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Abstract: This paper concerns an optimal control problem on the space of probability measures
over a compact Riemannian manifold. The motivation behind it is to model certain situations
where the central planner of a deterministic controlled system has only a probabilistic knowledge
of the initial condition. The lack of information here is very specific. In particular, we show that
the value function verifies a dynamic programming principle and we prove that it is the unique
viscosity solution to a suitable Hamilton Jacobi Bellman equation. The notion of viscosity is
defined using test functions that are directionally differentiable in the the space of probability

measures.
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1. INTRODUCTION

The study of optimal control problems and viscosity the-
ory in the space of probability measures has been an
active area of research in the mathematical community
in the last years, in particular because of its potential
real-world applications in the modeling of multi-agent sys-
tems. The potential applications include crowd dynamics
modeling Cristiani et al. (2014), opinion formation pro-
cess modeling Bellomo et al. (2012), herd analysis Topaz
and Bertozzi (2004), autonomous multi-vehicle navigation
Ren and Beard (2008) and the modeling of uncertainties
on the initial state of a deterministic controlled system
Cardaliaguet and Quincampoix (2008).

At the individual level, the behavior of each agent is
dictated not only by local interactions but also by the
non local interactions that depend on the distribution of
all agents. When the number of agents is assumed to be
very large, the complexity of the system grows extremely
fast. A suitable way to modelize this problem is through
a macroscopic approach, where the discrete collection of
agents is replaced by a spatial density that evolves in
time. If we assume further that the total number of agents
remains constant at all times during the evolution of the
system, then one can normalize the density of the agents
and assume that its total mass is equal to 1.

Hence, the evolution of the multi-agent system, seen as
normalized spatial density in a given base space X (typi-
cally the Euclidean space or a Riemannian manifold), is
described by a curve t — u, € P(X), where P(X) is
the space of Borel probability measures over X, and py
represents the spatial density of the multi-agent system at

a given time ¢ > 0. The conservation of the mass along the
trajectory ¢t — u; is described by the following continuity
equation

6t/4t + div(vt,ut) = 0,

where v;(.) is a time-dependent Borel vector field, and the
equation is understood in the sense of distributions.

In this paper, we take the base space X = M to be
a compact Riemannian manifold without boundary. We
propose to study a simple model of multi-agent systems,
where the non local interactions between the agents are
not considered. This problem can be interpreted as a
deterministic control system with imperfect information
on the initial condition, i.e. the initial condition is not
known precisely by the controller, but they only know that
the initial condition follows a probability distribution pg €
P(M). More precisely, consider the following controlled
equation:

{Y(t) = Y () u(t), €€ [t0.T],

Y(tg) =x0, u(t) €U, (1)

where f : M x U — TM is the dynamics, assumed to be
Lipschitz with respect to the first variable and continuous
with respect to the second variable, 2o € M and to € [0, T].
The set U is the set of admissible control values which is
assumed to be a compact subset of some metric space. The
control function u(.) € U is a Borel measurable function
u : [to,T] — U. The main feature of this problem is that
the initial position z( is not perfectly known, but rather
distributed along the probability measure pg. Notice that,
since f(.,u(t)) is Lipschitz continuous and bounded, the
evolution curve of the uncertainty, ¢t — p; starting from
Lo, is the unique solution to the equation
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{&fﬂt + du}(f(?“’(t))ut) = Ov te (t0>T)7
Mty = MO,

in the distributional sense. The measures yu; are obtained
by the pushforward of pg by the flow at time ¢ of the
controlled equation (1).

The controller aims at minimizing the following final cost:

L(y) = / 1) dp(y),

where | : M — R is a Lipschitz function. An immediate
consequence of this assumption is that the function L :
P(M) — R inherits the Lipschitz property from [ as
well. The quantity L(ur) represents the expectation of the
deterministic final cost with respect to the measure pr.

