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A SINGLE PLAYER AND A MASS OF AGENTS:
A PURSUIT EVASION-LIKE GAME

FABIO BAGAGIOLO!, ROSSANA CAPUANI? AND LUCIANO MARZUFERO®”*

Abstract. We study a finite-horizon differential game of pursuit-evasion like, between a single player
and a mass of agents. The player and the mass directly control their own evolution, which for the mass is
given by a first order PDE of transport equation type. Using also an adapted concept of non-anticipating
strategies, we derive an infinite dimensional Isaacs equation, and by dynamic programming techniques
we prove that the value function is the unique viscosity solution on a suitable invariant subset of a
Hilbert space.
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1. INTRODUCTION

The goal of this work is the study of a zero-sum differential game between a single player and a population
of agents. In particular, we are interested to the corresponding Hamilton-Jacobi-Isaacs equation.

Both the single player and the mass of the agents are moving in R?, by the following controlled dynamics
(respectively: ordinary differential equation for the single player and continuity partial differential equation for
the mass):

y'(t) = fyt),at),  me(a,t) +div(B(z,t)m(z,t)) =0, (L.1)

where the dynamics f : R? x A — R%, and the controls a : [0,7] — A, 8 : R? x [0,T] — R? are suitable
functions. Here, m : R? x [0,7] — [0, +-00[ stands for the time-dependent density of the distribution of the
mass of the agents. The payoff function is described as

J(x,mmt,a,ﬁ):/t é(y(s),m(-,s),s,a(s)7ﬁ(~,s))ds+w(y(T),m(~7T)), (1.2)
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where the running cost £ and the final cost ¢ are suitable functions whose dependence on m and § is given by
their actual interpretations as state-dependent functions m(-,s) : R? — [0, +oc[ and (-, s) : R? — R

The goal of the single player is to minimize J and the goal of the mass of the agents is to maximize J.

Our main motivation for this kind of study is the possible future application to a differential game between
two distinct masses of agents, setting the problem in the framework of the mean-field games theory. In such a
differential game, the single agent of one of the two masses should play a zero-sum differential game against the
other mass, say my, and a mean-field game looking at the evolution of the mass it belongs to, say mx. Hence,
it should infer the evolution of myx and, giving it as a datum, play a zero-sum differential game against the
other mass my, with payoff

/t K(y(s),mx(-, 3)7 mY('a S),(X(S),ﬁ(-, S))ds + w(y(T)a mX('aT)’mY('a T))

Being mx as given, the payoff of the game played by the single agent against the mass my is of the type
(1.2). However, a possible formulation and study of such a mean-field (differential) game problem go beyond
the purposes of the present article and seem to present other several crucial issues, both from a modeling and
analytical point of view.

Then it is natural to start such an investigation project by the study of the game between a single player
and a mass. Actually, such a problem is not well investigated in the literature, especially as concerns the
derivation and the study of the corresponding Isaacs equation which naturally turns out to be an infinite
dimension equation, due to the presence of the state-space dependent function m(-, s). Hence, its mathematical
interest goes beyond the possible application to the mean-field games framework, and moreover it has interesting
applicative motivations.

In view of the Dynamic Programming Principle, as it is standard for differential games, we are going to use
the concept of non-anticipating strategies ([1, 2]). In particular, we are concerned with the “infsup” problem
only, that is we study the lower value function

X(xam07t) = infsup J(xam07t7ry[ﬁ]7/8)'
T8

Here, ~ is any non-anticipating strategy for the single player, that is a function from the set of the controls 8
for the mass to the set of the controls « for the single player, such that

Bi(-8) = Bal-, 5) a.e. s € [t', "] as functions from R? to RY

v[B1](s) = v[B=](s) a.e. s € [t',t"].

Denoting by B a suitable set of functions from R? to itself (see (2.3)), and assuming that, for all controls j, it
is B(-,t) € B for almost every ¢, then, under suitable hypotheses, the Isaacs equation turns out to be

—uy + minmax {—f(z,a) - Dyu 4 (Dpu,div(bm)) 2 — £(z, m,t,a,b)} =0, (1.3)
becB a€A

where the unknown function u is a function of (z,m,t) € R? x L2(R%) x [0,T], and (-,-) 2 is the scalar product
in L2(RY).
In this paper, we prove that V is the unique viscosity solution w of (1.3) satisfying u(x,m,T) = (x, m).
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We notice that with similar techniques we can also study the problem for

V(x,mg,t) = supinf J(x, mo,t, a, §[a]),
5 «

where « is the control for the single player and ¢ are the non-anticipating strategies for the mass. However,
from a modeling point of view, it seems less reasonable because it probably gives too much emphasis in the
possible centralized feature of the decisions of the mass. Anyway, whenever the Hamiltonian in (1.3) satisfies
the standard Isaacs condition, then, by the uniqueness result, we would have the existence of a value of the
game.

As far as the domain of the equation (1.3) is concerned, with respect to the triple (x,m,t), we are able
to restrict it to a suitable set X which is viable under the evolution (1.1) and, more important, is compactly
embedded in R? x L2(R?) x [0, T]. To this end, we first need a careful analysis of the solution of the continuity
equation in (1.1). Indeed, it is usual in the literature to interpret it in the sense of measures: a solution is a
time dependent measure 1 on R?, whose evolution is continuous in a suitable metric space of measures. Here
instead, we want to interpret the solution as a function, i.e. the density of the measure u when it is absolutely
continuous with respect to the Lebesgue measure. It is known, indeed, that whenever the initial datum g is a
measure with density m, then the solution u(t) is also a measure with density m(-,¢). An important part of
the present paper is then a preliminary direct and deep analysis of the evolution ¢t — m(-,t), together with
the right choice of the admissible set of controls § in view of the subsequent study of the infinite dimensional
Isaacs equation (1.3). Hence Section 2 contains all such necessary results that, even if somehow and sometimes
not surprising, we account interesting by themselves and are not well found in the literature.

The originality and the interest of the Isaacs equation (1.3) is given by its infinite dimensional feature which,
to the best of the authors’ knowledge, was not studied yet in the framework of the viscosity solution theory
(we refer the reader to [1] for a comprehensive account of viscosity solutions theory in finite dimension and
to the seminal papers [3, 4] for the beginning of the theory in infinite dimension). We also notice that first
order Hamilton-Jacobi equations in infinite dimension, arising from optimal control problems with controlled
dynamics given by a first order PDE as the one in (1.1), are not so widely studied in the literature. Finally,
we have to strongly point out that the finite horizon/time dependence feature of the differential game being
accounted, even in the simpler finite dimensional case, is rather a newness as for dynamic programming and
Isaacs equation.

The outline of the paper is the following: in Section 2, we study the properties of the evolution ¢t — m(-, t).
In Section 3, we introduce the differential game, write down the Dynamic Programming Principle and study
the regularity properties of the lower value function. In Section 4, we derive the Isaacs equation, we prove that
the lower value function is a viscosity solution of the corresponding final value problem and we finally prove the
comparison theorem which gives the uniqueness of the solution. In Section 5, we add some comments on two
one-dimensional examples.

The present Introduction then briefly concludes with a related literature review and comparisons with it.

Recently there has been some interest on Hamilton-Jacobi equations arising from optimal control problems
and differential games of pursuit-evasion type, which concern masses and/or measures evolutions and the cor-
responding controlled continuity equation, see for instance [5—-12]. In particular in [11] a Mayer-type differential
game between two masses, somehow similar to the present one (even if with just one player and one mass), is
studied. In that paper, as in [5-10, 12], the authors work in the space of probability measures with Wasserstein
distance (see [13] for a comprehensive account). This fact poses the use of some very weakened concepts for the
solution of the continuity equation like the evolutions of measures concentrated on the trajectories. Despite the
generality of such concepts, our model, although less weakened, goes to the direction of a Hilbert functional
analysis, which, besides its complete novelty, may be anyway useful especially for possible applications and the
synthesis of the optimal feedback. We notice that our stronger regularity of the solutions just comes from the
regularity assumptions (in space but not in time) on the available controls for the mass (see (2.4)). In partic-
ular, the regularity in time of the controls is the standard and necessary one for the validity of the Dynamic
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Programming Principle and for the derivation of the corresponding Hamilton-Jacobi equation (for example, the
possibility of gluing, at a fixed instant, different controls). On the contrary, the assumed regularity in space is a
choice of the model, as a possible free choice of the agents. It does not affect the derivation and the validity of
the equations, it may be closer to possible real applications and it allows to study the Hamilton-Jacobi-Isaacs
equation in an Hilbert space, which is, as already said and due to its infinite dimensional feature, one of the
major novelties of the paper. We remark that the two examples in §5 suggest the use, for the mass, of controls
that are continuous in space. In some particular cases and under suitable hypotheses, the more regular problem
can then be seen as an approximation of a less regular problem.

As far as the authors know, this is the first time that a similar approach is adopted. Compared to [11], our
model also differs from the presence of a running cost depending on all the state, time and control variables.

