) follows along similar lines. In the proof below, a constant ¢ > 0 can
vary from line to line, which depends on the Lipschitz constant ((H.1) and
(H.2)).

Let y = (z,2) € (L2(2,R™))? be the initial and target pair having the
distribution (law) v = (vg,12) = P,y € (P2(R™))% We apply a similar
argument to the notation y; = (z;,2;) and v; = (v,,,v,,) for i = 1,2. Let

€ [0, 7], with ¢1,t2 € [t,T]. Then by using (H.1), Gronwall’s lemma, and
the fact that P2(R"™) C P1(R™) and Wi (vg,, Vs,) < Wa(va,, Va,) [37, Chapter
6], we have

S ) < 1 2

(A.2) E[Sutpse[t 1 lzs 1 T —a 2] < Rl — ],
E[‘xtla: Vol tzac VI,UUH < C‘tl _ t2|,
E[supse[t 7) |xt e U xé’xz’ywz;u’vﬂ < Wave,, Va,)

In view of the definition of the Wasserstein metric, Holder inequality,
and the definition of the norm || -||z,, the preceding estimates in (A.2) imply
that
(A.3) Wy(PLv=wv 1)

it (B [Jafrne - gl 2] |

z1,22 € L2(Q,R") with P, = v, and Py = v, } < |t — s,
where the inequality follows from (A.2). Moreover, we have

(A4) W2 (]P)t Wy Uy v’ IP)?VIQ;u,v)
< cmf{EHxl — :U2|2]1/2 |
x1, %2 € L2(Q,R") with Py, = vy, and Py, = v, }

= CWQ(V$17VLB2)7
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where the inequality follows from (A.2), the definition of the 2-Wasserstein
metric, and Holder’s inequality. Then, using (A.1), (A.4) and (A.3), together
with the distance property of Was, we have

t2,Vpgiu,v

(A5) W2( tl Wy iU, ’U’]:P)i%’/mz;uvy) W2( t17V11'17u U7 ]PJil’P ,’U,,’U)
< W, P ")
t2,Vay iU,
< WV, V) + Wats, PE2Y) < cWaup,, van) + ety — tal.

Furthermore, with the estimates in (A.2), and (H.1) and (H.2), for any
t €[0,T), t1,ta € [t,T], and y, y1,y2 € (L2(2,R"))2, we have for v € U[t, T]
and v € V[t,T],

(AG) |J(t17y;ua U) - J(t27y;uav)| < C|t1 - t2|
<A7) ‘J(tu yl;u7v) - J<t7y2;u7v)’
< cllzr = wallz, + cllz — zollz, + Walve, s va, ).

The convergence in L£5(€2,R™) implies convergence in P2(R™) with re-
spect to Wa, ie., ||zn, — x|z, = 0 as n — oo implies Wa(vp,v) — 0 as
n — oo [37, Theorem 6.9]. Also, |sup h(x) — sup g(x)| < sup |h(z) — g(z)|
and |inf h(z) — inf g(z)| < sup|h(x) — g(x)|. Then, from (A.6) and (A.7),
and the definition of L, we can easily see that L is continuous in (t,y) €
[0,T] x (L2(02,R™))%.

For the continuity of L, we consider the following equivalent form of the
objective functional in terms of v € (P2(R"))%:

J(t,v;u,v) / / 5, gL TV PLVSY g (6) (5))dPLYE Y () ds
/ m( ;xu,uvy )d(PtV’“uv Vz) (x’z)
R?» xR"™

Then, with (H.1), (H.2), (A.2) and (A.5), we apply the definition of the
Wasserstein metric and [32, Lemma 3] to show that

(AS) |J(t7 Vl;u)v) - J(t7 ll2;U,’L))| < C(WQ(VQZN VIE2) + WQ(VZUVZ2)>'

