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CONSISTENT MEAN FIELD OPTIMALITY CONDITIONS FOR
INTERACTING AGENT SYSTEMS*
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Abstract. We are interested in the derivation of optimality conditions for controlled interacting
agent systems. We establish the relation between mean field optimality conditions and the optimality
condition of the mean field control problem. This link is important for many recently published articles
on control strategies for agent based systems since it establishes the precise relation between multipliers
for the individual agents and the probability density distribution of the multipliers in the mean field
limit. The relation to different notions of differentiability are also shown.
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1. Introduction

Dynamic agent systems have been used recently to describe phenomena different
from classical statistical mechanics, see e.g. the recent publications [7,15,22,24]. In
many of those descriptions control actions may be applied in order to drive the system
towards a desired state using either open, closed loop or a competitive game setting. Of
particular interest has been the question of control actions prevailing in the meanfield
limit, i.e., in the limit of dynamical systems with infinitely many agents. Many examples
have been given in recent literature. We only recall a few results and refer to the
references therein for more details. For a Nash game theoretic setting the meanfield
limit has been discussed e.g. in [21], and for Stackelberg games in [2,10]. Closed loop
feedback controls have been proposed in [4,17] and using the additional constraint of
sparse controls for example in [11].

In the case of finitely many interacting agents the associated open loop control prob-
lem can be solved for example using Pontryagin’s maximum principle (PMP), dynamic
programming or the corresponding Hamilton—Jacobi equations. Similarly, open loop
control problems with respect to meanfield partial differential equations can be solved
using a version of the Lagrange multiplier theorem in infinite dimensional spaces. In
this paper we are interested in the relation between both approaches. In particular, we
are interested in the corresponding meanfield limit of the optimality conditions arising
from the PMP and its relation to the multipliers obtained by the optimization with
respect to the partial differential equation. This link is only partially explored so far.
Prior work [1,3-6,16] on control problems for agent systems applied feedback control
techniques to simplify the optimization problem. Typically, the obtained system yields
a formulation of the control depending on the current state of the system. Hence, in the
aforementioned publications it was not required to consider also the meanfield limit of
the corresponding multipliers. However, a formulation of the control as a function of the
current state allows to obtain meanfield limits similar to classical kinetic theory. Here,
we do not intend to obtain such a closed—loop form of the control, but rather study
the meanfield limit to the full optimality system. We study both the meanfield limit
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1096 CONSISTENT MEANFIELD OPTIMALITY CONDITIONS

of optimized agent system as well as the optimized meanfield problem. Furthermore,
many results in literature are devoted to control of one-dimensional phase models mo-
tivated as models for wealth modeling or opinion formation [19,23]. Here, we study the
case of an arbitrary phase space where simplifications of the particular one—dimensional
setting do not hold true any more. In particular, we establish the link of the continuous
multiplier and the conditional expectation of the meanfield limit of the optimized agent
system.

This paper is organized as follows. In Section 2 we first establish the optimal control
system, based on the well known Pontryagin principle, for a system of N agents, each
influenced by agent to agent interaction forces. Assuming sufficient regularity an appli-
cation of PMP leads to the well-known two point boundary value problem in time for
the agent states and a set of N Lagrange multipliers, augmented by algebraic conditions
for an external control variable. Then we proceed to derive a mean field equation for the
agent state and its multplier leading to a multi—variable density distribution. Finally,
we derive an effective single agent mean field equation for the probability density of
a single agent and the corresponding meanfield Lagrange multipliers under the inde-
pendently and identically distributed (IID) assumption. In Section 3 we compare this
approach to the approach found in the literature. This approach relies to first derive a
meanfield equation for the dynamics of an effective single agent and then deriving an
optimal control system for the resulting transport equation, again via PMP. We note
the obvious difference, which arises from the fact that functional differences are not
taken in the space of density functions, but along the manifold of probability densities
with integral equal to unity. In Section 4 we discuss the connection between the three
models, the ODE model for N agents, the corresponding joint mean field model for the
effective single agent together with the Lagrange multipliers, and the PDE optimization
model based on optimizing the mean field dynamics. In the Appendix we give a brief
review of various other existing approaches to optimizing functionals over manifolds.

2. Controlled Interacting Agent Systems

2.1. Control of an N- agent system with binary interactions. We consider
controlled dynamics for a set of N agents, given by

d

dt
We assume that, in general, the states &, =¢,(t), n=1,...,N are K— dimensional, i.e.
anRK . The mean-field will be considered in the number of particles N — oo while
the dimension of the phase space K of each particle remains fixed. We also denote
by 5: (£,)N_; € REN the vector of all states. We also omit the dependence of &, and
u on time ¢ whenever the intention is clear. The initial positions ¢! are given. Also,
we assume p:R2K+1 4R is at least differentiable in its arguments. For simplicity, we
assume u=1u(t) €R is the common control for all agents. It is not restrictive to assume
uw€R and the subsequent results extend to the case u € RM. The control is chosen to
minimize a common objective functional on a time horizon 7' >0 given by

