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Abstract

We consider the stochastic optimal control problem of nonlinear mean-field systems
in discrete time. We reformulate the problem into a deterministic control problem with
marginal distribution as controlled state variable, and prove that dynamic programming
principle holds in its general form. We apply our method for solving explicitly the
mean-variance portfolio selection and the multivariate linear-quadratic McKean-Vlasov
control problem.
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1 Introduction

The problem studied in this paper concerns the optimal control of nonlinear stochastic
dynamical systems in discrete time of McKean-Vlasov type. Such topic is related to the
modeling of collective behaviors for a large number of players with mutual interactions,
which has led to the theory of mean-field games (MFGs), introduced in [11] and [10].
Since the emergence of MFG theory, the optimal control of mean-field dynamical sys-
tems has attracted a lot of interest in the literature, mostly in continuous time. It has
been first studied in [I] by functional analysis method with a value function expressed in
terms of the Nisio semigroup of operators. More recently, several papers have adopted
the stochastic maximum principle for characterizing solutions to the controlled McKean-
Vlasov systems in terms of adjoint backward stochastic differential equations (BSDEs), see
[2], [6], [7]. We also refer to the paper [16] which focused on the linear-quadratic (LQ)
case where the BSDE from the maximum principle leads to a Riccati equation system. It



is mentioned in these papers that due to the non-markovian nature of the McKean-Vlasov
systems, dynamic programming (also called Bellman optimality) principle does not hold
and the problem is time inconsistent in general. Indeed, the standard Markov property of
the state process, say X, is ruled out, however, as noticed in [3], this can be restored by
working with the marginal distribution of X. The dynamic programming has then been
applied independently in [4] and [12] for a specific control problem where the objective
function depends upon statistics of X like its mean value, with a mean-field interaction on
the drift of the diffusion dynamics of X, and in particular by assuming the existence at all
times of a density function for the marginal distribution of X.

The purpose of this paper is to provide a detailed analysis of the dynamic programming
method for the optimal control of nonlinear mean-field systems in discrete time, where
the coefficients may depend both upon the marginal distributions of the state and of the
control. The case of continuous time McKean-Vlasov equations requires more technicalities
and mathematical tools, and will be addressed in [14]. The discrete time framework has been
also considered in [9] for LQ problem, and arises naturally in situations where signal values
are available only at certain times. On the other hand, it can also be viewed as the discrete
time version or approximation of the optimal control of continuous time McKean-Vlasov
stochastic differential equations. Our methodology is the following. By using closed-loop
(also called feedback) controls, we first convert the stochastic optimal control problem into a
deterministic control problem involving only the marginal distribution of the state process.
We then derive the deterministic evolution of the controlled marginal distribution, and
prove in its general form the dynamic programming principle (DPP). This gives sufficient
conditions for optimality in terms of calculus of variations in the space of feedback control
functions. Classical DPP for stochastic control problem without mean-field interaction
falls within our approach. We finally apply our method for solving explicitly the mean-
variance portfolio selection problem and the multivariate L(Q mean-field control problem,
and retrieve in particular the results obtained in [9] by four different approaches.

The outline of the paper is as follows. The next section formulates the McKean-Vlasov
control problem in discrete time. In Section Bl we develop the dynamic programming
method in this framework. Section [ is devoted to applications of the DPP with explicit
solutions in the LQ case including the mean-variance problem.

2 McKean-Vlasov control problem

We consider a general class of optimal control of mean-field type in discrete time. We are
given two measurable spaces (E,B(E)) and (A, B(A)) representing respectively the state
space, and the control space. We denote by P(E) and P(A) the set of probability measures
on (E,B(E)) and (A,B(A)). On a probability space (£, F,P), we consider a controlled
stochastic dynamics of McKean-Vlasov type:

X1 = Fea (XL P ak,]P’ak,skH), kEeN, X§ = ¢, (2.1)

a
Xk

for some measurable functions Fj, defined from E xP(E)x AxP(A)xR? into E, where (¢, ),
is a sequence of i.i.d. random variables, independent of the initial random value &, and we



denote by F = (Fj)x the filtration with Fj, the o-algebra generated by {, 1, ...,ex}. Here,
(X)) is the state process valued in E controlled by the F-adapted process (ay )y valued in
A, and we adopted the usual notation in the sequel of the paper: given a random variable Y
on (2, F,P), P, denotes its probability distribution under P. Thus, the dynamics of (X}')
depends at any time k of its marginal distribution, but also of the marginal distribution
of the control, which represents an additional mean-field feature with respect to classical
McKean Vlasov equations, and also considered recently in [9] and [16].

Let us now precise the assumptions on the McKean-Vlasov equation. We shall assume
that (F,|.|) is a normed space (most often R?), (A, |.|) is also a normed space (typically a
subset of R™), and we denote by P, (E) the space of square integrable probability measures
over B, ie. p € P(E) st. |pl? == [plz]*u(dz) < oo, and similarly for P,(A). For
any (x,p,a,\) € Ex P(E) x Ax P(A), and k € N, we denote by Py11(x, u,a, \,dz’) the
probability distribution of the E-valued random variable Fy1(x, p, a, A\, ex11) on (2, F,P),
and we assume

(H1) For any k € N, there exists some positive constant Cj g s.t. for all (z,a,p,\) €
E x AxP(E) x P(A):

2
/|$l|2pk+1(xnuva7)‘7d$l) = E[‘Fk+1(3§‘,,&,&,)\,€k+1)‘:|
E

Cr,p(1+ |z + laf* + ull; + IA).