Note that (A.6) and (A.8) imply that J is continuous in (t,v) € [0,T] x
(Po(R™))? for any u € U[t, T] and v € V[t,T]. Then, by following the proof
for the continuity of L, we can show that L is continuous in (¢,v) € [0,T] x
(P2(R™))2. This completes the proof. O
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Appendix B. Proof of Theorem 3.1

We prove (9) only, since the proofs for (7), (8) and (10) are similar to that
for (9). Let ¢,t + 7 € [0, 7] with t < ¢t + 7. For any v € (P2(R"))?, let

t+71
L(t,vy,v,):= inf / / s, LTV (v), v7[p>?l/z;a(v),v7

a€A[t t+7] vEV t t+7']

a(0)(s), v(s))APL= ) (@)ds + L(t+ 7, P50, v) |

We need to show that L(t, vy, v.) = L(t, Vs, vs).
For any € > 0, there exists o € A[t,t + 7] such that

(B.1) L(t,ve,vs)
t+7
> sup / / s, xtwuz, o' (v),v Ptum, (v)v
vEV[t t+7] n
o/ (v)(s), v(s))dPL= )0 (2)ds + L(t + 7, PLs ”,yz)} e

Similarly, in view of the definition of the value function, for any € > 0, there
exists o’ € A[t + 7,T] such that for any x € R" with v, € P2(R"),

(B2)  L(t+r, B,

t—i—Ta: Vg (V)0 it (v),v
> sup / / @ pt (),
UEV[H-TT t+7 JR"

a”(v)(s), v(s)) AP 10 (@) ds

+ / m(x?—ﬂz,um;a (U),U’ Z) d<P;+T,Vw;CX (v),v, Vz) (x7 Z)}
R™xXR™

Define o € A[t,T] such that for v € V[t,T], a(v)(s) = &/ (v)(s) on s €
[t,t +7) and a(v)(s) = ' (v)(s) on s € [t + 7,T]. Then, from (A.1), (B.1)
and (B.2), we can show that

t VU, Vy) + 2€

> [ ot B0, )(6), (6] B )

[ e ) a (B ) (o),
R™xXR™
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which implies
(B.3) L(t,v) < L(t,v) + 2e.

On the other hand, for any € > 0 and v € V[t, T, there exists o/ € Alt, T
such that

(B.4)

L(t,vg,v,) + €

ot / / e 0 P 00, of (u)(s), v(s)dBY 0 (2)ds)

vEV [t,T]

+ / m(x?-?;’VT;a (U),U’ Z) d<]}]}§:’/m§a/(v)vv’ VZ) (x’ Z),
R xR™

and by restricting o/ to [t,t + 7|, we have
(B.5)  L(t,vs,vs)

t+1
< sup {L(t + 7, Pii’:;a(v),v7 Vz) + / / l(S xt T,Va500 (v),v7
vEV[t,t4T] t n

PLY (0 o () (s), 0(s)) AP ) () ds .

The inequality in (B.5) implies that for each € > 0, there exists v' € V[t, t+7]
such that

= t+1
(B.G) L(t VI’Vz) < L(t 4T Pﬁ::—’a / / s l,tacu,,a v ),v
Pg,yz;a/(vl)’v/’ O[/('U/)(S) ( )) ]P)t l/z,a U’ 7 ( )ds Le

Similarly, for any e > 0, there exists v € V[t + 7,T] such that, for any
z € R” with v, € Po(R™),

(B?) L(t + 7, Pii:?a/(v/)m/’ Vz)

t T; ’ 1" s 17 t s T; ’ " s 1"
</ m(ZL‘ +7,2,V;0 (v),v ’Z)d<]P>T+TV o' (v"),w ,Vz) ('r’z)
R"XR"

t+T,z,l/z;o/(v”),v” ]P)t-‘rT,Vz;O/(UN),’UN
s g 5
t+7 JR®

v")(s), v”(s))dIP’Z*T”’“a/(”N)’”” (x)ds +e.
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'(s)on s € [t,t+7) and v(s) = v"(s)
with 7, i.e., &/(v)(s) = o/ (v')(s) on
on s € [t + 7,T]. Then, from (A.1),