N
1
gn:N Zp(gnagmau)v gn(o):££’ TLZI,...,N, gn andpERK, n:l,...,N. (21)
m=1

T q N
/0 D (), ue)dr. (2.2)
n=1

The function ¢:RE x R — R is assumed to be differentiable. In the present formulation
¢ may contain also a regularization term in the control. This is possibly required when
discussing existence and uniqueness of the problem (2.2) and (2.1).
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EXAMPLE 2.1. In [/] a simple model for opinion formation has been proposed where
& €R. The function p is then given by p(&n,&m,u) = P(&n,Em) (Em — &) +u for a given
function P:R? =R and ¢(&n,u) = (&, —24)% + %uz for a given desired state zq. Under
suitable assumptions on p and ¢ and using classical results from PMP the optimality
conditions to (2.2) and (2.1) are found as saddle point to the Lagrangian given by

1 N T Td 1 N N T . 1 N T
an_:l/o —Hn r&n dt+m22/0 Ly D€ Ems 1) dt+NnZ:1/O d(Enyu) dt. (2.3)

n=1m=1

Here, ji=(p1,..,sun)T €RVE is the vector of discrete (time-dependent) Lagrange
multipliers. The first—order optimality conditions lead to the variational form for any n
and arbitrary perturbations 6&,

1 T T d 1 L& ’ T T
NN TISE D 3D O RRCEVCRNT

m=1n=1

1 N N T 1 N T
PP /0 08 02D (&ns &) i dt+ N; /O 06, Ved(Enyu) di =0.

m=1n=1

Here we denote by 01p and 0O;p the K x K Jacobians with entries 0ip(x,y,u);r =

%’ky’u) and Oop(z,y,u) i = %7 respectively. Further, V,¢(x,u) and V,¢(x,u)
denotes the gradients of ¢ with respect to x and u, respectively. Also, we denote by
divmp(a:,y,u):Z;V:lamjpj(a:,y,u) the divergence of the vector p. Then, the previous

equation gives in strong form for all n and ¢

N N
e D2 O (€ ) e D Dol ) s+ V(6 u) =0, i (T)=0.
" " (2.4)
Additionally, the first-order optimality conditions contain the state equation
d 1< s
*%£H+Nmz=:lp(€m'gmvu):0a 'Sn(o): n» (2'5)
and the optimality condition. The control is then determined by
T X
N2 Z Zufaup(fn,fm,u)—i—szuqb(gn,u):O, vt (2'6)
m=1n=1 n=1

Under suitable assumptions on the second derivatives V2 ¢ and V2, p(&,,&m,u) the
control u can be expressed explicitly in terms of fi and 5 e.g., in the case p independent
of u the strict convexity of ¢ is sufficient. For a formal proof and the corresponding
statement we refer to the literature, e.g. to [18]. As therein, we therefore remove u from
the previous conditions. Hence, we study the meanfield equations for (2.5) and (2.4)
only and, for simplicity of notation, keep w as a variable. This variable u is expressed
in terms of E and fi, respectively, as given by Equation (2.6).

In Section (2.2) we will derive the evolution equation for the joint 2N body density
for the states &,,un,n=1,...,N, i.e. the corresponding probability density. Then, in
Section (2.3) we will carry out a mean field limit under the assumption of identical and
independently distributed particles to arrive at effective one agent equations for the
states and the Lagrange multipliers.
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2.2. The N-agent density of the optimality conditions. Here, we derive
the general relation between the solution of a system of ordinary differential equations
and the (degenerate) probability density, concentrated on discrete values, of its solution.
We first present a general result for a state 7, € RX and n=1,...,N. Later, we apply
the result to the specific system Equation (2.1). In general, the following result holds
true.

PROPOSITION 2.1.  Assume n=1,...,N agents behave according to the following sys-
tem of ordinary differential equations:

O =vp(7), n=1,...,N.

We assume each state of agent n 0, €RE and an initial datum n,(0)=n be given.
Also, we assume that the velocity vy, :RE = RE of the agent n is a known function.

Defining a measure F(-,t) on REN as F(i,t)= HT]:[:I O(Yn —nn(t)), then F satisfies
in the weak sense

N
OF (G,t)+ Y divy, (vn(§)F(§,t) =0

n=1
and F(7,0)=T12_, 6(yn —n}).

Proof  Let v be an arbitrary, compactly supported smooth function on R¥. A
formal computation shows that

N
Zvn VIV S (Y — 1) H O(yr —mi(t))
k#n, k=1
and therefore in the weak form we obtain the assertion by integration on RX

[v@ar( /Zvn 7V, 0(7) Héyk—nk ) dy
/Zvn 79, W@HFF.t) di

n=1

Integration by parts gives the strong form as

N
OF (§,t)+ Y divy, (vn () F(3,1)) =0.
n=1

|

—

The previous proposition is applied to the particle model (2.1). We set 7= (&, )
and ¥=(&,7) in Equation (2.4) and (2.5) to obtain

N N
1
O F(Z,7,t) + N Z Zdivwn [F(Z,Z,0)p(%n, Tm,u)] (2.7a)
m=1n=1
NN
-~ Z Z div,, [F(Z,2,)01p(Tr, T, 1) 2] (2.7b)
n=1m=1
LA
— 5 2 D dive, [F(E Z)0ap(m, 2ny1) 2] (2.7¢)

3
Il
-
3
Il
-
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N
= div., [F(£,2,6)Vad(an,u)] =0, (2.7d)

where again 01p and Osop denote the corresponding K x K Jacobi matrices of p.