Other models of differential games, also in a mean-field type framework, dealing with continuity equations
and measures evolutions can be found in [14-19]. We also refer the reader to [20-22] for further pursuit-evasion
like games of multiple pursuers and one evader and to [23-25] for mean-field games with a major player. Possible
applications are investigated in [26, 27] as regards computer science and cyber-security, and in [28, 29] as regards
engineering and machine learning.

2. ON THE CONTINUITY EQUATION FOR THE MASS

The evolution of a mass on R? can be represented by the evolution ¢t — p(t) of a measure on R, where the
quantity of mass in A C R at time ¢ is the measure of A at the same time: 1(¢)(A). When the mass population
is moving according to a given time-dependent vector field 8 : R% x 0,T] — R?, then, at least formally, the
evolution of the measure u satisfies the following so-called continuity equation

{3’:<x)’s +div(B(r, )u(r,2) =0, (2,5) € RILT[ @1)

where T' > 0 is the final time, [ is the value of the measure at the initial time ¢ and, here and in the sequel, div
means the spatial divergence. In (2.1) we have included the variable x in the notation of y with the meaning that
for any time s, it is a measure on R? whose elements are denoted by z. Equation (2.1) comes from conservation
of mass arguments and for a general account, in particular for its possible weak formulations in the sense of
measures, we refer the reader to [30] and [31-33].

The well-posedness of (2.1) is strongly related to well-posedness of the Cauchy problem

{y'(s) = Bly(s),s). s LT[ (2.2)

y(t) =«
In the sequel, we will denote the flow associated to (2.2) by ®(x,¢,s), which is defined as y(s) where y is the
solution of (2.2) with the given (z,t) € R? x [0, T]. As it is known, if 8 € L([0,T], W1 (R?, R?)), then system
(2.2) has a unique solution for any initial data (x,t). For our future purposes, here we assume the stronger

following hypothesis: the time-dependent controls 8 are functions from [0, 7] to the set B, which, for a given
fixed M > 0, is defined as

B:={be W>>R"R") N H' (R, RY) ¢ [[b]| oo me gy < M, [[bll g1 raay < M, || divdl|yprcemay < M}, (2.3)
and moreover they belong to

B:={B e L*([0,T], W?>=R* RY) N H' (R? RY)) : B(-,t) € B for a.e. t}. (2.4)
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Remark 2.1. As we have already said in the Introduction, one of our main goals is to study the problem in
a Hilbert setting, and hence (2.3) and (2.4) guarantee a good regularity of the trajectories in Hilbert space. In
particular, we have div 3 € L2([0, T], W1>°(R%)). Moreover, since W2 (R% RY) ¢ C'(R?,RY), for any (¢,s) €
[0, T|x]t,T] the function ®(-,t,s) : R — R? is invertible, Lipschitz continuous and C!, together with its
inverse, with the Lipschitz constant independent on ¢t and 3 € B.

We recall that, for every t € [0,7] and s € [t, T), the inverse of the flow ®(-, ¢, s) is defined as ®~(x,t,s) = v,
where y is such that, starting from y at time ¢ with the forward flow ®, we arrive in x at time s. Still holding
our hypotheses, in the sequel we will use the fact that ®~!(-,¢,s) is Lipschitz continuous w.r.t. s independently
on z,t, 3.

Furthermore, if all the fields 8 have the support contained in the same bounded subset of R¢, then the
L%-closure B of (2.3) is a compact subset of L.

Proposition 2.2. Under hypothesis (2.4), for any Borel measure i the solution of the continuity equation (2.1)
in the sense of distribution is given by the push-forward

:U'('as) = (I)('atvs)lj/ja (25)

where, for any Borel measurable set A C R, pu(-,s)(A) = p(®71(-,t,5)(A)).
Proof. See [33], Proposition 4. O
In the case when i is absolutely continuous w.r.t. the Lebesgue measure £¢, that is i = mL?, where m :

R? —; R is the density, all the measures y(-, s) are absolutely continuous w.r.t. £% too, and their density m(-, s)
can be explicitly computed as (see [33])

m(-,s) = Mo¢—l(-,t,s), (2.6)

where J® is the Jacobian matrix of ®(-, ¢, s). Still referring to [33], and also using our hypothesis (2.4), we have
the following inequalities

0 < e ™M < detJB(x,t,5) <M forallt € [0,T], s € [t,T] and & € R%. 27)

Such estimates come from the fact that the function s — det J®(z,t, s) solves

)

LdetJ®(x,t,5) = (divB)(P(z,t,5), s)det S (z,t,5), s €Jt,T]
detJ®(x,t,t) =1

where, in the first line, (divB)(®(z,t,s),s) stands for the spatial divergence of S calculated in the point
(®(x,t,5),s) € RIx]t, T]. In particular it is
detJD(z,t, 5) = elJi (v A) (@ (@.tm).r)dr)

In the following, by m(x, s; 3,t,7m) we denote the value at (z,s) € R?x]t,T] of the density of the solution (2.5)
of (2.1) with § € B, where the initial datum at time ¢, i, has density m.
From now on we assume

m e H'(RY) nwhe(RY). (2.8)
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2.1. Spatial and time estimates on the density m

In this subsection we prove that, under hypotheses (2.8) and (2.4),

x +— m(x,s; 3,t,m) belongs to H'(RY) N W (RY), (2.9)
m(, s B, t,m) € CO([t, T), H' (R?) N WH(R7)), (2.10)

for every t € [0,7T] and s € [t,T], where in (2.10) the modulus of continuity is independent of ¢, 5 and only
depends on the norms of m. Moreover we prove that

Im (-, 5: 8,1, m") = m(-, 5; B, ta, )| 1 ey < Lllmt () = m® () a1 e, (2.11)

for every t1,ts € [0,T], s € [min{t1,t2},T] and for some L independent of 1,5 and f3.
For (2.9), if we prove that det J®(-,¢,s) € W1°(R9), by the estimates (2.7) and by (2.8), we then have that

T_TL() ,00
et TB(.05) e HY(RYH Nnwh>(R?).

Hence, since ®~!(+,¢,5) is a C?! invertible function, by a known result (see for example [34]), (2.6) gives (2.9).
So we prove that det J®(-,t,5) € W (R?):

| det J@(-, 2, 8)[[ w0 ray = || det JO(-, L, 8)|| oo (ray + [|Oz det JR(-, L, 8)|| oo (ra)
= esssup | det J®(z,t, s)| + esssup |0, det JP(z, ¢, s)|

x€R4 sCRd
= esssup U (@A (@(@,tm))AT) | 4 ogg sup |0y (e(ff(div B)(<I>(:v,t,r),r)d7)) ’
z€ER? P
— esssup |e(di @V A (@(:t,r),)dr)
zER4
+ esssup o[/ (4 D(2(et7) 7)) / 0, (div 8)(®(x, t,7), 7)0x(®(,t, 7))dr |,
zEeR ¢

where, in general, here and sometimes in the sequel, by 0, we denote both the Jacobian matrix d x d and,
when the function is scalar, the gradient 1 x d. By (2.7) and Remark 2.1, we have that (i (@iv 5)(¢(m't’7)”)d7),
Oz (div B)(®(x,t,7),7) and 0, (®(x,t,7)) are bounded, and hence | det J®(:,t,5)|[yy1,00re) < +00. Note also
that the derivation w.r.t. = of (div 3)(®(x,t,7),7) is possible because (div 8)(-,7) € W1 (R?) and ®(-,t,7) is
a C! invertible function, and the (weak) derivative can be computed with the usual differentiation rules (see
again [34]).

Furthermore, after similar calculations one can show that for the density m we have the following estimate

[m(-, 83 B, t,m) [lwi.oe (may < eMT sup{1 + M7L<I>*1}Hm('>HW1v°°(Rd)a (2.12)

where M > 0 is a constant enclosing the bounds for the spatial derivative of div 3, ® and ®~!, independent of
t,, and Lg-1 is the Lipschitz constant of ®~1(-,¢,s).
Now we prove (2.10). At first we show that, for every ¢ € [0,T] and s > ¢, the function

¥ : s +—> det J®(-,t,s) belongs to Lip([t,T], W (R?)) (2.13)
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with Lipschitz constant independent of ¢, 8. In this way (2.6) gives (2.10) (see also Rem. 2.1). Then for every
81,82 € [t,T] we have

9 (s1) — (s2) |l wioe ey = Heffl (div B)(@ (1), )AT _ o[£ (div H)B(1t,7),7)dr

W00 (Rd)
i (div A (@(a,tm),)AT [ (div B)@(a,t7) 7)dr

= esssup
z€eR4

o (eftsl(div 5)(<I>(z,t,r),r)df> _a, (eftsz(div ﬁ)q)(a:,t,‘r),r)dT)

+ esssup
zER4

< Lj esssup
rER4

oJi @ D@ tir) 7 / 0, (div B)(® (.1, 7), 7)Da (B (. 1, 7))dr

/:I(div BN ®(z,t,T), 7)dT — /:2 (div 8)(®(z,t,7), 7)dT

—+ ess sup
zER

el At / 0. (div B) (®(,1,7), 7) D (@ (a1, 7))d7
t

S1
ngesssup/ (diVﬂ)(@((E,tﬂr),T)dT
z€R? s2
s1 S1 (45 °2 (di
} esssup (/ 3z(div3)(<I>(:C,t,7')»7‘)(9m(<1>($,t,T))dT> (ef t@iv Aot TIT _ o7 (A )@ tir) ) )
z€eRd t

+(ef”<dwﬁ><<b<1”> ( / 8, (div B)(®(x,t,7), )(‘%(@(m,t,r))dT)‘

S (L1M+M1TL1M +eMTM1)|51 — 52|,

where L; > 0 is the Lipschitz constant of e) and M; > 0 is the bound for 9, (div 8)(®(x,t,7),7)0.(®(z,t,T)).
Hence (2.13) holds with a Lipschitz constant independent of ¢, 5. For proving (2.11), we observe that, similarly
as the computations for (2.12), we have

(-, 58,8, ) 31 oy < 36M T sup{1+ M2, L Hlm ()l (g (2.14)

and then, by the linearity of the continuity equation for m, (2.14) gives the desired inequality.