We define v € V[t, T| such that v(s) = v
on s € [t+ 7,T]. Consider o € Alt,T]

€ [t,t+7) and o/ (0)(s) = o/ (v")(s)
(B.6) and (B.7),

L(t, Vg, Vz) < /

R xR™

t,x, V0l (0),0 otV (0),0
// 5, ghovei ()0 plueial @)

(s),(s))dPL7=5@ ()2 (2)ds + 2e.

m(xt N " (17),177 Z) d (P?‘l@;a’(ﬂ),ﬂ’ Vz) (x’ Z)

This, together with (B.4), implies that

(B.8) L(t,v) < L(t,v) + 3e.

Since € was arbitrary, in view of (B.3) and (B.8), L(t,v) = L(t,v); hence,
we have the desired result.

Appendix C. Proof of Theorem 4.1

In view of Lemma 3.2, L € C([0,T] x P2(R™)). We now prove that the value
function L in (3) is a viscosity supersolution of (11). From the definition of
the value function and (9) in Theorem 3.1, we have ¢(T,v) = L(T,v).

From the definition of the viscosity supersolution (Definition 4.1(i)), for
any ¢ € CH1([0,T] x P2(R™)), L(t,v) — ¢(t,v) < L(t',v') — ¢(t', /') for all
(t',v) with |t — ¢/| + Wa(v,') < § with some § > 0. Let t = t + 7 and
vV = (V,v,), satisfying || + Wa(v,,v)) < 6. Moreover, without loss of
generality, we may assume L(t,v) = ¢(t,v).

Then, in view of the DPP of (9) in Theorem 3.1,

d)(t, Vg, Vz) = L(t, Vg, l/z)
t+1
= inf sup / / s a:t V50 (v),v Pt I/I,a(v),v
a€Alt,t+7] VEV[tt+1] n
a(v)(5), v($))APL" " (@)ds + Lt + . By, v) |

and

t+1
(C.1) inf sup / / s, :ct vz (v), v,p;,um;a(v),v, a(v)(s),

€Al t+T] eVt t+7]
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v(s))dPL= 0 (2)ds + p(t + 7, Pr0h VZ)} — (t, vy, vs) < 0.

For o € A[f,7] and v € V[T|, inf,eqpn /@t viu,v) <
supyeyy, 1 J (¢, v; @(v), v), which implies that

su inf J(t,v;u,v) < inf sup J(t,v;a v) = L(t,v).
o et VS iy SEyy T W) = HEY)

Hence, with (C.1), we have

t+1
sup mf / / s, xta:um,uv Ptux,uv ( )’
’UEV[t t+T uGZ/l[t t+7’] n

v(s))dPLY="Y (2)ds + ¢(t + T, Pi:;’u Y, VZ)} — o(t, vy, v,) <0.

For each € > 0 and small 7 with |7| < ¢, there exists v’ € U[t,t+ 7] such
that for v € V[t,t + 7],

t+1
/ /l(svfﬂ?m’”‘”;",’v,Pi’y“;“"vvU'(S)»U(S))dpé’ym;“/’v(ﬂﬁ)ds
t n
+ o(t+ 7, Pifﬁ;“/’v, vy) — ¢(t,vg,v,) < et

We multiply the above expression by %, and let 7 | 0 and € | 0. Then, with
the chain rule in Py in Section 2.1,

(C.2) Oy p(t, vy, v;) + sup inf {/ [(Oy, d(t, vy, v2) (), f(t, 2, Ve, u,v))

veV uel

+I(t, x, ux,u,v)]dux(ac)} <0,

which, together with (13), shows that L is a viscosity supersolution to (11).