2.3. Derivation of the meanfield limit for the single agent density. Equa-
tion (2.7) is posed on a higher-dimensional space R25XN*1 and therefore we apply an
IID ansatz in Equation (2.7). Hence, we assume that the 2N —particle density fulfills

F(Z,Z,t) Hf Ty Znst) (2.8)

for f:RE xRE xR, - R with fe My:={f: fRKxK f dxdz=1}, that is the manifold
of probability densities. The assumption (2.8) is common in the derivation of mean-field
equations, see e.g. [14], and it is relies on the observation that in many particle systems
the individual particles are identical and independent. Therefore, we may assume that
the probability density F' is in fact a product of single particle distributions f.

In order to obtain the corresponding equation for f we integrate the equation for
F on d¥_ dZ_ where ¥_ =(x3,..,xn) and Z_ =(za,..,2x). This approach is as in the
derivation of the BBGKY hierarchy and we refer e.g. to [13,14] for more details. The
following derivation is not rigorous in the sense that more assumptions on the agent
dynamics are required to rigorously prove a decomposition of the kinetic density in single
particle distributions (2.8). An example of suitable assumptions and the corresponding
derivation of the resulting equation is given in [9]. In the following, we present a formal
computation using Equation (2.8) as assumption.

O f(21,21,t) z:alwl1 / (Z,Z,)p(x1,2m)] dT_ dZ_ (2.9a)
| X
-¥ > div., | / F(Z,Z2,t)00p(x1,2m,u)T 21 dF_7_] (2.9D)
m=1
| N
-~ Z div,, [/F(f,it)agp(xm,ml,u)sz dZ_z_] (2.9¢)
m=1
~div., | / F(7,2.4)V o 6(21,u) dF_Z]=0. (2.9d)

From Equation (2.8) we have

F(xz,z,t)= f(x1,21,6) F_(Z_,Z_,t)

and F_(Z_,Z_,t)= H2 f(xn,2n,t). This leads to the following equation for f(z1,21,t)
O f(x1,21,t) Zdww1 (1,21, )/F,(f,,Z,,t)p(thm)] d¥_ dz_
LN
N Z iv,, [f(21,21,t) /F 2 0)0p(x1, 2, u) 2y dT_Z ]
N
-~ Z iv,, [f(21,21,t) /F 2 )00 (T, 1, u) T 2 dT_ 7]
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—divy, [f(zl,zl,t)vxd)(xl,u)/F_(f_,,?_,t) dz_Z_]=0.

An elementary but tedious computation leads to a closed form for f(z1,z1,t) upon
integration with respect to d¥_dz_.

N-1
8tf(x1,z1,t)+Tdivxl[f(xl,zl,t)/f(arg,ZQ,t)p(xl,mg,u)] dxodzy

N-1 .
N divy, [f(ilil,zl,t)/f($27227t)3110($171172,U)T21 dw, 23]
N-—-1

deivzl [f(xl,zl,t)/f(xg,ZQ,t)agp(xg,:cl,u)TZQ dxodzs]
—div,, [f(x1,21,t)Ved(x1,u)] =0.

In the previous equation we may take the limit for infinitely many agents N — oo to
obtain

8tf(x1,21,t)+d'l"l]$1[f(x1,21,t)/f($2722,t)p($1,$2,u)] drodzs (2.10a)
—div,, [f(a:l,zl,t)/f(xg,zz,t)alp(xl,xz,u)Tzl dxo,29] (2.10Db)
—div,, [f(a:l,zl,t)/f(:zrg,zz,t)agp(xg,:cl,u)TZQ dxodzs] (2.10c)
—div,, [f(z1,21,8)Vid(z1,u)] =0. (2.10d)

The density f(z1,21,t) in Equation (2.10) still depends on the variables x1,z1, cor-
responding to the state x1 of the system and the Lagrange multiplier z;, respectively.
However, Equation (2.10) can be closed exactly. In order to do so, we write f in terms
of the conditional probability f. with respect to z;. Hence, we define the conditional
probability f. as follows:

fO(xlat):/f(xlazlat) dz1, f(x1,21,t) = fe(z1]21,t) fo(we,t). (2.11)

This implies that, for all z1, [ f.(21|z1,t) dz1 =1 holds. The vector—valued conditional
expectation p(z1,t) € RX is then given by

u(xl,t):Efc(osl,t):/zlfc(zﬂxl,t) dzy .

With a slight abuse of notation, we use the same symbol y for the conditional expectation
as for the discrete Lagrange multiplier in Section 2.1. The reason for this is, that we
will show in Section 4 a certain equivalence of the systems obtained in Sections 2.1 and
2.2.

This allows to simplify Equation (2.10). With the definitions, Equation (2.10) is
closed in terms of fy and the K — vector . We summarize the findings in the following
proposition.