To this optimal control problem, we associate the following
value function:

J(t = inf L .
(to, 1o) u({l)leU (pr)

A similar problem was studied in Cardaliaguet and Quin-
campoix (2008) in the context of differential games and
in Marigonda and Quincampoix (2018) for Mayer optimal
control problems. We stress on the difference between the
set of trajectories ¢t — pu; considered here and the set of
trajectories t — pu; considered in Marigonda and Quincam-
poix (2018). Indeed, in the latter case, the minimization is
considered over a set of trajectories ¢t — p; that appears
to be larger. The trajectories t — u; are solutions to the
following continuity equation

{@,ut + div(vgpy) =0, t € (to,T),
Mty = MO,
where v;(.) is a vector field such that

ve() € {f(,u) : ueU}.
In this manuscript, we want to study the evolution of the
lack of information on the initial condition in (1), modeled
by a Borel probability measure py. Hence, we only consider
trajectories t — py that are obtained by the pushforward
of the initial uncertainty pg by the flow at time ¢ of the
controlled equation (1).

The first main goal of this paper is to study the properties
and the regularity of the value function. In particular we
will show that the value function is Lipschitz continuous
with respect to both variables and that it verifies the
dynamic programming principle. The second goal of the
paper is to prove that value function can be characterized
as the unique viscosity solution of a suitable Hamilton
Jacobi Bellman equation (HJB in short) of the form
{atv + H(p, Dyv) =0, (t,p) € 0,T) x Po(M),
o(T' p) = L(p),

in the space of probability measures P(M). In the lit-
erature, the study of HJB equations or Hamilton Jacobi
equations in general in P(M), is heavily based on defin-
ing a suitable notion of sub/super-differentials to define
the notion of viscosity (see for example Cardaliaguet and
Quincampoix (2008); Jimenez et al. (2020); Gangbo et al.
(2008); Gangbo and Tudorascu (2019)). Our approach is
different. We aim at transposing the viscosity theory tech-
niques that are used in the classical theory (Crandall et al.
(1992)) to the space of Borel probability measures Py (M).
In particular, we define a suitable notion of viscosity using
a class of real valued functions that admit directional

derivatives at all points p € P2(M). We then prove a
local comparison principle between any bounded upper
semicontinuous subsolution and any lower semicontinuous
supersolution. Finally, we prove that the value function is
the unique viscosity solution to the above HJB equation
by using the dynamic programming principle verified by
the value function.

This paper is expository. All the results asserted in here
are proven in Jean et al. (2022). The paper is structured
as follows. In Section 2, we recall some classical notions of
optimal transport theory and the geometry of the space
of probability measures. In Section 3, we formulate the
Mayer problem in the space of probability measures and
we give the main properties of the value functions. Section
4 is devoted to the study of a suitable HJB equation that
characterizes the value function. In particular, we define
the Hamiltonian we are going to work with, then we define
a notion of viscosity using a class of test functions that
are directionally differentiable, we show the comparison
principle and we show that the value function is the unique
viscosity of the HJB equation.

2. PRELIMINARIES

In this section, we recall some facts about optimal trans-
port and the geometry of Wasserstein spaces. Let (M, (., .))
be a finite dimensional, compact and connected Rieman-
nian manifold without boundary. We denote by |.| the
associated norm on the tangent bundle TM, and by d(., .)
its Riemannian distance on M. The metric space (M, d), is
a complete, separable and compact space and its topology
is equivalent to the topology of the differentiable manifold
M. The tangent bundle TM is itself a complete and
separable Riemannian manifold when endowed with the
Sasaki metric (Sasaki (1962)). We denote by dras(.,.) the
Riemannian distance on TM associated with the Sasaki
metric.