Remark 2.3. By (2.9) and (2.3), div(sm) € L2(R9 x [0, T)). Given the Lipschitz continuity of s — ®~1(x,t, s)
(see Rem. 2.1), similar computations as above give %—T € L*(R? x [0, 7). Moreover, since p, given by (2.5), is
the solution of (2.1) in the sense of measures, we have that its density m is solution, in the sense of distributions,
of 2% 4 div(Bm) = 0. Hence, since 27 div(ﬁm) € L*(R? x [0,T]), we have that m is the unique solution in
L? (Rd x [0,T7]) (see [35]) and, in partlcular, g — — div(Bm) as functions in L*(R?% x [0, 7). From this, it follows
that: if ¢ € CY(L?(R?)), then the map

LT — R
T — &(1) = p(m(-,7; 8,t,m))

is differentiable and &'(7) = —(D, ¢, div(8m)) 12(ray, where D, ¢ denotes the Fréchet derivative of ¢ w.r.t. m
and (-, ) 2(ra) the scalar product in L?(R?).
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3. THE DIFFERENTIAL GAME MODEL: FIRST RESULTS

In this section, we introduce the model of the differential game between a single player and a mass of agents.
The controlled dynamics of the single player is given by

{y’(s) = f(y(s).a(s), s €t.T] 3.1)

y(t) =z € R? ’

where T' > 0 is given, t € [0,7], f : R? x A — R? (A C R™ compact) is continuous, bounded and Lipschitz
continuous w.r.t. x € R% uniformly w.r.t. a € A, i.e. there exists L > 0 such that

| f(z,a) — f(z,a)|| < L|lxz — 2| for every z,z € R and a € A.
The pair (z,t) is the initial datum and the control is
a€ At) .={a:[t,T] — A : a is measurable}.
Given the control and the initial datum, we denote by v, ¢)(+; «) the unique solution of (3.1) in [t,T], and, if

no ambiguity arises, we do not display the dependence on the control « using the notation yz 4 (-).
Coherently with Remark 2.3, the controlled equation for the evolution of the mass is

{ms(~, s) +div(B(, s)m(- ) =0, s €t T] 52)

m(-,t) =m

where t € [0, 7] and, using the same notation as in the previous section, m € H(R?) N W% (R%) and the
control 3 belongs to

B(t) := {B € L([t, T}, W**>*(RY,RY) N H (R4, RY)) : B(-,5) € B for ae. s}.
We consider a running cost

0:RYx HY(RY) x [0,T] x R™ x L*(R%) — [0, +o0]
(z,m,s,a,b) — l(x,m,s,a,b),

(recall that A ¢ R™ and B ¢ L?(R%)) bounded, strongly continuous and uniformly strongly continuous w.r.t.
(z,m,t) uniformly w.r.t. (a,b), that is there exists a modulus of continuity wy such that, for any fixed a,b it is

[0(z1,m1,81,a,b) — (x1,m2, s2,a,b)| < wp (o1 — z2f| + ||m1 — ma| g1 (ray + |51 — 52|
(R4)

for all (;El,ml,sl), (.’172,7712,82) S Rd X Hl(Rd) X [O,T}
Similarly we consider a final cost

¥R x HY(R?) — [0, +-00]
(@, m) — ¢(z,m),

bounded and uniformly strongly continuous w.r.t. (x,m).
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The corresponding cost functional J, for (z,m,t, o, 3) € R? x HY(RY) x [0,7] x A(t) x B(t), is given by

T
‘](‘Ta mat7a7ﬂ) = / g(y(l,t) (5)7m('a 53 65t7m)7 5701(8),[3(', S))ds + 1/1@(1,7:) (T)7m(7Ta ﬂ,t,’ﬁl)).
t

The single player wants to minimize the cost J and the mass m wants to maximize it. As argued in the
Introduction, here we consider only the inf sup best-worst case for the single player. Hence we introduce the
non-anticipating strategies for the single player

I'(t) = {v: B(t) — A(t) : 8 — ~[5] non-anticipating},
where “non-anticipating” means, for all T € [¢,T],
Bi(-,8) = Ba(-,s) in Bae. set,7] =7[01](s) =~[B2](s) ae. s € [t, 7].
We then consider the lower value function

V(z,m,t) = inf sup J(w,m,t, 7[5, 8). (3.3)
~eL(t) BEB(L)
3.1. Dynamic Programming Principle and regularity of the value function

Proposition 3.1. Under the previous hypotheses and (2.4), the lower value function V (3.3) satisfies the
Dynamic Programming Principle: for all (x,m,t) € RY x HY(R?) x [0,T] and for all T € [t,T),

V(z,m,t) = inf sup (/ C(Y(z,t)(5), m(-, s;B,t,m),s,v[ﬁ](s),ﬁ(,s))ds—|—V(y(m)(r),m(-,T;ﬁ,Lm),T)),

~ye(t) BEB(t)

(3.4)
where s — Y(z.1)(8) = Yz,4)(8; ) is the corresponding solution to (3.1) with control o = ~[f].
Proof. For all (£, u,7) € RY x H'(R?) x [0,7] and for all £ > 0 we take (¢, ) € I'(T) such that
V(& u,7) = sup J(§u, 7, Yeum 8], 8) — € (3.5)

BeB(T)

Denote by w(z,m,t) the right-hand side of (3.4). Then we have to prove that

(i) V(z,m,t) < w(z,m,t);
(i) V(z,m,t) > w(z,m,t).

For (i), take 4 € I'(¢) such that

w(x,m,t) > sup (/ (Yt (-,s;ﬂ,t,m),s,'y[,@}(s),B(-,s))ds—|—V(y(z,t)(T),m(~,7’;ﬁ,t,m),7'))—5.

BEB(t)

Taken 5 € B(t) and still denoting by § its restriction to [7,T], we have 8 € B(7). We then define ¥ € I'(¢) as
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where y(, 1) (7) is the position reached at time 7 by the solution of (3.1) with control a = J[3]. The strategy ¥
is well-defined and non-anticipating, i.e., it belongs to I'(¢). We then have

w(z,m,t) > sup (/ (Yt (~,s;ﬁ,t,m),s,'y[ﬁ](s),ﬁ(-,8))ds—|—V(y(m’t)(r),m(-,T;B,If,m),r)) —€

BEB(t)

Z sup (/ éy(rf) ( S;ﬂvtam)vsaﬁ[ﬂ](s)vﬂbﬂs))ds

BeB(t)

+ J(y(x,t) (T)a m('a T3 63 t, 7’71), T, ’Y(y(x,t) (7),m(-,7;8,t,m),7) [ﬂ}, 5)) -2

= sup J(z,m,t,7[8],5) — 2¢ > V(x,m,t) — 2,
BEB(t)

and we conclude.
For (i), take e > 0 and 31 € B(¢) such that

’U}((E, mu t) S / g(y(m,t) (8)3 m('7 S ﬁlu t7 m)7 S, ’y(z,ﬁz,t) [61](5)7 ﬂl('a S))dS + X(y(m,t)(s)u m('a T3 617 ta m)a T) + g,
t

where Y1) (-) = Y(z,1)(:; @) is the solution of (3.1) with control o = (. 1) [B1]. We define 7 € T'(7) as

FIBl(s) = Y(z,m,t) [Bl(s),

where 3 € B(t) is defined as

- ) Bi(ys), seltT],
As) = {B(, s), otherwise

By the non-anticipating feature of 7(; ) and by construction, also 4 is non-anticipating, i.e., ¥ € I'(7). Now,
take f2 € B(7) such that

y(y(x,t) (T)v m('7 7; b1, t, m)v T) < J(y(w,t) (7)7 m('a 75 B, t, m); T»’?[BZL BQ) +e

and we get (also recall (3.5))

V(z,m,t) > J(xz,m,t W(Imt)[ﬁ] 5)_5

/ ‘€ :Et ('aS;617tam)a87Fy(m,m,t)[ﬁl](s%ﬁl(ﬁs))ds+J(y(x,t)(7)7m('uT;Bht?m)?T?’?[BQ]aﬁZ) — €

> / é(y(z,t) (8)7 m(‘v 3 ﬁla t, m)v S, V(x,m,t) [51](8)7 51('7 8))d8 + X(y('r,t) (7—)7 m('v ) 51, t? T?L), T) -2
t

> w(x,m,t) — 3e,

and we conclude. O

We now address the regularity properties of V. Here, and in the following, we denote by w, the modulus of
continuity of ¥ (being w, the one of £, as above). We also set C' := max{| f(z,a)| : (z,a) € R% x A}.
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Proposition 3.2. Under the hypotheses of Proposition 3.1, the lower value function V is bounded and uniformly
continuous.