PROPOSITION 2.2.  Assume f and u as in (2.10) and fo and p, given by Equation
(2.11). Then, fo,u satisfy

Ot fo(w1,t) +divy, [fo(21,t) Gy (x1,t)] =0, (2.12a)
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Jo(@1,0) = f(21) (2.12b)
Oulp(x1,t) folz1,t)] + divg, [fo(x1,t)G f(z1,t) (1, t)T] (2.12¢)

+ folw,1)0:G p(w1,6)" plar) + fo(w)bpu(@r,t) + folw1) Vaed(zr,u) =0,  (2.12d)
w(z,T)=0, (2.12¢)

with the K— wvectors Gy,by, given by
Gf(scl,t):/fo(xg,t)p(xl,mg,u(t)) dxa, (2.13a)

bfu(fﬂlat):/fo(3327t)32p(9627961,u(t))T,u(x2,t) dzo, (2.13b)

and the K x K Jacobian given by

BIGf(xl,t):/fo(xg,t)ﬁlp(ml,x27u(t)) ds. (2.14)

Recall, that in (2.12)(b)-(c), we use the standard definition of the K— vector valued
divergence of a K x K matrix: div(A); =Y, O Ay;. Clearly, the K x K matrix Gpu”
has the entries (Gu®)i; = (Gf)rp;.

Proof.  For notational convenience, we suppress the dependence of the variables
on the time ¢ and control u. We compute the zero order moment in z; of (2.10), using
[ fe(z1]21) dz1 =1, Vz;. Then, we obtain

8tf0(x1)+divxl[fo(xl)/fo(xg)p(xl,xg,u) ds] = 0. (2.15)

The Equation (2.15) is closed and yields (2.12)(a). Computing the first order mo-
ment in z; in (2.10) with the K— vector p(z;) the conditional expectation u(z1)=
[ z1fe(z1|x1) dz1, using the identity [zdiv.g dz=— [g dz gives

Oulp(e1) fole1) +dwz1[( [ foaziptara d$2) ()] (2.164)
T

+ fo(z1) (/fo(xz)&p(xhxz,u) dx2> (1) (2.16b)

+fo(xl)/fo(@)aw(l‘z,m,u)TM(JCQ) dzo+ fo(x1)Ved(xy,u)=0. (2.16¢)

We define the the vector G'¢ eRX as Gy(z1) ffo x2)p(x1,22,u) drs. Hence, its Ja-
cobian is 8Gf z1) = [ fo(x2)01p(z1,22,u) dze € REXE. We define the K— vector by,
as by (x1) = [ fo(z2)0ap(ze,x1,u)" pu(22) dxs. This gives by (2.15)-(2.16) the closed
system for the density fy and the K — vector p.

A1) folm1)] + dive, [fo(@1) Gy (1) p(x1) "]+ fo(21)0G (1) (1)

+ fo(@1)bru(21) + fo(z1)V(21) =0,

O fo(x1) +divg, [fo(x1)G s (21)] =0.

This finishes the proof. 0

Equation (2.12)(b,c) will be compared to the optimization of the meanfield limit in
the next section.
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3. Optimality condition based on mean-field dynamics

In this section we consider an approach based on first deriving the meanfield dy-
namics and then solving a constrained optimization problem where the constraint is
given by a partial differential equation. Under IID this problem results essentially in
computing admissible variations with respect to the meanfield density f(x,t). As in the
previous section, the meanfield dynamics associated with Equation (2.1) and under the
IID assumption is given by

6tf($1’t)+divw1[f(xl)Gf,u(xlat)] =0, f(x170)=fé(w1), (3'13)
Gf,u(9517t):/p(xhxz,u)f(xz,f) dxo (3.1b)

and initial conditions fI. Further, u=uw(t) is the corresponding meanfield control. The
cost function (2.2) is computed on the meanfield and is given by

T
/0 /¢(m17u(t))f($1,t)dx1dt,

Hence, we study the formal constrained optimization for functions u(-) by optimizing
the previous functional on the manifold given by the differential Equation (3.1). The
formal differential of the corresponding Lagrangian

T
| M@0 (0uf )+ diva [0, 0G s u1,00]) + ol f o e

with respect to f leads to the terminal value problem for the multiplier A(z1,t) as
— 0N (21,t) = Vo, M21,t) T G pou(21,1) (3.2a)
—/f(xg,t)sz)\(acg,t)Tp(xg,ml,u) dzo+¢(x1,u)=0 (3.2b)
and terminal conditions
A(z1,T)=0.

Some remarks are in order.

While the mean-field equation for the evolution of the states obviously is the same
as (2.12)(a) in Section 2.3, with the obvious change in notation f < fy, the Equation
(3.2) for the Lagrange multiplier seems different from Equation (2.12)(b)-(c). For one,
A in (3.2) is a scalar function, whereas p in (2.12)(b) is a K— vector. Second, p
follows a possibly hyperbolic balance equation whereas ) is given by a non-conservative
equation. Furthermore, X is influenced through the source term by ¢ whereas y depends
on V,¢(x,u). Also, considering the system in dimensional units the unit of A is given
by the unit of ¢, i.e., [\]|=][¢], whereas the the unit of p in (2.12)(b)-(c) is given by
[u]= %, given the units of the functional ¢ and the state space variable x .