IN

Assuming that the initial random value £ is square integrable, and considering admissible
controls o which are square integrable, i.e. E|ay|? < oo, for any k, it is then clear under
(H1) that E|X2|* < oo, ie. P, € P,(E), and there exists some positive constant Cj, s.t.

k

k—1
EXP? < Ch(L+EEP+ D Ela,?). (2.2)
j=0

The cost functional associated to the system (2.II) over a finite horizon n € N\ {0} is:

n—1

J@) = B[ fXE P anP,,) + (X8 P, (2.3)
k=0

for any square integrable F-adapted processes a valued in A, where the running cost func-
tions fr, k =0,...,n— 1, are measurable real-valued functions on E x P,(E) x A x P,(A),
and the terminal cost function g is a real-valued measurable function on E x P,(E). We
shall assume

(H2) There exist some positive constant Cy and for any k = 0,...,n — 1, some positive
constant Cy, ¢ s.t. for all (x,a,pu,\) € E x AxP,(E) x P,(A):

|fr(@,ma, M) < Crp(L+ [z + af® + ||pll2 + IA2),
lg(z, )] < Cy(l+ |z + llul?).

Under (H1)-(H2), the cost functional J(«) is well-defined and finite for any admissible
control, and the objective is to minimize over all admissible controls the cost functional,



i.e. by solving
Vo = infJ(w), (2.4)

and when Vj > —o0, find an optimal control a* i.e. achieving the minimum in (24]) if it
exists.

Problem (2.1))-(2.4)) arises in the study of collective behaviors of a large number of players
(particles) resulting from mean-field interactions: typically, the controlled dynamics of a
system of N symmetric particles are given by

N N
i,00 i,00 1 i 1 .
Xk+1 = Fk-i—l(Xk ,N E 6Xj’ai7ak7N E J7€k+1 Z:l,...,N,
j=1 "k j=1

(here 0, is the Dirac measure at ) and by assuming that a center decides of the general
same policy o = a for all players with same running and terminal gain functions, the
propagation of chaos argument from McKean-Vlasov theory (see [I5]) states that when the
number of players N goes to infinity, the problem of each agent is asymptotically reduced
to the problem of a single agent with controlled dynamics (ZI) and objective ([24]). We
refer to [§] for a detailed discussion about optimal control of McKean-Vlasov equations and
connection with equilibrium of large populations of individuals with mean-field interactions.

3 Dynamic programming

In this section, we make the standing assumptions (H1)-(H2), and our purpose is to
show that dynamic programming principle holds for problem (2:4]), which we would like to
combine with some Markov property of the controlled state process. However, notice that
the McKean-Vlasov type dependence on the dynamics of the state process rules out the
standard Markov property of the controlled process (X;). Actually, this Markov property
can be restored by considering its probability law (ng)k' To be more precise and for the

sake of definiteness, we shall restrict ourselves to controls o = () given in closed-loop
(or feedback) form:

ar = ap(Xy), k=0,...,n—1, (3.1)

for some deterministic measurable functions é&; of the state. Notice that the feedback
control may also depend on the (deterministic) marginal distribution, and it will be indeed
the case for the optimal one, but to alleviate notation, we omit this dependence which is
implicit through the deterministic function é;. We denote by AP the set of measurable
functions on E valued in A, which satisfy a linear growth condition, and by A the set of
admissible controls a in closed loop form (B.I)) with &y in A, & € N. We shall often identify
a € A with the sequence (a4, in AF via B)). Notice that any o € A satisfies the square
integrability condition, i.e. E|ay|? < oo, for all k. Indeed from the linear growth condition
on ay in AP, we have E|ag|> < Cyo(1 + E|X?[?) for some constant C, (depending on ),
which gives the square integrability condition by (2.2]).



Next, we show that the initial stochastic control problem can be reduced to a determi-

nistic control problem. Indeed, the key point is to observe by definition of P_, and noting

X

that P,, is the image by & of P, for a feedback control a € A, that the gaﬁn functional
k

in (23] can be rewritten as:
J(a) = k(P o) + 9Py ), (3.2)

where f, k =0,...,n —1, are defined on P,(E) x AP j is defined on P,(E) by:
fulwd) = [ fewa@.asmuto). o = [ o, (33
and @ * p1 € P,(A) denotes the image by & € A of the measure p € P,(E):
(@xp)(B) = wp(a'(B)), VB e BA).