Proof. For the boundedness, for all (z,m,t) we get
M(l’, m, t) < GiT + G,

where GG; > 0 and G5 > 0 are the bounds for ¢ and ) respectively.
We then consider (x1,my1,t1), (T2, ma,t2) € R4 x HY(R?) x [0, T], and take € > 0. Let 7o € ['(¢2) be such that

y(xZam27t2) Z sup J(x27m2at2u72[ﬁ}aﬁ) —¢&.
BEB(t2)

We define 74 € T'(t1) as

Y2[B](s) for any s if to < ty
7%[5](5): a for t1 < s<tyifty <tsg,
YolByj,, 1)) (5) for s >ty if t; <ty

where a € R? is any a priori fixed vector and, if t5 < t,

> B(-,t1) ifty <s <t
B(,s) ifs>t .

We then take 81 € B(t1) such that

J(thlatla’y%[ﬂl];ﬁl) Z Su(p )J(*/Ehmlatla/}é[ﬂ]aﬂ) —E&.
BeB(t1

Finally, we define 32 € B(t) such that
B2(-,8) = Bi(-,8) for s > to + |t1 — to].

Hence we have

M('rlvmlatl) 7M(‘T27m25t2) S sup J(Ilamlvtlafbl[ﬂ]?ﬁ) — sup J(‘T27m2?t27’}/2[ﬂ]7ﬂ) +e€
BEB(t1) BEB(t2)
< J(x1,m1,t1, 13 [B1), Bi) — J (22, ma, ta, 12 [BL], B7) + 2e.
Now, if
| (21, m1,t1, %3 [B1], B1) — J(z2, ma, ta, 1 [BL], B7)] (3.6)

is infinitesimal as [t; — ta| + |21 — z2|| + [[m1(-) — m2(:)|[ g1 (ray goes to zero, then we conclude.
Assume t1 < to. Then (3.6) is equal to

T
/ é(y(xl,tl)(5)7m('a S;ﬂatla ml)a 57721 [ﬂl]aﬂl('a 5))d5 + 7/}(y(x1,t1)(T)7m('aT; ﬂ7t17m1))

t1
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T
_,/t E(y(xz,tg)(s)am('v S ﬁ7t27m2)7 8772[512](8)7 512(7 S))dS - w(y(ah,tl)(T)?m(.vT;ﬁthamZ))

ta
/ e(y(wl,tl)(s)am(', S5 ﬁ?thml)ﬂ S, aaﬁl('v 8))ds
t1

T

+ / Y oren)(8) (s 55 B 1m0 ), 8,72 [Bpea 1] (8), B2 8))ds
to
T

- / Winntay (8), (s 55 B, b, ms), 5,792 Beg 21)(5), B2 8))dls
to

+ ¢(y(zl,t1)(T)vm('7T§ ﬁ7t17ml)) - w(y(azz,tQ)(T)a m(aT7 67t27m2))
< Gilty — to| + | Yy 00y (T), m(-, T; B, t1,m1)) = ¥ (Y(aa 1) (1), m(-, T; B, t2,m2))|
T
b [ 6y (953 B2, 10). 5,720 ) ). 2, )
to
_g(y(rz,tz)(s)’m('v5;67t27m2)58572[ﬁ\[t2,T]](8)7B%('aS))’ ds
< Gilty — taf +wy (" (21 — a2 + Clts — to]) + [lm(-, T; B, t1,m1) — m(-, T; B, t2, ma2)|| 1 (rey)
+ Twe (e (Jley — |l + Clts — tal) + [m(-, 558, t1, m1) — m(-, 53 B, ta, ma) || 1 (me))
< Gilti — ta] + wy (eLT(HiEl — 23| 4+ Clts — ta]) + L|ma () — mz(')HHl(Rd))
+ Twy (eLT(le — @+ Cltr — to]) + Lfjma () — mz(')HHl(Rd)) ’

where the last inequality holds due to (2.11) in Section 2.1. Therefore, as |t; — ta| + [|21 — 22| + ||mi(:) —

ma(-) || 1 (rey goes to zero, (3.6) is infinitesimal.
Now we assume t5 < ¢;. Then

T
g(y(ml,tl)(s>7m('a8;Batlaml)a£77§[51]7ﬁ1('78))d5+w(y(zl,tl)(T)>m('7T;B7t17m1))
t1
T
- \ E(y(mg,tg)(s)am(ﬁS;ﬁ7t27m2)78772[ﬂ12](8)7ﬂ12('73))d8_w(y(zg,tg)(T)am('7T;ﬁ7t27m2))
T
= ’ g(y(rl,tl)(s)7m('v5;5»t17m1)7Sv’YQ[ﬁl](s)’ﬁl('vS))ds+w(y(xhtl)(T)am('vT;thlvml))

ty
_/ E(y(CEQ,tz)(S)) m('a S;Bat2am2)7 5772[6%](3)7 ﬂ%(v S))dS
t

2

T
- / g(y(rg,tg)(8)7 m('7 S35 57 t27 m2)7 87’72[61](8)7 ﬂl('a S))dS - ’l/}(y(:xg,tg)(T)7 m('a T7 57 t23 mQ))‘
ty
S G1|t1 - t2| + ‘w(y(xhh)(T)’ m(" T7 ﬁa tlv ml)) - '(/)(y(:vQ,tz)(T)a m('7 Tv ﬁ7 t2a m2))’
T
b 051536, t1,m), 5178019, B (5)
ty

_Z(y("tz,tz)(s)’m(.? 5;63t23m2)7 Sv’YQ[ﬂl](S)a 51(', S))| ds
< Gilts —tof
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+ wy (eLT(”ml — 2|l 4+ Clt1r — to]) + [Im(, T B, t1, m1) — m(:, T B, ta, ma)|| 1 (re))
+ Twp (" (lwr — 2| + Clts — ta]) + |m(-, 55 B, t1,m1) — m(-, 83 B, ta, m2)|| g1 (ra))
< Gilty — ta] + wy (GLT(H»’Ul — 23| 4+ Clt1 — ta]) + L|ma(-) — m2<')||H1(]R<d))

+ Twy (ELT(H% — @3+ Cltr — to]) + Lfjma () — m2(')||H1(JRd)) :

where in the last inequality we have used again (2.11). Letting [t; — t2| + ||z1 — 22| + [|[m1(-) — ma(-)|| g1 (re) gO
to zero, we conclude. O

4. THE HAMILTON-JACOBI-ISAACS EQUATION FOR V.

The value function V is a function of (z,m,t) € RY x H'(R?) x [0, T]. Here we want to derive the corre-
sponding Hamilton-Jacobi-Isaacs equation and consider it in a suitable set X for the variables (z,m,t), which is
compact in R? x L(R?) x [0, 7] and invariant for the controlled evolutions y(, ) (-; ), m(-,s; 8,¢,m). In order
to determine such a possible set X, we first fix an open bounded subset Q@ ¢ R? which is going to contain the
supports of all the admissible initial distribution mg, at time ¢ = 0, for the mass. Moreover, we fix a constant
K > 0 such that all the admissible initial distributions of the mass belong to

M ={my e WH>(Q) : [mo|lwr. () < K, supp my C Q}.
Referring to (2.12), we set B := max{1 + M, Ly-1 } K and for all mg € M, 8 € B(0) and s € [0,T] we get
lm (-, 55 8,0, m0)[| w10 () < BeMT, (4.1)

Now, denoting by M a bound for ||3(+,t)]|, as in (2.3), i.e. the maximal possible velocity of the mass’ agents,
we define, for all ¢ € [0,T] and for all s € [¢t, T], the bounded sets

Q1 (t) = B(Q, Mt), Qi(s,t) =B (Q(t), M(s—1)),

being, as example, B(Q, Mt) = {z € R? : dist(x, Q) < Mt}. Note that Q;(¢) represents the maximal set that
can be invaded, up to the time ¢, by agents starting from Q at the time to = 0, whereas (s, t) represents the
maximal set that can be invaded, at the time s, by agents starting from Q;(¢) at the time ¢. Of course, we have
a sort of semigroup property: Q1 (0) = Q, Q4 (s,t) = Q4 (s) for all t € [0, s] and, in particular, Q;(T) = Qy (T, t) is
the maximal set that can be invaded at the final time T by a mass having support in 4 (¢) at the time ¢. That
is, assuming m € WH°(R?) N H'(R?) with supp m C Q(t) := B(Q,7(t)), we have, independently of 5 € B(t),

supp m(-, s'; 8,m) C Qi(s',t) C Q1(s",t) € Q1 (T,t) = N (T)

forallt < s’ < s” <T. Note that all such functions m can be assumed as defined in the whole set Q4 (T") putting
them equal to 0 outside their support. For all ¢ € [0, T], we then define the following set (recall (4.1))

X(t) = {m e WhH> (7)) :
supp m C (1), |Im(-, s; 8,t,m)[[w1.(q, (1)) < BeMT for all s € [t,T] and 8 € B(t)}.