We now prove, by contradiction, that L is a viscosity subsolution of (11).
From the definition of the viscosity subsolution (Definition 4.1(i)), for any
¢ € CHL([0,T] x Po(R™)), L(t,v) — ¢(t,v) > L', V') — o(t',v/') for all (¢',1)
with [t — |+ Wa(v, ) < 6 with some § > 0. Let t/ = t+ 7, and v/ = (v}, 1)
satisfying || + Wa(vy, v,) < §. Moreover, without loss of generality, we may
assume L(t,v) = ¢(t,v).

Let us assume that L is not a viscosity subsolution of (11). Then, there
exists a constant § > 0 such that

Op(t, Ve, vy) + H (L, 1,0y, 0(t, Vg, 1)) < —0 < 0.
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Define H(t, v, p,u,v) := [p.[(p, [ (t, @, Vg, u,v)) +1(t, &, vy, u, v)]dvg (). From
(13), note that H(t,v,p) = sup,cy infucy H(t, v, p,u,v). Since f and [ are
(uniformly) continuous on [0,7] x U x V, so is FI , which implies that there
is a measurable function n : V' — U, and 19 € [0, T — t], such that for v € V'
and |s — t| < 7,

Oy (8, Ve, vy) + H(s, 1,0, d(t, Vi, 1), m(v),v) < —0/2.

On the other hand, the DPP in (9) of Theorem 3.1 and the definition of
the viscosity subsolution imply that

t+T1
inf / / s, iL‘t z,Vq;0(v),v Pt Vyia(v), v ( )( ),
a€A[L,t+7] UGV[t t+7'] n

0(s)) AL @)ds + (1 + 7 B0 ) L = ot v 2) 20,

and by defining o/(v(s)) := n(v) for s € [t,t + 7], we have o/ (v) € A[t,t + 7]
and

t+1
sup / l(S xta:ux,a (v),v Pt e (v), (U)(S),
vEV[t,t47] R"

0(s)) AP D (@)ds + ot + 7 P 0, ) | = ot v 2) 2 0.

Then, for each € > 0, there exists v' € V[t,t + 7] such that

t+1
/ / l(s, xé,x,uz;a’(v),v’ ’ Pg,ym;a’(u)m" O/(’Ul) (S), ,U/(S))dpé,um;a’(’u’),v’ (ZL‘)dS
t R"
+ ot + T, ]P’iff_;a/(v/)’v/, v,) — @t vy, v,) > —€T.

Multiplying the above expression by %, and letting 7 | 0, together with the
chain rule in Py in Section 2.1, yield

—€ < 0p(t, Vg, 1) + Fl(t, v, 0, d(t, Ve, v,),n(v),v") < —0/2,

and by letting ¢ | 0, we must have # < 0, which leads to a contradiction.
This implies that

(C.3) Oy (t, v, v2) + H (t,1,0,,¢(t,vz,12)) > 0.

Hence, (C.2) and (C.3) taken together show that L is a viscosity solution
o (11). The proof of M being a viscosity solution to (12) is similar. This
completes the proof.
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Appendix D. Proof of Theorem 4.2

In the proof of Theorem 4.2, we need the following lemma, which follows
from (H.1)-(H.3).

Lemma D.1. Assume that (H.1)-(H.3) hold. Then, the following result
holds: there is a constant c, dependent on the Lipschitz constant, such that
foranyy = (z,2), y1 = (v1,21), y2 = (x2,22) € (L2(2,R™))* and p,p1,p2 €
L2(92,R"), we have [H™ (y1,p) — H™ (y2,p)| < c(1 + [Ipllz.) |1 — 22z, and
[H™ (y,p1) —H ™ (y, p2)| < cllpr — p2lle, -

The proof of Theorem 4.2 now proceeds as follows.