Hence, the original problem (Z4)) is transformed into a deterministic control problem
involving the infinite dimensional marginal distribution process. Let us then define the
dynamic version for problem (2.4]):

n—1

V& = inf (P, B:) + (P L), k=0,...,n, 3.4
k BEAk(a)jZ:;ng( Xf 5)) 9( Xff) ( )

for o € A, where Ay(a) = {f € A: B; = «a;,j =0,...,k — 1}, with the convention that

Ao(a) = A, so that Vy = infoe 4 J() is equal to V*. It is clear that V* < oo, and we shall
assume that

Vit > —oo, k=0,...,n, a€ A (3.5)

Remark 3.1 The finiteness condition (B.5]) can be checked a priori directly from the
assumptions on the model. For example, when f, g, hence fk, g, k=0,....,n—1, are
lower-bounded functions, condition ([B.5]) clearly holds. Another example is the case when
fe(z,pya,N), k= 0,...,n—1, and g are lower bounded by a quadratic function in x, p,
and A, so that by the linear growth condition on &,

and we are able to derive moment estimates on X', uniformly in o prg Hz =E[|X2?] <
C, which arises typically when A is bounded from (2.2]). Then, it is clear that (3.3 holds
true. Otherwise, this finiteness condition can be checked a posteriori from a verification
theorem, see Theorem O

The dynamic programming principle (DPP) for the deterministic control problem (3.4])
takes the following formulation:



Lemma 3.1 (Dynamic Programming Principle)
Under (33]), we have

Vi = 9(Py)

Vk = Bei}\lkf(a fk( ngﬂk)‘i‘ k417 k:oj'”’n_l'

(3.6)

Proof. In the context of deterministic control problem, the proof of the DPP is standard
and does not require any measurable selection arguments. For sake of completeness and
since it is quite elementary, we give it. Denote by Ji(«) the cost functional at time k, i.e.

|
—_

n

Jr(a) = Fr(Pro ) +4(Pyg), k=0,....n,

n

so that Vi = infgc 4, (o) J1(B) , and by W the r.h.s. of ([B.G). Then,

A~

We = inf P ,.B:)+ inf J
F [fk( X7 fr) vE€EAR+1(B) k—H(’Y)]

= inf inf C[fu(® B+
BEAL () vEARs1(B) [k xf Br) + Jrr1(7)]

A~

= el oy ye ARt P )+ 7
BEAL () yE€Ar11(B) [fk( X} Yk) k—l—l("}/)]

= inf Jie (),

YE{Ak41(B):BEA ()} k()
where we used in the third equality the fact that X? = X!, Br = w for v € App1(8).
Finally, we notice that {Ax+1(8) : B € Ax(a)} = Ag(a). Indeed, the inclusion C is clear
while for the converse inclusion, it suffices to observe that any ~ in Ay («) satisfies obviously
v € Ap+1(7). This proves the required equality: W = V2. O

Let us now show how one can simplify the DPP by exploiting the flow property of
(Pyo )k for any admissible control « in feedback form € A. Actually, we can derive the
k

evolution of the controlled deterministic process (P, ).
k

Lemma 3.2 For any admissible control in closed-loop form o« € A, we have

P, = <I>k+1(IP>Xg,dk), keN, P =P (3.7)

Xk+1

where ®y,1 is the measurable function defined from P,(E) x AF into P,(E) by:

Dpops (1,3 (da!) = /E 1(d2) Py (2, 1, 6(), & % 1, '), (3.8)

Proof. Fix a € A. Recall from the definition of the transition probability Pyi1(x, i, a, A, dz’)
associated to (2] that

P[Xpy € d2'|Fi] = Pon(XP Py ap B, daf), keN. (3.9)



For any bounded measurable function ¢ on E, we have by the law of iterated conditional
expectation and (3.9):

Efe(Xtn)] = E[E[(xR)|7]]

= E /90($’)Pk+1(X]?,PXg,ak,Pak,de/)
L E 7

= B[ [ o) PPy ula), Gy Py d B o)
“JEXE k k k

where we used in the last equality the fact that a; = @ (X)) is in closed loop form, the
definition of P, and noting that ]P’ak = ay x P .. This shows the required inductive
N k

relation for P .. O
k

Remark 3.2 Relation ([B.7) is the Fokker-Planck equation in discrete time for the marginal
distribution of the controlled process (X}'). In absence of control and McKean-Vlasov type
dependence, i.e. Py 1(x,dz’) does not depend on (u,a, \), we retrieve the standard Fokker-
Planck equation with a linear function ®41(p) = pPyy1. In our McKean-Vlasov control
context, the function ®yq(u, &) is nonlinear in f. 0

By exploiting the inductive relation (8.7]) on the controlled process (P, ), the calcula-
k
tion of the value processes Vi can be reduced to the recursive computation of deterministic
functions (called value functions) on P(E).

Theorem 3.1 (Dynamic programming and value functions)
Under B.3), we have for any o € A, V& = v(Pyo), K = 0,...,n, where (vy)i is the
k

sequence of value functions defined recursively on P,(E) by:

vp(p) = 9(u)

vp(p) = &ngE fk(ﬂy&)+vk+1(q)k+1(/%54))

] (3.10)

fork=0,...,n—1, p € P,(E).