If we consider f to be an L?—integrable density, the previous computation is the
formal Gateaux differential of the Lagrangian with respect to f. However, this does not
take into account the fact that f is a probability density, i.e., the fact that f satisfies
ff(:r,t) dr=1, Vt. So, in fact, we should consider the optimization problem for the
density f rather on the manifold M:={f(z1,t): [ f(z1,t)dz=1, Vt€[0,T]}. This leads

to additional nonlinear constraints on f that may be handled as follows:
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Equation (3.2) is derived as the strong formulation of the weak functional deriva-
tive of the Lagrangian with respect to f where we skip the dependence on (z1,t) for
notational convenience. This requires to compute variations of f in direction g. The
weak formulation for any variation g of f is given by

T
| [ Mo+ divaloGrot 196 rg)) + ota)g dadt =0, V.
0

To compute the derivative along the tangent space of the manifold M, we would have
to parameterize the tangent space. The previous condition can be achieved for example
by considering g =g(z1,t) that additionally fulfills [ g(x1,t) dz1 =0 V.

In the case of a one dimensional state space (K =1), this condition can be enforced
by considering variations g(x,t) such that g(x,t) = 9,1 (z,t) for some sufficiently smooth
L'(R) function 1. In a strong formulation, this would result in taking the gradient of
Equation (3.2) and introducing the gradient of the multiplier A as a new variable. In
broad generality this technique has been used in [20]. Other approaches and their
rigorous derivation as well as analytical results on derivatives with respect to measures
are discussed in [8,12] and briefly reviewed in the Appendix.

This trick will not work in the case of higher dimensional phase space, i.e., z €
RE, K >1. However, it motivates to consider the gradient of Equation (3.2) and to
introduce

@y, t) ==V Ax1,1). (3.3)

as a new variable. p is now a K — vector and, in a dimensional formulation, has at least
the same units as the conditional expectation p in Section 2.3. Formally, this leads to

Oeti(1,8) + Vi, [0 (21,8)G g (1,1)] (3.42)

—I—Vxl[/f(:zrg,t)u(xg,t)Tp(asg,xl,u) dxo]+ Ve, ¢(x1,u)=0 (3.4b)

or, written in terms of Gy =Gy, and by, (z1,t) = [ f(z2,t)02p(z2,x1,u)T p(w2,t) dus as
in Equation (2.13)

Oppu(w1,t) + V[T (21,8)Gp(z1,)] +bpp(1,) + Vi d(z1,u) =0, (3.5)

We devote the next section to a discussion of the relation between (3.5) and the
derivations leading to Proposition 2.2, i.e., in particular Equation (2.12).

4. Relation between the different approaches

In this section we discuss the relation between the different approaches given in
Sections 2 and 3. It turns out that, the presented approaches can be linked to each
other by suitable differentiation of multipliers and suitable decomposition of the kinetic
densities using conditional probabilities and expectations. In the first Section 4.1 we
show that, given a certain particle based semi - discretization of the system (2.12), in
Section 2.3, we recover the equations for the multi -agent optimization problem (2.1-
2.4). In Section 4.2 we compute that Equation (3.5), together with the equation (3.1)
for the agent dynamics, is equivalent to the system (2.12) in Section 2.3.

4.1. Equivalence of the multi-agent model with the mean field equations.

Here, we compare the solution of the N—agent optimization problem given by Equa-

tions (2.1)—(2.4) with the solution of the meanfield approximation in Section 2.3 given
by Equation (2.10) and (2.12), respectively.
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It turns out that the meanfield approximation in Section 2.3 is an exact discretiza-
tion. That is, given a certain consistent discretization of the system (2.12) by a particle
method, we recover the optimality Equations (2.1)—(2.4), respectively.

This result holds true for more general equations and therefore we start by dis-
cretizing a general meanfield equation similar to (2.10)

Ouf(z,2,t) =divg (A(x,t) f(z,2,t)) + div, (B(z, 2,t) f(x,2,1)) (4.1)

by a particle method in the z—direction with IV particles, leaving the z—variable con-
tinuous for the moment. A particle method approximates f by N moving particles at
location &, (t) as

1 N
f(xvzvt) = de(x_gn(t»gn(zvt)ﬂ

where g, is the weight of particle n. This weight function might depend on z and t. The
previous ansatz also represents a discretization of Equation (2.11) if g, (2,t) = fo(z|@n,t).
Then, we obtain for all z and any test function ¢(z) in the weak form

[v@aif.z Zgn V() O () +0(En)Ougn(2,8). (4.2)
Computing the terms on the right-hand side of Equation (4.1) gives
[vt@div,(A(w.05(z2,0) do Zgn OV a(6a)T Alnrt), (4.32)
n 1
N
/ V(x)div, (B(z,z) f(x,2,t)) NZ (&0)div. (B(En, 2,t) gn(2,1)). (4.3b)

Comparing the ¢ and the V¢ terms in (4.2) and (4.3) yields the particle dynamics for
&n as

—&n(t)=—A(&nst), Oign(z,t) =div.(B(&n,2,t)gn(2,1)). (4.4)

The Equation (4.4) is a consistent semi-discretization of the density Equation (4.1). We
now relate (4.4) to the Equation (2.10) by computing the integral terms, and including
the dependence on the control u:

1 N
A== [ Jan e dezza == 3 plotnom(0)

B(xz,z,t)= Zalp (z,&m,u) zpm Zaﬂ? (&m,, U) P () +Vzd(,u),

with pm,um the zeroth and first order moments of the functions g,,, i.e., for each m we
have p, (t) = [ gm(2,t) dz, and py,(t) = [ 2gm(2,t) dz.