In this way, the domain of the Hamiltonian we are going to consider (see (4.3) below) concerning the pair (m,t)
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is defined as the following set:

X = {J (X0 xA{t}) = {(m,t) € WH>(Qu(T)) x [0,T] :
te[0,T]

supp m C (1), |Im(-, s; 8,t,m)[lw1.0 (0, (1)) < BeMT for all s € [t,T] and 8 € B(t)} )

Such a set X is bounded in W*°(Q(T)) x [0,T] (||| = |m(-, t; 8,t,m)|| < BeMT) and hence relatively com-
pact in HY(Q4(T)) x [0,T] (and in L?(21(T)) x [0,T]). Actually, it is indeed compact, because it is closed in
H! x [0,T]. Let us prove it.

Let (my,t,) € X be converging in H* x [0, T to (1, ). We want to show that (m,#) € X. Since (my,t,) € X,
the sequence m,, is bounded in W1°° and hence the convergence to m is also uniform, from which we obtain
supp m C 4 (f). Now, take s > ¢ and n sufficiently large such that ¢, < s. By (2.10) and (2.11) (the modulus
of continuity of (2.10) is independent of m, € X), we have the convergence in H' of m(,s;B,t,, m,) to
m(-, s; B,%,7m). The boundedness of the former in W1 implies the weak-star convergence, which implies

lm(-, s; B, m)||lwiee <lUminf ||m(,s; B, tn, mn)|wie < BeMT,

Due to compactness, the H! and L? norms are topologically equivalent in X, that is there exists a modulus of
continuity @ such that for every (mq,t1), (ma,t2) € X,

lm1 — mallg1 0,y < @ (Ima — mallr2a, (1)) - (4.2)

Moreover, X contains all the possible trajectories s — (m(-, s;8,t,m),s) = (m(s),s) (with field g € B(t))
starting from any (m,t) € X. Indeed, for all s € [t,T] and for 7 € [s,T], it is

[m(-,7; 8,5, m(3)) |wr.(,(ry) = Im(, 758, t,m)||wr. 0, (1)) < BeMT

and hence (m(s),s) € X because, by definition, supp m(s) C Q(s) since supp m C Q;(t). Hence X is viable
under the evolution of the continuity equation with fields 8 € B(t). In particular, it contains all the trajectories
t — (m(t),t) starting from (mg,0) with mo € M.

A similar construction is naturally done for the trajectories of the single player of (3.1). More precisely, we
define Q5 (t) := B(Q,Ct), where C is the bound for | f(-,a)||, and hence we have that y, (1) € Qa(s,t) :=
B(Qa(t),C(s — t)) for every 7 € [t, s]. We define then the set

Xi= J () x X(t) x {t}) = {(z.m,t) € (T) x WH(Q(T)) x [0,T] : 2 € Q(t), (m,t) € X}
te[0,T

Hence X is a compact set in R x H! x [0,T], and is viable under all the admissible trajectories with controls
a € A(t) and B € B(t). That is, all our admissible trajectories in the time interval [0, 7], when starting from
points of X, can not exit from X itself. From the point of view of the Hamilton-Jacobi-Isaacs equation that we
are going to state and study on X, this means that, besides the time boundary at ¢t = 0 and ¢t = T, there will
not be other spatial boundaries requiring boundary conditions. Indeed, from any point of X, each trajectory
still remains inside X itself, then the Dynamic Programming Principle always holds and so definitely the
Hamilton-Jacobi-Isaacs equation does, without spatial boundary conditions (see the proof of Thm. 4.2).
We then define the Hamiltonian H : X x R x L2(R?) — R as

H(.’E, m,t,p, q) = mlI} maj( {_f($7 CL) P+ <Q1 div(bm)>L2(Rd) - é(xv m,t,a, b)} ) (43)
beB ac
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where (-, ) 12(ray denotes the scalar product in L?(R9). In the sequel, we denote by D, the gradient 1 x d, and
we are going to consider the fields 3(-, s) defined on the compact set Q;(T), i.e., B : Qy(T) x [t,T] — R%.

Definition 4.1. A function u € C°(X) is a viscosity subsolution of

—ug(x,m,t) + H(x,m,t, Dyu, Dppu) =0 in X (4.4)
if, for any ¢ € C1(R¢ x L2(R%) x [0, 7)),
—ee(Z,m, t) + H(Z,m, £, Dop(T, 1, £), Dimip(Z,m, 1)) < 0
at any local maximum point (z,m,%) € X of u — ¢. Similarly, u € C°(X) is a viscosity supersolution of (4.4)

if, for any ¢ € C*(R? x L2(R9) x [0, TY),

—i(&,m,t) + H(Z,m,t, Dpo(&,m,t), Dyo(,m,t)) >0
at any local minimum point (&, 7, %) € X of u— . Finally, u is a viscosity solution of (4.4) if it is simultaneously
a viscosity sub- and supersolution.

We point out that the above local maximum/minimum point is w.r.t. X and not necessarily w.r.t. R x
L?*(R%) x [0,T], where the test function is defined. This is not an issue because, as argued before, X is viable
for our trajectories and moreover in X the convergences of m in H'(R?) and in L?(R?) are equivalent.

Theorem 4.2. Under the hypotheses of Section 3, the lower value function V is a viscosity solution (see Def.

4.1) of

V(z,m,T) = (xz,m), (z,m) € Q(T) x X(T) x {T}"

For the proof, we need the following

Lemma 4.3. Assume the hypotheses of Theorem 4.2. Let (x,m,t) € X and ¢ € C'(R? x L2(R%) x [0,T]) be
such that

—@i(z,m,t) + H(z,m,t, Dyp(x,m,t), Dpp(z,m,t)) =6 > 0. (4.6)

Then there exists v* € I'(t) such that for all 5 € B(t) and T > t sufficiently close to t,

/t {g(y(ac,t)vm('v 53 thvm)v 37’7* [5]75(7 S)) + f(y(ac,t)a'y* [ﬁ]) : Dz@(y(aﬁ,t),m('a S5 Batam)v 8)

- <Dm90(y(1-,t)7m('a SQBatam)a S),div(ﬂ(', S)TH(-, S;ﬂat7m))>L2(Ql(T)) + Cpt(y(x,t)am(U 53 ﬂ7t7m)7 S)}ds
_0(r—t)
— 4 )

(4.7)

where Y(x,t) = y(x,t)(" 7 [5])
Proof. We define

A(z,m,t,a,0) := —pi(z,m,t) — f(z,a) - Dap(z,m,t) + (Dpmip(z,m, t),div(bm)) 12(q, (ry) — £(z,m, t,a,b).
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By definition of H and (4.6), we have

minmax A(xz, m,t,a,b) = 6.
beé acA

Then, for any b € B there is a = a(b) € A such that

A(z,m,t,a,b) > 0.