Proof. First observe that for any 5 € Ag(«), X,f = X, k=0,...,n. Let us prove the

result by backward induction. For k = n, the result clearly holds since V> = g(PX%).
Suppose now that at time k + 1, V2 | = UkH(]P)X,‘;H) for some deterministic function vy41

and any « € A. Then, from the DPP (3.6]) and Lemma [3.2] we get

Ve = inf  fo(Poo,Br) + vpsi(P
i BeAk(a)fk( xpo BE) + vk ( X;fH)
=  inf P...A 3.11
st wi(Pyas Br) (3.11)
where
we(p, &) = fu(p, @) + vprr (P (1, @)).

Now, for any 8 € A(a), and since §; is valued in AP, we clearly have: wy(u, ) >
infze e w(p, @), and so infge 4, (o) Wi, Br) > infge ar wi (1, &@). Conversely, for any & €



AF the control B defined by Bj = aj, j < k—1, and Bj = a for j > k, lies in Ag(a),

so: wy (i, &) > infge 4, (o) wy (1, Br), and thus infge 4, (a) wi (1, Br) = infae am wi(p, @). We

conclude from (B.IT)) that: V& = vk(IP’Xg) with vg(u) = irgE wi(p, @), i.e. given by B.I0).
ae

O

Remark 3.3 Problem (24]) includes the case where the cost functional in (23]) is a non-
linear function of the expected value of the state process, i.e. the running cost functions
and the terminal gain function are in the form: fk(X,‘j‘,]P’Xg yap) = fr(X2 EX2) o), k =
0,...,n =1, g(X3,P) = (X3, E[X7]), which arise for example in mean-variance pro-
blem (see Section [). It is claimed in [5] and [I6] that Bellman optimality principle does
not hold, and therefore the problem is time-inconsistent. This is true when one takes into
account only the state process X (that is its realization), since it is not Markovian, but
as shown in this section, dynamic programming principle holds whenever we consider the
marginal distribution as state variable. This gives more information and the price to paid
is the infinite-dimensional feature of the marginal distribution state variable. O

We complete the above Bellman’s optimality principle with a verification theorem, which
gives a sufficient condition for finding an optimal control.

Theorem 3.2 (Verification theorem)
(i) Suppose we can find a sequence of real-valued functions wy, k = 0,...,n, defined on
P,(E) and satisfying the dynamic programming relation:

wy(p) = g(p)

wi(p) = dienjE [fk(/%d)+wk+1(‘pk+1(ﬂad))}

(3.12)

fork=0,....n—1, p € P,(E). Then V,* = wk(IP’Xg), forallk =0,....,n, o € A, and
thus wy = vj.

(ii) Moreover, suppose that at any time k and p € P(E), the infimum in BI2)) for wi(u) is
attained, by some & (., ) in AE . Then, by defining by induction the control o* in feedback

form by aj, = dZ(X,‘j*,IP)Xg*), k=0,...,n—1, we have

which means that o™ € A is an optimal control.

Proof. (i) Fix some a € A, and arbitrary 8 € A associated to a feedback sequence (5y)x
in A, Then, from the dynamic programming relation (812 for wy, and recalling the

evolution (B3.7)) of the controlled marginal distribution ]P’X 5, we have
k

) < fk(]P) 57ﬁk)+vk+1(]? 8 ), kZO,,TL—l

B
X X, Xpi

By induction and since w,, = g, this gives

|
_

n

wk(Px{j Xﬁ)'

<
Il
ol



By noting that P, = Pxﬂ’ when 5 € Ag(a), and since ( is arbitrary, this proves that
k k
wi(P o) < V& In particular, V* > —oo, i.e. relation (3.3 holds, and then by Theorem
k
B V& is characterized by the sequence of value functions (vy)s, defined by the DP (B10]).
This DP obviously defines by backward induction a unique sequence of functions on P, (E),
hence wy, = vi, k = 0,...,n, and therefore V;* = wy (P, ).
k
(ii) By definition of &; which attains the infimum in ([BI2]), we have
Wi (ng*) = fk(]P’ . dZ("ng* )) + Wg+1 (]P)Xa* ), k=0,...,n—1.

«
X k1

By induction this implies that

n—1
Vo = wlP) = 3l GilaBge)) + 0P ) = J(a)
which shows that a* is an optimal control. O

The above verification theorem, which consists in solving the dynamic programming
relation ([BI2]), is useful to check a posteriori the finiteness condition (B.1)), and can be
applied in practice fo find explicit solutions to some McKean-Vlasov control problems, as
investigated in the next section.

4 Applications

4.1 Special cases

We consider some particular cases, and provide the special forms of the DPP.