2.1 The Wasserstein space Pa(M)

We denote by P(M) the set of Borel probability measures
over M and P2(M) the set of Borel probability measures
with bounded second moments:

Po(M) :={peP(M): /dz(x,xo)du(m) < 00, Vg € M}

Actually, since M is compact, we have Po(M) = P(M)
but we will keep using the notation Pz(M). Recall that for
any two topological spaces X and Y, any Borel probability
measure ¢ on X and any Borel function g : X — Y, the
pushforward measure gfp on Y is defined by

gtu(A) = u(g~*(A)) VYA CY, a Borel set,

or equivalently, for all h : Y — R, a Borel measurable and
bounded function, we have:

/hdgﬁu:/hogdu~

We define the Wasserstein distance Wa(.,.) over Po(M) by

Walp,v) i= \/inf{ [ @i},

where the infimum is taken over all Borel probability
measures of M x M that have marginals p and v, i.e. for
all A, B, Borel sets of M, we have

Y(Ax M) =pu(A) and (M x B) =v(B).
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Such Borel probability measures are called admissible
plans of pu and v and the set of such plans is denoted
Adm(p, v). It is well known that Wy verifies all the axioms
of a distance and that the infinimum is always reached
(Ambrosio and Gigli, 2013, Theorem 1.5). The admissible
plans where the minimum is achieved are called optimal
transport plans and the set of such plans is denoted
Opt(u,v) C Adm(u,v).

The metric space (Py(M), W) is complete and separable.
Furthermore, it is a geodesic space, i.e. any two points of
Pa(M) can be joined by at least one geodesic. We recall
that a curve « : [0, 1] — P2 is a geodesic if

Wa(ag, o) <[t — s|Wa(a, o), Vt,s € [0,1].
2.2 The tangent space T, (P2(M))

In this subsection, we will adopt a purely metric perspec-
tive to define the tangent space of (P2(M), Ws) at a given
point p. First, Let P(T'M) be the set of Borel probabil-
ity measures over TM. Since (T'M,drys) is a complete
geodesic space, we can define the Wasserstein space over
TM as the set of all n € P(T'M) such that

/dQTM ((x,v), (xo,vo))dn(x,v) < 0,

for all (xg,v9) € TM. We denote it by Po(TM). We
endow it with the usual Wasserstein distance for any
1,7 € P2(TM):

Wa(v,n) = \/inf{ /d%M(w,y)dﬁ(x,y)},

the infinimum is taken over all admissible plans § with
marginals v and 7. Notice that we kept the same notation
for the Wasserstein distance. It would be clear from the
context which base space is considered. We are now able
to define the tangent space at a point p € Pa(M).

Definition 1. (Tangent space). Let pu € Py(M). The tan-
gent space T),(Pa2(M)) C Po(T'M), is the set of measures

v € Po(TM) such that 7™ty = pu, where 7 : TM — M
is the canonical projection onto M.

The tangent space at a point p has a geometric meaning.
In fact, it encodes all the information about geodesics
emanating from p as we describe hereafter.
Let exp : TM — M be the exponential map of (M, (.,.)).
The exponential exp,,(7) of a measure v € T,(P2(M)) is
defined by

exp,,(7) := expfy € Po(M).
We define the map exp,, ' : Po(M) — T,,(P2(M)) by

exp; (1) = {7 € T,,(Pa(M))
/ [of2 oy, 0) = (W(p,))? },

or in other words, the set of measures v € P2(T'M) such
that (7™ exp)fy is an optimal plan from p to v and
JIv|? dy(z,v) = (W(u,v))?% We introduce the following
notation
Ai(z,v) = (z,tv), VteR, (z,v) € TM.

Remark 2. The map exp;1 is not really an inverse map to
exp,, since only the measures v € T,(P2(M)) such that
M exp)fy are optimal plans in the inverse image of v

: exp,(y) = v and

(m

are considered. While this might seem confusing, the map
exp;1 is defined this way so that for all v € exp;l(l/),
the curve t — exp(A;)fy is a geodesic connecting p and v,
see the theorem below.