Observe that A(z,m,t,a,-) is uniformly continuous in B w.r.t. the L2 topology, where we recall that B is the
closure of B (see Rem. 2.1). This gives that

Alz,m,t,a,() > % for all ( € B(b,r)NB

for some 7 = r(b) > 0. Since B is compact in L2(Q;(T),R%) (see Rem. 2.1 again), there exist finitely many
points by, ....b, € Band r1,...,7, > 0 such that

B (bi,rl-) n B, (48)

'C:

@
Il
—

and, for a; = a(b;),

0
Az, m,t,a;,¢) > 32 for all ¢ € B(b;,r;) N B.

Since B is dense in B we can assume, without loss of generality, that (4.8) holds, for suitable ry,...,7, > 0,
with the centers b; € B for every i = 1,...,n. Now define ¥ : B — A by setting

MM:%iMGBkﬁk\UB L)

Observe that for any 8 € B(t) and s € [t,T], we have that U(5(-, s)) is measurable as the composition of two
measurable functions, and then we can define v* € T'(t) by setting

By definition of ¥, we have

30

A(w,m, t, 9 (b),b) > = for all b € B,

and by the continuity of A(z,m,t,a,-), by general estimates on the trajectory y(,+ and by (2.10), there exists
7 > t such that

AWz (8), m(-, 55 8,t,m),s,7"[B](s), B(, 5)) > for t < s < 7 and for each 5 € B(t). (4.9)

N

By integrating both sides of (4.9) from ¢ to 7, we obtain (4.7) for 7 sufficiently close to t. O
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Proof of Theorem 4.2. At first we prove that V is a subsolution (see Def. 4.1) of (4.5). Let ¢ € C*(R? x L2(R?) x
[0,7]) and (Z,m,%) be a local maximum point w.r.t. X for V. — ¢, and V(&,m,t) = @(Z,m,1). We stress again
that any trajectory starting from (Z,m, ) does not exit from X. We assume by contradiction that (4.6) holds
and then, by Lemma 4.3, there exists v* € T'(¥) such that, for all 8 € B(t) and all 7 sufficiently close to ¢,

/f g(y(i,f)am('a 5;67{7 m),s,’y*[ﬂ],ﬂ(~,$))d8 + Qa(y(:f,f)(’r)am('a'r;ﬁaﬂ m)aT) - (p(f,ﬁl,f) < *0(T4_ {)7 (410)

where ¥z 7 = Y7 (7" [B]). Since V — ¢ has a local maximum at (z,m,t) and V(z,m,t) = ¢(z,m,t), by
classical estimates on the trajectory y(z 7 and by (2.10), we have

Qﬁ(y(jf)(T),m(', T; 67& m)a T) - @(x7ma E) Z X(y(i,f) (T)7 m('77-;ﬁa Ev m)vT) - @(i‘vmﬂ?)

for 7 sufficiently close to ¢. Plugging this into (4.10), we obtain

inf sup {/ ‘g(y(z,ﬂ,m('aS;Batam)as,’y*[ﬁ}vﬁ)ds+V(y(z,ﬂ(T)vm('aT;ﬁvtam)a’r)} _X(fama{)
YEL(®) gen(d) L/t
0t —1)

- 4

<0,

which contradicts the inequality “<” in (3.4). Then V is a subsolution (see Def. 4.1) of (4.5).
Next we show that V is a supersolution (see Def. 4.1) of (4.5). Let ¢ € CY(R? x L%(R%) x [0,T]) and (z,m, )
be a local minimum point for V. — ¢, and V(Z,m,t) = p(Z,m, ). Suppose by contradiction that
—(x,m,t) + H(z,m,t,D,V,D,,V) = —0 < 0.
By the definition of H, there exists b* € B such that

—pi(z,m,t) — f(Z,a) - Dyp(Z,m,t) + (Dmep(z,m, t),div(b*m)) 12 (o, (ry) — £(Z,m,t,a,b") < —0

for all a € A. For 7 sufficiently close to ¢ and any v € T'(f), we have

- SDt(y(j,ﬂ (8),m(-,s;b%, t, m),s) — f(y(i‘,t‘)(s)vﬁY[b*](S)) : Dzw(y(f,f)(s)» m(,s; 0%, t, m),s)
+ <Dm80(y(j,ﬂ (8)7 m('a S5 b*a Ea m)a S)v le(b*m(7 S5 b*a E: m))>L2(Q1(T)) - é(y(i’,ﬂ (S)a m('7 S5 b*v E: m)7 S ’Y[b*}(S), b*)

< _Z
- 2

for every t < s < 7, where yz 5 () = Yz, (s;7[b*]). By integrating from ¢ to 7, and by (3.1) and (3.2), we get

for 7 sufficiently close to t. From

@(i‘7 m, i) - (p(y(i,ﬂ (T)a m('7 75 b*a {7 ﬁl), T) > y(f7 m, E) - M(y(i’f) (T)7 m('a 75 b*v Ea ﬁ’L), 7—)7
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we obtain

E(y(m(ﬂ,m(-ﬁ;b*,ﬂm)ﬁ)+[ Uy @,p(s),m(- 80", 1,m), s,7[b"](s),b")ds >
f

and thus

'yérllfﬂ BZ%I()Q {A e(y(i,f)(s)’m('a5§5afv m)as”y[ﬁ}(s)aﬁ('vs))ds+X(y(i,ﬂ(75’y[ﬁ])vm('775th_v m)vT)}

> V(z,m,t),
which contradicts (3.4). This completes the proof that V is a viscosity solution (see Def. 4.1) of (4.5). O

Now we want to characterize the lower value function of the problem as the unique solution of the HJI
equation (4.5).

Theorem 4.4. Assume the hypotheses of Theorem 4.2. Let uy, us be bounded and uniformly continuous functions
and, respectively, viscosity sub- and supersolution (see Def. 4.1) of

-Vi+ H(z,m,t,D,V,D,,V)=0 in X.

Therefore if uy < ug on Qa(T) x X(T) x {T'}, then u; < ug in X.
For the proof, we need the following lemmas.

Lemma 4.5. For all € >0, p € RY, (x1,m1,11), (x2,ma,t2) € X and ¢ = W, we have

2(my — 2(my —
’H (ml,mlatlapa(Tnng"nQ)) -H <x27m2at27p7W)‘

[my —ma||3
< Llja1 — as||lpl| + M LAl

52

+ wi (ler = @l + [lm1 = mal g, @) + [t = t2])

where we recall that L is the Lipschitz constant of f(-,a) and wy is the modulus of continuity of the running cost
£ (see Section 3).

Proof. Let us fix b’ € B such that
2(m; —m

H <x1,m1,t1,p,(1€22))
> ~fana)p+

2(m1 — mg)

e ,div(b’m1)> —l(x1,m1,t1,a,b")  for every a € A.

L2(Q4(T))
Then take a’ € A such that

Q(ml — mg)

52

2(m1 — m2)

H <x27m23t23p’ ) < —f(xg,ad’) -p+ < 2 ,div(b/m2)> — l(x2,ma,ty,a’,b").

L2 (1(T))
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Therefore
2(m m m
’H <x2,m2,t2,p, (1~ ) H { z1,my,t1,p, 2 2 2))‘
&2 3
2(m1 —ma) B ' g
< |—f(z2,a) - p+ ,div(b'mg) Lz, ma,ta,a’,b)
5 L2(24(T))
/ Q(ml_mQ) - 1t Y
+f(z1,0") - p—( ——%—=,div(b'mi) +4(x1,m1,t1,a",0)
§ L2(9,(T))
’ 1 2(m1 *mQ) . /
< |(f(z1,d") — f(x2,0d)) - p+ T’dw(b (mg —mq))

L2 (2 (T))

+ we ([loy = z2l| + [m1 — ma|l g o, (1)) + 181 — t2]) ‘

< I f(en,a) = Soa ) Iol +| 5 / div(t')(my — mo)*de

+we (1 = 22|l + [lma — m2||H1(Q1(T)) + [t1 — t2])

lma — m2||2L2(Ql(T))

< Lllz1 — 22 |lllpl| + M e

+ we (Jlo1 = x| 4 lm1 — ma |l 10y () + 1t — t2l)

where in the second-to-last inequality we have integrated by parts and used the fact that mq,mo vanish at
o0 (T). O

Lemma 4.6. If uy,us are respectively sub and supersolution (see Def. 4.1) of (4.5) in X, they are also sub
and supersolution in Qa(t) x X (t) x [0,T[. More precisely, the viscosity inequalities hold if the maximum or
minimum points are on Q2(0) x X(0) x {0}.

Proof. The proof goes similarly as the one of [1], Ch. II, Section 2, Lemma 2.10. O

Proof (of Thm. 4.4). The aim of the proof is to show that G = sup ¢ (u1 — u2) is less or equal to 0. We argue
by contradiction assuming that G > 0.

In order to simplify the proof, we change u; with (uy(z,m,t)), := ui(x, m,t) — nt for some n > 0 sufficiently
small, in such a way that, without loss of generality, we may assume that u; is a strict subsolution (see Def. 4.1)
of (4.5) since (u1), is a subsolution of

)y + H(x,t,m, Dy(u1)y, Dm(u1),) < —n <0 in X. (4.11)

0
,a(
To perform the proof, it is sufficient to show that (u1), < ug in X for any 1 and then to let n tend to 0. Notice
also that we still have (u1), < us on Q(T) x X(T') x {T'}. To simplify the notation, and since the proof is
clearly reduced to compare (u;), and ug, we drop the 1 and use the notation u; instead of (u1),.