4.1.1 No mean-field interaction

We first consider the standard control case where there is no mean-field interaction in the
dynamics of the state process, i.e. Fyy1(z,a,eg1), hence Pyyq(z,a,dz’) do not depend on
i, A, as well as in the cost functions fi(z,a) and g(x). For simplicity, we assume that A is
a bounded set, which ensures the finiteness condition ([B.5]). In this case, we can see that
the value functions vy, are in the form

w( = [ (s, k=0....n (4.1)
E
where the functions ¥y defined on FE satisfy the classical dynamic programming principle:

{@n(rﬂ) = g(z)

inf [ ful.0) + E [T (X, X7 = 2,00 = ]| "2

for k =0,...,n— 1. Let us check this result by backward induction. This holds true for k
= n since v, (1) = (1) = [z g(x)p(dz). Suppose that @) holds true at time k+ 1. Then,



from the DPP (BI0), (3:8) and Fubini’s theorem, we have

al = it [ [ i@ + [ G @)Pualna) )

acAE

= int, [ [ Ded@) + [ ) P (o,6(), o) utdo)]

acAE

= inf, [ (e a@)u(dn)

where we set wy(x,a) = fi(x,a) + [5 Okt1(2") Progr(x, a,da’). Now, we observe that

inf /E By, &(@)plde) = /E inf @y (, a)u(dz). (4.3)

acAf acA

Indeed, since for any & € A, the value @(x) is valued in A for any = € E, it is clear that
the inequality > in (43)) holds true. Conversely, for any € > 0, and x € F, one can find
af(x) in A such that

wg(z, a5 (z)) < inf1 Wi (z,a) + .
ac

By a measurable selection theorem, the map x — &°(x) can be chosen measurable, and
since A is bounded, the function & lies in A”. It follows that

inf /E Bz, &(@)\pldz) < /E B, 6 (2))p(dz) < /E inf @y (2, a)u(de) + &,

acAfl acA

which shows (L3) since ¢ is arbitrary. Therefore, we have vy (1) = [ Ox(z)p(dz) with

o(z) = inf dy(z,a)

=nﬁmww+/mﬂwmww@wﬂ,
a€A E

which is the relation ([£2]) at time k from the definition of the transition probability Pj.1.

4.1.2 First order interactions

We consider the case of first order interactions, i.e. the dependence of the model coefficients
upon the probability measures is linear in the sense that for any (z,u,a) € ExP,(E) x A,
ae AP,

Pk+1(‘rau7a7&*uudm,) = / p]f-ﬁ-l(‘ruyuaad(y)adx,)u(dy)7

E
fk(xnuvavd*:u) = fk(:n,y,a,d(y))u(dy), g(':U?lu’) = / §($7y):u(dy)7
E E

for some transition probability kernels ]5k+1 from E'x EEx Ax A into E, measurable functions
fr definedon Ex Ex Ax A, k=0,...,n—1, and g defined on F x F. In this case, the
value functions v, are in the reduced form

Uk(,u) = /E2nk+1 @k(X2n—k+1)M(dX2n—k+1), k= O, e, N,

10



where we denote by x, the p-tuple (z1,...,2,) € EP, by u(dx,) the product measure
p(dzy) ® ... ® p(dry), and the functions v, are defined recursively on E2" T by

Un(7,y) = g(z,y)
’[)k(in—k,anfk) = ~inf |:fk($17y17d($1)7d(y1))
acAE
+ ok ?N)k+1(X/2n,k)i5k+1(X2n—k, Yon—k, &(in—k), d(y2n7k), dX;n,k)] s
E n—

where we set

Pk—l—l(xpa Yp> &(XP) &(yp)y dX;))

= ﬁ)k-i-l(:plvylyd(x1)7d(y1)7d$ll) ®...0 pk+l($p7yp7d(xp)7 d(yp)v dﬂ?;))

This result is easily checked by induction from the DPP (BI0]), and it is left to the reader.

4.2 Linear-quadratic McKean-Vlasov control problem

We consider a general multivariate linear McKean-Vlasov dynamics in E = R? with control
valued in A = R™:

Xl?—i—l = (BkX]? + BkE[X]?] + C’kak + CkE[ak]) (4.4)
+ (DkX]? + DkE[X,?] + Hipoy, + ﬁkE[ak])Ek-i-l, k=0,...,n—1,

starting from X§ = £, where By, By, Dy, Dy, are constant matrices in R4 Cy., Ch, Hy,

RY™ and (g) is a sequence of i.i.d. random variables with

H;. are constant matrices in
distribution N(0,1), independent of £. The quadratic cost functional to be minimized is

given by
n—1
J@) = E[ 7 [(Xe)QuXg + (EIXP]) QEIXE] + LLXg + LIE[X7]
k=0

+ ap Rpoy + (E[ak])TRkE[OékH
+ (X0) QX5 + (E[X2)) QE[Xg] + L'X5 + D'E[XR]],  (45)

for some constants matrices Q, Qr, @, Q, in R¥™? Ry, Rj, in R™*™ and vectors Ly, Lz,
L,LeRY k=0,...,n—1. Here 27 denotes the transpose of a matrix/vector z. Since the
cost functions are real-valued, we may assume w.l.o.g. that all these matrices Q, Qr, Q,
Q, Ry and Ry, are symmetric. This model is in the form (Z1]) and associated to a transition
probability satisfying:

Pk+1($, u, a, )‘7 dﬂfl) ~ N(Mk(flf, u,a, )‘)7 Ek(.’ﬂ, w,a, A)Ek(l’, w,a, )‘)T> (46)
My (z,p,a,\) = Bka:+Bkﬂ+Cka+ék5\
Ek($,ﬂ,a,>\) = Dk$+Dkﬂ+Hka+Hk5\

where we set for any pu € Po(RY) (resp. P,(R™)) symmetric matrix A € R¥™? (resp. in
Rmxm):

i /:cmda:), iy (A) = /wTAa:u(dx), Var(u)(A) = iy(A) — AA,
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and in the form (23]), hence [B.2]) for feedback controls, with

frlp, @) = Var(u)(Qr) + a7 (Qr + Qr)it + (L + L) "R
+ Var(a* p)(Rg) + ax p' (R + Rg)axp
Var(p)(Q) + a"(Q+ Q)i + (L+ L) L.

>
—
=
SN—
Il

We look for candidate wg, k& = 0,...,n, of values functions satisfying the dynamic
programming principle [BI0), in the quadratic form:

wi(p) = Var(u)(Ag) + @ Crfi + pLi + Xk, (4.7)

for some constant symmetric matrices Ay and I';, in R¥9, vector p, € R? and real y;, to
be determined below. We proceed by backward induction. For k£ = n, we see that w, = ¢
(= o) iff

Now, suppose that the form (L) holds true at time k4 1, and observe from (B.8]) and (Z.6l)
that for any p € Po(RY), & € AP, A € R¥™?, we have by Fubini’s theorem:

Toaed) = [ B[Y(ena)]ud)

Tl () = [ BV (o) AY (o, 0,) (),

where Y (@, 1, @) ~> N (My(@, 1, @(2), G % 2)s Sp(, 1, 3(2), & % )Tk (@, 1, @2), 6 % )7
Therefore,

Ppi1(p,a) = (Br+ Bp)ii+ (Cx + Cr)a * p,

and after some tedious but straightforward calculation:

Var(®p 1 (1, @)(A) = Ppp1(p,@),(A) = @pypa(p, @) APpya (4, @)
= /Rd [Sk(@, g, (), & * p)TAS (@, g, a(z), & * 1)

+ My (x, p, a(x), &% p)TAM (2, 1, &), & % p) | p(de)

- <(Bk + By + (Cy + ék)d—W>TA<(Bk + Byp)jii + (Cp + C*k)m)

= Var(u)(B,TCABk + D,TCADk) + " (Dy + Dk)TA(Dk + Dk)ﬂ
+ Var(a * p)(H{AHy, 4+ CTACY)
+ a* /LT(Hk + ﬁk)TA(Hk + ﬁk)& * [4
+ 2/ (x — @) (DLAH + B{ACy)a(z)p(dx)
Rd
+ 2a"(Dy + Dk)TA(Hk + ];_Ik)& * [

12



Then, wy, satisfies the DPP (B310) iff

wi(p) = Jnf, [fk(%d) + Var(®p41(p, &) (Ag+1) + P, d)TFk—i—lq)k—i—l(%d)} (4.9)
= Var(u)(Qr + BiAry1 By + DiAp11Dy) + IEI}4fE Glq (@)
+ 7 (Qk + Qk + (Dy, + D) " Ajg1 (Dy, + Dy) + (B, + Bi) i1 (By, + By) ) o
+ (Lk + L+ (By + Bk)Tpk_H)Tﬂ + Xk+1, (4.10)

where we define the function G, : L?(p; A) — R by

Gl(@) = Var(@xp)(Vi) + axp Wyaxp + 2 /R (@ — )" Sa(x)p(dz)

+ 20T x p + ppyy (Cr + Cr)ax p, (4.11)

and we set Vi = Vi(Aps1), Wi = Wi(Ags1,Tkt1), Sk = Se(Akt1)s Tk = Ti(Ags1,Tit1),
with

Vie(Ag41) = R+ H[Ap1Hy + CiAp1Ck;

Wi(Ags1,Ter1) = Ri+ Rp+ (Cp + Cu) Tyt (Crp + Cr) + (Hy + Hy) Apyy (Hy + Hy,)
Sk(Ag41) = DjApp1Hp + BiAg1C;

Te(Ag+1,Tkr1) = (Di+ Dk)TAk+1(Hk + ﬁk) + (Bk + Bk))TPk+1(Ck + ék)

(4.12)
Here, L?(u; A) D AF is the Hilbert space of measurable functions on £ = R? valued in A
= R™ and square integrable w.r.t. pu € P,(E).
We now search for the infimum of the function GZ 41, and shall make the following as-
sumptions on the symmetric matrices of the quadratic cost functional and on the coefficients
of the state dynamics:

(c0)

Vv
Qi

IV v

k
k

jau]]

Q@>0,Q+Q >0, Q Qk +
Ry Ry +

0, 0,
0, 0,

IV 1V

k=0,....,n—1,
and for all k = 0,...,n — 1 (with the convention that Q, = Q, Q, = Q)
(c1) Rg >0, or [rank(Cy) =d, Qrs1 > 0], or [rank(Hy) = d, Q41 > 0],

(c2) R+ Ry, >0,0r [rank(Cy+ Ck) = d, Qpr1+ Qry1 > 0], or [rank(Hy + Hy) = d,
Qr+41 > 0].