Theorem 3. (Gigli, 2011, Theorem 1.11) Let p,v €
Pa(M). A curve (pg) : [0,1] — P2(M) is a geodesic
connecting p to v if and only if there exists a measure
7y € exp,, ' (v) such that

pe i=expolfy, Vit e [0,1]. (2)
The measure 7 is uniquely identified by the geodesic.
Moreover, for any ¢ € (0,1) there exists a unique optimal
plan from p to p¢. Finally, if there exist two different
geodesics connecting p to v, they do not intersect in
intermediate times (i.e. on (0,1)).

Introducing the following rescaling of a measure:
tey=Aly, VteER, veP(TM),
equation (2) can be rewritten in a more elegant way as
pt = expolfy = exp,(t.v), Vtel0,1].
With the characterization of geodesics in Theorem 3, no-

tice that for any p € Po(M), all measures v € T),(P2(M))
that produce geodesics, i.e. such that

t > exp,(t.7), (3)
is a geodesic defined in some right neighborhood of 0, say
[0,¢], can be seen as initial velocities of these geodesics.
We mention that not all curves of this form are necessarily
geodesics but all geodesics are of this form.

Moreover, using this characterization of geodesics, we can
define a class of real valued functions f : P2(M) — R
that are directionally differentiable along all geodesics. In
particular, the squared Wasserstein distance function

= W2(p,0),

with o € Po(M) fixed, is directionally differentiable along
all geodesics. In fact, a much more general result holds: the
squared Wasserstein distance is directionally differentiable
along all curves of the form (3) even though they are not
geodesics. For more details on this, we refer to Gigli (2011);
Ohta (2009). We will only give the following result for the
squared Wasserstein distance, which we will need in order
to define test functions for viscosity notion in Section 4.

Theorem 4. (Gigli, 2011, Theorem 4.2) Let u, o € P2(M),
and g : M — TM be a squared integrable vector field with
respect to p. Let v = gfp € T,,(P2(M)) and t +— exp,,(t.7)
be a curve starting from u, not necessarily a geodesic. Then
it holds

% t:OWS(expM(t.'y),gf = -2 sup/(g(m),i})d{(m,v),

where the supremum is taken over all ¢ € exp,,'(c). We
denote it by

2 d 2 2

D W5 (p, o)« (gip) = o Ws (expu(t +7),0)%,

and is understood as the differential of W3(., o) along gtpu.

3. OPTIMAL CONTROL PROBLEM IN P5(M)

Let T > 0 and U be a compact subset of a metric space.
Consider the dynamics, defined for T > t; > 0 and
xg € M, as
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Y(t) = f(Y(t),ult), te€ [to,T),
Y(to) = xo,u(t) eU,

where f : M x U — TM satisfies the following assump-
tions:
f+M xU — TM is continuous and Lipschitz
continuous with respect to the state, i.e.
k> 0:dry(f(z,u), fly,w) < kd(z,y),
Vu e U, (z,y) € M x M.
(H),, : for all x € M, the set

[, U) = {f(x,u) :
We define the set of open-loop controls by

U:={u:[0,T] = U : u(.)is measurable}.

Under the assumption (H), classical results of ordinary
differential equations hold. In particular, for any control
u(.) € U and xy € M, there exists a unique Lipschitz

trajectory t — Y2 defined on all [to, T]. Moreover, we
have the following estimates:

(H)

u € U} is convex.

Proposition 5. There exist positive constants C1,Cy > 0
such that for all xg,z9 € M, for all t, € [0,7], and

t— Ytto’wo’“, t— Ytto’zo’u be solutions of (4), it holds:
d(Yjéo’x07u, letﬂo’z()’u) < d(CC(), Zo),
d(Y’tto,xo,u’ :L‘o) < (Cy |t — lL()|7 t e [t07T],

The control problem aims at minimizing the final cost

Lpo) = / UYL dpg (),

over all trajectories that are solutions of the dynamics
(4) with the initial condition zy € M, distributed along
the measure pg € P2(M). We consider the following
assumption:
(H;) 1 : M — R is Lipschitz continuous with constant
Lip(1).