Computlng the Zeroth and first order moments of (4.4) using again the identity
[ zdiv.[B(&n, 2, ) gn(2,t)] dz=— [ B(&,,2,t)gn(z,t) dz, gives the exact closure equa-
tions

D (6= L 3 plnmu)om(®) (4.50)
dt n Nm:1 nySm» m b) .
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& puit) =0, (15b)
%un(t> = _%Zalp<§na§m7u)T/~Ln(t)pm(t) (45C)

e Yl (D () = T o (0). (454)

Some remarks are in order.

Equation (4.4) is a consistent discretization of the Equation (2.10). Therefore, equation
(4.5) is a consistent discretization of the closure system (2.12), as long as we choose a
discretization method in the z—variables which allows for the identity f zdiv, B dz=
— [ B dz to be exact for the discretized system.

Equation (4.5) reproduces the agent based system (2.5-2.4) if p,, (t) = [ ¢,,(2,0) dz=
1, ¥nVt. Therefore, if we start with a, uniform in z— , distribution in the Lagrange
parameter z with zero first order moment, at the end time 7', i.e. p,(T) = [ g, (2,T) dz=
1, Vn, and pn,(T) = [ 29, (2,T) dz=0, Vn, we obtain the agent based system (2.4)—(2.5)
exactly. Hence, for the special case of uniform terminal conditions with zero expectation
the given semi-discretization, (2.12) is equivalent to the multi agent optimization system
(2.5 - 2.4).

So, the difference in the result between solving (2.10) by some other arbitrary dis-
cretization method, and solving the agent based system (2.4-2.5), is solely given by the
choice of discretization methods at terminal time and the corresponding discretization
error.

4.2. Equivalence of the meanfield limit for the combined agent - Lagrange
multiplier meanfield system (2.12) and the optimality system based on opti-
mizing the meanfield dynamics(3.5). Next, we discuss relation between Equation
(2.12)(b) and Equation (3.5). Recall, that (2.12) has been obtained by the meanfield
limit of the optimized discrete agent system. The adjoint variable p is the conditional
expectation of the meanfield distribution in both primal and Lagrange variables. On
the contrary, Equation (3.5) has been obtained as Gateaux derivative of the meanfield
optimization problem (3.1) and then differentiation with respect to the spatial variable.
Here, pu(x,t) =V A(x,t) and A is the continuous Lagrange multiplier function.

In order to compare (3.5) and Equation (2.12) we start with Equation (3.5) and use
the meanfield dynamics

O fo(x1,t) +divg[fo(x,t)Gy(x,t)]=0
to obtain an equation for ufy.

This leads to the equivalent Equation (4.6) as follows

0=04[fo(x1,t)u(w1,t)] +dive, [folz1,t)Gp(x1,t)p” (z1,1)] (4.6a)
-|-fo(xl,t)aG}F(xl,t)u(xl,t) (4.6b)

+ f(21,8)[Va, bu(x1,t) + Vaed(xr,u)] + fo(r1,t)S(x1,t), (4.6¢)
S(xy,t)=0p" (x1,6)Gf(21,t) — (G?(xl,t)vml),u(xl,t). (4.6d)

Equation (4.6) follows from the following elementary computation where we omit the
dependence on (x1,t) ERX xR. The i—th component of p fulfills

K K K
O:,uiath"",uiZaa:j (fo(Gy)s) :Mz‘atfo-i-zazj [fo(Gf)jhi] _ZfO(Gf)jaszi’

Jj=1 Jj=1 Jj=1
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and hence

110: fo + divg [ foG s ™ —fO[G?VI]u:(). (4.7
Also, we obtain from Equation (3.4)

0=foOeps+ fod, D1y (Gr);]+ fode,bsy+ f0r &

J

=fo0usi+ Y fo(Gr)jOu, i+ FortjOn, (G p)s+ folOu, b+ foOu, b,
J
or

foﬁt,u+f08uTGf+f08Gfu+fonbfﬂ+foV¢:0. (4.8)

Adding Equation (4.7) and Equation (4.8) we obtain (4.6). Using the definition of
1=V X we observe that the components of the term S are given by k=1: K

K K
Sk=> (Oupttj = O 11)G g ;=D (O 0, A= D, 00, NGy, =0. (4.9)

j=1 j=1

Hence, we have established the equivalence of the meanfield system (2.12) and the
optimality system based on optimizing the meanfield dynamics (3.5).