Proof of Theorem 4.2. We first prove L (¢t,y) < La(t,y) for (¢,y) € [0,T] x
(L2(£2,R™))2. Note that both L1 and Ly are bounded by some constant c.
In the proof below, a constant ¢ can vary from line to line, depending on
the bounds of L; and Ly, and the Lipschitz constant in (H.1) and (H.2).
By a possible abuse of notation, we reverse the time by defining t¢; :=
T — t}, where t; € [0,T], i = 1,2. Then L;(0,y) = E[m(z, 2)], ¢ = 1,2. With
the time reverse notation and Remark 4.1(ii) (see [52, Chapter 10]), for the
lifted HJI equations, the inequality in Definition 4.1 has to be modified by

(subsolution)

(Dl) {at¢(t7y) :E_(tvyanqb(tal‘a ))

z)) <0
at¢(t7y) (tvvaxd)(tvxvz)) >0

(supersolution) |
For (e,0,a) € (0,1), define

O (t1,y1,t2,y2) := Li(t1,y1) — La(ta, y2)

1 «
- Z((tl —t2)? + |ly1 — y2l|Z,) — 5(\\.@1“%2 + [ly2l1Z,) — ot1,

where y1,y2 € (L2(,R"))2. We can see that ® is continuous on X =
([0,T] x (L2(22,R™))?)?, where X is a Hilbert space and its dual space X*
is X* = X [34, 35]. For (;,,(;, € [0,7] and y,,¢y, € (L2(,R™))? ie.,
(Ctry Cyr»> Ctas Gyo) € X, let us define the linearly perturbed map of &:

' (t1,y1, 2, y2) =P (t1, Y1, t2, y2) — G b1 — Crot
- E[(Cyl ) y1>] - EKCyza y2>]

Then in view of Stegall’s theorem [53, 54] and Riesz representation theorem
[35], there exist (i, Cyrs Ctar Cyo) € X such that |G| <9, [|Cylle, < 0,1 =



244 Tamer Basar and Jun Moon

1,2, with 6 € (0,1), and ® has a maximum at a point (1, ¥1,%2,%2) € X.5
This implies that

¢/(51,§1,7«T23172) Z ‘I)/(0,0,0,0) = (I)(0,0,0’O)’

which, together with Cauchy-Schwarz inequality and the fact that a + b <
V2(a? 4+ b*)'/2 for a,b > 0, leads to (note that L; and Ly are bounded)

) ) 1. o
a(lmlz, + 1192llZ,) + ;((tl — %)+ |7 — B21IZ,)
<c(1+0(|7ll2, + 1712,)Y2).

We apply the quadratic analysis to the above inequality. Then,

) 1

— 12 — 112 \1/2

0.2) U, + 112,72 < (5 + —75)

6 1 )1/2

(D.3)  ((f1 —8)* + g1 — 52ll2,) "% < cel/? ¢ 661/251/2(— + —
2 (0% a1/2

We show that either t; = 0 or 3 = 0 by contradiction. Assume that
t; > 0 for ¢ = 1,2. By defining

B1lt1, 1) =Lafi, o) + 5 (1 — )+ — %)
+ 5 Unlz, + 17l12,) + ot
+ Gt1 + Gota + E[(Gr, y1)] + E[(Gy, 92,
we have ®'(t1,y1,t2,72) = L1(t1,y1) — é1(t1, 1), which admits a maximum

at (t1,71). Note that Ly is the viscosity subsolution and H™ is independent
of t (see (H.3)). This, together with (D.1), implies

1 _ _ 1, _ _
(D.4) Z(tl —ta) +o+ G —H (g1, = (71 — ¥2) + a1 + ¢,) < 0.

€
The inequality is reversed due to the time reverse notation. Similarly, we
have ®'(t1,1,t2,y2) = ¢2(t2,y2) — La(t2, y2), where

_ 1 _
B2(t2,y2) :=Li(t1, 1) — 2—6((751 —t2)® + |71 — v2I*)

°In fact, —® is continuous, coercive, and —® : X — [0, 00]; hence, in view of
[54], —®’ admits a minimum, i.e., ® admits a maximum.
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= Sz, + lellz,) - ot
- Ctlt_l - Ct2t2 - E[<Cy17371>] - EKC?JQ? y2>]7

which admits a maximum at (t2,%2), i.e., La(t2,y2) — ¢2(t2,y2) admits a
minimum at ({2, 72). Then, from (D.1), we have

(D.5) %(t_l —t2) = (i, — H™ (72, ! (I1 — J2) — afja — Gy,) > 0.