When 0 is equal to the Dirac mass d,,, the resulting
system corresponds to the classical case without uncertain-
ties on the initial condition. This problem is thoroughly
studied in the literature. When puo is any probability
measure of Py(M), it is better to see this problem as
an optimal control problem defined on the space of Borel
probability measures Ps(M). First we rewrite the final cost
the following way

Liuo) = / U250 dpag () = / () AV 810 (1),

and we minimize this cost over the set of trajectories
t — pi" of the space Po(M) that verify

Pt = Yo g, t € [to, T, and @ s YO

is the flow of (4),

Mty = HoO-
Since z +— YO"" € M and po € Pa(M), then t —
Yo"y € Po(M) for all t € [to,T]. Tt is a known
fact, Ambrosio et al. (2008); Bernard (2008), that each
trajectory ¢ — pi®" is the unique solution to the following
continuity equation

fOu - SN =0, € 0 )

u ()
1ty = po-

In the distributional sense. Hence the optimal control
problem can be rewritten in the following way:

min Wy)duko " (y),
u(.)GU/ (W)dpr"" (y) o
Ho,U . o uy
sl tha {2087 4 0]l =0
Mto, = Mo, te <t07T)

The associated value function to the above optimal control
problem is defined as

o) = int [ 1) dul " o).

Under hypotheses (H) and (H;), we have the following
two properties of the value function.

Proposition 6. (Jean et al. (2022)). Assume (H) and (Hj).
Then, the value function 1 is Lipschitz continuous on
[0,T] x P2(M). In particular, ¢ is bounded.
Theorem 7. (Jean et al. (2022)). Let p € Po(M
[0,7] and h € [¢t,T — t]. Then it holds

I(t, p) = 7ig{{ﬁ(ﬁ + h, i)

), t €

In the classical theory of viscosity solution, the value
function is the unique viscosity solution of the Hamilton
Jacobi Bellman equation. The goal of the next section is
to show that the value function, in this setting, is also a
viscosity solution to a Hamilton Jacobi Bellman equation
of the form

{atv + H(,LL, D,uv) =0,
o(T, ) = L(p),
where the Hamiltonian and test functions will be defined
precisely.

(tvﬂ) € [O7T) X PQ(M)a

4. HIB EQUATION IN Py(M)

We have defined all the elements we need to give a precise
definition of the Hamiltonian, viscosity solutions and test
functions. In this section, we prove that the value function
is the unique viscosity solution to an HJB equation.
The Hamiltonian we will work with has the following
expression:

H(p, Dyo(t,p) = inf Dyl ). (F(owin),  (7)

with v : R x Po(M) — R is a real valued function that

admits directional derivatives along the time variable and
the measure variable. The function v represents a test
function that has the following form:

V(t, 1) € [0,T) x Po(M), v(t, ) = ¢(t) + a W3 (p,0),
with ¢ € R and o € P2(M) fixed and ¢ : [0,T) — R
is a continuously differentiable function, p — W3(u, o) is
directionally differentiable in the sense of Theorem 4. We
consider the following Hamilton Jacobi Bellman equation:

Ow+ H(p,Dyv) =0, (t,n) €1[0,T) x Pa(M),

{on 0
Next, we define the test functions that we are going to use
to define the notion of viscosity solutions.

Definition 8. (Test functions).
Let TEST be the set defined as:
TEST 1 = {(t, w)—=(t) + a( (W3 (p,0))) -
a € RT 0 € Py(M)},
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where ¢ : [0,7) — R is a C! function.
We set TEST2=-TEST1:={—¢ : ¢ €TEST1}.