5. Summary

We are concerned with active particle systems that allow for some control influence.
For a class of interacting particle systems we investigate optimality conditions and
their corresponding meanfield limit. The novelty of this paper is to establish the link
between optimization of particle systems and the optimization of the corresponding
system obtained as meanfield of the particle description. The interesting connection
is on the level of the Lagrange multipliers. The gradient of the multipliers of the
meanfield system are equivalent to the conditional expectation of the meanfield limit of
the multipliers of the particle system. Besides the theoretical result, this can be used
to derive suitable numerical discretization schemes as outlined in Section 4.1.

Appendix. Suitable notions of differentials for optimal control problem.
Here, we summarize formal computations to motivate the links discussed in Section 4.
Since the time—-dependence is not important for the following computation we omit it.

We refer to [8,12] for analytical results of derivatives with respect to measures. In
the analysis of meanfield games the following notion of measure valued derivatives has
been introduced, see [12, Section 2.2]. This notion could also be used to define proper
optimality conditions for a Lagrangrian. We recall the basic Definition [12, Definition
2.1]. Let T be some open set of R. For any function ¢: M(T)—R we say that ¢
is of class C if there exists a continuous map % :M(T)xT —R such that for any
f, [ € M(T) we have

o) —(f') = / /T %((1—s)f+sf’,x)d(f—f’)(x)ds-

The map g—? is defined up to an additive constant and it is assumed to be normalized

by fT%(f,x)df(x) =0. It is important to note that if % is also of class C! w.r.t. to ,
then the so—called intrinsic derivative D,¢: M(T) x T —R is defined by
o¢

Duo(f,2)=D, <5f<f,x>> .
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We may illustrate this on the cost functional as

Do) =0: 5 7.0))

Which can be computed explicitly for our example as follows: Define the functional
= [z . Hence,

/¢ a(f — f')da _// (1= )f + 5" 2)d(f — f)dsda

= D J(f,x)=D (fviﬂ)zam(i)(ff)

Iﬁ
Computlng the Gateaux differential of J in direction g and using g= 0, we obtain
= —[¢(x x)dz for any 1 sufficiently smooth. Hence, we obtain the weak

form of the 1ntr1n51c derlvatlve. Similar computations may be carried out for the La-
grangian of the optimal control problem We consider a functional J: M =M(R)—R
givene.g. by J(f)=[¢(x ) as before and we compute variations of the functional in
a subspace of ./\/l For any glven f € M and any fixed ¢ € C*(R;R) we define n(s,-) € M
to be the weak solution to

Isn(s,x) + 0 (Y(x)n(s,x)) =0,n(0,z) = f(x). (6.1)
Then, we define the gradient of J at f as
J o Jls, ) = J(f)
)= i SR (6:2)

In case of the given example we simply obtain

/d) )0sm(0,z)dx = /d) )n(0,2))dx = /8z¢ ;) (z)d.

This computation formalizes a notion of differentials in arbitrary spatial dimensions that
is not based on variations of the density function, but based on the derivative
with respect to particle paths. To this end we write the density function

)= [ Sla—€(ps)ds. [w(s)ds=1.

This implies writing the probability density f in terms of a continuum of weighted
particle paths n(s) with some weight w. Using this form of f(x) obviously implies the
condition [ f(z)dz=1 and therefore f being a probability density.

Taking the derivative with respect to the particle paths n(y) gives g(z)=— [Vé(z—
n(s))Ton(s)w(s) ds , which immediately implies [ g(z) dz=0. Integratlng g against any

function h(z) gives
/ h(w)g(y) dy= / Vo h(n(s)Ton(s)w(s)ds

which in the one dimensional case corresponds, up to a sign, setting g =30,.

Acknowledgements. This work has been supported by NSF RNMS grant No.
1107291 (KI-Net) and DFG HE5386/14-15, BMBF 05M18PAA, DFG-GRK 2326 and
ID390621612 Cluster of Excellence Internet of Production (IoP).