Conditions (c0)-(c1)-(c2) is slightly weaker than the condition in [9] (see their Theorem
3.1), where the condition (c0) is strengthened to R, > 0 and Ry + Rj, > 0 for all k =
0,...,n — 1, for ensuring the existence of an optimal control. We relax this positivity
condition with the conditions (c1)-(c2) in order to include the case of mean-variance
problem (see the example at the end of this section). Actually, as we shall see in Remark
ATl these conditions will guarantee that for Ay, I'y to be determined below, the function
G’,iH is convex and coercive on L?(u; A) for any k = 0,...,n — 1. For the moment, we
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derive after some straightforward calculation the Gateaux derivative of G/, 41 abt & in the
direction 8 € L%(u; A), which is given by:

N G (a+eB)—GYL(a) N
DGV, (6:f) = lim 5! k11 / G (0, 3)B(z) u(dr)
e—0 £ Rd
with
grep1(z,0) = 2a(x)Vi + 2a % p" (Wy, — Vi)

+ 2(x — p)" Sk + 20Ty + p,Tﬁ_l(Ck + ék)

We shall check later in Remark 1] that Vj, and W}, are positive symmetric matrices, hence
invertible. We thus see that DG/, | (&;.) vanishes for & = aj(., ) s.t. grr1(z, a5(,pn) =
0 for all z € R?, which gives:

s _ _ A 1. _ -
Gp(e,p) = —VI'Siw—p) — WlTHn — 5W (Ce+ Ch)pren (413)

and then after some straightforward caculation:

Gho (@i, p) = —Var(u)(SKVy 'S]) — o (TeW, ' T E — B TW, (Ck + Cr) ot
1 _ B _
— ZpL'Fl(Ck + Ck)Wk 1(Ck + Ck)Tpk+1.

Assuming for the moment that Gj (., ) attains the infimum of G, (this is a consequence
of the convexity and coercivity of Gj 41 shown in Remark 1)), and plugging the above
expression in ([9), we see that wy, is like the function p — G, (G (., 1)), a linear com-
bination of terms in Var(u)(.), @(.)f, and by identification with the form (4.7]), we obtain
an inductive relation for Ay, T'y, pr, Xk:

A = Qg+ BJAry1By + DiApi1Dg — Sk(Mi1) Vi H( A1) ST(Ag41)
'y = (Qr+ Qk) + (B + Bk)TFk_H(Bk + Bk) + (Dk + Dk)TA]H_l(Dk + Dk)
— T (A1 Do) Wi (Mgt 1, T t) T (A1, Tieg1)
pe = Ly+Li+ [(Be+ Bi) = (Ci + Cr)Wy (A1, D )T (A1, Trt1)] i
Xk = Xb+1— P51 (Cr + C)Wi  (Aps1, Tis1) (Ch + C) piy1.-
(4.14)

forall k =0,...,n—1, starting from the terminal condition (£8]). The relations for (Ag, k)
in (4I4]) are two algebraic Riccati difference equations, while the equations for p; and i
are linear equations once (Ay, ;) are determined. This system (4.I4)) is the same as the
one obtained in [9]. In the particular mean-variance problem considered at the end of this
section, we can obtain explicit closed-form expressions for the solutions (Ag, Tk, pr, X&) to
this Riccati system. However, in general, there are no closed-form formulae, and these
quantities are simply computed by induction.

In the following remark, we check the issues that have left open up to now.

Remark 4.1 Let conditions (c0)-(c1)-(c2) hold. We prove by backward induction that
for all k = 1,...,n, the matrices Vi1 = Vi_1(Ag), Wi—1 = Wi_1(Ag,T'x) are symmetric
positive, hence invertible, with (Ag, ') given by ([@I4]), together with the nonnegativity of
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the symmetric matrices Ay, I'y, which will immediately gives the convexity and coercivity
of the function GY in (II) for u € P,(RY).

At time k = n, we have A,, = Q > 0, T,, = Q +Q > 0, and thus from @I2)), the d x d
matrices V,,—1 = V,—1(Ay), Wy—1 = W,—1(A,,, T',,) are symmetric positive under (c0)-(c1)-
(c2): indeed, for example if R,,_1; = 0, then the rank condition on C),_1 or H,,_; together
with the positivity of A,, = @ in (c1) will ensure that V,,_; is positive. Now, suppose that
the assertion is true at time k + 1, i.e. Vi, W} are symmetric positive, and Agi1, k1 are
symmetric nonnegative. Then, it is clear from (LI4)) that Ay and I'y are symmetric, and
noting that they can be rewritten from the expression of Vi, Wy, Sk, T} in [AI12]) as

7

Ao = Qi+ SV Ru(SiVi ) 4 (Be— Cul(SVi )] Awoa [Be — Cu(SiVi)7)
+ (D= B8 7) A (D1 = Hi(500;7)7)
Ty = Qu+Qr + TeWy ' (Re + Re) (W )T
+ (Bg + By — (Cy + Ck)(TkW;QI)T)TFkH (Bk + By, — (Cr + ék)(Tka_l)T>
+ (D + Dy — (Hy + Hk)(TkWEI)T)TFkH (Dk + Dy — (Hp + Hk)(Tleg_l)T>v