€
(D.4) and (D.5) imply that
., 1 _
o+ Ct1 + Ct2 —H (yla E(yl - y2) +ayr + Cyl)
1, _
+H7 (52, 2 (51 = 92) — agiz = () < 0.

From (H.1)-(H.3), (D.2), (D.3), and Lemma D.1,

I B 1, ~
0325+‘H (yl,g(yl—y2)+ay1+cy1>—H (71, = (71 — 72) — aga — ()

€

D _ T _
+ ‘H (Y1, Z(yl —¥2) — aya — Cy,) — H™ (72, E(yl —J2) — a2 — (y,)
0 1 \2 1) 1
<26+ ca(— + —) + 6% + ce + cas(— - —) + coel/?,
« a1/2 (0% a1/2
First, let 6 | 0, and then o | 0 and € | 0. Then, we can easily get a
contradiction, since o > 0. This shows that we can select small positive 9,
o and € such that either #; = 0 or , = 0.
Let us assume that £; = 0. Then, the maximum property of ® and its
definition yield

(I),(ta y7t7 y) < (I)(O>g17£2a 172) - <t2£2 - E[<Cy1,g1>] - E[<€y2752>]7

which implies

(D.6) O(t,y,t,y) <P(0,91,12,%2) — Gtz — E[(Cyrr 91)] — E[(Cysr 72)]
+ (Ctl + Ct2)t + E[(Cyl + Cyza y>]
Since t; = 0 and L1(0,y) = L2(0,y), we have
1) 1 )1/2

N 1/251/2(9 1
D7) B0 ) < e (D g L
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where the inequality follows from the Lipschitz property and (D.3). On the
other hand, in view of (D.2) and Cauchy-Schwarz inequality,

D8)  Iufa + Bl i) + ElGu, i)l < 06+ e5(5 + —1)
(D.9) (Go Gt E{(Gy + G ]| < 8

By first letting € | 0, and then § | 0 and « | 0 in (D.7)—(D.9), from (D.6)
and the definition of ®, we have

IL‘1 (t7 y) - ]L2(t7 y) < 07

which leads to the desired result in (18). Then, L;(t,v) < La(t, v) for (t,v) €
[0, T] x (P2(R™))? in (17) follows from Lemma 3.1. The proofs for M; < My
in (18) and M; < Mj in (17) are similar. This completes the proof. O

Appendix E. Proof of Corollaries 4.1 and 4.2

Proof of Corollary 4.1. Suppose that L; and Lo are value functions that
are viscosity solutions to (14). In view of (18) in Theorem 4.2, Lemma 3.2,
and the definition of the viscosity solution, we have L; < Ly and Lo < Ly,
which implies that I := IL; = LLs. By Proposition 4.1, IL is the corresponding
lifted lower value function. The proof of the remaining part is similar. This
completes the proof. O

Proof of Corollary 4.2. Set H := H~ = H™ in (11) and (12), and H :=
H~ =HT in (14) and (15). Then, (11) and (12) become identical HJI equa-
tions, and so do (14) and (15). From Lemmas 3.1 and 3.2, Proposition 4.1
and Theorem 4.1, together with the uniqueness result in Corollary 4.1, we
have L(t,v) = L(t,y) = M(t,y) = M(t,v) for (t,v) € [0,7] x (Pa(R™))?
and (t,y) € [0,T] x (L2(£2,R™))2, which is the value of the ZSDG and is the
unique solution to the HJI equation. This completes the proof. O
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