Next, we consider the difficulty with Q5(0) x X (0) x {0}: a priori, we do not know if u; < uy on this part of
the boundary and a maximum point of u; — us can be located there. It is solved by Lemma 4.6.
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Now, since u; and us are not smooth, we need an argument in order to be able to use the definition of
viscosity solution (see Def. 4.1). We introduce then the test function

[ [ i AT NE N e

o2 €2 a2

U, ea(d' ,m' ¢ 2" m" ") =u (2, m! t') —ua (2, m" ¢") —

Since W ¢, o is continuous on X x X, there exists a maximum point (Z',m/,#,&",m",i"), and we set G :=
U, eo(@,m ¢, 3" m" ). We prove that

(1) when ¢,&,0 — 0, then G — G;
(2) ur (&, W', #) —ua (3", ", 1) = G as &,&,a — 0;
(3) we have

Hx/ o CC”H2 ||m/ _ mHH%ﬁ(Ql(T)) |t/ o t”|2
62 ’ {2 ) O[2

-0 as &a—0;

4) (&, m ), @&, m ) eX.

Since (%',7m/,t, 3", ", #") is a maximum point of V. ¢ ., for any (z/,m’,t'), (z",m",t") € X, we have

a2 5
o " [ i VN N
uy(z',m/ ) —ug (2", m” ") — = — @ -
o I e N L e PP S A ] L
< ul(at’,m’7t’) —uz(x",m”,t") . H = H _ o (2 (T) | ~ | e

We choose =’ =z, m’ =m/ and t’ =t in the left-hand side to get
uy (', m' t) —ua (', m' t') < G for all (z',m/,t') € X,

and, by taking the supremum over (z’,m’,t'), we obtain the inequality G < G.
Since u; and wuz are bounded, we can set R := max{||u1/co, ||u2]cc} and we also have, by arguing in an
analogous way,

|& — &> W = a0,y [

G<u1( !5y t)fUQ( //’ ~ t”)—

22 €2 o2
- ” ~1 ‘%//“2 Hm/ _ m/,”%ﬁ(Ql(T)) |£/ _ {//|2
<2R - 22 N & - o2
Recalling that G > 0, we deduce
Sl |2 m —m"|2%, 72
o= a2 | | li2@ury | | " <or. (4.12)

-2 ¢z 2
In particular, ||x =&, I ="\ 20, (1)), [ — '] = 0 as &,§, 0 — 0.
Now, since X is compact in R% x L2 (R%) x [0,T], we may assume, without loss of generality, that the points

(@, m/, 1), (&, m" ") converge to the same one: we deduce from this property that

lim inf (w1 (', 0/, ') — ue (2", m”, ")) < limsup(ui (&', M, ') — ue (", m", ")) < G,
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and the inequality

[ e V2T e N

e2 52 o?

<uy (#,m, ) —ua (3", m", ") (4.13)

G S Ul(.’il,m/,?) _ ug(a?”,rh”,f”) _

implies that necessarily lim(uy (¥, m',#) — uz(3",m", ")) = G. Finally, because again of (4.13),
o~ S0 (2 P

o i J# =@ W =i e,y 7= PP

G=wu (¥, W ) —ua (3", m",¢") — = — e . i -G
and, since u1 (&', m/, ') — uz(z",m",1") — G, we immediately get

[ L | T
- 2 - 2 2 -0,
€ 13 «

and we have proved (1), (2) and (3).

For (4), it is enough to observe that, if the point (z/,m/,t') is a limit of a subsequence of
(@, m' ¥, (&, m" "), then ui(z',m',t') — uz(z’,m’,#') = M > 0 and therefore (2’,m’,t') cannot be on
0 (T) x X(T )>< {T}.

Now we assume that ¢, £, o are sufficiently small in such a way that (4) holds. Since (&', 7/, ,&",m" ") is
a maximum point of W, ¢ o, (&/,7/,#) is a maximum point of the function

(@', m/ V) — up (2, m' V) — o' (2!, m 1),

where

~ A ~ 1112
o' = 3" [m” =" [|72q, (1) Ll

22 €2 az

/_t~//|2

(Pl(.T/, m/, t,) — Ug(.f”, ’I’h”, 2?//) +
but u; is a viscosity subsolution (see Def. 4.1) of (4.11) and (#,7/,#') € X. Therefore

— o (@, m )+ H@ W' ¥, Dy (&, 1), Dy (&', 1))
)

In the same way, (2,7, ") is a maximum point of the function
(x//’ m”,t”) — _u2(x”7m”7t//) + (,02(.’Ell,m”,t//),
where

||j/ _ .7;‘””2 B ”m/ _ m//||2L2(Ql(T)) B |£/ _ t//|2

<p2(x”,m”7t”) — u1(5c’7ﬁ1’,f/) _ 62 52 042 )

and hence (z”,m",t") is a minimum point of the function us — 2. But uy is a viscosity supersolution (see
Def. 4.1) of (4.5) and (@",m" ") € X, and therefore
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7801»( //7 ~ /! ”)+H($ ml/ t” DI@ (I/l7m//,£”)7DmS0 ( // ~/I t”))

/Y VA~ S
_2( 2t>+H<~~ g 2 =) 2 "”)20.

(&%

Then we subtract the two viscosity inequalities to obtain

H (.’Z‘l,m/,f/, 2(57/ — i‘/,) Q(m/gg Th”)) _H (55//7 ’ﬁ?,//, Lt//’ 2(53/ — 57”) Z(Thlf_g ?’71”))

IN
|
=

g2 ’ g2 ’

Now, by using Lemma 4.5, we get

g2 g2

= 2% =3 20m — W o — Y A —
H(i/’m/’t/, (' -z )’ (m€2m))_H<£,/,m,,7t,,’ (7 — 7 )7 (m€2m)>

S |2
|

l77" ~ ﬁl””%2(91(T)) ~1 S~ i
= M e +we (12" = 2" + |/ — " g,y + [T =1"]) < —n.
But, on one hand, ||#' — &"|, |/ — " || 120, (1)), [t — "] = 0 as £,£, 0 — 0 (see (4.12)) and hence also ||/ —
m"|| 10, (1)) — 0 as § — 0 since (4.2) holds. On the other hand

~1 A2 ”ﬁl/fﬁl//”Q
oI 6;” Y, 52”(”1“” — 0 when e, — 0.
The above inequality leads us to a contradiction. ]

5. COMMENTS ON TWO ONE-DIMENSIONAL EXAMPLES

In this section, we exhibit two one-dimensional examples (d = 1) and we somehow provide some comments
on them, trying to have information on the problems from the corresponding Isaacs equations. However, we
have to say that, in the first example, our comments will be not exhaustive and are to be considering as guess
for the understanding of the optimal behavior of the players. Indeed, even in simple situations, the differential
game between a player and a mass, as studied in the current paper, presents many non-trivial aspects and so
many possible admissible and optimal behaviors which are much sensible to the initial conditions. In particular,
this happens when the optimal behavior for the mass involves a change of the shape of the function m, that
is it is not a rigid movement. The first example below concerns the case where the optimal behavior involves
such a change. The second one concerns a case where such a change is not involved, the optimal behavior of the
mass is a rigid movement and then it is easier to guess the Frechet differential w.r.t. m of the value.

5.1. First example

We consider the following one-dimensional example. The dynamics of the single player is given by 2’ = « with
a:[0,T] — [—¢, ] = A the measurable control and ¢ > 0. The control 3 for the mass is given by 5 : [0, 7] — B
with

B={b:R—R:[bloc <cbzlloc <1},



A SINGLE PLAYER AND A MASS OF AGENTS: A PURSUIT EVASION-LIKE GAME 23

where c is as for the single player and c¢; is such that b can assume values from ¢ to —c, or vice-versa, in an
interval of length 2r. Here r > 0 is a datum of the problem, being the final cost defined as

The differential game is indeed of the Mayer type: we only have a final cost and no running cost, £ = 0. The
lower value function is then defined as

z(T)+r
V(xz,m,t) = inf sup/ m(&,T)dE, (5.1)
7B Ja(m)-r

and the Hamilton-Jacobi-Isaacs problem is

V(z,m,T) = ¥(z,m). (5.2)

{_Vt + SUPge[—c,c] {_azx} + inbeB {<DmX7 (bm)E>L2} =0,
Note that the Isaacs equation is decoupled in the controls (the Isaacs condition holds: the lower Isaacs equation
and the upper Isaacs equation coincide) and hence it is reasonable to expect that the lower value V will turn
out to be equal to the upper value function and so to the min-max equilibrium of a possible differential game,
where also the mass uses non-anticipating strategies (see the comments in the Introduction). In the sequel we
then denote the lower value function (5.1) simply by V.
We now make the following assumption (whose validity and reasonableness are discussed below): the value
function is given by

z+r+h,(t)

V(z,m, t) = / m(€)de, (5.3)

—r—hy (t)

where the functions hy, h,. (¢ stands for “left” and r for “right”) are two time-dependent absolutely continuous
functions satisfying the backward ordinary differential equations

P () = =20 (mle = 7 = he(£)) = m(@ + 7+ ko (1)),

he(T) = 0,

hy(t) = —20H<m(x+r+hr(t))—m(:c—r—hg( ))),7 (5.4)
he(T) = 0,

Rt (2) = 0,

By(t) + hL (1) = —2¢

where the Heaviside function # is defined as H(§) = 1, when £ > 0, and H(£) = 0, when £ < 0. In the case
& = 0 the Heaviside function is non-defined or possibly multi-valued, but the last two lines of (5.4) imply that,
when m(zx 4+ r + h,(t)) — m(z — r — he(t)) = 0, the quantities hl(t), hj(t) are equal to zero and equal to —2c,
respectively.