\

it is also clear that they are nonnegative under (c0). Finally from the expression ([£I2]) at
time k — 1, we see that V1 = Vi_1(Ag) and Wy_1 = Wi_1(Ag, k) are symmetric positive
under (c0)-(c1)-(c2), which shows the required assertion. O

In view of the above derivation and Remark 1], it follows that the functions wy, k
=0,...,n, given in the quadratic form (A7) with (Ag, Tk, px, xx) as in ([@I4]), satisfy by
construction the DPP (BI0), and by the verification theorem, this implies that the value
functions are given by v = wy, while the optimal control is given in feedback form from

@.13) by:
af = (X Py) = —VISHXE - ELXG]) - Wi TIELX), (4.15)

where X} = X;j* is the optimal wealth process with the feedback control a*. We retrieve
the expression obtained in [9] (see e.g. their Theorem 3.1). We can push further our
calculations to get an explicit form of the optimal control expressed only in terms of the
state process (and not on its mean). Indeed, from the linear dynamics ({4]), we have

E[X;.1] = (Br+ Bp)EX}]+ (Ck + Cy)E[aj]
= (By + BYE[X{] — (Cr + Cp) (W) ' TTEIX]] = NE[X[],

with Ny = By + By, — (Cj, + Ck)Wk_lTk, for k =0,...,n— 1, and so by induction:
E(X{] = Nii.. NoE[g).
Plugging into (4.I3]), this gives the explicit form of the optimal control as
ap = “VIIUSIXE + (VioISL - WM T Ni—y ... NGE[¢], k=0,...,n — 1.(4.16)

We observe that the optimal control at any time k£ does not only depend on the current
state X}; but also on its the initial state £ (via its mean).
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Example: Mean-variance portfolio selection

The mean-variance discrete-time problem consists in minimizing the cost functional:
J(a) = JVar(Xg) - ELX]]
gl 2 Y 2
= E[J(x0)" - x7] — 2(EXD)

for some v > 0, with a dynamics for the wealth process (X}') valued in £ = R controlled
by the amount «y, valued in A = R invested in the stock at time & (we assume zero interest
rate):

Xp = X+ ap(bA+ovVAe), k=0,...,n—1, X§ = xo. (4.17)

Here zy € R is the initial capital, b, 0 > 0 are some constants, representing respectively
the rate of return and volatility of the stock, A > 0 is a parameter, e.g. A = T'/n, arising
when considering a time discretization of a continuous-time model over [0,77], and (g) is
a sequence of i.i.d. random variables with distribution N'(0,1). This univariate model fits
into the LQ framework ([£4)-(@5]) with d = m = 1, and

Bk:1, Bk:O, Ck:bA, Ck:O, Dk:Dk:O, Hk:O'\/Z, ﬁkzo,

Conditions (c0)-(c1)-(c2) are clearly satisfied, and the Riccati system ([@I4) for (Ax, Tk, pk, X&)
€ Ry xRy x R x R is written in this case as:

2
A = Mepizips
_ %Akt
Tk = o 7war, L kel
. 02 k+1
Pk = bzAFk+1+02Ak+1pk+1
b2APz+1
Xk = Xk+1— ZazAk+1+b2AFk+1’

together with the terminal condition A, = %, 'y =0, pp, = —1, xp,, = 0. This leads by
induction to the explicit form for (Ag, Tk, pr, X&):

2 n—k
Ap = %(ﬁiﬂ) :
T, = 0, pp = —1 (4.18)
n—k
w = a0

The value functions are then explicitly given by

2

) = M)t - (TR )

for all k = 0,...,n, u € P,(R). Moreover, the optimal control is given in feedback form

from (@.I5]) by:

% b

o b /0% 4 B2A\n—k-1
Qp = ak(Xkﬂ]P)X]’;) = (7) )

X; —E[X{]) + == 5

_02—|—b2A( o2y o
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where X; = X ,‘j* is the optimal wealth process with the feedback control o*. It is then
explicitly written from (£I6]) by
b 1 b2 o\
o0 = o [ X —w - —(1+ 54) ). 4.19
k o2 + b2A k 0 ~y o2 ( )
We then observe that the optimal control at any time k does not only depend on the
current wealth X but also on the initial wealth xy. This expression ([I9]) of the optimal
control is the discrete time analog of the continuous time optimal control obtained in [I3]
or [2]. Actually, if we view ([@I7) as a time discretization (with a time step A = T'/n)
of a continuous time Black-Scholes model for the stock price over [0, 7], with a controlled
wealth dynamics

dX{ = ou(bdt + odWy), X§ = o,

then by sending n to infinity (hence A to zero) into (4£I9), we retrieve the closed-form
expression of the optimal control in [13] or [2]:
b b2

* * 1
af = —;[Xf‘ —$0—;€Xp(;T)].
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