Definition 9. (Viscosity solutions).

e We say that a function v : [0,T) x P2(M) — R
satisfies the inequality
v + H(,LL,D;[U) >0,

at (t,u) € [0,T) X Po(M) in the viscosity sense if v
is upper semicontinuous and for all 7EST 1 functions
¢ :[0,T) x Po(M) — R such that v — ¢ attains a
maximum at (¢, u), we have

at¢ + H(luv Dud)) > 0.
A function v satisfying 0v + H(p, Dyv) > 0 on
[0,T) x Pa(M) in the viscosity sense is called a
viscosity subsolution of (8).

e Similarly, we say that a function v : [0,T) x Po(M) —

R satisfies the inequality

atv + H(,U, Duv) <0,

t (t, 1) € [0,T) x Po(M) in the viscosity sense if v
is lower semicontinuous and for all TEST s functions
¢ :[0,T) x Po(M) — R such that v — ¢ attains a
minimum at (¢, ), then

0¢ + H(p, Dpop) < 0.
A function v satisfying 0,v + H(u,D,v) < 0 on
[0,T) x Pa(M) in the viscosity sense is called a
viscosity supersolution of (8).
e We say that a continuous function v [0,T] x
Po(M) — R is a viscosity solution of (8) if it is both
a supersolution and a subsolution on [0,T) x Ps(M)

and verifies
o(T, ) = L(p).

In the literature, the study of viscosity solutions for
HJB equations or general Hamilton Jacobi equations re-
lies heavily on defining a suitable notion of sub/super-
differentials and in defining a notion of smooth functions
in Wasserstein space in an extrinsic way using the so-
called Lions calculus (see for example Cardaliaguet and
Quincampoix (2008); Jimenez et al. (2020); Gangbo et al.
(2008); Gangbo and Tudorascu (2019)). In all these ap-
proaches, the squared Wasserstein distance is not included
in the set of test functions considered, which makes them
unsuitable to extend the common viscosity techniques
known in the classical theory. This is the reason why
in here, we adopt a different approach. We define the
viscosity notion using test functions that are directionally
differentiable along both the time variable and the measure
variable. Furthermore, using this approach of test func-
tions, we can prove the comparison principle for equation
(8) for any bounded upper semicontinuous subsolution
and bounded lower semicontinuous supersolution. First,
we need two key results.

Proposition 10. (Jean et al. (2022)). For all o, n € Pa2(M)
and a > 0, we have:

H(p,a DWE(, 0)) — H(o, —a Dy Wi, 0)) <
2a Lip(f) W3 (1, 0).
Remark 11. The above result is of fundamental impor-

tance to prove the comparison principle. Indeed, it al-
lows us to use the variable doubling technique without

having any regularity assumptions on the Hamiltonian.
Furthermore, this result does not need any compactness
assumptions on the Wasserstein space. The proof can also
be adapted if for example the base space is the Euclidean
space RY, rather than the compact manifold M. This is
due to the fact that the squared Wasserstein distance in
Po(RYN) is directionally differentiable and has an expres-
sion similar to the one given in Theorem 4 (see (Ambrosio
et al., 2008, Theorem 7.3.2 and Proposition 7.3.6)).

Theorem 12. (Jean et al. (2022)). Assume (H) and (H;).
Let u,v : [0,T] x P2(M) — R be respectively bounded up-
per semicontinuous subsolution and lower semicontinuous
supersolution on [0, 7] x Pa(M). Then it holds:

(v—w)p < sup (v —w)y,

sup <
{T}xP2(M)

[0,T]xP2(M)
where (a)4 = max(a,0).
Theorem 13. (Jean et al. (2022)). Assume (H), (H;) and
(H¢o)- Then the value function ¢ is the unique continuous
viscosity solution to (8).

To prove that the value function is a viscosity solution to
(8), we use the dynamic programming principle asserted
in Theorem 7, whereas uniqueness comes from the com-
parison principle asserted in Theorem 12.
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