Let us assume that a solution of (5.4) exists and prove that (5.3) gives a solution of (5.2). The final condition
is easily verified. We have

Vi(z,m,t) =m(z 47+ h.(£))h.(t) + m(x — r — he(t))hy(t),
Ve(z,m,t) =m(z+ 71+ he(t) — m(x —r — he(t)), (5.5)
DmV(’I', m, t) = X[z—r—he(t),z+r+h.(t)]
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where X(z—r—h,(),0+r+h.(t)] 18 the characteristic function of the interval [z —r — h(t), x 47 + h,(t)]. Plugging
(5.5) into (5.2) we get

—m(x+ 7+ h(t)h.(t) —m(z — 1 — he(t)) hy(t)
+ c’m(m tr—he(t) —mz -7 — hg(t))‘ - c(m(m ot he(t) +m(e —r — hg(t))> —0, (5.6)

where in the last line we have used

z+r+h,(t)
inf (DmV, (bm)¢) = inf S (bm)edg

= inf (b(:r 14 Ry (8))m(z 47+ B (£)) — b(z — 7 — he(t))m(z —r — hg(t))) - —c(m(:c 4 e () +mz —r — hg(t)))

because m > 0, —c < b < ¢ and b can assume values from c to —c, or vice-versa, in any interval of length larger
than 2r (as the interval [z — r — he(t),x + 7 + h,(t)] certainly is). Since (hg, h,) satisfies (5.4), if m(z +r —
hr(t)) — m(z — 7 — he(t)) > 0, then (5.6) becomes

2em(@ 1 = he()) + e(m(@ + 7 = he(8) = m(@ = = he(®))) = c(mlz + 7+ he(0)) +m(z =7 = he(1))) = 0.

Similarly if m(x +r — h.(t)) —m(z —r — he(t)) < 0. If instead m(z + 7 — h,(t)) — m(z —r — he(t)) = 0, for any
possible choice of (h}(t), h,.(t)) = (—2¢,0) or (hy(t), h..(t)) = (0, —2¢c), we get (5.6) vanishing.

Modeling considerations. We look from the point of view of the mass, that is looking for its optimal strategy.
Let t — z(t) be the trajectory chosen by the single player starting from xg, say at ¢ = 0. Note that the goal
of the single player is to minimize the quantity of mass’ agents inside the interval [z(T) — r,z(T) + r] at the
final time T', whereas the goal of the mass is to maximize it. The agents of the mass that are already inside
the interval [xg — 7, 2o + 7] at t = 0 will move jointly with the single player. The other agents will try to enter
the interval [x(¢) — r, 2(t) + r] at a certain time ¢ < T and then to stay in [x(7) — r,z(7) + r] for all remaining
t <7 <T. The single player cannot avoid the agents entering its reference interval. However, having the same
maximal velocity ¢ it can avoid the ones coming from one of the two sides: just moving in one of the two
directions at the maximal velocity. Note that, in this case, the agents coming from the other side are entering
with a relative velocity of value 2¢, because they move at the maximal velocity ¢ towards z(¢t). We can adopt a
“static point of observation” where the player is not moving and the initial mass is not changing, but instead the
interval of reference for the player is growing with left and right extremals moving as t — xg — r — hy(t) and
t — xg + 1 + h,.(t), for two suitably chosen time dependent function hy, h,.. If such functions, from a backward
point of view, satisfy (5.4), then they are optimal and (5.3) gives the value function. Moreover, an optimal
strategy for the mass, still in this static point of view, is, at time ¢,

c if & <a—r—he(t),
b(&) =< linear fx—71—he(t) <E<z+7+ he(2), (5.7)
—c if &> ax+r+ h(t),

as indeed detected by the last line of (5.6) and the comments after it. Note that the “static point of view”,
as well as being a classical approach for pursuit-evasion games ([36, 37|, adopting the reference frame of one
of the two players), seems more convenient due to the feature of the game as “accumulation of agents around
the player”. However, from a non-static point of view, (5.7) just means, for the single mass’ agent being in the
position € € R at time ¢: if you are at the right of the interval [z(t) — r,z(t) 4+ r], then move with maximal
velocity ¢ towards the left; if you are at the left of the interval [z(t) — r,(t) + 7], then move with maximal
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velocity ¢ towards the right; if you are already inside the interval [z(t) — r, z(t) + r], then move in order to stay
inside the intervals [z(7) — r, z(7) + 7] for all subsequent 7.

Comments on the hypothesis (5.3) (and (5.4), existence of the solution). The hypothesis (5.3), despite it
enlightens some good points of the model, presents some critical issues. The hypothesis that the functions hy, h,
only depend on ¢ is not generally satisfied. Indeed those functions satisfying (5.4) are somehow an optimal
feedback for the single player and then they should depend on z and m too. In the equations (5.4) there should
also be the derivative of hy, h, with respect to  and their Fréchet differential with respect to m. This also reflects
on the fact that a solution (hg, h,.) of (5.4), as it is written above, may not exists, for some profiles of m. The
model studied in this section and the proposed solution are then just an ansatz of what the general situation
should look like. Then, this simple model, which is representative of the overall problem and its difficulties,
already deserves further future studies. In any case, whenever (5.4) has a solution for any = and m, then (5.3)
solves (5.2) and, by uniqueness, is the value function.

A simple possible situation with hg, h, depending only on t. We end this subsection describing a simple
favorable situation. Before that we stress again that the goal of the present subsection is just to have some guess
on the optimal behavior which, even in this easy example, presents too many non-trivial aspects to be evaluated
with mere “hand-based” argument. If the initial distribution m is non-increasing in [x — r — 2¢T, z + 7 + 2¢T)
for some = € R, then, for that z, (5.4) has a solution given by hy = 0 and h,.(t) = 2¢(T — t). The value function
is then

z+r+2c(T—t)

Vi, m, 1) = / m(€)de,

-r

which indeed means that, in a non-static point of view, the player, starting from x, moves at the maximal
velocity ¢ towards the right and the mass adopts the strategy described above. Moreover, if we suppose that m
is strictly decreasing in [z —r — 2¢T — 0,2 + r + 2¢T + o] for some o > 0, then, even if we perturb z and m
a bit (remember that we are working in the set X as in Sect. 4 where the convergence of m is also a uniform
convergence), the optimal behavior (hy, h,.) does not change, i.e. it is not affected by such a perturbation. This
means that their derivatives with respect to « and m are null and that they are still solution of (5.4).

5.2. Second example

Let us consider a one-dimensional Mayer problem, where the dynamics of the single player, its measurable
controls and the set B of the controls of the mass are the same as the example in the subsection Section 5.1,
and the only change is in the final cost which is now given by

bla,m) = (m -/ £m(£>d£)2.

Besides the hypotheses on Section 4, we also consider only initial states for the mass such that fR mdé =1
and m > 0. Note that such properties are preserved by the solutions of the continuity equation (1.1) and are
compatible with the arguments in Section 4. The single player x wants to minimize the cost

J(x,m,t, o, B) = p(x(T),m(T))

and the mass m wants to maximize it, that is the single player at the final time 7" wants to be close to the
expectation of the distribution of the agents and the contrary for the mass.
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Again, the problem solved by the value of the game V is

—Vi + max,e[—¢,g{—Vea} +inf, 5(Dp,V, (bm)e) = 0,
V(z,m,T) = ¢(x,m).

We assert that the value is

Viamot) = vieom) = (2= [ fm<£>d£)2 (5.9)

independently of ¢, that is anyone of the two opponents cannot improve its outcome w.r.t. initial one.
We prove that V solves (5.8). We have

Vi, =0 for every t;

v, =2 (x -/ fm(E)dé‘) ;

DV = -2 (x - /R 5m(§>d§> 3

We set z := 2 (m — fR fm(ﬁ)df) € R. Let us assume that z > 0. Then we have

—Vi+ max {—Vga} +inf(D,,V, (bm)) = max {fza}Jrinf/(—zf)(bm)gdf
] b b Jr

a€[—c,c a€[—c,c]

§=+o0
= zc + zinf (Ebm’ Jr/ bmd&) =zc+ Zinf/ bmd€ = zc + z/(—c)mdf =zc—zc=0.
b f=—oc0 JR b Jr R

Clearly, the final datum is satisfied. The calculation with z < 0 goes similarly. Hence V is the solution of (5.8)
and, by uniqueness, it is the value of the game.

On the optimal strategies. The fact that the value of the game is (5.9) and the calculation above show that the
optimal strategies, for both opponents, are realized when they move simultaneously at the maximum velocity
towards a suitable (left or right) direction. If this does not happen, one of the two opponents can surely improve
its outcome at the cost of the other one.
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