1108 CONSISTENT MEANFIELD OPTIMALITY CONDITIONS

REFERENCES

[1] G. Albi and L. Pareschi, Modeling of self-organized systems interacting with a few indwiduals:
from microscopic to macroscopic dynamics, Appl. Math. Lett., 26(4):397-401, 2013. 1
[2] G. Albi, M. Bongini, E. Cristiani, and D. Kalise, Invisible control of self-organizing agents leaving
unknown environments, STAM J. Appl. Math., 76(4):1683-1710, 2016. 1
[3] G. Albi, M. Fornasier, and D. Kalise, A Boltzmann approach to mean-field sparse feedback control,
IFAC-PapersOnLine, 50(1):2898-2903, 2017. 1
[4] G. Albi, M. Herty, and L. Pareschi, Kinetic description of optimal control problems and applica-
tions to opinion consensus, Commun. Math. Sci., 13(6):1407-1429, 2015. 1, 2.1
[5] G. Albi, L. Pareschi, and M. Zanella, Boltzmann type control of opinion consensus through leaders,
Philos. Trans. Royal Soc. A, 372(2028), 2014. 1
[6] G. Albi, L. Pareschi, and M. Zanella, Uncertainty quantification in control problems for flocking
models, Math. Probl. Eng., 850124, 1-14, 2015. 1
[7] N. Bellomo, P. Degond, and E. Tadmor, Active Particles, Volume 1 : Advances in Theory,
Models, and Applications, Modeling and Simulation in Science, Engineering and Technology,
Birkhauser Verlag, 2017. 1
[8] A. Bensoussan, J. Frehse, and S.C.P. Yam, On the interpretation of the Master Equation, Stochas-
tic Process. Appl., 127(7):2093-2137, 2017. 3, 5
[9] F. Bolley, J.A. Canizon, and J.A. Carrillo, Stochastic mean-field limit: non-Lipschitz forces and
swarming, Math. Models Meth. Appl. Sci., 21(11):2179-2210, 2011. 2.3
[10] A. Borzi and S. Wongkaew, Modeling and control through leadership of a refined flocking system,
Math. Models Meth. Appl. Sci., 25(2):255-282, 2015. 1
[11] M. Caponigro, M. Fornasier, B. Piccoli, and E. Trélat, Sparse stabilization and optimal control
of the Cucker-Smale model, Math. Control Relat. Fields, 3(4):447-466, 2013. 1
[12] P. Cardaliaguet, The convergence problem in meanfield games with local coupling, Appl. Math.
Optim., 76:177-215, 2017. 3, 5
[13] C. Cercignani, The Boltzmann Equation and Its Applications, Springer-Verlag, New York, 1988.
2.3
[14] C. Cercignani, R. Illner, and M. Pulvirenti, The Mathematical Theory of Dilute Gases, Appl.
Math. Sci., Springer Verlag, New York, 106, 1994. 2.3
[15] E. Cristiani, B. Piccoli, and A. Tosin, Multiscale Modeling of Pedestrian Dynamics, Modeling,
Simulation and Applications, Springer, Cham, 12, 2014. 1
[16] P. Degond, J-G. Liu, and C. Ringhofer, Evolution of wealth in a nonconservative economy driven
by local Nash equilibria, Philos. Trans. Royal Soc. A, 372, 2014. 1
[17] P. Degond, J-G. Liu, and C- Ringhofer, Large-scale dynamics of mean-field games driven by local
Nash equilibria, J. Nonlinear Sci., 24:93—-115, 2014. 1
[18] W.W. Hager, Runge-Kutta methods in optimal control and the transformed adjoint system, Nu-
mer. Math., 87(2):247-282, 2000. 2.1
[19] R. Hegselmann and U. Krause, Opinion dynamics and bounded confidence, models, analysis and
simulation, J. Artif. Soc. Soc. Simul., 5(3):2, 2002. 1
[20] R. Jordan, D. Kinderlehrer, and F. Otto, The wvariational formulation of the Fokker-Planck
equation, SIAM J. Math. Anal., 29(1):1-17, 1998. 3
[21] J-M. Lasry and P-L. Lions, Mean field games, Japanese J. Math., 2(1):229-260, 2007. 1
[22] S. Motsch and E. Tadmor, Heterophilious dynamics enhances consensus, STAM Rev., 4:577-621,
2014. 1
[23] G. Naldi, L. Pareschi, and G. Toscani, Mathematical Modeling of Collective Behavior in Socio-
Economic and Life Sciences, Series: Modeling and Simulation in Science, Engineering and
Technology. Birkhauser, Boston, 2010. 1
[24] L. Pareschi and G. Toscani, Interacting Multiagent Systems: Kinetic Equations and Monte Carlo
Methods, Oxford University Press, 2013. 1


https://doi.org/10.1016/j.aml.2012.10.011
https://doi.org/10.1137/15M1017016
https://doi.org/10.1016/j.ifacol.2017.08.646
http://dx.doi.org/10.4310/CMS.2015.v13.n6.a3
https://doi.org/10.1098/rsta.2014.0138
http://dx.doi.org/10.1155/2015/850124
https://www.springer.com/gp/book/9783319499949
https://doi.org/10.1016/j.spa.2016.10.004
https://doi.org/10.1142/S0218202511005702
https://doi.org/10.1142/S0218202515500098
http://www.aimsciences.org/journals/displayArticlesnew.jsp?paperID=8968
https://link.springer.com/article/10.1007%2Fs00245-017-9434-0
https://link.springer.com/book/10.1007%2F978-1-4612-1039-9
https://link.springer.com/book/10.1007%2F978-1-4419-8524-8
https://link.springer.com/book/10.1007%2F978-3-319-06620-2
https://doi.org/10.1098/rsta.2013.0394
https://link.springer.com/article/10.1007%2Fs00332-013-9185-2
https://link.springer.com/article/10.1007%2Fs002110000178
http://jasss.soc.surrey.ac.uk/5/3/2/2.pdf
https://doi.org/10.1137/S0036141096303359
https://link.springer.com/article/10.1007%2Fs11537-007-0657-8
https://doi.org/10.1137/120901866
https://doi.org/10.1137/120901866
https://link.springer.com/book/10.1007%2F978-0-8176-4946-3
https://www.researchgate.net/publication/264924690_Interacting_multiagent_systems_Kinetic_equations_and_Monte_Carlo_methods

